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To my mother 

“All parabolas are similar.” 
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Abstract 

Cancer is the common name to a group of biologically diverse malignant neoplastic 
diseases. Approximately 18 million people are diagnosed with cancer annually and 
8.8 million patients die from it. Tumorigenesis and progression of cancer are driven 
by alterations in the cancer cell genome. These alterations lead to gain of oncogenic 
functions, loss of tumor suppressor functions, or may be chromosomal 
rearrangements without obvious function, and these alterations themselves can 
serve as tumor-specific biomarkers that may have diagnostic and clinical utility. 

In this thesis, we investigated oncogenic and tumor suppressive genes in breast 
cancers and leukemias, with a focus on the PTEN/PIK3CA pathway as well as 
minimally-invasive monitoring of cancer patients using “liquid biopsies.” We 
studied the underlying mechanism of PTEN protein loss in breast cancer, and 
showed how various types of tumor-specific mutations, including those in PIK3CA, 
can be used as biomarkers to monitor the dynamics of occult tumor burden, evaluate 
the degree of tumor content dissemination into the bloodstream with 
mammographic compression, and detect minimal residual disease in breast cancer 
and acute myeloid leukemia. 

In Paper I, we found that the frequent loss of PTEN protein in human breast cancer 
is not attributable to the overexpression of the E3 ubiquitin ligase NEDD4, and thus 
NEDD4 is unlikely to be a regulator of the oncogenic PI3K/PTEN signaling 
pathway. In Paper II, we showed that serial monitoring of tumor specific 
chromosomal rearrangements, identified with low coverage whole genome 
sequencing and then measured in blood samples by digital PCR (dPCR), is a highly 
sensitive and specific approach to detect occult breast cancer disease prior to the 
onset of symptoms and clinical detection. Detected plasma ctDNA level was a 
quantitative predictor of poor relapse-free and overall survival. In Paper III, we 
confirmed the general safety of mammography, using FDA approved CellSearch® 
and our ultrasensitive mutation detection dPCR technology IBSAFE, that 
mammographic compression of the breast with a breast tumor does not appear to 
lead to significant additional dissemination of CTCs and ctDNA into the 
bloodstream. In Paper IV, we showed that acute myeloid leukemia specific 
mutations can be serially monitored in follow-up bone marrow samples by IBSAFE, 
providing an insight in subclonal evolution of the leukemia and the status of minimal 
residual disease. 
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These results and our mutation detection technology suggest they have high 
potential to be utilized in assessing treatment response, monitoring the disease 
course, detecting remnant tumor deposits with targetable mutations, and helping to 
speed the development of new drugs in in the future. 
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Popular summary 

Cancer is one of the most prevalent and deadly disease in the modern world. It rises 
when healthy cells become cancerous and starts to reproduce themselves. If the 
human body is considered a nation, cells are its citizens, whose behaviors, in normal 
cases, are under strict regulation. However, if cells have minds, they might be 
perceived as selfish, wanting to evade regulation and become immortal. Most of 
such cells are brought to justice – they are programmed to die via certain biological 
processes, but some may survive, becoming fugitives at the beginning, making 
copies of themselves subsequently to form their own rogue cell gang and establish 
a gangland, and potentially subverting the reigning regulation of the human body. 
These criminal cells are cancer cells, the colony they form are cancer tumors, and 
the subversion of regulation leads to the death of the nation, i.e. the patient. It is 
believed that the underlying reason for a healthy cell to become a cancer cell is that 
its genome is changed in such a way that it out competes other cells to form its own 
population, and eventually misbehaves to harm the human body as a whole. 

One cell behavior regulation scheme is called the PI3K/PTEN signaling pathway. It 
resides inside all cells, consisting of numerous proteins for control of its activity. 
When activated, the pathway instructs the cell to proliferate, and proliferation is a 
key hallmark of cancer. PI3K and PTEN are the key positive (tumor promoting) and 
negative (tumor suppressing) regulators, respectively, of this pathway. It was 
reported that in some cancer types, an enzyme called NEDD4 is responsible for the 
loss of PTEN, contributing to the activation of the PI3K/PTEN pathway, and thus 
cell proliferation and cancer progression. We demonstrated, in Paper I, that 
NEDD4 does not seem to cause a reduction of PTEN in breast cancer, and thus the 
frequently observed loss of PTEN must be explained by other mechanism. A better 
understanding of the biology of cancer helps cancer researchers and clinicians make 
better strategies on how the disease should be treated, so that outcome of cancer 
patients can be gradually improved. 

Cancer cells are also aggressive. They do not necessarily stay at where they 
originate, but can migrate to other body locations and settle down if the environment 
fits. Even when the original colony of the cancer cells, the primary tumor, is 
surgically removed, as long as some cancer cells remain and are not completely 
eliminated by other therapies, they are likely to occupy a niche again, and this is 
when a cancer relapse or metastasis happens. In Paper II, we proved the concept 
that the existence of these hidden cancer cells at large can be found by detecting a 
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class of genomic markers, known as structural variants, that are specific to the tumor 
in bloodstream in early-stage breast cancer cases. The tumor-specific genomic 
markers were identified by sequencing the genome of the primary tumor specimen 
that was collected at initial surgery. The detection of cancer using the blood-based 
tests were highly sensitive and specific, meaning that patients with an eventual 
relapse had positive detection of the cancer biomarkers whereas disease-free 
patients did not. These blood tests also rang a bell for future metastasis many months 
and in some cases several years before a cancer relapse was detected by imaging 
technologies, potentially giving additional time for treatment and hopefully a better 
outcome. 

Tumor-specific genomic markers of another type, point mutation, was used as 
surrogates of presence of cancer and to measure tumor content in Paper III and IV. 
Detection of point mutation is more prone to false positive results, and for this 
reason, we developed the IBSAFE mutation detection technology with improved 
sensitivity and specificity to meet the requirement. In Paper III, we investigated 
the general safety of mammography, a screening test given to women at certain risk 
of developing breast cancer, from the perspective of whether the mechanical 
compression of the breast involved causes the dissemination of tumor content into 
the bloodstream. The US FDA approved method CellSearch was used for counting 
the number of circulating tumor cells and IBSAFE was used for detection of tumor-
specific point mutations. We found that compression of the breast with a tumor 
during mammography does not cause a significantly elevated level of circulating 
tumor cells or circulating tumor DNA and therefore can be considered safe in this 
aspect. In Paper IV, we moved onto another type of cancer, acute myeloid leukemia 
(AML), and tried the IBSAFE method in detection of minimal residual disease 
(MRD) in AML patients. Lacking an identifiable solid tumor, surgery cannot be 
done on most AML patients, making eradication of all tumor cells extraordinarily 
difficult. MRD is the main readout of AML relapse, and existing methods of MRD 
detection all have their limitations. We demonstrated that IBSAFE can detect AML 
specific mutations in follow-up bone marrow samples with good sensitivity and 
specificity, and therefore shows promise in the detection of MRD in the clinical 
routine. 

We hope our knowledge of cancer biology will ever grow to help better treat the 
disease, and our mutation detection technology as well as future methods serving 
other scientific and clinical purposes will be useful in improving the outcomes and 
survival of patients with all forms of cancer. 
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Abbreviations 

  

ADC Antibody-drug conjugate 

AJCC American joint committee on cancer 

ALL Acute lymphocytic leukemia 

AML Acute myeloid leukemia 

APC Allophycocyanin 

ARMS Amplification refractory mutation system 

BCT Blood collection tube 

BY-SA Attribution-ShareAlike 
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CC Creative commons 
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CNA Circulating nucleic acid 

CNV Copy number variation 

COSMIC Catalogue of somatic mutations in cancer 
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CR Complete remission 

CT Computerized tomography 

CTC Circulating tumor cell 

ctDNA Circulating tumor DNA 

DAPI 4′,6-diamidino-2-phenylindole 

DCIS Ductal carcinoma in situ 

ddNTP Dideoxynucleoside triphosphate 

ddPCR Droplet digital PCR 

DF Disease-free 

DNA Deoxyribonucleic acid 

DNA-seq DNA sequencing 

dNTP Deoxynucleoside triphosphate, including 

dATP – Deoxyadenosine triphosphate 

dCTP – Deoxycytidine triphosphate 

dGTP – Deoxyguanosine triphosphate 

dTTP – Deoxythymidine triphosphate 

dUTP – Deoxyuridine triphosphate 

dPCR Digital PCR 

EDTA Ethylenediaminetetraacetic acid 

EGFR Epidermal growth factor receptor 

EM Eventual metastatic 

EpCAM Epithelial cell adhesion molecule 

ER Estrogen receptor 

EtBr Ethidium bromide 

FDA Food and drug administration 

FFPE Formalin-fixed paraffin-embedded 

FISH Fluorescence in situ hybridization 

FS Forward scatter 

GCO Global Cancer Observatory 
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HER2 Human epidermal growth factor receptor 2 

HLA Human leukocyte antigen 

HSC Hematopoietic stem cell 

HTS High-throughput sequencing, also known as 

 NGS – Next-generation sequencing 

 SGS – Second-generation sequencing 

 MPS – Massive(ly) parallel sequencing 

IDC - NOS Invasive ductal carcinoma - not otherwise specified 

IGV Integrative genomics viewer 

IHC Immunohistochemistry 

ILC Invasive lobular carcinoma 

Indel Short insertion or deletion 

ITD Internal tandem duplication 

LAIP Leukemia associated immunophenotype 

LCA Leukocyte common antigen 

LCIS Lobular carcinoma in situ 

LNA Locked nucleic acid 

LoB Limit of blank 

LoD Limit of detection 

LOH Loss of heterozygosity 

LoQ Limit of quantitation 

MDS Myelodysplastic syndrome 

MFC Multicolor flow cytometry 

MGB Minor groove binder 

MNC Mononuclear cell 

MRD Minimal/measurable residual disease 

MRI Magnetic resonance imaging 

mRNA Messenger RNA 

MSD Matched sibling donor 
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MUD Matched unrelated donor 

NEDD4 Neural precursor cell expressed, developmentally down-
regulated 4 

NFQ Nonfluorescent quencher 

NHG Nottingham histological grade 

NKI The Netherlands Cancer Institute 

PCR Polymerase chain reaction 

PD-1 Programmed cell death protein 1 

PD-L1 Programmed cell death ligand 1 

PE Phycoerythrin 

PET Positron emission tomography 

PI3K Phosphoinositide 3-kinase 

PIP2 Phosphatidylinositol (4,5)-biphosphate 

PIP3 Phosphatidylinositol (3,4,5)-triphosphate 

PMF Probability mass function 

PR or PgR Progesterone receptor 

PTEN Phosphatase and tensin homolog 

qPCR Quantitative PCR 

rcf Relative centrifugal force 

Real time RT-PCR 
or rRT-PCR 

Real time reverse transcription PCR 

RNA Ribonucleic acid 

RNA-seq RNA sequencing 

ROC Receiver operating characteristic 

RTK Receptor tyrosine kinase 

SBS Sequencing by synthesis 

SCAN-B Sweden Cancerome Analysis Network - Breast 

SCT Stem cell transplantation 

Allo-SCT – Allogeneic stem cell transplantation 

Auto-SCT - Autologous stem cell transplantation 
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SERM Selective estrogen receptor modulator 

SNV Single nucleotide variant 

SRA Sequence read archive 

SS Side scatter 

SV Structural variant 

TCGA The cancer genome atlas 

TGS Third generation sequencing 

TMA Tissue microarray 

TNBC Triple negative breast cancer 

TNM Tumor, node, metastasis staging system 

UDG Uracil-DNA glycosylase 

UICC Union for international cancer control 

UMI Unique molecular identifier 

VAF Variant allele frequency, also known as 

 MAF – Mutant allele frequency, in most cases 

WBC White blood cell 

WES Whole exome sequencing 

WGS Whole genome sequencing 

 

 

 

Names of genes are referred to by their gene symbols according to the HUGO 
Gene Nomenclature Committee (https://www.genenames.org). 
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Introduction 

Cancer is the common name given to a variety of biologically diverse malignant 
neoplastic diseases. The etymology of the word cancer in English dates to ancient 
Greek, in which the original word karkinos means crab and later tumor, for 
Hippocrates, “father of medicine”, and his peers noted the resemblance between the 
swollen veins of tumors and the many legs of the arthropod. When the Greek word 
morphed into its Latin cognate, cancer was coined [1]. As for in the Chinese 
language, it has been considered the past few decades that the character for cancer, 
癌 (ái), was a 19th century Japan-made kanji introduced back into Chinese, as a result 
of the language running out of existing words for new objects when Western texts 
of modern concepts were translated into the language en masse. Recently, however, 
classical Chinese literature scholars found that this word had actually been used in 
some 12th century traditional medicine notes, except it stood for another disease, 
probably abscess, and not cancer by today’s definition. 

Historical records and paleopathological archelogy have provided evidence that 
cancer has been plaguing all ethnicities since the dawn of human civilization [2-6]. 
In fact, cancer seems to be an exclusive disease for all vertebrate animals, as cancer 
cases (non-laboratory-induced) have been reported in almost all classes of the 
vertebrate subphylum except, perhaps, for amphibians, and no cancer disease entity 
has been observed in other living organisms [7]. 

As molecular genetics reveals, alterations in morphology, characteristics, and 
behavior of a cell, also known as phenotype, can often be directly attributable to 
alterations in its genetic material, also known as genotype, when the variable of 
environment remains the same. A large volume of studies have found strong 
correlations and/or causations between genetic mutations and cancer, such as 
BRCA1/BRCA2 mutations in hereditary breast cancer [8, 9], TP53 mutations in 
multiple cancer types [10], and BCR-ABL gene fusion, also known as the 
Philadelphia chromosome, in chronic myeloid leukemia (CML) [11], indicating 
cancer is a genetic disease [12]. Though functional studies are constantly being done 
to elucidate roles and regulation of genes in cellular information transduction 
cascades, called cell signaling pathways, and mechanisms underlying the 
interactions between different cell signaling pathways, called crosstalk, 
comprehensive analysis of individual cancer genomes has not been an easy task 
until early 2000’s, when the first drafts of human genome were assembled [13, 14]. 
With the advent of new technologies and accumulation of knowledge, Hanahan and 
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Weinberg summarized in 2000 [15] and 2011 [16] the commonalities of all cancers, 
which they called the hallmarks of cancer (Figure 1). These hallmarks enable the 
cell to circumvent growth control and programed death, become nutritionally self-
sufficient through sustained angiogenesis and thus achieve clonal immortality, 
evade the surveillance of the immune system, and eventually spread to nearby 
tissues through invasion, and to distant tissues through metastasis. 

Figure 1 Hallmarks of cancer and their example therapeutic agents 

From Hanahan, D. and Weinberg R.A., Hallmarks of cancer: the next generation. Cell, 2011. 
144(5): p. 646-74. Reprinted with permission from Elsevier Science & Technology Journals. 

Based on the cell types of origin, most cancers fit into one of the four major types: 
1) carcinoma, originating from epithelial cells lining the inner or outer surfaces of
the body; 2) sarcoma, originating from non-hematopoietic mesenchymal cells that
form the connective tissues; 3) leukemia, originating from hematopoietic cells that
mature in blood; and 4) lymphoma, originating from hematopoietic cells that mature
in the lymphatic system. Significant cancer types that do not fit into any of the four
major types above also exist, such melanoma of the skin, originating from
melanocytes, and glioblastoma with unknown cell of origin.
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Mutations in the cancer genome 
In a broad sense, all alterations in DNA sequence of the genome can be considered 
as a mutation. In this regard, mutations in cancer genome can be categorized in 
different ways as follows. 

Depending on the type of the cells harboring the mutation, mutations can be divided 
into 1) germline mutations, which are in reproductive cells that can be inherited 
from parents and/or passed on to descendants, and 2) somatic mutations, which are 
in non-reproductive cells, and often occur sporadically from DNA replication error, 
DNA repair defects, and/or mutagen inductions. 

Several germline mutations have been identified as strong hereditary cancer risk 
factors and drivers, for example, BRCA1 and BRCA2 mutations in hereditary breast 
cancer and ovarian cancer [8, 9, 17-20], MLH1, MSH2, MSH6, PMS2, and EPCAM 
mutations in hereditary nonpolyposis colorectal cancer (also known as Lynch 
syndrome) [21, 22], and TP53 mutations in Li-Fraumeni syndrome which increases 
the risk of developing multiple primary cancers [23, 24]. 

Nonhereditary cancers, which comprises the majority of cancer cases, are 
predominantly caused by somatic mutations acquired postnatally [25] and are also 
termed ‘sporadic’ cancers. As cancer cells develop into tumors by gaining selective 
growth advantage over normal cells, the somatic mutations contributing to this 
advantage are called “driver” mutations, and those that are effectively neutral are 
called “passenger” mutations. It has been estimated that passenger mutations out 
number driver mutations by several orders of magnitude in the course of tumor 
development and progression due to their relatively small impact on natural 
selection of the cancer cell population [26]; however, accumulation of passenger 
mutations may still contribute to cancer progression [27, 28]. Despite their relative 
contribution to carcinogenesis and cancer progression, both driver and passenger 
mutations can be used as tumor specific biomarkers for monitoring of tumor burden, 
detecting occult metastatic disease, measuring response to treatments, and 
quantifying minimal residual disease. 

From gene function point of view, there are 1) gain-of-function mutations, also 
known as activating mutations, and 2) loss-of-function mutations, also known as 
inactivating mutations. 

In cancer cells, gain-of-function mutations often occur in proto-oncogenes such as 
PIK3CA, AKT1, EGFR, KRAS, and BRAF, which, in normal physiological 
conditions, are responsible for cell growth, proliferation, or survival. When 
mutations that upregulate these functions occur in a proto-oncogene and the cell 
evades programed death (called apoptosis) the proto-oncogene turns into an 
oncogene, contributing to carcinogenesis [29]. 
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On the other hand, loss-of function mutations often occur in tumor suppressor genes 
such as TP53, PTEN, RB1, APC, and BCL2, which regulate the cell cycle at 
checkpoints, repair damaged DNA, or induce apoptosis [30]. As somatic cells are 
diploid, sporadic loss-of-function mutations only inactivate one allele of the gene, 
with the other allele’s function unaltered. Therefore, unlike gain-of-function 
mutations in oncogenes which lead to dominant traits, loss-of-function mutations in 
tumor suppressor genes are usually haploinsufficient, and often require deletion or 
mutation of the other allele for the phenotype to be altered. The deletion of the other 
allele and its surrounding region is called loss of heterozygosity (LOH), and LOH 
has been widely observed in breast cancer [31, 32], lung cancer [33, 34], leukemia 
[35], ovarian cancer [36], prostate cancer [37, 38], and gastric cancer [39]. LOH 
events also have been used to map the genomic locations of tumor suppressor genes 
[40-42]. 

From a genomic structure point of view, mutations occur at large and small genomic 
scales. Small-scaled mutations include 1) single nucleotide variants (SNVs), also 
known as point mutations, which substitutes one nucleotide with another, and 2) 
small insertions and deletions, also called indels, which insert or delete a short 
fragment of DNA, usually below 50 base pairs. Small-scaled mutations can happen 
at any genomic location. When occurring in regions translated into protein products, 
they are called coding mutations, otherwise they are non-coding mutations. For 
coding SNVs, the reading frame of the DNA always remains the same. Therefore, 
the SNVs that lead to an amino acid change in the protein product are called non-
synonymous SNVs, and those that do not change the amino acid are called 
synonymous SNVs, also known as silent SNVs or silent point mutations. Depending 
on what the original amino acid is changed to, non-synonymous SNVs can be 
further identified as missense or nonsense SNVs, with the former having a codon 
for an alternative amino acid created by the mutation, and the latter having a stop 
codon created, which truncates the protein product. For coding indels, not only is 
the amino acid sequence of the protein product changed, but also a shift in reading 
frame may happen when the number of inserted or deleted nucleotide is not a 
multiple of three (number of nucleotides in a codon). Therefore, when the number 
of bases inserted or deleted is divisible by 3, the indel is an in-frame insertion or 
deletion, otherwise it is a frameshift insertion or deletion. In-frame small indels lead 
to insertion or deletion of a certain number of amino acids in the protein product of 
the gene, resulting in a relatively mild alteration of the protein function, whereas 
frameshift small indels change all the amino acids after them, and usually introduce 
a stop codon, causing a premature termination of the protein product and typically 
a devastating change in the protein’s function. Several small-scaled mutation events 
of different types can happen at the same locus, resulting in complex mutations. 
Many somatic SNVs and small indels have been repeatedly found in different types 
of cancer, and online databases like Catalogue Of Somatic Mutations In Cancer 
(COSMIC) have been established as a resource for future cancer research [43]. 
Although DNA sequence alterations in coding regions of the genome directly 
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translate into altered protein products, transcription of DNA into mRNA and 
translation of mRNA into protein are regulated by a complex web of mechanisms. 
Non-coding mutations in, for example, cis- and trans- regulatory elements and 
microRNA loci may be critical drivers in various cancer types [44-46]. 

Large-scaled mutations can occur across distant genomic regions. Chromosomal 
rearrangements, a major type of structural variant (SV), are typical large-scale 
mutations. In sequencing data, by inspecting the junction sequences, chromosomal 
rearrangements can be stratified into inter-chromosomal rearrangements, wherein 
the two ends of the junction map to different chromosomes, and intra-chromosomal 
rearrangements, where both sides of the junction map to the same chromosome. 
Within the group of intra-chromosomal rearrangements, after aligned to the 
reference genome, if the split reads from a sequencing read pair point to each other, 
it is a deletion, and if both reads point the same direction, it is an inversion. When 
the reads point away from each other, an insertion or duplication could have 
happened, but without a whole picture of the consecutive up and downstream DNA 
sequence, the exact type of the rearrangement remains uncertain. Chromosomal 
rearrangements could cause copy number variation (CNV) and gene fusion. CNVs 
arise as a result of nonreciprocal chromosomal rearrangement, whereas when the 
two chromosomal segments involved in the rearrangement simply swap their 
positions, the event is reciprocal, and each rearranged locus is copy number neutral. 
Gene fusion forms when parts of two protein coding genes are spliced together and 
a chimeric protein is synthesized. Both copy number variation [47-50] and gene 
fusion [51, 52] can have deleterious effects in cancer. Other types of chromosomal 
aberrations that can be spotted with cytogenetics methods or sequencing include 
aneuploidy, where an entire chromosome is present at an abnormal number, 
isochromosome, where one part of a chromosome is lost while the rest part is copied 
as a mirror image, ring chromosome, where the two ends of a chromosome fuse to 
form a ring, etc. Together with SNVs and small indels, chromosomal 
rearrangements can often be passenger events, but can also be drivers that initiate 
the development of cancer and its progression [53-56]. 

In addition to mutations in the genome, abnormal phenotypes can also pass through 
cancer cell generations without changes in DNA sequence. These are studied by 
cancer epigenetics. Epigenetic mechanisms contributing to the change of phenotype 
in cancer cells include methylation in gene regulatory regions, histone 
modifications, effects of miRNA in sequestering or inhibiting transcripts, mRNA 
trans-splicing, post-transcriptional modifications of the mRNA, and post-
translational modification of the protein [57-59]. 

By definition, mutations are classified as ‘somatic’ if they are only found in the 
cancer cell genome but not the normal cell genome of the patient, and thus can be 
used as tumor-specific biomarkers to monitor the progression of the tumor. 
Ultrasensitive molecular monitoring of tumor-specific mutations of different types 
was performed in Papers II, III, and IV. 
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Breast cancer 
Though men could also develop breast cancer, ~99% of breast cancer cases are 
diagnosed in women [60]. Despite the nearly exclusive presence in women, breast 
cancer is still the most diagnosed cancer globally. According to the Global Cancer 
Observatory (GCO), in 2020 an estimated 2.3 million new breast cancer cases were 
diagnosed in women, accounting for 11.7% of all cancer cases in both men and 
women. Not only does breast cancer lead in cancer incidence, but also it is the 
leading cause of cancer mortality in women, with 685,000 women estimated to have 
died from the disease in 2020 worldwide. The total mortality of breast cancer is only 
surpassed by that of lung cancer, liver cancer, stomach cancer, and colorectal cancer 
[61]. In Sweden, according to the Swedish National Board of Health and Welfare, 
Socialstyrelsen, the incidence of breast cancer in the country was over 150 per 
100,000 women per year in 2019, with 8,288 new cases and 1,353 deaths registered 
[62]. This incidence means that about 1 in 8 women on average is expected to 
develop breast cancer in her lifetime in Sweden, which is similar to the rate in most 
Western countries. 

Risk factors 
The development of breast cancer is influenced by a combination of intrinsic and 
extrinsic reasons known as risk factors. Intrinsic risk factors are inherent to 
individuals at a given time point, whereas extrinsic risk factors are from outside the 
body and generally are modifiable during one’s lifetime. 

Aside from being born as a woman, age is one of the most major intrinsic risk factors 
for breast cancer. As mutations rising from DNA replication error accumulate over 
time, the likelihood for some cells to gain selective advantage and become 
malignant is proportional to the person’s age. This theory is corroborated by the 
observation that the probability of developing breast cancer in women < 49 years 
old was 2% in the United States between 2013 and 2015, as opposed to 6.7% in 
women ≥ 70 years old [63]. Another intrinsic risk factor, at least in the US, is related 
to ethnicity, although this may be confounded by socioeconomic factors. Non-
Hispanic white women are most have the highest incidence (130.1 per 100,000) 
followed by black (126.5), while the mortality rate in black people (28.9 per 
100,000) is much higher than all other ethnic groups [63]. Family history is also a 
very strong intrinsic risk factor. About 13-16% of breast cancer patients have a first-
degree female relative with breast cancer. The risk for a woman to develop breast 
cancer, when she has 1, 2, and 3 or more first-degree female relatives diagnosed 
with the disease, is 1.80, 2.93, and 3.90 times as high as that for a woman who does 
not have such relatives [64]. About 20% of hereditary breast cancers are believed to 
be directly caused by high-risk germline mutations in BRCA1 or BRCA2. Germline 
mutations in other genes such as PTEN, TP53, STK11, CHEK2, ATM, BRIP1, and 
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PALB2 have also been found in a significant number of familial breast cancer cases. 
Genetic testing of BRCA1/2 may be offered to higher-risk individuals according to 
different screening criteria per country [65]. Intrinsic reproductive factors such as 
early menarche, late menopause, late first pregnancy, and low parity can also 
increase the risk for breast cancer [66]. 

Extrinsic risk factors include 1) lifestyle-related risk factors, such as obesity, alcohol 
consumption, active and passive smoking, dietary consumption of meat, lack of 
physical exercise, lack of vitamin D intake; 2) hormonal factors, such as hormonal 
contraception and postmenopausal hormone replacement therapy; 3) environmental 
factors, such as air pollution and ionizing radiation; and 4) other factors, such as 
being diabetic and poor socioeconomic status [67]. 

Diagnosis 
Screening for breast cancer is done with mammography, a low dose X-ray test to 
examine the breast tissues. In Sweden, women between 40 and 74 years old are 
offered mammography exams about once every other year [68]. The aim of the 
screening is to find early onset of breast cancer, so that further diagnostic tests and 
potential treatments could start as soon as possible to improve the outcome. 
However, it has been debated that many in situ carcinomas or other types of breast 
abnormalities may never develop into invasive cancers, and thus the benefit of early 
detection of breast cancer by mammography may be offset by the detrimental effect 
from overtreatment caused by false positive results and treatment of harmless 
lesions [69-71]. Other than screening, when a woman is aware of signs or symptoms 
of breast cancer, for example from self breast exam, she may turn to a doctor for 
diagnostic tests. Depending on the clinical situation, imaging studies of the breast 
are performed, such as ultrasound, magnetic resonance imaging (MRI), 
computerized tomography (CT) scans, and positron emission tomography (PET) 
scans. In addition, if a suspicious area is spotted during imaging, a small piece of 
the specimen may be removed from the site via a process called core needle biopsy. 
The specimen can be histopathologically examined and/or molecularly tested to 
give a definitive diagnosis of breast cancer. 

Histopathology 
Illustrated in Figure 2, the human female breast is mainly made up of glandular 
tissue (the lobules and the duct) and supportive tissue (fatty tissue that supports the 
structure). The glandular tissue with an epithelial origin is where breast cancers 
predominantly develop, therefore, most breast cancers are carcinomas. Depending 
on whether the disease is localized or has invaded into nearby tissues, the 
carcinomas can be divided into carcinoma in situ, comprising 15-30% of all breast 
carcinomas, or invasive carcinoma, comprising the rest 70-85%. Carcinoma in situ 
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consists of ductal carcinoma in situ (DCIS, ~80%) and lobular carcinoma in situ 
(LCIS, ~20%) [72]. Since the malignancy is localized, in situ carcinomas are often 
regarded as benign, but studies have shown that they can increase the risk of future 
invasive carcinomas, and therefore follow-up care and/or localized treatment may 
be advisable for patients diagnosed with these lesions [73-75]. Within invasive 
carcinoma, ~80% are invasive ductal carcinoma (IDC) of not otherwise specified 
(NOS) type and ~10% are invasive lobular carcinoma (ILC). The remaining 
invasive carcinomas include more rare forms, such as tubular, cribriform, 
medullary, mucinous, papillary or micropapillary carcinomas [76]. 

Figure 2 Anatomy of the human female breast. 1. Chest wall, 2. Pectoralis muscles, 3. Lobules, 4. 
Nipple, 5. Areola, 6. Lactiferous duct, 7. Fatty tissue, 8. Skin 

From https://commons.wikimedia.org/wiki/File:Breast_anatomy_normal_scheme.png CC BY-SA 3.0 

Tissue biomarker status and breast cancer classification 
Breast cancer is a heterogenous disease with diverse biology. Robust classification 
of breast cancer has prognostic and predicative value and guides patient decision 
making and the selection of treatment strategies. 
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Certain cell surface receptors and nuclear proteins dictate the behavior of tumor 
cells to a great extent. Routinely examined cell surface markers are estrogen 
receptor, progesterone receptor, and human epidermal growth factor receptor 2. 
Estrogen receptor (ER), encoded by the ESR1 gene, and progesterone receptor (PgR 
or PR), encoded by the PGR gene, are hormone receptors and are major drivers of 
breast cancer cell survival and proliferation. Human epidermal growth factor 
receptor 2 (HER2), encoded by ERBB2 gene, is a receptor tyrosine kinase, which 
dimerizes with other epidermal growth factor receptors upon binding of a ligand, 
switching on the downstream proliferation and cell growth signaling transduction. 
In recent years, the nuclear protein Ki-67, encoded by the MKI67 gene, is routinely 
analyzed as a surrogate marker of cell proliferation [77, 78]. The statuses of these 
markers are used to dictate treatment, for example to endocrine regimens such as 
tamoxifen for ER-positive disease, and targeted treatments such as trastuzumab for 
HER2-posistive disease. The laboratory method predominantly used to determine 
the status of these markers is immunohistochemistry (IHC) staining, detailed in the 
Methods section. 

Based on the status of these markers, breast cancers can be classified into four major 
subtypes: 1) the luminal A subtype (ER+ and/or PR+, HER2- and Ki-67 low), 2) the 
luminal B subtype (ER+ and/or PR+, HER2+ and/or Ki-67 high), 3) the HER2-
positive subtype (ER-, PR-, and HER2+), and 4) the triple negative breast cancer 
(TNBC) subtype (ER-, PR-, and HER2-) [79], each corresponding to different 
treatment options and prognosis. 

In addition to subtyping, breast cancers are graded and staged. 

Grading describes how morphologically similar the tumor cells are to normal cells. 
The most commonly used breast cancer grading system is the Nottingham 
Histological Grade (NHG), modified from the Scarff-Bloom-Richardson system 
[80]. Scores from 1 to 3 are given by pathologists to three categories: tubule 
formation, nuclear pleomorphism, and mitotic activity. Grade I are assigned to 
tumors with a total score between 3 and 5, Grade II to 6-7 scored tumors and Grade 
III to 8-9 scored tumors. The Grade I, II, and III tumors are also known as well 
differentiated, moderately differentiated, and poorly differentiated breast tumors, 
and increasing grade is strongly associated to worse prognosis. 

Staging describes how advanced the disease is. Breast cancer stages are evaluated 
using a so-called TNM scale, where the T stands for tumor size, N stands for lymph 
nodes, and M stands for distant metastasis. The TNM staging system is proposed by 
the Union for International Cancer Control (UICC) and the American Joint 
Committee on Cancer (AJCC). Scores for each category and their conversion into 
stages I to IV are shown in Table 1. Similar to grade, increasing stage is strongly 
associated to worse prognosis. 

Gene expression measured by DNA microarray and sequencing in the past two 
decades has enabled a modern molecular classification of breast cancers. For 
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example, by unsupervised hierarchical clustering on global gene expression profile, 
intrinsic subtypes of luminal A, luminal B, ERBB2+, basal-like, and normal-like 
subtypes were identified and associated with different outcomes [81, 82]. The 
histologic status of ER, PR, HER2, Ki-67 could also be accurately reproduced by 
measuring the expression levels of their coding genes ESR1, PGR, ERBB2, and 
MKI67 from RNA-seq results [83]. Since many hospitals do not have access to gene 
expression profiling, the IHC surrogates for the molecular subtypes were developed 
(as described above). 

