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PREFACE 
 
Motivations for examining a biomarker in ovarian cancer are multiple. Firstly, epithelial ovarian 

cancer (OC) is a severe disease with a high mortality, mainly due to widespread disease at 

diagnosis and the development of resistance to chemotherapeutic agents leading to recurrence in 

the majority of patients. Secondly, it is a heterogeneous disease without a consistent biomarker, 

which makes early diagnosis as well as monitoring of treatment response and progression difficult. 

There is an urgent need for a new biomarker instrumental in diagnosing OC and guiding treatment 

decisions to ensure the best treatment for the individual patient and improve survival.  

 

The objective of this PhD study was to investigate the clinical aspects of methylated homeobox A9 

(HOXA9) DNA as a biomarker in OC. The papers included reflect different aspects of the disease. In 

paper I, methylated HOXA9 as a diagnostic marker of ovarian malignancy is investigated by 

analyzing normal ovarian tissue, benign and borderline tumors, and OC tissue. The occurrence of 

methylated HOXA9 in tumor tissue is a prerequisite for the detection of methylated HOXA9 in 

plasma with its potential as a liquid biomarker. This leads to paper II, in which methylated HOXA9 

in the plasma of newly diagnosed patients is investigated. A potentially increased sensitivity is 

investigated with assays targeting both the DNA sense and antisense strands of the genomic 

region of HOXA9. Thereby, the droplet digital polymerase chain reaction (ddPCR) technique and 

the HOXA9 assay is validated, and the diagnostic potential of methylated HOXA9 in tissue and 

plasma is evaluated.  

After initial validation of the methodology, the clinical aspects of methylated HOXA9 in plasma 

during treatment of recurrent OC were studied as described in paper III. 

 

Since the start of this PhD project in 2018 our data and publications have led to the initiation of 

two clinical trials at the Department of Oncology, Lillebaelt Hospital, Vejle, with treatment based 

on the levels of methylated HOXA9 in plasma. These trials allowing circulating tumor specific DNA 

(ctDNA) to guide clinical decisions is an important step towards implementation of ctDNA into the 

clinic.   
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BACKGROUND 

 

EPITHELIAL OVARIAN CANCER 

 

Incidence and epidemiology 

The incidence and survival of OC vary geographically with higher incidence and mortality in 

northern European countries [1]. OC is the fifth most common type of cancer in women with an 

estimated lifetime risk of 2% [2] and around 500 new cases in Denmark each year.  

The exact cause of OC remains unknown, but several associated risk factors have been identified. 

Reproductive history appears to contribute significantly to the lifetime risk of developing OC [3]. 

Thus, the risk factors of nulliparity, early-onset menarche, late onset menopause, and the 

protective factors of increased parity, increased lactating time, and use of contraceptive pills imply 

that the OC risk is proportional to the number of ovulations in a lifetime. Family history is also a 

strong risk factor with hereditary predisposition responsible for 14-24% of OC cases [4]. Inherited 

mutations in the tumor suppressor Breast Cancer 1 and 2 genes (BRCA1/BRCA2), which are 

involved in repair of double strand DNA breaks, account for the majority with a cumulative lifetime 

risk of 15-45% and 10-20% in women with BRCA1 and BRCA2 mutations, respectively [2]. 

 

Histologic subtypes and molecular characteristics 

OC encompasses a collection of neoplasms with distinct clinicopathological and molecular features 

and prognoses. The largest subgroup of OC is epithelial of origin (~90%) of which serous is the 

most common histology (80%). Serous carcinomas can be further divided into high-grade and low-

grade tumors that behave differently in terms of disease progression and response to 

chemotherapy. High-grade serous carcinoma (HGSC) is the most common type of serous tumors 

and characterized by a high mitotic rate, aggressiveness and P53 mutations (>90%). Accumulating 

clinical and molecular evidence supports the fallopian tube as the source of origin of HGSC [5] and 

serous tubal intraepithelial carcinomas (STIC) to likely represent a precursor lesion of HGSC [6,7] 

with tumor cells from the STIC exfoliating from the fimbriae and implanting into the ovary and 

peritoneal cavity. 
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Low-grade serous carcinomas (LGSC), which account for ~10% of serous cancers, are on the other 

hand characterized by a low mitotic rate and mild to moderate nuclear atypia, and their 

association with borderline serous tumors imply that they may arise from precursor lesions.  

Mutations in the KRAS and BRAF oncogenes especially reflect LGSC [8] and serous borderline 

tumors [9]. Other histological types of OC include clear cell, endometrioid, and mucinous tumors 

characterized by unique presentation and genetic composition, including mutations in the KRAS 

and PI3K oncogenes as well as in the tumor suppressor genes ARID1A and PTEN [9]. ARID1A 

mutations have also been detected in endometriosis cysts suggesting clear cell and endometrioid 

cancers to be associated with endometriosis [10–12].  

 

Diagnosis 

Ovarian cancer has the highest mortality rate and is the second most commonly diagnosed 

gynecologic malignancy in developed countries [3,7]. It is, however, rarely diagnosed at an early 

stage defined by the International Federation of Gynecology and Obstetrics (FIGO) staging system, 

because of the few unspecific symptoms or none at all. As the disease progresses, recognised 

symptoms include abdominal or pelvic pain, diarrhoea, vaginal bleeding, increased urinary 

frequency, constipation, abdominal distension, weight loss, and fatigue. Since the majority of 

patients are therefore diagnosed at an advanced stage (~75%), screening methods facilitating 

early diagnosis have been actively examined. So far, randomized screening trials by the serum 

marker cancer antigen 125 (CA125) and/or ultrasonography (US) have failed to reduce mortality 

[12,13] despite several attempts to develop algorithms and diagnostic tools to distinguish benign 

from malignant pelvic masses [14,15]. Screening methods for detecting OC are thereby non-

existent, as no validated diagnostic biomarkers have been identified.  

 

Although CA125 is inappropriate for screening purposes due to the lack of sensitivity and 

specificity [16,17], the marker is used in clinical practice to monitor progression and treatment 

response in OC and in the diagnostic process as part of an algorithm. The Risk of Malignancy Index 

(RMI) is to some extent applied in which the level of CA125, US findings and menopausal status 

calculate the risk of an adnexal mass being malignant. The sensitivity and specificity of RMI is 70-

78% and 80-92%, respectively [19,20], while the rather low area under the curve (AUC) of 86% 
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compared to other biomarkers [21] emphasizes that the RMI algorithm is not an optimal 

diagnostic tool in OC.  

 

Although the level of CA125 is elevated in more than 80% of patients with advanced OC [22], its 

utility in detecting early stage disease is questionable, as it is elevated only in about 50% of 

patients with localized disease (FIGO stage I) [2]. Furthermore, elevated CA125 may be associated 

with other conditions such as pregnancy, endometriosis, adenomyosis, inflammatory disease of 

the pelvic and malignancies such as pancreatic, breast, lung, gastric, and colon cancer [23].  

