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ABBREVIATIONS

5-FU 5-fluorouracil 

AFP alpha feto-protein 

ALAT alanine aminotransferase 

AP alkaline phosphatase 

ARMS-PCR amplification refractory 
mutation system PCR 

ASAT aspartate 
aminotransferase 

BCLC Barcelona clinic liver 
cancer 

BEAMing beads, emulsions, 
amplification and 
magnetics 

BMP bone morphogenetic 
protein 

bp base pairs 

CA19-9 cancer antigen 19-9 

CAPOX capecitabine + oxaliplatin 

CCC cholangiocellular 
carcinoma 

CCC cholangiocellular 
carcinoma 

CEA carcinoembryonic antigen 

CIN chromosomal instability 

cirDNA  circulating cell-free DNA 

cirNA  circulating cell-free nucleic 
acids 

cirRNA circulating cell-free RNA 

COSMIC Catalogue of Somatic 
Mutations in Cancer 

CRC  colorectal cancer 

CRP C-reactive protein 

CTC circulating tumor cells 

ctDNA circulating cell-free tumor 
DNA 

ddPCR digital droplet PCR 

DNA deoxyribonucleic acid 

dNTP deoxyribonucleotide 
triphosphate 

dsDNA double-stranded DNA 

EC esophageal cancer 

EDTA ethylenediaminetetraacetic 
acid 

EGF epidermal growth factor 

EGFR epidermal growth factor 
receptor 

EMT epithelial-to-mesenchymal 
transition 

ERK extracellular-signal-
regulated kinases 

EUSTM European Society for 
Translational Medicine 

FAP familial adenomatous 
polyposis 

FBS fetal bovine serum 

FFPE formalin-fixed paraffin 
embedded 

FOLFIRI 5-fluorouracil + leucovorin 
+ irinotecan 

FOLFIRINOX 5-fluorouracil + leucovorin 
+ oxaliplatin + irinotecan 

FOLFOX 5-fluorouracil + oxaliplatin 

FW forward 

GC gastric cancer 

GGT gamma-glutamyl 
transferase 

GIST gastrointestinal stroma 
tumor 

GI-tumors  gastrointestinal tumors 

HCC hepatocellular carcinoma 

HNPCC hereditary non-polyposis 
colorectal cancer 

INR international normalized 
ratio 

LDH lactate dehydrogenase 

LV leucovorin 

MAC mutant allele 
concentration 

MAF mutant allele frequency 

MALIBU Mannheim Liquid Biopsy 
Unit 

MAPK mitogen-activated protein 
kinases 

mCRC metastasized colorectal 
cancer 

MMR mismatch repair 

MRD minimal residual disease 

MSI-(H) or(L) microsatellite instability 
(high) or (low) 

MSS microsatellite stability 
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NCBI National Center for 
Biotechnology Information 

NCI National Cancer Institute 

ND not done 

NET neuroendocrine tumors 

NGS next-generation 
sequencing 

NIPT non-invasive prenatal 
testing 

NSCLC non-small cell lung cancer 

PBS phosphate buffered saline 

PC pancreatic cancer 

PCC pearson correlation 
coefficient 

PCR polymerase chain reaction 

PFS progression-free survival 

PI3K phosphoinositide 3-kinase 

PIP2 phosphatidylinositol-4,5-
biphosphate 

PIP3 phosphatidylinositol-3,4,5-
trisphosphate 

qPCR quantitative real-time PCR 

RBC red blood cell 

RECIST Response evaluation 
criteria in solid tumors 

REV reverse 

RNA ribonucleic acid 

SCC spearman correlation 
coefficient 

SIC small intestinal cancer 

TAE tris base, acetic acid and 
EDTA 

TEP tumor-educated blood 
platelets 

TGF transforming growth factor 

TGFβ Transforming growth 
factor beta 

TLR9 toll-like receptor 9  

TM translational medicine 

TMB tumor mutational burden 

TNM tumor, node, metastasis 

TS thymidylate synthase  

UAS universal adapter 
sequence 

UICC Union for International 
Cancer Control  

UMI Unique molecular identifier 

VEGF vascular endothelial 
growth factor 

VEGFR VEGF receptor 

WBC white blood cells 

WES whole-exome sequencing 

WGS whole-genome 
sequencing 

WHO World Health Organization 

WT wild type 

 

 
Gene abbreviations according to the HUGO Gene Nomenclature Committee (HGNC) 
were used. 
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PROLOGUE 

Parts of this thesis were previously published in Molecular Oncology in the article 

“Detection of mutational patterns in cell-free DNA of colorectal cancer by custom 

amplicon sequencing” in June 2019. 
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1 INTRODUCTION 

1.1 Gastrointestinal Cancer 

Cancer is defined by the WHO as a disease “characterized by the growth of abnormal 

cells beyond their usual boundaries that can then invade adjoining parts of the body 

and/or spread to other organs.”1 

Despite remarkable improvements in diagnostics and therapy throughout the last 

decades, malignant neoplasms are still the second most common cause of death in 

Germany and other developed countries, only exceeded by cardiovascular diseases. 

Taking a closer look at the most frequent tumor origins, gastrointestinal neoplasms 

stand out, representing 5 of the 10 cancer types with the highest mortality (colon, 

rectum, pancreas, stomach, liver).2 Besides hepatocellular carcinoma (HCC) and 

squamous cell carcinoma of the esophagus and anus the overwhelming majority of 

gastrointestinal malignancies are adenocarcinomas deriving from their respective 

organ of origin.3  

1.1.1 Colorectal Cancer 

Colorectal Cancer (CRC) is a leading cause of cancer morbidity and mortality 

worldwide with now more than 1.8 million patients diagnosed every year and almost 

every second dying of this disease.4 

In Germany CRC has the second highest incidence in females, whereas in males it 

now shares second place with lung cancer.5 The incidence rates are multiple times 

higher in the developed countries of Europe, North America  and Asia compared to 

third world countries. These great differences can be partially explained by the 

demographic structure in these countries with its aging population and life-style risk 

factors, such as smoking, obesity, physical inactivity, alcohol consumption, a nutrition 

rich in high calorie food and red meat.6 An additional risk factor for CRC is inheritance, 

which may be responsible for up to 30% of all cases.7 There are multiple known 

monogenetic syndromes associated with CRC, most notably the Lynch syndrome. 

Here, mutations in mismatch repair genes (MMR) lead to microsatellite instability and 

consequently to cancer not only of the intestines, but of several extra-intestinal 

organs.8 
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Although mortality rates have been falling over the last decades in Germany, the United 

States and Western Europe, owing to improved treatment, increased awareness and 

early detection, the number of new diagnoses were still rising.9 

As most CRCs arise from adenomatous polyps and the development from adenoma 

to an invasive form requires more than ten years, it can be prevented by early diagnosis 

and endoscopic removal.10 After colonoscopy as part of screening programs for 

precancerous lesions has been introduced in the last decade, a drop in incidence rates 

most notably in distal colon cancer in adults aged 50 years and older is now 

observed11,12.  

Progress in surgical procedures, new treatment regimens, such as neoadjuvant 

protocols and advanced combination chemotherapy have contributed to higher survival 

rates and prolonged overall survival.11 In metastasized CRC (mCRC) oxaliplatin and 

irinotecan improved classic 5-fluorouracil-based (5-FU) protocols13. Targeted therapy 

as a novel statue of therapy especially in patients with advanced and inoperable 

disease improved their overall outcome. Monoclonal antibodies targeting the 

epidermal-growth factor receptor (EGFR) cetuximab and panitumumab or the vascular 

endothelial growth factor (VEGF) and the VEGF-receptor (VEGFR) bevacizumab and 

aflibercept are now regularly applied.14,15 Whether anti-EGFR therapy is eligible 

depends on the mutational status of RAS genes and BRAF.16–18 Especially patients 

with left-sided CRC benefit from this treatment.19 

1.2 Translational medicine, personalized medicine and their promises 

The European Society for Translational Medicine (EUSTM) defines translational 

medicine (TM) as “an interdisciplinary branch of the biomedical field supported by three 

main pillars: benchside, bedside and community. The goal of TM is to combine 

disciplines, resources, expertise, and techniques within these pillars to promote 

enhancements in prevention, diagnosis, and therapies.”20 

The National Cancer Institute (NCI) describes precision or personalized medicine as 

“a form of medicine that uses information about a person’s genes, proteins, and 

environment to prevent, diagnose, and treat disease.”21 

In the context of cancer, this means collecting information about the patient’s tumor, 

that may influence his treatment options. 
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1.3 Carcinogenesis in the large intestine 

More than 60 years ago it has been postulated that colorectal cancer develops out of 

an adenoma, a benign polyp of the intestinal mucosa.22 The adenoma-carcinoma 

sequence described by Vogelstein and Fearon in 1990 exemplifies this carcinogenic 

process.23 Over time the adenoma acquires mutations in genes regulating cell cycle, 

growth and DNA repair and thus progresses gradually to a dysplastic adenoma and 

finally an invasive adenocarcinoma. Activation of proto-oncogenes or silencing of 

tumor-suppressor genes provide the altered cells a growth advantage.24 At first, 

mutations in the APC gene and loss of the second allele initiate the transformation of 

the mucosa (Figure 1-1). Thereafter KRAS is activated through mutation. Further 

progression needs mutations in or loss of genes such as DCC, PIK3CA, SMAD4 and 

TP53. Often, even larger deletions of the respective chromosomal regions (e.g. 5q, 

18q, 17p) occur. Another defining characteristic is the aneuploidy of those tumor cells. 

This can be summarized as the chromosomal instability (CIN) pathway and accounts 

for approximately 80% of all sporadic CRCs.3,25 

Genomic instability plays a key role in carcinogenesis, as it allows rapid accumulation 

of genetic changes. The second major model for carcinogenesis in CRC accounts for 

genomic instability due to DNA mismatch-repair deficiency, the microsatellite instability 

pathway (MSI) (discussed in detail below).26 

 

Figure 1-1. The adenoma-carcinoma sequence in the large intestine. The development to a 

malignant tumor requires multiple “hits”, i.e. mutations, that transform cells to tumor cells. This 

is in part based on the model of tumorigenesis by Knudson.27 
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1.4 The mutational spectrum of colorectal cancer 

Colorectal cancer is a tumor that bears an intermediate to high tumor mutational 

burden (TMB) and often has a characteristic mutational spectrum.28 In the following, 

relevant pathways implicated in the carcinogenesis of CRC will be described. 

1.4.1 APC and Wnt signaling 

Wnt signaling is one of the dominant pathways involved in colorectal carcinogenesis 

as it is altered in more than 90% of all CRCs. Adenomatous polyposis coli (APC), a 

large tumor-suppressor gene on Chromosome 5q, is an essential component of the β-

catenin destruction complex and its mutation rate ranges between 60-80% in large 

scale sequencing studies.29–31 β-catenin is the effector of the canonical Wnt pathway 

and functions as a transcriptional co-activator and, if not deactivated, causes a 

continuous proliferation of the cell.32 Its coding gene CTNNB1 is mutated in 6% of 

cases and this occurs mutual exclusive with the APC mutation.33  

The involvement of APC in CRC became evident through the heterozygous germline 

mutation found in familial adenomatous polyposis (FAP). FAP is an obligate 

precancerosis of CR with patients developing hundreds of polyps and almost always 

cancer in their second decade of life.34 In sporadic CRC mostly truncating mutations 

of APC occur combined with a loss of the second allele. The majority of mutations is 

distributed over a few hotspots (Figure 1-2) (cancer.Sanger.ac.uk).35 

 

Figure 1-2. APC mutational hotspots in colorectal cancer. 35  

1.4.2 P53 – guardian of the genome 

TP53 is a tumor suppressor gene encoding the transcription factor, p53, and the most 

commonly mutated gene in human cancer. p53 plays a crucial role in cell cycle 

regulation and DNA damage repair. It thwarts neoplastic development through three 
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intermeshing mechanisms quiescence, senescence and apoptosis. p53 monitors 

stress levels and, if needed, directs towards one of those three pathways. This stress 

can be DNA damage, anoxia or high oncoprotein activity. When cells go into 

quiescence the cell cycle is paused in the G1 phase giving time to repair possible 

errors. The cell cycle can even be stopped permanently, which accounts for the 

senescence mechanism. In addition, p53 stimulates multiple genes belonging to 

different DNA repair mechanisms, if irreversible damage to the cell has occurred 

apoptosis is induced by p53.36 Deficient p53 causes DNA damage to remain 

unrepaired and cells divide and further accumulate mutations leading to malignant 

transformation.36 

In CRC TP53 is modified in 63%.33 Mutant TP53 is typically accompanied by copy 

number variations and aneuploidy. The mutational spectrum covers the whole gene 

with a few distinct hotspots standing out.33,36  

Inherited TP53 mutations cause the Li-Fraumeni syndrome. Patients are at high risk to 

experience multiple neoplasms at young age, including breast cancer, sarcomas, 

adrenal cortical carcinoma and leukemia and to a lesser extent gastrointestinal 

neoplasms.37,38 

1.4.3 Microsatellite instability (MSI) – the mutator pathway 

MSI can either be hereditary due to germline mutations or sporadic due to somatic 

changes in mismatch repair genes.26,39 MMR is the DNA damage repair mechanism, 

which plays a dominant role in colorectal carcinogenesis. Relevant genes are MLH1, 

MSH2, MS6, MLH3 and PMS2. Together they recognize and correct small insertions, 

deletions and misincorporated bases. If both alleles of an aforenamed gene are 

affected, errors in replication will no longer be fixed, resulting in high rates of point 

mutations throughout the genome,40 especially in microsatellites,41 which are non-

coding short tandem repeats. Their pattern is unique and differs in between 

individuals.42 Subsequently mutations in regulator genes such as TGFβRII, BAX, TCF-

4 and others accumulate and contribute to the carcinogenic process. Those genes 

have microsatellite sequences within their encoding regions and are thus susceptible 

to acquire alterations in this context.43 MSI-tumors are typically euploid, bear less 

chromosomal aberrations and show lower frequencies of KRAS, TP53 and APC 

mutations, whereas BRAF V600E is associated with sporadic MSI-tumors.44 According 

to results of histological testing for microsatellite instability, high, low and no MSI can 
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be distinguished (MSI-H, MSI-L and MSS). Efforts to determine the MSI-status with the 

use of DNA-sequencing are under investigation and may replace the histological 

markers in near future.45  

Epigenetic silencing is responsible for most sporadic forms. The promoter regions of 

MMR genes, predominantly MLH1, are hypermethylated and thus will be less 

transcribed.39 Lynch syndrome, the autosomal dominant hereditary non-polyposis 

colorectal cancer (HNPCC), constitutes about 2-4% of all CRC cases. The underlying 

genetic defect is a heterozygous germline mutation in one of the MMR genes, leading 

to high susceptibility to CRC, endometrial cancer, stomach cancer and others. The 

lifetime prevalence of CRC is up to 80% in affected persons.8  

MSI-status is not only relevant in Lynch syndrome. MSI-tumors are less prone to 

lymphatic and hematogenous metastasis.46 A systematic review confirmed a 

prognostic advantage of the MSI-phenotype.47 This is especially the case for stage II 

MSI-tumors and whether those patients benefit from an adjuvant treatment with 5-FU 

remains questionable.48,49 In the metastatic situation the MSI-phenotype is uncommon, 

with rates as low as 4%. Here, the impact on prognosis is unclear and it might even be 

negative.44,50  

1.4.4 MAPK signaling cascade 

The mitogen-activated-protein-kinases (MAPK) pathway is of great importance for cell 

proliferation. There are three major tracks with the extracellular-signal-regulated 

kinases (ERK-MAPK) pathway being crucial in CRC (Figure 1-3). Downstream of 

receptor tyrosine kinases such as EGFR, the ERK-MAPK pathway mediates cell 

growth, survival and invasion. Upon binding of EGF to its receptor, the EGFR-RAS-

RAF-MEK-ERK axis is activated. ERK is translocated into the nucleus and 

phosphorylates various transcription factors, e.g. c-Jun or c-Fos.51 

Genes of this pathway are frequently mutated or overexpressed in CRC. As they 

function as proto-oncogenes, they commonly acquire activating mutations in distinct 

hotspots. KRAS, NRAS and BRAF are altered in 41%, 6% and 13% of cases. 

Mutations in these genes are mutual exclusive. Hence, alterations in this pathway can 

be found in at least every second patient.33  

BRAF mutations are of upcoming interest, as they have multiple implications in mCRC. 

First, BRAF V600E renders affected cells insensitive to anti-EGFR-therapy.52 

Secondly, it is associated with a very poor prognosis, right-sided colon cancer and 
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peritoneal carcinosis and on the molecular level with the MSI-phenotype.44,53,54 BRAF 

V600E accounts for 80% of all alterations. In contrast, non-V600E mutations are 

associated with longer overall survival, even when compared to BRAF WT.55 

1.4.5 PI3K-AKT signaling 

Tightly linked with MAPK signaling, the PI3K-AKT pathway also includes numerous 

cancer genes (Figure 1-3). After growth factors bind to their receptors, among others 

EGFR, phosphoinositide 3-kinases (PI3K) are activated, which convert 

phosphatidylinositol-4,5-biphosphate (PIP2) to phosphatidylinositol-3,4,5-

trisphosphate (PIP3). PTEN can inhibit PI3K. Upon conversion AKT is recruited to the 

plasma membrane and phosphorylated by phosphoinositide-dependent kinase 1 

(PDK1) and PKD2. AKT has multiple downstream substrates, notably the mTOR 

complex. The effectors regulate cell growth, proliferation, differentiation and 

apoptosis.56 

Except for PTEN all genes are proto-oncogenes. PIK3CA encodes the p110α catalytic 

subunit of class IA PI3Ks.56 In CRC PIK3CA is activated by mutations in more than 

20% of patients, stating its relevance in this pathway and the oncogenic impact. PTEN 

is affected in 8% of cases, either the tumor suppressor gene is homo-deleted or 

mutations in hotspots are identifiable. Germline defects in PTEN are associated with 

the rare Cowden syndrome, a hamartoma polyposis syndrome, which also bears the 

risk of developing cancer of the breast, thyroid and skin.57 Alterations in this genes co-

occur with each other and KRAS, NRAS and BRAF.33 

Though mechanistically activating alterations in PIK3CA could confer resistance to 

anti-EGFR treatment, past results yielded controversial results. For CRC with exon 20 

mutations lower response rates have been described and missing mutations correlated 

with slightly better clinical response.18,58 In conclusion, current data suggests only a 

marginal predictive role for PIK3Ca mutations.59 
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Figure 1-3. Simplified signaling cascades of the ERK-MAPK-pathway and the PI3K-AKT-

pathway, their interrelations and their effects in cancer. After activation of upstream receptors 

effector proteins are phosphorylated and eventually nuclear transcription factors will be 

regulated in their activity. In cancer both pathways play an eminent role in carcinogenesis and 

tumor progression. PTEN is the only tumor suppressor of both pathways, the other proteins 

are often uncoupled from upstream signals by activating mutations. 