Table 1. TNM staging of breast cancer 
Stage TMN score Interpretation 
0 Tis B0 M0 Pre-invasive stage 

I 

T1 N0 M0 

Low stage T0 N1mi M0 
T1 N1mi M0 

II 

T0 N1 M0 

Intermediate stage 

T1 N1 M0 
T2 N0 M0 
T2 N1 M0 
T3 N0 M0 

III 

T0 N2 M0 

High stage 

T1 N2 M0 
T2 N2 M0 
T3 N1 M0 
T3 N2 M0 
T4 N0 M0 
T4 N2 M0 
Any T N3 M0 

IV Any T Any N M1 Metastatic stage 

Treatment 
Local and systemic treatment options are available for breast cancer. The primary 
local treatment is surgery, including 1) removal of the primary tumor and its 
surrounding normal tissue while keeping the rest of the breast intact, called 
lumpectomy, and 2) removal of the entire breast, called mastectomy. It is worth 
noting that prophylactic mastectomy could also be electively performed on women 
with a family history and confirmed to be a carrier of a BRCA1/BRCA2 mutation, in 
order to reduce the risk of developing breast cancer in the future. Depending on 
characteristics of the tumor, drugs can be administered before the surgery to shrink 
the tumor in size, or after the surgery to cleanse any remnant of the tumor. These 
therapeutic options are called neoadjuvant therapy and adjuvant therapy, 
respectively. Another local treatment option is radiation therapy, which utilizes 
ionizing radiation on the primary cancer site to kill any remnant tumor cells. 
Radiation therapy is often given to women after lumpectomy but not mastectomy. 
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Conventional systemic treatments include 1) chemotherapy, 2) hormone therapy, 
also known as endocrine therapy, and 3) targeted therapy. All these therapies 
involve anti-cancer pharmaceuticals delivered, in most cases, intravenously, but 
they function with different mechanisms. Chemotherapy, nowadays, specifically 
means the use of non-specific intracellular cytotoxic agents that produce severe 
DNA damage, impede DNA/RNA synthesis, or thwart formation of microtubules, 
thereby killing cells which are highly proliferative. Doxorubicin, epirubicin, 
paclitaxel, docetaxel, 5-fluorouracil, cyclophosphamide, and carboplatin, are 
common chemotherapy drugs used to treat breast cancer. Hormone therapy, on the 
other hand, is used for tumors that express ER and consists of full or partial hormone 
receptor antagonists to block the response and activity of the hormone receptors. 
Selective estrogen receptor modulators (SERMs) such as tamoxifen, raloxifene, and 
toremifene are hormone therapy agents commonly administered in breast cancer 
patients. As for targeted therapy, rather than simply interacting with rapidly 
proliferating cells, the agents target molecules that are specific to the tumor cells, 
paralyzing their growth and proliferation while having relatively low effect against 
normal cells. A frequently used targeted therapy agent is trastuzumab, a monoclonal 
antibody that binds to HER2 and induces internalization and recycling of the 
receptor, reducing cell growth and proliferation triggered by HER2’s hetero-
dimerization. Cyclin-dependent kinases (CDKs) are catalytic subunits of protein 
kinase complexes responsible for regulation of cell cycle and are often overactivated 
in certain subtypes of breast cancer, resulting in cell proliferation and tumor 
progression [84]. CDK4/6 inhibitors such as palbociclib, ribociclib (US FDA 
approved for treatment of ER+/HER2- advanced breast cancer), and abemaciclib 
have gone through stages of clinical trials and been used, to different extents, as 
targeted therapy agents in recent years [85-87]. As TNBC does not express the 
hormone receptors nor HER2, nonspecific chemotherapy was conventionally one of 
the few pharmacotherapy options left for this subtype of breast cancer. 

It is worth mentioning that cancer cell phenotypes are subject to change, so that 
tumors once susceptible to certain pharmaceuticals may become insensitive after a 
period of treatment. This phenomenon is called drug resistance. Recently, 
immunotherapy has become another promising option for treatment of breast 
cancer, especially TNBC. The programmed cell death protein 1 (PD-1, encoded by 
PDCD1) and its ligand (PD-L1, encoded by CD274) function as suppressors of the 
adaptive immune system in physiological conditions, and are upregulated in certain 
cancers so that the tumor cells can evade anti-tumor immunity [88, 89]. Blockade 
of PD-1 by pembrolizumab, a humanized monoclonal antibody, has been shown to 
be an effective immunotherapy option for advanced melanoma [90, 91], metastatic 
lung cancer [92-94], and advanced urothelial cancer [95]. Clinical trials evaluating 
the efficacy of pembrolizumab in TNBC [96, 97] as well as other anti-PD-1 
antibodies have been committed [98-100]. Not only could pharmacotherapies be 
administered independently, but also multiple pharmaceuticals may work 
synergistically. Combined administration of drugs with synergy can significantly 
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reduce the effective dose to minimize side effects, avoid or postpone drug resistance, 
and maximize treatment response. 

Due to the screening options and generally early diagnosis, comprehensive 
classification systems, and advanced treatment options, the overall 5-year survival 
rate of breast cancer, with all stages combined, is outstanding at 90% in the United 
States between 2008 and 2014 [63]. However, despite this high 5-year survival, it is 
less appreciated that breast cancer can have late relapses that occur as late as 15-20 
years after diagnosis; and metastatic disease is essentially incurable [101-104]. On 
the other hand, overdiagnosis and overtreatment are also significant in breast cancer, 
bringing treatment side-effects and unnecessary anxiety to patients [105, 106]. 
Robust surveillance methods to monitor the occult tumor burden, or the lack of it, 
therefore, is highly desirable for improvement of clinical management and outcome 
of breast cancer. 

Minimally-invasive liquid biopsy 
One way to detect the occult tumor burden, which may be too small to be detected 
by imaging technologies, is to look for cancer biomarkers in the blood circulation 
using a minimally-invasive “liquid biopsy”. Samples of 10-20 mL of whole blood 
may be taken during follow-up visits for testing. 

A class of protein biomarkers known as cancer antigens (CAs) can be examined in 
the blood samples. Particularly, CA 125 is recognized as an ovarian cancer specific 
biomarker, whose serum concentration is elevated with an increased ovarian cancer 
burden [107]. Alongside other serum antigens, the diagnostic value of CA 125 has 
also been evaluated in metastatic breast cancer, and correlations were observed 
between elevated concentrations of one or several of the cancer antigens in serum 
and breast cancer metastasized to different body locations [108]. Other cancer 
antigens such as CA 15-3 and carcinoembryonic antigen (CEA) have been proposed 
as prognostic markers for primary, and monitoring markers for metastatic breast 
cancers [109-111]. However, the sensitivity and specificity of CA testing as a 
surrogate for occult tumor burden is generally poor, in that not only different 
individuals have different baseline CA levels, but also lots of other physiological 
and pathological processes can cause fluctuation and alteration of CA levels [112]. 

Circulation tumor cell (CTC) is another liquid biopsy cancer biomarker. A widely 
recognized model of distant metastasis proposes that tumor cells from the primary 
tumor invade and disrupt the basement membrane, and can extravasate and travel to 
and colonize a distant body tissue via blood and/or lymphatic vessels, adapt to the 
local microenvironment, and eventually form a metastatic tumor [113, 114]. CTC 
concentration in peripheral blood may have prognostic value in primary [115-117] 
and metastatic breast cancer [118], and clusters of CTCs, rather than single CTCs, 
were found to be a major predicator of a potential metastatic disease [119]. One 
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method to enumerate CTCs have been established and validated for clinical use, 
notably the CellSearch® system approved by the US Food and Drug Administration 
(FDA) [120], detailed in the Methods section. To date, though, detection of CTCs 
in early-stage breast cancer remains a challenge, in that either no tumor cell is 
disseminated to the circulatory system, or that the number of CTC can be so low per 
volume of blood that they are simply not sampled due to sampling error [121]. The 
inability to sample rare CTCs may be alleviated to some extent by drawing the blood 
not from a vein in the arm, but from the superior vena cava via, for example, a 
central venous portal [122], but this practice increases inconveniency in many cases, 
and the degree of improvement in CTC counts can be marginal. Moreover, an 
increased CTC count may not necessarily indicate a progression or cellular relapse 
of the cancer but may attribute to mechanical pressure from clinical interventions 
such as surgery [123-127]. The robustness of CTC being a routinely monitored 
liquid biopsy cancer biomarker has not improved in recent years and the use of CTC 
enumeration in the clinic is relatively low [128, 129]. 

Circulating tumor DNA (ctDNA) is circulating cell-free DNA (cfDNA or ccfDNA) 
that originates from a tumor cell. cfDNA arises from a number of sources including 
cell apoptosis and spontaneous active DNA release [130], and in a cancer patient, 
ctDNA usually comprises a small fraction of total cfDNA [131]. In addition to its 
low relative abundance, ctDNA seems to be more fragmented than normal cfDNA, 
with average fragment sizes at ~140 bp vs 167 bp, respectively [132]. Although total 
cfDNA level might be correlated to tumor burden of the patient [133], it may only 
be considered as a risk factor, but not a diagnostic or prognostic marker in that it 
lacks specificity. In contrast, ctDNA is highly specific to the tumor, suitable to be 
used as a personalized tumor biomarker, but robust detection of ctDNA was not 
attainable for long time until high throughput sequencing technology and 
polymerase chain reaction (PCR) assays with good analytical performance were 
developed. As a tumor cell genome retains much of the normal cell genome, most 
cfDNA originating from tumor cells cannot be easily differentiated from that from 
normal cells. One identifiable manifestation of ctDNA is somatic mutations specific 
to the tumor genome. For example, the somatic mutation profile of a tumor can be 
established by sequencing the primary tumor, and assays targeting these mutations 
can be applied in cfDNA samples to detect the presence and quantity of ctDNA. 
Both small-scaled mutations such as SNVs and small indels and large-scaled 
mutations such as chromosomal rearrangements have been successfully detected in 
follow-up liquid biopsy samples in different types of cancers using deep sequencing 
or PCR-based methods, and the dynamics of ctDNA was shown to be correlated to 
outcome and/or relapse in these studies [134-139]. Measurements of ctDNA using 
chromosomal rearrangements in Paper II, and as SNVs in Paper III were performed 
in this thesis, in order to evaluate the feasibility and clinical value of serial 
monitoring of ctDNA in early stage breast cancer, and the safety of mammography 
from the perspective of tumor cell dissemination into the bloodstream. 
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PI3K/PTEN signaling pathway 
Tumor cells have abnormal phenotype and behavior. In normal circumstances, cells 
are programed to respond to extracellular molecules, ligands, via transmembrane 
receptor proteins. When ligands bind to their corresponding receptors, a cascade of 
biochemical reactions happen in the cytoplasm and the nucleus, changing the 
expression of a certain collection of genes and subsequently the cell behavior. These 
signal transduction cascades are called cell signaling pathways. Deregulation of cell 
signaling pathways are frequently observed in cancer cells and impart selective 
advantages and promote their progression into malignant cells. 

The PI3K/PTEN signaling pathway, illustrated in Figure 3, is an evolutionarily 
conserved pathway regulating a variety of processes in normal cells, including 
metabolism, survival, proliferation, apoptosis, growth, and migration [140], and one 
of the most frequently hyperactivated pathways in breast cancer and other cancer 
types [141]. 

Figure 3 The PI3K/PTEN signaling pathway 

From Janku, F., Yap T.A. and Meric-Bernstam F., Targeting the PI3K pathway in cancer: are 
we making headway? Nat Rev Clin Oncol. 2018. 15: p. 273-91. Reprinted with permission 
from Springer Nature.
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When extracellular growth factors or insulin are presented to receptor tyrosine 
kinases (RTKs) on the cell surface, the receptors are dimerized and cross 
phosphorylate each other leading to activation. The activated RTKs recruit 
phosphoinositide 3-kinase, (also known as phosphatidylinositol 3-kinase, PI3 
kinase, or PI3K) to the cell membrane, phosphorylates and activates it. The activated 
PI3K then catalyzes the reaction to turn phosphatidylinositol (4,5)-biphosphate 
(PIP2) into phosphatidylinositol (3,4,5)-triphosphate (PIP3). Increased levels of 
PIP3 then recruits the serine/threonine kinase AKT to the plasma membrane, where 
it is activated by a variety of other kinases such as the mammalian target of 
rapamycin (mTOR). The activated AKT, in turn, phosphorylates a spectrum of 
substrates, leading to oncogenic behaviors of the cell. Acting in opposition to PI3K, 
the phosphatase and tensin homolog (PTEN) tumor suppressor gene catalyzes the 
precise opposite reaction to dephosphorylate PIP3 back into PIP2, thus acting as a 
negative regulator of the signaling pathway. As the catalytic subunit of PI3K, called 
p110alpha, is encoded by the oncogene PIK3CA, and the PTEN phosphatase by the 
tumor suppressor gene PTEN, it is conceivable that aberrations in these two genes 
are likely to have direct impact on carcinogenesis and tumor progression. In fact, 
mutations in PIK3CA are observed in nearly 30% of breast cancer cases (using 
standard methods with standard sensitivity), and a large fraction of them happen at 
glutamic acid residue 542 and glutamic acid 545 within the helical domain, or at 
histidine 1047 within the kinase domain of the gene [142]. As for PTEN, the 
mutation rate in breast cancer is much lower, at about 5%, however the expression 
of the gene and protein product is also down regulated in about 25% of cases [143-
145]. Interestingly, PTEN loss is essentially mutual exclusive with PIK3CA 
mutations in breast cancer, suggesting the reciprocal driving role of PIK3CA 
mutations or PTEN protein loss in promoting tumorigenesis [144]. Mutant PIK3CA 
is associated to resistance to HER2 targeted treatments [146], and PIK3CA 
inhibitors, have been assessed and in the case of alpelisib, approved, for the 
treatment of PIK3CA-mutated, hormone receptor-positive advanced breast cancer 
patients [147, 148]. Mutations in PTEN or PTEN protein loss are usually indicators 
of poor prognosis in breast cancers [145], and they are associated with resistance to 
trastuzumab treatment [149]. 

The mechanism of PTEN protein loss remains understudied. One mechanism is 
PTEN gene disruption, particularly in some basal-like breast cancers associated with 
BRCA1 mutation [150]. Another common mechanism is cellular protein 
degradation, proteolysis, mediated by the addition of a chain of small proteins, 
known as ubiquitin, to the target protein. This process is called polyubiquitination 
and is catalyzed by E3 ubiquitin ligases specific to the target protein. It was 
proposed that the neural precursor cell expressed, developmentally down-regulated 
4 (NEDD4) protein is the E3 ubiquitin ligase of the PTEN protein, responsible for 
polyubiquitination and downregulation of PTEN protein in mouse prostate and 
human bladder cancer models [151]. This theory of PTEN protein degradation by 
NEDD4-mediated polyubiquitination was corroborated by observations in axon 
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branching [152, 153], T-cell activation [154], keloid formation [155], and insulin-
mediated glucose metabolism [156], and NEDD4 and PTEN expression levels were 
inversely correlated human non-small cell lung cancer [157] and colon cancer [158] 
cohorts. However, several reports present data which do not support this mechanism 
for PTEN protein degradation by NEDD4 [159-163]. Understanding the biology 
behind PTEN protein loss in breast cancer may establish new breast cancer 
biomarkers and help clinicians make better decisions in management of the disease. 

It is worth noting that tumor cell behavior is not regulated just by a few critical genes 
or signaling pathways, but rather by a complex network of them. Genes may play 
different roles in different pathways, and different pathways may act independently 
or cooperatively, the latter called signaling pathway crosstalk. For example, in 
addition to its cytoplasmic phosphatase activity, the PTEN protein was also found 
in the cell nucleus, contributing to stabilization of the genome [159, 164], and an 
elongated version of PTEN protein, known as PTEN-long, was reported to be 
secreted from cells in exosomes, and may inhibit the PI3K/PTEN signaling pathway 
in a paracrine-like fashion [165]. Overexpression of the RTK epidermal growth 
factor receptor (EGFR) was found to strongly correlate to PTEN protein loss in 
basal-like breast cancers, suggesting the coadministration of EGFR and PI3K 
inhibitors in this subtype may be a viable treatment strategy in the future [166]. 
Moreover, though both being well-established tumor suppressors, high PTEN 
expression was reported to be a negative prognostic marker in advanced local breast 
cancers with wild-type TP53, and the biological reason was not fully understood 
[167]. 

Acute myeloid leukemia (AML) 
Leukemia refers to a group of blood cancer that affects white blood cells (WBCs), 
known as the leukocytes, and their progenitors, called blasts, in the bone marrow. It 
was estimated that in 2020, nearly half a million people were diagnosed with 
leukemia, and more than 300,000 patients died from it around the world [61]. 
Leukemia can be divided into four major types, given in Table 2, based on the type 
of blasts of origin and rapidness of disease development. These four major types of 
leukemia account for ~92% of all leukemias in the United States in 2019 [63].  

Table 2. Major types of leukemia 
Hematopoieitic 
lineage 

Acute Chronic 

Myeloid Acute myeloid leukemia (AML) Chronic myeloid leukemia (CML) 

Lymphocytic Acute lymphocytic leukemia 
(ALL) 

Chronic lymphocytic leukemia 
(CLL) 
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As depicted in Figure 4, the process of blood cell formation, called hematopoiesis, 
produces functional blood cells from hematopoietic stems cells and precursor blasts 
in the bone marrow of an adult, and releases them into peripheral blood and the 
lymphatic system. Specifically, myeloblasts differentiate into WBCs in peripheral 
blood, including basophils, neutrophils, eosinophils, and monocytes. Acute myeloid 
leukemia (AML) is the malignancy of bone marrow descendants of the common 
myeloid progenitor cells, which releases immature blasts into peripheral blood 
instead of functional leukocytes, sabotaging the normal blood cell function. AML 
is the most frequently diagnosed type of leukemia among the four, with an estimate 
of 21,450 cases diagnosed in the US in 2019 (~38% of the four major types 
combined, or 35% of all types of leukemia). AML is primarily diagnosed in late 
adulthood with a median age of over 65 years at first diagnosis [62, 63, 168, 169]. 
The prognosis of AML, especially in older patients, is poor, with more than half of 
the older patients succumbing within 2 months after diagnosis, and the median 
survival is only about 6 months [170]. 

Figure 4 Schematic of hematopoiesis 

From https://commons.wikimedia.org/wiki/File:Hematopoiesis_(human)_diagram_en.svg CC BY-SA 3.0. 
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The cause of AML is not well understood. However, a range of risk factors 
contributing to the disease have been identified, including 1) genetic disorders of 
Down syndrome, Fanconi anemia, and Li-Fraumeni syndrome, 2) exposure to 
physical and chemical carcinogens of benzene, pesticides, cigarette smoking, and 
herbicides, 3) exposure to therapeutic and non-therapeutic radiation, and 4) previous 
chemotherapy [171]. As an individual is aging, somatic mutations in driver genes 
of leukemia, such as DNMT3A, TET2, AXL1, and others. accumulate in the 
hematopoietic stem cells (HSCs), causing HSCs harboring such mutations to have 
a selective advantage over other HSCs, and thus most of the mature leukocytes are 
differentiated from these preleukemic HSCs. This is called clonal hematopoiesis 
and is a preceding clinicopathological event of the genesis of leukemia [172, 173]. 

Diagnosis 
There is no screening test for AML. When individuals show symptoms such as 
bruising, bleeding, fever, fatigue, pain in bone, joint, and/or muscle, they may be 
referred for further workup and diagnostic testing for AML. Peripheral blood, 
potentially followed by a bone marrow specimen, is sampled and tested for 
diagnosis of AML. A complete blood count (CBC) and/or a peripheral blood smear 
is performed, with the former showing reduced number of red blood cells and the 
latter showing poorly differentiated leukemic blasts in the peripheral blood. If the 
blood test shows a sign of leukemia, a bone marrow specimen will be obtained 
through aspiration or core biopsy from, in most cases, the pelvis of the patient for 
definitive diagnosis. Myeloblasts within the bone marrow cell population are to be 
identified, morphologically evaluated (whether the blasts are from the myeloid or 
the lymphoid lineage), and counted by hematopathologists, and a ≥ 20% presence 
of blasts is sufficient for diagnosis. Due to their distinct prognoses, AML needs to 
be further distinguished from acute lymphocytic leukemia (ALL) and 
myelodysplastic syndrome (MDS) by hematopathological evaluation [174]. In 
addition to microscopic check of the bone marrow smear, chromosomal aberration 
can be karyotyped by fluorescence in situ hybridization (FISH) and characteristic 
cell surface markers can be checked with multicolor flow cytometry (MFC) to 
diagnose with leukemia even if the blasts are < 20%. Recently, molecular methods 
such as sequencing, quantitative polymerase chain reaction (qPCR), and digital PCR 
(dPCR) have been added to the toolkit for diagnosis of AML. 

Treatment 
Since AML is a “liquid cancer” in which a solid mass is usually absent (except for 
myeloid sarcoma, a rare extramedullary solid manifestation of myeloid leukemia 
formed from myeloblasts [175]), surgery is not a treatment option. Treatment of 
AML is divided into two phases: 1) the induction phase, aiming to kill as many 



33 

leukemic blasts as possible, and 2) the consolidation phase, also known as the post-
remission phase, aiming to eliminate or keep the leukemic blasts population as small 
as possible and prevent relapse. 

Chemotherapy is the primary treatment of the induction phase, and a cocktail of 
multiple drugs are often co-administered. Commonly used chemotherapy drugs 
include anthracyclines such as doxorubicin, daunorubicin, and idarubicin, small 
molecules such as midostaurin, venetoclax, glasdegib, and ivosidenib, and antibody-
drug conjugate (ADC) such as gemtuzumab ozogamicin. In fact, daunorubicin and 
cytarabine mixed with a molar ratio 1:5 have been commercialized as Vyxeos, and 
approved by US FDA for treatment of high-risk AML [175]. 

Most AMLs are going to relapse after induction, if no further clinical intervention 
is given even when complete remission (CR) is achieved [174, 176]; therefore, 
consolidation treatments are highly necessary. In the consolidation phase, intensive 
chemotherapy, similar to that used in the induction phase, and/or hematopoietic 
stem cell transplantation (SCT) are administered. SCT intends to restore the 
hematopoietic system within the bone marrow, after the existing system, containing 
both leukemic and healthy blasts, is eradicated by intensive chemotherapy. Two 
types of SCT are available: 1) allogeneic SCT (allo-SCT), using hematopoietic stem 
cells from a healthy donor, and 2) autologous SCT (auto-SCT), using hematopoietic 
stem cells from the patient him- or herself. Allo-SCT is by far the more common 
SCT approach for AML. Human leukocyte antigen (HLA) class I and II antigens 
are genotyped for the patient and the potential donor, and those that have at least 9 
or 10 alleles matched are considered immunologically compatible donors [177]. In 
the best-case scenario, the donor is related to the patient, and is most often a matched 
sibling donor (MSD). If such donors are not available, a matched unrelated donor 
(MUD) may be available. Allo-SCT has been shown to significantly improve the 
risk-free survival of high- and intermediate-risk AML patients in first CR [178], 
however, finding matched donors and subsequent immunosuppressive therapy are 
limitations of this approach. Alternatively, auto-SCT can be performed when no 
matched donors are available. Non-leukemic bone marrow stem cells are taken from 
the patients and stored. After intensive myeloablative therapy, the stored cells are 
purged of residual leukemic cells and infused back into the patient to reconstruct the 
hematopoietic system. The drawback of auto-SCT is that the stored stem cells could 
still be contaminated by leukemic cells even after purging, omening a future relapse 
of the disease. 

Minimal residual disease (MRD) 
Although CR is achieved in a large fraction of AML patients, the relapse rate 
remains high, leading to a poor prognosis of the malignancy. Relapse of AML is 
mainly due to so-called minimal residual disease (MRD), defined as leukemic cells 
remain and persist but may not (yet) form a clinically overt leukemia. Monitoring 
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and/or detection of MRD in AML, is a requisite in the standard clinical management 
of AML. 

Classic MRD detection methods are bone marrow blast morphology and percentage 
assessment using light microscopy and leukemia associated immunophenotype 
(LAIP) detection using multicolor flow cytometry. Both these methods are not 
without drawbacks [179]: light microscopy is impaired by the limited sensitivity of 
the method and variability between different assessing hematopathologists, and 
flow cytometry relies on an established LAIP from the diagnostic sample, which is 
subject to change during treatment. Treatment acts as a strong selection pressure in 
AML, and the leukemic cell population at relapse can be significantly different from 
that at diagnosis. A subclone within the original malignancy can be selected over 
other subclones, and new mutations can be acquired in the course of treatment, both 
contributing to a change of the LAIP of the AML [180, 181], a process called clonal 
evolution. In cases where notable chromosomal abnormality is present in the 
diagnostic sample, FISH can also be done on follow-up samples for MRD detection 
[182]. 

With the advent of modern molecular biology technologies, new methods have been 
introduced for detection of MRD in AML including qPCR and sequencing. 
Mutational landscape studies launched by The Cancer Genome Atlas (TCGA) found 
that AML has fewer mutations per genome than most other cancers, and an average 
of 5 mutations per case was found in one of the 23 significantly mutated genes, 
while more than 200 other genes had mutations found in at least two samples. This 
focused pattern of mutation landscape makes targeted sequencing a highly feasible 
approach for molecular MRD detection in AML [183]. Among the small number of 
recurrently mutated genes, FLT3, NPM1, and DNMT3A are most frequently mutated 
[184, 185]. Mutations within FLT3 and NPM1 are mostly internal tandem 
duplications (ITDs) and insertions respectively, with the latter occur predominantly 
in a conservative site in exon 12 of the gene [186]. Highlighted in Figure 5, after 
local realignment, more than a dozen recurrently observed small insertions exist in 
NPM1, and MRDs represented by these NPM1 insertions are detectable with high 
sensitivity by qPCR [187-189]. 

As sequencing and qPCR both involve DNA polymerase, random nucleotide base 
misincorporation caused by the inherent polymerase error is inevitable, giving rise 
to false positive mutation calls, hampering the usability of these methods for 
accurate and sensitive MRD detection. We aimed to prove the concept that our 
innovative dPCR-based mutation detection technology IBSAFE can essentially 
bypass this type of error, yielding a much-improved analytical performance of MRD 
detection. Further details are provided in the Methods section of this thesis. 
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Figure 5 Recurrent short insertions in NPM1 

 

  

Type
DD13 T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G G C A G G G G G T G G G G A A T C T C T C T T T A A G A A A A T A G T T T A A A C
DD12 T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G G C A G C G C T T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
DD11 T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G G C A G A G A C T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
DD10 T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G G C A G A G A A T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
DD9 T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G G C A G A G G A T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
DD8 T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G T C G G G C A G T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
DD7 T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G T A A G G C A G T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
DD6 T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G T A T G G C A G T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
DD5 T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G T C A G G C A G T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
DD4 T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G T G T G G C A G T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
DD3 T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G C A G A G C A G T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
DD2 T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G C T G G G C A G T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
DD1 T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G C T T G G C A G T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
D T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G C C T G G C A G T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
B T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G C A T G G C A G T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
A T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G T C T G G C A G T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
WT T T T T T T T T T C C A G G C T A T T C A A G A T C T C T G G C A G T G G A G G A A G T C T C T T T A A G A A A A T A G T T T A A A C
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Aims 

This thesis began with a project investigating the underlying mechanism of PTEN 
protein loss in breast cancer. Following on this pathway and an interest in liquid 
biopsies, we sought to investigate the concept that various types of tumor-specific 
mutations, including those in PIK3CA, can be used as biomarkers to monitor the 
dynamics of occult tumor burden, evaluate the degree of tumor content 
dissemination into the bloodstream during mammographic compression, and detect 
minimal residual disease in multiple types of cancer. 

Specifically 

Paper I aimed to investigate whether the ubiquitin ligase NEDD4 is 
responsible for the PTEN protein loss phenotype in breast cancer to 
better understand the PI3K/PTEN signaling pathway in breast cancer 
and develop new actionable biomarkers. 

Paper II aimed to prove the concept that tumor specific chromosomal 
rearrangements found by low coverage sequencing can be detected in 
cell-free DNA from plasma, and that this minimally invasive liquid 
biopsy approach can detect occult disease with high sensitivity and 
specificity, thus predicting future relapses and sparing disease-free 
patients from over treatment. 

Paper III aimed to investigate whether mechanical compression of the breast in 
mammography has a risk of releasing circulating tumor cells and/or 
circulating tumor DNA into the bloodstream. IBSAFE was tested as 
an ultrasensitive method of detecting ctDNA. 

Paper IV aimed to explore the value of IBSAFE as an ultrasensitive ddPCR-
based mutation detection method in MRD detection of AML. 
Leukemia-specific genomic variants were identified by whole exome 
sequencing at diagnosis, and IBSAFE was used to monitor the variants 
in bone marrow samples collected at follow-up visits and relapse(s). 
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Methods 

Patients, samples, and ethics  
Given the nature of the divergent scientific questions addressed in this thesis, 
different patient and sample cohorts were used in each study, and respective ethical 
review were evaluated and approved by relevant bodies. 

The main tumor sample cohort in Paper I, the Swedish Cohort in the published 
paper, were obtained from the South Sweden Breast Cancer Group collected at the 
Lund University Hospital, Lund, between 1986 and 1994. The cohort are sporadic 
stage II breast tumors that had received adjuvant tamoxifen treatment for 2 years 
and are from a series of larger patient cohort [190]. The tumors were selected such 
that approximately one third were PTEN protein negative, and the rest are PTEN 
protein positive, wherein node and hormone receptors status distributions are 
roughly matched. Protein levels of NEDD4 and PTEN were obtained from 
immunohistochemistry (IHC) staining results of the tissue microarray (TMA) of the 
tumors, and mRNA levels of NEDD4 and PTEN were available from gene 
expression microarray analyses. Thus, a subset of 186 tumors with IHC and/or gene 
expression microarray results were included in this study. The collection of the 
samples was approved by the Regional Ethics Committee at Lund University. In 
addition to this main cohort, samples with mRNA and/or protein level results from 
two independent breast cancer cohorts, the Netherlands Cancer Institute (NKI, N = 
295) and The Cancer Genome Atlas (TCGA, N = 970), were analyzed to corroborate 
the findings from the Swedish Cohort. 

Patients enrolled in the Breast Cancer and Blood Study (BC Blood, Sweden) [191] 
were included in Paper II. A selection was applied on this starting cohort of 725 
patients with inclusion criteria of 1) non-metastatic breast cancer at diagnosis with 
no neoadjuvant therapy administered, and 2) availability of fresh frozen primary 
tumor specimen and at least two follow-up plasma samples, resulting in 71 total 
patients passing the eligibility requirements. The patients were divided into the 
eventual metastatic (EM) group (N = 24) if a distant metastasis was clinically 
identified 1-6 years after diagnosis, and the long-term disease-free (DF) group (N = 
47) if disease-free survival was observed upon the last follow-up > 7 years after 
diagnosis. From these, 14 EM and 6 DF patients were randomly selected to be 
investigated in this study. DNA extracted from fresh frozen tumor tissues, and from 
plasma samples taken prior to the surgery and normally at 3-, 8-, 12-, 24-, and 36-
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month follow-up timepoints after the surgery were analyzed in this study. The study 
was approved by the Regional Ethics Committee at Lund University. All patients 
were provided with written and oral information about the study by trained health 
professionals, and written consent were signed. 

The cohort in Paper III comprise 31 patients from ongoing perspective Sweden 
Cancerome Analysis Network – Breast (SCAN-B) trial, an initiative aiming to 
improve diagnosis, treatment, survival, and quality of life for breast cancer patients 
by joining together expertise from biomedicine researchers, physicians, nurses, and 
other health-care specialists. These 31 patients were diagnosed with breast cancer 
between 2015 and 2016 and volunteered to have an extra mammography scan after 
diagnosis. For each patient, blood samples were collected before and after the 
mammography, from superior vena cava via a central venous access planted prior 
to this study to allow for neoadjuvant chemotherapy administration, and from a 
peripheral vein. These central and peripheral blood samples, collected before and 
after the mammography, were used to do the circulating tumor cell (CTC) and the 
circulating tumor DNA (ctDNA) analyses in this study. All patients signed written 
consent and the study was approved by the Regional Ethical Review Board at Lund 
University. 

Paper IV involves 14 patients diagnosed with acute myeloid leukemia (AML). The 
patients were divided into relapsing (N = 10) and non-relapsing (N = 4) groups by 
clinical standard at the end of follow-up in September 2019. DNA samples extracted 
from bone marrow aspirates taken at diagnosis, clinical relapse, and follow-up visits 
were analyzed in this study. All patients signed written informed consent and the 
study was approved by the Regional Ethical Review Board at Lund University. 

Immunohistochemistry (IHC)  
Immunohistochemistry (IHC) is a technique that uses antibodies to detect the 
presence of cellular antigens of interest in the tissue being tested. Especially in 
breast cancer, IHC has been established as a major clinical laboratory tool to 
evaluate steroid hormone receptors, tumor proliferation markers, and angiogenesis 
and apoptosis markers in tumor tissue [192]. According to the St. Gallen breast 
cancer guidelines, IHC is routinely done in breast cancer tissues to check the statuses 
of estrogen receptor (ER), progesterone receptor (PgR or PR), both being hormone 
receptors, human epidermal growth factor receptor 2 (HER2), an oncogenic growth 
factor receptor, and Ki-67, a proliferation marker [79]. The staining results of these 
biomarkers are useful for guiding management of breast cancer, fitting the tumor 
into a histological subtype, making prognosis, etc. There are many ways to evaluate 
the status of a biomarker. For example, for the hormone receptors, the status can be 
determined by H-score. For ER, H-score is the percentage of weakly stained cells 
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plus two times the percentage of moderately stained cells plus three times the 
percentage of strongly stained cells, whereas for PR, H-score is the percentage of 
cells with > 10% staining intensity. Cells with H-scores > 1 are considered positive 
for the hormone receptor [193, 194]. For HER2, a commonly scoring system gives 
points to a tumor on a 0-3+ scale, in which 0 stands for no stain, 1+ stands for weak 
stain, 2+ stands for equivocal or borderline stain, and 3+ stands for strong or positive 
stain. Tumors with 3+ are classified as HER2-positive, while those with 0 and 1+ 
are classified as HER2-negative. For tumors with equivocal HER2 scores, a FISH 
test can be conducted to verify the HER2 protein amplification by checking status 
of ERBB2, the gene responsible for coding the HER2 protein [195, 196]. As for Ki-
67, the percentage of cells with positive staining is considered, and it has been 
proposed that ≤ 15%, 16-30%, and > 30% are markers for low, intermediate, and 
high proliferation in breast cancer [197]. Ki-67 evaluation is varying, with no 
established consensus criteria and many regional/national recommendations. 

Conventionally, tissues for IHC assessment are acquired from core biopsy, a clinical 
practice where a core needle penetrates and takes a small piece of sample from the 
suspected malignancy site, or from specimens obtained at surgery. The 
morphological structure and antigenicity of the tissues are retained in a process 
called fixation, usually involving formalin. The fixed tissues are then sliced into µm 
thick pieces and mounted onto glass slides for IHC staining and microscopic 
inspection. The technology of tissue microarray (TMA) was invented to improve 
the threshold of histological analysis, including IHC. TMAs are typically prepared 
by taking biopsies using 0.6 mm cylinders from donor tissue blocks and transferring 
the specimens to a recipient block. The recipient block containing up to 1,000 tissues 
are then cut into 4-8 µm pieces for downstream analysis. At least 200 such slices 
can be prepared from such recipient blocks [198]. For the IHC done in Paper I, 
breast cancer tissues in triplicates were assessed for NEDD4 protein status on TMA. 

Since the NEDD4 protein is not a commonly investigated epitope in breast cancer, 
a good antibody, a proper dilution factor for the antibody, and a scoring system 
needed to be established. For the antibody and its dilution factor, after reading the 
literatures and doing pilot tests, a rabbit polyclonal antibody targeting the WW2 
domain of the NEDD4 protein (#07-049 Millipore) was chosen and diluted 1:500 
for use in IHC [151]. The NEDD4 staining was evaluated with a scale similar to the 
HER2 scoring system, with 0 given to specimens with no NEDD4 staining, 1+ to 
weak staining, 2+ to intermediate staining, and 3+ to strong staining. Specimens 
with discordant scores from the triplicates were given the majority score, if two of 
the three scores were the same to each other, or excluded from the analysis, if all 
three scores were different. Specimens with IHC scores of 0 and 1+ were 
categorized as NEDD4 protein negative and 2+ and 3+ were categorized as NEDD4 
protein positive for the statistical analyses in this study. 
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DNA microarray  
Gene expression data from DNA microarrays were used in Paper I. Upon its 
invention in mid 1990’s, DNA microarray has, in a way, served as a quantitative 
high-throughput version of classical nucleic acid research methods such as Southern 
blot and Northern blot [199, 200]. Contrary to Southern and Northern blot, a DNA 
microarray has single stranded DNA pieces with known sequences, called probes, 
fixed to a solid surface. A typical DNA microarray can contain up to tens of 
thousands of such DNA piece clusters, called spots, or features, or reporters. After 
the sample containing fluorescently or radioactively labelled nucleic acids is applied 
to the microarray, nucleic acids with complementary sequences bond to the fixed 
probes non-covalently, whereas those with nonspecific sequences are washed away. 
By measuring the signal intensity of the spots, the amounts of nucleic acids the spots 
hybridize with can be measured. The mechanism is depicted in Figure 6. 