 

Considerable efforts have been applied to identify alternative biomarkers or develop markers to 

be combined with CA125; so far without success [24]. The diagnosis of OC relies therefore 

predominantly on imaging. Transvaginal US is usually the first choice when OC is suspected 

followed by computed tomography (CT), positron emission tomography (PET)/CT, and magnetic 

resonance imaging (MRI) to determine the extent of the disease and support surgical planning.  

 

Treatment of ovarian cancer  

Despite the variety of OC subtypes, pointing in the direction of individual treatment of each 

subtype, OC is treated as one disease. Standard first-line treatment includes primary cytoreductive 

surgery followed by six cycles of adjuvant platinum-based chemotherapy, often in combination 

with paclitaxel [3]. In advanced disease (FIGO stage III-IV) the treatment aim is complete surgical 

cytoreduction of all macroscopically visible disease. The timing of surgical cytoreduction in relation 

to chemotherapy is debated, however, since not all patients can be optimally debulked during 

initial surgery due to widespread disease at critical anatomic sites.  

 

During the last decade, for a better chance of complete surgical cytoreduction at subsequent 

interval debulking, this has led to increased administration of chemotherapy before debulking 

surgery (neoadjuvant chemotherapy) in patients with extensive disease spread at presentation, 

including involvement of the liver hilus and mesenteric carcinosis above the renal vein level, high 

tumor burden, and poor performance status [7,25]. Patients with suspected or verified OC are 

furthermore referred to surgery in specialised centres, as complete cytoreduction, i.e. total 
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macroscopic tumor clearance with no residual disease, is the most powerful prognostic 

determinant [26].  

 

As an addition to platinum-based standard chemotherapy, biological targeted therapy such as 

bevacizumab, which targets the vascular endothelial growth factor and polyadenosine 

diphosphate-ribose polymerase inhibitors (PARPi) to prevent tumor cells from repairing DNA 

damage, has improved progression free survival (PFS) and overall survival (OS) [27–32]. The PARP 

trapping by PARPi on DNA sites of single-strand breaks prevents repair. This results in DNA double-

strand breaks in tumor cells and induces synthetic lethality in BRCA1/2 mutated cancers, in which 

DNA double-strand breaks cannot be repaired by the conventional homologous recombination 

(HR) pathway. PARPi has thus been approved for the treatment of BRCA1/2 mutated OC, although 

its effect in homologous recombination deficient (HRD) disease, which is involved in DNA repair 

and replication, has also been demonstrated [31]. This had recently led to the European Medicines 

Agency's (EMA) approval of PARPi as maintenance therapy in HGSC exhibiting HRD irrespective of 

BRCA status [29].  

 

Despite initial response to therapy the vast majority of patients, especially those diagnosed at 

advanced FIGO stage, will relapse (~70%). Ovarian cancer progressing during platinum-based 

therapy is considered platinum-refractory and is characterized by a very poor prognosis, relapse 

recurring within six months of completion of initial therapy is considered platinum-resistant, while 

relapse six months after completed initial therapy is considered platinum-sensitive. Although this 

rigid definition has several shortcomings, the time elapsed since last platinum-based therapy 

represents a continuum of probability of response to further chemotherapy. Hence, a fixed 6-

month cut-off for platinum sensitivity is neither sensible nor biologically relevant [7]. Moreover, a 

6-month cut-off cannot reliably predict who are likely versus unlikely to respond to re-initiation of 

platinum-based therapy [7]. In addition, the time of relapse detection depends on the frequency 

of follow-up visits and the sensitivity of the diagnostic tools applied. Decisions on platinum-based 

retreatment should preferably take into account histology, patient preference, tumor biology, 

previous response, toxicity, and symptoms.  
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The prognosis and probability of response to second-line and subsequent lines of treatment 

therefore depend on several factors, and although recurrent OC is  treatable, it is generally not 

curable [3]. In contrast to first-line chemotherapy, treatment of recurrent OC is less standardized 

[2,33] and there are several chemotherapeutic agents to offer these patients as well as the 

possibility of secondary surgery [34–36]. Low response rates to treatment (10-25%) [37] and an 

expected short OS of <12 months in platinum-resistant patients [2,38] are characteristics of 

recurrent OC. Since most patients still have a wish for further treatment, the prediction of 

response or resistance to treatment could have important clinical implications with treatment 

focusing on quality of life and control of symptoms. It important is to find the right treatment for 

the right patient at the right time, and with the increased focus on targeted treatment and 

precision medicine, the treatment of each patient with OC should be highly individualised.  

 

Response to treatment and the pertaining clinical decision are based on the Response Evaluation 

Criteria in Solid Tumours (RECIST) and CA125 changes based on The Gynecological Cancer 

Intergroup (GCIG) criteria. Several factors, however, complicate the quality of these clinical 

evaluation measures and they are not always adequate. Imaging is affected by inter-reader and/or 

inter-operator variability and diffuse peritoneal carcinomatosis makes evaluation by imaging 

difficult.  

 

CA125 is a glycoprotein produced by mesothelium and elevated in a considerable proportion of 

patients with OC, especially those with advanced disease, but the marker is not specific for OC. 

The clinical use of CA125 as an evaluation measure is further complicated by the lack of expression 

of CA125 in a subgroup of patients [17,18].  

Serial changes in CA125 levels are used to define response to treatment of recurrent disease and 

in clinical trials to define PFS after first-line treatment or recurrent disease [39]. The GCIG stated 

that there are no data to validate CA125 as a marker to define response or progression in patients 

on maintenance or consolidation therapy, although Lindemann et al. have retrospectively 

analyzed the GCIG definition of progression in the Aurelia trial [40]. They compared chemotherapy 

alone with chemotherapy plus bevacizumab in patients with platinum-resistant OC and found that 

progression was typically detected earlier by imaging than by CA125 and that disease status by 
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CA125 at the time of progression was not prognostic of OS. Change of treatment in platinum-

resistant patients should therefore not be based on rising CA125 levels alone, and evaluation of 

progression should be based on changes in symptoms, performance status (PS), and the clinical 

need for treatment rather than CA125 [40,41].  

 

Due to the lack of a better marker, CA125 is still used for evaluation of treatment response in 

combination with imaging. An applicable marker to support treatment decisions is lacking, despite 

its urgent need. 

 

The evaluation by imaging and CA125 according to the GCIG criteria is further described in the 

materials and methods section (page 40).   

 

LIQUID BIOPSY 

 

Tissue versus liquid biopsy 

Many of the recent advances in targeted therapy of cancer have relied on the acquisition of tumor 

tissue biopsy either before initiation of therapy or after onset of resistance. The molecular profile 

of tumor tissue is increasingly examined and used to decide on treatments targeting specific 

molecular pathways. 