1.4.6 TGFβ signaling 

Transforming growth factor beta (TGFβ) signaling influences proliferation and 

differentiation in multiple cell types. It has been termed “the molecular Jekyll and Hyde 

of cancer”, as its effects can be quite different, either tumor suppression or 

oncogenesis.60 

In CRC this pathway is commonly impaired and its growth inhibiting effect is lost, which 

contributes to carcinogenesis.25,60 In many late-stage tumors its impact is shifted and 

epithelial-to-mesenchymal transition (EMT) is induced, thus promoting migration, 

invasion and dissemination.61 Oncogenic effects are partly mediated through 

interaction with the ERK-MAPK, PI3K/AKT and non-canonical WNT pathways.62 

After binding of TGFβ to TGFBR2, a group of proteins called SMADs are activated. 

These central mediators form complexes and translocate to the nucleus, where they 

convey their effects by activating transcription factors or they act as transcription 

factors by themselves.60  
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Familial juvenile polyposis, another hamartoma syndrome which leads to high 

susceptibility to polyps and CRC, is caused by germline defects of SMAD4.63 This is 

also the most frequently altered gene of this pathway in CRC (16%). It can either be 

deleted or carry hotspot mutations. The loss of SMAD4 has been shown to cause 

resistance to 5-FU based therapy regimes through activation of the PI3K/AKT 

pathway.64 Other genes affected are SMAD2, SMAD3 and TGFBR2 (6%, 5% and 

5%).33 TGFBR2 was previously believed to be defect in up to 30% of all cases62, yet 

recent large sequencing studies gained conflicting numbers with rates down to 2-4%. 

1.4.7 Other altered genes in CRC 

FBXW7 

FBXW7 encodes a component of the SCF E3 ubiquitin ligase. It is an important tumor 

suppressor as it is responsible for the degradation of many oncogenic proteins. The 

third and fourth WD40 domain of FBXW7 include a highly conserved arginine-

containing region (R465, R479, R505), which is essential for binding to its substrates.65 

Almost half of the mutations in FBXW7 are detected there. 14% of CRCs carry 

mutations in FBXW7.33 

GNAS 

As a proto-oncogene GNAS can either be amplified or activated by distinct mutations. 

The latter is found in a large proportion of villous adenoma and about 4% of CRCs.33,66 

GNAS encodes for an α-subunit of a G-protein. This transduces signals from various 

hormone and growth factor receptors and influences diverse signaling pathways. In 

the large intestine its activation promotes proliferation to some extent through Wnt and 

MAPK signaling.67 

1.4.8 Drug metabolism of 5-FU 

Presently, it is not possible to predict whether a patient will benefit from a 

chemotherapy or if he only will endure adverse effects and when he will have a 

recurrence or progress of his disease. For targeted therapeutics the analysis of 

respective pathway components can provide valuable information about the tumor’s 

therapy response. 

Almost every patient with a CRC receives 5-FU and even those who initially respond 

will eventually develop a progress.68 5-FU is an antimetabolite, which damages all 
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dividing cells. 5-FU is an uracil-analogue with a fluorine atom at the C-5 position. After 

intracellular activation it inhibits the thymidylate synthase (TS), compromising DNA 

synthesis and repair or it is incorporated into DNA and RNA, thereby causing strand 

breaks.69 

A reasonable attempt to find out about resistance mechanisms is to look at the 

corresponding genes relevant for the metabolism of 5-FU. In CRC these are 

infrequently altered and do not show hotspots. However, most sequenced tumor 

samples so far are pretherapeutic, thus the mutational spectrum under therapy may 

differ and tumors may acquire a resistance mechanism through mutation of genes 

responsible for drug metabolism.  

Multiple polymorphisms in the 5-FU metabolism have been described and associated 

with varying responses to 5-FU treatment.70,71 Past efforts to integrate biomarkers for 

5-FU response into routine management have failed. Low intratumoral mRNA 

expression of TS, thymidylate phosphorylase and dihydropyrimidine dehydrogenase 

were associated with longer overall survival in CRC patients. Copy numbers changes 

of the TS gene (TYMS) conferred resistance to 5-FU,72,73 however several following 

studies reported ambiguous results.74 

In conclusion, signaling pathways build a complex network to influence the cells’ fate. 

In cancer deregulation of those is the basis of the carcinogenic process and tumor cells 

acquire multiple genetic changes affecting them. Hence, studying mutational patterns 

under therapy offers a chance to understand their roles in cancer and possible 

resistance mechanisms.  

1.5 “Liquid biopsy” – circulating nucleic acids in cancer diagnostics 

Through sampling of blood plasma or other bodily fluids tumor material (e.g. cells or 

nucleic acids) can be acquired in a minimally invasive manner and be further analyzed. 

These procedures are summarized under the term “liquid biopsy”. 

Different substrates have been found to obtain relevant information about the patient’s 

tumor, including circulating tumor cells (CTCs), tumor-educated blood platelets (TEPs) 

and cell-free RNA & DNA.  

For this work the focus will be the relevance of circulating cell-free DNA (cirDNA) in the 

blood plasma of patients with gastrointestinal cancers, in particular with CRC. 
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1.5.1 Circulating cell-free DNA in blood plasma 

It has been known for a long time that free-floating DNA fragments can be found in 

plasma samples. First described in 1948 by Mandel and Métais75, progress in the field 

of liquid biopsies was slowed down due to a lack of suitable methods for further 

analyses. 

In 1977 a first report of elevated cirDNA-levels in cancer patients was published.76 

However, elevated levels can also be observed in patients with acute trauma, stroke, 

infections or after exercise.77 In 1989, Stroun and colleagues78 identified cirDNA-

molecules deriving from the tumor itself and soon after cell-free tumor DNA (ctDNA) 

was detected in other bodily fluids such as urine, cerebrospinal fluid, pleural fluid or 

stool samples.77 

Origin of cirDNA 

cirDNA is released through apoptosis and necrosis of cells and partly by active 

secretion.79–81 Among others exosomes, a form of extracellular vesicles which are 

large nucleic acid-lipoprotein complexes, are actively secreted (Figure 1-4).80 They 

both carry RNA and DNA molecules. Cellular sources of cirDNA are predominantly 

white blood cells (WBCs) and in cancer patients WBCs, malignant cells and cells of 

the tumor microenvironment.82,83 In the blood stream cirDNA is able to form complexes 

with albumin and other serum proteins or attach to cell surfaces of circulating cells.84,85 

 

Figure 1-4. Origins of cirDNA and possible alterations detectable , as outlined by Wan et al.77 
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Size distribution in blood plasma 

In healthy individuals cirDNA fragments are predominantly 166bp long, constituting the 

length of a chromatosome unit. A nucleosome consists of a histone octamer with DNA 

of ~147bp length wrapped around and forms together with a linkage DNA a 

chromatosome.82 Chromatosome units are products of apoptotic DNA degradation, 

which is why apoptosis is thought to be the main source of cirDNA.79–81 Fragment sizes 

show a 10bp ladder pattern due to nuclease cleaving at predisposed sites.81,82 Also, 

large fragments (>1000bp) can be detected, typically deriving from necrotic cell death 

or exosomes.79,80 

In cancer the situation is different. While the peak length is still ~166bp, studies have 

shown that cirDNA in tumor patients has a higher fragmentation (<145bp) (Figure 

1-5).86,87 The underlying reason for this shorter fragment length remains unclear. 

Extensive cleavage by nucleases is discussed as well as a different origin of those 

fragments or other release mechanisms.88 

 

Figure 1-5. Length distribution of cirDNA in HCC patients and healthy individuals , according 

to Jiang et al.86 The median size distribution of 32 healthy individuals is drawn as a broad black 

line. With higher ctDNA fractions the median size is shifted to smaller fragments (red lines). 

Functional role of cirDNA 

cirDNA molecules are recognized by Toll-like receptor 9 (TLR9), a membrane-bound 

protein which is commonly expressed by immune cells, implying potential 

immunomodulatory effects.89 The fact that, for example in systemic lupus 

erythematosus antibodies against double-stranded DNA (anti-dsDNA) play a key role 
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in the pathogenesis supports this hypothesis.90 Moreover, cirDNA can also be 

internalized by cells and is capable of transfection, i.e. the horizontal transfer of genes 

into other cell’s genomes. In cancer this concept is termed genometastasis.91    

cirDNA- and ctDNA-levels 

Between different cancer types levels of cirDNA and ctDNA vary greatly and higher 

levels are observed in advanced stages.92,93 The mutant allele fraction (MAF), i.e. the 

fraction of ctDNA within the total amount of cirDNA, ranges between 0% and up to 

95%, highlighting the interindividual heterogeneity. This also applies to the 

concentration of ctDNA.92–95 Furthermore, differing levels of ctDNA in serial samples 

demonstrate, that intraindividual heterogeneity exists as well.96,97 

For how long cirDNA circulates in the blood stream is not well determined. Current 

observational data for the half-life time of cirDNA molecules varies between 16 minutes 

and almost 2.5 hours.98,99 Underlying mechanisms include degradation by circulating 

nucleases, phagocytosis, but also hepatic and renal clearance.77  

As aforementioned, the current clinical condition (e.g. infection, physical stress or a 

malignant disease) affects levels of cirDNA.77 In pathologic conditions, the binding to 

serum proteins and cell surfaces can also be altered and the elimination of cirDNA 

impaired.77,84,85 The composition of cirDNA can also fluctuate, as the DNA molecules 

can either circulate as chromatosome units, bind to proteins, cells and other 

macromolecules or be internalized into microvesicles. With current methods it is not 

possible to accurately determine the respective proportions.88  

In cancer the tumor entity and the overall tumor burden accounts for the high variability 

in cirDNA- and ctDNA-levels.92,100 Its specific location, tumor vascularization and cell 

death rate are thought to add to this variability.92,101 The time point of blood sampling 

is another critical aspect. As cancer therapeutics optimally hamper tumor growth and 

cause extensive tumor cell death, higher levels of cirDNA and ctDNA can be observed 

days after treatment application, but also the absence of such spikes has been 

reported.102,103 Whether cirDNA-levels follow a clear circadian rhythm is unknown, but 

variations are noticed.104 

When comparing data of different groups, analytical differences such as sample 

preparation, extraction and detection methods need to be considered (further 

discussed below). All these factors explain the strong inter- as well as intraindividual 

heterogeneity in cirDNA-levels. 
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1.5.2 Methodological aspects of cirDNA analysis 

Sample preparation 

Plasma is preferred over serum as matrix of choice. Higher levels of cirDNA are found 

in serum samples and this is due to extensive lysis of WBCs.105 

To ensure proper polymerase chain reaction (PCR) amplification, EDTA is the 

anticoagulant of choice, as heparin might inhibit PCR reactions.106 Besides, EDTA 

proved to stabilize cirDNA and blood cells for up to one day without causing significant 

changes of total cirDNA-levels.107 If plasma isolation within 6-24 hours cannot be 

guaranteed, the use of special storage tubes should be considered.107 Centrifugation 

protocols for plasma processing unanimously favor a two-step approach, which 

minimizes contamination with genomic DNA.108 Isolated plasma can be stored at -20°C 

or -80°C and repeated freeze-thaw cycles should be avoided, thus sample aliquotation 

is preferred.108 

cirDNA isolation 

Multiple commercial kits for DNA extraction in blood samples are available. Initially the 

QIAamp DNA Blood Mini kit (Qiagen) was shown to have the best recovery,109 

however, now specially designed purification kits for cirDNA are available and those 

perform better in the case of very low-level concentrations.110,111 An important side 

effect of cirDNA extraction is that different methods or kits preferentially recover DNA 

fragments of different sizes.110 

Accurate determination of cirDNA-levels 

Real-time quantitative PCR (qPCR) is the most widely used method for DNA 

quantification.112 Qubit double stranded DNA (dsDNA) quantification assays (Thermo 

Fisher Scientific) use fluorescent dyes that selectively intercalate with dsDNA 

molecules. Qubit fluorometry is a very fast and cost-effective tool to measure DNA and 

proved to yield reliable results in low concentrated samples and cirDNA-samples 

(<0.1ng/µl).112,113 

1.5.3 Other substrates of liquid biopsies  

Circulating tumor cells (CTCs) are found in the blood stream of cancer patients in 

extremely low numbers, yet different isolation methods can allow to characterize single 
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CTCs. As opposed to ctDNA not only genomic investigations can be conducted but 

also the transcriptome, proteome and secretome can be studied.114 

Tumor-educated platelets (TEPs) influence the systemic and local response to 

malignant tumors and are capable of priming tumor cells for dissemination. By profiling 

the transcriptome of platelets, tumor patients can accurately be identified, and the 

tumor entity determined. Even deductions about the mutation status of common 

hotspots, like KRAS and EGFR can be made.61,115 

The methylome of cirDNA is a sensitive approach to identify low levels of ctDNA and 

enables tumor classification.116,117 Epigenetic alterations occur in all cancers and 

epigenetic silencing of MLH1 is the most common cause for MSI in sporadic colorectal 

cancer.39  

Investigating different entities of circulating nucleic acids (cirNA) may yield 

complementary information, as for example exosomes might be secreted by a different 

subset of cells or tumor cells.80,118 Analysis of cirRNA expression profiles, either 

messenger RNAs or micro RNAs, can give provide information about the tumor 

dynamics and its origin.119 

1.5.4 Applications of liquid biopsy in cancer 

In cancer patients cirDNA-levels were confirmed to have an independent prognostic 

effect.120 Strikingly, higher levels or fractions of ctDNA have consistently been 

associated with worsening overall survival92,121,122 and patients without detectable 

tumor DNA had a better prognosis.123,124 

Serial liquid biopsies during treatment are convenient as they can be added to routine 

phlebotomy. ctDNA dynamics correlate with clinical response99,122,125,126 and resemble 

the overall tumor burden.100 In fact, ctDNA monitoring can recognize response earlier 

than medical imaging or serum biomarkers.97,127 By screening for actionable hotspot 

mutations, emerging therapy resistance can be discovered,92,97,124 hereby offering 

physicians the needed information to discontinue a treatment and protect the patient 

from unnecessary adverse effects. This highlights its predictive value in monitoring 

patients receiving palliative chemotherapy regimens or targeted therapies. 

Monitoring of minimal residual disease (MRD) and recognition of recurrence in patients 

with early stages of disease requires extremely sensitive detection methods. In CRC 
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possible surveillance programs, including imaging studies and endoscopic procedures, 

have limited usability68 and a meta-analysis showed no improved overall survival 

through intensified follow-up.128 

In a large cohort of patients with stage II CRC the postoperative presence of ctDNA 

could reliably indicate MRD and those patients had recurrence in the next three years, 

whereas the 3-year recurrence-free survival in ctDNA-negative patients reached 

90%.129 Other reports strengthen the relevance of ctDNA in early-stage cancer and 

recurrence detection.99,130,131 cirDNA analysis has the potential to be a screening tool 

for groups or symptomatic patients. ctDNA in individuals with no known tumor has been 

detected up to two years before these individuals were diagnosed with cancer.132 In 

patients with cancer of unknown primary (CUP-syndrome) liquid biopsy can help 

classify the tumor origin and consequently allow adequate treatment to be initialized 

promptly.133 

1.6 Cancer genomics and its implications for liquid biopsies 

The knowledge from thousands of individual cancer genomes and functional genomic 

studies have characterized the biology of many genes and the impact of structural 

aberrations on their functions. Nonetheless, there is the need for genomics data of 

tumors under therapy, to understand the impact of genomic alterations in tumor 

progression and drug response. 

1.6.1 Next-generation sequencing (NGS) 

Different NGS technologies have been developed, among them the Illumina platforms. 

Here, DNA templates are prepared by fragmentation into pieces of 200 bases. Then, 

specific adapters bind to both ends, enabling hybridization to a flow-cell. Bridge 

amplification is performed, generating clusters of up to a million copies of each 

template on the flow-cell surface. Sequencing by synthesis is the last step. This step 

is very similar to Sanger sequencing with the difference that the Illumina based 

methods not only sequence one template but millions simultaneously. Fluorescence 

labelled nucleotides are added each cycle and each time an image of the clusters is 

obtained. These pictures can be ordered and analyzed, determining the nucleotide 

sequence of each cluster.134 Using bioinformatic tools, the individual reads are mapped 

against a reference genome and variants can be called. 
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Limiting factors of Illumina platforms are the read length (maximum of 300bp until now) 

and the use of multiple PCR cycles, as thereby errors are introduced.135 

1.6.2 Approaches to ctDNA analysis 

Depending on the initial question different sequencing techniques can focus on specific 

point mutations or analyze larger parts of the genome, even the whole genome. 