Figure 6 Schematic of DNA microarray mechanism 

From https://commons.wikimedia.org/wiki/File:NA_hybrid.svg public domain. 

In Study I, gene expression data was retrieved from DNA microarray analyses done 
in previous studies [145, 201, 202]. 

DNA microarray has a few limitations. First, as the quantity of a nucleic acid is 
measured as the signal intensity of its corresponding spot, which in turn is 
proportional to the efficiency of hybridization, the variation in hybridization 
conditions contribute a lot to the variation of the results, hurting the reproducibility 
of microarray results. The same mechanism also leads to microarray’s inability to 
reliably detect genes expressed at extremely low or high abundances, limiting its 
dynamic range to a couple orders of magnitude [203]. Moreover, DNA microarrays 
are only able to relatively quantify genes present on the microarray, and new 
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transcripts with previously unknown sequences cannot be interrogated. As a 
comparison, RNA-seq offers a way to study the transcriptome that overcomes 
essentially all shortcomings of DNA microarrays – it has a much wider dynamic 
range of expression levels; it does absolute quantification; it is independent from 
environment change and has great reproducibility; and it can detect transcripts with 
previously unknown sequences [204-209]. The TCGA gene expression data used in 
Paper I was generated from RNA-seq results [210]. As the price for sequencing is 
getting lower and lower, the technology of DNA microarray may fade as a legacy 
approach, with RNA-seq taking a central role in transcriptome research today. 

High-throughput sequencing (HTS)  
Molecular biology research in the past few decades has demonstrated that in most 
eukaryotic organisms, the phenotype of a cell, essentially manifested as its proteins, 
are translated from RNA, which in turn is transcribed from DNA, the manifestation 
of the cell’s genotype [211]. This genetic information flow has been known as the 
central dogma of molecular biology [212]. Conceivably, changes in nucleotide 
sequence of DNA or RNA can cause changes in amino acid sequence of the protein 
that use it as a blueprint, altering its function and potentially leading to deleterious 
consequences, such as cancer. Therefore, knowing the exact sequence of a particular 
DNA or RNA region, or even that of the entire genome or transcriptome is highly 
desirable in the realm of molecular biology, particularly in cancer research and 
clinical management. The methods for determination of nucleotide sequences are 
collectively known as sequencing. Figure 7 is a schematic illustrating the evolution 
of sequencing from its genesis. 

 

 
Figure 7 History of sequencing technologies 

From https://commons.wikimedia.org/wiki/File:History_of_sequencing_technology.jpg CC BY-SA 4.0. 
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The first-generation sequencing technology was invented by Sanger et al. in 1977, 
and is thus known as Sanger sequencing [213]. Sanger DNA sequencing sequences 
the fragmented PCR-amplified single-stranded DNA with a mixture DNA 
polymerase, sequencing primers, dNTP, and ddNTP tagged with four fluorophores 
with different colors. The dNTP and ddNTP are competitively added to the newly 
synthesized DNA strand, with the former allowing the synthesis to keep going, 
while the latter terminating the synthesis and emitting a fluorescence signal 
corresponding to the nucleobase of the ddNTP. With capillary electrophoresis, the 
sizes of the newly synthesized double-stranded DNA molecules can be separated 
with a single-base-pair resolution, and by recording the colors of the differently 
sized molecules, the sequence of the original DNA fragment can be reconstructed. 
Given its mechanisms, Sanger sequencing has the limitations such as 1) it can only 
sequence one type of DNA fragment at a time, 2) the first few dozen bases are often 
of low quality, and 3) large-size double-stranded DNA molecules are difficult to be 
separated with electrophoresis, limiting the maximal total length of Sanger 
sequencing to ~1,000 bp. 

In the mid-noughties of the new century, invention of new sequencing technologies 
drastically changed the landscape of genomic and transcriptomic research [214-
222]. The commonly known names of the new technologies include next-generation 
sequencing (NGS), second-generation sequencing (SGS), massive(ly) parallel 
sequencing (MPS), and high-throughput sequencing (HTS). Contrary to Sanger 
sequencing, HTS can sequence an enormous number of different DNA molecules, 
called sequencing library, simultaneously and in parallel in the same instrument run. 
Preparation of the sequencing library starts with DNA fragmentation, ligation to a 
pair of engineered DNA pieces, called adapters, that the sequencing machine, also 
known as a sequencer, can work with, and usually PCR amplification of the adapter-
ligated DNA fragments. This library is ready for sequencing or can be selected for 
regions of interest and then sequenced. Since the Illumina sequencing systems of 
HiSeq 2000, HiSeq 2500 and NextSeq 500 were the ones used throughout this thesis, 
and the Illumina approach is the most common, the HTS discussions in the next 
subsections are mainly about these platforms. The workflow of Illumina’s 
sequencing by synthesis (SBS) approach is illustrated in Figure 8. 

The DNA library is denatured (converted to single strand with physical or chemical 
methods) and loaded into a sequencing flow cell, a chamber where the library is 
sequenced. The surface of a flow cell lane is coated with DNA oligoes that bind to 
the binding region of the sequencing adapters. After binding, the different DNA 
molecules in the library are cloned through bridge PCR amplification to form 
clusters from which fluorescence signals can be detected during sequencing. This 
step is called cluster generation, or simply clustering. Each cluster represents a clone 
from one library DNA fragment. 
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Figure 8 Workflow of Illumina sequencing by synthesis (SBS) 

 

The clusters are then sequenced by synthesis – sequencing primers bind to the 
sequencing primer binding region of the adapters, and dNTPs with different 
fluorescence dyes or dye combinations are incorporated to synthesize the new strand 
within each physical cluster in stepwise sequencing cycles, with one base added per 
cycle. Images are taken after each cycle to capture the fluorescence signals 
representing the single nucleotide added to each cluster in this cycle. The Illumina 
HiSeq 2000 platform has 4 exposures per cycle for the 4 different dyes conjugated 
to the different bases, whereas NextSeq 500 only exposes two times, because the 
single nucleotides used in this platform are tagged with a red dye for C’s, a green 
dye for T’s, both dyes for A’s, and no dye for G’s, so that two wavelength channels 
are sufficient for all 4 bases. The clustered DNA fragments can be sequenced from 
one side, called single-end sequencing, or from both sides, called paired-end 
sequencing. In summary, in HTS, the number of clusters represents the number of 
different DNA fragments in the library that can be sequenced in parallel, the number 
of sequencing cycles represents the number of bases of each DNA fragment that can 
be sequenced, and the product of the number of clusters and the number of cycles is 
called the output of the sequencing experiment. 

Illumina provides a variety of sequencing platforms matched with different choices 
of sequencing reagents and consumables to meet different scientific requirements. 
For example, an Illumina NextSeq 500 sequencer with a High Output Kit, 300 
cycles can generate up to 400 million clusters, and sequence up to 300 bases of the 
DNA fragment within each cluster. 
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Libraries prepared from different original samples can also be pooled and sequenced 
together through the use of sample barcodes in the adapters. After sequencing, the 
index region of the sequencing adapter, which is composed of a 6- to 8-base sample 
specific DNA sequence can be used to identify which original sample within the 
library pool the DNA fragment in a cluster was from. This step is done 
bioinformatically and is called demultiplexing. In addition to the sample-specific 
index sequences, another type of index sequence can be added to the adapters as 
well, called the unique molecular identifier (UMI), which are small strings of 
random oligonucleotides [223]. As PCR amplification may be performed in library 
preparation, it is possible that multiple PCR product molecules synthesized from the 
same original DNA fragment are sequenced in different clusters, causing 
sequencing data duplication. Moreover, wrong DNA bases may be incorporated into 
some PCR product molecules due to polymerase error, resulting in false positive 
mutation calling from the sequencing results. The addition of UMIs effectively 
helps to identify PCR-duplicated sequencing reads and collapse them into one 
original DNA fragment, improving the accuracy of quantification of the sequencing 
reads [224-226]. It also enables the exclusion of a large fraction of potential false 
positive mutation calls rising from PCR polymerase error [227, 228]. 

The HTS experiments often generates large amounts of data, which is to be 
processed bioinformatically. Depending on the type of sample the sequencing 
library is built from and the scientific questions to be answered with downstream 
analysis, different bioinformatics pipelines are employed to process the raw data. 
The details are provided in the next subsections. 

The 2010’s saw the rising of the third-generation sequencing (TGS), also known as 
long-read sequencing [229]. Although methods developed by Pacific Biosciences 
[230-232] and Oxford Nanopore [233-237] have caught the attention of the research 
community and made major accomplishments, long-read sequencing seems to be 
more error prone and have a lower throughput than the second-generation HTS 
technologies, and also a considerably higher price point per megabase of sequence 
[232, 238]. 

RNA sequencing (RNA-seq) 
The technology of RNA sequencing came into wide use in molecular biology 
research in year 2007 and 2008 [239-243], and since then has developed into a 
powerful tool for sample transcriptome profiling [205]. As RNA-seq and DNA 
microarray both take a sample’s transcriptome as object of the experiments, both 
have been established as methods for analyzing gene expression levels. Over the 
last decade, comparisons of the two technologies have had most researchers 
convinced that RNA-seq is a better technology at differential gene expression 
analysis in that 1) RNA-seq does not rely on a well-designed set of hybridization 
DNA probes and thus can not only measure the expression levels of known 
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transcripts, but also detect previously unknown gene fusions, single nucleotide 
variants, small insertions and deletions, and alternative splice sites; 2) RNA-seq has 
a wider dynamic range and better reproducibility than microarray; 3) RNA-seq has 
a better sensitivity than microarray at detecting weakly expressed genes [209, 244-
247]. Due to its technical advancement and cheaper cost, RNA-seq has essentially 
made DNA microarray an obsolete technology in recent years. 

Despite termed RNA-seq, the technology, in most cases, does not sequence RNA 
directly, but rather takes complementary DNA (cDNA), synthesized via reverse 
transcription from the sample’s mRNA, as the input to the instrument and does the 
sequencing. Although long-read sequencing technologies are emerging, allowing 
for identification of alternative transcript isoforms and even RNA modifications 
[234, 248-250], Illumina’s SBS short-read sequencing approach is by far the most 
popular approach. According to National Center for Biotechnology Information 
(NCBI) Sequence Read Archive (SRA) repository, over 95% of all RNA-seq reads 
in the database were acquired from Illumina’s short-read sequencing platforms, 
illustrating Illumina’s near monopolistic dominance of the market [251-253]. The 
difference in workflows of the RNA-seq approaches is illustrated in Figure 9. Since 
only short-read cDNA sequencing was used in this thesis, description of RNA-seq 
hereafter refers to this method without further annotation. 

 

 
Figure 9 Short-read, long read, and direct RNA-seq workflows 

Inspired by Stark R., Grzelak M., and Hadfield J. RNA sequencing: the teenage years. Nat Rev Genet, 2019. 

 

The 31 patients in Paper III enrolled in the SCAN-B project, and RNA-seq was 
performed on their primary tumor tissues. A protocol of mRNA purification and 
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fragmentation, cDNA synthesis, library preparation, and sequencing are described 
in detail by Saal et al. [254], and is illustrated in Figure 10. 

Figure 10 Detailed SCAN-B RNA-seq workflow 

From Saal L.H. et al. The Sweden Cancerome Analysis Network - Breast (SCAN-B) Initiative: a 
large-scale multicenter infrastructure towards implementation of breast cancer genomic 
analyses in the clinical routine. Genome Med, 2015. 7(1): p. 20. Reprinted with permission of 
the authors.

In brief, ~30 mg of primary tumor tissue fully immersed in 1 mL of RNAlater 
(Ambion) for at least 16 hours at 4 °C was dissected per sample for tissue lysis. At 
least 800 µL of lysis buffer per sample was prepared by adding 8 µL of 2-
Mercapatoethanol to 790 µL of RLT Plus buffer (Qiagen). Tissue lysis was done 
with two 5mm stainless steel beads (Qiagen), 400 µL of lysis buffer, and 2 µL of 
Reagent DX Antifoaming reagent (Qiagen) on a prechilled TissueLyser (Qiagen) at 
50 Hz for two rounds of 4 minutes. After the lysis, another 400 µL of lysis buffer 
was added to the lysed sample, and sample was centrifuged at 16,000 relative 
centrifugal forces (rcf) for 5 minutes at room temperature in a QIAshredder column 
(Qiagen). The flowthrough, which contains total DNA, RNA, and protein of the 



49 

sample, was homogenized at 80 °C for at least 30 minutes. 350 µL of the 
flowthrough was used as input of the AllPrep RNA/DNA/flowthrough isolation 
protocol with minor modifications [254] semi-automatedly done on the QIAcube 
instrument (Qiagen), and the purified total RNA fraction was used in the 
downstream experiments. 

For each sample, 1 µg of purified total RNA diluted in 50 µL of water was subjected 
to two rounds of Dynabeads mRNA purification (Thermo Fisher Scientific) 
followed by a 1.5-minute incubation at 70 °C with zinc RNA fragmentation reagents 
(Ambion), yielding, on average, ~10 ng (1%) of mRNA fragmented to ~240 bases. 
Strandedness is important information in RNA-seq that should not be lost, for the 
same double-stranded DNA segment can be transcribed in both strands, and thus be 
a part of different RNA transcripts. To preserve the strandedness information, the 
fragmented mRNA was reversely transcribed to cDNA in two steps, with step one 
synthesizing the first strand of cDNA with reverse transcriptase, random hexamer 
as primers, buffers necessary for the reactions, and dNTP. After cleaning up of the 
product, the second-strand synthesis was done in essentially the same way, except 
dUTP was used instead of dTTP to make up the dNTP component of the reaction. 
The double-stranded cDNA molecules then underwent standard Illumina TruSeq 
end repair, A-tailing, adapter ligation, PCR amplification, and size selection steps 
to construct indexed sequencing libraries. Before pooling and loading the libraries 
onto a sequencer, the cDNA libraries were treated with uracil-DNA glycosylase 
(UDG, New England Bio Labs) to digest the second strand in which uridine was 
incorporated instead of thymidine. This step of UDG treatment was adapted from a 
method published by Parkhomchuk et al. [255], and could effectively retain 
strandedness information of the original mRNA sample. 

Each indexed library pool was sequenced with the Illumina HiSeq 2000 Sequencing 
System (Illumina) in dual flow cell mode across two flow cells. Paired-end reads 
were generated per sequencing experiment, and approximately 30 million read pairs 
were generated per sample. 

The sequencing results make no sense until they are bioinformatically processed. In 
Paper III, among many other attainable usages of the data, the primary goal was to 
call somatic single nucleotide variants (SNVs) and small insertions and deletions 
(indels) against which IBSAFE mutation detection assays could be designed, and 
the tumor specific mutations could be used as a circulating tumor biomarker in 
central and peripheral blood samples drawn before and after the mammographic 
compression. The pipeline used for calling, annotating, and filtering genomic 
variants from RNA-seq data was described in detail in another paper [256]. 
Basically, after the sequencing experiments were done, base-calling was performed 
using Illumina’s on-instrument software and stored in Illumina’s BCL format. With 
the IlluminaBasecallsToFastq tool from the Picard suite, the reads were then 
converted to the more commonly used FASTQ format, and demultiplexed into per-
sample FASTQ files according to the sample specific index sequence ligated to the 



50 

reads [257]. Trimmomatic was used to remove adapter sequences and poor-quality 
bases at the end of the reads [258]. To assemble loose reads into a transcriptomic 
profile specific to the sample, a step called alignment or mapping was done. 
HISAT2 was used to map the reads to the human reference genome version GRCh38 
(hg38), from which aligned BAM files are made for variant calling. Before the 
variant calling was performed, duplicate reads, arising mainly from PCR 
amplification of the libraries, were identified and filtered away by the 
MarkDuplicates tool of the Picard suite [257]. This tool flags sequencing reads to 
be duplicates if 1) the reads have the same starting coordinates, and 2) the 
overlapping region of the reads have identical sequences. Of all the duplicates, only 
the read with the highest total base calling quality scores gets to be kept. Depending 
on what the downstream analysis is, it has been debated whether duplicate removal 
is advisable in RNA-seq data analysis. Removal of the apparent duplicates, 
especially if the downstream analysis is differential gene expression analysis, would 
risk underestimation of expression of certain transcripts. However, in the case of 
SNVs and small indels calling in Paper III, removal of duplicates would 
significantly reduce the number of identical reads with wild-type genomic 
sequences, avoiding underestimation of the VAF should a variant is detected. 
Variants were called upon the aligned BAM file using VarDict-Java with a limit of 
detection at about 1% VAF [259]. Raw variant calling files without further filtering 
steps often harbor a considerable number of false positive variant calls and germline 
variants. To only keep true somatic mutations for IBSAFE assay design, several 
filters were applied on the raw variants called for the samples. A called variant was 
kept only if 1) it was mapped to an exonic region of a gene with a quality score 
larger than 30, 2) the VAF was no lower than 5%, 3) the mean position of the variant 
in a read was greater than 10, 4) it was a known somatic mutation in COSMIC [260, 
261], 5) it was not in predefined regions of low complexity [262, 263], involving 
RNA editing [264, 265], in SweGen database of genetic variability of the Swedish 
population [266], or in NCBI’s database of single nucleotide polymorphism dbSNP 
[267]. SNVs and small indels from the filtered and annotated list were selected for 
IBSAFE assay design. 

DNA Sequencing 
DNA from the cell nucleus is the embodiment of genomic information that leads to 
all functionalities of the cell, therefore sequencing of the whole genome, or certain 
regions of the genome, is of particular interest in molecular biology and cancer 
research. The principles of DNA sequencing with HTS technologies are largely the 
same as those of RNA sequencing described in the previous subsection, except the 
synthesis of cDNA from RNA is not applicable. Whole genome sequencing was 
performed in Study II, while whole exome sequencing was performed in Paper IV. 
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Whole Genome Sequencing (WGS) 
Different numbers of chromosomal rearrangements are often featured in breast cancer 
cell genomes [268-271] and can be used as a highly personalized cancer biomarker 
[272]. Without prior knowledge of where the hotspots of rearrangements are for the 
type of cancer or the individual tumors, whole genome sequencing (WGS) needs to 
be done to find the rearrangements. In Paper II, the fresh frozen tumor tissue genomic 
DNA libraries were sequenced on a HiSeq 2000 or a HiSeq 2500 platform, with 2×50 
bp, 2×100 bp, or 2×150 bp paired-end sequencing settings. The methods are described 
in detail in Supplementary Methods of Paper II and a standalone Methods in 
Molecular Biology book series chapter [273]. It might be a concern that sequencing 
the entire human genome needs a significant sequencing capacity, and thus can be 
quite costly and rather unfeasible. However, since the objective of the WGS employed 
in Paper II was to find some, but not necessarily all, chromosomal rearrangements 
that can be monitored as circulating biomarkers in the plasma, the sequencing did not 
need to be very deep. In fact, several whole genome libraries could be sequenced in 
one experiment. The number of libraries 𝑁௟௜௕௥௔௥௬ that is suitable to be pooled in one 
sequencing flow cell is given by Equation (1) 𝑁௟௜௕௥௔௥௬ = ே೎೗ೠೞ೟೐ೝೞ×ே೎೤೎೗೐ೞௌೝ೐೒೔೚೙×஼/(ଵିோ೏ೠ೛೗೔೎ೌ೟೔೚೙)/ோ೚೙.೟ೌೝ೒೐೟ (1) 

where 𝑁௖௟௨௦௧௘௥௦ is number of clusters, 𝑁௖௬௖௟௘௦ is number of sequencing cycles (or 
the total number of base pairs sequenced per cluster), 𝑆௥௘௚௜௢௡ is the size of the region 
of interest, in base pairs (𝑆௥௘௚௜௢௡ = 3.09 × 10ଽ bp [274]), 𝐶 is the aimed sequence 
coverage, 𝑅ௗ௨௣௟௜௖௔௧௜௢௡  is duplication rate, and 𝑅௢௡.௧௔௥௚௘௧  is on target rate. In the 
case of Paper II, 𝑁௖௟௨௦௧௘௥௦  was up to 1×109 for the HiSeq 2000 sequencer, 𝑅௢௡.௧௔௥௚௘௧ can be considered 100% as the entire genome is the target and therefore 
almost no read in theory should be left unmapped. Let the 𝑁௖௬௖௟௘௦ be 200 (2×100 
bp), the 𝑅ௗ௨௣௟௜௖௔௧௜௢௡  be 2% (the default value given by Illumina’s sequencing 
coverage calculator [275]), and 𝐶 be 5. It can be calculated that up to 12 whole 
genome libraries may be sequenced together, proving the viability of this setup. 

Mapping of the sequencing reads to the reference genome was done in a similar way 
to that of the RNA-seq pipeline, except since Study II was done earlier, the reference 
genome version was GRCh37 (hg19), and the aligner was Novoalign. BreakDancer 
was used to make a preliminary list of candidate chromosomal rearrangements from 
the aligned BAM files [276]. The preliminary list was then annotated and filtered to 
deplete potential non-specific rearrangements and false-positive calls. The filters 
include 1) the rearrangements must have at least two supporting discordant read 
pairs, 2) no satellite region is within 1kb on either side of the breakpoint, 3) no 
sequencing gap is within 1kb on either side of the breakpoint, 4) no matching 
rearrangement in other sequenced tumor or normal samples from the same cohort, 
5) the distance between two breakpoints for intra-chromosomal rearrangements 
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mush be larger than 1kb, 6) both parts of the breakpoints mush be mapped to 
chromosomes 1-22 or X, involving no non-standard sequence contigs. See 
Supplementary Methods of Paper II and the book chapter for further technical 
details. The exact breakpoint fusion sequences were then reconstructed using our 
self-developed pipeline SplitSeq [273, 277, 278]. Four classes of chromosomal 
rearrangements were identified by BreakDancer: CTXs (inter-chromosomal 
translocations), ITXs – (intra-chromosomal translocations), INVs (inversions), and 
DELs (deletions). 

Although low coverage WGS was proved powerful enough to report somatic 
chromosomal rearrangements in fresh frozen breast cancer tissue, the question 
remains whether it is robust enough to find true positive rearrangements from 
formalin-fixed paraffin-embedded (FFPE) DNA. Formaldehyde, a major compound 
in FFPE is known to fragment [279] and cross link [280] DNA molecules, thus 
artificially creating a lot of chimeric DNA molecules that can appear as false 
positive calls [281]. The applicability of this sequencing setup in FFPE samples 
needs further investigation and technical troubleshooting. 

Whole Exome Sequencing (WES) 
Several mutational landscape studies have revealed that AML, compared with other 
common types of cancer, has fewer mutations per million base pairs of the genome, 
and mutations tend to be focused on a few dozens of genes, for example NPM1, 
FLT3, NRAS, KRAS, DNMT3A, IDH1, and RUNX1, among others. [184-186, 282-
289]. For this reason, targeted sequencing, which enriches the genomic region of 
interest before sequencing, rather than WGS, was more suitable for determination 
of the mutational profile for each AML. According to Equation (1), when the other 
variables are unchanged, i.e., if the sequencing experiments are done with the same 
technological settings, the smaller the target region size 𝑆௥௘௚௜௢௡ , the higher the 
sequencing coverage 𝐶, and thus it is more likely to find mutations at a low allele 
frequency when the target region is small. Although several myeloid leukemia 
sequencing panels were designed targeting dozens to several hundreds of curated 
genes or exons to massively reduce 𝑆௥௘௚௜௢௡ [290-294], each panel was built based 
on prior knowledge and/or data mining, and therefore, was not immune from biased 
choices of AML-associated regions. In contrast, whole genome sequencing (WES), 
as a special case of targeted sequencing, unbiasedly sequences all the exonic regions 
of the genome, increasing the chance to catch personalized AML-specific 
mutations. Although much bigger than other AML panels, the exome still only 
makes up ~ 1% of the human genome [295, 296], or ~30 million base pairs, making 
WES a highly viable approach for Paper IV. 

There are two ways to enrich the genomic region of interest for targeted sequencing – 
selective capture and amplification. The selective capture method uses a set of capture 
probes to hybridize with targeted genomic region. Comparing with the amplification 
method, it is less prone to false positive variant callings, suitable for large target 
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regions, and can identify not only SNVs and small indels, but also some structural 
variants. However, the capture method is usually more expensive and laborious, and 
thus if the region of interest is small, and the aim is only to call simple types of 
variants, the amplification method can be a proper choice. In Paper IV, whole exome 
libraries of the bone marrow specimens were prepared using the Nextera Rapid 
Capture Exome Kit (Illumina), which is a capture-based whole exome enrichment 
method. Paired-end sequencing with 2×150 bases were performed on a NextSeq 500 
sequencer, resulting in a median sequencing coverage of 152X. The reads were 
mapped to the reference genome version GRCh37 (hg19) using BWA 0.7.9a [297] 
and PCR duplicates were removed by SAMBLASTER [298]. Somatic variants were 
called using Strelka [299] with cultured fibroblasts as germline control samples. 
Variants with allele frequencies above 3% were kept as preliminary candidates for the 
downstream IBSAFE assay design. The WES experiments and variant calling were 
done by our collaborator’s research group [300]. 

DNA purification from the follow-up samples  
No good mutation detection result in the follow-up samples can be produced without 
effective and efficient DNA purification from the samples. 

The type of follow-up samples in Paper II and III was plasma. The plasma samples 
were separated from venous whole blood collected at different follow-up visits. The 
blood collection tubes used in Paper II were the BD Vacutainer® K2EDTA tubes 
(Becton Dickinson). EDTA (ethylenediaminetetraacetic acid) is an in vitro 
anticoagulant widely used for clinical purposes [301, 302], which is dried coated to 
the walls of the BD K2EDTA tubes. Use of EDTA as an anticoagulating 
preservative in blood collection is recommended by Clinical Laboratory Standards 
Institute (CSLI) and International Council for Standardization in Hematology 
(ICSH). After blood collection, the tubes were either processed within 2 hours, or 
stored at 4 °C and processed within 24 hours. The BD K2EDTA tubes, though, were 
designed for generic blood collection, not specifically optimized for cfDNA and 
CTC preservation and analysis. The fact that blood collected in this type of tubes 
must be kept chilled at all times and processed rapidly adds uncertainties to the 
quality of the purified cfDNA. Moreover, the residue of the coating chemical EDTA 
may act as an inhibitor in the downstream PCR analysis [303]. Due to these reasons, 
after reading the literatures and testing other types of blood collection tubes, the 
Streck Cell-Free DNA BCT were chosen as the blood collection tube for cfDNA 
analysis in Paper III [304]. Comparison studies have shown that the Streck tubes 
can preserve cfDNA at room temperature (6 °C -37 °C) for up to two weeks, and 
that their secret recipe of preservatives can suppress white blood cells lysis, limiting 
genomic DNA contamination of cfDNA [305-307]. For CTC analysis in Paper III, 
CellSave Preservative Tubes (Menarini Silicon Biosystems) were used to collect the 
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blood due to their exclusive compatibility with the downstream CTC analysis 
procedures [308]. The CellSave tubes are coated with cellular stabilizing chemicals 
that prevent cells from degrading for up to 96 hours [308-310]. 

Separation of plasma from whole blood, termed blood fractionation and plasma 
collection, for cfDNA purification, was basically done the same way in Papers II 
and III. The blood collection tubes were centrifuged at 2,000 relative centrifugal 
forces (rcf) for 10 or 15 minutes with a slow acceleration and deceleration at the 
beginning and the end of the centrifuge program to avoid disturbance of the 
fractions. The top fraction of plasma was transferred to 1.5 mL mini spin tubes and 
further centrifuged at 10,000 rcf to deplete any leftover cells. The middle layer of 
white blood cells was saved as a source of personalized normal genomic DNA for 
exclusion of germline mutations in the downstream experiments, and the bottom 
fraction of red blood cells was discarded. All fractionation and collection steps were 
done at 4 °C in Paper II, and at room temperature in Paper III. 

cfDNA extractions in Paper III were done using the QIAamp UltraSens Virus Kit 
from Qiagen following the standard protocol with minor modifications. 1 µg of 
ploy(A) carrier RNA was used per extraction, regardless of input plasma volume, to 
increase the yield of cfDNA [311, 312]. For Paper IV, a proteinase K treatment 
step at an elevated temperature for extended duration was determined to improve 
quality and yields. Proteinase K is a broad-spectrum serine protease widely used in 
purification of nucleic acids [313, 314]. Without this step, downstream PCR will be 
inhibited by the residual chemical in the purified cfDNA sample, hurting the 
sensitivity of mutation detection [310, 315]. The Virus kit reagents do not endure 
warmer temperatures, and therefore relevant studies were referred to and several 
extraction kits were compared in-house to find a replacement solution. In the end, 
Qiagen’s QIAamp Circulating Nucleic Acid (CNA) Kit was selected as a substitute 
for the Virus kit for its outstanding performance [316]. The CNA kit protocol 
features a step of proteinase K incubation at 60 °C for at least 30 minutes, and has 
all other steps done at room temperature, fully compatible with the Streck tubes. In 
addition, the CNA kit not only utilizes a silica membrane to capture the cfDNA – 
carrier RNA complex with high efficiency like the Virus kit, but also takes a 
maximum 5 mL plasm as input per extraction, as opposed to only 2 mL for the Virus 
kit (Figure 11), allowing for a condensation of cfDNA in the purified sample, 
potentially leading to a higher sensitivity of ddPCR mutation detection. 

As for CTC in Paper III, a brief isolation was done to collect CTCs from whole 
blood. As breast carcinoma was the type of cancer investigated in this study, CTCs 
all express the transmembrane glycoprotein epithelial cell adhesion molecule 
(EpCAM) [317, 318], distinguishing them from the overwhelmingly outnumbering 
population of leukocytes in the specimens. For this reason, a ferrofluid-conjugated 
antibody recognizing EpCAM was used to selectively bind to the CTCs, followed 
by a capture using magnetism. These briefly purified CTC samples were subjected 
to analysis described in the Circulating Tumor Cell (CTC) analysis section. 
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In Paper IV, bone marrow specimens were obtained via aspiration from the pelvis 
at follow-up visits according to routine clinical protocols at Department of 
Pathology, Lund University. The specimens were collected in heparinized tubes, 
from which mononuclear cells (MNCs) were isolated using the Lymphoprep 
Density Gradient Medium (Stemcell Technologies). DNA was purified from the 
MNCs with the QIAamp DNA Blood Mini Kit (Qiagen) following the standard 
protocol [188]. 

 

 
Figure 11 Comparison of cfDNA extraction kits. A synthetic double-stranded exogenous DNA fragment at 193 bp 
was spiked into the plasma before extraction. The concentrations of the spike-in molecule in the source and in the 
purified cfDNA sample were measured by ddPCR, and the percent yield of each kit was calculated by dividing the latter 
by the former. Percent yields of the Qiagen kits were much better than other candidates, with the CNA kit surpassing 
100%. This observation could be cause by errors from pipetting and measurements. 1. ZR Viral DNA Kit™, D3015, 
Zymo Research; 2. PME free-circulating DNA Extraction Kit, 845-IR-0003010, Analytik Jena; 3. Lysis system SE/binding 
system SBS; 4. Lysis system GS/binding system VL; 5. QIAamp UltraSens Virus Kit, 53704, Qiagen; 6. QIAamp 
Circulating Nucleic Acid Kit, 55114, Qiagen 

Multicolor Flow Cytometry (MFC) 
Flow cytometry is a laboratory technology to sequentially determine optical and 
fluorescence characteristics of cell-sized particles in a fluid stream [319]. In a flow 
cytometer, a laboratory instrument that does the analysis, cells in a sample are 
resuspended in a saline solution and pass through a checkpoint one by one, where 
certain characteristics of the cells are measured. Modern flow cytometers are usually 
able to measure multiple variables simultaneously [320]. For example, when a cell 
passes through the laser beam at the checkpoint, optical information for the cell is 
generated in that the cell causes the laser beam to scatter in multiple directions. The 
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amount of forward scatter (FS) is proportional to the size of the cell and the amount 
of side scatter (SS) is correlated to the complexity of the cell’s shape. Likewise, 
fluorescence signals emitted from fluorophore-conjugated antibodies that bind to 
certain antigens on the cell could also be detected by a flow cytometer. Using the 
optical and fluorescence information, profiles of the cells can be established, and 
different populations of the cells can thus be identified. 

Flow cytometry has been widely applied in clinical practices in hematology [321, 
322]. In Paper IV, multicolor flow cytometry (MFC) was used to establish the 
phenotypic profile for the leukemic myeloblasts found in the diagnostic bone 
marrow aspirate. This profile, called the leukemia-associated immunophenotype 
(LAIP), was used to identify the population of leukemic myeloblasts in the follow-
up bone marrow samples. The detailed steps were described in Pettersson et al [188]. 
Briefly, myeloblasts were defined as CD45 positive cells [323]. FS and SS 
information was also used to filter away cell debris while retain the intact 
hematopoietic cells. A range of monoclonal antibodies targeting blast markers, 
myeloid antigens, and aberrantly expressed markers, tagged with fluorophores in 
different colors, were applied in both the leukemic bone marrow and the normal 
cells to find the aberrant immunophenotype of the leukemic myeloblasts [324]. The 
antibodies used to establish the patient specific LAIPs include those against CD56, 
CD13, CD34, CD117, CD33, CD11b, HLA-DR, CD36, CD64, CD14, CD15, NG2, 
CD19, CD7, CD2, CD7, CD96, CD123, CD38, CD99, CD135, CD133, and CD4. 
All antibodies were ordered from Becton Dickinson and Beckman Coulter. The flow 
cytometry was done on a Beckman Coulter Navios flow cytometer, and data was 
analyzed with the Kaluza software (Beckman Coulter). 

As reviewed by Jaso et al, the achievable LoD of MFC-based MRD detection is 
only in the range between 0.1% and 1% leukemic blasts, limited by the level of 
background noise, total number of cells analyzed, and the distinction of the LAIP 
comparing with the phenotype of the normal myeloblasts [325]. Moreover, the LAIP 
of a leukemia may change between the diagnostic and the relapse time-points, 
adding an extra layer of complexity in detection of MRD using the MFC [180, 181]. 