 

Although tumor tissue is the gold standard for clinical and molecular analyses, major obstacles 

exist in terms of inconvenience, cost, and discomfort, as invasive procedures with potential 

complications are often needed to obtain the relevant tumor tissue. An important limitation of 

molecular profiling based on tissue biopsy is heterogeneity, which characterizes most advanced 

cancers and especially OC. Cancer can exhibit intratumoral heterogeneity with different areas of 

the same tumor showing different genetic profiles as well as intermetastatic heterogeneity with 

different tumor subclones developing over time [42,43]. To overcome the limitations of tissue 

biopsy, techniques are needed that capture tumor heterogeneity and the molecular changes in 

cancer cells caused by treatment.    
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The U.S. National Cancer Institute (NCI) defines liquid biopsy as “A test done on a sample of blood 

to look for cancer cells from a tumor that are circulating in the blood or for pieces of DNA from 

tumor cells that are in the blood. A liquid biopsy may be used to help find cancer at an early stage. 

It may also be used to help plan treatment or to find out how well treatment is working or if cancer 

has come back. Being able to take multiple samples of blood over time may also help doctors 

understand what kind of molecular changes are taking place in a tumor.” The obvious advantages 

of liquid biopsy have led to increased interest in searching for tumor specific alterations and 

performing molecular profiling in blood rather than tissue. The high interest is witnessed by 

international groups working on guidelines to secure uniformity and standardization. This also 

applies to OC with special focus on identifying novel biomarkers to improve early diagnosis and 

prognosis. Currently, no applicable biomarker has been found. 

 

Circulating cell free DNA  

The presence of fragments of cell-free nucleic acids in human blood was first described in 1948 

[44] and since then numerous tests have explored the possibility to discriminate cancer patients 

from healthy individuals using cell-free DNA (cfDNA). The development of methods for non-

invasive liquid biopsy based on analysis of cfDNA may facilitate early cancer detection, as genetic 

and epigenetic modifications of cfDNA molecules reflect the cell of origin. 

 

The level of cfDNA in healthy individuals tends to range between 1 and 10 ng/mL in plasma [45] 

with hematopoietic cells being the major source of origin [46]. cfDNA can be increased in multiple 

scenarios, including infection or inflammation, acute trauma, exercise, chronic disease, and aging 

[47–50] and displays a non-negligible day-to-day variation [51].  

 

In general, the level of cfDNA is much higher in cancer patients than healthy controls, and as 

tumor grows so does cellular turnover and the number of apoptotic and necrotic cells [34-35]. 

Under normal circumstances, phagocytes clear these remains, but due to the accumulated cell 

turnover, cfDNA is released into the circulation. Another proposed mechanism of tumor DNA 

release is active secretion of extracellular vesicles such as exosomes and proteasomes [48], 
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suggesting that a proportion of fragmented DNA in the circulation is derived directly from the 

tumor. 

Examination of genomic alterations (e.g. mutations) in cfDNA has suggested its use for screening 

or early cancer detection [54,55], although sensitivity remains a barrier for clinical appliance.  

 

Circulating tumor specific DNA as a biomarker 

In patients with cancer a fraction of total cfDNA is tumor-derived and termed circulating tumor 

specific DNA (ctDNA). The rate of ctDNA shedding into the circulation depends on the size, 

location, and vascularity of the tumor and leads to difference in ctDNA levels even among patients 

with the same type and stage of disease.  

Analysis of ctDNA allows for investigation of tumor specific molecular alterations in the circulation, 

offering a high degree of specificity. In principle, ctDNA can provide the same genetic information 

as a tumor biopsy containing genetic defects and variants identical to those of the tumor itself, 

and it has several advantages. It is minimally invasive, can be collected at any time and allows for 

dynamic monitoring of molecular changes in the tumor. CtDNA can account for molecular 

heterogeneity, as DNA fragments are collected from all malignant tumors through the circulation, 

although some clones may be more likely to shed ctDNA than others (Figure 1).  

 

The level of ctDNA in advanced cancer is abundant and allows for assessment of molecular 

heterogeneity, monitoring of tumor dynamics and clonal evolution during treatment, 

identification of genetic determinants for therapy, and development of acquired resistance. 

However, its role in diagnosing early stage disease with a limited amount of ctDNA remains a 

challenge. The metastatic setting is therefore currently the best opportunity for clinical utility of 

ctDNA [56] since early stage or asymptomatic tumors are not likely to release enough ctDNA to be 

detectable in a typical blood sample of 10 mL [57].  

 

Two potential technologies for performing ctDNA analysis have been described. One is based on 

PCR and requires identification of a specific mutation or epigenetic change in the tumor to target 

and quantify the level of ctDNA. The disadvantage of this strategy is that it requires detailed 

information about the tumor genome for designing the specific primers/probes applied for 
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analysis; the complementary DNA sequence must be known in advance. However, targeted 

monitoring can be extremely sensitive, as mutations can be detected at an allele frequency of 

down to 0.001% [58–60].  

The alternative approach, next generation sequencing (NGS) involves genome-wide untargeted 

screening of larger regions of DNA extracted from plasma. The method sequences the genome and 

genotypes the tumor by analyzing sequence alterations. The advantages of untargeted strategies 

include identification of changes occurring during treatment and the fact that information about 

the primary tumor´s genome is not required. Untargeted approaches, however, have an overall 

low sensitivity, as higher concentrations of ctDNA are required for a reliable reconstruction of 

tumor-specific genome-wide changes [59]. Genome-wide methods are highly relevant for marker 

discovery but currently not for treatment monitoring [61]. The most commonly used NGS methods 

are targeted with selected hotspots sequenced to achieve a sensitivity similar to that of ddPCR. 

The method does not require information about the tumor genome, but it is expensive and 

bioinformatically heavy. 

 
Figure 1. Biological characteristics and clinical applications of circulating tumor DNA. (A) Tumor cells release ctDNA into the bloodstream from 
primary tumor or metastatic lesions. (B). Inner circle: ctDNA has multiple classes of genetic and epigenetic alterations. Outer circle: Potential 
clinical benefits of ctDNA in cancer management. CNV, Copy Number Variation. CTC´s, Circulation Tumor Cells. ctRNA, circulating tumor specific 
ribonucleic acid (RNA). Figure adopted from Yang et al. [43]. The publisher (Elsevier) has permitted reproduction.  
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Cell free DNA and circulating tumor specific DNA in ovarian cancer 

Measuring ctDNA as a marker of tumor dynamics in OC has clear advantages over conventional 

protein markers such as CA125 and even imaging. The level of ctDNA is found to be more specific 

and accurate, and it provides a real-time picture of the tumor burden due to its short half-life of an 

estimated 16 minutes to 2.5 hours [48]. In comparison, the currently used CA125 has a relatively 

longer half-life estimated to range from 9 to 44 days [62]. Studies reporting on ctDNA dynamics 

during treatment of advanced disease have suggested a rapid increase and decrease, respectively, 

to reflect progression and successful treatment [63]. If ctDNA dynamics can predict treatment 

response early in the treatment course, it may allow for real-time modification of the treatment 

regimen rather than waiting weeks or months using conventional modalities.  