Assays for single-locus investigations can detect even individual mutant copies per 

ml.77 Those assays are often based on digital droplet PCR (ddPCR). ddPCR is a 

refinement of basic PCR techniques. Through water-in-oil emulsion samples are 

divided into smaller reactions and then oil-droplets are generated. Consequently, 

thousands of separate PCR reactions are performed. As ddPCR amplifies single 

templates in each reaction, the DNA input can be quantified in an absolute manner.136 

Other single-locus techniques include BEAMing, Intplex and ARMS-PCR.77 First 

commercial tests are now implemented in clinical diagnostics.137 

To interrogate greater numbers of hotspots and larger regions NGS-based approaches 

are needed. Variable sequencing scales can be used ranging from whole-genome 

(WGS) and whole-exome (WES) to targeted sequencing (amplicon-based or hybrid-

capture). Amplicon panels target only specific genomic loci and use different 

enrichments strategies.138 Specific primers flank the region of interest, followed by 

amplification of the respective amplicon. Further sample preparation is performed by 

attaching sequencing adapters either by ligation or by nested PCR to the amplicons. 

Amplicon sequencing can monitor clonal evolution and disease burden under 

treatment without prior knowledge of mutational statuses. The detection limit for 

different targeted technologies ranges between 0.01% and 1% MAF.77 

WES and WGS are still very expensive and the current detection limit of 5-10% MAF 

reduce their application field to copy number alterations or aneuploidies and cases of 

high-tumor burden.77 

1.7 Aims of this thesis 

cirDNA from blood samples is an easily accessible source of tumor material 

representing all tumor sites.92,139,140 

Several areas of oncology would profit from novel diagnostic markers. Current 

biomarkers have a low sensitivity and specificity, frequent radiological scans expose 

patients to ionizing radiation and tissue biopsies are often not feasible.  
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Monitoring ctDNA by sequencing of frequent or even actionable alterations may 

indicate tumor progress or acquired resistance to therapy even before radiologic 

progress.92,96,97 Therefore cirDNA analysis has can potentially guide personalized 

medicine and complement or even replace prevailing diagnostic investigations. 

To be implemented into daily routine, the analysis of cirDNA needs to be fast and cost-

efficient. 

 

Hence, the aims of this thesis can be divided into two parts: 

 

a. Clinical relevance of cirDNA-levels in patients with gastrointestinal tumors: 

cirDNA-levels are compared to clinical parameters as well as blood values, 

including serum tumor biomarkers. 

 

b. Establishment and assessment of a customized amplicon panel for the analysis 

of cirDNA in patients with mCRC: 

An experimental and bioinformatic pipeline for amplicon sequencing is 

established for the analysis of cirDNA-samples. A panel targeting frequent and 

potentially actionable hotspots in CRC is designed. The panel is then applied to 

a clinical cohort of mCRC with multiple blood samples over time to show the 

relevance of cirDNA analysis compared to imaging and serum biomarkers. 
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2 MATERIALS AND METHODS 

2.1 Materials 

Reagents and Chemicals  

Chemicals, Reagents, Markers Supplier 

6*DNA loading dye Thermo Fisher Scientific 

Acetic Acid Sigma-Aldrich 

Agarose Sigma-Aldrich 

AmpureXP beads Beckman Coulter 

dNTPs Thermo Fisher Scientific 

EDTA Sigma-Aldrich 

Ethanol absolute VWR Chemicals 

Glycerol Sigma-Aldrich 

Gene Ruler 100bp Thermo Fisher Scientific 

KHCO3 Merck 

NH4Cl Merck 

PBS Sigma-Aldrich 

Q5 Hot Start High-Fidelity buffer New England BioLabs 

Q5 Hot Start High-Fidelity DNA Polymerase New England BioLabs 

sodium citrate Fluka 

sodium phosphate dibasic Roth 

sodium phosphate monobasic, monohydrate Merck 

SYBR Safe DNA gel stain Thermo Fisher Scientific 

Tris base Roth 

Xylene MP Biomedicals 

 

Kits 

Kits and assays Supplier 

Agilent DNA 1000 Kit Agilent Technologies  

Agilent High Sensitivity DNA kit Agilent Technologies  

DNeasy Blood and Tissue kit  Qiagen  

MiSeq Reagent kit V2 Illumina  

QIAamp DNA FFPE kit  Qiagen  

QIAamp DNA Blood Mini kit Qiagen  

Qubit dsDNA HS Assay Kit Thermo Fisher Scientific 

 

Buffers 

Buffer Ingredients 

10x Red Blood Cell Lysis Buffer 8.3g NH4Cl 

https://www.thermofisher.com/us/en/home/about-us/product-stewardship/greener-alternatives.html
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1g KHCO3 

 200µl EDTA 0.5 M 

 
100ml H20 

Storage buffer 99% glycerol 

 50nM sodium citrate 

 

20mM sodium phosphate 

monobasic, monohydrate 

 

20mM sodium phosphate 

dibasic 

TAE 50x stock solution 242.0g/l Tris base 

 
57.1ml/l Acetic acid 

 100ml/l EDTA 0.5M 

 

Cell culture media and supplements 

Cell culture media and supplements Supplier 

0.25% trypsin Sigma-Aldrich 

Fetal bovine serum (FBS) PAA (Thermo Fisher Scientific) 

McCoy's 5A medium  Gibco (Thermo Fisher Scientific) 

PBS Sigma-Aldrich 

 

Cell lines 

Cell line Source Medium Provided by 

HT29 ATCC  McCoys 5A with 10% FBS ATCC 

HCT116  ATCC  McCoys 5A with 10% FBS ATCC 

 

Primers first PCR 

Universal adapter sequence (UAS) Added to 

TCCCTACACGACGCTCTTCCGATCT 5' end of each FW primer 

AGTTCAGACGTGTGCTCTTCCGATC 5' end of each REV primer 

 

Gene 

targeted 

amplicon FW or REV Sequence (without UAS)  

APC APC_1 FW CAGAGTAGAAGTGGTCAGCC 

  
REV CCTGTGTCGTCTGATTACATCC 

APC APC_2 FW TTGGAATATGAAGCAAGGCA 

  
REV TCGCTGTTTTATCACTTAGAAAC 

APC APC_3 FW CAGGTTATTGCGAGTGTTTTGAG 

  
REV ATTCCATCAATGCTTTCACACTTCC 

APC APC_4 FW GAGAGAACGCGGAATTGGTC 

  
REV ATGACTTTGGCAATCTGGGC 



MATERIALS AND METHODS 

24 

APC APC_5 FW TGGACAGCAGGAATGTGTTTC 

  
REV TCTTCTTGACACAAAGACTGGC 

APC APC_6 FW AAGCCCCAGTGATCTTCCAG 

  
REV AGCTTGCTTAGGTCCACTCT 

APC APC_7 FW GGTGCTCAGACACCCAAAAG 

  
REV GCCACTTACCATTCCACTGC 

APC APC_8 FW ATCATCTTTGTCATCAGCTGA 

  
REV TGGAACTTCGCTCACAGGAT 

BRAF BRAF_1 FW GCTCTGATAGGAAAATGAGATCTACTG 

  
REV CCATCCACAAAATGGATCCAGACA 

DPYD DPYD_1 FW GTGTAGAAATGGCCGGATTGAAG 

  
REV GAGAAAGTTTTGGTGAGGGCAAA 

DPYD DPYD_2 FW TGTCTCAGTGTTTGCCCTATTGT 

  
REV ATCACCTTAACACACCGGATTCA 

ERBB3 ERBB3_1 FW GGATTCGAGAAGTGACAGGC 

  
REV GCAAACTTCCCATCGTAGACC 

FBXW7 FBXW7_1 FW TCATCATTAGTGGATCTACAG 

  
REV CAATAATAGAGGAAGAAGTCC 

FBXW7 FBXW7_2 FW TCTGCAGAGTTGTTAGCGGT 

  
REV AACAACCCTCCTGCCATCAT 

GNAS GNAS_1 FW CTGTTTCGGTTGGCTTTGGT 

  
REV TGGAAGTTGACTTTGTCCACC 

KRAS KRAS_1 FW ATTATAAGGCCTGCTGAAAATGACTGA 

  
REV GGTCCTGCACCAGTAATATGC 

KRAS KRAS_2 FW ATCCAGACTGTGTTTCTCCCTTC 

  
REV GGCAAATACACAAAGAAAGCCCT 

MLH1 MLH1_1 FW GAGAGACAGTAGCTGATGTTA 

  
REV AATGTGATGGAATGATAAAC 

MLH1 MLH1_2 FW GAAAAATCAATCTTCTGTTC 

  
REV CTAGAACACATTACTTTGATGA 

MLH1 MLH1_3 FW GACCTCGTCTTCTACTTCTGGAA 

  
REV CTTATCCTCTGTGACAATGGCCT 

MLH3 MLH3_1 FW CTACTGAAGTGGGATGCCAGC 

  
REV TGGAACATAATTTAACTCGCCCA 

MSH6 MSH6_1 FW TTAACAGATGTTTTACTGTGC 

  
REV TAGGAATAAAATCATCTCCA 

NRAS NRAS_1 FW ACAAACTGGTGGTGGTTGGA 

  
REV CACTGGGCCTCACCTCTATG 

NRAS NRAS_2 FW CACACCCCCAGGATTCTTAC 

  
REV TGGCAAATACACAGAGGAAGC 

PIK3CA PIK3CA_1 FW ACTCAAGAAGCAGAAAGGGAAG 

  
REV CGGTTGCCTACTGGTTCAAT 
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PIK3CA PIK3CA_2 FW CAGAGTAACAGACTAGCTAGAGACA 

  
REV AGCACTTACCTGTGACTCCA 

PIK3CA PIK3CA_3 FW TAGGCAAGTCGAGGCAATGG 

  
REV GGCTTCTAAACAACTCTGCCC 

PIK3CA PIK3CA_4 FW TGCATACATTCGAAAGACCCT 

  
REV GCATGCTGTTTAATTGTGTGGAAG 

PMS2 PMS2_1 FW GCCATTCAAACCAGGAAGATACC 

  
REV GAGGCTGACATGTCCTGAGTATT 

PTEN PTEN_1 FW TGTGAAGATCTTGACCAATGGCT 

  
REV TAGAAATCTAGGGCCTCTTGTGC 

SMAD2 SMAD2_1 FW CCTCTACAGTGGTTGGACAAAGT 

  
REV GACCACACACAATGCTATGACAG 

SMAD3 SMAD3_1 FW CATCTCCTACTACGAGCTGAACC 

  
REV CTGCATTCCTGTTGACATTGGAG 

SMAD4 SMAD4_1 FW TAGGAGAGACATTTAAGGTT 

  
REV ACTATACAATCAATACCTTGC 

SMAD4 SMAD4_2 FW AAATTCACTTACACCGGGCC 

  
REV TAAGGTTAAGGGCCCCAACG 

TGFBR2 TGFBR2_1 FW ATAACACTAGAGACAGTTTGC 

  
REV TTCTGAGAAGATGATGTTG 

TGFBR2 TGFBR2_2 FW TGTGTGAGACGTTGACTGAGTG 

  
REV ATTTGGTAGTGTTTAGGGAGCCG 

TP53 TP53_1 FW GGACCTGATTTCCTTACTGCC 

  
REV CTCCCCTTTCTTGCGGAGA 

TP53 TP53_2 FW TTGGCTCTGACTGTACCACC 

  
REV CAAGTGGCTCCTGACCTGG 

TP53 TP53_3 FW TGGCCATCTACAAGCAGTCA 

  
REV TCAGTGAGGAATCAGAGGCC 

TP53 TP53_4 FW GGCCTCTGATTCCTCACTGA 

  
REV CCAGTTGCAAACCAGACCTC 

TYMP TYMP_1 FW ATACCAGGGGCCATGCTGAT 

  
REV CCCTGTGGAATGCTTGTCCA 

TYMS TYMS_1 FW CCAAGGGAGTGAAAATCTGGGAT 

  
REV GGCATTGTTCTATCTCCTCACCT 

UPP1 UPP1_1 FW GTGTGTCACCCTCCTGAACC 

  
REV AATGGCAAGTCATCACAGCAGG 
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Primers second PCR 

Primer Sequence (with respective TruSeq DNA HT indexes) 

Forward primer 

AATGATACGGCGACCACCGAGATCTACAC-(Index)-

ACACTCTTTCCCTACACGACGCTCTTCCGATCT 

Reverse primer 

CAAGCAGAAGACGGCATACGAGAT-(Index)-

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC 

 

All primers were produced by Eurofins Genomics. (Louisville, USA) 

 

Consumables 

Article  Supplier  

5ml self-standing conical tubes Axygen Scientific 

10µl, 20µl, 200µl and 1000µl pipet tips  Starlab/Gilson  

15ml and 50ml conical tube  Thermo Fisher Scientific 

96-well full-skirted plates Thermo Fisher Scientific 

96-well hard-shell PCR plates skirted black Bio-Rad 

Aluminium foil lids Beckman Coulter 

Biomek AP96 P250 pipet tips Beckman Coulter 

Biomek AP96 P20 pipet tips Beckman Coulter 

Cryovials 2ml Cryo.s Greiner Bio-One 

Eppendorf tube 1.5ml  Eppendorf  

Eppendorf tube 2ml Eppendorf  

Falcon serological pipettes Thermo Fisher Scientific 

Finntip 250 Universal pipet tips Thermo Fisher Scientific 

 

Instruments 

Instrument  Manufacturer 

Bioanalyzer 2100 Agilent Technologies  

Biomek FX Beckman Coulter  

Biometra thermal cycler T advanced Analytik Jena 

Bioshake IQ BioShake 

Centrifuge 5424 Eppendorf 

Centrifuge 5804 Eppendorf  

Centrifuge 5804 R Eppendorf 

Centrifuge Rotanta/RP Hettich 

Centrifuge Sigma 3K12 Sigma-Aldrich 

DNAEnging thermal cycler  BioRad 

E-Box VX2 Vilber 

Mini Sub Cell GT Bio-Rad 

MiSeq  Illumina  
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NanoDrop ND-1000 Marshall Scientific 

PowerPacUniversal  Bio-Rad 

Qubit Fluorometer 2.0 Thermo Fisher Scientific  

Vortex Genie 2  Scientific Industries 

Wide Mini Sub Cell GT Bio-Rad 

 

Software 

Software Supplier  

BLAST+ NCBI  

Excel, PowerPoint, Word for Office 365 

ProPlus v. 1903 Microsoft  

FASTQC v. 0.11.6 Babraham 

GraphPad Prism 8.1.0 Graph Pad 

Illustrator CC v. 17.1 Adobe  

MiSeq Reporter v2.6 Illumina 

MultiPLX 2.1 ELIXIR; http://bioinfo.ut.ee/multiplx/ 

primer3 ELIXIR; http://primer3.ut.ee/ 

RStudio v. 1.1.419 RStudio  

SAM tools v. 1,4 Li et al. 

 

2.2 Clinical patients 

2.2.1 Patient recruitment 

All patients with gastrointestinal tumors receiving treatment at the 

Tagestherapiezentrum or those who were implemented into an aftercare program in 

the outpatient clinic of the University Hospital Mannheim were eligible for study 

inclusion. In addition, patients receiving stationary treatment were screened and asked 

for participation, if they met the inclusion criterion of having an underlying 

gastrointestinal tumor. Written informed consent was obtained from all patients. 

2.2.2 Ethics board approval 

Ethics board approval was obtained from the local ethics committee (Ethikkomission 

II, Medical Faculty Mannheim, Heidelberg University, identifier 2013-640N-MA). 
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2.2.3 Blood collection 

Upon regular blood withdrawals extra tubes were taken for the study purpose. If 

possible, samples were collected before start of a new treatment and every time a 

patient needed inpatient care. Otherwise standardized sample collection every 3 to 6 

months during radiological re-staging was performed. 

Simultaneously, the following blood values were determined: 

Albumin, bilirubin, creatinine, ALAT, ASAT, GGT, ALP, LDH, WBC count, hemoglobin 

level, platelet count, INR, CRP and serum tumor markers CA19-9, CEA and AFP.  

2.2.4 Documentation of clinical characteristics 

Patient data were stored in a pseudonymized fashion in the prospective MALIBU 

clinical database. Relevant patient characteristics and clinical information were 

recorded. 

Patient characteristics: 

Age, sex, history of tumor disease, underlying inflammatory bowel disease or liver 

disease. 

Tumor characteristics: 

The following information were collected for every patient at the time of blood sampling: 

Tumor entity, localization, histology, time of diagnosis, TNM classification and UICC 

stage at initial diagnosis and at the time of the first sample collection (or BCLC stage 

for HCC and Bismuth classification for patients with hilar cholangiocarcinoma), 

metastatic sites and molecular markers (microsatellite status, KRAS, NRAS and BRAF 

mutational status, ERBB2 expression). The latter molecular markers were routinely 

determined by the Institute of Pathology, University Hospital Mannheim from tumor 

biopsy tissue. Sanger sequencing was routinely performed for DNA mutation detection 

by the Institute of Pathology. 

Therapy history: 

Current therapy, treatment setting (surveillance, neoadjuvant, adjuvant or palliative) 

and line of treatment, previous systemic treatments as well as radiation, interventional 

and surgical therapies. 
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Along with new samples the aforenamed blood values and the clinical re-staging 

results were documented. Changes in therapy regimes were noted. 

 

 

Figure 2-1. Standardized collection of blood plasma and clinical data. The Mannheim Liquid 

Biopsy Unit (MALIBU) prospectively collects blood samples as well as clinical data from 

patients with gastrointestinal tumors. Blood is collected at regular time intervals over the course 

of treatment and follow-up. The plasma is used for isolation of cirDNA and subsequently for 

custom amplicon sequencing. 