Circulating Tumor Cell (CTC) analysis  
The immunomagnetically selected CTCs were analyzed with the US FDA approved 
CellSearch® system in Paper III [120]. The samples were stained with DAPI (4′,6-
diamidino-2-phenylindole), and hybridized with an allophycocyanin (APC) 
conjugated antibody recognizing CD45 and phycoerythrin (PE) conjugated 
antibody recognizing cytokeratin (CK) 8, 18, and 19 to further identify CTCs from 
leftover leukocytes for enumeration. DAPI is a fluorescent stain that binds to the 
minor groove of AT-rich regions in DNA and emits a blue fluorescence (461 nm) 
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upon excitation. It is widely used to reveal the cell nucleus [326-328]. CD45, also 
known as the leukocyte common antigen (LCA), as suggested by its name, is a 
protein tyrosine phosphatase expressed across the plasma membrane of essentially 
all leukocytes [329-331]. The APC conjugator emits red fluorescence (660 nm). 
CKs are keratins found in cytoskeleton of epithelial cells and has been used as 
markers for cells with breast carcinoma origin [332-335]. The PE conjugator emits 
orange-yellow fluorescence (575 nm). CTCs were defined as nuclear cells (DAPI+) 
that lack CD45 (CD45-) and express CKs [336]. The CTCs were automatically 
sorted and counted by the CellTracks Analyzer II instrument [337], and were 
manually confirmed by two independent technicians. Samples with CTC counts ≥ 1 
per 7.5 mL of original blood specimen were regarded positive for CTC [338]. 

Polymerase Chain Reaction (PCR)  
Polymerase Chain Reaction (PCR), since its invention in mid 1980s by biochemist 
Kary Mullis and his research team, has developed into an indispensable tool in 
various aspects of molecular biology research, genetic engineering, a variety of 
clinical practices, and forensic approaches [339-342]. Outside of the scientific 
community, PCR may not have been a particularly familiar term to the general 
public until the COVID-19 pandemic, in which real time reverse transcription PCR 
(real time RT-PCR, or rRT-PCR), a modern variation of the classic PCR, was used 
as a gold standard for the detection of active infection caused by this single-stranded 
RNA virus [343-345]. 

A shared characteristic of essentially all types of PCR is that the reaction takes a 
small amount of nucleic acid sample (DNA or RNA), called template, as input, and 
makes copies of it exponentially. Suggested by its name, the cornerstones of PCR 
are 1) a DNA polymerase that has acceptable fidelity and can sustain the reaction 
conditions throughout its duration and 2) a laboratory instrument capable of carrying 
out the conditions in which the chain reaction could happen. 

The first requirement had been met even before the invention of PCR, when the 
thermostable DNA polymerase Taq was purified from Thermus aquaticus [346]. 
Following the discovery of Taq polymerase, other DNA polymerases with improved 
fidelity, such as Pfu, were discovered and engineered for PCR [347, 348]. Other 
essential components of PCR include 

a. A pair of short single-stranded DNA flanking the template sequence, called 
primers, as DNA polymerases require them to bind to the template and start 
the DNA base incorporation. 

b. Deoxynucleoside triphosphate (dNTP) at an excessive amount. This is a 
collective term given to the four molecules of such type – dATP, dGTP, 
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dCTP, and dTTP. The molecules are all composed of a ribose backbone 
connected to three consecutive phosphate groups, and a nucleobase of either 
adenine (A), guanine (G), cytosine (C), or thymine (T). dNTP is the material 
from which DNA is synthesized in PCR. 

c. A buffer solution in order to provide a stable chemical environment for the
polymerase to work. Nowadays, the reaction buffer often contains bivalent
and monovalent cations, such as Mg2+ and K+, at certain concentrations to
improve the stability and fidelity of the polymerase.

Since the PCR components of polymerase, dNTP, and buffer are almost universally 
applicable, they are usually premixed and sold under the name of Super Mix or 
Master Mix by many modern vendors. 

To meet the second requirement, so that the original template can be amplified in 
an exponential fashion, the PCR is carried out in repeated reaction cycles, within 
each of which the newly synthesized DNA strand in the previous reaction cycle is 
added to the repository of template molecules, and thus doubling the speed of DNA 
synthesis per reaction cycle. A schematic depicting basic principles of PCR is shown 
in Figure 12. Each reaction cycle typically features  

a. A Denaturation step in which double-stranded DNA is transformed into
single strands so that DNA primers can bind

b. An Annealing step that allows for binding of the DNA primers and the
polymerase to the template DNA

c. An Extension (also known as Elongation) step in which the polymerase
becomes enzymatically active and incorporates dUTP, according to the
template DNA sequence, to synthesize the new DNA strand

Figure 12 Schematic of PCR mechanism 

From https://commons.wikimedia.org/wiki/File:Polymerase_chain_reaction-en.svg CC BY-SA 4.0. 



59 

Shifting between the steps requires rapid and accurate manipulation of reaction 
temperatures, which is achieved by the lab instrument called thermocycler or 
thermal cycler. Modern thermocyclers are typically able to change the reaction 
temperatures at a rate of up to 5 °C/second, and reach the target temperatures with 
less than ± 0.3 °C [349, 350]. 

Given the characteristics of PCR, a common usage of this technology is naturally to 
enrich the nucleic acid template originally at a low concentration or total amount so 
that the amplified template DNA molecule can be retrieved and used as input for 
the downstream laboratory processes. This type of PCR is necessary for building 
sequencing libraries when the original amount of nucleic acid to be sequenced is too 
low to be loaded on a sequencer. Sequencing library enrichment by PCR was 
performed in Papers II, III, and IV. 

PCR is also used to detect the presence of nucleic acid template molecule of interest 
in the given sample, qualitatively and/or quantitatively. To achieve this purpose, 
fluorescence signal reporters that bind to nonspecific double-stranded DNA 
molecules (PCR products) are often added to the reaction. Frequently used 
fluorescence dyes include ethidium bromide (EtBr) [351, 352], SYBR Green I [353, 
354], and EvaGreen [355, 356]. The PCR products are often analyzed with agarose 
gel electrophoresis subsequently, which separates double-stranded DNA molecules 
into different bands by their lengths. The fluorescence signal intensity within each 
band is proportional to the amount of DNA with the dye intercalated, hence serving 
as a semi-quantitative surrogate of DNA amount. 

An alternative approach to detect PCR products, instead of having a fluorescence dye 
that unselectively binds to all double-stranded DNA molecules, is to include a piece 
of single-stranded DNA tagged with a fluorophore and a nonfluorescent quencher 
(NFQ), sometimes called a TaqMan probe [357]. When the fluorophore and the 
quencher are tethered by the intact probe, they are in close spatial proximity, and the 
fluorescence is inhibited. The TaqMan probe has a sequence complementary to that 
of the DNA template and is flanked by the DNA primers. Mechanism of TaqMan 
probe in PCR is depicted in Figure 13. In the annealing step, the probe binds to the 
template. In the extension step, the polymerase not only incorporates dNTP according 
to the reverse complement strand’s sequence, but also hydrolyzes the probe using its 
5’-3’ exonuclease activity, spatially separating the fluorophore and the quencher, and 
thus create a detectable fluorescence signal when excited by an energy source such as 
a laser. This approach, comparing with probe-free PCR, significantly improves the 
specificity of the technology, which is critical for reliable detection of SNVs, small 
indels, and genomic translocations at low abundance, where the intended DNA 
template shares high degree of sequence similarity with the background DNA at an 
overwhelming amount. In recent years, base modifications, such as minor groove 
binder (MGB) [358, 359], and nucleic acid analogs, such as locked nucleic acid 
(LNA) [360, 361] in primers and probes have been shown to further increase the 
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specificity of PCR. A mixture of the primer pairs and one or several probes with a 
well titrated ratio at a desired concentration is called an assay. 

The variations of PCR used in this thesis were quantitative PCR (qPCR) in Paper 
IV and digital PCR (dPCR) in Papers II, III, and IV. Details about qPCR and dPCR 
are described in the following sections. 

Figure 13 Schematic of mechanism of TaqMan probe 

From https://commons.wikimedia.org/wiki/File:Taqman.png public domain. 

Quantitative PCR (qPCR) 
To accurately quantify the target DNA molecule, in the case of Paper IV, the NPM1 
type A insertion [362], the real-time quantitative PCR (qPCR) technology was 
employed. Based on regular endpoint PCR, qPCR adds a step at the end of each 
PCR cycle to measure the fluorescence signal intensity of the reactions [363, 364]. 
Empirically, the fluorescence signal intensity increases first in a geometric manner, 
followed by a linear phase, until it hits the plateau. The intensities, on a logarithmic 
scale, are often plotted against the number of cycles, and a threshold intensity is 
defined within the geometric phase cycles (Figure 14). The exact cycle number 
when the threshold intensity is reached is defined as the cycle of quantification (𝐶௤), 
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also known as the threshold cycle (𝐶௧). The quantity of the target DNA molecule in 
the original sample has a relationship to the 𝐶௤ value given by Equation (1) 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 ∼ (𝑐 ⋅ 2)஼೜   (1) 

where 𝑐 stands for efficiency of the PCR (0-100%). 

 

 
Figure 14 An example of logarithmically transferred intensity values versus cycle numbers. Threshold is set 

From https://commons.wikimedia.org/wiki/File:Qpcr-cycling.png CC BY-SA 3.0. 

 

Typically, a standard curve of 𝐶௤ values versus known concentrations of the DNA 
molecule in a set of serially diluted control samples needs to be constructed for any 
qPCR experiment. For a tester sample, the concentration of the DNA molecule can 
be quested on this standard curve when the 𝐶௤ value of the sample is determined. In 
Paper IV, DNA extracted from a NPM1 type A insertion positive cell line, OCI-
AML3 (DSMZ # ACC 582, Leibniz Institutes) was diluted in DNA extracted from 
a NPM1 wild-type cell line, NB4 (DSMZ # ACC 207, Leibniz Institutes) at a 
constant total DNA concentration of 100 ng/µL, to plot the standard curve.  

The assay design and PCR conditions were detailed by Pettersson et al. in a previous 
study [188]. In short, 250-500 ng of bone marrow DNA was tested per follow-up 
sample for the insertion. The concentration of albumin, a household gene at a 
constant concentration, was also measured using methods published before, to 
normalize the measured NPM1 type A insertion concentrations [187, 365]. As 
heparin in the coated in collection tubes is a known PCR inhibitor [366], bovine 
serum albumin (BSA) was added to the PCR reactions at a final concentration of 
0.32 µg/mL to alleviate the inhibition according to a previously published protocol 
[367]. 
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The percentage of the residual leukemic DNA content can be calculated by 
Equation (2) 𝑀𝑅𝐷% = ஼ಿುಾభ ೟೤೛೐ ಲ ೔೙ೞ೐ೝ೟೔೚೙஼ೌ೗್ೠ೘೔೙ × 100%  (2) 

where 𝐶ே௉ெଵ ௧௬௣௘ ஺ ௜௡௦௘௥௧௜௢௡  is the concentration of NPM1 type A insertion and 𝐶௔௟௕௨௠௜௡  is the concentration of albumin, measured by qPCR. Given the high 
amount of total DNA input, and the fact that the type A insertion is not as similar to 
the wild-type allele as a SNV would be, the NPM1 type A insertion qPCR assay was 
able to detect MRD down to 0.001%. However, if the mutation is a SNV, or the 
input amount is not as much, the LoD will be affected. Detection of SNVs and small 
indels with IBSAFE ddPCR is discussed in the following sections. 

Digital PCR (dPCR) 
Digital PCR (dPCR) is a powerful variation of traditional endpoint PCR. The 
original concept of dPCR was to dilute the nucleic acid analyte and evenly aliquot 
the diluted sample into many replicates, such that there is either zero, one, or a few 
target molecules in each component reaction (compartment). After amplification, 
the results of the component reactions are to be recorded in a dichotomous manner 
– either negative for those that contain zero target molecule, or positive for those 
that contain any non-zero number of target molecules [368, 369]. The technology 
also got its name “digital” because of the discrete and binary nature of its results, 
where each compartment is scored as positive or negative, or 1 or 0. As each target 
nucleic acid molecule ends up in one of the component reactions independently and 
randomly, the numbers of the target molecules in the component reactions, 
according to probability theory, are distributed following the Poisson distribution. 
Derived from the probability mass function (PMF) of the Poisson distribution, the 
probability 𝑃(𝑋 = 𝑘) for a component reaction to contain 𝑘 (𝑘 = 0, 1, 2, …) target 
molecules, when the average number of target molecules per component reaction is 𝜆, is given by Equation (3) 𝑃(𝑋 = 𝑘) = ఒೖ∙௘షഊ௞!    (3) 

where 𝑒 is the base of the natural logarithm (𝑒 = 2.71828) and ! is the factorial 
function sign. It is self-evident that when the values of 𝑃(𝑋 = 𝑘) and 𝑘 are set, the 
value of 𝜆  can be uniquely determined. Let 𝑘 = 0 , 𝑃(𝑋 = 𝑘)  becomes the 
probability for component reaction to contain 0 target molecule, represented by the 
occurrence rate of negative component reactions. The probability 𝑃(𝑋 = 𝑘) can be 
estimated using the calculation given by Equation (4) 𝑃(𝑋 = 0) = ேேା௉ = 1 − ௉் = 𝑒ିఒ  (4) 
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where 𝑁 is the observed number of negative component reactions, 𝑃 is the observed 
number of positive component reactions, and 𝑇 is the total number of component 
reactions (𝑇 = 𝑁 + 𝑃). The average number of target molecules per component 
reaction, 𝜆, can thus be calculated using Equation (5) 𝜆 = − ln(1 − ௉்)   (5) 

At this point, the advantage of dPCR has emerged, in that it can directly measure 
the absolute copy number concentration of the target molecule, whereas other 
methods like qPCR makes relative quantification based on a standard curve built 
from measurements in external control samples with known target molecule 
concentrations. However, to achieve an acceptable statistical power so that the 
objective occurrence rate 𝑃(𝑋 = 0)  can be accurately calculated from the 
empirically observed numbers, 𝑁 and 𝑃 must be large. In addition, to make results 
of dPCR robust and reliable, the volume of the component reactions must be highly 
consistent, and the limiting dilution steps must be free from sample contamination. 
For these reasons, despite being a conceptually tempting new technology, the wide 
application of dPCR in research had long been hindered by its laborious, costly, and 
technique-demanding workflow. The situation changed in early 2010s, when 
technological advances led to the launching of droplet digital PCR (ddPCR) 
platforms, such as the QuantaLife QX100 system [370] and the RainDance system 
[371] (both were later acquired by Bio-Rad), which create component reactions in 
the form of nanoliter- to picoliter-sized compartments called droplets. As the ddPCR 
experiments in this thesis were all done with the QX system (QX100 and QX200), 
the discussions about ddPCR hereafter are all about this system unless specified 
otherwise. 

The schematic of ddPCR workflow is shown in Figure 15. Generation of droplets, 
sometimes also called partitioning, is reproducibly done using the QX Droplet 
Generator, resulting in ~20,000 droplets from a 20 µL reaction, with a high-degree 
uniformity in droplet volume. This machine-driven droplet generation step 
effectively eliminates the possibility of sample contamination, reduces variance in 
component reaction volume, and makes the dPCR practical and affordable. After 
thermocycling, the fluorescence signal results of the droplets are analyzed, at a 
speed of ~10,000 droplets/minute, by the system’s Droplet Reader [372]. With this 
streamlined workflow, ddPCR has become a readily viable laboratory tool for 
absolute quantification [373-376]. It also has been reported that ddPCR outperforms 
qPCR in gene expression analysis [377], copy number variation analysis [378], 
mutation detection [379], noninvasive prenatal testing [380], and even SARS-CoV-
2 detection [381]. Moreover, ddPCR has a better potential to be multiplexed [382] 
and is more tolerant to PCR inhibitors than traditional endpoint PCR [383, 384]. 
The QX systems have channels to simultaneously detect blue (FAM) and green 
(VIC/HEX) fluorescence signals. Using this feature, assays targeting the variant 
allele (usually reported in the FAM channel) and the wild-type allele (usually 
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reported in the VIC/HEX channel) of the same genomic locus can be applied in the 
same reaction to measure the absolute concentration of both alleles at the same time, 
and thus the variant allele frequency (VAF) can be calculated. 

Figure 15 Schematic of ddPCR workflow 

With the QX system’s setup, absolute copy number concentration of the target 
molecule (the variant allele molecule or the wild-type allele molecule) in the original 
sample 𝐶௏೔ can be calculated by Equation (6) 𝐶௏೔ = ఒ௏೏ × ௏ೝ௏೔ = ି ୪୬(ଵିು೅)௏೏ × ௏ೝ௏೔ (6) 

where 𝑉ௗ is the volume of a droplet (0.91 × 10-3 µL at the time of Paper II, later 
changed to 0.85 × 10-3 µL at the time of Papers III and IV, after the system’s 
firmware was upgraded); 𝑉௥ is the total volume of a ddPCR reaction (20 µL); 𝑉௜ is 
the input volume of the sample. When the concentrations of the variant allele 𝐶௏೔ ௏௔௥௜௔௡௧ and the concentration of the wild-type allele 𝐶௏೔ ௐ௜௟ௗି௧௬௣௘ are both 
measured, 𝑉𝐴𝐹 can be calculated by Equation (7) 𝑉𝐴𝐹 = ஼ೇ೔ೇೌೝ೔ೌ೙೟஼ೇ೔ೇೌೝ೔ೌ೙೟ା஼ೇ೔ೈ೔೗೏ష೟೤೛೐ × 100% (7) 

Weather the absolute concentration of the variant allele 𝐶௏೔ ௏௔௥௜௔௡௧ or the variant 
allele frequency 𝑉𝐴𝐹  is more clinically meaningful is debatable. On one hand, 
recovery rates of the upstream DNA extraction may vary between specimens even 
if the same protocol is used. Despite this, cfDNA molecules of both alleles are 
presumably affected equally. By using 𝑉𝐴𝐹, this variance in extraction efficiency 
is normalized, and therefore the variant allele burdens between different specimens 
can be compared. On the other hand, 𝑉𝐴𝐹 in an original specimen may have already 
changed prior to DNA extraction. For example, when DNA is extracted from 
plasma, which in turn is fractionated from whole blood, in vitro hemolysis could 
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happen as the result of certain mishandlings of the whole blood sample. This could 
not only cause a deviation in measurements of certain circulating biomarkers [385], 
but also lyse the leukocytes and contaminate cfDNA in the plasma fraction with 
genomic DNA released from the lysed cells, resulting in an underestimated 𝑉𝐴𝐹 
[386]. In this situation, 𝐶௏೔ ௏௔௥௜௔௡௧ may be a preferred metric. In this thesis, 𝑉𝐴𝐹 
was chosen as the indicator for variant allele burdens in the plasma samples. 

Although the mechanism of the ddPCR technology, by design, enables absolute 
quantification of target nucleic acid molecules, this promise cannot be fulfilled in 
real world without savvily designed assays, especially in situations where the target 
molecule is a DNA variant at low abundance that bear some degree of resemblance 
to the abundant background wild-type allele molecules. As plasma was the material 
for mutation detection in Papers II, III, and IV, which usually only contains 
thousands to tens of thousands of cfDNA genome-equivalents per mL of plasma 
[131, 387-392], the assays must be able to reliably detect single-digit numbers of 
variant allele molecules, while give low numbers of false positive signal, if not none, 
in true negative samples. Due to the difference in characteristics of the variant types 
investigated in the studies, assays were design with different strategies. 

Detection of chromosomal rearrangements 
Assays were designed for detection of chromosomal rearrangements in Paper II. 
Details were published as a standalone chapter in Digital PCR – Methods and 
Protocols, a part of the Methods in Molecular Biology book series [273]. Figure 16 
is a schematic to show the workflow from chromosomal rearrangements 
identification by low coverage WGS in the tumor tissue genome to ddPCR assay 
design. 

Briefly, about 10 rearrangements per sample were initially selected from the list for 
ddPCR assay design. The rearrangements with a high number of reads that span 
across the junction point and/or a high number of read pairs that are mapped to two 
far-apart genomic locations were prioritized for assay development, for they are 
important indicators of the fidelity of the rearrangement. In addition, if there were 
still a lot of rearrangements to choose from, those that were mapped to different 
chromosomes were prioritized so that the chance that they represent different tumor 
subclones was maximized. The selected rearrangements were then visually 
inspected using the Integrative Genomics Viewer (IGV, Broad Institute) to exclude 
artifacts from bioinformatics [393]. 

For ddPCR assay design, the Primer Express 3.0.1 software (Applied Biosystems) 
was used following typical guidelines for TaqMan probe-based PCR assay design. 
As there was no guarantee that the exact sequence of the junction region can be 
reconstructed, a universal strategy was to place one primer and the probe on one 
side of the junction, and the other primer on the other side. For those rearrangements 
whose exact break point sequences were determined, the probe could also be placed 
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across the break point, instead of being solely on either side. The primers and the 
probe did not overlap each other, but were placed as close to each other as possible, 
so that the size of the PCR product in base pairs, called amplicon, could remain as 
small as possible. A small amplicon size is a prerequisite for detection of cfDNA 
with high sensitivity, as most cfDNA molecules are fragmented to ~160 bp [394, 
395]. 

Figure 16 Schematic of workflow from chromosomal rearrangements identification to ddPCR assay design 

The biophysics of the primers and probes are as follows. Melting temperatures (Tm) 
of the primers were between 58 and 60 °C, with the difference in Tm as small as 
possible. A G or C was placed at the 3’ end of the primers to form a GC clamp, so 
that the specificity of the primer binding to its template was increased. As for the 
probe, the Tm was between 68 and 70 °C, ~10 °C higher than those of the primers, 
so that they can bind to the template before the binding of the primers and synthesis 
of the new DNA strand. The terminal 5’ end of the probe was not a G for all probes, 
and specifically for probes tagged with the FAM fluorophore, the second base from 
5’ end was not a G either. The percentage of guanine (G) and cytosine (C) bases, 
called GC content, in both the primers and the probe were between 30 and 80%. 
Polynucleotide repeats, especially GGGG (4 G’s), CCCC (4 C’s), and AAAAAA 
(6 A’s), were avoided in both types of DNA oligoes. In addition to all these, the 
DNA oligoes must remain single-stranded under reaction conditions for them to 
bind to the template and keep the PCR going. For this reason, the secondary 
structure of the oligoes was also checked with the software, and those with strong 
secondary structures of hairpin, self-dimers, and cross dimers were excluded from 
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the analysis. Due to the demanding biophysical requirements, not all selected 
rearrangements could have an assay designed. 

For the designed assays, first the primer pairs, at 250 nM molar concentration each 
in reaction, were tested in 10 ng of tumor tissue DNA as positive control and the 
same amount of matched normal genomic DNA extracted from buffy coat 
leukocytes from the same patient as negative control. A “step-down” PCR program 
was used for all the primers with slight differences in their biophysics characteristics. 
Briefly, the annealing temperature of the PCR program was 70 °C in the first cycle, 
only to decrease by 1 °C per cycle, until it reached 60 °C, and last 29 extra cycles 
with the annealing temperature at 60 °C. The purpose of this setup was to let the 
most biophysically stringent primers to bind and amplify first, while still let as many 
types of primers as possible to start working in later cycles, so that the PCR program 
is specific and yet highly generic. The results were analyzed with the Caliper 
LabChip XT System (Perkin Elmer), a microcapillary agarose gel electrophoresis 
system, to select for primer pairs that can make PCR products in the tumor tissue 
DNA, and against those that also amplify in the matched normal DNA. The 
remaining rearrangements were somatic ones for which an assay could likely be 
validated. The probe was added to the reaction in the next round of assay validation 
for these assays, also at 250 nM in reaction. An assay was considered validated and 
ready to be used in follow-up DNA samples when the intensity of the signal in the 
positive control was high and the measured copy number concentration was 
concordant with WGS results, and the negative control had no false positive signal. 
Following the same assay design rules, an assay targeting a copy-number stable 
region in breast cancer located in chromosome 2, 2p14, was designed to measure 
the total number of genome equivalents analyzed per reaction. On average, ~5 
somatic rearrangements per patient were monitored by the successfully designed 
assays, with a mean amplicon size of 101 bp. 

The results could not be compared between samples and different time-points until 
certain normalizations. To normalize the results, ddPCR thresholds were set for the 
reactions in an unbiased, automated, reproducible way. The droplet amplitudes files 
were exported from the QuantaSoft software (Bio-Rad) for this normalization. 
Basically, the intensity of the highest droplet in the negative control was defined as 
negMax. For each reaction, droplets ≤ 2 × negMax were defined as lower droplets, 
and those > 2 × negMax were upper droplets. Find the median of the lower droplets 
of each reaction and subtract it from all the droplet intensities to bring the lower 
droplets median intensity to 0. Then find the median of the upper droplets of the 
positive control reaction and divide all the droplet intensities of all reactions by it to 
set the upper droplet median intensity of the positive control to 1. Thus far, the 
droplet intensities of different assays in different samples were normalized. For 
thresholding, a receiver operating characteristic (ROC) analysis was done [396] and 
it was determined that a threshold at 0.5 after normalization gave the best 
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performance, and was therefore selected. An example of thresholding after 
normalization is shown in Figure 17. 

 

 
Figure 17 Example of unbiased ddPCR thresholding 

Detection of SNVs and small indels 
Assays were designed for SNVs in Paper III, and for SNVs and small indels in 
Paper IV. SNVs, by definition, only involve a change in a single DNA base, and 
the local genomic sequence context is identical to the wild-type reference genome. 
Moreover, somatic SNVs are often present at a low allele frequency. The 
combination of high similarity and low abundance not only makes SNVs relatively 
difficult to be called from HTS data [397-399], but also evokes complexities in 
PCR-based mutation detection assay design. 

A typical PCR assay targeting a SNV has a variant-allele-specific probe covering 
the SNV. The probe has a perfect reverse-complementary sequence to the variant 
allele template sequence, the melting temperature of which, therefore, is termed the 
perfect match Tm. Besides the perfect binding, the variant allele probe is also to 
inevitably bind to the wild-type allele template with certain degrees of affinity, 
especially as the wild-type allele is often at a higher concentration in a given sample 
than the variant allele. The melting temperature of the probe against the wild-type 
allele, as there is a single-base mismatch, is called the mismatch Tm. It is obvious 
that the larger the difference between the perfect match Tm and the mismatch Tm, 
the higher specificity the assay has for the variant allele against the wild-type allele. 



69 

In practice, most assays cannot prevent the variant-allele-specific probe from 
binding to the wild-type allele with a reduced efficiency, and therefore a background 
fluorescence signal for the variant allele is to be created from the nonspecific 
binding in essentially all types of samples, including pure wild-type control samples, 
hurting the specificity of the mutation detection. To overcome this issue, researchers 
have suggested alternative assay design strategies, of which the amplification 
refractory mutation system (ARMS) is perhaps the most embraced one [400, 401]. 
Generally, the ARMS design strategy instructs researchers to put the SNV base at 
the 3’ end of a primer, while have the second last base from the 3’ end a mismatch 
to both the variant and the wild-type alleles. For the variant allele template, the 
perfect match of the 3’ end base overrides the mismatch effect of the penultimate 
base, keeping the PCR rolling, whereas for the wild-type allele template, the combo 
effect of two consecutive mismatches at the 3’ end of the primer effectively 
terminates the extension. This assay design strategy, however, is not a once-and-
for-all solution to SNV detection using PCR in that the imperfect match between 
the variant-allele-specific primer to the variant allele template may reduce the 
sensitivity of the assay, especially in situations when the SNV is an adenosine or 
thymidine, precluding the possibility of forming an extension facilitating GC clamp 
structure at the 3’ end of the primer. 

To make things more complicated, all DNA polymerases are not free from base 
misincorporation errors [402, 403], and thus there is a chance that in the process of 
PCR a wrong DNA base is incorporated to the newly synthesized wild-type DNA 
strand at the position of the SNV. When the mistakenly incorporated base is that of 
the SNV, and the misincorporation event happens in early cycles of the PCR, the 
SNV is “created” in vitro and copied exponentially in the subsequent cycles, and 
eventually a false positive result will be reported. Although many modern 
thermostable DNA polymerases utilized in PCR have a low error rate in the range 
of 1 base misincorporation per 100,000 to 1,000,000 base pairs [347, 404], this 
advancement is counteracted by the fact that variant-allele molecules, if any, are 
usually at very low absolute concentrations and allele frequencies in cfDNA. 
Therefore, an ultrasensitive mutation detection method that is essentially free from 
false positives, despite the limited fidelity of all polymerases, is necessary for 
circulating tumor DNA detection in liquid biopsy to become a useful diagnostic and 
prognostic tool in clinical practices. 

The IBSAFE technology was invented to achieve a better-than-ever sensitivity for 
digital PCR-based mutation detection. The technology has been used to reliably 
detect SNVs at single digit copy number concentrations in lung cancer [405], 
ovarian cancer [406], breast cancer [407] (and Paper III), and AML (Paper IV), 
and a manuscript on the ontology of the method is also in preparation [George AM, 
Chen Y, Saal LH, et al]. IBSAFE does not achieve its enhanced analytical 
performance via eliminating the innate polymerase base misincorporation error per 
se, but instead utilizes an alternative chemistry alongside a modified thermocycling 
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program to reduce the negative consequence of polymerase error. Defying canonical 
PCR assay design paradigms, the primers of an IBSAFE assay are deliberately 
designed with asymmetrical biophysical attributes, such that in each ddPCR droplet, 
correctly copied PCR product is enriched during a “linear” phase of 64 cycles when 
only one of the primers binds, followed by an “exponential” phase of 27 cycles when 
both primers and the probe bind. The primers and the probes were designed using 
IDT’s OligoAnalyzer Tool [408], which predicts the biophysical characteristics of 
the DNA oligoes based on previously published studies [409-415]. 

Figure 18 Theoretical comparison between regular ddPCR and IBSAFE ddPCR performances. This comparison 
features the worst-case scenario of polymerase error, that a base misincorporation event happens at the variant site in 
the first cycle in a droplet. The result shows that IBSAFE can effectively eliminate a false positive call for the droplet, 
whereas regular ddPCR cannot.

The amount of correct PCR product produced in the 64 linear cycles is equal to the 
amount that can be synthesized in 6 exponential cycles (as 64 = 26). As the DNA 
molecules are already partitioned into droplets prior to thermocycling, this linear 
step of enrichment de facto gives the true positive signal approximately 6 leading 
exponential PCR cycles over any potential false positive signal, without changing 
the number of positive and negative droplets. This way, the false positive signal, if 
any, can be effectively suppressed, and the quantity of the true positive variant allele 
molecule can be accurately measured. Figure 18 shows a theoretical performance 
comparison between a regular ddPCR and an IBSAFE droplet, when the template 
is wild-type DNA, and a base misincorporation event happens exactly at the variant 
position in the first cycle. In the regular ddPCR droplet, a quarter of the final 
fluorescence signal would support the existence of a false positive variant, whereas 
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in the IBSAFE droplet, it would only be 1/128. Note that the worst-case scenario 
for the base misincorporation error to happen is when it happens in an early cycle 
of the PCR. Such errors work as a founding synthetic mutation, causing amplified 
false positive signal in the final result. Therefore, such situations are where IBSAFE 
has the most benefit over regular ddPCR experiments. 

Different types of SNVs need different IBSAFE assay design strategies. SNVs are 
divided into two classes: 1) transition, which involves base changes within the 
purines (adenine and guanine) or the pyrimidines (cytosine and thymine), and 2) 
transversion, which changes the type of the base from purine to pyrimidine or the 
other way round (Figure 19). Although there are twice as many types of transversion 
as transition, transitions are observed at a much higher frequency between species 
in the course of evolution [416, 417], and usually occur at an elevated rate in various 
types of tumor tissue [184, 418] and cancer cell lines [419]. Evolutionarily, when 
transitions occur at the third base of a codon, known as the “wobble” position, the 
amino acid could remain the same in many cases, reducing the natural selection 
pressure against these mutations. In biochemistry, changes between the same type 
of bases (“one ring” for the purines and “two rings” for the pyrimidines) are more 
likely to happen. 

 
Figure 19 Transition and transversion of DNA base changes 

 

The same underlying mechanisms that lead to the prevalence of transitions in vivo, 
perhaps, are also the factor to make transition the type of mutation vulnerable to 
false positives in ddPCR mutation detection in vitro. Conventional ddPCR mutation 
detection assays, when the target is a transition, usually has a background false-
positive level of at least 0.01% VAF, whereas IBSAFE can reliably detect 
transitional SNVs down to 0.005% VAF and lower. See Figure 20 for an 
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experimental performance comparison between a Bio-Rad off-the-shelf assay 
versus an IBSAFE assay, both targeting the EGFR resistance mutation p.T790M. 

Figure 20 Comparison between Bio-Rad and IBSAFE assays targeting EGFR p.T790M 

Although our data has suggested that in principle, IBSAFE has an LoD approaching 
0.001% VAF, the performances of different assays are still slightly different. 
Therefore, determination of the analytical performance of each individual ddPCR 
assay provides a closer insight on to what degree the analysis results using the assay 
are to be trusted. The Clinical and Laboratory Standards Institute (CLSI) has 
published a series of clinical method evaluation standards to instruct establishment 
of analytical methods. According to the document EP17, Evaluation of Detection 
Capability for Clinical Laboratory Measurement Procedures, at least 60 technical 
replicates with permutations in multiple variables such as control sample lot, date 
of experiment, person to run the experiment, etc. are needed to establish limit of 
blank (LoB), limit of detection (LoD), limit of quantitation (LoQ) etc. for the 
method. Despite its extreme rigorousness, this guideline is not easy to carry out, as 
the workflow is quite costly and laborious, especially for academic projects in which 
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a specific assay may only be used one or a few times. Armbruster and Pry published 
a paper in 2008 to simplify the workflow [420], but it still requires relatively large 
amounts of experimental data. For Papers III and IV and other ongoing research 
projects involving the IBSAFE technology, an approximation method was used to 
calculate LoB and achievable LoD for the assays using droplet level false-positive 
rate measured in wild-type control samples. 

According to definition, LoB of an IBSAFE assay is the highest apparent VAF that 
could be detected in a wild-type control sample, or in other words, the upper 95% 
confidence interval of the droplet-level false positive rate. The droplet-level false 
positive rate of an assay can be determined by running the assay in a large amount 
of wild-type control sample. If zero false positive droplet is observed in the wild-
type control sample, the number of false positives is arbitrarily adjusted to 1, and 
the number of total genome equivalents is multiplied by 𝑒, the base of the natural 
logarithm (𝑒 = 2.71828). Let the adjusted number of false positives be 𝑁ி௉ and the 
adjusted number of total genome equivalents be 𝑁ீ௘௡௢௠௘. The LoB is the lowest 
true positive VAF that has 5% chance to have no more than 𝑁ி௉  true positive 
molecules sampled when 𝑁ீ௘௡௢௠௘ total copies of genome equivalents are tested. In 
terms of LoD, it is defined as the lowest objective VAF that could be reliably 
distinguished from the LoB. As most of the validated IBSAFE assays had LoBs 
lower than 0.005%, the limiting factor of ultrasensitive mutation detection became 
the amounts of available DNA. Thus, the achievable LoD was calculated as the 
lowest true positive VAF that allows at least one copy of the variant allele molecule 
to be sampled into the reaction, given the amount of available total copies of genome 
equivalents. The achievable LoD must also be higher than the upper 95% confidence 
interval of the LoB, otherwise the latter was taken as the achievable LoD.  