 

The detection and significance of ctDNA in OC has been investigated to some extent. It has been 

found that disease volume and ctDNA levels in OC are significantly correlated [64] and that ctDNA 

can be a marker of prognosis [64,65] as well as of early response to systemic treatment in the 

recurrent setting [64,66–69].  

Despite years of research in this area and the demonstration of the potential value in early 

detection and disease monitoring, evidence for using ctDNA to guide clinical decision making is 

controversial [48]. Several obstacles need to be overcome before ctDNA can be used in a clinical 

setting, e.g. identification of highly sensitive approaches to accurately detecting scarcely abundant 

alleles within high background levels of non-cancerous cfDNA [63].  

 

The quantity of serum cfDNA in OC is significantly increased in advanced stage disease compared 

to early stage [70] with the level of cfDNA found to correlate with prognosis [71,72]. 

Consequently, measurement of the total amount of cfDNA has limited utility in localized cancer. It 

does not accurately reflect disease evolution and it is not sensitive enough to detect early disease 

or early recurrence. Recent reviews and meta-analyses [73–75] have shown that patients with OC 

have elevated cfDNA levels compared to healthy subjects, which suggests the marker's potential 

as a diagnostic tool. Sensitivity, however, was unsatisfactory and further studies for optimization 

and validation of method, standardization, and quality control are suggested. 
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This underlines the necessity to identify alterations specific to the tumor in order to detect the 

fraction of cfDNA that is tumor-derived (ctDNA). The above studies all used different somatic 

variants or DNA methylations for ctDNA detection, which can be explained by the high diversity of 

mutation profiles in ovarian tumors. Currently, it appears difficult and unrealistic to monitor OC 

patients using mutation analyses due to the high number of mutations to be analyzed to detect OC 

specific ctDNA.   

 

Searching for genetic or epigenetic markers  

The search for cancer related mutations or genetic markers includes chromosomal aberrations, 

e.g. inversions, translocations, copy number alterations, and deletions. Somatic mutations are 

hence permanent changes in the DNA nucleotide sequence present in cancer cells but absent in 

normal cells. Since OC is characterized by a broad spectrum of mutations with a small number of 

mutated genes shared throughout the histological diagnosis, each tumor has its own unique 

genotype and an extensive mutation panel would have to be analyzed for each patient if 

mutations were to be used as biomarkers [76]. In addition, chemotherapy might induce changes in 

the gene expression and alter the mutational profile [77]. 

 

In contrast, epigenetics refers to modification of DNA without altering the primary sequences, i.e. 

a change in phenotype without changing the genotype, e.g. DNA methylation, RNA-associated 

silencing and histone modification [78]. Epigenetic changes affect gene expression by "turning on 

and off" specific genes, which influences the production of proteins in cells. The epigenetic 

modification often occurs at the cytosine of CpG dinucleotides and involves the addition of a 

methyl group, which can result in gene silencing by affecting the structure of the chromatin and 

thereby the binding affinity, when methylation occurs in the promoter region of a gene [4]. 

Oppositely, lack of methylation (demethylation) increases chromosome accessibility and turns 

genes on.  

 

DNA methylation changes are an important reversible epigenetic phenomenon that affects gene 

expression without changing the DNA sequence [78], being a natural part of the regulatory 

process in all normal cells. However, aberrant DNA methylation is also found to be one of the most 
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common molecular abnormalities in cancer development [79,80]. Various alterations in 

methylation events occurring in OC have been reported highlighting their potential, especially for 

diagnostic purposes [81–85].  

 

The epigenetic silencing of a tumor suppressor gene in OC is best described for BRCA1. Studies 

have demonstrated that hypermethylation of the BRCA1 promoter occurs in 10-15% of sporadic 

cases leading to loss of BRCA1 expression [86,87]. Patients with hypermethylation of the BRCA1 

promoter have significantly shorter PFS and OS than patients harboring mutated BRCA1 [88]. Also, 

hypermethylation seems to be associated with sensitivity to platinum treatment [89].  

 

Methylation as well as mutation markers can be measured based on a minimally invasive liquid 

biopsy. Methylated DNA fragments from the tumor found in the circulation are similar to 

methylation in the tumor itself and may reflect the tumor burden [63]. Methylation changes are 

therefore applicable as markers of dynamic changes in the tumor burden, and since DNA 

methylation is often an early event in carcinogenesis, it also carries the potential as a tool for early 

detection of malignancy. In addition, identical methylation changes occur in many if not all 

patients with the same type of cancer and therefore have potential as universal markers of the 

disease. Consequently, DNA methylation is potentially more universally applicable as a biomarker 

than mutations, which would require analysis of patient individual panels of mutations to 

overcome the high degree of tumor heterogeneity. 

 

The most common method for detection of methylations in ctDNA relies on methylation specific 

PCR, which is based on treating DNA with sodium bisulfite to chemically modify non-methylated 

cytosines into uracil. Subsequently, the methylation profile of the converted DNA can be 

investigated using a relatively simple and non-invasive approach. Although the bisulfite conversion 

of DNA can induce loss of DNA, methylations are still attractive as markers, especially due to their 

early occurrence in cancer pathogenesis and universal presence across OC subtypes. The use of 

highly sensitive digital PCR enables quantitative detection of a small number of methylated DNA 

molecules among a large number of wild-type molecules. It is, however, essential to find a 

methylation marker specific for cancer, which is shared by the OC subtypes, preferably expressed 
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early in pathogenesis for diagnostic purposes, and can be measured non-invasively and easily for 

monitoring purposes during treatment. 

 

A tumor specific methylation present in the vast majority of OC tumors and in all stages from 

premalignant to metastatic lesions would be a potential marker in OC. 

 

HOMEOBOX GENES 
 

Introduction 

Homeobox genes (HOX genes) were first discovered in the fruit fly Drosophila melanogaster [90] 

and originally recognized for their role in embryogenesis. They encode homeoproteins that are key 

components of master regulatory pathways in organogenesis and critical for proper anterior-

posterior axis formation in embryos [91].  

 

The HOX genes share a common 183 base pair DNA sequence (the homeobox), which codes for a 

61 amino acid peptide called the homeodomain. In the human genome, the HOX family comprises 

39 genes organized in four clusters, A, B, C, and D, located on four different chromosomes (Figure 

2). Expression of the HOX genes along the anterior-posterior body axis depends on their location 

on the chromosome. HOX genes at the 3´end of the cluster are expressed earlier during 

embryogenesis and in more rostral body segments as compared to HOX genes at the 5´end of the 

cluster, which are expressed later and in more caudal body segments [92]. 
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Figure 2. Schematic representation of the genomic organization of the mammalian HOX clusters and their embryonic expression pattern. For 
each HOX domain the coloured fields represent the characteristically expression. Figure adopted from Daftary et al. [92]. The publisher (Oxford 
University Press) has permitted reproduction.   