2.2.5 Patients and cohort selection 

Between January 2015 and October 2017 280 patients treated for a gastrointestinal 

tumor at the University Hospital Mannheim were included in the study. 972 blood 

samples were collected during this time span. A total of 389 blood samples were further 

processed for cirDNA analysis. 

To investigate the role of cirDNA in advanced gastrointestinal tumors (GI-tumors), a 

group of 34 patients with metastasized or advanced CRC, from now on referred to as 

mCRC-cohort, were selected. All patients received a palliative chemotherapy with a   
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5-FU backbone. Initially all patients showed a therapy response as confirmed by 

imaging studies and the RECIST 1.1 criteria.141 At least two samples were collected 

during therapy. Characteristics of the study cohorts are depicted in Table 2-1 and Table 

2-2. 

From 21 CRC patients (19 belong to the mCRC-cohort) tumor tissue in form of formalin 

fixed and paraffin embedded (FFPE) samples - either primary tumor or metastasis - 

was obtained from the archives of the Institute of Pathology, University Hospital 

Mannheim (Table 2-3).  
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Table 2-1. MALIBU study: patient, treatment and tumor baseline characteristics. * 

Parameter All patients n=280 

Gender   

    Male 193 (69%) 

    Female 87 (31%) 

Age (years) 66 (32-92) 

Tumor entity   

CCC 24 (9%) 

CRC 104 (37%) 

esophagus cancer 36 (13%) 

gastric cancer 27 (10%) 

GIST 1 (<0.5%) 

HCC 31 (11%) 

NET 12 (4%) 

pancreatic cancer 44 (16%) 

small intestine cancer 1 (<0.5%) 

multiple entities 8 (3%) 

Stage**   

    I 21 (9%) 

    II 21 (9%) 

    III 55 (23%) 

   IV 145 (60%) 

Therapy setting   

surveillance 37 (13%) 

curative 52 (19%) 

palliative 191 (68%) 

Metastases   

hepatic 98 (63%) 

pulmonary 50 (32%) 

peritoneal carcinomatosis 46 (30%) 

osseous 17 (11%) 

pleural carcinomatosis 8 (5%) 

other 5 (8%) 

 
*n is shown for categorical variables with percentage in parentheses. 
For continuous variables, median is shown with range in parentheses. 
  
** without HCC and Klatskin-tumors. 
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Table 2-2. CRC-cohort: patient, treatment and tumor baseline characteristics. * 

      

Parameter 
All CRC 
n=104 

mCRC-cohort 
n=34 

Gender     

    Male 74 (71%) 25 (74%) 

    Female 30 (29%) 9 (26%) 

Age (years) 65 (34-88) 65 (36-88) 

Stage     

    I 9 (9%)   

    II 10 (10%)   

    III 25 (24%) 3 (9%)** 

   IV 60 (58%) 31 (91%) 

Tumor location     

colon cancer 45 (43%) 15 (44%) 

rectal cancer 58 (56%) 19 (56%) 

both entities 1 (1%)   

Therapy setting     

surveillance 24 (23%)   

adjuvant/neoadjuvant 21 (20%)   

palliative 59 (57%) 34 (100%) 

Metastases (only stage IV)     

hepatic 47 (78%) 24 (71%) 

pulmonary 28 (47%) 18 (53%) 

peritoneal carcinomatosis 14 (23%) 4 (12%) 

pleural carcinomatosis 5 (8%) 2 (6%) 

osseous 4 (7%) 1 (3%) 

other 5 (8%) 0 (0%) 

Therapy regimen     

5-FU 17 (16%) 6 (18%) 

FOLFOX/CAPOX 18 (17%) 4 (12%) 

FOLFIRI 37 (36%) 22 (65%) 

FOLFOXIRI 3 (3%) 2 (6%) 

irinotecan 2 (2%) 0 (0%)  

no chemotherapy 25 (24%) 0 (0%) 

with anti-VEGFR-antibody 25 (24%) 16 (47%) 

with anti-EGFR-antibody 27 (26%) 13 (38%) 

 
*n is shown for categorical variables with percentage in parentheses. 
For continuous variables, median is shown with range in parentheses. 
  
** these three patients all had an inoperable relapse of their primaries. 
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Table 2-3. Patients with tumor tissue undergoing amplicon sequencing. 

Patient 

No. Sex Age Tumor tissue origin ng DNA 

mCRC- 

cohort 

0019 F 76 rectum cancer primary 413 yes 

0024 F 55 colon cancer metastasis 100 yes 

0025 M 62 rectum cancer metastasis 620 yes 

0044 M  86 colon cancer primary 47.3 yes 

0055 M 51 rectum cancer primary 17.3 yes 

0065 F 49 rectum cancer metastasis 281 no 

0080 M 78 colon cancer primary 565 yes 

0083 M 72 rectum cancer primary 3390 yes 

0109 M 66 rectum cancer primary 38.1 yes 

0119 F 68 rectum cancer primary 1160 yes 

0133 F 59 rectum cancer primary 545 yes 

0143 M 59 rectum cancer primary 128 yes 

0144 M 80 colon cancer primary 1600 yes 

0149 M 59 colon cancer primary 745 yes 

0152 F 36 rectum cancer primary 780 yes 

0167 M 59 colon cancer primary 3470 yes 

0168 M 73 rectum cancer primary 1358 yes 

0324 F 67 rectum cancer primary 1555 yes 

0340 M 57 colon cancer metastasis 19.7 no 

0427 M 44 colon cancer primary 384 yes 

0430 F 57 colon cancer metastasis 66 yes 

 

2.3 Sample preparation and DNA isolation 

2.3.1 Plasma and buffy coat preparation  

After collection of whole blood in two blood collecting tubes containing EDTA as 

anticoagulant (9ml EDTA-tube, Sarstedt, Nürmbrecht, Germany), samples were stored 

at 4°C and further processed within 16 h. Sample preparation was adapted to earlier 

descriptions and in line with the recommendations of a dedicated review.99,108 

Samples were first centrifuged at 4°C and 1900*g for 10 min with the brake off, thereby 

separating plasma from cells. Five mm above the buffy coat, the supernatant, 

representing the plasma, was carefully transferred into a fresh 15ml falcon tube. The 

plasma of two blood collection tubes was combined.  

Pooled plasma was distributed into 2ml Eppendorf tubes (Eppendorf, Hamburg, 

Germany) and again centrifuged, now at 4°C and 16000g for 10 min in a fixed-angle 
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rotor. Without dislodging the formed cell pellet, plasma was transferred into 2ml 

cryovials (Greiner Bio-One, Frickenhausen, Germany) and stored at -80°C until 

needed. That way contamination by cellular material was minimized. 

Additionally, the buffy coat was conserved. After the plasma had been separated, the 

concentrated leukocyte band, i.e. buffy coat, was absorbed by pipetting and transferred 

into a 15ml centrifugation tube. Five times the volume of red blood cell (RBC) lysis 

buffer was added, the tube inverted a few times and left 10 min at room temperature 

until the liquid was clear red. PBS was added up to 15ml and centrifuged for 10 min at 

250g. Supernatant was decanted, the cell pellet resuspended in 5ml of PBS and spun 

down as above. Again, the supernatant was decanted, and the tubes inverted to drain 

them briefly. In the end the cell pellet was resuspended in 1ml of cold storage buffer 

and stored at -80°C. 

2.3.2 cirDNA-isolation and quantification 

For cirDNA isolation, 1-4ml of frozen plasma was used. Extraction of DNA was 

performed using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). The 

manufacturer’s vacuum protocol using the QIAvac 24 Plus was applied. In the end 

DNA was dissolved in 50-70µl nuclease-free water and stored at -20°C for further use. 

The amount of DNA was quantified with Qubit 2.0 fluorometer (Thermo Fisher 

Scientific, Waltham, USA), using the high sensitivity assay according to the 

manufacturer’s protocol and 3µl of each sample. If no DNA was detected, measuring 

was repeated with 10µl. 

2.3.3 FFPE-samples and cell lines 

FFPE-samples 

Tissue, either from the primary tumor or a hepatic metastasis, was fixed in formalin 

and then embedded in paraffin as part of routine pathological management. Qualified 

blocks were chosen and three 10µm slices were used for DNA extraction. 

A corresponding hematoxylin and eosin stained slide was used to estimate the tumor 

cell content. This assessment was performed by Prof. T. Gaiser, an expert pathologist. 

By macrodissection the tumor DNA content was enriched.  

DNA was isolated using QIAmp DNA FFPE kit (Qiagen) according to the 

manufacturer’s instructions. DNA was eluted in 50µl and concentrations were 
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measured using the Qubit 2.0 fluorometer. Isolation yielded between 17.3ng (small 

metastasis sample) and 3470ng (primary tumor sample) of DNA. 

Cell lines 

All cell lines were obtained from ATCC. HCT116 and HT29 cells were maintained in 

McCoy’s 5A medium (GIBCO), both with 10% FBS (PAA). No antibiotics were used. 

Cells were cultured at 37°C in humidified atmosphere with 5% CO2. Cells were 

passaged every 2-3 days using 0.25% trypsin (Sigma-Aldrich, St Louis, USA). 

Cells from the tumor cell lines were pelleted and DNA isolation was performed with the 

DNeasy Blood & Tissue kit (Qiagen) according to the manufacturer’s 

recommendations. Extracted DNA was diluted and stored at -20°C for further use. DNA 

concentrations were measured using the NanoDrop ND-1000 (Marshall Scientific, 

Hampton, USA). 

2.4 Amplicon sequencing of cirDNA 

2.4.1 Design of amplicon panel 

Positions of frequently mutated hotspots in CRC associated genes were obtained 

either from the COSMIC database or cbioportal.33,142 Amplicons covering mutations 

related to emerging resistance against anti-EGFR antibodies were designed.52 In 

addition, literature search was performed for genes and mutations related to 5-FU 

resistance. Functional regions of genes that regulate the metabolism of 5-FU (DPYD, 

TYMS, TYMP, UPP1)70,71,73 were identified. In addition, genes relevant for mismatch 

repair were included.33,39 Alterations in these genes occur at low frequencies and are 

not commonly covered by commercial amplicon panels. Together they cover a large 

mutational spectrum in CRC. An overview of all genes is visualized in Figure 2-2. 
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Figure 2-2. Tree map of genes included in the custom amplicon panel. A total number of 43 

amplicons was designed to detect hotspot mutations in 18 genes frequently altered in 

colorectal cancer, including genes related to DNA damage and cell cycle, RAS signaling, TGF 

beta signaling, Wnt signaling, PI3K/AKT signaling, as well as four genes related to drug 

metabolism. 

2.4.2 Design of primers and multiplex reaction 

Nucleotide sequences surrounding the genetic alteration of interest were obtained from 

the National Center for Biotechnology Information (NCBI) database with the genome 

assembly GRCH38 as a reference. Specific primers for regions that cover the selected 

mutations were designed with primer3 with the following settings:143 

Primer bind ~50bp up-and downstream of region of interest, primer length of 19 to 

27bp, GC ratio of 30 to 63% and melting temperature of 55 to 61.5°C. 
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The universal adapter sequence (UAS) TCCCTACACGACGCTCTTCCGATCT was 

added to the 5’ end of each forward primer. To each reverse primer the sequence 

AGTTCAGACGTGTGCTCTTCCGATC was added to the 5’ end. The amplicon length 

varied between 100 to 175bp. Sequences of all primers can be found in Chapter 2.1 

and further amplicon and primer characteristics in Table 2-4. 

Agarose gel electrophoresis 

TAE 50*stock solution was diluted 1:49 with water to produce TAE-buffer. 2g agarose 

per 100ml TAE-buffer were used to produce 2% agarose gels. 2% concentration is 

better suited to discriminate DNA fragments smaller than 500bp. After heating all 

agarose was dissolved in the TAE-buffer and was poured into the gel slots. 10-15µl 

SYBR Safe DNA gel stain (Thermo Fisher Scientific) was added, depending on the gel 

size. After approximately 30 min, the gel had polymerized. 

DNA ladder, controls and respective samples could now be filled into the pockets. 2-

5µl loading dye was added to each sample. Applying 125mV, the DNA fragments were 

separated by size in 15-20 min. DNA fragments were detected afterwards using the E-

Box VX2 (Vilber, Collégien, France). 

Primer pairs amplifying predominantly primer dimers seen as fragments ~100bp were 

discarded and redesigned. In the end, primers were validated by sequencing. 

To develop a multiplex PCR assay, the software tool MultiPLX 2.1 was used to identify 

appropriate primer combinations.144 To this end, the concentration of monovalent salts 

was set to 50mM and the concentration ofmg2+ to 1.5mM. All five possible primer 

interaction scores that might affect primer compatibility were calculated. To group the 

43 primer pairs for multiplex PCR the stringency value “normal” was applied. The best 

combination resulted in six different pools with 5-9 primer pairs. 
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Table 2-4. Amplicon panel. 43 primer pairs were designed for hotspots of 18 genes and 

multiplexed in six reactions. The most frequent mutation of the hotspot is listed. Primer length 

and GC-content are named for each primer. 

 

Amplicon Hotspot Primer Primer 

length 

GC% Multiplex 

reaction 

APC_1 1245-1273 FW 20 55 5 

  REV 22 50  
APC_2 R213* FW 20 40 6 

  REV 23 35  
APC_3 R564* FW 23 43 6 

  REV 25 40  
APC_4 R876* FW 20 55 6 

  REV 20 50  
APC_5 R1114* FW 21 48 5 

  REV 22 45  
APC_6 R1450* FW 20 55 5 

  REV 20 50  
APC_7 Q1378*, Q1367 FW 20 55 5 

  REV 20 55  
APC_8 Q1294* FW 21 38 5 

  REV 20 50  
BRAF_1 V600E FW 27 41 1 

  REV 24 46  
DPYD_1 R561Q FW 23 48 1 

  REV 23 43  
DPYD_2 P1010H FW 23 43 2 

  REV 23 43  
ERBB3_1 P104 FW 20 55 1 

  REV 21 52  
FBXW7_1 R465 FW 21 38 2 

  REV 21 38  
FBXW7_2 R505, R479 FW 20 50 3 

  REV 20 50  
GNAS_1 R201 FW 20 50 3 

  REV 21 48  
KRAS_1 G12 FW 27 37 4 

  REV 21 52  
KRAS_2 A59T, Q61H FW 23 48 2 

  REV 23 43  
MLH1_1 R226, I219V FW 21 43 4 

  REV 20 30  
MLH1_2 N158 FW 20 30 4 

  REV 22 32  
MLH1_3 V384D FW 23 48 3 

  REV 23 48  
MLH3_1 E586, S587 FW 21 57 3 

  REV 23 39  
MSH6_1 F1088 FW 21 33 3 

  REV 20 30  
NRAS_1 G12, G13 FW 20 50 4 

  REV 20 60  
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Amplicon Hotspot Primer Primer 

length 

GC% Multiplex 

reaction 

NRAS_2 Q61 FW 20 55 1 

  REV 21 48  
PIK3CA_1 R88 FW 22 45 4 

  REV 20 50  
PIK3CA_2 E545, E542, Q546 FW 25 44 3 

  REV 20 50  
PIK3CA_3 E726 FW 20 55 4 

  REV 21 52  
PIK3CA_4 H1047 FW 21 43 3 

  REV 24 42  
PMS2_1 R563 FW 23 48 4 

  REV 23 48  
PTEN_1 R130 FW 23 43 6 

  REV 23 48  
SMAD2_1 S464* FW 23 48 2 

  REV 23 48  
SMAD3_1 R268H FW 23 52 2 

  REV 23 48  
SMAD4_1 R361, R356 FW 20 35 4 

  REV 21 33  
SMAD4_2 D537 FW 20 50 2 

  REV 20 55  
TGFBR2_1 K128, P129 FW 21 38 2 

  REV 19 37  
TGFBR2_2 R528H FW 22 50 3 

  REV 23 48  
TP53_1 R273, R282 FW 21 52 6 

  REV 19 58  
TP53_2 R248, G245 FW 20 55 6 

  REV 19 63  
TP53_3 R175 FW 20 50 5 

  REV 20 55  
TP53_4 R213, R196 FW 20 55 6 

  REV 20 55  
TYMP_1 R81W FW 20 55 3 

  REV 20 55  
TYMS_1 G143R FW 23 48 4 

  REV 23 48  
UPP1_1 R297Q FW 20 60 1 

  REV 22 50  
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2.4.3 Nested PCR protocol and library preparation 

In order to reduce the DNA input, a custom nested PCR protocol suited for multiplex 

reactions was developed. For the first PCR step, at least 500pg of cirDNA were used 

per multiplexed reaction (if possible 1ng; for FFPE samples at least 1ng per reaction). 

In all cases Q5 Hot Start High-Fidelity Polymerase (New England Biolabs, Ipswich, 

USA) was used to minimize amplification errors. This polymerase has the highest 

fidelity so far, which is 280 times higher than Taq polymerase.145 To reduce the 

formation of primer dimers a concentration of 40nM for each primer and a very long 

annealing time (6 min) were selected. This was in line with a previously published 

preamplification protocol for multiplex cirDNA-amplification.146 PCR was performed 

using 5µl 5 x Q5 HS High-Fidelity buffer, 0.5 U Q5 HS High-Fidelity DNA Polymerase, 

200µM dNTPS (Thermo Fisher Scientific), 40nM of each primer (Eurofins Genomics) 

and 0.5ng to 1.5ng DNA (for FFPE-samples up to 6ng DNA). The reaction volume was 

filled up to 25µl with nuclease-free water. 