In Paper III, the validated IBSAFE assays were applied in ~20% of the total cfDNA 
extracted from ~5 mL of plasma on average, or ~1 mL plasma equivalent. On 
average, 3,628 total copies of genome equivalents (range 415-35,965 copies) were 
analyzed per sample, in line with plasm cfDNA concentrations reported in literature 
[131, 387-392]. In Paper IV, the assays were used in two replicate reactions 
containing 60 ng of bone marrow DNA each (or ~36,000 copies of genome 
equivalents). The achievable LoDs for these cohorts of samples were determined to 
be at ~0.028% and ~0.003%, respectively. 
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Results and Discussion 

Paper I 

PTEN and NEDD4 in human breast carcinoma 
PTEN (Phosphatase and tensin homolog) is an important tumor suppressor gene 
with multiple functions. In the cytoplasm, with its protein tyrosine phosphatase 
activity, the PTEN protein catalyzes dephosphorylation of phosphatidylinositol 
(3,4,5)-triphosphate (PIP3) to become phosphatidylinositol (4,5)-biphosphate 
(PIP2), the inverse reaction that the phosphoinositide 3-kinase (PI3 kinase, PI3K, 
also known as phosphatidylinositol 3-kinase) catalyzes to activate AKT and the 
downstream cell survival signaling pathway, effectively antagonizing the oncogenic 
PI3K/PTEN signaling pathway. When localized in the nucleus, the PTEN protein is 
involved in maintenance of genomic integrity. Germline mutations in PTEN cause 
PTEN hamartoma tumor syndrome (PHTS) and are associated with an increased 
risk of development tumor in breast, thyroid, and endometrium, among other 
potential sites. Moreover, somatic loss of heterozygosity (LOH) of PTEN have been 
observed in essentially all types of cancers, with an overall estimated prevalence of 
30%. The key positive regulator of the PI3K/PTEN pathway, PI3 kinase, is the 
antagonist of PTEN in regulating the activity of this pathway. PI3 kinase has its 
catalytic subunit encoded by the oncogene PIK3CA, which has activating mutations 
in ~30% of all breast tumors. The mutation rate of PTEN, in contrast, is about 5%. 
Despite the low mutation rate, PTEN protein is lost in at least 25% of breast tumors 
and this loss-of-PTEN-protein phenotype and PIK3CA mutations are almost 
mutually exclusive [144]. 

Various mechanisms of loss of PTEN have been hypothesized and investigated, 
including gene mutations, copy number loss, chromosomal rearrangements, 
epigenetic silencing, as well as post-translational downregulation, but it was, and, 
to my best knowledge, still is, largely unknown in breast cancer. 

One mechanism was theorized in mouse prostate and human bladder cancer models 
that NEDD4 (neural precursor cell expressed, developmentally down-regulated 4, 
E3 ubiquitin protein ligase) catalyzes poly-ubiquitination of the PTEN protein in the 
cytosol, and thus lead to proteolysis of the PTEN protein [151]. This theory of PTEN 
protein degradation by NEDD4-mediated poly-ubiquitination has been observed in 
other cases such as axon branching [152, 153], T-cell activation [154], keloid 
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formation [155], and insulin-mediated glucose metabolism [156], and an inverse 
correlation between NEDD4 and PTEN expression levels were also found in human 
non-small cell lung cancer [157] and colon cancer [158] cohorts. However, 
numerous reports also found evidence to contradict this mechanism [159-163]. 

We attempted to investigate whether NEDD4 is a negative regulator of PTEN 
expression in breast cancer in this study. Patients with gene expression microarray 
data available or tissue microarray (TMA) of FFPE tumor specimens were selected 
from a Swedish cohort into this study (N = 186). Immunohistochemistry (IHC) 
staining targeting the NEDD4 protein was done on the 132 TMA samples, of which 
123 samples had had their PTEN protein levels scored in previous studies [144, 
145]. After being semi-quantitatively scored, the samples were divided into groups 
of NEDD4 negative (N = 60, 45%) and NEDD4 positive (N = 72, 55%). NEDD4 
protein has no correlation to progesterone receptor (PR, P = 0.12), human epidermal 
growth factor receptor 2 (HER2, P = 0.12), Nottingham Histologic Grade (P = 0.57), 
and Ki-67 (P = 0.40), but was correlated with estrogen receptor (ER, P = 0.0017). 
When compared with the PTEN protein levels, a positively trended correlation, 
although not significant (P = 0.12), was observed, with 77% of the NEDD4-positive 
samples being PTEN-positive samples, compared to only 64% of the NEDD4-
negative samples being PTEN-positive. Gene expression data was retrieved for 105 
samples, of which 42 had matched IHC results for NEDD4. A significant correlation 
was observed between the gene expression and protein levels of PTEN (N = 105, P 
< 0.001) and NEDD4 (N = 42, P = 0.04), indicating gene expression levels of both 
genes can be a good surrogate of their respective protein levels. PTEN mRNA levels 
were significantly correlated with NEDD4 mRNA levels (N = 105, P = 0.03) and 
NEDD4 protein levels (N = 42, P = 0.02), in contrast to the theory that NEDD4 is a 
negative regulator of the PTEN protein. 

These findings were confirmed in two independent breast cancer cohorts from NKI 
(N = 295) and TCGA (N = 970) where positively trended correlations between gene 
expression and/or protein levels of PTEN and NEDD4 were observed, with or 
without significance. 

This study ruled out NEDD4 as a negative regulator of the PTEN protein in breast 
cancer. 
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Paper II 
Serial monitoring of circulating tumor DNA in patients with primary breast 
cancer for detection of occult metastatic disease 
Twenty patients from a larger cohort of the Breast Cancer and Blood Study (BC 
Blood, Sweden) [191] enrolled in this project, of which 6 had long-term disease-
free survival after a median of 9.2 years of follow-up (termed DF patients), and 14 
had eventual metastasis 1.2-5.1 years after surgery (termed EM patients). For each 
patient, a low-coverage whole genome sequencing was done on DNA extracted 
from the primary tumor, in order to identify tumor-specific chromosomal 
rearrangements to be used as liquid biopsy biomarkers in the follow-up plasma 
samples. All patients had one tumor sequenced, except for patient EM6, who had 
bilateral primary tumors and therefore two tumors were sampled for this patient. For 
these 21 sequenced tumors, an average of 93 million DNA fragments were 
sequenced from both ends (range 54-160 million), resulting in a mean genome 
coverage of 5.3-fold (range 1.8-12.9) and a mean physical coverage of 15.6-fold 
(range 9.2-28.2). The raw sequencing data was analyzed by our bioinformatics 
pipeline of SplitSeq to identify intra- and inter-chromosomal rearrangements (see 
the appended method paper for details). In short, SplitSeq scans through the 
sequenced read pairs and identifies those pairs that A) the two component reads are 
both perfectly mapped to discordant positions in the genome, or B) one of the 
components has the starting part perfectly mapped to a genomic position different 
than the other half of itself as well as the other component of the read pair. 
Chromosomal rearrangements supported by two or more such sequencing read pairs 
were enumerated for each tumor (92 chromosomal rearrangements per tumor, range 
21-305), and ddPCR assays were designed for rearrangement detection in follow-
up plasma samples. 

Considering the possible intra-tumoral heterogeneity, chromosomal rearrangements 
with different copy numbers, as supported by the number of sequencing reads, and 
mapped to as many different chromosomes as possible, were selected for ddPCR 
assay design to represent the potential subclones of the tumor. For the 21 tumors, a 
total of 237 selected candidate rearrangements were selected for preliminary assay 
design attempts. Limited by the complexity of the local sequences, 197 (83%) 
rearrangements were able to have their specific assays designed, and, after tested in 
matched normal DNA with conventional PCR, 167 rearrangements were confirmed 
to be somatic. Due to the limited available volume of the follow-up plasma samples, 
4-6 rearrangements per tumor (122 assays in total by this standard, of which, 113 
assays were successfully designed for final use) were selected to be followed-up 
with ddPCR. In addition to these assays targeting the rearrangements, and assay 
specific to a non-rearranged copy-number neutral region located at 2p14 was 
designed to measure the total loading amounts of normal genomic DNA in the 
ddPCR wells. Experiments were done to confirm that the ddPCR analyses are highly 
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linear over at least 3 orders of magnitudes of variant allele frequency (VAF) and 
can reliably detect tumor-specific rearrangements down to 0.01% VAF. 

Circulating cell-free DNA was extracted from 93 plasma samples for patients in 
both groups for chromosomal rearrangement detection, of which, 29 samples had 
positive results detected down to 0.45% VAF, corresponding to 13 of the 14 EM 
patients, and none from the DF patients. The frequencies of the chromosomal 
rearrangement allele detected in these 29 samples ranged from 1.4 to 72.4%, (mean 
19.3%), and the copy number concentrations ranged from 38 to 2,617 copies/mL of 
plasma (mean 552 copies/mL plasma). There was no significant difference between 
the 2p14 fragment concentrations of the EM and the DF samples, with an average 
of 1,908 copies/mL plasma measured (range 280-8,960 copies/mL plasma). 

Thresholds for each ddPCR test was set at 50% between the normalized positive 
and negative droplet clusters. A receiver operating characteristic (ROC) curve 
analysis was done to evaluate the performance of the ddPCR analysis, and the area 
under curve (AUC) was observed at 0.98 (P = 0.001) with a sensitivity of 93% and 
a specificity of 100%, indicating an excellent performance of this method. Of the 13 
EM patients with positive ddPCR results, 12 had the occult disease detected prior to 
clinical relapse, with an average lead time window of 11 months (0-37 months) from 
the first positive blood test time point to clinical relapse. The two EM patients with 
no positive blood test results before clinical relapse had their last blood samples 
taken 4.5 and 12 months before the clinical metastasis, which might have been too 
big of an interval for monitoring ctDNA. We also found that ctDNA levels is a 
significant predictor of poor disease-free and overall survival. 

This study proved the concept that serial monitoring of circulating cell-free DNA 
originating from tumor is a sensitive and specific tool with good feasibility to detect 
occult disease and predict outcome in breast cancer. 
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Paper III 
Detection of circulating tumor cells and circulating tumor DNA before and 
after mammographic breast cancer compression in a cohort of breast cancer 
patients scheduled for neoadjuvant treatment 
Thirty-one patients diagnosed with breast cancer from a large, population-based 
cohort of SCAN-B enrolled in this study. As a routine of the SCAN-B analysis, 
mRNA of the primary tumors was sequenced, and RNA-seq data was used for 
bioinformatic identification of tumor-specific single nucleotide variants (SNV, also 
known as point mutations) and small insertions and deletions (indels). Twenty-nine 
of the 31 tumors had at least one mutation identified for detection in the blood 
samples taken at mammography. One IBSAFE mutation detection assay was 
designed per tumor, including hotspot mutations such as PIK3CA p.H1047R, 
PIK3CA p.E545K, PIK3CA p.E542K, TP53 p.R248W, TP53 p.R110P, TP53 
p.V272E, TP53 p.Y220C, ARID1A p.R1989*, PTEN p.R130Q, etc. For samples 
where no known hotspot mutations were identified, an assay for another mutation 
merely used as a tumor-specific biomarker was designed. In total, 20 assays were 
designed for the 29 tumors, with PIK3CA p.H1047R being the most common 
mutation, found in 8/29 (27.6%) of the cases. The IBSAFE assays were tested in 
tumor tissue DNA as the positive control, and matched normal DNA extracted from 
the blood leukocytes as the negative control. Such validation experiments 
guaranteed that the selected mutations are somatic, and that the validated IBSAFE 
assays for the mutations have acceptable sensitivity and specificity given the 
settings of this study. IBSAFE assays for 20 tumor samples passed the validation. 
When applied in the pairs of central/peripheral blood samples taken before and after 
mammography, the validated IBSAFE assays for somatic mutations were able to 
detect ctDNA in 9/20 central and 12/20 peripheral blood sample pairs, with an 
increased level of ctDNA measured in post-mammographic samples in both central 
(P = 0.0756) and peripheral (P = 0.0108) cases. The average increases of VAF 
percentages were 0.77% in central and 0.35% in peripheral sample pairs (medians 
are 0.35% and 0.22%), respectively. These small VAF percentage increments 
indicated that the levels of ctDNA changes, insignificant in central and significant 
in peripheral blood, may have little biological impact. Notably, all 4 triple-negative 
breast cancer (TNBC) and 4 T4 staged cancers were ctDNA positive. 

The CTC analysis, on the other hand, seemed to have better applicability than the 
ctDNA analysis, in that it does not require tumor-specific mutation assay design, 
but relies on CTC-specific antigen-based cell sorting. As a result, all patients with 
available pre- and post-mammographic central (N = 30) and peripheral (N = 29) 
blood samples were able to be analyzed for CTC levels. However, CTC analysis 
may have a poorer sensitivity than ctDNA analysis, given that CTCs were only 
detected in 8/30 and 2/29 central and peripheral blood sample pairs, respectively. 
An average increase of 3.2 cells (P = 0.188) and decrease of 17 cells (P = 0.371) 
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were observed in the central and peripheral sample pairs, and no significant 
agreement was achieved between the ctDNA and the CTC analyses (κ = 0.02, P = 
0.92). When the numbers of CTCs measured in the central and the peripheral 
samples were pairwise compared, 8/10 cases had more CTCs detected in central 
than in peripheral (P = 0.04) samples, but such a trend was not observed in the 
ctDNA comparisons (8/20 had higher % VAF measured in central than in 
peripheral, P = 0.50). 

The results of this study showed that ctDNA, represented by tumor specific SNVs 
and indels, is a useful type of circulating biomarker for non-/minimally-invasive 
detection of tumor derived content in the body, and can be detected with the 
IBSAFE mutation detection assays with high sensitivity and specificity. CTCs are 
more abundant in central venous blood from superior vena cava, whereas ctDNA is 
at similar concentration levels in both central and peripheral blood. The study also 
showed, from the viewpoints of CTC and ctDNA, that mammography is a safe 
breast cancer diagnosis and screening tool that the risk of disseminating tumor 
content into the bloodstream to cause metastasis is low. 
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Paper IV 
Subclonal patterns in follow-up of acute myeloid leukemia combining whole 
exome sequencing and ultrasensitive IBSAFE digital droplet analysis 
Fourteen patients were included in this retrospective study aiming to prove the 
concept that IBSAFE is a useful tool to detect MRD in AML. The cohort consisted 
of 10 relapsing and 4 non-relapsing patients, of which the somatic mutational 
profiles were determined by WES done on tumor samples retrieved at diagnosis and 
clinical relapses and cultured matched normal skin fibroblast samples, yielding 10-
30 (mean = 18) somatic mutations found at diagnosis per patient. Somatic SNVs 
and small indels, with those in recurrently mutated genes in AML (such as NPM1, 
DNMT3A, RUNX1, FLT3, IDH1, etc.) prioritized, were selected for IBSAFE assay 
design. A total of 86 assays, corresponding to 5-9 assays per patient, were validated 
in DNA extracted from the diagnostic samples as the positive controls, and at least 
180 ng of normal human genomic DNA as the negative control. The validated 
IBSAFE assays were used to monitor molecular MRD in follow-up bone marrow 
aspirates with 120 ng of extracted DNA as input per sample. In parallel, qPCR 
analysis, if the patient was positive for one of the recurrent NPM1 insertions at 
diagnosis, and MFC analysis were done in the follow-up samples.  

For the 10 relapsing patients, one or several mutations, representing different tumor 
subclones, were tested positive for one or several time-points prior to the clinical 
relapses, indicating persisting or emerging MRD in the patients. Of the total 66 
follow-up samples (relapsing samples included) tested in the relapsing patients, 35 
samples from 9 patients (2-7 samples per patient, or 50-100% of all samples tested 
for the patient) had at least one mutation detected by IBSAFE at VAF< 0.1%, which 
could have been missed should another MRD detection method, for example MFC, 
was used instead of IBSAFE. In fact, of the 43 follow-up samples, not including the 
relapsing samples, in which both MFC and IBSAFE results were positive, MFC was 
only able to detect MRD in 7 (16.3%) samples from 5 (50%) patients, whereas 
IBSAFE reported positive results in 42 (97.7%) samples from all 10 (100%) 
patients, only missing one sample that was negative by both IBSAFE and MFC. 
Moreover, all 10 relapsing patients had at least one follow-up sample in which at 
least one mutation was tested positive by IBSAFE at a VAF> 0.1%. 

Despite the small sample size, three patterns of tumor subclonal evolution seemed 
to manifest. In the first pattern featuring four patients, serial monitoring of the 
mutations revealed one or several subclones that responded differently during 
treatment, only to all come back as positive at relapse. Pattern two featuring another 
four patients, in comparison, had only some, but not all, of the subclones come back 
at relapse. The rest two patients showed a third pattern, in which one subclone 
represented by at least two mutations stayed at a high level throughout the treatment, 
even though they achieved clinical complete remission. 
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For the four non-relapsing patients, SCT was operated on two patients, and only 1 
of the 10 monitored mutations was tested positive at 0.01% VAF by IBSAFE in the 
last follow-up samples. For the two other patients, both had one subclone, 
represented by 2 or more tracked mutations, persisting in all the follow-up samples, 
but the measured VAFs were below 0.08% in all follow-up samples. 

As a potential new MRD detection method under assessment, IBSAFE was 
compared with the established MRD detection methods of 1) WES on VAFs of 
mutations followed by both IBSAFE and WES in the diagnostic and relapse 
samples, and 2) qPCR on VAFs of NPM1 insertions in samples that both IBSAFE 
and qPCR were done. The results, illustrated in Figure 1 and Supplementary Figure 
2 of Paper IV, show a balanced high-degree agreement between VAF measurements 
by IBSAFE and WES (N = 144), and by IBSAFE and qPCR (N = 34), across a wide 
range of VAFs, indicating the reliability of IBSAFE in detecting mutant molecules 
in follow-up bone marrow samples. Of note, for the comparison between IBSAFE 
and WES, 15 of the 144 pairs of mutation detections turned out negative by WES, 
of which IBSAFE reported positive results in 5. None of the mutation detections 
negative by IBSAFE was positive by WES, indicating a gained sensitivity of 
IBSAFE compared with WES. In contrast, for the IBSAFE vs qPCR comparison, 
20 of the 34 pairs were negative by IBSAFE, of which 6 were positive by qPCR. 
None of the qPCR-negative sample was positive by IBSAFE. The explanation to 
this apparent poorer sensitivity of IBSAFE is that the total input DNA amount for 
IBSAFE was 120 ng compared to up to 500 ng for qPCR, resulting in the chance of 
mutant molecules sampled in the reaction simply higher in qPCR than in IBSAFE. 
This explanation is corroborated by the fact that the qPCR measured VAFs in 5 of 
the 6 samples were lower than the achievable limit of detection with the input 
amount of 120 ng of DNA in IBSAFE analyses. 

The results of this study showed that IBSAFE has the potential to become a useful 
MRD detection tool in clinical practices of AML. IBSAFE can detect tumor specific 
mutations in follow-up bone marrow samples of AML, thus monitor the evolution 
of tumor subclones, measure the patients’ response to treatments, and predict 
clinical relapses. Prospective clinical studies of larger scales in other types of 
follow-up samples and hematopoietic malignancies should be done to have a 
complete assessment of the clinical value of IBSAFE, and at the same time help us 
better understand the biology of the hematopoietic malignancies. 
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Conclusions 

In Paper I, we found that the frequent loss of PTEN protein in human breast cancer 
is not attributable to the overexpression of the E3 ubiquitin ligase NEDD4. In Paper 
II, we showed that serial monitoring, using ddPCR, of tumor specific chromosomal 
rearrangements identified with low coverage whole genome sequencing is a highly 
sensitive and specific approach to detect occult breast cancer disease prior to the 
onset of symptoms and clinical detection. Detected plasma ctDNA level also 
predicts poor relapse-free and overall survival. In Paper III, we confirmed the 
general safety of mammography that it does not appear to lead to additional 
dissemination of CTCs and ctDNA into the bloodstream. In Paper IV, we showed 
that acute myeloid leukemia specific mutations can be reliably detected with 
IBSAFE, and thus IBSAFE can be a clinically useful tool for MRD detection in 
AML. 
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Future perspectives 

As cancer is a genetic disease, better understanding of its biology can lead to a better 
clinical management of the disease and eventually a better outcome for patients. 
Specifically, PTEN protein in breast cancer is apparently regulated with diverse 
mechanisms, and the interaction of these mechanisms may lead to different 
alterations of the PTEN protein levels. Functional studies on these regulation 
mechanisms and their interactions are worth studying in the future. 

Knowledge of cancer biology can also help build more efficient pan-cancer or 
cancer type specific sequencing panels, so that the sequencing capacity can be 
allocated to relevant genomic regions, improving the sensitivity and feasibility of 
mutation detection by sequencing in the cancer genome. From both the laboratory 
and the bioinformatics points of view, the sequencing pipelines have room for 
improvement. For example, identification of chromosomal translocations from 
FFPE tumor tissue samples is challenging, in that the DNA is often degraded and 
cross linked. Direct sequencing of cfDNA requires a great depth, and thus is still 
expensive despite the cost of sequencing is constantly reducing. Although promising 
library preparing and target capture methods have been proposed, such as the 
ATOM-seq method using linear amplification to enrich the correctly copied DNA 
template [421], their performance and feasibility are yet to be assessed with real 
world samples. In addition, third generation sequencing methods, such as Oxford 
Nanopore, may change the landscape of genomic and transcriptomic research in the 
near future. 

ddPCR also has the potential to serve a variety of research purposes, such as to 
monitor the methylation status of certain regions, assess microsatellite instability 
(MSI), and measure copy number variation of the genome. Recently, new ddPCR 
systems are constantly being marketed by different manufacturers, aiming to 1) 
increase the number of detectors for different fluorescence wavelengths, 2) increase 
the number of droplets or partitions to widen the dynamic range of absolute DNA 
copy number concentration measurement, and 3) decrease the reaction volume left 
out of analysis, known as the dead volume, to increase the sensitivity of rare event 
mutation detection. 

Increased number of detection channels would facilitate the development of 
multiplexed mutation detection assays and allow for discriminatory detection of the 
component mutation which is otherwise hard to achieve if the number of channels 
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is fewer. Increased number of partitions gives more statistical power to the Poisson 
statistics underlying the idea of ddPCR, making the range of accurate copy number 
concentration detection wider, illustrated in Figure 21. Decreased dead volume 
makes it less likely that a true positive target DNA molecule fails to be sampled 
because of sampling error, which will render a false negative result no matter how 
sensitive the target DNA detection method is. 

Figure 21 Dynamic range of accurate measurement of target DNA concentration with 20,000 or 100,000 droplets. 
The measurand in this plot is the average copy number of actual target DNA molecule per droplet. Relative uncertainty 
is defined as 95% confidence interval (CI) divided by the mean of the measurement. The dynamic range is defined as 
2.5% relative uncertainty and is wider when 100,000 droplets are used for the analysis than when only 20,000 droplets 
are used. 

Table 3 features the comparison of major multicolor digital PCR platforms already 
or soon to be released to the market. 

Table 3. Major multicolor dPCR platforms 
Company Bio-Rad Stilla Qiagen 

System QX600 Naica QIAquity 
Number of 

droplets/partisions 
100,000 20,000 (Opal chips) 

30,000 (Sapphire chips) 
8,500 (96-well plates) 
26,000 (24-well chips) 

Number of colors 6 6 5 

Droplet volume Unrevealed 0.59 nL 0.34 nL (96-well plates) 
0.91 nL (24-well chips) 

Dead volume Unrevealed 
(35-50% for QX200) 

30-40% 76% (96-well plates) 
42% (24-well chips) 
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Abstract PTEN is an important tumor suppressor gene that
antagonizes the oncogenic PI3K/AKT signaling pathway and
has functions in the nucleus for maintaining genome integrity.
Although PTEN inactivation bymutation is infrequent in breast
cancer, transcript and protein levels are deficient in >25 % of
cases. The E3 ubiquitin ligase NEDD4 (also known as
NEDD4-1) has been reported to negatively regulate PTEN pro-
tein levels through poly-ubiquitination and proteolysis in carci-
nomas of the prostate, lung, and bladder, but its effect on PTEN
in the breast has not been studied extensively. To investigate
whether NEDD4 contributes to low PTEN levels in human
breast cancer, we analyzed the expression of these proteins by
immunohistochemistry across a large Swedish cohort of breast
tumor specimens, and their transcript expression levels by mi-
croarrays. For both NEDD4 and PTEN, their transcript expres-
sion was significantly correlated to their protein expression.
However, comparing NEDD4 expression to PTEN expression,
either no association or a positive correlation was observed at
the protein and transcript levels. This unexpected observation

was further corroborated in two independent breast cancer co-
horts from The Netherlands Cancer Institute and The Cancer
Genome Atlas. Our results suggest that NEDD4 is not respon-
sible for the frequent down-regulation of the PTEN protein in
human breast carcinoma.
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Introduction

PTEN is a phosphatase that plays an important role in tumor
suppression by negatively regulating the oncogenic phos-
phatidylinositol 3-kinase (PI3K) pathway, as well as through
functions in the nucleus that contribute to maintenance of
genomic integrity [1]. Germline mutations of PTEN are found
in patients with PTEN hamartoma tumor syndrome and are
associated with an increased risk for breast, thyroid, and en-
dometrial cancer [2–4]. Moreover, somatic loss-of-function
mutations of PTEN are estimated to be present in 30 % of
cancer and are found across the entire spectrum of tumor types
[5–7]. The PTEN/PI3K pathway is one of the key pathways
deregulated in breast cancer. PIK3CA, which encodes the
p110-alpha catalytic subunit of PI3K, has activating mutations
in one-third of breast tumors, and although mutation rate of
PTEN is less than 5 % [8], PTEN expression is found to be
greatly diminished in at least 25% of breast tumors and in near
mutual exclusivity to PIK3CA mutation [9, 10]. The mecha-
nisms by which PTEN is down-regulated is poorly delineated
in breast cancer, but mutations, copy number loss, rearrange-
ments, epigenetic silencing, as well as post-translational reg-
ulation may contribute [9–13]. Of note, PTEN loss is frequent
within the poor-prognosis basal-like molecular subtype of
breast cancer [13].
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Recently, Wang et al. reported that NEDD4 (neural precur-
sor cell expressed, developmentally down-regulated 4, E3
ubiquitin protein ligase; also known as NEDD4-1) is an E3
ubiquitin ligase of PTEN and catalyzes poly-ubiquitination of
PTEN in cells leading to proteolysis of the PTEN protein,
thereby negatively regulating PTEN abundance [14].
Furthermore, in their analysis of mouse prostate and human
bladder cancer samples, high expression of NEDD4 was in-
versely correlated to PTEN protein levels but not PTEN
mRNA levels, suggesting that NEDD4 plays a proto-
oncogenic role in tumorigenesis and cancer development via
post-translational suppression of PTEN [14]. Negative regu-
lation of PTEN by NEDD4-mediated poly-ubiquitination has
since been reported to be involved in several biological and
pathological processes, such as axon branching [15, 16], T-
cell activation [17], keloid formation [18], and insulin-
mediated glucose metabolism [19]. Inverse relationships be-
tween the expression of NEDD4 and PTEN have also been
observed in human non-small cell lung carcinomas [20] and
colon cancer [21].

However, the regulation of PTEN by NEDD4 may be mi-
croenvironment and/or cell-type specific. For example,
Trotman et al. found that in addition to catalyzing poly-
ubiquitination of PTEN, NEDD4 is also responsible for
PTENmono-ubiquitination that leads to PTEN nuclear import
and protection from proteasomal degradation, making the role
of NEDD4 in regulation of PTEN stability subtle and complex
[22]. Moreover, some studies have called into question the
interaction between NEDD4 and PTEN. For example, no dis-
cernible effect on Pten stability, subcellular localization, or
downstream targets was observed in two separate Nedd4
knock-out mouse models [23]. Furthermore, Maddika et al.
failed to reproduce the functional interaction between NEDD4
and PTEN, and instead found that WWP2, another E3 ubiq-
uitin ligase within the NEDD4-like protein family, mediated
poly-ubiquitination of PTEN [24]. A third group has also
failed to demonstrate that PTEN is a substrate of Nedd4, and
rather found that PTEN regulated Nedd4 by modulating
mTORC1 activity [19]. Lastly, in gastric carcinoma, no rela-
tionship was observed between NEDD4 and PTEN expres-
sion [25], and in colorectal cancer cell lines and biopsies,
NEDD4 modulation and expression level were not associated
to the levels of PTEN [26].

NEDD4 and its potential role in PTEN regulation in breast
cancer have not been studied. To reveal the pattern of expres-
sion of NEDD4 in human breast cancer, and to investigate
whether NEDD4-mediated PTEN degradation is a factor that
contributes to the frequent loss of PTEN protein, we analyzed
NEDD4 and PTEN expression at the protein and mRNA
levels in a large cohort of Swedish breast tumors, and verified
our findings in two independent breast cancer cohorts from
The Netherlands Cancer Institute (NKI) and The Cancer
Genome Atlas (TCGA) (Table 1).

Materials and Methods

Breast Cancer Cohorts

Clinical and demographic information is provided for all co-
horts in Table 1. For the Swedish cohort, 132 formalin-fixed
paraffin-embedded (FFPE) tissue microarray (TMA) tumor
specimens, arrayed in triplicates, were studied for NEDD4
protein expression by IHC, of which 123 had matched
PTEN IHC scores previously evaluated [9, 27]. These 123
samples were analyzed for correlation between PTEN and
NEDD4 protein levels. Correlation between the PTEN protein
and NEDD4 mRNA levels, and correlation between PTEN
mRNA and NEDD4 mRNA levels were analyzed in a subset
of 105 samples with both PTEN IHC status and microarray
gene expression data [27] (NCBI Gene Expression Omnibus
accession GSE5325). Correlation between NEDD4 protein
and NEDD4 mRNA levels was performed in a subset of 42
samples with NEDD4 IHC and microarray data. For the NKI
cohort, gene expression microarray data from 295 tumor sam-
ples was analyzed for correlation between gene expression
levels of PTEN and NEDD4 [28, 29]. Tissue microarrays con-
taining these 295 NKI cases were stained for PTEN protein, of
which 267 samples could be evaluated, and thereafter were
analyzed for correlations between PTEN IHC scores and
PTEN or NEDD4 mRNA expression levels. For TCGA co-
hort, level 3 IlluminaHiSeq_RNASeqV2 gene expression data
for 970 primary breast tumor samples was used, as well as
PTEN protein expression status for 407 cases derived from a
reverse phase protein arrays platform. All TCGA data were
downloaded from the TCGA data portal (https://tcga-data.nci.
nih.gov/tcga/, downloaded on January 20, 2014). The study
was approved by the Lund University Hospital ethics
committee (LU240-01 and 2009/658), waiving the
requirement for informed consent for the study, and all
experimental protocols were performed in accordance with
approved guidelines.

Immunohistochemistry

The rabbit polyclonal anti-NEDD4 WW2 domain antibody
#07–049 (EMD Millipore, Darmstadt, Germany), previously
validated to be specific for NEDD4 [14], was used for IHC.
The staining was done using an Autostainer Plus instrument
and EnVision Plus system (Dako Denmark A/S, Glostrup,
Denmark) following manufacturer’s recommended protocol.
Antigen retrieval was performed using Dako Targeted
Retrieval Buffer pH 6.0 at 98 °C for 20 min, and the primary
antibody was used at 1:500 dilution with 30 min incubation
time at room temperature. The stained specimens were
scanned using a MIRAX MIDI slide scanner (Carl Zeiss
AG, Oberkochen, Germany) and viewed with Pannoramic
Viewer v1.15.3 (3DHISTECH, Budapest, Hungary). Semi-
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quantitative scoring was done according to the Dako system
0–3 scoring scale, where scores of 0 were given to tissues with
no NEDD4 staining, 1+ to weak NEDD4 staining, 2+ to in-
termediate NEDD4 staining, and 3+ to strong NEDD4 stain-
ing (Fig. 1). The IHC scores of 0 and 1+ were then combined
and categorized as NEDD4-negative, and scores of 2+ and 3+
were categorized as NEDD4-positive. PTEN IHC results for
the Swedish cohort were reported previously [9, 27]. PTEN
IHC was performed on the NKI TMAs using methods previ-
ously described [13].

Statistical Analysis

The chi-squared test was used to test the significance level of
correlations between the NEDD4 protein and different breast
cancer biomarkers. The Wilcoxon rank-sum test was used for
correlation between PTEN and NEDD4 protein levels. The
Student’s t-test was used for correlations between the PTEN/
NEDD4 protein and PTEN/NEDD4 mRNA levels. The
Pearson’s correlation test was used for correlations between

PTEN and NEDD4 mRNA levels from gene expression data
and RNA-seq data. All tests were two-tailed, and P < 0.05was
considered significant. All statistical analyses were performed
with R version 3.1.0 (http://www.r-project.org).

Results and Discussion

Immunohistochemical (IHC) staining was performed for 132
formalin-fixed paraffin-embedded (FFPE) breast tumor spec-
imens (Swedish cohort) using an antibody previously reported
to be specific to NEDD4 [14] (see Methods; Fig. 1).
Consistent with previous studies in other tissues [14],
NEDD4 protein was predominantly cytoplasmic in breast can-
cer cells (Fig. 1). Among the 132 stained samples, 60 (45 %)
had zero or weak NEDD4 protein staining (classified as
NEDD4-negative), whereas 72 (55 %) had intermediate to
strong expression (NEDD4-positive). NEDD4 protein expres-
sion was positively correlated to estrogen receptor status (ER;
P = 0.0017), but not associated to the other clinical variables

Table 1 Clinical demographics of the breast cancer patients

Swedish Cohort NKI cohort TCGA cohort

With protein data With mRNA data

n = 186 (%) n = 123 (%) n = 105 (%) n = 295 (%) n = 970 (%)

Median age at diagnosis (y/o) 62 (range, 26–80) 64 (range, 31–80) 61 (range, 26–77) 44 (range, 26–53) 59 (range, 26–90)

Median tumor size (mm) 25 (range, 2–55) 25 (range, 10–55) 27 (range, 2–50) 20 (range, 2–50) NA (NA)

Estrogen receptor

Positive 121 (65) 85 (69) 55 (52) 214 (73) 716 (74)

Negative 59 (32) 35 (28) 47 (45) 72 (24) 210 (22)

Unknown 6 (3) 3 (2) 3 (3) 9 (3) 44 (5)

Progesterone receptor

Positive 78 (42) 55 (45) 35 (33) 185 (63) 622 (64)

Negative 98 (53) 64 (52) 62 (59) 101 (34) 301 (31)

Unknown 10 (5) 4 (3) 8 (8) 9 (3) 47 (5)

HER2

Positive 27 (15) 16 (13) 18 (17) 56 (19) 148 (15)

Negative 113 (61) 84 (68) 55 (52) 217 (74) 496 (51)

Equivocal NA (NA) NA (NA) NA (NA) NA (NA) 156 (16)

Unknown 46 (25) 23 (19) 32 (30) 22 (7) 170 (18)

Nottingham histological grade

1 3 (2) 1 (1) 3 (3) 60 (20) NA (NA)

2 47 (25) 15 (12) 37 (35) 99 (34) NA (NA)

3 37 (20) 14 (11) 28 (27) 136 (46) NA (NA)

Unknown 99 (53) 93 (75) 37 (35) 0 (0) NA (NA)

Lymph node

Positive 118 (63) 79 (64) 65 (62) 144 (49) 411 (42)

Negative 68 (37) 44 (36) 40 (38) 151 (51) 397 (41)

Unknown 0 (0) 0 (0) 0 (0) 0 (0) 162 (17)
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progesterone receptor (PR; P = 0.12), human epidermal
growth factor receptor 2 (HER2; P = 0.12), Nottingham
Histologic Grade (P = 0.57), and Ki-67 (P = 0.40) (Table 2).
Microarray gene expression data were available for 42 of the
132 cases from a previous study [27]. Using this data, we
found NEDD4 protein levels to be significantly correlated to
NEDD4 mRNA expression level (P = 0.04) (Fig. 2a),
supporting the specificity of the antibody and also indicating
that NEDD4 mRNA may be an appropriate surrogate for
NEDD4 protein levels in breast cancer.