 

In the developing female reproductive tract, the Müllerian ducts receive segmental identity 

through the expression of certain HOXA genes. Accordingly, HOXA9, HOXA10, HOXA11, and 

HOXA13 regulate the differentiation of the Müllerian duct into the fallopian tube, uterus, lower 

uterine segment and cervix, and upper vagina, respectively [93]. Abnormalities in the reproductive 

tract may be caused by HOX gene mutations and alternation of the HOX gene pattern [94]. 

Despite the well-characterized role of HOXA genes in embryogenesis, the function of their 

expression in the adult is still a subject of active investigation. Their expression typically resembles 

that seen during embryogenesis exhibiting dynamic growth and differentiation during the estrous 

cycle and in response to hormonal manipulations [93,94]. The retained expression of HOX genes in 

the female reproductive system allows for developmental plasticity and may play a role in the 

establishment and maintenance of pregnancy [93].  

 



 BACKGROUND 

  23 
 

HOX genes and cancer 

The presence of the DNA binding domain on the HOX gene suggests that HOX proteins function as 

transcription factors with the same HOX protein activating or repressing transcription depending 

on the precise circumstances [95]. Knowledge as to which activities are actually mediated by HOX 

genes is further hampered by the fact that HOX genes do not act in isolation; they cooperate with 

other factors in a complex to carry out their functions [96,97]. The list of factors acting together 

with HOX proteins was initially relatively short, but it has grown considerably over the last years, 

suggesting that HOX proteins function in large multi-protein complexes. Their exact composition 

remains unknown, which makes elucidation of their function and regulation difficult [95]. Some 

complexes contain the same HOX protein but function as either an activator or a repressor in 

different signalling pathways leading to widely different outcomes depending on the location 

expressed. The specific pattern of change in HOX gene expression thus depends on e.g. the cancer 

type, tumor stage, and anatomic location [98].  

Evidence indicates that expression of genes critical for normal embryo development is frequently 

aberrant in and contributes to carcinogenesis [99]. Especially in hematologic malignancies 

aberrant expression of HOX genes is well-documented, whereas their deregulation in solid tumors 

is less understood [100]. The expression of HOX genes in cancer can be deregulated by various 

mechanisms, but three categories have been proposed (Figure 3); 1) Over-expression or re-

activation of HOX genes in neoplastic tissue relative to normal tissue. 2) HOX genes can be 

downregulated or silenced in neoplastic tissue relative to normal tissue. 3) Altered temporospatial 

activation, in which HOX gene expression in a tumor of a specific tissue is different from the 

expression seen in the normal tissue at a given time or at a different location [101]. 

 

The consequences of HOX gene deregulation vary depending on their targets in a specific tissue 

[98,99]. For instance, HOXA9 expression is down-regulated in breast cancer [102] and up-

regulated in glioblastoma where it behaves as an oncogene and promotes resistance to therapy 

[103]. The functional outcome for oncogenesis might therefore vary depending on the cell type in 

which the particular HOX gene is expressed.  
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Figure 3. The relationship between HOX gene expression and carcinogenesis. Re-activated HOX genes tend to have tumor-promoting properties 
(blue), while HOX genes whose expression is normally maintained in differentiated adult tissue but down-regulated in tumors (green) exhibit 
tumor-suppressive properties. Figure inspired by Abate et al and Haria et al. [100,101].  

 

As HOX genes are thought to have the ability to regulate growth and differentiation, 

carcinogenesis might be the consequence of deregulated HOX genes. Other proposed mechanisms 

by which HOX genes promote tumor growth are in accordance with the biological capabilities 

acquired in the development of tumors listed as the hallmarks of cancer. Some suggested 

mechanisms include the ability to sustain chronic proliferation, circumvention of cell death and 

signals that inhibit growth, the ability to invade adjacent tissue and colonize distant sites and 

activation of angiogenic growth factors [100,104].    

 

HOX genes and ovarian cancer 

Studies have identified several HOX genes that are aberrantly up-regulated or down-regulated in 

OC compared to normal ovarian tissue [97,105]. The observed divergence in expression of HOX 

genes among OC studies might be a result of much of the current understanding being based on 

studies in mice. Especially genes responsible for the development of the female genitals during 

embryogenesis, including HOXA7, HOXA9, HOXA10 and HOXA11, have been observed to be 

deregulated in OC [106]. 
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The divergence of some studies finding a gene to be up-regulated while others find it down-

regulated can to some extent be explained by different study designs and methods used, small 

study cohorts, and the high degree of heterogeneity in OC. On the other hand, aberrant 

expression of HOX genes is supposed to play a role in ovarian carcinogenesis and thought to be 

involved in determination of OC phenotype, growth and contribution of cell migration, and 

invasion [97,100,105], although the mechanism for deregulation remains unclear [106].  

 

In addition to gene expression, the epigenetic changes in HOX genes are being studied as 

biomarkers, particularly methylation status. Aberrant methylation of the CpG islands of a gene is 

the most commonly identified mechanism that silences expression of HOX genes in solid tumors 

[100]. Methylation status has been found to be a major discriminator between neoplastic and 

normal tissue, and associated with poor outcome in OC in several studies [107–111].  

 

Methylation of HOXA9 and ovarian cancer   

The theory that cancer development is caused by aberrant expression of developmental genes 

[99] supports the importance of studying HOX genes, which are critical during embryogenesis in 

OC. The two HOX genes reported to be most frequently altered in solid tumors are HOXA9 and 

HOXB13 [99], with the HOXA9 gene described to be of particular importance in OC. The role of 

HOXA9 in OC development has not yet been identified, and both up-regulation and down-

regulation of the HOXA9 gene has been detected. The predominant theory is that HOXA9 is down-

regulated or silenced in ovarian carcinomas by methylation of the promoter region of the gene 

leading to inactivation of regulatory or DNA repair genes, contributing to tumorigenesis [112].  

 

The possibility that methylation of the HOXA9 gene occurs early in tumorigenesis and promotes or 

induces proteins and oncogenic pathways crucial for OC development is thereby present, although 

the mechanism for HOXA9 regulation remains unclear. It has been suggested that HOXA9 is an 

important transcription factor that regulates serous differentiation, and its methylation in OC may 

reflect a shift towards epithelial cell dedifferentiation [113]. It is, however, conceivable that 

deregulated expression of the HOXA9 gene might be consequential rather than functionally 

significant for carcinogenesis [101].  
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Methylated HOXA9 DNA has mainly been investigated for diagnostic purposes in OC [110,113–

115]. Montavon et al. detected methylated HOXA9 in 75/79 (97.5%) of high-grade serous ovarian 

carcinomas and only in 1/12 (8%) of normal ovarian surface epithelium [115]. Methylation of both 

HOXA9 and Engrailed homeobox 1 (EN1) in combination with CA125 levels was able to 

discriminate HGSC from normal ovarian epithelium with a sensitivity and specificity of 100% and 

91.7%, respectively, suggesting that methylated HOXA9 could serve as biomarker of OC. Likewise, 

other studies have found methylated HOXA9 to be highly cancer specific, when examining both 

tissue and matched serum samples [114,116].  