After an initial denaturation step (3 min, 98°C), 18 PCR cycles were run with the 

following settings: 10 s of denaturation at 98°C, 6 min of annealing at 62°C and 30 s 

of elongation at 72°C. In the end, a 10 min elongation step at 72°C was included. The 

PCR products were semi-automatically purified on a Biomek FX (Beckman Coulter, 

Brea, USA) using AmpureXP beads (Beckman Coulter) according to the 

manufacturer’s instructions with a bead to sample ratio of 0.76 and eluted in 25µl of 

nuclease free water. By this step, fragments larger than 120bp were separated 

effectively from primer dimers.147 In the second PCR step, the same settings were 

applied except for the following modifications: 15µl of DNA products from the first PCR 

step were taken as input amount. Primers consisting of Illumina universal adapter 

sequence and a unique combination of the TruSeq DNA HT indexes were used at a 

concentration of 300nM (respective primer sequences are listed in chapter 2.1.). This 

allowed sequencing of multiple samples (up to 96) per run. Third, the annealing 

temperature was increased to 72°C and the annealing time was reduced to 15 s. 

After the second PCR step, all six multiplexed PCR reactions of each patient sample 

were pooled. 90µl of the mixed PCR products were then again semi-automatically 

cleaned with a Biomek FX using AmpureXP beads with an even lower bead to sample 

ratio of 0.67 and eluted in 20µl of nuclease free water. Thereby, fragments larger than 

200bp were enriched. 
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Capillary gel electrophoresis with the Bioanalyzer 2100 (Agilent Technologies, Santa 

Clara, USA) was used to evaluate successful library amplification and library quality by 

assessing the DNA concentration of the relevant fragment sizes (235-310bp). Quality 

assessment yielded uniformly satisfying results, as far as derivable from the fragment 

size distribution. For a few samples, peaks at ~170bp indicated, that primer dimer 

products still were present, however, in comparably low amounts. 

 

Figure 2-3. Experimental workflow of custom amplicon sequencing. Mutational hotspots of 

interest were selected in COSMIC database and cbioportal, amplicon primers were then 

designed with primer3 and multiplexes were determined by the MultipPLX 2.1 software. A two-

step nested PCR workflow was established, including preamplification and addition of 

sequencing adapters before PCR clean-up and subsequent sequencing on MiSeq (Illumina). 

2.4.4 Amplicon sequencing 

All patient samples were pooled to a single library with a final concentration of 4nM. 

The library was sequenced on an Illumina MiSeq, using the MiSeq Reagent Kit V2 

(150bp single end sequencing, Illumina, San Diego, USA) with 5% PhiX as spike-in. 

Between 30 and 50 patient samples were sequenced in one MiSeq run. 
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2.4.5 Analysis of sequencing data 

Bioinformatic analysis was carried out by Benedikt Rauscher. Statistical analysis was 

performed in close cooperation. In the following a description as published in the 

manuscript is outlined.148  

Quality assessment and variant calling 

First, a quality report was generated for each sequenced sample using ‘FASTQC’.149 

Quality reports were examined manually to ensure sufficient sample quality. 

Subsequently, the ‘Trimmomatic’ software version 0.36 was used to remove 

sequenced base pairs with a quality score of less than 15 (PHRED33) at both ends of 

the reads to avoid false positive mutations due to sequencing errors.150 In addition, a 

sliding window trimming was performed, cutting the read once the average quality 

within a window of size 4bp was detected to be less than 15. Reads with a length of 

less than 70 base pairs were removed. Next, reads were mapped to the human 

genome GRCh38 using the ‘bwa mem’ algorithm of the ‘bwa’ alignment software 

version 0.7.15-r1140 with default parameters.151 ‘samtools’ version 1.4 were used to 

remove reads that could not be mapped to genome.152 In addition, reads mapped with 

a quality of less than 13 were excluded. To determine variants, the ‘mpileup’ algorithm 

implemented in the ‘samtools’ software was applied. The resulting variant calls were 

summarized and quantified using ‘bam-readcount’ (https://github.com/genome/bam-

readcount), counting only variants at positions with a sequencing quality of at least 30. 

Analysis of sequencing variants 

The allele frequency was determined for each detected variant by dividing the number 

of reads containing the variant by the total number of reads mapping to that position. 

Subsequently, variants were mapped to the amplicon panel. To this end, the genomic 

coordinates were determined for each amplicon using the ‘BLASTn’ algorithm as 

implemented in the ‘BLAST+’ software package.153 Here, each amplicon sequence 

was mapped to the human genome GRCh38 requiring 100% sequence identity. 

Sequencing variants were then matched to the custom amplicon panel by genomic 

coordinates. Correctness of the variant mapping and matching was assessed by taking 

advantage of prior knowledge about mutations in the NRAS, KRAS and BRAF 

oncogenes that had previously been determined using Sanger sequencing. In order to 

distinguish true mutations from false positive mutations introduced by, for example, 

PCR or sequencing errors, a model-based approach was applied. Assuming that a) 
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the majority of variants are caused by PCR or sequencing errors, that b) PCR errors 

do on average occur at the same frequency at each position of an amplicon and that 

c) sequencing errors at a specific genomic position are equally likely in each sample. 

A robust linear model of the form 

log(
𝑎

1 − 𝑎
) = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝜖 

was fit for each amplicon where a is the allele frequency of a variant, X1 is the variant’s 

position on the amplicon and X2 represents the sequenced patient sample. The 

resulting fit represents a noise model. A variant was considered a true mutation if its 

model residual exceeded the median of all residuals by at least three standard 

deviations indicating that its presence cannot be explained by the estimated noise 

present in the data. In addition, a minimum allele frequency of at least 0.5% for a variant 

to be considered a true clinically relevant mutation was required. Next, the remaining 

mutations were annotated using the COSMIC database of somatic mutations in 

cancer.35 Mutations that were not listed in COSMIC were excluded from further 

analysis. In addition, COSMIC mutations marked as SNPs were excluded. 

Estimate of ctDNA-levels 

For subsequent analysis ctDNA-levels were assumed to be proportional to the maximal 

somatic MAF. Therefore, they were computed as mutated fraction of total cirDNA-level. 

Statistics 

All p-values reported in this thesis were computed using a two-sided student’s t-test 

for parametric data and a two-sample Wilcoxon rank sum test or Kruskal-Wallis test 

combined with the uncorrected Dunn’s test or Mann-Whitney test for non-parametric 

data. R statistical programming language or the GraphPad Prism software v. 8.1.0 

were used. As metrics for the relationships between quantitative variables both the 

parametric Pearson correlation coefficient (PCC) and the rank-based Spearman 

correlation coefficient (SCC) were computed. Venn diagrams were made using 

BioVenn.154 

Data and software availability 

All sequencing data generated are available from the European Genome-phenome 

Archive under the accession number EGAS00001003382. Documented computer 

code to reproduce sequencing analyses presented is available from GitHub at  
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https://github.com/boutroslab/Supplemental-

Material/tree/master/Herrmann%26Zhan%26Betge%26Rauscher_2018. 

 

Figure 2-4. Bioinformatic analysis workflow. Reads generated with Illumina MiSeq were 

mapped to the human reference genome and low-quality reads were excluded before variant 

identification by comparison of reads and reference. Allele frequency was calculated, and 

variants were filtered by signal to noise analysis. Subsequently, variants were annotated with 

metadata from public databases. Importantly, variants not present in the COSMIC database 

were filtered out. With this set of mutations, further analyses regarding mutational patterns or 

the development of mutations over time were performed. 
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3 RESULTS 

3.1 Circulating DNA as a tumor biomarker. 

3.1.1 Composition of the MALIBU study cohort 

To study the value of cirDNA as a biomarker in gastrointestinal cancers, serial blood 

samples from cancer patients were collected prospectively at the University Hospital 

Mannheim, Heidelberg University within the Mannheim Liquid Biopsy Unit (MALIBU) 

(Figure 2-1). For patients undergoing palliative chemotherapy, blood samples prior to 

the start of treatment and in parallel to each radiological assessment of therapy 

response were obtained. In all cases blood sampling was performed before 

administration of anti-cancer drugs. For patients undergoing surgical removal of the 

cancer, blood samples were collected prior and at multiple time points after resection. 

In parallel, relevant clinical parameters and blood markers were documented in a 

prospective database. In total, blood samples from 280 patients with various GI-tumors 

across all UICC stages were collected, predominantly from patients with metastatic 

disease (Figure 3-1A-C). Colorectal cancer represented the most common tumor entity 

with 37% and a substantial part of this cohort had advanced stages of disease with 

multiple distant metastases (Figure 3-1A, F-G). 
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Figure 3-1. Characteristics of patients within the MALIBU study cohort. 

(A) Tumor entities within the MALIBU cohort. The cohort comprises patients with 

cholangiocellular carcinoma (CCC), colorectal cancer (CRC), esophageal cancer (EC), gastric 

cancer (GC), gastrointestinal stroma tumor (GIST), hepatocellular carcinoma (HCC), 

neuroendocrine tumors of the GI-tract (NET), pancreatic cancer (PC) and small intestinal 

cancer (SIC). 

(B) Therapy of patients within the MALIBU cohort. About two-thirds of patients received 

palliative treatment and care. 

(C) Staging according to the Union for International Cancer Control (UICC) classification. 

Patients with early and late-stage diseases were included. 

(D) Staging of HCC-patients according to Barcelona Clinic Liver Cancer (BCLC) classification. 

(E) Classification of patients with hilar cholangiocarcinoma (Klatskin-tumors) according to 

Bismuth-Corlette. 
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(F) Stage and location of patients with CRC. More than half of the patients showed distant 

metastases (stage IV) by the time of inclusion. 

(G) Half of CRC patients had metastases in two or more organs.  

3.1.2 Fragment size of cirDNA in gastrointestinal cancer patients 

To determine the constitution of cirDNA fragmentation analysis was performed on 

selected patient samples. Almost all samples exhibited a prominent peak at ~166bp, 

representing the fragment size of a chromatosome unit. Also, some cirDNA samples 

showed a substantial amount of long DNA fragments of 2000bp up to 10000bp. 

 
 

 

Figure 3-2. Examples of cirDNA fragment size. 

(A) Chromatosome sized peaks can be identified with the singular unit (169bp) being the 

dominant fraction. This patient had a very high concentration of cirDNA (177.02ng/ml plasma) 

and a large proportion of ctDNA (91% of all reads carried the truncating mutation R213* in 

TP53). 

(B) Dominant fractions were large fragments >2000bp, probably deriving from extensive cell 

necrosis. The cirDNA-level was 57.07ng/ml plasma. 

(C) Fragments lengths resemble the chromatosome units. cirDNA-level was 9.60ng/ml plasma. 

(D) Fragments about 165bp long are identifiable. cirDNA-level was 2.82ng/ml plasma. 

3.1.3 cirDNA-levels in different gastrointestinal tumors 

To analyze associations of cirDNA amounts with clinical parameters, cirDNA 

concentrations from all study patients were measured. A total of 389 cirDNA samples 

of 280 patients were analyzed. 

No differences in cirDNA-levels were observed between sexes and tumor entities 

(Figure 3-3A-B). Advanced tumor stages were associated with elevated cirDNA-levels. 

This was also observed when comparing the cirDNA amounts of patients in different 
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settings, as palliatively treated patients showed higher levels of cirDNA (Figure 3-3C-

D). Tumor free patients had the lowest cirDNA-levels, but also patients with a therapy 

response in radiologic imaging showed lower levels as compared to those who had 

progressive disease (Figure 3-3E). 

 

Figure 3-3. cirDNA-levels in the MALIBU cohort. The first sample of each patient was 

considered. 97.5 percentiles are depicted. 

(A) cirDNA-levels in patients with different gastrointestinal tumors are displayed. No difference 

was also observed between entities correcting for tumor stage (not shown). 

(B) cirDNA-levels of female and male patients. 

(C) UICC stage and corresponding cirDNA-levels. Patients with HCC and Klatskin-tumors were 

excluded. 

(D) cirDNA-levels by therapy setting, categorized as curative therapy (neoadjuvant and 

adjuvant treatment), palliative therapy and surveillance after curative treatment. 

(E) cirDNA-levels and tumor status as assessed by imaging studies. Every sample with an 

available radiological staging was included. Response is defined as either regressive or stable 

disease. 

Analyzing only the subgroup of CRC patients, again patients in stage IV showed higher 

levels of cirDNA as well as patients treated palliatively (Figure 3-4). 
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Figure 3-4. cirDNA-levels in the CRC-cohort. 

(A) cirDNA-levels grouped by UICC stage of the patient’s tumor. 

(B) cirDNA-levels grouped by the treatment intent. 

cirDNA-levels showed multiple associations with blood parameters. Higher cirDNA-

levels correlated with higher LDH values (Figure 3-5A). However, this correlation did 

only account for samples with LDH levels >500U/l (PCC=0.870, p=0.0005; 

SCC=0.791, p=0.0055; n=11). For samples with a LDH <500U/l no Pearson correlation 

was evident (PCC=0.005, p=0.932; SCC=0.235, p=0.0002). When LDH-levels were 

differentiated as elevated vs. not elevated with a default cut-off of 300U/l cirDNA-levels 

differed with a median of 4.21ng/ml plasma for non-elevated LDH and 6.04ng/ml 

plasma for elevated LDH values (p=0.001). Likewise, CRP values and cirDNA-levels 

showed a positive correlation (Figure 3-5B). These observations held true for subgroup 

analyses of CRC patients (Figure 3-6A-B). Weak correlation was noticed between CEA 

and cirDNA-levels. This was stronger when only CRC samples were analyzed (Figure 

3-5D and Figure 3-6D). CEA is the established tumor marker in CRC and has limited 

use in patients with other tumors. The same applied to albumin levels. Here lower 

levels correlated with rising cirDNA-levels (Figure 3-5C and Figure 3-6C). 
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Figure 3-5. Correlations of blood parameters with cirDNA-levels in patients with 

gastrointestinal tumors. Logarithmic axes were chosen for easier visualization. 95% 

confidence bands are sketched as grey areas. 

(A) Association of cirDNA-levels with LDH-levels. This correlation was, however, limited to a 

few outliers. For most of the LDH values no correlation was seen. 

(B) Association of cirDNA-levels with CRP values. The assay for CRP measurement had a 

lower detection limit of 2.9mg/l. This limit was taken as default value for samples with no 

detectable CRP. 

(C) Association of cirDNA-levels with albumin. A weak negative correlation was observed. 

Here, no confidence bands are shown due to the very weak correlation. 

(D) Association of cirDNA-levels with serum tumor marker CEA. 
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Figure 3-6. Correlations of blood parameters with cirDNA-levels in CRC patients. Logarithmic 

axes were chosen for easier visualization. 95% confidence bands are sketched as grey areas. 

(A) Association of cirDNA-levels with LDH-levels. This correlation was, however, limited to a 

few outliers. For most of the LDH values no correlation was seen. 

(B) Association of cirDNA-levels with CRP values. The assay for CRP measurement had a 

lower detection limit of 2.9mg/l. This limit was taken as default value for samples with no 

detectable CRP. 

(C) Association of cirDNA-levels with albumin. A weak negative correlation was observed. 

Here, no confidence bands are shown, due to the very weak correlation. 

(D) Association of cirDNA-levels with serum tumor marker CEA. 

Overall correlations between cirDNA and other blood parameters were weak. No other 

relevant correlation was observed considering age, other laboratory parameters (Hb, 

WBC, platelets, INR, creatinine and bilirubin) and tumor markers AFP and CA19-9. 
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3.2 Establishing amplicon sequencing for cirDNA samples and application to a cohort 

of patients with late-stage colorectal cancer. 

3.2.1 Development of a multiplex amplicon-based PCR protocol 

To analyze mutational patterns in cirDNA, a pipeline for the design of custom amplicon 

panels was developed. Primers that cover mutational hotspots in oncogenes and tumor 

suppressors of CRC were selected based on the COSMIC and cbioportal 

database.33,35 In addition, loci in genes that affect metabolism of 5-FU70,71,73 or DNA 

mismatch repair were included.26 These mutations occur at a lower frequency and are 

not commonly covered by commercial amplicon panels. An overview of all genes can 

be found in Figure 2-2. Then, primer pairs that bind ~50bp up- and downstream of the 

mutations of interest were designed and optimal multiplexes calculated (see Methods 

for details). The custom panel contained a total of 43 primer pairs, which were 

distributed over six multiplex reactions containing 5-9 primer pairs each (see Table 2-4 

and Chapter 2.1 for primer characteristics and associated hotspot mutations). 

 

Primer validation 

Primers were designed with uniform parameters to ensure similar performance under 

PCR conditions. Emphasis was put on a small range in melting temperatures (55°C to 

61.5°C). 

First all designed primers were tested in a single-plex PCR to verify correct target 

amplification. This was performed using both genomic DNA and cirDNA. By agarose 

gel electrophoresis DNA fragment size was determined. Primers not showing right 

sized products were discarded and a new primer set was designed. Also, primers 

predominantly amplifying dimers seen as small sized fragments (~100bp) in gel 

electrophoresis were dismissed. 
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Figure 3-7. Results of an agarose gel electrophoresis (exemplary). Samples were loaded into 

the pockets after the first PCR amplification. Expected amplicon sizes are between 150 and 

220bp. 1-2 both targeted FBXW7_1. 3-4 targeted TGFBR2_1. 5-6 targeted SMAD4_1. 7-8 

targeted SMAD4_2. 9 amplifies ERBB3 and 10 PIK3CA_3. 11 is a control with 270bp fragment 

length. Given these results 1,3,5,7 were dismissed due to inferior performance. 