PTEN protein expression was previously determined by
IHC for 123 of the 132 cases [9]. We tested whether
NEDD4 protein levels were negatively associated to PTEN
protein levels, however no correlation was seen in this
Swedish breast cancer material (P = 0.12; Fig. 2b). This was
inconsistent with the inverse correlation between the two pro-
teins observed in a mouse prostate cancer model [14] and in
lung cancers [20]. In fact, in our Swedish cohort the correla-
tion trended positively, with 77 % of cases being PTEN-

positive within the NEDD4-positive group compared to
64 % being PTEN-positive in the NEDD4-negative group
(Fig. 2b).

In human bladder carcinoma, Wang et al. reported NEDD4
mRNA expression and PTEN mRNA expression to be uncor-
related, but that NEDD4 mRNA levels were inversely corre-
lated to PTEN protein levels [14]. To investigate if it is also the
case in breast tumors, we next considered the transcript levels
of these genes using the GSE5325 microarray dataset of 105
breast tumors previously utilized to develop a gene expression
signature for PTEN-loss [27]. In contrast to bladder cancer, we
found no correlation between NEDD4mRNA and PTEN pro-
tein expression (P = 0.73; Fig. 2c). PTEN mRNA, however,
was highly correlated to PTEN protein (P < 0.001; Fig. 2d),
which has been previously reported [27]. Unexpectedly, we
found PTEN mRNA levels to be significantly positively cor-
related to NEDD4 protein expression (N = 42, P = 0.02;
Fig. 2e) as well as to NEDD4 mRNA levels (N = 105,
P = 0.03; Fig. 2f).

To validate these findings, two independent large-scale
breast cancer cohorts from the NKI and TCGAwere studied.
The NKI cohort contained 295 breast tumor samples with
microarray gene expression data [28, 29]. Tissue microarray
sections were obtained and immunostained for PTEN protein,
of which 267 cases were evaluable. Similar to the Swedish
cohort, we found no correlation between NEDD4mRNA and
PTEN protein (P = 0.39; Fig. 3a). The strong positive corre-
lation between PTEN mRNA and PTEN protein (P < 0.001;
Fig. 3b), as well as the association of our previously published
PTEN-loss signature [27] with loss of PTEN protein

Fig. 1 NEDD4 immunohistochemistry. 132 breast tumor tissue
microarray specimens were immunohistochemically stained with anti-
NEDD4 antibody. Shown are representative examples of tumors with
NEDD4 IHC scores of a 0, b 1+, c 2+, and d 3+. Scores 0/1+ were
categorized NEDD4-negative, and 2+/3+ as NEDD4-positive. NEDD4
protein was expressed predominantly in the cytoplasm regardless of the
staining intensity

Table 2 Correlations of NEDD4 protein with biomarkers in the
Swedish cohort

NEDD4- NEDD4+ N χ2 P

Estrogen receptor

Positive 33 57 129 0.0017

Negative 26 13

Progesterone receptor

Positive 21 36 128 0.12

Negative 36 35

HER2

Positive 11 6 108 0.12

Negative 40 51

Nottingham histological grade

1 0 1 32 0.4

2 9 7

3 10 5

Ki-67

Positive 2 7 37 0.57

Negative 9 19
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(P = 0.003; data not shown), were confirmed in this indepen-
dent dataset. Moreover, the positive association between
NEDD4 mRNA and PTEN mRNA found in our Swedish
cohort was also validated in the NKI patient material
(N = 295, P < 0.001; Fig. 3c).

These associations were further corroborated in the TCGA
breast carcinoma cohort containing RNA-sequencing (RNA-
seq) gene expression profiles of primary breast tumors from
970 patients, of which 407 also had available PTEN protein
expression data derived from reverse phase protein arrays
[10]. In this large cohort the correlation between NEDD4
mRNA and PTEN protein was also significantly positive
(P < 0.001; Fig. 4a). Additionally, PTEN mRNA and PTEN
protein levels were positively correlated (P < 0.001; Fig. 4b),
as observed in the Swedish and NKI cohorts. Lastly, the

positive correlation between NEDD4 mRNA and PTEN
mRNA levels was also confirmed in the TCGA dataset
(P < 0.001; Fig. 4c).

In conclusion, our study investigated whether PTEN was
associated to NEDD4 in three large independent breast cancer
sample cohorts. Contrary to reports in some other cancer
forms, no inverse relationship was seen betweenNEDD4 tran-
script and PTEN protein levels. Rather, there was no correla-
tion between NEDD4 protein and PTEN protein, and the cor-
relation between NEDD4 mRNA/protein and PTEN mRNA
was significantly positive. NEDD4-mediated poly-
ubiquitination of PTEN may be an important mechanism that
contributes to PTEN protein loss in bladder cancer [14] and
non-small cell lung carcinoma [20]; whereas the results in
gastric and colorectal cancers have been discrepant [25, 26].
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Interestingly, in ovarian cancer HeLa cells, PTEN has also
been reported to negatively regulate NEDD4 expression via
the PI3K/AKT pathway, forming a potential negative feed-
back loop [30]. Our present study does not support NEDD4
as a major negative regulator of PTEN levels in human breast
cancer. Additional studies are necessary to better delineate the
underlying mechanisms of PTEN loss in this poor-prognosis
subgroup.
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Abstract

Metastatic breast cancer is usually diagnosed after becoming
symptomatic, at which point it is rarely curable. Cell-free circulat-
ing tumor DNA (ctDNA) contains tumor-specific chromosomal rear-
rangements that may be interrogated in blood plasma. We
evaluated serial monitoring of ctDNA for earlier detection of metas-
tasis in a retrospective study of 20 patients diagnosed with primary
breast cancer and long follow-up. Using an approach combining
low-coverage whole-genome sequencing of primary tumors and
quantification of tumor-specific rearrangements in plasma by drop-
let digital PCR, we identify for the first time that ctDNA monitoring
is highly accurate for postsurgical discrimination between patients
with (93%) and without (100%) eventual clinically detected recur-
rence. ctDNA-based detection preceded clinical detection of metas-
tasis in 86% of patients with an average lead time of 11 months
(range 0–37 months), whereas patients with long-term disease-free
survival had undetectable ctDNA postoperatively. ctDNA quantity
was predictive of poor survival. These findings establish the ratio-
nale for larger validation studies in early breast cancer to evaluate
ctDNA as a monitoring tool for early metastasis detection, therapy
modification, and to aid in avoidance of overtreatment.
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Introduction

Breast cancer is the most common malignancy and leading cause

of cancer-related death in women worldwide; once the tumor has

metastasized, it is essentially an incurable disease (Jemal et al,

2011). The difficulty in curing metastatic breast cancer may be in

part because metastatic spread is usually detected only after the

deposit has grown large enough to be palpable, cause overt clinical

symptoms, or be identified by imaging. In patients with primary

(non-metastatic) breast cancer at diagnosis, the risk of subsequent

metastatic relapse is greatest within 2 years after primary surgery

(Cheng et al, 2012). However, an estimated 50% of recurrences

are diagnosed > 5 years after surgery (Early Breast Cancer Trial-

ists’ Collaborative Group, 2005), indicating that occult metastatic

dissemination can have a protracted subclinical period. Earlier

detection of metastatic breast cancer may be clinically beneficial. A

reasonable assumption is that identification of recurrent disease at

the earliest moment will allow for initiation of auxiliary therapies

against a nominal tumor burden that has accumulated fewer onco-

genic events. So far, this assumption has been tested without

success, most likely because modalities and biomarkers that lack

sufficient sensitivity and/or specificity have been utilized thus far

(Lippman & Osborne, 2013). For example, whereas circulating

tumor cells (CTCs) may carry additional prognostic information in

primary breast cancer (Lucci et al, 2012; Rack et al, 2014), avail-

able evidence does not support the use of imaging, serum protein

markers, and CTCs for routine monitoring after primary surgery

(Khatcheressian et al, 2013; Theriault et al, 2013). At the same

time, many breast cancer patients are likely being overtreated;

that is, they may in fact be cured by locoregional treatment and

unnecessarily enduring the side effects of systemic therapies. For
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these reasons, improved surveillance methods to determine occult

tumor burden (or lack thereof) in the primary breast cancer setting

are still highly desirable (Lippman & Osborne, 2013).

Clinical monitoring of minimal residual disease is routinely

performed in several hematological malignancies with known

pathognomonic chromosomal rearrangements, for example by serial

quantification of TEL-AML1 or BCR-ABL fusion-gene chromosomal

translocations in acute lymphoblastic leukemia and chronic myelog-

enous leukemia, respectively (Dolken, 2001). In cancer patients,

tumor-derived DNA (termed cell-free circulating tumor DNA;

ctDNA) can be found in the blood circulation and usually comprises

a small fraction of the total circulating DNA (Jung et al, 2010).

Circulating DNA is rapidly degraded into short fragments, and the

quantity of ctDNA appears to be related to tumor progression

(Stroun et al, 1989; Diehl et al, 2008; Yung et al, 2009; Jung et al,

2010; Leary et al, 2010; McBride et al, 2010; Diaz et al, 2012;

Dawson et al, 2013; Murtaza et al, 2013; Bettegowda et al, 2014;

Newman et al, 2014). Therefore, ctDNA “liquid biopsy” analysis is

an attractive biomarker for noninvasive monitoring of tumor

growth, response, and spread (McDermott et al, 2011). Until

recently, assays for ctDNA have been infeasible for most solid

cancers due to a paucity of recurrent mutations for interrogation as

well as the practical and economical hurdles of enumerating tumor-

specific aberrations on a per-patient basis.

Advances in deep-sequencing technology now enable compre-

hensive cataloguing of tumor-specific (somatic) chromosomal rear-

rangements and mutations at an ever-decreasing cost (Meyerson

et al, 2010). Recent studies have shown that breast cancer

genomes may harbor from a few to several hundred rearrange-

ments and mutations per tumor (Shah et al, 2009; Stephens et al,

2009, 2012; Banerji et al, 2012; Cancer Genome Atlas Network,

2012; Ellis et al, 2012; Nik-Zainal et al, 2012). In contrast to

somatic point mutations, in which the identical mutation can be

present across many tumors, tumor types, and individuals (for

example PIK3CA hot-spot mutations), chromosomal rearrange-

ments are inherently highly tumor specific and can serve as unique

genetic “fingerprints” of an individual tumor (Leary et al, 2012).

Serial measurement of ctDNA using various methods has shown

encouraging results for several solid cancer types (Diehl et al,

2008; Yung et al, 2009; Leary et al, 2010; McBride et al, 2010; Diaz

et al, 2012; Misale et al, 2012; Newman et al, 2014), and in the

metastatic breast cancer setting, measurement of ctDNA dynamics

compares favorably to the serum protein marker CA 15-3 and CTCs

(Dawson et al, 2013).

Here, we tested in patients with primary breast cancer and long-

term follow-up the hypothesis that monitoring of tumor-specific

chromosomal rearrangements in cell-free circulating DNA can detect

occult metastatic disease following primary surgery and serve as a

sensitive, specific, and thus potentially clinically useful noninvasive

biomarker in the adjuvant setting (Fig 1).

Results

Enumeration of tumor-specific chromosomal rearrangements

Twenty patients enrolled in the Breast Cancer and Blood

Study (BC Blood, Sweden) (Borgquist et al, 2013), an ongoing

prospective study at Lund University since 2002, were included

in the present investigation for retrospective analysis of ctDNA

(Fig 1A). Six patients had long-term disease-free survival

(9.2 years median follow-up; termed DF patients), and 14 had

eventual diagnosis of clinical metastasis from 1.2 to 5.1 years

after primary surgery (termed eventual metastatic [EM] patients)

(Table 1). For each patient, a sample of the primary tumor, a

normal tissue sample, and 3–6 blood plasma samples that were

collected during the clinical course were available. First, to iden-

tify tumor-associated chromosomal rearrangements that could

serve as biomarkers, whole-genome sequencing (WGS) was

performed on DNA isolated from 21 primary breast tumors

(patient EM6 had bilateral primary breast cancers). On average,

93 million DNA fragments were sequenced per tumor (range

54–160 million), yielding a mean genome sequence coverage of

5.3-fold (range 1.8–12.9) and mean physical coverage of 15.6

(range 9.2–28.2) (Supplementary Table S1). We developed an

analysis pipeline incorporating our SplitSeq computational

method to identify inter- and intra-chromosomal rearrangements

using an approach that scanned for paired sequence reads where

the two reads aligned to discordant positions in the human genome,

or individual reads in a read pair that contained juxtaposed

sequences from two disparate genomic regions. Chromosomal

rearrangements supported by two or more sequenced fragments

could be detected in all primary tumors, and on average, 92

rearrangements were identified per tumor (range 21–305) (Fig 2,

Supplementary Fig S1 and Supplementary Tables S1 and S2). There

was no significant difference in sequence coverage or frequencies of

chromosomal rearrangements detected between EM patients and DF

patients (Mann–Whitney test), and the numbers of detected

rearrangements for these 21 cases are similar to other studies of

primary breast tumors (Stephens et al, 2009; Banerji et al, 2012;

Nik-Zainal et al, 2012).

Selection and validation of rearrangements

To account for possible intra-tumoral heterogeneity, and since it

is not possible to know a priori which rearrangements in the

primary tumor will be part of derivative metastatic clone(s),

candidate rearrangements were selected such that a range of

apparent copy number states (in other words, a range of number

of supporting reads) were represented for each patient tumor.

Our strategy was to design assays for ~10 rearrangements per

primary tumor and select additional rearrangements in the event

of assay failure or validation as not somatic. In summary, for

each of the 237 selected candidate rearrangements, one assay

was designed and tested by conventional PCR across the break-

point junction in tumor and normal DNA from the same patient.

Of 197 informative assays (83%; 7–17 per tumor), 167 (85%)

were confirmed to be somatic by PCR (Supplementary Tables S3

and S4). Of these, due to limitations on the available

plasma volumes and our desire to perform replicate analyses,

four to six rearrangements per tumor were selected (again to

reflect a variety of copy number states) and the corresponding

probe was synthesized for droplet digital PCR (ddPCR) analysis

of patient plasma samples. Probe assay success rate was high,

with 113 of 122 (93%) validating for ddPCR (Supplementary

Table S4).
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Optimization of droplet digital PCR

In ddPCR, the PCR with input DNA and target sequence-specific

fluorescent probe and primers is partitioned into thousands of nano-

liter-sized reaction droplets. Following thermocycling, successful

amplification of the target cleaves the fluorescent molecule from the

specific probe, thereby unquenching the fluorophore (Fig 2C). Each

droplet is read as either containing amplifiable target sequence

(positive fluorescence above a threshold) or not, yielding a binary

(digital) readout. Because the distribution of zero, one, two, or more

amplifiable targets into droplets is a random process, the fraction of

positive droplets to total droplets can be Poisson-corrected to derive

a highly quantitative estimate of the number of amplifiable mole-

cules that were present in the input sample (Hindson et al, 2011).

We optimized a ddPCR method for measurement of circulating DNA

that employs a universal touchdown PCR thermocycling protocol

for increased specificity. For quantification of tumor-specific rear-

rangements, we determined our ddPCR method to be highly linear

over at least 3 orders of magnitude and able to discriminate somatic

mutant rearranged sequences down to 0.01% tumor DNA content

(one rearranged sequence per 10,000 wild-type sequences) (Fig 3A

and B). Importantly, zero tumor-specific rearrangements were
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• EM: distant metastasis event <1y or >6y 
• DF: disease-free follow-up <7y 

725 patients assessed for 
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 71 patients passed requirements 

20 patients randomly selected  
• 2:1 ratio EM:DF patients 

14 EM patients with eventual 
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(median time to event 20 months, 

range 14 to 61 months) 

6 DF patients with long-term 
disease-free survival 

(median follow-up 110 months, 
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B

• 24 EM, 47 DF 

• Had recieved preoperative treatment
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Figure 1. Analysis of personalized ctDNA biomarkers in primary breast cancer.

A Patient flow diagram indicating patient selection criteria. EM = eventual metastasis; DF = long-term disease-free.
B Study schema. For 20 women with primary breast cancer, patient- and tumor-specific chromosomal rearrangements were determined through whole-genome

sequencing of 21 tumor tissue specimens (one patient had bilateral tumors). Genomic fusion sequences were bioinformatically reconstructed, and selected
rearrangements were validated as somatic. Personalized droplet digital PCR assays were used to quantify rearranged DNA sequences in the cell-free circulating DNA
isolated from 93 patient blood plasma samples taken serially during the clinical course. ctDNA results were then compared to clinical endpoints.
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detected by our method in over 2.7 million negative control DNA

droplets analysed, corresponding to > 200 control ddPCR reactions

that in total interrogated more than 2.5 million normal haploid

genome equivalents (i.e. zero rate of false-positive signals).

Quantification of ctDNA in serial plasma samples

Circulating cell-free DNA was isolated from 93 plasma samples for

the 20 patients. The number of fragments of each tumor-specific

chromosomal rearrangement was quantified in the circulating DNA

by ddPCR. Each tumor-specific rearrangement assay was run in

duplicate and included positive (primary tumor DNA) and negative

(matched normal DNA) controls, and on average, 25,704 (SD 2,320)

droplets were analyzed per assay per plasma sample. As expected,

the relative copy numbers of rearrangements were well correlated

between the WGS analysis and ddPCR analysis of primary tumor

DNA (R2 = 0.65; Fig 3C). A ddPCR assay targeting a non-rearranged

normal region of chromosome 2p14, which rarely undergoes copy

number alteration in breast cancer (Jonsson et al, 2010), was used

to estimate total circulating DNA (both tumor and normal

cell derived). The average number of amplifiable 2p14 control

region fragments was 1,908 copies/ml plasma (range 280–8,960)

(Supplementary Fig S2 and Supplementary Table S5). There was no

significant difference in the number of 2p14 control region frag-

ments per ml plasma between EM and DF patients within the pre-

operative time-points nor when comparing across all time-points

(Mann–Whitney U-test). Tumor-specific rearrangements were

detected in 29 plasma samples corresponding to 13 EM patients, and

the fractional quantity was calculated as the measured rearrange-

ment divided by the measured 2p14 control region. In these 29

samples, ctDNA levels (taking the maximal value if more than one

rearrangement was detected in a sample) ranged from 1.4 to 72.4%

(mean 19.3%), and the concentration of rearranged fragments

ranged from 38 to 2,617 fragments/ml plasma (mean 552 frag-

ments/ml plasma) (Supplementary Table S5). The lowest ctDNA

level detected in our patient material was 0.45%.

Among the 14 EM patients with known eventual clinical recur-

rence, 13 patients had positive ctDNA levels for one or more follow-

up plasma time-points and only patient EM3 had undetectable

ctDNA (Fig 4A–C and Supplementary Fig S2). Conversely, none of

the patients with long-term disease-free survival had detectable

ctDNA at any time-point after surgery (Fig 4E and F and Supplemen-

tary Fig S2). Thus, our noninvasive blood test for metastasis during

follow-up had a sensitivity of 93% and specificity of 100% (95%

Table 1. Patient and tumor characteristics.

Patient
ID

Age at
primary
diagnosis
(years)

Tumor
size
(mm)

Lymph
node
status
(positive/
total)

Distant
metastasis
at
diagnosis

ER
status

PR
status

HER2
status

Nottingham
Histological
Grade

Time to
recurrence
(months)

Time to
last
follow-up
or deathb

(months)

EM1 42 33 0/2 No Positive Positive Negative 3 20.0 29.4b

EM2 57 28 1/17 No Positive Positive Negative 2 40.0 55.2b

EM3 78 20 6/17 No Positive Positive Negative 3 16.1 17.9b

EM4 34 28 0/2 No Positive Positive Negative 2 31.8 99.0

EM5 61 12 0/5 No Positive Positive Negative 1 48.8 97.1b

EM6 62 Right: 28 2/13 No Positive Positive Negative 2 61.3 87.3

Left: 55 1/12 Positive Positive Negative 3

EM7 55 22 0/2 No Positive Negative Amplified 2 18.9 59.3b

EM8 67 22 2/12 No Positive Negative Negative 2 13.9 33.2b

EM9 50 18 0/1 No Positive Positive Negative 3 36.0 54.7b

EM10 64 45 1/14 No Positive Negative Negativea 2 17.7 33.2b

EM11 59 20 16/18 No Positive Positive Negativea 3 13.9 32.5b

EM12 53 37 4/10 No Positive Positive Negative 2 16.2 33.5b

EM13 69 25 0/4 No Positive Negative Negativea 2 43.9 58.7b

EM14 47 19 1/18 No Negative Positive Amplified 2 20.0 46.7b

DF1 58 15 0/2 No Positive Positive Negative 3 108.7

DF2 37 20 0/3 No Positive Positive Negative 3 111.7

DF3 56 19 0/1 No Positive Positive Negativea 2 109.9

DF4 46 13 0/1 No Negative Negative Negativea 2 110.4

DF5 54 15 0/2 No Positive Positive Negativea 3 109.5

DF6 58 18 0/2 No Positive Negative Negativea 2 113.2

All patients analyzed are women.
aClinical HER2 analysis not performed. HER2 status determined from gene copy number derived from whole-genome sequencing results.
bTime from primary diagnosis to death.
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confidence intervals [CI] 66–100% and 61–100%, respectively) for

discrimination of EM versus DF status. Of note, ctDNA was detected

in the presurgical plasma sample for four of 20 patients (20%; EM2,

EM8, EM12, EM14); all four of these patients had eventual recurrent

disease.

For each ddPCR assay, a uniform threshold of 0.5, i.e. at

50% of the normalized range of intensity values between the

positive and negative control droplets, was used. Because the

discriminatory accuracy of our ctDNA test could be influenced

by the fluorescent intensity threshold used in dichotomizing a

ddPCR droplet as positive or negative, we performed receiver

operating characteristic (ROC) curve analysis wherein the inten-

sity threshold was varied incrementally (see Supplementary

Methods; Supplementary Fig S3). This analysis indicated our test

to have a high accuracy for postoperative discrimination of EM

versus DF patients with an area under the curve of 0.98 (95%

CI 0.75–1.00; P = 0.001, Mann–Whitney U-test) and an equiva-

lent performance across a wide range of fluorescence intensity

thresholds, from 0.35 to 0.95 (Fig 5A). Thus, the ddPCR signals

were robust and distinct.

A

C

B

Figure 2. Identification of chromosomal rearrangements and personalized assay design.

A Low-coverage whole-genome sequencing of the primary tumor was used to enumerate chromosomal rearrangements. Shown are results for patient DF1, with
inter- and intra-chromosomal rearrangements plotted as a Circos diagram (Krzywinski et al, 2009). Chromosomes 1–22 and X are ordered in the outer circle. From
the outside, concentrically, are plotted the DNA copy number estimations from the whole-genome sequencing data and the chromosome ideograms. The orange
intra-chromosomal and blue inter-chromosomal arcs in the center indicate chromosomal rearrangements supported by two or more paired-end reads.

B Circos diagram for patient EM11. Plots for all patient tumors are shown in Supplementary Fig S1.
C One example rearrangement from patient EM11, indicated in red in (B), with identification of the exact fusion sequence between chromosomes 8p22 and 11q14.1.

Aligned sequencing reads are highlighted in blue when its read pair aligns concordantly on the same chromosome or in light green if its read pair aligns on another
chromosome. Within each sequencing read, nucleotide bases with exact match to the reference sequence (shown in the middle with yellow shading) are not printed.
Mismatching bases are shown in blue if matching to 11q14.1 and green if matching to 8p22. At the bottom, the personalized dual-labeled probe and primers
designed for this validated rearrangement are illustrated. F denotes the fluorescent molecule and Q the two quenching molecules.
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ctDNA and clinical course

Circulating tumor DNA showed dynamic changes across serial

plasma samples for 13 of 20 patients (65%) (Supplementary Fig S2

and Supplementary Table S5). Three representative examples of

changes in ctDNA levels during the clinical course are highlighted

below. Due to the favorable clinicopathological features of patient

EM5 (12 mm primary invasive ductal carcinoma, wide margins, no

positive lymph nodes, histological grade 1, estrogen and progester-

one receptor positivity, and HER2 negativity), she received postop-

erative radiotherapy and no systemic adjuvant therapy. Clinical

metastasis was detected at 49 months after primary surgery;

however, our ctDNA-based method detected molecular recurrence

at 13 months, providing a potential earlier diagnosis of metastatic

cancer by 3 years (Fig 4A; Supplementary Table S6). Analysis of

ctDNA identified one tumor-specific rearrangement between chro-

mosomes 10q and 13q in the plasma sample from 12-month follow-

up; this and a 13q-16q rearrangement were detected at 24 months,

and 10q-13q at 3 years. Two additional rearrangements (5q-22q and

10q-16q) were not detected at any time-point, indicating that these

may not have been present in the cancer clone(s) that seeded the

metastasis or that they were present below our level of detection.

Patient EM11 displayed complex circulating tumor DNA

dynamics. She was diagnosed with stage III invasive ductal carci-

noma, hormone receptor-positive and high-grade histopathology,

and received radiotherapy as well as several adjuvant systemic

therapies due to intolerance (Fig 4B). Molecular recurrence was

detected at 13 months via positive detection of four out of five

rearrangements in her circulating DNA. Clinical recurrence was

diagnosed at 14-month follow-up due to bone pain and confirmed

by magnetic resonance imaging (Fig 4D), and she received

letrozole therapy. At the 24-month follow-up time-point, however,

three of five rearrangements increased in abundance by fourfold

to 14-fold, one chromosome 4q inversion remained stably low,

and a fifth rearrangement (inversion on 10q) could be detected.

This is consistent with partial response of the tumor clone

containing the 4q inversion but inherent or acquired resistance to

letrozole by one or more subclones containing the other four rear-

rangements. Computed tomography (CT) of the spine at

14 months showed progressive disease, consistent with ctDNA

quantification (Fig 4D). Similarly, for patient EM9, three out of

four tumor-specific chromosomal aberrations indicated molecular

recurrence at 23-month follow-up, preceding clinical detection by

13 months, and during ongoing anastrozole therapy (Fig 4C). All

four rearrangements increased dramatically at the 36-month

follow-up time-point, coincident with confirmed distant metastases

in the brain and liver by CT.

Interestingly, our sequencing analysis of the bilateral tumors of

patient EM6 confirmed that they were two independent primaries

with no clonal relatedness (Supplementary Table S2). Further-

more, ctDNA analyses indicated that the right-side tumor gave

rise to the occult metastatic disease that was detectable by ddPCR

at 2-year follow-up (37 months prior to clinical recurrence;

Supplementary Table S6), whereas there was no ctDNA evidence

of metastatic disease arising from the left primary tumor (Supple-

mentary Fig S2).

ctDNA as a predictive factor

In patients with known eventual clinical metastasis, ctDNA-based

molecular detection of occult metastasis preceded the clinical diag-

nosis in 12 of 14 patients (86%), with an average lead time window

of 11 months (range 0–37 months) (Fig 5B; Supplementary Table

S4). Furthermore, a positive ctDNA blood test was always eventually
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Figure 3. Performance of droplet digital PCR (ddPCR) method.

A Dilution series for two tumor-specific rearrangements, patient EM13-del(15)(q26.3q26.3) and patient EM1-t(13;13)(q12.3;q13.2), starting with input of 20 ng of the
respective patient’s primary tumor DNA in each ddPCR, and diluting twofold in the series as indicated (x-axis). Experiments were performed in duplicate. Linear
regression lines are plotted in black, and goodness of fit statistics (R2) were calculated.

B Observed percentages by ddPCR of a tumor-specific chromosomal rearrangement, patient DF1-t(10;14)(p14;q22.3), in admixtures of tumor and normal DNA of varying
amounts from 50% down to 0.01% tumor DNA content (total DNA input fixed at 200 ng). Concentrations of the tumor-specific rearrangement and the control region
in chromosome 2p14 were used in the calculations for amounts of tumor and total DNA, respectively. The black diagonal dashed line indicates the ideal correlation
line (y = x). The R2 was calculated for the linear regression line (not plotted). All axes are on log scales.

C Correlation between whole-genome sequencing (WGS) rearrangement copy number estimates and the number of copies in 40 ng primary tumor DNA as measured
by ddPCR. Axes on log2 scales. The R

2 was calculated for the linear regression line (drawn in red).
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Figure 4. Monitoring multiple tumor-specific chromosomal rearrangements in circulating DNA.

A–C Plasma levels of circulating tumor DNA (ctDNA), quantified using ddPCR, for three patients with known eventual recurrence. Specific rearrangements are indicated
by colored markers and labeled according to cytogenetic nomenclature (t denotes translocation, inv is inversion, and del is deletion). The recurrence by ctDNA
time-point is defined as the earliest follow-up plasma sample (after surgery) with ctDNA detected at a level greater than 0% (compared to total cell-free circulating
DNA) for at least one rearrangement. All relevant clinical events are indicated above by arrows, time gain by ctDNA-based detection is indicated by a green
horizontal bar, and radiation (RT), endocrine, and cytotoxic treatments are indicated by colored shading. T = tamoxifen; FEC = fluorouracil, epirubicin, and
cyclophosphamide. See Supplementary Fig S2 for ctDNA time-course plots with clinical annotations for all patients.

D Correlative magnetic resonance (MR; T1 weighted) and computed tomography (CT) imaging for patient EM11 corresponding to the red arrows in (B). In the MR,
low T1 signal (dark) is present in the entire second thoracic vertebra and as punctate lesions in several vertebrae in the middle thoracic spine. The CT 15 months
later shows sclerosis (white) in multiple additional thoracic vertebrae, consistent with progression of metastatic disease.

E, F ctDNA plots for two patients with long-term disease-free survival.
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Figure 5. ROC analysis, time gain, and clinical outcome.

A Receiver operating characteristic (ROC) curve analysis. The area under the curve (AUC) as a measure of the postsurgery classification accuracy to discriminate
between 6 long-term disease-free (DF) and 14 eventual metastasis (EM) patients based on ctDNA is 0.98 (95% CI 0.75–1.00; P = 0.001, two-sided Mann–Whitney
U-test). The sensitivity and specificity were maximal (red circle) at all ddPCR relative fluorescence intensity thresholds between 0.35 and 0.95 (on a normalized scale
from 0 to 1). The dashed line indicates a hypothetical test with performance no better than random.

B Time gained by ctDNA-based detection of recurrence in advance of clinically detected recurrence for all patients with clinical recurrence. For 12 out of 14 EM
patients, ctDNA-based recurrence preceded clinical recurrence (time gain greater than zero).

C Boxplots indicating the time from a positive (red circles) or negative ctDNA plasma sample (black triangles) until an event, metastasis or last follow-up, for EM and
DF patients. Box indicates the interquartile range (IQR), thick bar indicates the median, and whiskers extend to values within 1.5 times the IQR.

D Fitted curve from logistic regression with metastasis as endpoint. Measured ctDNA percentage and actual outcomes are indicated by black dots, the modeled
probability is given by the red curve (left axis), and the number of measured data points in each bin is indicated by the blue bar graphs (right axis). Logistic regression
odds ratio (OR) of 2.1 (95% CI 1.3 to infinity; P = 0.02, Wald test) is for each doubling of ctDNA.

E Fitted curve from logistic regression with death as endpoint. OR of 1.3 (95% CI 1.03–1.9; P = 0.04, Wald test) is for each doubling of ctDNA.
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followed by clinical detection of metastasis with a median time from

a positive ctDNA test to clinical metastasis of 8 months (Fig 5C).

Among EM patients, a negative ctDNA test occurred for 13 of 14

patients at least once (patient EM14 has only positive time-points),

with median time from a negative ctDNA blood test to a clinical

metastasis of 20 months (Fig 5C). However, for all patients but one,

the negative ctDNA tests were followed by a positive test (patient

EM3 had undetectable ctDNA at all time-points). For the two EM

patients (EM3, EM4) with exclusively negative ctDNA results prior

to clinical metastasis (Supplementary Fig S2), the time interval from

the preceding negative ctDNA test to clinical metastasis was 4.5 and

12 months, respectively (Fig 5C), indicating that narrower time

intervals of ctDNA testing could be considered in future prospective

studies.

Finally, we found ctDNA level to be quantitatively predictive of

poor clinical outcome. Whereas none of the conventional univari-

able biomarkers (tumor size T, node status N, histological grade,

ER, PR, HER2, or Nottingham Prognostic Index) were associated

with outcome using logistic regression in this limited patient series,

ctDNA level was a significant predictor of poor disease-free survival

(odds ratio (OR) of 2.1 for each doubling of ctDNA level, 95% CI 1.3

to infinity; P = 0.02; Fig 5E) as well as poor overall survival (OR 1.3

for each ctDNA doubling, 95% CI 1.03–1.9; P = 0.04; Fig 5F)

(Supplementary Table S7).

Discussion

We studied cell-free circulating DNA in patients with primary breast

cancer and show that ctDNA monitoring is accurate for the detection

of occult metastasis. Metastasis could be detected by ctDNA in

plasma for 13 of 14 patients and in none of the 6 patients with long-

term disease-free survival. Moreover, ctDNA-based detection

preceded clinical detection of metastasis for 86% patients with an

average lead time of 11 months, and ctDNA was found to be a

significant predictor for poor disease-free and overall survival. As

far as we are aware, this study is the first to demonstrate that ctDNA

monitoring can herald clinical detection of metastasis by months to

several years and that ctDNA level, even when measured in the

setting of primary breast cancer, is associated with significantly

increased risk of poor outcome. Our results are in line with a recent

report analyzing ctDNA in metastatic breast cancer patients using

similar methods (Dawson et al, 2013) and are a significant finding

given that ctDNA levels are considerably lower in earlier stage

disease and thus inherently more difficult to detect than after

clinical diagnosis of metastatic disease (Bettegowda et al, 2014).