 

Despite demonstration of the diagnostic potential of HOXA9, its predictive and prognostic role in 

OC is uncertain. In patients with recurrent OC the status and dynamics of methylated HOXA9 

during treatment was associated with poor survival in two small studies from our study group 

[66,67], illustrating the potential of methylated HOXA9 as a prognostic marker. Several studies 

have examined methylation markers other than HOXA9 in OC and found them to be prognostic of 

outcome [69,117,118] or predictive of response to second-line cytotoxic therapies [119]. None of 

the methylation markers, however, have been validated in larger cohorts in independent studies, 

although it seems well motivated to examine methylated HOXA9 in OC, where a consistent marker 

is urgently needed to improve mortality, response evaluation and quality of life.  

Methylated HOXA9 is an epigenetic marker with detection not relying on genome-wide 

sequencing, which is a great advantage in OC with tumor specific mutations varying greatly. The 

opportunity to not only detect ctDNA but also follow its dynamics during treatment using ddPCR is 

present.  

 

The main objective of this thesis was to investigate methylated HOXA9 in OC with the perspective 

of clinical utility.  
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HYPOTHESES  

 

Paper I 

Aberrant methylation of the HOXA9 gene can be applied as a marker of ovarian malignancy and is 

not present in normal ovarian tissue.   

 

Paper II 

Methylated HOXA9 ctDNA (meth-HOXA9) is found in patients with newly diagnosed OC, and 

assays targeting both the DNA sense and antisense strands of the genomic region of HOXA9 using 

methylation specific ddPCR can increase the sensitivity of meth-HOXA9 as a biomarker. 

 

Paper III 

Meth-HOXA9 is a prognostic factor in patients undergoing treatment for recurrent OC with the 

potential to observe progression at an early stage and thereby spare patients ineffective 

treatment.   
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AIMS 

 

The aim of the present thesis was to investigate the clinical potential of methylated HOXA9 with 

respect to diagnosis, prognosis, and treatment monitoring.  

 

In the individual cohorts of patients with OC, the aim was to: 

Paper I 

 Examine methylated HOXA9 as a diagnostic marker of ovarian malignancy  

- Evaluate methylated HOXA9 in normal ovarian tissue 

- Evaluate methylated HOXA9 in benign and borderline tumors and in OC and to 

compare it with normal ovarian tissue 

 

Paper II 

 Establish the limit of blank (LOB) and cut-off for a positive sample in plasma 

 Evaluate and validate sense-antisense measurement using ddPCR 

 Evaluate the potential of meth-HOXA9 as a biomarker of OC 

 

Paper III 

 Evaluate meth-HOXA9 as a prognostic marker in recurrent OC 

 Examine meth-HOXA9 dynamics during treatment 

 Identify the patients who are most likely to benefit from chemotherapy measured by OS 

and PFS  

 Compare meth-HOXA9 response with established evaluation measures (Imaging and 

CA125) 
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MATERIALS AND METHODS 

 

STUDY DESIGN AND MATERIAL  
 

Study design 

The PhD thesis is based on three prospective, observational cohort studies. They represent OC 

patients at different time points in the course of the disease (Figure 4). In addition to the cohorts 

specified below, plasma from 100 self-reported healthy donors was analyzed for paper III to 

establish the LOB and cut-off of a positive sample. 

 

Cohorts 

Tissue cohort (paper I)  

The tissue specimens for this study were prospectively collected from patients undergoing surgery 

for a pelvic mass at three different hospitals in Denmark (Horsens, Aarhus and Aalborg) between 

2005 and 2008 (Ethics Committee; S-VF-20050009). The material consists of malignant, benign, 

and borderline tumors. Normal ovarian tissue was obtained from patients undergoing 

oophorectomy and/or hysterectomy for benign non-ovarian disease.  

 

The specimens used for meth-HOXA9 analysis were fixed in formalin and embedded in paraffin 

(FFPE) and histologically classified by an experienced gynecologic pathologist. The specimens were 

selected based on histologic diagnosis and FIGO stage in order to achieve a wide distribution 

across the two parameters. Clinical and biochemical data were collected at time of surgery. None 

of the patients had received chemotherapy prior to surgery. The Regional Committee on Health 

Research Ethics for Southern Denmark (S-20190038) and the Danish Data Protection Agency 

(19/16315) approved the study. 

 

Methodology cohort (paper II) 

Blood samples from three different cohorts were analyzed in this study (Figure 4). Cohort 1 

consists of 64 self-reported healthy women with no diagnosis of OC in order to set the limit of 

blank (LOB) and cut-off value of a positive sample. Cohort 2 consists of plasma from 26 patients 

enrolled in the recurrence cohort (see below) to validate the sense-antisense technique (Ethics 
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Committee; S-20160049). The patients had previously undergone meth-HOXA9 antisense analysis 

and were selected to represent a range of meth-HOXA9 values. Cohort 3 consists of plasma from 

79 patients with newly diagnosed OC, of which 39 with FIGO stage III-IV were enrolled in a 

prospective translational study (Ethics Committee; S-20160051). Blood from 40 patients with FIGO 

stage I-II was obtained from The Danish CancerBiobank, Bio- and GenomeBank Denmark, RBGB.  

 

The stage III-IV patients were referred to the Department of Oncology, Lillebaelt Hospital, Vejle, 

between December 2016 and July 2021 for neoadjuvant chemotherapy. The inclusion criteria 

were histologically verified advanced epithelial OC not eligible for primary debulking surgery 

evaluated at multidisciplinary team (MDT) conference at diagnosis, evaluable disease by RECIST 

and/or by the GCIG CA125 criteria, age >18 years, performance status ≤2 and life expectancy >3 

months.  

 

Clinical data and blood samples for meth-HOXA9 analysis were collected before treatment 

initiation (surgery or neoadjuvant chemotherapy). The study was approved by The Regional 

Committee on Health Research Ethics for Southern Denmark (S-20190040) and the Danish Data 

Protection Agency (19/16314). 

 

Recurrence cohort (paper III) 

A prospective translational biomarker protocol enrolled 126 consecutive patients with recurrent 

OC who were offered palliative chemotherapy at the Department of Oncology, Lillebaelt Hospital, 

Vejle, between December 2016 and April 2021 (Ethics Committee; S-20160049). The main 

inclusion criteria were recurrence of histologically verified epithelial OC, evaluable disease by 

RECIST and/or CA125 according to the GCIG criteria, age >18 years, performance status ≤2 and life 

expectancy >3 months. Blood samples for meth-HOXA9 analysis were collected before treatment 

initiation and at every treatment cycle until progression or stop of treatment for other reasons. 

The patients were followed until death or censoring at the time of data workup (July 2021).  
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Figure 4. Overview of the cohorts applied in the thesis reflecting a typical course of ovarian cancer.  