Multiplex-PCR optimization and functional validation 

Primer dimer formation and amplification in multiplex assays was minimized by 

drastically reducing the amounts of all primers down to 40nM each (~10 times lower 

than in a standard assay). Under these conditions, primers needed more time to locate 

their respective target. Thus, the annealing time was lengthened to 6 min. This was 

previously described as a preamplification step.146 

Finally, the overall number of cycles was reduced to 36. This still yielded enough 

products, minimized the amount of PCR errors and thereby simplified the sequencing 

data analysis. By cutting down the cycle count of the first PCR from initially 25 cycles 

down to 18, discrepant amplification efficiencies were given less influence. Thereby, 

the variance between amplicons could be kept in tolerable ranges (sequencing depth 

of amplicons; minimum 503, maximum 20809, median 7576). 

PCR products were semi-automatically purified on a Biomek FX using Ampure XP 

beads. By changing the sample-to-bead ratio, purification could be focused on specific 

size ranges. Different ratios for each clean-up step were tested considering the 

respective amplicon length (150-225bp after preamplification and 235-310bp after 

second PCR). By applying 0.76µl beads per 1µl PCR-product unwanted products of 

~100bp length could be washed out by >92% (relative reduction >1300%) as 

determined by the Bioanalyzer 2100 (Figure 3-8A-B). A ratio of 0.66 was used for the 
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second clean-up. Again, correct amplification products could be enriched (reduction of 

~170bp fragments by at least 45% (relative reduction >180%) (Figure 3-8C-D). Elution 

volume was reduced (to 25µl after first PCR and 20µl after second PCR) to have higher 

concentrations of substrates for following steps. Multiple samples were pooled to 

create a library ready to sequence. A last quality check showed that amplicon libraries 

had a purity of 82-90% (Figure 3-8E). 

 

 

 

Figure 3-8. Efficiency of PCR purification assays. 

(A-B) Example of pre- and post-purification results after the first PCR. 

(C-D) Example of pre- and post-purification results after the second PCR. 

Formation of dimers varied in between samples. Here two samples with high numbers of false 

products are shown, in which reduction of primer dimers could be achieved. 

(E) A sequencing library consisting of 40 patient samples. Here, size regions are marked, and 

DNA concentrations are calculated by the Bioanalyzer software. Target regions make up for 

>82% of library DNA. 

In order to find a multiplex concept for the panel the best fit model was predicted with 

the MultiPLX 2.1 software.144 Further testing with varying input amounts of genomic 

and cirDNA was done and multiplex libraries were then analyzed by capillary gel 

electrophoresis and subsequent sequencing on an Illumina MiSeq. Figure 3-9 shows 
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fragmentation analysis of the six different multiplex reactions after the second clean-

up step. In the standardized workflow the multiplex reactions were pooled before the 

second purification step in order to reduce workload and costs per sample (see 

Methods). 

 

Figure 3-9. Fragment size distribution of the six multiplex reactions (A-F). The respective 

peaks of the amplicons can be distinguished as far as they differ in length, giving an 

appropriate impression of the amplification success. Formation and amplification of primer 

dimers could not be avoided completely, however, their concentration was comparably low. 

Overall, DNA concentrations between the assays varied only to a moderate extent, so that 

pooling of the multiplex mixes could subsequently be conducted blindly. 

To validate the sensitivity of the method two different colorectal cancer cell lines with 

known mutations covered by the panel were mixed. Mutations could reliably be 

detected down to 0.62% allele frequency (Figure 3-10A). Therefore, the detection 

threshold for mutations was set at 0.5% MAF. The multiplex assay showed overall 

good performance both with 500pg (replicate 1&3) and 1000pg (replicate 2) of template 

DNA. In total only 3ng of cirDNA was needed to perform the multiplex assay. Hence, 

even patients with extremely low amounts of cirDNA could be included. 

The comparison of FFPE samples with Sanger sequencing further validated the 

approach and pointed out that the method also worked on DNA extracted from archived 

histological material. All six known mutations in KRAS and NRAS covered by the panel 
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could be detected. Patients 133 and 167 had a KRAS A146T mutation in Exon 4. Only 

amplicons for the hotspots in Exon 2 and 3 were designed and thus this mutation could 

not be discovered (Figure 3-10B).  

 

Figure 3-10. Sensitivity of the amplicon sequencing assay. 

(A) DNA isolated from HCT116 cells with known KRAS, PIK3CA and UPP1 mutations were 

mixed with HT29-DNA (with known BRAF and TP53 mutations) in decreasing concentrations. 

The sequencing assay securely detected mutations down to a fraction of 1.25% HCT116 DNA 

(i.e. an allele frequency of 0.62%). MSH6 mutation was excluded due to dysfunctional 

amplification. 

(B) Analysis of primary tumor samples. Amplicon sequencing (right) was performed analogous 

to liquid biopsy samples on DNA isolated from FFPE-tissue. Sanger sequencing (left) for 
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hotspot mutations in KRAS and NRAS had been routinely performed with DNA isolated from 

FFPE for therapy planning. 

3.2.2 A pipeline for the analysis of amplicon-based sequencing of cirDNA 

A custom bioinformatics pipeline for the analysis of sequencing results was developed 

(Figure 2-4). This pipeline comprised four consecutive steps. First, quality control in 

which reads with low sequencing quality were discarded. In the second step, all 

nucleotide variants across all reads of the same amplicon were detected and 

quantified. To discriminate PCR or sequencing artefacts from true genetic variants, a 

robust linear regression model was applied to each individual amplicon. Alternations 

identified as true variants by the model were then matched to the COSMIC database 

and discarded if not covered. By this bioinformatic approach, it was assured that only 

highly confident alterations previously found in cancer tissue were reported. 

Mapping of sequencing reads to the amplicons showed that the amplicon coverage 

was continuously distributed (median 7576, minimum 503, maximum 20809). The 

extremes varied 41-fold (Figure 3-11A). The number of mutations identified varied 

between the different samples (Figure 3-11B). Also, a correlation between sequenced 

reads and the number of mutations per amplicon was noticed (Figure 3-11C).  

The reproducibility of the experimental and analysis pipeline was validated by 

performing amplicon sequencing on independent biological replicates of 19 cirDNA 

samples, starting from cirDNA isolation from plasma. Mutations that occurred at an 

allele frequency >0.5% could reliably be detected, as indicated by a strong correlation 

between allele frequencies of the same mutations from independent replicates (Figure 

3-11D). Nevertheless, dropouts were noticed. A few low frequent mutations were not 

present in the corresponding replicate. Failure of the assay was mainly restricted to a 

small set of amplicons or individual samples (Figure 3-11E-F).  
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Figure 3-11. Performance indicators of multiplex assay and bioinformatic pipeline. 

 (A) Distribution of reads on amplicons. The number of reads mapped to each amplicon region 

is shown for all 43 amplicons. Data from all cirDNA samples was used for this analysis. 

(B) Number of mutations per sample. Only mutations with positive signal-to-noise ratio and 

present in COSMIC database were considered true somatic mutations.   

(C) Association between number of mutations found per amplicon and sequencing depth. Raw 

mutations were used for this analysis without any filter steps. 

(D) Correlation of replicates. Two independent replicates were analyzed, starting from cirDNA 

isolation from the plasma. Shown are the allele frequencies of detected mutations in replicate 

1 vs. replicate 2 of 19 analyzed patient samples. 

(E) Most dysfunctional amplicons.  

(F) Individual sample performance. Few samples displayed low fractions of functional 

amplicons. 
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In summary, quality control experiments indicated that custom amplicon sequencing 

was functional with cirDNA and genomic, including DNA isolated from archived FFPE 

samples. Furthermore, thresholds for MAF that enable the detection of genetic 

alterations with high confidence were identified. 

3.2.3 Comparison of liquid biopsy and tissue biopsy in the mCRC-cohort 

Amplicon sequencing of tumor tissue enables superior characterization 

Mutations called by Sanger sequencing could all be detected by amplicon sequencing. 

(Figure 3-12A) Moreover, 31 mutations in RAS and BRAF were found by amplicon 

sequencing only, underlining the higher sensitivity of the next-generation sequencing 

technique. Sanger sequencing of BRAF was only performed in 10 cases, therefore four 

BRAF mutations found by amplicon sequencing, might have also been detected by 

Sanger sequencing. 

Liquid biopsy detects mutations years after their first description 

Known mutations in the MAPK signaling pathway, as determined by routine Sanger 

sequencing of tumor tissue, were retrieved in liquid biopsy samples in 9/16 cases (6/12 

KRAS G12 or G13, 1/2 NRAS Q61, 2/2 BRAF V600E) (Figure 3-12B). Histological 

samples were taken 1.77 years before the first liquid biopsy in the mismatched group 

and 1.24 years for those that were rediscovered (matched group). The difference was 

not statistically significant (p=0.44). cirDNA-levels differed between both groups 

(p=0.0162). Samples in which RAS mutations could not be detected also had lower 

cirDNA concentrations (median 3.79ng/ml vs 5.24ng/ml plasma). 

Interestingly, the MAF between the mismatched and matched group varied 

tremendously. The mean MAF was 14.73% in the matched group of MAPK-mutations 

compared to only 1.17% in the mismatched group. In 7/8 patients, recurrent mutations 

were found in the matched group (between 1 and 4; p=0.04). By contrast only two 

patients in the negative group exhibited a recurrent mutation (16 vs. 2 recurrent 

mutations; p=0.01). Patient 24 was not considered as she exhibited one recurrent 

mutation found in her colon primary tumor, but the KRAS mutation of the lung cancer 

was not detected, thereby assuming only cirDNA of the CRC was present. 

17 additional mutations in KRAS, NRAS and BRAF were found in cirDNA samples, 

that were not detected in tumor tissue by Sanger sequencing (Figure 3-12B). These 

had considerably lower frequencies than matched MAPK-pathway mutations (median 

1.20 vs. 8.60; p=0.009).  
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Figure 3-12. Venn diagrams of non-synonymous coding mutations detected with the different 

methods in tissue and in cirDNA. “histo” refers to the amplicon sequencing performed on FFPE 

samples. “Sanger” sequencing was carried out routinely on tumor tissue. “liquid” refers to 

mutation analysis of cirDNA.   

(A) KRAS, NRAS and BRAF status obtained by all three methods in 18 patients. 2 KRAS 

mutations in Exon 4 detected by Sanger sequencing are not depicted as they were not covered 

by the amplicon panel. 

(B) KRAS, NRAS and BRAF status obtained by Sanger sequencing and cirDNA-analysis in 33 

patients. Again, KRAS mutations in Exon 4 were excluded. 

(C) Number of non-synonymous coding mutations detected by the panel in 19 patients in FFPE 

and cirDNA samples. 

Low concordance of amplicon sequencing between liquid biopsy and FFPE samples 

In 10/19 patients at least one mutation found in tumor tissue could be redetected in the 

blood. The overall concordance was only 4.5% (Figure 3-12C). Mutations that were 

redetected had higher allele frequencies in the tumor tissue than those that were not 

found in consecutive liquid biopsies (median 27.40 vs. 1.00; p<0.0001). In line with 

this, their MAF also were higher in cirDNA samples compared to mutations only found 

in liquid biopsies (median 3.15 vs. 1.07; p=0.0002). On average, 14.7 mutations were 
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found per FFPE sample, whereas in cirDNA samples a mean of 2.41 mutations could 

be detected. 

3.2.4 Mutation analysis of cirDNA in the mCRC-cohort 

Mutational patterns in cirDNA are patient-specific and highly recurrent 

The mutational profiles in cirDNA of 34 patients with advanced CRC (mCRC-cohort) 

were examined. Serial plasma samples were available for all patients. Patients 

received a palliative chemotherapy consisting of a 5-FU backbone with or without 

oxaliplatin or irinotecan. In addition, most patients received a targeted therapeutic, 

either targeting VEGF/VEGFR (bevacizumab, aflibercept) or EGFR (cetuximab, 

panitumumab). Detailed patient characteristics can be found in Table 2-2. Initially, all 

patients within the cohort showed a response to their therapy, defined as either stable 

or regressive disease in radiological imaging. 14 patients remained stable or showed 

partial remission while 20 patients developed disease progression between two 

consecutive blood samples taken. 

In total, 103 samples were sequenced. In 80 samples mutant DNA could be detected. 

ctDNA-levels ranged from 0ng to 74.89ng/ml plasma (median 0.094ng/ml plasma). 

Individual mutation analyses are listed in Table 3-1 and illustrated in Figure 3-13. 

Samples with MAF >2% had significantly higher cirDNA-levels (5.35ng/ml vs 3.82ng/ml 

plasma; p=0.0371). In general, MAF and cirDNA-level correlated positively, with a PCC 

of 0.62. Amplicon sequencing of cirDNA revealed on average 2.41 alterations per 

sample. These alterations were either recurrent (present in serial samples) or sporadic. 

Alterations occurred at an allele frequency between 0.5% and 96.7% (median 2.25%). 

Most mutations were found in amplicons of TP53. Overall, a trend towards higher 

number of alterations in patients with disease progression was observed (Figure 

3-13B). The MAF was significantly higher in patients with progressive disease 

compared to those with stable or regressive disease (Figure 3-13C). 
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Figure 3-13. Mutational patterns in serial liquid biopsies. 

(A) Heatmap of all mutations detected in cirDNA at two subsequent time points while receiving 

treatment. Disease staging was categorized as regressing, stable or progressive according to 

radiologic imaging between the two time points assessed. Several mutations were recurrent in 

both samples, while others were only noted in either time point 1 or 2 (sporadic). 

(B) Mutation count under therapy. Tumor status was categorized as regressive, stable or 

progressive by radiologic imaging at the time the cirDNA sample was taken.  

(C) Allele frequency of detected mutations according to tumor status.  

(D) Development of mutational patterns over the course of treatment. Four cirDNA samples 

were taken from each patient at different time points over the course of treatment and sample 

were analyzed. Several mutations were reoccurring between different time points, while others 

appeared only at one time point. 

(E) Comparison of the allele frequencies of recurrent and sporadic mutations. 

Using APC as an example case it could be shown that the distribution of mutations in 

cirDNA was very similar to the mutational spectrum found in primary CRC tissue 

(Figure 3-14).35 In contrast, the mutational congruence of matched tumor tissue and 

cirDNA samples in this cohort was low (Figure 3-12C). 
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Figure 3-14. Frequent APC hotspots are covered by the amplicon assay. Mutations in APC in 

the COSMIC database (upper panel) and mutations in APC detected by the amplicon assay in 

liquid biopsies (lower panel). 

For a small group of patients up to four consecutive blood samples over the course of 

therapy, corresponding to a treatment period of approximately one year, were 

analyzed. For all patients in this cohort both recurrent and sporadic mutations could be 

detected (Figure 3-13D). Recurrent mutations were more frequent than sporadic 

mutations and showed a higher allele frequency (Figure 3-13E). The pattern of 

recurrent mutations appeared to be distinct for each patient and was conserved 

throughout months of therapy. 
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Table 3-1. Individual mutation analysis and liquid biopsy statistics.  

Patient 

ID 

Tumor 

entity 

 

Therapy regime Sanger Histo Liquid 

Blood 

samples No ctDNA MAF (%) 

ctDNA-level 

(ng/ml plasma) 

Recurrent 

mutations 

13 rectum FOLFOX + bevacizumab NRAS Q61L ND NRAS Q61L 3 0 7.3-13.8 0.29-0.73 3 

19 rectum FOLFIRI + panitumumab WT WT WT 2 1 0-1.9 0-0.37 0 

24 colon FOLFIRI + cetuximab WT WT WT 3 0 15.3-37.7 0.86-3.23 1 

24 lung 

 

KRAS G12C KRAS G12C 

KRAS G13A 

WT 
     

25 rectum FOLFIRI + bevacizumab ND KRAS G12D 

NRAS Q61R 

WT 3 2 0-0.7 0-0.028 0 

38 rectum FOLFIRI + aflibercept WT ND WT 3 0 4.0-36.1 0.094-1.87 1 

44 colon FOLFIRI WT KRAS G12V 

NRAS Q61R 

WT 3 0 0.7-7.4 0.025-0.62 0 

49 colon FOLFIRI + cetuximab WT ND WT 3 1 0-12.2 0-0.27 1 

52 colon 5-FU + bevacizumab KRAS G12D ND KRAS G12D 2 0 2.3-25.5 0.49-13.38 1 

55 rectum 5-FU + bevacizumab KRAS G12V KRAS G12V WT 4 3 0-1.0 0-0.068 0 

80 colon FOLFIRI + bevacizumab KRAS G12D KRAS G12D 

BRAF V600E 

KRAS G12D 4 0 0.7-6.6 0.028-0.41 1 

83 rectum FOLFIRI + cetuximab WT NRAS Q61K KRAS G13D 4 1 0-1.6 0-0.059 1 

109 rectum FOLFIRI + cetuximab WT WT WT 3 0 1.3-4.5 0.028-0.44 1 

119 rectum 5-FU + cetuximab WT WT NRAS Q61K 4 0 0.8-36.6 0.012-1.33 2 

133 rectum FOLFIRI + bevacizumab KRAS A146T ND WT/ND 2 1 0-2.7 0-0.26 0 

143 rectum 5-FU + cetuximab WT WT WT 3 1 0-3.4 0-0.076 0 

144 colon FOLFOX + bevacizumab NRAS Q61R NRAS Q61R WT 3 2 0-0.7 0-0.021 0 

149 colon FOLFOX + bevacizumab WT WT NRAS Q61K 2 0 33.5-60.2 1.81-8.11 3 
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Patient 

ID 

Tumor 

entity 

 

Therapy regime Sanger Histo Liquid 

Blood 

samples No ctDNA MAF (%) 

ctDNA-level 

(ng/ml plasma) 