Together, these data provide support for the evaluation of ctDNA in

the adjuvant setting in larger prospective studies to address several

important questions. For example, it should be ascertained in clini-

cal trials whether tailoring secondary adjuvant therapy by ctDNA

monitoring can increase the rate of long-term breast cancer cure.

Second, although other modalities have not shown a clinical benefit

of early detection of occult metastasis, our results suggest that

ctDNA may have the performance characteristics needed for earliest

and accurate detection. This prompts for evaluation of whether and

to what extent detection of occult metastasis by a ctDNA monitoring

can improve outcomes. Furthermore, as part of a “watchful waiting”

approach, additional inexpensive yet sensitive and specific molecular

surveillance by liquid biopsies could help enable a reduction in the

“overtreatment” of patients with low-risk breast cancer.

Our method combines low-pass whole-genome sequencing with

quantitative ddPCR-based personalized rearrangement analysis of

plasma ctDNA and can be performed across dozens of liquid biop-

sies per patient for < €1,000 in reagents and < €50 per time-point,

currently making it more much cost effective than approaches

where sequencing of each liquid biopsy time-point is performed.

Our analysis can also be achieved within a clinically useful time

frame. In practice, candidate rearrangements could be identified and

personalized ddPCR assays validated within 1 month of tumor

biopsy, and a panel of ddPCR tests on patient plasma samples can

be performed within 1 day. Multiple chromosomal rearrangements,

supported by variable numbers of sequencing reads (including those

nearby copy number aberrations which may be under positive selec-

tion), were chosen for plasma analysis to overcome the potential

issue of intra-tumoral heterogeneity, where only a subclone

comprising a varying fraction of the primary tumor gives rise to the

metastatic growth(s). The chance for a false-negative result, where

metastatic disease is present but never detected by ctDNA analysis,

will decrease with each additional genomic aberration tested. In a

WGS analysis of matched primary and metastatic breast cancers

from the same patients, typically over 50% of chromosomal rear-

rangements present in the primary tumor can be found in its distant

metastatic tumor, indicating that most genomic rearrangements

occur relatively early during tumorigenesis and can be stable finger-

prints for an individual’s breast cancer (Tang and Gruvberger-Saal,

manuscript in preparation). Determining the optimal criterion for

candidate rearrangement selection and how many to monitor per

patient/tumor are matters deserving additional study. Here, we

chose to monitor four to six selected rearrangements per tumor due

to limited volumes of plasma, which nevertheless was sufficient to

detect metastatic disease in 13 out of 14 patients. Patient EM3

(Supplementary Fig S2), the only EM patient where we did not

detect any ctDNA, had the fewest number of plasma samples (three

compared to a median number of five samples per patient); there-

fore, we believe that increasing volume and frequency of plasma

samples would be more beneficial than increasing the number of

rearrangements tested per case. Our patient results for time to an

event following a positive or negative ctDNA plasma sample

suggests an interval of ~4–6 months between sampling may be

reasonable, at least during the first few years of follow-up.

Our ddPCR-based method has similar analytical performance

characteristics to other recently described methods for the analysis

of circulating DNA, such as nested real-time PCR (McBride et al,

2010), digital PCR (Dawson et al, 2013), personalized analysis of

rearranged ends (Leary et al, 2010), targeted deep sequencing of

mutated genes of interest (Dawson et al, 2013), or direct deep

sequencing of circulating DNA (Leary et al, 2012). We show our

ddPCR method to be highly reproducible, linear, and able to detect

1 mutant target within 10,000 wild-type sequences. Importantly, our

method capitalizes on the unique juxtaposition of sequences formed

by chromosomal rearrangements and thus is less prone to false-

positive signals compared to methods that use a preamplification

step of the circulating DNA and/or assays that must discriminate

between single-base differences amid wild-type and mutated alleles

(Beaver et al, 2014). Our method’s zero false-positive rate for the

detection of somatic rearrangements in over 2.5 million control
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normal haploid genomes compares exceedingly well to other meth-

ods and is a critical feature needed for clinically useful monitoring

of patients with primary cancer where ctDNA fractions are low.

Although our results demonstrate the promise and benefits of

ctDNA monitoring in primary breast cancer, there are several limita-

tions. One, this proof-of-principle study was limited to 20 patients.

Larger validation studies will be important to further clarify the util-

ity of ctDNA monitoring in early-stage breast cancer and within the

molecular subtypes. The availability and quantity of archival frozen

plasma as well as the specific time-points of their collection also

limited us. In the current configuration, in which cell-free DNA was

isolated from 0.5 ml plasma and 4% of this was input per replicated

ddPCR reactions (for four to six rearrangements per case), we esti-

mate our method to be sensitive to detect one amplifiable target

DNA molecule in 40 ll of plasma (approximately 25 targets per ml

of plasma). The sensitivity of our method to detect exceedingly low

counts of target ctDNA could be improved linearly by increasing the

amount of input DNA into ddPCR reactions, by multiplexing, by

preamplification, and/or by isolating circulating DNA from a larger

volume of plasma. For example, greater amounts of analytical mate-

rial from 5 to 50 ml plasma would allow for an improved limit of

detection of our method by at least one order of magnitude and to 1

target ctDNA molecule per 5 ml plasma or better. In the prospective

setting, there would be the opportunity to better control the blood

plasma collection procedures and time-points and take larger

volume samples. Therefore, the sensitivity and apparent lead time

advantage for occult metastasis detection reported herein may in

fact be an underestimation.

Recently, Bettegowda and colleagues reported that ctDNA was

detected in a single time-point for 10 of 19 patients with localized

breast cancer when inputting cell-free DNA isolated from 2 to 5 ml

plasma; but no association with outcome was possible (Bettegowda

et al, 2014). In our study of patients with primary breast cancer,

ctDNA could be detected in the presurgical plasma sample for 4/20

patients and all four had eventual recurrent disease. Although the

sample size is small, and given the limitation of available plasma

discussed above, the variation between patients in presurgical levels

of ctDNA is intriguing and suggests that presurgical levels could

serve as a potential prognostic factor deserving further study. In

theory, ctDNA should be present in all patients prior to primary

surgery. The limited plasma availability, and desire to analyze four

to six rearrangements per time-point, likely impacted our preopera-

tive detection rate. Indeed, oversampling for 17 patients with

remaining presurgery cell-free DNA was possible using a single

assay tested in at least 3 additional ddPCR reactions, which

increased the presurgery detection rate to 9/20 (45%). Circulating

tumor DNA monitoring might be feasible for the measurement of

minimal residual disease at a time-point shortly after primary

surgery; prospective studies with optimized plasma collection sche-

dule and much larger plasma volumes will be required to evaluate

this important question.

We have shown that ctDNA monitoring can herald clinical

metastasis by months to years and that ctDNA is a quantitative

predictive factor for poor outcome in the primary breast cancer

setting. The future of breast cancer medicine is personalized ther-

apies and precision care. For this to become a reality, noninvasive

and accurate methods for monitoring of breast cancer progression

and response to treatment will be necessary within the neoadju-

vant, adjuvant, and metastatic settings. Patient monitoring using

noninvasive assays for ctDNA is proving to be a realistic means

to discern biologically and clinically relevant information and

shows great promise for incorporation into routine clinical

management.

Materials and Methods

Ethics statement

The study was approved by the Regional Ethics Committee at Lund

University including permission to publish de-identified clinical

images (DNR 75-02, 37-08, 658-09, 58-12, 379-12, and 227-13).

Trained health professionals provided written and oral information

and all patients signed written informed consent in accordance with

the WMA Declaration of Helsinki and the U.S. Department of Health

and Human Services Belmont Report.

Patients

Patients enrolled in the Breast Cancer and Blood Study (BC

Blood, Sweden) (Borgquist et al, 2013), an ongoing prospective

study at Lund University since 2002, were included in the present

investigation for retrospective analysis of ctDNA. As shown in

Fig 1A, patients were identified based on the following criteria:

non-metastatic (stage I–III) breast cancer at initial diagnosis who

received no neoadjuvant therapy, availability of frozen primary

tumor specimen, frozen presurgery and two or more follow-up

plasma samples collected during clinical course, and either clini-

cally detected distant metastasis 1–6 years after diagnosis (termed

eventual metastatic [EM] patients) or long-term disease-free

survival > 7 years at last follow-up (termed DF patients). Out of

725 patients assessed, 24 EM and 63 DF patients passed eligibility

requirements. From these, 20 patients were randomly selected 2:1

with respect to EM:DF categories. This sample size with multiple

time-points per patient was considered to be sufficient to demon-

strate the feasibility of ctDNA monitoring and test the hypothesis

that occult metastasis can be detected by ctDNA analysis.

Fourteen EM patients (first metastasis detected clinically at

14–61 months following diagnosis, median 20 months) and 6 DF

patients (disease free at last follow-up, 109–113 months after

diagnosis, median 110 months) were studied (Table 1 and Fig 1).

The 20 patients were diagnosed between November 2002 and

May 2007, received the standard of care, and were followed

according to Swedish National Guidelines as well as additional

structured follow-up as part of the BC Blood Study: patients met

with a research nurse for study questionnaires (aimed at assess-

ing symptoms and change in medication) and serial blood collec-

tion at specified time-points: prior to primary surgery and at

approximately 3- to 8-, 12-, 24-, and 36-month follow-up time

after primary surgery, and for biennial questionnaires thereafter.

This was in addition to the routine clinical follow-up, which for

patients not receiving chemotherapy consisted of clinical visits

and mammography at follow-up years 1, 2, and 3 after primary

surgery, and then by mammographic surveillance in the national

screening program; and for patients receiving chemotherapy

consisted of a clinical evaluation after completing chemotherapy
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and followed by yearly clinical visits up through year 5, and then

by mammographic surveillance. If any of the follow-up modalities

indicated symptoms or signs of metastatic disease, appropriate

imaging and confirmatory workup was performed per standard

clinical practice. All cancer therapies are indicated for each

patient in Supplementary Fig S2. For all patients included herein,

all collected blood sample time-points were analyzed, and study

results were blinded to the clinic. In all parts (sequencing, circu-

lating DNA isolation, and ddPCR), patients were analyzed in

random order without regard to clinical parameters and the

ddPCR data were analyzed in an automatic fashion blinded to

outcome and operator (detailed below).

Whole-genome sequencing analysis

Primary tumor specimens were snap-frozen immediately after

surgery and stored at �80°C in the South Swedish Breast Cancer

Group tumor bank. The tumor DNA isolation method is described

in the Supplementary Methods. Whole-genome paired-end Illu-

mina sequencing libraries were constructed from tumor DNA

sheared to a median insert size of 500 bp, sequenced on our

laboratory HiSeq 2000 instruments, and aligned to the human

reference genome GRCh37 (Supplementary Table S1). Matched

normal genomic DNA was isolated for all patients from whole

blood. For three of the included patients as well as seven unre-

lated patients, normal genomic DNA samples were also sequenced

and used to filter germline and false-positive rearrangements aris-

ing from errors in the human reference genome sequence and

from regions of unreliable mappability. Chromosomal rearrange-

ments were identified (Supplementary Fig S1 and Supplementary

Table S2) and the exact rearrangement fusion sequence recon-

structed using our bioinformatics pipeline SplitSeq (Supplemen-

tary Methods). PCR validation is described below and in the

Supplementary Methods.

Plasma DNA isolation and ddPCR

Blood samples were collected from patients in EDTA tubes and were

centrifuged to separate plasma from peripheral blood cells within

2 h of collection, and the fractions were frozen at �80°C. Total cell-

free circulating DNA was isolated from 0.5 ml plasma using the

QIAamp UltraSens Virus DNA kit (Qiagen) with protocol modifica-

tions. For selected rearrangements, polymerase chain reaction

(PCR) primers and a double-quenched fluorescent 50–30-exonuclease
hydrolysis probe were designed (mean amplicon size, 101 bp; range

63–155 bp) (Supplementary Table S3). For a subset of the rear-

rangements confirmed somatic using touchdown PCR with rear-

rangement-specific primers and primary tumor DNA or matched

normal DNA as input (Supplementary Methods; Supplementary

Table S4), the probe was synthesized (Integrated DNA Technolo-

gies) and the quantitative assay validated using a Bio-Rad QX100

droplet digital PCR (ddPCR) instrument using primary tumor DNA

and matched normal DNA as controls. A ddPCR assay (Supplemen-

tary Table S3) targeting a 132-bp non-rearranged normal region of

chromosome 2p14, which rarely undergoes copy number alteration

in breast cancer (Jonsson et al, 2010), was used to estimate total

circulating DNA (both tumor- and normal cell derived). For ddPCR,

four to six tumor-specific rearrangement assays were analyzed,

wherein 4% (4 ll) of the isolated cell-free DNA (corresponding to

20 ll plasma) was input in each assay reaction and the absolute

count of the target sequence was measured (Hindson et al, 2011).

Primary tumor DNA and matched normal DNA were used as posi-

tive and negative controls, respectively, for every personalized rear-

rangement assay in every ddPCR run, and a no-template control

(water) was used as a negative control for the 2p14 control assay.

All rearrangement reactions were run in duplicate. Detailed methods

are presented in the Supplementary Methods.

ddPCR data normalization

To enable an unbiased, uniform, and outcome- and operator-blinded

automatic evaluation of ddPCR data, droplet fluorescent intensity

measurements of each assay were normalized to a relative scale

ranging from 0 to 1 by scaling to the negative control and positive

control droplet intensities, for each assay, using custom scripts (see

Supplementary Methods and Supplementary Fig S3). Droplets with

a relative intensity ≥ 0.5 were defined positive (receiver operating

curve characteristic analyses were performed to assess discrimina-

tory accuracy at all thresholds; see below). The number of frag-

ments per ll input purified circulating DNA (CVi) was calculated

from the number of positive droplets P, total number of droplets

analyzed T, droplet volume Vd (0.91 × 10�3 ll), ddPCR volume Vr

(including PCR mix, primers, probe, input DNA), and volume of

purified circulating DNA input into the reaction Vi, using the

formula CVi
¼ � ln 1�P

Tð Þ
Vd

� �
Vr

Vi

� �
. A plasma sample was defined to be

positive for ctDNA if one or more of the target tumor-specific rear-

rangements in the sample had a molecular count greater than zero

by ddPCR analysis. To control for possible variability in the

efficiency of plasma DNA isolation or degradation of cell-free circu-

lating DNA during long-term storage of plasma, for each rearrange-

ment, ctDNA level was estimated as a percentage of total circulating

DNA by dividing the quantity of measured rearrangement by the

quantity of the 2p14 control region.

Receiver operating characteristic (ROC) curve analysis

Because the fluorescent intensity threshold used in calling ddPCR

droplets positive or negative may influence the accuracy of ctDNA-

based monitoring for occult disease, we applied a ROC curve

analysis. In this analysis, the droplet intensity threshold, for every

assay, was incrementally varied from 0 to 1 in 0.1 steps and

applied to the normalized data for all samples, defining negative

droplets (below threshold) and positive droplets (above threshold).

At each threshold, the concentration of each rearrangement was

calculated across all time-points and the rearrangement with the

highest concentration was used to represent each time-point as this

was thought to be most clinically relevant. Thus, ctDNA was

represented and analyzed using a single covariate. Based on this, a

patient was classified either as recurrence positive if one or more

plasma samples during the follow-up period were positive for

ctDNA, or as recurrence negative if all plasma samples during the

follow-up period were negative for ctDNA. The predicted recur-

rence state was then compared with the known true recurrence

state obtained from the clinical records in order to determine

true-positive (TP), true-negative (TN), false-positive (FP), and
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false-negative predictions (FN). Sensitivity was calculated as

TP/(TP+FN), and specificity was calculated as TN/(TN+FP). Sensi-

tivity was plotted against 1–specificity for each threshold, produc-

ing a ROC curve. The area under the curve was calculated using

the R package ROCR (Sing et al, 2005).

Statistical analyses

All statistical calculations were done in R v2.14.1. Confidence inter-

vals for sensitivity, specificity, and area under the ROC curve were

calculated based on the Clopper–Pearson exact binomial distribution

method using the R package binom v1.1-1 (see Supplementary

Methods). Except for the logistic regression odds ratios (see below),

the Mann–Whitney test for significance was utilized throughout

because the data types are not normally distributed and this test

makes no assumption on the distribution. All P-values and confi-

dence intervals calculated are two-sided except for the confidence

interval for specificity (one-sided 95% confidence interval since the

proportions are estimated to 1).

Logistic regression

To determine the influence of ctDNA level and primary diagnosis

clinical parameters (Table 1) on the risk of clinical metastasis and

of death, we carried out univariable logistic regression analyses.

Postsurgical plasma ctDNA percentage levels were used as a contin-

uous covariate by taking, for each patient, the most recent plasma

sample time-point prior to an outcome event, and for each time-

point, using the rearrangement with the maximal ctDNA percentage

value as this was thought to be most clinically relevant. Due to

quasi-complete separation of ctDNA level between DF patients

(Fig 5D, lower black dots) and EM patients (Fig 5D, upper black

dots), we employed Firth’s penalized likelihood approach (Firth,

1993) that allows reliable estimation also for separated data

(Heinze, 2006). Since we assumed that, for example, a 10-unit

increase in ctDNA percentage from 0 to 10% may have a different

prognostic implication than an increase of the same magnitude from

50 to 60%, we allowed for nonlinear effects of ctDNA levels on the

risk. Log2-transformation minimized the summed Akaike informa-

tion criteria (see Supplementary Methods); therefore, log2-trans-

formed ctDNA percentage was used as covariate, and accordingly,

the resulting odds ratios are for each twofold increase in percentage

ctDNA (e.g., from 1 to 2%, or 3 to 6%). The primary diagnosis clini-

cal parameters of tumor size (T3, > 5 cm, versus T1, ≤ 2 cm, and

T2, 2–5 cm), number of positive lymph nodes (N1, 1–3 positive,

N2, 4–9 positive, and N3 > 9 positive nodes versus N0, none),

Nottingham histological grade (G3 versus G1 and G2), estrogen

receptor status (ER negative versus ER positive), progesterone

receptor status (PR negative versus PR positive), and HER2 status

(HER2 positive versus HER2 negative) were each used as single

covariates in univariable logistic regression analyses with respect to

the outcome variables, clinical recurrence, and vital status at last

follow-up. No other candidate variables were considered. For

patient EM6 with bilateral breast cancer, the variables for the left-

side tumor with worse clinical prognostic features were used

(Table 1). Analyses were carried out using the R package brglm

(Kosmidis, 2013), with the statistical significance of estimated odds

ratios evaluated by the Wald test.

Data deposition

The raw unprocessed droplet digital PCR data and normalized data

have been deposited in the Dryad Digital Repository (http://

datadryad.org) with identifier doi: 10.5061/dryad.b6928 (http://

dx.doi.org/10.5061/dryad.b6928). Due to patient privacy, the

whole-genome sequencing data, which may contain personally

identifiable genetic variation and disease-associated alleles, are not

publicly available.

Supplementary information for this article is available online:

http://embomolmed.embopress.org
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Breast cancer is the most common cancer affecting women and a
leading cause for cancer-related death. Despite our best medical
treatment, late metastatic recurrences are common. Unfortunately,
metastatic breast cancer is usually diagnosed only after it has become
symptomatic, and by this time, it is essentially incurable. On the other
hand, a significant number of patients with non-metastatic breast
cancer may be “overtreated” and subject to unnecessary side effects
of systemic therapies when they are in fact cancer free. It may be
possible, with a highly sensitive and specific molecular method to
quantify circulating tumor DNA, to detect asymptomatic metastatic
recurrences early or to determine a cancer-free state, noninvasively,
using a blood test.

Results
We have used whole-genome sequencing of breast cancers to identify
tumor-specific chromosomal rearrangements that serve as molecular
“fingerprints” of each patient’s cancer. This is followed by droplet digi-
tal PCR-based quantification of tumor-specific rearranged DNA mole-
cules in patient blood samples collected at various time-points during
their clinical follow-up. Here, we identify for the first time that ctDNA
monitoring provides a sensitive method for early detection of asymp-
tomatic metastatic recurrence in patients diagnosed with primary
breast cancer and that the presence and quantity of ctDNA is predic-
tive of poor outcome in this key patient group. Patients with long-
term disease-free survival had no detectable ctDNA at any time-point
after surgery.

Impact
Our study shows that ctDNA monitoring is a highly accurate method
for early detection of asymptomatic metastatic recurrence in patients
diagnosed with non-metastatic breast cancer and that ctDNA-based
metastasis detection can precede symptoms and clinical detection by
wide margins. These results provide the rationale for clinical trials in
early breast cancer to test the clinical utility and benefit of ctDNA
monitoring.
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Abstract
Purpose  It is not known if mammographic breast compression of a primary tumor causes shedding of tumor cells into the 
circulatory system. Little is known about how the detection of circulating biomarkers such as circulating tumor cells (CTCs) 
or circulating tumor DNA (ctDNA) is affected by breast compression intervention.
Methods  CTCs and ctDNA were analyzed in blood samples collected before and after breast compression in 31 patients with 
primary breast cancer scheduled for neoadjuvant therapy. All patients had a central venous access to allow administration 
of intravenous neoadjuvant chemotherapy, which enabled blood collection from superior vena cava, draining the breasts, in 
addition to sampling from a peripheral vein.
Results  CTC and ctDNA positivity was seen in 26% and 65% of the patients, respectively. There was a significant increase 
of ctDNA after breast compression in central blood (p = 0.01), not observed in peripheral testing. No increase related with 
breast compression was observed for CTC. ctDNA positivity was associated with older age (p = 0.05), and ctDNA increase 
after breast compression was associated with high Ki67 proliferating tumors (p = 0.04). CTCs were more abundant in central 
compared to peripheral blood samples (p = 0.04).
Conclusions  There was no significant release of CTCs after mammographic breast compression but more CTCs were pre-
sent in central compared to peripheral blood. No significant difference between central and peripheral levels of ctDNA was 
observed. The small average increase in ctDNA after breast compression is unlikely to be clinically relevant. The results give 
support for mammography as a safe procedure from the point of view of CTC and ctDNA shedding to the blood circulation. 
The results may have implications for the standardization of sampling procedures for circulating tumor markers.

Keywords  Circulating tumor cells · Circulating tumor DNA · Breast compression · Breast cancer · Mammography · 
Neoadjuvant
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ctDNA	� Circulating tumor DNA
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MAF	� Mutant allele frequency
TNBC	� Triple-negative cancers

Introduction

Circulating tumor markers such as circulating tumor cells 
(CTCs) and circulating tumor DNA (ctDNA) can be found 
in the blood of cancer patients. As a liquid biopsy, these 
markers complement solid biopsies and have the advantage 
of being physically more accessible and patient-friendly 
than traditional tissue biopsies. This provides a possibil-
ity for prognosis prediction, closer monitoring of treatment 
response and disease progression, identification of drug tar-
gets, as well as an opportunity for early detection of recur-
rence. The presence of CTCs in the blood of patients with 
primary breast cancer has been shown to be an independ-
ent predictor of decreased disease-free and overall survival 
[1, 2], but the treatment predictive value of the cells is still 
under debate [3, 4]. The CTC methodology in primary breast 
cancer is also limited by the low number of detected cells, 
which makes enumeration and evaluation statistically chal-
lenging [5]. ctDNA, the cell-free DNA that originates from 
cancer cells, is a promising biomarker whose prognostic and 
treatment predictive power is emerging [6, 7]. Recent stud-
ies have shown that quantification of specific mutations in 
ctDNA can be associated with early detection of metastases 
and therapy resistance in breast cancer as well as in other 
diagnoses [8–12].

The risk that tumor cells are released into the bloodstream 
from a primary tumor during surgical interventions has been 
addressed in a few studies [13–17], although how and when 
tumor cells are shed as well as the clinical importance of 
this release is poorly understood [18]. Animal studies have 
also found that physical manipulation of a primary tumor 
by applying pressure to it causes tumor cell dissemination 
[19–21]. We have previously investigated if mammographic 
breast compression in patients with an already present breast 
tumor could cause shedding of tumor cells to the peripheral 
circulation [22]. We found no indications that this would be 
the case in a pilot study of 24 patients with primary breast 
cancer.

However, the configuration of the human blood circula-
tion can cause tumor cells released from the breast to pass 
through the capillary vasculature of the lungs before reach-
ing the peripheral blood vessels. In our previous study [22], 
CTCs captured only in the peripheral blood might have 
resulted in an underestimation of CTC number. It has been 
shown that a higher number of CTCs can be found in cen-
tral compared to peripheral venous blood in patients with 
metastatic breast cancer [23] as well as in other diagnoses 
[24–26]. Animal studies of colon carcinoma cells have 
shown that the majority (80–100%) of tumor cells could be 

trapped in the capillary bed of the first organ they encoun-
ter [27]. In breast cancer, an autopsy study by Peeters et al. 
[28] showed that CTCs were trapped in the lung microvas-
culature in four of the nine patients who all had high CTC 
counts (> 100). Thus, it is likely that the number of CTCs 
found in the peripheral blood system is not representative 
of a possible release of tumor cells from the primary tumor 
during manipulation such as breast compression during 
mammography or surgery. The difference in CTC number 
between central and peripheral blood is possibly even more 
pronounced after specific interventions compared to a more 
steady-state-like condition of metastatic disease [24, 26].

To our knowledge, ctDNA levels have not been used to 
study a possible release of tumor cells or tumor cell debris 
after breast compression or any other mechanical interven-
tion in breast cancer. Relatively few studies have so far 
compared the levels of both CTCs and ctDNA in the same 
clinical patient cohort at identical time points and our under-
standing of the relationship between the two liquid tumor 
markers is limited. However, both the level of ctDNA and 
the number of CTCs have been shown to have a prognostic 
value in mainly metastatic breast cancer cohorts [29, 30]. 
Mutation analysis of ctDNA and single CTCs suggests that 
ctDNA reflects the heterogeneity of mutations found in indi-
vidual CTCs [30], but ctDNA levels have been found to have 
a higher correlation with tumor burden than CTCs [29].

The aim of this study was to investigate how the pres-
ence of CTCs and ctDNA are affected by breast compres-
sion during mammography in patients with primary breast 
cancer. Special emphasis was made on comparing circulat-
ing tumor marker burden between the central and peripheral 
blood circulation.

Materials and methods

Patient cohort and clinical parameters

The patient cohort comprises preoperative patients within the 
ongoing SCAN-B trial (Clinical Trials ID NCT02306096) 
at Lund University and Skåne University Hospital, Sweden 
[31, 32]. During 2015–2016, 31 patients scheduled for neo-
adjuvant therapy volunteered to do an extra mammography 
after diagnosis and were included in the present study. The 
patient mean age was 51.9 years (range 33–74 years) and 
the mean compressed breast thickness and applied com-
pression force during the examination were 55.8 mm (range 
26.5–77.0 mm) and 103.4 N (range 71.5–123.1 N), respec-
tively, as indicated by the mammography system (Mammo-
mat Inspiration, Siemens Healthineers, Erlangen, Germany). 
All patients gave written informed consent and the study was 
approved by the Regional Ethical Review Board in Lund, 
Sweden (diary number 2014/521).
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Clinical data including biomarker expression, histologi-
cal subtype, and nodal status were retrieved from pathology 
reports and the patient’s clinical charts. Information on bio-
marker expression was based on analysis from the core nee-
dle biopsy before initiation of neoadjuvant therapy. Estrogen 
receptor (ER) positivity was defined as ≥ 10% positive can-
cer cells, human epidermal growth factor receptor 2 (HER2) 
positivity was defined by immunohistochemistry (IHC) or 
in situ hybridization (ISH) as (IHC3+) or ISH-positive cells, 
and Ki67 positivity was defined as > 20% positive cancer 
cells. Information from mammograms, ultrasound images, 
and breast tomosynthesis was compiled into one measure 
of tumor size.

Blood sampling

All patients had a central venous access to allow admin-
istration of intravenous neoadjuvant chemotherapy, which 
enabled blood collection from superior vena cava, draining 
the breasts. A dedicated research nurse attended the patient 
during the mammography examination and acquired blood 
samples before and after mammographic breast compres-
sion, first from central venous access and secondly from a 
peripheral vein at both occasions. The median time for blood 
sampling after compression was 2 min (range 0–5 min) for 
central blood samples and 7 min (range 5–23) for peripheral 
blood samples. At each time point, 10 ml whole blood was 
collected in CellSave tubes (Menarini Silicon Biosystems, 
Bologna, Italy) for CTC analysis and 10 ml whole blood was 
collected in Cell-Free DNA Blood Collection Tubes (Streck 
Inc., Omaha, USA) for ctDNA analysis. The blood samples 
were transported at room temperature and subsequent analy-
ses were performed within 96 h after sample taking.

CTC analysis

The blood samples were analyzed for CTC number using 
the FDA-approved CellSearch© system (Menarini Silicon 
Biosystems). Briefly, a ferrofluid-conjugated epithelial cell 
adhesion molecule (EpCAM)-directed antibody was used 
to separate CTCs from the majority of white blood cells. 
Fluorescent staining with DAPI (nuclear staining), cytokera-
tin (CK) 8, 18, 19-directed PE-conjugated antibodies, and 
CD45-directed APC-conjugated antibodies were applied 
to identify CTCs (DAPI +/CK+/CD45–). Two independ-
ent and accredited technicians manually evaluated images 
of CK + events selected automatically by the CellTracks II 
system (Menarini Silicon Biosystems). The method has been 
described in detail elsewhere [33]. Cut-off for CTC posi-
tivity was ≥ 1 CTC/7.5 ml blood as suggested by a recent 
review of primary breast cancer [1].

ctDNA analysis

Candidate somatic mutations for ctDNA measurement were 
obtained from RNA sequencing (RNA-seq) data generated 
within SCAN-B [31, 34]. Twenty-eight of the 31 patients 
had available tumor RNA-seq data. Sequencing, base call-
ing, FASTQ file processing, and filtering were performed 
as previously described [34]. Using a Snakemake workflow, 
reads in FASTQ format were aligned to the human reference 
genome GRCh38.p8 (including alternative sequences and 
decoys, and patched with dbSNP Build 147) using HISAT2 
2.0.5 [35] (with default options except --rna-strandness RF, 
--rg-id ${ID_NAME}, --rg PL:illumina, --rg PU:${UNIT}, 
--rg SM:${SAMPLE}), and duplicate reads were marked 
using SAMBLASTER 0.1.24. Variants were called using 
VarDict-Java 1.5.0 [36] (with default options except -f 0.02, 
-N ${SAMPLE}, -b ${BAM_FILE}, -c 1, -S 2, -E 3, -g 4, 
-Q 10, -r 2, -q 20), and annotated with dbSNP build 150 and 
COSMIC v84 using vcfanno 0.2.8 [37].

From the RNA-seq mutation calling, one somatic muta-
tion for each patient was selected for IBSAFE assay design 
for ultrasensitive mutation detection. IBSAFE© (SAGA 
Diagnostics AB, Lund, Sweden) is an enhanced droplet 
digital PCR technology with significantly improved sensi-
tivity and specificity, allowing for quantification of alleles 
to 0.001% mutant allele frequency (MAF) [George et al. 
manuscript in preparation]. IBSAFE assays targeting a 
somatic mutation were designed for 20 patients and the 
assays validated using 6 ng of corresponding tumor DNA 
as positive control and 180 ng of human normal genomic 
DNA (Promega, Madison, USA) as negative control, con-
firming a lower limit of detection of at least 0.0017% MAF 
for each assay.

Whole blood collected in Streck tubes were centrifuged 
at 2000×g for 15 min at room temperature to fractionate 
plasma, followed by clearing of the plasma fraction by cen-
trifugation at 10,000×g for 15 min at 4 °C. Cell-free DNA 
was isolated using the QIAamp Circulating Nucleic Acid Kit 
or the QIAamp MinElute ccfDNA Midi Kit (Qiagen, Hilden, 
Germany), of which 20% of the eluate used for IBSAFE 
reactions and measurement of mutant and wild-type ctDNA 
copies and calculation of MAF.

Statistical analysis

Clinical and patient-specific characteristics were compared 
between patients that had ≥ 1 CTC/≥ 0.01% MAF present 
in any sample and patients with 0 CTCs/0% MAF in all 
samples. Agreement between CTC- and ctDNA-positive 
patients was analyzed using Cohen’s kappa statistics. The 
Mann–Whitney U-test was used to compare the distribution 
of continuous variables. For categorical variables, Fisher’s 
exact test was used in all comparisons due to less than five 
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expected cases in at least one of the groups in all cross-
tables. Statistical analysis of all characteristics was also 
performed between patients that had an increase in CTC 
number/% MAF after compression with patients that did not 
have an increase in CTC number/% MAF after compression. 
A non-parametric Wilcoxon signed-rank test was applied to 
test for CTC differences/% MAF changes between before 
and after compression. For comparison between central and 
peripheral CTC/ctDNA measurements, a sign test was used.

All statistical analyses were performed in IBM SPSS Sta-
tistics (version 24, IBM, Armonk, NY, USA) and p values 
< 0.05 were considered significant.

Results

In total, 8/31 patients (26%) had ≥ 1 CTC in at least one 
of the blood samples taken before or after mammographic 
breast compression (Fig. 1). Correspondingly, 13/20 patients 
(65%) had ≥ 0.01% MAF and were defined as ctDNA posi-
tive. No agreement was found between CTC- and ctDNA-
positive patients (κ = 0.02, p = 0.92) (A plot of CTC count 
versus % MAF can be found in supplementary Fig. S1).

Patient and tumor characteristics of the whole cohort, as 
well as of CTC/ctDNA-positive and CTC/ctDNA-negative 
patients separately, are shown in Table 1. No patient or path-
ologic characteristics were statistically associated with CTC 
positivity. Larger tumor size, non-ductal histological sub-
type, and older age were more predominant in the CTC-pos-
itive group but the difference was not statistically significant. 
ctDNA positivity was associated with higher age (p = 0.05). 
Higher Ki67, ductal histological type, and triple-negative 
breast cancer were more predominant in ctDNA-positive 

patients, without reaching statistical significance (Table 1). 
Notably, 4/4 triple-negative breast cancers (TNBC) and 4/4 
T4 staged cancers were all ctDNA positive.

Thirty patients had CTC results from the central blood 
sample before and after breast compression and 22 of these 
patients had 0 CTCs at both time points. Five of eight 
patients with detectable CTCs had an increased number of 
CTCs after compression (p = 0.19) (Fig. 2a). The average 
CTC increase was 3.2 cells (median 1.0 cell). Only two eval-
uable patients had detectable CTCs in the peripheral blood 
sample (Fig. 2b). Both central and peripheral % MAF gen-
erally increased after compression with the latter reaching 
significance (p = 0.08 and p = 0.01) (Fig. 2c, d). The aver-
age increase of % MAF was relatively small, 0.77 and 0.35 
(median 0.35 and 0.22% MAF) for central and peripheral, 
respectively. Of the 20 patients with assessable ctDNA sam-
ples before and after breast compression, eleven and eight 
patients had 0% MAF in central and peripheral plasma sam-
ples, respectively, at both time points.