 

METHYLATED HOXA9 MEASUREMENT  
 

Droplet digital PCR 

Droplet digital PCR provides a high-precision, absolute quantification of target DNA copies with 

wide-ranging applications in both research and the clinic. DNA molecules and PCR reagents are 

randomly partitioned into droplets, some of which contain one or more copies of the target DNA 

molecule and some not containing any copies of the target. The DNA is subjected to PCR 

amplification of the target sequence with inclusion of fluorescent reporter molecules. This enables 

quantification, as the associated fluorescence signal is generated in droplets that initially 

contained the target DNA.  

 

The strength of ddPCR is the evaluation of individual molecules as positive or negative for a 

particular parameter such as mutation or methylation status. This is enabled by the partitioning 

separating the targets and allowing detection of the components in each partition. A direct 

estimate of the number of target copies in the reaction is hence produced by ddPCR.  

 

An analytical cut-off value for classification of the samples should be applied. Samples with a 

number of copies higher and lower than the cut-off are classified as positive and negative, 

respectively. The sensitivity and specificity of a test thereby largely depends on the cut-off value, 

and changing it will change both the sensitivity and specificity of a given test.     
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DNA purification and quantification 

Blood collection and plasma isolation was performed using the same standard operating 

procedure for patients with OC and self-reported healthy donors.  

Blood samples for meth-HOXA9 analysis (paper II and III) were collected before treatment 

initiation and at every treatment cycle (paper III). Nine ml of blood was collected in 

Ethylenediamine tetra-acetic acid (EDTA) tubes and isolated by centrifugation at 2,000g for 10 

minutes within four hours after collection. Plasma was stored at -80°C until analysis and 

centrifuged again for 10 minutes at 10,000g prior to purification with Glycine max cysteine-rich 

Polycomb-like Protein (CPP1) added as exogenous purification control before DNA extraction.  

 

DNA was extracted from 4 mL plasma with the QiaSymphony purification system (Qiagen, Hilden, 

Germany) using the QIAsymphony DSP Circulating DNA kit as specified by the manufacturer. The 

purified cfDNA was eluted in 60 µl M-elution buffer after which 340 µl water was added to all 

samples. To quantify the amount of DNA in each sample and check for purification loss a real-time 

quantitative PCR (qPCR) for the beta-2-microglobulin gene (B2M) and CPP1 was performed on a 

QuantStudio 12k flex system (Thermo Fisher Scientific, Waltham, MA, USA) [120]. Samples were 

concentrated to 20 µl on Amicon Ultra-0.5 Centrifugal Filter Units (Merck, Darmstadt, Germany). 

 

DNA purification from tissue samples (Paper I) 

In the Tissue cohort, DNA was purified from FFPE tissue specimens. FFPE tissue blocks were cut 

into sections of 3 µm and stained with hematoxylin and eosin after which the slides were reviewed 

by a gynecologic pathologist. After revision 3 x 15 µm neighboring sections from the FFPE block 

were cut and used for DNA isolation using the Maxwell 16 FFPE Tissue DNA purification kit on the 

Maxwell 16 purification system (Promega, Madison, WI, USA) according to the manufacturer´s 

instructions. DNA was eluted in 50 µl nuclease-free water, after which 500 µl water was added to 

all samples.  

 

A quantitative PCR (qPCR) for B2M was performed on each sample to quantify the amount of DNA 

used for bisulfite conversion. 20 µl of the sample DNA was used if the quantification cycle was 

higher than 26 and 4 µl if the quantification cycle was lower than 26. A high level of input DNA 
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may result in overload of the ddPCR reaction and result in all droplets being positive. After 

purification and quantification the DNA was bisulfite converted and analyzed with a HOXA9 

methylation specific assay as described below.  

 

Bisulfite conversion and HOXA9 methylation analysis  

The purified DNA was bisulfite converted using the EZ DNA Methylation-Lightning Kit as 

recommended by the manufacturer (Zymo Research Corp., Irvine, CA, USA). DNA was chemically 

modified with sodium bisulfite, which converts only the unmethylated cytosine to uracil leaving 

methylated cytosines unchanged (Figure 5). Once converted, the presence of methylated HOXA9 is 

determined by ddPCR as described below. 

 
Figure 5. Bisulfite conversion of DNA. Sodium bisulfite reacts with unmethylated cytosine converting them to uracils, while methylcytosines 
essentially do not react with bisulfite. After conversion, uracil residues indicate unmethylated cytosines and cytosines indicate methylcytosines 
in the original DNA sequences. Figure adapted from Pixberg et al [121]. 

 

Example of bisulfite conversion of double stranded DNA templates illustrating what happens to 

the DNA during bisulfite conversion after which the strands are no longer complementary. 

Methylated “C” is underlined and in red. 

 

Template:  A:    5´ – GACCGTTCCAGGTCGCT – 3´ 
  B:    3´ – CTGGCAAGGTCCAGCGA – 5´ 
 
Bisulfite converted:  A:    5´ – GAUCGTTUUAGGTCGUT – 3´ 

  B:    3´ – UTGGCAAGGTUUAGCGA – 5´ 
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PCR amplified:  A:    5´ – GATCGTTTTAGGTCGTT – 3´ 

  B:    3´ – TTGGCAAGGTTTAGCGA – 5´

Immediately after conversion the DNA was analyzed with an in-house HOXA9 methylation specific 

assay and a control assay (Albumin) [122] using the BioRad® Droplet Digital PCR system QX200 

(Hercules, CA, USA) according to the manufacturer's instructions.  

 

Primers and HOXA9 probes were purchased from LGC Biosearch technologies (Aarhus, Denmark) 

and the albumin probe from Thermo Fisher Scientific (Waltham, Ma, USA). Details on primer and 

probe sequences are listed in the table below, including the fluorescence labeling of the probes 

(Table 1). Human methylated control DNA (Zymo Research Corp., Irvine, CA, USA), water and a 

pool of DNA from non-cancerous whole blood were included in each round of analyses as positive 

and negative controls. 

 

Table 1. Details on primers and probes. 

 

Droplet digital PCR workflow  

The samples mixed with ddPCR reagents and primers/probes were placed in a QX200 Droplet 

Generator (BioRad®, Hercules, CA, USA), which uses specially developed reagents to partition each 

sample into approximately 20,000 droplets. Target and background DNA were distributed 

randomly into the droplets during the partitioning process, producing uniform droplets enabling 

precise target quantification (Figure 6, A). Following PCR amplification of the DNA in the droplets 

(Figure 6, B) a droplet reader analyzed each droplet individually using a two-color detection 

system measuring fluorescence (detects FAM and VIC) (Figure 6, C). In a duplex experiment with 

two targets (meth-HOXA9 and albumin) channel 1 fluorescence (FAM, y-axis) was plotted against 

channel 2 fluorescence (VIC, x-axis) for each droplet. All droplets in a sample were then read by 

Targeted 

sequences 

Fluoro-

phore 
Probe sequence (5’>3’) 

Conc. 