Recurrent 

mutations 

150 rectum FOLFIRI KRAS G12D ND KRAS G12D 3 0 2.7-43.8 0.074-2.38 4 

152 rectum FOLFOX + bevacizumab KRAS G12R KRAS G12R 

KRAS G12V 

KRAS G12R 4 1 0-3.2 0-0.24 0 

167 colon 5-FU + bevacizumab KRAS A146T ND WT/ND 3 0 1.1-9.0 0.14-0.27 5 

168 rectum 5-FU + cetuximab WT WT WT 4 1 0-3 0-2.11 1 

324 rectum FOLFIRI + cetuximab WT WT NRAS Q61K 4 0 15.3-96.8 1.19-74.89 3 

330 colon FOLFIRINOX + 

bevacizumab 

KRAS G12S ND WT 4 2 0-4.9 0-0.36 0 

342 colon FOLFIRINOX BRAF V600E ND BRAF V600E 2 0 37.7-72.7 3.11-50.97 1 

412 rectum FOLFIRI KRAS G12R ND KRAS G12R 3 0 15.8-24.0 0.38-0.97 4 

426 colon FOLFIRI + bevacizumab KRAS G13D ND WT 3 1 0-9.4 0-0.19 1 

427 colon FOLFIRI + cetuximab WT KRAS G13D KRAS G13D 4 0 0.6-49.1 0.021-11.61 2 

430 colon FOLFIRI + bevacizumab KRAS G12C KRAS G12C WT 4 3 0-1.2 0-0.57 0 

444 colon FOLFIRI BRAF V600E ND BRAF V600E 2 0 7.6-11.5 0.44-0.68 1 

466 rectum FOLFIRI + cetuximab WT ND WT 3 2 0-1.7 0-0.36 0 

492 rectum FOLFIRI + bevacizumab KRAS G12S ND WT 3 0 0.6-1.4 0.008-0.044 1 

536 rectum FOLFIRI + bevacizumab KRAS G12A ND KRAS G12A 2 0 1.9-8.6 0.033-0.41 1 

553 rectum FOLFIRI + cetuximab WT ND BRAF V600E 2 0 6.1-33.5 0.16-1.30 2 

598 colon FOLFIRI + cetuximab WT ND WT 2 1 0-1.4 0-0.030 0 

“Sanger” sequencing was carried out routinely on tumor tissue. “histo” refers to the amplicon sequencing performed on FFPE samples. “liquid” refers 

to mutation analysis of cirDNA. WT=wild type; ND=not done. Number of samples and number of those without ctDNA are listed. MAF and ctDNA-

level depict the respective range across serial liquid biopsies. Recurrent mutation is defined as mutation detected in two or more cirDNA-samples.
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Liquid biopsy allows monitoring the clinical course of CRC patients and reveals 

resistance mechanisms 

Next, the clinical correlation of mutation profiles to the course of treatment in CRC 

patients was examined. For that, the MAF and ctDNA-levels were correlated with 

clinical response (Figure 3-15). All four patients of the presented case series initially 

received 5-FU, folinic acid, irinotecan (FOLFIRI) and cetuximab and showed treatment 

response (either stable or regressive disease) by the time of the first liquid biopsy. 

P119 had achieved remission and her therapy was deescalated to 5-FU + cetuximab. 

Two novel mutations occurred in the cirDNA upon disease progression. The respective 

MAF closely matched the radiologic extent of disease and the CEA-values (Figure 

3-15A). Analogously, in P324 (Figure 3-15B), P24 (Figure 3-15C) and P553 (Figure 

3-15D) MAF increased upon tumor progression, while therapy response was 

associated with stable or falling MAF. CEA levels did not correlate with re-staging 

results and MAF in P553.  

In all these cases an increase in MAF was closely associated with radiological disease 

progression. Overall, considering only the 22 patients with recurrent mutations, 

changes in MAF correlated with clinical response in 25/33 cases. Stable disease was 

associated in 5/7 cases with an increase in MAF and eventually all patients developed 

a progress. Disease progression coincided with a rise in MAF in 20/24 cases, i.e. a 

sensitivity of 83% for discovering disease progression. For 12 patients in this cohort 

ctDNA analysis did not yield enough results to make plausible comparisons to therapy 

response. These results highlight the potential of cirDNA as an individual biomarker.  



RESULTS 

67 

 

Figure 3-15. Monitoring the clinical course of CRC patients by amplicon sequencing of cirDNA. 

(A) P119 had sustained response of her metastasized rectum carcinoma to the maintenance 

regimen (5-FU and cetuximab) for almost two years and very low concentrations of cirDNA. 

When disease progression was first noticed, two mutations with >20% MAF arose, while 

cirDNA-levels were <1ng/ml plasma. Re-escalation to FOLFIRI + cetuximab led to stable 

disease in the next re-staging and progressive disease another three months later. 

Accordingly, the MAF remained constant/decreased and eventually doubled, while the cirDNA-

level rose from 2.49ng/ml to 3.64ng/ml plasma. Findings were in line with changes of CEA. 

(B) P324 had a local recurrence of rectal cancer and hepatic filiation. After initial response, the 

patient was diagnosed with lung metastases and a corresponding rise in MAF of three 

recurrent mutations could be noticed, thereunder an NRAS mutation that had neither been 

detected by Sanger sequencing nor amplicon sequencing of the primary tumor. Her therapy 

regimen was changed to FOLFOX + bevacizumab. In the next blood sampling, the MAF 

declined, however two month later in the next re-staging examination the patient showed a 

metastasis in the pancreas and eventually she had an extreme increase in both cirDNA-level 

and MAF (calculated ctDNA-level 74.9ng/ml plasma) and died within two weeks. CEA levels 

were not available. 

(C) P24 was diagnosed simultaneously with non-small cell lung cancer and hepatic 

metastasized colon cancer. Each of the tumor manifestations were histologically proven. The 

colorectal cancer was RAS wild-type, the lung cancer was RAS-mutated. Nevertheless, the 

patient received FOLFIRI and cetuximab. While treated, a PIK3CA mutation that was also 

identified by amplicon sequencing in material from the colon cancer, sank in allele frequency 

before radiologic imaging proved regression of the colorectal cancer (and progression of the 
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lung cancer). Upon progress of the colon cancer the MAF jumped up. ctDNA-levels changed 

from 3.24ng/ml to 0.86ng/ml and 2.36ng/ml plasma and like the MAF reflect the status of colon 

cancer well. 

(D) P553 was treated for metachronous liver metastases of RAS/RAF wild type rectal cancer 

with FOLFIRI and cetuximab. After initial tumor regression, allele frequencies of both the APC 

and BRAF mutation increased. ctDNA-levels increased eightfold upon tumor progression from 

0.16ng/ml to 1.3ng/ml plasma, whereas CEA-levels sank. The BRAF mutations was not 

detected by Sanger sequencing in primary tumor tissue seven month earlier. 

In six patients formerly RAS and RAF WT treated with cetuximab new mutation known 

to confer resistance to anti-EGFR agents arose (Table 3-1). In P83, P149, P324 and 

P553 those mutations could be detected in serial samples. P149 already had 

progressed under cetuximab and was changed to FOLFOX + bevacizumab before first 

sampling. In P427 the same mutation was detected by amplicon sequencing of FFPE 

tissue. P119 displayed a rare NRAS mutation at one time point. All patients had 

progressive disease in the next four months after mutation detection. The progression-

free survival (PFS) was shorter compared to the other patients of the cohort (median 

3.0 vs 5.3 months; p=0.0055). 

Other mutations in genes associated with MAPK signaling and currently not 

implemented in primary diagnostics include PIK3CA, PTEN and ERBB3. P24, P149 

and P426 displayed recurrent PIK3CA mutations. P167 showed a common truncating 

PTEN mutation and an ERBB3 mutation. P426 and P167 had a PFS of 3.5 and 3.8 

months, whereas the colon cancer of P24 first showed a partial response with a 

progress after 12.5 months. 

The attained knowledge about RAS and RAF mutation status could have facilitated the 

decision to discontinue treatment earlier in at least five patients on the basis of 

accepted therapy guidelines,68 giving them a chance to respond to a different regimen 

and sparing them from unnecessary side-effects. 

ctDNA shows superior properties as blood biomarker compared to cirDNA 

Interestingly the correlation between ctDNA-levels and blood parameters in mCRC 

patients was stronger compared to cirDNA with the same blood parameters. Strong 

correlations were observed between ctDNA-levels and LDH, CRP, CEA, CA19-9 and 

albumin (Figure 3-16). Regarding cirDNA-levels of these samples, a correlation existed 

only with LDH, CRP and albumin. The unique association between serum tumor 

biomarkers and ctDNA-levels highlights their specificity as potential tumor markers. 

Along with assertions about individual mutation profiles and their implications in 

treatment response ctDNA acts as a biomarker with multiple applications. 
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Figure 3-16. Correlations of blood parameters with ctDNA in patients with advanced CRC. 

(A) Association of ctDNA-levels with LDH-levels. The correlation was not limited to high LDH 

values. 

(B) Association of ctDNA-levels and CRP. The assay for CRP measurement had a lower 

detection limit of 2.9mg/l. This limit was taken as default value for samples with no detectable 

CRP. 

(C) CEA vs. ctDNA-levels. Rising CEA-levels were accompanied by rising cirDNA-levels. 

(D) Association of CA19-9 and ctDNA-levels. 

(E) Association of albumin and ctDNA-level. A negative correlation was observed. 
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4 DISCUSSION 

4.1 Multiplex amplicon sequencing as detection method for ctDNA 

The method described in this thesis is a highly flexible experimental and bioinformatics 

pipeline to analyze custom defined hotspots in cirDNA by multiplexed amplicon 

sequencing. This method for cirDNA analysis was shown to be feasible in clinical 

settings.  

Until now, various approaches have been developed to characterize cirDNA either 

looking at specific mutations or examining multiple hotspots and genes.77 A major 

limitation to their broad clinical application is the genetic landscape of cancers. 

Especially mutations that only occur in selected cancer types can represent actionable 

mutations, albeit they are not covered by commercial gene panels. Examples include 

mutations in RNF43155 or PMS2,156 which could indicate subclones that make the 

tumor responsive to specific therapies such as immune therapy. Hence, a key 

challenge is to customize the analysis of cirDNA for specific tumor entities. On that 

front, this study supplies a methodological scaffold that enables the design and 

consecutive analysis of custom amplicon panels using open source bioinformatic tools. 

Applying this method, an amplicon panel tailored for colorectal cancer was designed, 

including hotspot mutations in oncogenes and tumor suppressor genes, as well as rare 

mutations in genes relevant for DNA repair and drug metabolism. 

4.1.1 Integrating deep sequencing into routine management 

Targeted amplicon sequencing offers an efficient approach to detect a considerable 

amount of common mutations. In comparison to WGS and WES a very high depth 

(>1000 reads) per hotspot can easily be reached, thus enabling detection of low-

frequency variants in heterogeneous tumor samples and in cirDNA samples, with low 

overall amounts of ctDNA.157,158 

In addition, the low overall number of base pairs sequenced makes it possible to 

analyze several samples in parallel on platforms such as the Illumina MiSeq or HiSeq. 

The comparably low costs have the potential to allow future routine application. 
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4.1.2 Low quality sequencing material - cirDNA and FFPE tissue 

FFPE-tissue and cirDNA pose analytical problems. Formalin fixation and paraffin 

embedding is the widely used standard for biopsy conservation, because of the simple 

and low-cost storage possibility.159 

cirDNA and isolated DNA from FFPE samples are highly degraded into short 

fragments, mostly smaller than 200bp. Formalin fixation also causes covalent binding 

of nucleic acids with proteins.159 Sequencing technologies need to be adapted to these 

conditions, still less robust results and difficulties in data interpretation arise.  

4.1.3 Advantages and limitations of amplicon sequencing 

Formation of primer dimers is a common PCR artefact, which limits PCR usability by 

decreasing the amplification of the target fragments and heisting sequencing depth. 

These problems often increase when multiplex PCR is applied. One of the strategies 

to diminish the negative effects is to make use of the length differences. Primer dimers 

have a length of about two times the length of a single primer. In this experimental 

approach dimers were about 90bp long − as a primer in the first PCR had a length of 

44-52bp. Target products after the first PCR were at least 150bp long. Thus, via 

purification with paramagnetic metal beads efficient size selection could be performed. 

To a smaller extent this could also be achieved with the second clean-up. 

Another way to enrich target products is the segregation of DNA fragments on agarose 

gels. After electrophoresis the desired size area can be cut out. This method needs 

multiple steps, more DNA input, more hands-on time and is only feasible for a small 

number of samples.160 In contrast, DNA purification with AmpureXP beads could be 

semi-automated, significantly decreasing the hands-on time per sample. Other PCR 

purification protocols do not allow to adjust the cut-off limit and are therefore only 

suitable to wash out fragments <100bp, i.e. primers, salts and to a certain extent also 

primer dimers.161 Automatization and standardization of the workflow in a 96 well 

format not only led to a drastic labor reduction but also minimized potential error 

sources. 

The other strategy is to prohibit the formation of primer dimers in the first place. In order 

to achieve this, special attention is needed when designing a multiplex PCR reaction. 

By the use of open source software, like primer3 and MultiPLX 2.1,143,144 primer 

combinations can be checked for high probability of dimer formation. The introduction 

of a hairpin structure into the primer sequence as described by Stahlberg et al.146 could 
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further decrease the amount of primer dimers. They also applied a preamplification 

protocol as first PCR step. The drastic reduction of primer dimer through the latter 

modification could be confirmed by the experiments of this thesis. 

Multiplex PCR causes inequal amplification of different targets due to varying primer-

pair performance. Final sequencing analysis will struggle with manifold differences in 

amplicon coverage. To call rare variants as true mutations a certain coverage is 

needed. On these grounds, a tight distribution of amplicon coverages will need fewer 

sequencing reads to cover all amplicons sufficiently. In the nested PCR protocol 

applied here the second PCR uses only one primer-pair and thus it can be assumed 

to amplify all fragments evenly. This means to narrow any variances the first PCR must 

be optimized. By running only 18 cycles and assuring proper annealing of primers and 

their respective target, amplicon variance could be lowered down to 41-fold. A method 

termed as SiMSen-Seq recently published by Stahlberg et al.146 runs just three 

preamplification cycles and reported read depths that varied only 8-fold. In this protocol 

36 PCR cycles in total were applied, which is slightly more than in other established 

protocols (27-33 cycles).146,162 Eventually libraries with a low fraction of nonspecific 

products were obtained and ensured high quality sequencing. 

Performance of multiplex assays cannot be predicted with high confidence using 

currently available software and a few primer pairs had to be discarded because they 

yielded no functional amplicons. Experimental validation of new multiplex reactions will 

be necessary and is doubtless the most time-consuming developmental step. 

In this assay only a few hotspots of the MMR genes were targeted, and epigenetic 

silencing was not examined. The included MSH6 hotspot proved to be problematic to 

examine within this assay due to a long cytosine repeat. Thus, results had to be 

discarded in several cases. As most MMR genes lack definite hotspots, the utility of 

amplicon sequencing is limited. Another solution might be to gather the TMB as most 

MSI-tumors are hypermutated and the TMB is of relevance for 

immunotherapeutics.28,163 

As one haploid genome is weighing ~3.3pg roughly 151 copies of each gene could be 

present in 500pg of DNA.164 In the case of samples with very low MAF and/or mutations 

of tumor subclones the sensitivity of the assay could be limited, due to the absence of 

a mutated copy in the respective reaction. This might have caused missing of low-

frequent alterations in some samples. Other reasons for the lack of ctDNA could be 
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amplification errors, poor DNA quality, false negatives in variant calling or that 

mutations were not covered by the panel. Some tumor suppressor genes like PTEN 

and TP53 can be homo-deleted in CRC and such large deletions are not recognizable 

by this assay.33 Chromosomal aberrations, gene amplification and epigenetic 

modifications are also not detectable with an amplicon-based approach. Last, in some 

samples no tumor DNA could be present after all. 

The mutational profile of a tumor is unknown and its anticipation is especially difficult 

for tumor entities with low mutational burden or heterogeneous and low frequent 

hotspots, such as thyroid cancer and most sarcomas.41 Customizing individual panels 

based on sequencing results from tissue biopsies or surgical specimens is a highly 

specific solution but also very labor-intensive. In the case of tracking minimal residual 

disease and recurrence it delivered promising results.77 The presented method can be 

used to tailor panels to those specific questions. 

All methods for cirDNA analysis rely on PCR-techniques for amplification and 

consecutive sequencing, the consequence being that errors can always be introduced. 

It is crucial to keep these false mutations very rare and to identify them in order to 

increase the positive predictive value of the respective assay. 

An effective method to reduce these technical errors is the use of unique molecular 

identifiers (UMI). Barcoding with UMIs enables tagging of single fragments and permits 

background noise reduction and higher sensitivity. UMIs are short random nucleotide 

repeats integrated into the primer tail.162 For the analysis of cirDNA, methods have 

been developed to introduce UMIs during the first PCR amplification. These 

approaches, for instance Safe-SeqS162 or SiMSen-Seq,146 have been shown to 

suppress PCR errors and enable precise counting of mutant allele copies. A drawback 

of using UMIs is that a vastly higher sequencing depth is required to discriminate 

between different UMI families, which will increase the costs of the method. Optimal 

implementation needs at least 240000 reads per target.146 However, as sequencing 

costs will further decrease, the integration of UMIs in our approach will be feasible.  