The median fraction of Ki67-positive cells was 66% 
(range 30–90%) in the five patients that had an increase in 
CTC number after compression, compared to 45% (range 
15–95%) in patients with no increase (p = 0.31) (Supplemen-
tary Table 1). Also, Ki67 fraction was significantly higher 
in the group with increasing ctDNA after compression, 45% 
versus 30% (p = 0.04) (Supplementary Table 2). No other 
factors were differentially expressed between patients with 
an increase in CTCs/ctDNA levels and patients with a sta-
ble or a decrease in CTCs/ctDNA levels after compression. 
However, the histological type of the primary tumor seemed 
to differ between patients with an increase in the number of 
CTCs and patients with an increase in the levels of ctDNA 
after compression (Supplementary Tables 1 and 2).

Fig. 1   Examples of CTCs detected with the CellSearch system from a patient in the study
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CTCs were more abundant in central compared to 
peripheral blood in 8/10 positive samples (p = 0.04) 
(Fig. 3a). Forty-nine comparisons between central and 
peripheral blood contained 0 CTCs in both samples. There 
was no significant difference in % MAF levels between 

central and peripheral sampling (8/20 favoring higher 
% MAF in the central blood sample, p = 0.50) (Fig. 3b). 
Twenty comparisons between central and peripheral blood 
contained 0% MAF in both samples.

Table 1   Comparison of patient and tumor characteristics between patients positive for CTCs and ctDNA (≥ 1 CTC/≥ 0.01% MAF) and patients 
with no CTCs/% MAF

a Mann–Whitney U-test
b Fisher’s exact test

Total (N = 31) CTC negative 
(N = 23)

CTC positive (N = 8) p value Total (N = 20) ctDNA 
negative 
(N = 7)

ctDNA 
positive 
(N = 13)

p value

Age (years)
Median (range) 50 (33–74) 47 (33–74) 56 (43–71) 0.21a 51 (35–74) 46 (35–62) 58 (40–74) 0.05a

  < 50 16 13 3 0.43b 10 5 5 0.35b

  ≥ 50 15 10 5 10 2 8
Tumor size and stage
 Median size, mm 

(range)
30 (4–90) 30 (4–90) 38 (16–80) 0.21a 30 (4–80) 24 (8–80) 30 (4–80) 0.60a

 T1 (< 20 mm) 8 7 1 0.64b 6 3 3 0.61b

 T2–T4 (20 mm or 
higher)

23 16 7 14 4 10

Nodal stage
 N0 4 3 1 1.0b 2 0 2 0.52b

 N+ 27 20 7 18 7 11
ER
 Negative (10% or 

lower)
8 6 2 1.0b 4 0 4 0.25b

 Positive (> 10%) 23 17 6 16 7 9
HER2
 Negative 25 18 7 1.0b 17 5 12 0.27b

 Positive 6 5 1 3 2 1
Ki67
 Median % of cells 

stained (range)
45 (15–95) 45 (20–95) 49 (15–90) 0.61a 40 (15–90) 30 (15–90) 45 (20–90) 0.19a

 Low (20% or 
lower)

3 2 1 1.0b 3 1 2 1.0b

 High (> 20%) 28 21 7 17 6 11
Breast cancer subtype
 ER+ 18 12 6 0.63b 13 5 8 0.20b

 HER2+ 6 5 1 3 2 1
 TNBC 7 6 1 4 0 4

Multifocality
 No 22 17 5 0.64b 15 4 11 0.29b

 Yes 8 5 3 5 3 2
 Missing 1 1

Histological subtype
 Ductal 23 19 4 0.15b 13 3 10 0.17b

 Other 8 4 4 7 4 3
Detection mode
 Screening 9 7 2 1.0b 8 2 6 0.64b

 Symptomatic 22 16 6 12 5 7
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Discussion

CTCs were detected in 26% of the patients before start of 
neoadjuvant therapy for primary breast cancer. This is in line 
with a recent meta-analysis where 25.2% of breast cancer 
patients had CTCs before onset of neoadjuvant chemother-
apy (deemed independent of blood sampling volume) [2]. 
ctDNA was positive in 65% of the patients. The concordance 
between CTCs and ctDNA has been shown to be higher in 
metastatic breast cancer patients [29] as compared to what 
was found in this study, which is most likely due to the lower 
rate of CTCs in primary breast cancer (Supplementary Fig. 
S1). ctDNA positivity, defined as ≥ 0.01% MAF in this 

study, was associated with higher age (p = 0.05) and a trend 
was noted that a more aggressive tumor phenotype, includ-
ing high Ki67, TNBC, and T4 staged cancers, favors ctDNA 
positivity (not statistically significant).

For CTCs, no increase was seen in either central or 
peripheral blood after mammographic breast compression 
(p = 0.19 and p = 0.37, respectively). However, both central 
and peripheral ctDNA levels increased after breast compres-
sion (p = 0.08 and p = 0.01, respectively). Only one patient 
had a CTC count difference of > 5 cells/7.5 ml between 
samples taken before and after compression (Fig. 2a). This 
suggests a lack of a larger bolus release of cells during 
breast compression of women with primary breast cancer. 

A

C

B

D

Fig. 2   The number of CTCs found before and after mammographic 
breast compression in central venous access (a), where two patients 
are represented by a line going from 0 to 1 CTC and from 1 to 0 
CTCs, respectively. The corresponding number of CTCs before and 
after compression in peripheral blood (b). Figures for mutant allele 
frequency before and after breast compression in central (c), where 
two patients are represented by a line from 0 to approximately 0.35, 

and peripheral (d) plasma, where two patients are represented by a 
line going from 0 to approximately 0.04 and from approximately 0.03 
to 0, respectively. Patients with an increasing value are plotted with 
red lines, decreasing values in blue, and constant values in green. All 
patients that did not have any circulating tumor markers are summa-
rized in one line at number/frequency = 0
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The central blood samples were drawn on average 2 min 
after compression and, according to an animal study, the 
release of malignant cells starts at the manipulation proce-
dure and stays elevated up to 60 min [19]. To the best of the 
authors’ knowledge, no published study has investigated how 
ctDNA levels vary with manipulation of a primary tumor 
with regard to applied pressure. The increase of ctDNA after 
breast compression found in this study can be considered 
relatively small, with only one case going from % MAF 0.95 
to 2.36 which possibly could affect prognostication (Fig. 2d) 
[8]. High Ki67 were associated with increased ctDNA levels 
(p = 0.04) (Supplementary Table 2).

As hypothesized, CTCs were in general significantly 
more likely to be present in central than in peripheral 
blood samples (p = 0.04). Six patients presented CTCs 
only in the central samples (Fig. 3a) suggesting a dif-
ferential CTC yield depending on sample location. The 
results are comparable to the work by Peeters et al. [23] in 
metastatic breast cancer but no data from studies involving 
differential blood sampling of primary breast cancer are 
hitherto available. This differential yield was not seen for 
ctDNA (p = 0.50). Since ctDNA is a much smaller moiety 

and soluble in the blood, we speculate that ctDNA is much 
less affected by physical hindrance in the capillaries as 
compared to CTCs. Hence, ctDNA blood sampling is inde-
pendent of blood drawing location, a finding that could 
contribute to the definition of clinical sampling routines 
in primary breast cancer for ctDNA.

The major limitation of this study was the small sam-
ple size and low count of CTCs, despite that a total of up 
to 40 ml whole blood was drawn from each patient. The 
statistical nature of CTC sampling has been described by 
Tibbe et al. [5]. Due to the low sample size, a possible 
difference between CTCs detection before and after breast 
compression may have been underestimated. Similarly, the 
ctDNA analysis was limited by a relatively low plasma 
input volume, and therefore a limited number of genome 
equivalents being analyzed for the presence of mutations.

When CTCs and ctDNA markers are implemented into 
clinical routine, our understanding of how the concentra-
tions fluctuate during different interventions should be bet-
ter understood. The women in this cohort are continuously 
being monitored and follow-up data will be available and 
presented in future publications.

A

B

Fig. 3   CTC (a) and ctDNA (b) detection in central and peripheral 
sample pairs. In 8/10 CTC-positive pairwise samples, a higher num-
ber of CTCs was detected in the central compared to the peripheral 
blood sample (p = 0.04). In pairwise samples 1–6, no CTCs were 
found in the peripheral blood sample. In 12/20 ctDNA pairwise 

samples, a higher mutant allele fraction was found in the peripheral 
plasma sample (p = 0.50). In pairwise samples 2, 4–7, no ctDNA was 
detected centrally, and in sample 1, no ctDNA was detected peripher-
ally
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Conclusion

In summary, there was no significant release of CTCs after 
mammographic breast compression but more CTCs were 
present in central compared to peripheral blood. There was 
a small average increase in ctDNA levels after breast com-
pression, unlikely to be clinically relevant, and no difference 
between central and peripheral levels was found.
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ABSTRACT
We studied mutation kinetics in ten relapsing and four non-relapsing patients with acute mye-
loid leukemia by whole exome sequencing at diagnosis to identify leukemia-specific mutations
and monitored selected mutations at multiple time-points using IBSAFE droplet digital PCR. Five
to nine selected mutations could identify and track leukemic clones prior to clinical relapse in
10/10 patients at the time-points where measurable residual disease was negative by multicolor
flow cytometry. In the non-relapsing patients, the load of mutations gradually declined in
response to different therapeutic strategies. Three distinct patterns of relapse were observed:
(1) one or more different clones with all monitored mutations reappearing at relapse; (2) one or
more separate clones of which one prevailed at relapse; and (3) persistent clonal hematopoiesis
with high variant allele frequency and most mutations present at relapse. These pilot results
demonstrate that IBSAFE analyses detect leukemic clones missed by flow cytometry with pos-
sible clinical implications.

HIGHLIGHTS

� The IBSAFE ddPCR MRD method seems applicable on virtually all newly diagnosed AML
patients and was more sensitive than flow cytometry.

� Monitoring a few mutations captured the kinetics of the evolving recurrent leukemia.
� NPM1-mutation alone may not be a reliable MRD-marker.
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Introduction

Optimal management of patients with acute myeloid
leukemia (AML) depends on accurate monitoring of
measurable residual disease (MRD), after treatment.
The presence of MRD predicts outcome, and guides
treatment decisions [1–3]. Most patients achieve com-
plete remission (CR), but a significant number of
patients nevertheless eventually relapse despite hav-
ing one and often multiple instances of MRD-negativ-
ity. Therefore, improvements of MRD determination
may optimize treatment and result in more cures.
Current MRD methods include multicolor flow

cytometry (MFC), real-time quantitative polymerase

chain reaction (qPCR) with or without preceding

reverse transcription (RT-qPCR), and more recently

next-generation sequencing (NGS) and droplet digital

PCR (ddPCR) [1,3–5]. MFC can be applied on most

patients but suffers from limited sensitivity, around

0.1% leukemic cells among nucleated bone marrow

cells, depending on the phenotypic aberrancies of the

leukemic blasts as compared to the background

phenotype of normal or regenerating bone marrow

cells [6]. RT-qPCR and qPCR are more sensitive than

MFC [1,7] but can only be applied on leukemias
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carrying specific fusion genes such as t(8;21)(q22;q22);
RUNX1-RUNX1T1 (8) or a specific mutation such as
those occurring in the nucleophosmin 1 (NPM1) gene
[9]. NGS has tremendously increased our knowledge
about the molecular heterogeneity of AML [10–13]. In
the MRD setting, NGS has the advantage of tracking
several mutations simultaneously and thus being
applicable on nearly all AML patients; however, NGS
has limited sensitivity and specificity with standard
platforms. Computational error-correction and/or util-
ization of unique molecular indexes help to improve
NGS limit of detection (LoD), however the approach is
not widely used clinically [14]. Another approach is to
use the knowledge of the mutational content of an
AML derived from standard NGS (e.g. panel sequenc-
ing, whole exome or whole genome sequencing), to
choose mutations for follow-up by methods such as
ddPCR. This method provides a new way to monitor
several mutations simultaneously with higher sensitiv-
ity, indeed suitable for MRD assessment [15–17].

The aim of this study was to investigate if pending
relapses in AML can be identified by using an ultra-
sensitive molecular MRD approach targeting several
mutations, thereby producing information on multiple
putative subclones. We employed IBSAFE, an innova-
tive method using a ddPCR platform with an alterna-
tive chemistry that allows for a lower LoD to 0.001%
variant allele frequency (VAF) [18–20]. To demonstrate
the applicability of IBSAFE for MRD in AML, we ana-
lyzed ten relapsing and four non-relapsing AML
patients.

Materials and methods

Patients and samples

Ten relapsing, defined by standard relapse definitions
by the 2016 World Health Organization’s (WHO) crite-
ria for AML, and four non-relapsing AML patients were
selected and retrospectively tested for molecular MRD
in bone marrow (BM) aspirates taken at two to twelve
follow-up time-points between 145 and 2607 days
after the diagnosis for the relapsing patients, and at
three to five time-points between 176 and 895 days
after the diagnosis for the non-relapsing patients
(Table 1). Time-points were chosen after guidelines
and clinical needs, and not by research purpose. End
of follow-up was September 2019. The mean time
from diagnosis to the first relapse was 498 days (range
145–2054). For the non-relapsing patients, the mean
time from diagnosis to end of follow-up was 1630 days
(range 1450–1750).

For all patients, the diagnostic and follow-up sam-
ples were evaluated with morphology, flow cytometry,
qPCR (if a NPM1 type A mutation was present at diag-
nosis) and IBSAFE ddPCR (except for patient #1; no
immunophenotyping performed on the follow-up
samples before relapse). In addition, whole exome
sequencing (WES) was performed on all diagnostic
samples and all relapse samples with one exception
(#8; no WES at relapse). Follow-up samples were col-
lected after two courses of cytoreductive chemother-
apy, after completion of therapy, before stem cell
transplantation (SCT), at suspicion of relapse and at
various additional time-points.

Whole exome sequencing (WES)

The mutational profile of each leukemia was deter-
mined at diagnosis and at first relapse by WES using
cultured skin fibroblasts as germline controls as previ-
ously described [21]. Cutoff VAF for somatic variants
was in general 5% in either the diagnostic or the
relapse sample. The assignment of mutations to genes
known to be recurrently mutated in AML or non-recur-
rently mutated genes was in accordance with recur-
rently mutated genes in The Cancer Genome Atlas
Research Network data for AML [11].

IBSAFE ddPCR

For molecular MRD detection we used the recently
developed ultrasensitive mutation detection method
IBSAFE, with an effective lower LoD down to approxi-
mately 0.001% VAF based on the amount of DNA ana-
lyzed per sample [18–20]. In short, IBSAFE marries a
two phase chemistry, linear copying and exponential
signal generation, within the reaction droplet, thereby
greatly enhancing true-positive signals and simultan-
eously reducing false-positive signals (described in the
Supplementary Methods). An example dilution series
from 10% VAF to 0.001% VAF as well as pure wild-
type 0% VAF is shown in Figure 1(A).

For the 14 patients, a total of 86 mutations (SNPs
and small indels) were selected from WES data, and
IBSAFE assays were developed for between 5–9 muta-
tions for each patient. Candidate mutations were
selected with priority toward mutations in genes
known to be recurrently mutated in AML. In addition,
some mutations present at both diagnosis and relapse
as determined by WES were chosen. Finally, for a few
patients, some mutations present only at relapse were
selected to backtrack potential emerging clones.
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Each IBSAFE assay was confirmed to have zero
false-positive droplets using at least 59,000 haploid
genome copies (180 ng) of negative control DNA
(Promega), demonstrating an assay LoD of at least
0.0017% VAF. An example assay is shown in
Supplementary Figure 1. IBSAFE analyses were per-
formed on all diagnostic, follow-up, and relapse sam-
ples, using 60 ng of DNA per reaction and each
reaction performed in duplicate thus enabling an
effective LoD down to 0.003% VAF. In every IBSAFE
run, positive (diagnostic or in a few cases relapse sam-
ple) and negative control (human male normal) DNA
were used and confirmed test reliability.

Flow cytometry and qPCR for NPM1 type a
mutations

Immunophenotyping and quantification of NPM1 type
A mutations with qPCR was performed as previously
described [7].

Statistical analyses

To investigate the correlations between measuring the
VAF of the mutations in the diagnostic and relapse
samples with IBSAFE, WES and qPCR, Pearson’s correl-
ation test and Bland-Altman plots were applied [22].
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Figure 1. Performance of IBSAFE and comparison of IBSAFE and WES measured variant allele frequencies (VAFs) in diagnosis and
relapse samples. (A) Dilution series for IBSAFE assay NPM1 type A for constructed samples with known VAFs at 10%, 1%, 0.1%,
0.01%, 0.001%, and 0%. (B) Scatterplot for agreement between the methods with Pearson’s coefficient of determination R2¼0.77
and p-value <.0001, N¼ 144, (C) Bland Altman plot.
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Results

Diagnostic and monitored mutations

WES of the BM from 10 relapsing and four non-relaps-
ing patients identified 10–30 somatic mutations at
diagnosis (mean 18) in each patient, of which 0–7
(mean 3) were in genes known to be recurrently
mutated in AML (Table 2). In total 12 of the patients
had mutations in genes known to be recurrently
mutated in AML. For 11 of the patients at least one of
these recurrent mutations could be monitored by
IBSAFE. In six of the relapsing patients, WES of the
relapse sample detected between 2–22 new mutations
(Table 2). For one patient, WES was not performed at
relapse after allogeneic-SCT (allo-SCT) since the pres-
ence of donor cells prohibited detection of new muta-
tions. For the remaining three patients, no new
mutations could be identified due to poor sequence
quality and therefore the WES data was only used to
confirm presence of mutations identified at diagnosis.

On the basis of the WES results, 86 mutations, 81
of which were unique (NPM1 type A mutation was
monitored in five patients, DNMT3A R882C in two),
were monitored (Supplementary Table 1). Of these, 31
were mutations in genes known to be recurrently
mutated in AML, including seven NPM1 mutations.
Four mutations in genes known to be recurrently
mutated in AML were identified by WES at relapse but
absent at diagnosis in three patients (RUNX1, IDH1 and
two different FLT3 mutations). Of these, FLT3 Y589H
was monitored. Of note, scatterplot and Bland–Altman
plot of VAFs as measured by IBSAFE and WES on the
diagnostic and relapse samples displayed excellent

agreement across a range of allele frequencies and
considering the WES sequencing depth (R2¼0.77,
N¼ 144, p< .0001; Figure 1(B,C)). A comparison of
qPCR and IBSAFE data for the NPM1 type A mutation
is shown in Supplementary Figure 2.

For all 10 relapsing patients, IBSAFE analysis
revealed molecular evidence of persisting or emerging
mutations at time-points prior to the clinical relapse
(Figure 2). Of all 66 follow-up time-points tested across
the 10 patients, 35 time-points from 9 patients (2–7
time-points per patient, or 50–100% of all time-points
tested for the patient) exhibited at least one IBSAFE-
detected mutation detected at VAFs between 0.1%
and 0.003%. In addition, all relapsing patients had at
least one follow-up time-point with VAF >0.1% for at
least one mutation detected before clinical relapse.
Moreover, IBSAFE-based molecular MRD was more
sensitive to identify residual disease as compared to
MFC, with no time-point being MFC-positive and
IBSAFE-negative (Supplementary Table 2).

Patterns of mutations for relapsing patients

Interestingly, distinct patterns of emerging and retreat-
ing mutations could be discerned from the IBSAFE
results. In Pattern 1, featuring four patients, one or
several clones were apparent during follow-up with all
the monitored mutations reappearing at relapse
(Figure 2(A–D); Table 2). Some mutations were
undetectable at certain time-points, whereas others
were present at all time-points at low levels, possibly
representing minor pre-leukemic clones. Two of these
patients (#4 and #9) displayed mutations in genes

Table 2. Number of mutations at diagnosis and first relapse.

Patient

Number of genes known to
be recurrently mutated in

AML at diagnosis

Number of non-recurrently
mutated genes in AML at

diagnosis

Number of recurrently
mutated genes at first
relapse (lost/new)

Number of non-recurrently
mutated genes at first
relapse (lost/new)

1 5 9 5 (1 / 1) 10 (2 / 3)
2 6 24 5 (2 / 1) 12 (17 / 5)
3 2 15 2a (0 / NDa) 7 a (8 / ND a)
4 3 13 4 (1 / 2) 13 (6 / 6)
5 2 11 0a (2 / NDa) 8a (3 / NDa)
6 1 14 1 (0 / 0) 15 (1 / 2)
7 7 10 2 (5 / 0) 28 (4 / 22)
8 0 10 NDb NDb

9 4 9 4 (0 / 0) 15 (0 / 6)
10 3 14 3 (0 / NDa) 10 (4 / NDa)
11 4 7 – –
12 0 24 – –
13 6 21 – –
14 4 18 – –

ND: not determined.
aNGS analysis not possible to interpret for new mutations due to a high background noise.
bNo NGS analysis performed on the relapse sample because germline variants could not be determined after allo-SCT before the relapse.
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known to be recurrently mutated in AML (DNMT3A,
NPM1 or TET2) (Figure 2(A,B)). In these two patients,
selection of clones containing mutations in DNMT3A,
ANAPC2, CLSTN3 and GPR98 (Figure 2(A)) and TET2 and
TMEM35 (Figure 2(B)), respectively, was evident after
induction therapy. For patient #4, a subclone contain-
ing two additional mutations (EPHA3 and TTYH1) at
VAFs 1–2% was present at diagnosis (Figure 2(A)).
Except for patient #8 (Figure 2(D)), MFC-MRD was not
detected before the relapse in this group. This patient
had a positive MFC-MRD at day 92 (0.2–0.3%), 18 days
before the SCT with all monitored mutations detect-
able. After SCT, MFC-MRD was negative but 4/5

mutations were still detectable, and the patient soon
exhibited clinical relapse about two months later.

In Pattern 2 containing four patients (Figure
2(E–H)), the emerging relapsing leukemia carried
only some of the mutations monitored, both in
recurrently as well as non-recurrently mutated genes
(Table 2). All patients in this group displayed at least
two mutations in known AML-associated genes
including NPM1, IDH2, WT1, NRAS, KRAS, FLT3,
PTPN11, RUNX1, or DNMT3A. After three courses of
chemotherapy, at least one mutation was detectable
by IBSAFE in all four patients despite negative MFC-
MRD when available, with TRIM42 in patient #7
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Figure 2. Monitoring leukemic mutations using ultrasensitive IBSAFE for ten relapsing AML patients (A) #4, (B) #9, (C) #6, (D) #8,
(E) #7, (F) #5, (G) #1, (H) #3, (I) #10 and (J) #2. In each plot, the y-axis represents the detected variant allele frequency (VAF %)
for each tracked mutation (key to the right; genes known to be recurrently mutated in AML in bold), and the x-axis indicates the
days after diagnosis with therapies indicated by shading (chemotherapy) and clinical events indicated along the top of each plot.
The inverted triangles indicate the flow cytometry MRD results, with the color-key indicated in the lower-right of plot (A). Dx:
diagnosis; R: relapse; †: dead: SCT: stem cell transplantation; FU; follow-up; H: harvest; ND: not detected (VAF below lower effect-
ive limit of detection of 0.003% determined by input DNA quantity).
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consistently higher than 0.1% VAF. MFC-MRD was
positive (>0.1%) in two of the patients after comple-
tion of chemotherapy with concomitant VAF >0.1%
for several mutations (patient #5, Figure 2(F); patient

#3, Figure 2(H)). At least one clone disappeared in all
four patients in response to therapy as evidenced by
the diminishing or undetectable amounts of
mutant DNA.
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Figure 3. Monitoring leukemic mutations using ultrasensitive IBSAFE for four non-relapsing AML patients (A) #13, (B) #14, (C) #11
and (D) #12. In each plot, the y-axis represents the detected variant allele frequency (VAF %) for each tracked mutation (key to
right; genes known to be recurrently mutated in AML in bold), and the x-axis indicates the days after diagnosis with therapies
indicated by shading (chemotherapy) and clinical events indicated along the top of each plot. The inverted triangles indicate the
flow cytometry MRD results, with the color-key indicated in the lower-right of plot (A). Dx: diagnosis; FU: follow-up; SCT: stem cell
transplantation; ND: not detected (VAF below 0.003%).
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In Pattern 3 with the remaining two relapsing
patients (Figure 2(I,J)), there was no distinct decrease
of the mutation allele frequencies before SCT for two
or more of the mutations despite morphological
remission and negative MFC-MRD, demonstrating the
pre-leukemic nature of the regenerating hematopoi-
esis. In patient #10 (Figure 2(I)), nine mutations were
monitored. Two mutations were detected at 17% VAF
(CACNA9 and CPA4) after induction therapy, preceding
the relapse about two months later, after completion
of therapy despite MFC-MRD negativity <0.1% and
morphological remission. Patient #2 (Figure 2(J))
showed clonal hematopoiesis and an U2AF1 mutation
with high residual VAF, apparently unresponsive to
chemotherapy, but in complete morphological and
immunophenotypical (<0.1%) remission until the
relapse at day 736. At the first relapse, both the muta-
tional profile (loss of 19 mutations and gain of six new
mutations by WES) and the immunophenotype
changed significantly (Table 2). Only after the second
relapse (150 days after the first relapse) treated with
SCT, a significant decrease of the mutational load for
the monitored mutations was seen, but the VAFs of
monitored mutations never fell below 0.2%.

Patterns of mutations for patients in complete
remission

Among the non-relapsing patients (Figure 3(A–D)),
patients #13 and #14 underwent allo-SCT and dis-
played a similar pattern of monitored mutations
before transplantation with some persistent mutations
with high VAF despite morphological and immuno-
phenotypical (<0.1%) remission, suggesting pre-leu-
kemic hematopoiesis refractory to conventional
cytoreductive therapy (Figure 3(A,B). This pattern was
reminiscent of that of the relapsing patients #10 and
#2 (Figure 2(I,J)) described above. After allo-SCT the
mutations gradually disappeared and were unmeasur-
able at the last follow-up time-point except for 0.01%
VAF of the DNMT3A mutation in patient #14 (Figure
3(B)). In patient #11 and #12 all monitored mutations
declined after conventional cytoreductive therapy;
some of them disappeared completely whereas others
seemed to stabilize at low VAF levels between 0.01%
and 0.08% (Figure 3(C,D)).

NPM1-mutations in relapsing and non-relapsing
patients

Six out of ten patients in the relapsing group had an
NPM1 mutation (type A in patients #2, #4, #7 and #9;

type D in #10; and type DD5 in #3). All of these but
patient #2 experienced an NPM1-positive relapse. For
patient #2 the NPM1 type A mutation was undetect-
able by IBSAFE and qPCR at all follow-up time-points
after day 73, including the complete morphological
and immunophenotypical remission time-points and
the relapse time-points (Figure 2(J)) and (Table 1).
Patient #7 (in complete morphological and immuno-
phenotypical remission after completion of therapy)
had no detectable NPM1 type A mutation by IBSAFE
at any time-point before the NPM1 positive relapse
(Figure 2(E)) but a quantifiable signal by qPCR at the
last time-point (0.011%) and a detectable but not
quantifiable signal for the remaining two time-points.
Patient #4 and #9 (Figure 2(A,B)) had detectable NPM1
mutations by IBSAFE as well as qPCR at all follow-up
time-points except the last time-point, when it was
undetectable by IBSAFE and weakly positive (0.0028%,
#4) or detectable but not quantifiable (<0.0024%, #9)
by qPCR. Both these patients were in complete mor-
phological and immunophenotypical remission after
completion of therapy. For the type D and DD5 NPM1
mutation-positive patients (#10 and #3) no qPCR data
exist. For the type D NPM1 mutation-positive patient
(#10) only one follow-up sample exists between diag-
nosis and relapse, day 63. At this time-point MFC-MRD
was negative, but IBSAFE-MRD was positive (0.08%
VAF). For the type DD5 NPM1 mutation-positive
patient (#3), three time-points between the diagnosis
and relapse were tested. IBSAFE detected MRD in all
these three time-points, whereas MFC was only posi-
tive at the last time-point before the relapse.

In the non-relapsing group, one patient (#11) had a
NPM1 mutation (type A; Table 1) detectable at low
VAF <0.1% with IBSAFE and qPCR after induction ther-
apy, day 28, that disappeared during follow-up (Figure
3(C)). MFC-MRD was negative at all time-points (Figure
3(C) and Table 1).

Discussion

Because of the clonal complexity of AML, the assess-
ment of MRD in routine practice is difficult. Minor sub-
clones present at diagnosis may evolve and escape
detection by MFC or targeted qPCR-MRD. The aim of
this study was to investigate if relapses in AML can be
identified and predicted by using a sensitive molecular
MRD approach (IBSAFE) targeting several mutations,
thereby producing information on multiple putative
subclones. Our proof-of-concept study demonstrates
the ability of the IBSAFE method to do this. For all ten
relapsing patients, a few selected mutations were able
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to track early recurrence of leukemic clones. In a clin-
ical routine setting, the most commonly used MRD-
method is MFC except for RNA based methods for
NPM1 mutated leukemias and for some fusion genes
[23]. Currently, a cutoff of 0.1% residual leukemic
blasts after two courses of therapy, as determined by
MFC, has important implications for risk stratification
and therapy decisions [24]. Three of the relapsing
patients in this study (#3, #5 and #8) displayed MFC-
MRD levels >0.1% after completion of therapy. In con-
cordance, these three patients also had persisting
mutations >0.1% VAF as determined by IBSAFE.
IBSAFE also showed a better sensitivity than standard
MFC-MRD for all patients in this study. Among the ten
relapsing patients, MFC-MRD was positive at 4/30
follow-up time-points (from day 25 until the last time-
point before the first relapse) while IBSAFE-MRD
was detectable for at least one mutation at 31/31 fol-
low-up time-points (Figure 2). These results are
important, because many patients eventually relapse
despite MFC-MRD levels below 0.1%, emphasizing the
problem of false-negative MFC-MRD and therefore the
need for new MRD-strategies to more accurately pre-
dict recurrence.

For comparison, we also monitored four non-relaps-
ing patients without clinical, morphological or immu-
nophenotypical signs of residual disease. Two of these
patients showed a persisting but stabilized subclone
with low VAF at the last follow-up (Figure 3(C,D)) of
which one patient (Figure 3(D)) exclusively in non-
recurrently mutated genes. The significance of the per-
sisting mutations in the non-relapsing patients is
unclear. They could represent pre-leukemic stem cells
or progenitors that have not yet acquired all muta-
tions needed for progression, or sub-clinical leukemia
where overt relapse has not yet occurred.
Alternatively, they are passenger mutations of clonal
hematopoiesis [25].

Our approach allowed for the deciphering of three
different mutational patterns in the follow-up samples
from the relapsing patients. In Pattern 3 (N¼ 2; Figure
2(I,J)), no distinct decrease of the VAF before relapse
was observed for two or more of the mutations des-
pite morphological remission and negative MFC-MRD,
indicating the pre-leukemic nature of the regenerating
hematopoiesis. It is tempting to speculate that
patients with this pattern are at risk for relapse.
However, the presence of some of these mutations do
not necessarily signalize impending relapse. For
example, DNMT3A and TET2 mutations, as in patient
#2, can persist at variable VAF levels in the follow-up
samples in patients in CR without impact on

prediction of relapse [24,26]. Moreover, it is well
known that the number of somatic mutations rises
with increasing age. In some individuals, these muta-
tions form clonal hematopoiesis that arises when a
single hematopoietic stem cell contributes dispropor-
tionately to the population of mature blood cells
[27,28]. The presence of clonal hematopoiesis is associ-
ated with an increased risk of developing a myeloid
neoplasm, but the vast majority of individuals with
age-related clonal hematopoiesis do not develop AML
[29–33]. Such clonal mutations are sometimes called
pre-leukemic and include genes such as DNMT3A,
TET2, IDH1/2, ASXL1, and IKZF1 (29). Other recurrent
mutations such as those occurring in spliceosome
genes (e.g. U2AF1; patient #2) are more often predict-
able of evolution to AML, [34]. Hence, with respect to
MRD-assessment, the presence of mutations such as
those in DNMT3A, ASXL1, and TET2 are often of limited
value for prediction of relapse. Nevertheless, even
after exclusion of DNMT3A and TET2 mutations, MRD
was detectable at all follow-up time-points. Likely,
both the nature (e.g. preleukemic versus non-preleuke-
mic mutations), and the kinetics of the monitored
mutations are important biological determinants for
reemerging AML [35].

In 2011 Kr€onke et al. showed that 9% of all NPM1
mutated patients at diagnosis had no detected tran-
script levels at relapse [36]. In a recently published
study from the Munich Leukemia Laboratory, 13% of
leukemias harboring a NPM1-mutation at diagnosis
relapsed with a NPM1-wildtype leukemia [37]. More
recent studies have also indicated that markers such
as mutated NPM1 may not always be stable over the
course of disease and that relapses sometimes eman-
ate from NPM1-wildtype clones [29,32]. In a recently
published case report, featuring a case resembling our
patient #2 (Figure 2(J)), the authors describe loss of
the NPM1 mutation found at diagnosis, a persisting
DNMT3A mutation, and a late relapse [38].

Our results support the limitations of employing
NPM1 mutation as the sole marker of disease. In two
of our six NPM1 positive relapsing patients (33%) the
NPM1 mutation was not a reliable marker of residual
disease. Patient #7, (Figure 2(E)) had NPM1 negative
MRD and patient #2 (Figure 2(J)) had a NPM1 negative
relapse.

The difference between the results from qPCR and
IBSAFE might at least partly be explained by the
amount of input DNA (600–)1000 ng/test compared to
120 ng/test. It is important to point out that although
several mutations were monitored for each patient,
there may have been additional relevant subclones to
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follow. In addition, acquired new mutations after ther-
apy will not be detected with the approach of the
present study. Indeed, backtracking of mutations from
the relapse of two patients, #1 and #4 showed emerg-
ing clones containing these mutations (Figure 2(A,G)).
Nevertheless, the pattern of persisting and emerging
clones in the relapse group suggest that it may suffice
to select a limited number of mutations for powerful
MRD-assessment.

In conclusion, this pilot study demonstrates the
feasibility of the IBSAFE method to measure MRD with
high sensitivity and on essentially any newly diag-
nosed adult with AML where there are no fusion
genes that are recommended for MRD follow-up. The
method allows for a lower LoD to 0.003% VAF, based
on available input DNA, to follow several mutations
and track different emerging clones. Developed
IBSAFE assays can rapidly be applied on follow-up
samples and easily utilized for other patients carrying
the same mutation. In addition to the established
recurrent mutations, personalized assays (due to the
mutational heterogeneity of AML) may also be devel-
oped for individual AML patients based on their spe-
cific mutational profiles. The prognostic relevance of
such monitoring should be evaluated in large pro-
spective studies.
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