With years of experience in next generation sequencing (NGS) a gold standard for data 

analysis is still non-existent. So far, multiple bioinformatic tools for NGS data have 

been developed leading to varying results.165 cirDNA as new input material highlights 

the urge of specialized pipelines for sample processing and data analysis in the context 
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of amplicon-based methods. Robust bioinformatic pipelines as applied here are vital 

for sequencing analysis and help discarding false positives.166 Genomic DNA is as a 

serious confounder, causing to overlook true mutations and detect false positives in 

normal WBCs. Additional sequencing of WBCs can identify those mutations which are 

due to clonal haematopoiesis.167 

Amplicon sequencing is a trade-off between sensitivity to find rare mutations on the 

one side and test a considerable number of hotspots on the other side. ddPCR or other 

single-locus techniques can detect single mutant fragments in plasma, reported limits 

reach 0.0001%.94 Detrimental, however, is the fact that for each nucleotide alteration 

a specific assay must be designed, confining their application to very prominent 

hotspots. On the other side, current sequencing costs only allow low-depth WES and 

WGS, which makes it impossible to detect mutations <5% allele frequency.77 In this 

intermediate zone, targeted sequencing as established in this thesis, is the optimal tool 

and in spite of several limitations, the amplicon-based assay proved reliable in 

detecting cancer mutations in cirDNA as shown by multiple quality control experiments. 

4.1.4 Perspectives 

Improvements of the assay should focus on higher multiplexing, as thereby the overall 

input amount can be reduced or the amount per well can be increased. Up to 30-plex 

has been shown to be possible analyzing cirDNA.146 By adding other suitable targets 

more mutations will be identified and the fraction of tumors with at least one alteration 

covered will rise. Possible hotspots in CRC are for example KRAS A146, CTNNB1 

S45, AXIN2 G665, TCF7L2 K485+R488, RNF43 G659, ACVR2A K437. Also, covering 

the whole TP53 and APC genes with the highest mutation rates and scattered mutation 

profiles can further enhance the coverage.33,168 

Upcoming data state that ctDNA fragments are shorter than regular cirDNA 

fragments,86,87 which is why development of shorter amplicons (~100bp) is preferable 

to ensure proper amplification and prevent loss of mutant copies. Together with in silico 

methods sensitivity of mutation detection can be further increased.169 

Despite all elucidated improvements, mutant DNA will not be detected by amplicon 

sequencing in some samples. Here, extremely sensitive approaches which look at 

single-locus alterations can close the gap.94 On the other side, ways to predict 

suitability of patients for liquid biopsies should be developed. Extrapolating the cirDNA 

and ctDNA-level as shown here with the help of laboratory markers may help to identify 

those samples. Similarly, a sensitivity prediction score developed by Jovelet et al.170 
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used clinical information and blood parameters to select patients for whom cirDNA 

could function as surrogate marker. 

Biological consequences from mutations may vary, classifying genes as WT and 

mutant is not enough to account for the impact on tumor evolution. Evermore specific 

mutations are associated with specific phenotypes. For example, different PIK3CA 

mutations were described to have different oncogenic impact or influence on anti-

EGFR treatment,18 and non-V600E BRAF mutations can impair the kinase function of 

BRAF and have been associated with favorable prognosis.55 Future investigations 

should focus on the differences between specific alterations, as well as in the context 

of mutational profiles. By monitoring the mutational profile, CRC-tumors can be sorted 

for example into consensus molecular subtypes as proposed by Guinney et al.171 

Stratification of this or similar classification systems can build the basis for 

individualized therapy interventions.   

Immunotherapy is a new kind of cancer therapy and is now tested in CRC patients. In 

principle the body’s own immune system is empowered to fight “foreign” cells, while so 

far almost all treatment strategies have tried to target the tumor itself. Mutated DNA-

fragments are presented on the tumor cells by the major histocompatibility complex I 

(MHC-I) and are recognized by T-cells as neoantigens, causing an immune 

response.172 It is hypothesized that due to a high TMB more neoantigens are presented 

on the cells, making it easier for the immune system to react.163 Supporting this theory 

is the fact that the hypermutated MSI-CRC contain prominent lymphocytic infiltrates.173 

Not only could this explain the survival benefit of MSI-tumors, but also why they show 

such high response rates to immunotherapy.163 Current immunotherapeutic agents 

target and inhibit either the cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), 

programmed cell death protein 1 (PD-1) or ligand (PD-L1) and promote T-cell 

activation. These proteins normally function as immune checkpoints that maintain self-

tolerance and protect tissues by inhibiting the antigen-specific T-cell response.172 

Checkpoint-inhibitors were first successfully used in malignant melanoma and lung 

carcinoma. These two entities bear very high TMB and their clinical response to 

immunotherapy correlates with the TMB.28,41 This concludes why it is relevant to 

determine the MSI-status, as it may also have therapeutic consequences. 

Until now, knowledge about ctDNA origin and its biology just scratches the surface. 

Profound knowledge about fundamentals of cirDNA dynamics like release, clearance 
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and respective differences of ctDNA dynamics would help implementation of liquid 

biopsies into clinical routine and need to be addressed in future experiments. 

Other circulating cell-free nucleic acids, CTCs or macromolecules also carry 

information about the tumor and are noteworthy. Other methods such as WGS, WES, 

methylome and transcriptome analysis can yield complementary data. Therefore, tests 

focusing on those changes and sources offer huge additional benefits.174 Regarding 

the limited amount of tumorous material in the blood stream intelligent solutions are 

needed to maximize the information gain and spare unnecessary loss of ctDNA. 

This variety of information that can be collected and the consequences on disease 

progression need to be systematically investigated. The benefit of liquid biopsy-guided 

treatment decisions needs to be proven in randomized clinical trials. 

4.1.5 Conclusions 

All in all, this amplicon assay is a very simple and cost-effective but also robust mean 

for ctDNA amplification and detection, and the overall low amount of DNA needed 

stands out as it enables analysis of most cirDNA samples. The freedom to adjust the 

assay to varying demands is another eminent advantage. The results of the mCRC-

cohort suggest that amplicon sequencing of cirDNA could be practicable in clinical 

routine for patients with late-stage colorectal cancer and allow real-time monitoring of 

the disease. Following studies should aim to reproduce and validate these results in 

larger cohorts and find out whether they can be transferred to other tumor entities and 

earlier stages of disease. 

Technical improvements like the introduction of UMIs to increase sensitivity and 

specificity of amplicon sequencing need to be further implemented and methods 

allowing different analyses of liquid biopsies need to be developed. 

4.2 cirDNA and ctDNA and their relevance as novel blood biomarkers 

Quantification of cirDNA and ctDNA and individual sequencing results allowed multiple 

derivations about the status of the patient’s disease to be made. The mutational profile 

of individual tumors can be monitored in serial liquid biopsies and new information 

about the progress of the disease can be obtained. 

Over the past years, enormous progress has been made in the field of liquid biopsy. 

Recently, two large studies have thoroughly dissected the mutational landscape of 

cirDNA in CRC and other tumors.175,176 Both studies demonstrated that the 
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composition of mutations is highly similar between cirDNA and the corresponding 

primary tumors. Therefore, as shown by this thesis and other studies, detection and 

analysis of ctDNA can be used as a biomarker to monitor tumor progression, treatment 

response and disease recurrence and may direct future therapeutic 

approaches.92,126,129 

4.2.1 cirDNA and ctDNA-levels and their significance 

As previously observed and confirmed in this cohort, cirDNA-levels correlate with 

clinical stage, therapy setting, LDH, CEA and albumin levels.170,177 Especially high 

LDH-levels where associated with high cirDNA-levels in multiple gastrointestinal 

tumors and also a correlation with CRP was noticed. Elevated cirDNA-levels during 

infection have been reported.178 The overall tumor burden was not collected from 

imaging results in this study but has also been linked both to CEA-levels and cirDNA-

levels.177,179 Altogether, the correlations were weak and not sufficient to lead to 

consequences for individual patients. The vast number of factors influencing the 

amount of DNA circulating at one time point hinders clear validity. 

ctDNA could be detected in at least one of the liquid biopsies of every patient and in 

78% of all samples. These numbers are comparable to reported frequencies in CRC 

(80-90%).92,176 Mutations found by this assay highly match reported CRC 

profiles.33,175,176 TP53 had the highest mutation rate, followed by APC deviating from 

large sequencing studies. This might be due to the lower overall coverage of APC in 

our panel as it is a large gene. Higher mutation rate for TP53 have been reported for 

advanced stages of CRC.180 

When comparing ctDNA-levels or MAF to clinical and blood markers similar 

correlations as for cirDNA were observed. The relations were, however, considerably 

stronger. The MAF was higher in progressive disease, consistent with previous 

findings,124–126 and higher MAFs have been associated with worse prognosis and 

shortened PFS.92,121,122 Here, a rise in MAF frequently coincided with a disease 

progress or even preceded a radiologic progress. Correspondingly, Misale et al.97 

observed a rise in MAF several months before progress could be confirmed by 

radiologic imaging. These findings reinforce the utility of ctDNA as prognostic marker.  
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4.2.2 Conventional tissue biopsy 

As primary diagnostic tool, tumor biopsy remains the gold standard at present, also 

because definite assertions about tumor origin and grading can only be made by 

histological sampling. However, the invasive acquisition represents a major barrier, 

that forbids numerous re-biopsies, as they can have serious complications.181 Tissue 

biopsies comprise a large spectrum of quality. This depends primarily on the specimen 

size and the tumor cellularity (percent tumor). Besides, formalin-fixation worsens DNA 

quality, rendering samples in some cases useless for specific molecular analyses. 

Taken together, biopsy failure rates range between <10% to more than 30%.182 

Even if adequate material was obtained, sampling biases arise from tumor 

heterogeneity. This applies to intratumoral (distinct genetic profiles of separate tumor 

areas) and intertumoral heterogeneity (differences between primary tumor site and 

metastases).183,184 A biopsy will only represent a small tumor section and no 

information about the rest of the mass or other tumor sites will be gathered. On the one 

hand, large sequencing studies have confirmed the concordance of genetic alterations 

in cirDNA to primary tumors.175,176 On the other hand, ctDNA deriving from different 

metastatic lesions have been detected and thus ctDNA is likely to be a molecular 

marker of the overall disease and multifocal clonal evolution.92,139,140. 

More than half of RAS and RAF mutations as assessed by Sanger sequencing could 

be redetected and in 10 of 19 patient’s, tissue and liquid biopsy had a matched 

mutation. In contrast panel results of all mutations displayed low concordance between 

tissue and liquid biopsy. So far, reports showed medium to high concordance (39-93%) 

between matched tissue and liquid biopsies.170,180,185–188 Kaiseki et al.188 noted high 

discordance of initial tissue and later liquid biopsies in melanoma patients due to 

intermediate treatments and time spans over one year. In the present mCRC-cohort 

the majority of patients had received multiple therapies before the first blood sampling 

and often years lay between biopsy and blood sampling. Also, little is known about 

tumor dynamics under therapy and the fate of tumor subclones. Here, deep 

sequencing of histological samples revealed multiple low frequency mutations 

representing tumor subclones, which might have vanished later due to a selection 

disadvantage under therapy. Even assuming they remained present until cirDNA 

sampling their low frequency would have prohibited their redetection in most cases in 

the context of low ctDNA proportion (68% of samples had a MAF <10%) as the 

detection threshold for variants is 0.5% in this assay. This detection limit is comparable 
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to other targeted assays.77 In a few samples failure of the assay might have prevented 

redetection. 

Selective pressure and clonal evolution could also account for mutations only found in 

liquid biopsies and explain mutational changes in serial blood samples. Together with 

similar observations these data point out the benefit of cirDNA analysis to investigate 

tumor heterogeneity.170 In line with previous reports conserved mutational profiles 

could be found in serial blood samples.99,125,127,186 Recurrent mutations had higher 

frequencies and where more often found in the initial tumor biopsy. This stem 

mutational signature could represent conserved tumor clones. This is especially 

interesting for application in earlier stages, as it could be used to easily monitor minimal 

residual disease and recurrence. First promising results, which identified patients at 

high risk of recurrence by testing for postoperative ctDNA-levels, have been 

published.129 McDonald et al.189 could prove the feasibility of ctDNA analysis in a 

neoadjuvant setting, identifying patients with incomplete therapy response.  

The group of patients with non-overlapping Sanger and liquid biopsy sequencing 

results had lower ctDNA-levels and fewer recurrent mutations. As the assay could not 

detect mutations in KRAS and NRAS in multiple plasma samples, clonal evolution 

might have led to the disappearance of these mutant subclones. These patients might 

profit from a therapy with anti-EGFR agents. Supporting evidence for this rationale was 

raised by Khan et al.190 

4.2.3 Serum tumor biomarkers 

Current serum tumor markers, such as CEA and CA19-9 in CRC, lack sensitivity and 

specificity in diagnostics.191 Only 70% of colorectal tumors release CEA,191 which is 

considerably lower than detection rates of ctDNA and the long half-life impedes real-

time monitoring.192 So far, there have been only small studies comparing ctDNA to 

CEA, which have found similar correlations as shown by this study,177,179,180 and also 

cases in which ctDNA could detect a relapse earlier.127,186,193. In patients with breast 

and ovarian cancer, ctDNA proved to be superior as prognostic predictor compared to 

standard serum biomarkers.100,127 
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4.2.4 Monitoring therapy response - Individual assertions from mutational profiles in 

cirDNA 

ctDNA can provide information about the individual mutation profile over time, a 

characteristic that current tumor biomarkers are lacking. 

The mutational profile of a given tumor creates a unique biological signature that is 

highly specific compared to other tumors and normal tissue. Single mutations only 

found at one time point, however, might be due to clonal hematopoiesis. Mutations in 

TP53 and KRAS have been found at low levels in blood plasma of healthy 

individuals.132,166,167 In a subset of these “healthy” individuals the mutation detection 

preceded a tumor diagnosis, stating that healthy individuals with mutated fragments in 

liquid biopsies might be at increased risk.132 The detection of multiple mutations in 

tissue and/or serial blood samples will ensure the high specificity of ctDNA as tumor 

marker. 

Emergence of resistance-conferring mutations under anti-EGFR therapy could be 

observed in this cohort. It was associated with poorer response, analogous to previous 

findings.92,190 To increase recognition of resistance, testing for other resistance 

mechanisms, like gene amplifications, should be implemented. These findings can 

help physicians to discontinue therapy - sparing patients from side effects - and offer 

other therapeutic approaches, which may improve prognosis. To what extent patients 

can benefit from such interventions needs to be studied. Extensive characterization of 

de novo mutations under therapy is needed and will identify more actionable mutations 

in the context of anti-EGFR treatment but maybe also to classic chemotherapeutic 

agents. Some genes may contribute to the resistance to 5-FU or platinum compounds 

if mutated. Candidate genes are for example SMAD4 and FBXW7.64,194 Therapeutic 

consequences of their inactivation in CRC need to be addressed to define personalized 

therapy approaches. The role of 5-FU metabolism genes is shadowy but can 

theoretically play a central role in therapy response. Mutations in DPYD and TYMP 

have been found in blood samples of this cohort. Albeit, these single cases do not allow 

foreseeing their functional relevance. As 5-FU is a standard therapeutic against 

multiple cancers the interest to learn more about possible resistance mechanisms 

remains great. A major challenge of future projects will be the functional annotation of 

these rare mutations and the understanding of their impact on tumor biology and 

therapy resistance. 
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4.2.5 Conclusions 

This data showed the utility of ctDNA as prognostic and predictive biomarker and its 

superiority to the measurement of cirDNA alone. Its serial determination offers a variety 

of information with implications for the patient and his subsequent therapy. 

ctDNA represents a blood-based biomarker that can exceed the prognostic and 

predictive value of current serum tumor markers in advanced stages and maybe also 

in the context for early diagnosis, recurrence detection and prediction.129–131 

Future larger studies need to integrate ctDNA analysis in a standardized clinical setting 

and address its predictive and prognostic role in CRC, in different stages of disease 

and other tumor entities.  

Modern oncologic diagnostics consist of multiple tools and tests that in the end 

intertwine and draw a picture of the patient and his disease. Clinical examinations, 

imaging studies, histologic sampling and various blood parameters are eminent 

foundations of modern diagnostics. Liquid biopsy must be one item in this system, and 

it will allow higher resolutions on the way to personalized medicine. 
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5 SUMMARY 

cirDNA has long been known to be present in the blood. In cancer patients, levels of 

cirDNA are higher and they rise further in patients with advanced stages of disease. 

Importantly cirDNA in cancer patients contains mutated fragments originating from the 

tumor. As monitoring the mutational patterns of solid tumors during cancer therapy is 

an unmet need in oncology, analysis of mutations in circulating DNA offers a non-

invasive approach to detect mutations that may be prognostic for disease survival or 

predictive for primary or secondary drug resistance. A main challenge for the 

application of cirDNA as a diagnostic tool is the diverse mutational landscape of 

cancer. Here, a flexible end-to-end experimental and bioinformatic workflow to analyze 

mutations in cirDNA is established using custom amplicon sequencing. This approach 

relies on open-software tools to select primers suitable for multiplex PCR using minimal 

cirDNA as input. In addition, a robust linear model to identify specific genetic alterations 

from sequencing data of cirDNA was developed. This workflow was applied to design 

a custom amplicon panel suitable for detection of hotspot mutations relevant for 

colorectal cancer and analyzed mutations in serial cirDNA samples from a pilot cohort 

of 34 patients with advanced colorectal cancer. This thesis could show, that in patients 

with gastrointestinal cancers cirDNA-levels are higher in advanced stages of disease 

and that cirDNA-levels positively correlate to LDH and CEA in patients with colorectal 

cancer. However, cirDNA-levels underlie multiple influencing factors and thus impedes 

to draw individual conclusions. The mutation analysis showed that, recurrent and 

patient-specific mutational patterns could be detected in most patients. 

Furthermore, dynamic changes of mutant allele frequencies in cirDNA were shown to 

correlate well with disease progression. Finally, sequencing of cirDNA proved to reveal 

mechanisms of resistance to anti-Epidermal Growth Factor Receptor (EGFR) antibody 

treatment. Thus, this approach offers a simple and highly customizable method to 

explore genetic alterations in cirDNA. 
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