(µM) 

Forward primer sequence (5’>3’) 

(0.4 µM) 

Reverse primer sequence (5’>3’) 

(0.4 µM) 

Albumin VIC AGGGTTTTTATAATTTA 0.4 GGGATGGAAAGAATTTTATGTT AAACAAACTAACCCCAAATTCT 

HOXA9 FAM TTAGTTTAAGGCGACGGTGTT 0.2 GAGTATTTCGATTTTAGTTCGTGT CGCGTACACTAAATTCCAC 
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fluorescence amplitude and clustered into four groups with each dot representing a droplet 

(Figure 6, D). 

 

 Black dot: FAM negative, VIC negative (double-negative droplets) 

 Blue dot: FAM positive, VIC negative 

 Green dot: FAM negative, VIC positive 

 Orange dot: FAM positive, VIC positive (double-positive droplets) 

 

 
Figure 6. Droplet digital PCR workflow. A: The sample is partitioned into approximately 20,000 uniform droplets. B: Droplets are transferred for 
PCR in a thermal cycler. C: Droplet reader analyzing each droplet individually. Fluorescence is measured for individual droplets in two channels. 
D: 2-D plot of droplet fluorescence.  

 

In our studies the blue dots represent FAM positive droplets containing methylated HOXA9 

molecules, green dots represent VIC-positive droplets with albumin molecules, and orange 

droplets contain both methylated HOXA9 and albumin molecules. Black dots are droplets without 

target.  

 

Using QuantaSoft™ Software the number of positive and negative droplets for each fluorophore in 

each sample was measured, with blue and orange dots classified as methylated HOXA9 positive. 

Droplets were classified as positive or negative by thresholding based on their fluorescence 
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amplitude. Upon determination of the negative fraction, the fraction of positive droplets was 

fitted to a Poisson algorithm to determine the concentration of the target DNA molecule 

(methylated HOXA9) in units of copies/µl reaction. The concentration of methylated HOXA9 was 

reported relative to the level of albumin as an expression of total cfDNA to minimize variation, 

since a ratio is more stably measured than a single value [123]:  

 

Fraction of methylated HOXA9 = [methylated HOXA9 copies] / [Albumin copies] x 100 

 

The 95% confidence interval (CI) is based on the Poisson distribution of the molecules in the 

droplets, assuming that the target molecules are all independent and equally likely to be sampled. 

 

Droplet digital PCR workflow in Paper II (Methodology cohort)  

After bisulfite conversion of unmethylated cytosines to uracils, which leaves methylated cytosines 

unchanged, the two DNA strands will no longer be complementary. The subsequent methylation 

specific ddPCR assays will only target one DNA strand for methylation detection and thereby 

utilize only half of the available DNA. Potentially, the sensitivity of methylated HOXA9 as a 

biomarker could be increased with assays targeting both the sense and antisense strand of the 

DNA [79,124]. 

 

In the methodology study (paper II), the purified, bisulfite converted DNA was analyzed with sense 

and antisense specific assays with probes labelled with FAM or a mixture of FAM/Cal Flour orange 

fluorophores, resulting in separated fluorescent signals. 

 

Each dot in the 2-D fluorescence plot represents a droplet and is clustered in four groups (Figure 

7). Grey dots represent droplets without target (sense, antisense, and albumin negative), purple 

dots represent albumin positive droplets, red dots represent droplets positive for methylated 

HOXA9 sense, and yellow dots represent methylated HOXA9 antisense positive droplets.   
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Figure 7. Assays specific for the sense and antisense strand of meth-HOXA9 result in separated fluorescent signals in the 2-D plot. This is an 
example of a positive sample with droplets containing sense (red dots) and antisense (yellow dots) strands of meth-HOXA9. 

 

Primers and HOXA9 probes were purchased from LGC Biosearch technologies (Aarhus, Denmark) 

and the albumin probe from Thermo Fisher Scientific (Waltham, Ma, USA). Further details appear 

from Table 2. Human methylated control DNA (purchased) was analyzed as positive controls at 

various dilutions (undiluted, x2, x4, x8, x16, x32, x64, and x128) to validate the correlation 

between the number of copies measured by simultaneous sense-antisense assays and the 

antisense assay alone. Additional validation of the sense-antisense measurement was performed 

using 26 patients with recurrent OC (Figure 4, Cohort 2). 

 

Table 2. Details on primers and probes. 

 

 
Manufacturer Sequence Final conc. (nM) Fluorophore 

Methylated HOXA9 
Antisense 

    

Forward primer Thermo Fisher GAGTATTTCGATTTTAGTTCGTGT 200  
Reverse primer Thermo Fisher CGCGTACACTAAATTCCAC 200  
Probe LGC Biosearch Technologies TTAGTTTAAGGCGACGGTGTT 100 Cal Fluor Orange 

Probe LGC Biosearch Technologies TTAGTTTAAGGCGACGGTGTT 100 FAM 

Methylated HOXA9 
Sense     
Forward primer LGC Biosearch Technologies GGAAGTTGTACGGGTTGAAGTC 200  
Reverse primer LGC Biosearch Technologies GTTAACCGCTATACGCCGAAA 200  
Probe  LGC Biosearch Technologies TGTTCGGTTAGCGTCGTCGTTTGT 100 FAM 

Albumin     
Forward primer LGC Biosearch Technologies GGGATGGAAAGAATTTTATGTT 400  
Reverse primer LGC Biosearch Technologies AAACAAACTAACCCCAAATTCT 400  
Probe Thermo Fisher AGGGTTTTTATAATTTA 400 VIC 
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Meth-HOXA9 limit of blank and cut-off for a positive sample  

The formal definition of LOB according to the Clinical and Laboratory Standards Institute (Wayne, 

PA) is the maximum value of the analyte that may be reported 95% of the time when measuring a 

true blank sample [125,126]. Normal ovaries (paper I), self-reported healthy women (paper II) and 

self-reported healthy donors (paper III) were hence analyzed to establish the LOB and cut-off for a 

positive sample [127,128].  

   

Tissue cohort (paper I) 

The fraction of meth-HOXA9 in the normal ovaries (N=17) varied between 0% and 0.07% (mean 

0.02%). The maximum value of 95% CI methylated HOXA9 for the normal ovaries was 0.2% and 

used as cut-off for the benign and borderline tumors and the OC specimens. The tissue samples 

were dichotomized into undetectable and detectable based on whether the lower 95% CI value of 

methylated HOXA9 of each tissue sample overlapped or did not overlap 0.2%.  

 

Methodology cohort (paper II) 

Plasma from 64 self-reported healthy women was analyzed (Figure 4, Cohort I). The number of 

meth-HOXA9 positive droplets was ranked and a line at the 95% percentile drawn. A LOB of 4 

positive droplets was found in both the antisense and sense-antisense measurement and the cut-

off level was set at <5 positive droplets [125,127]. A cut-off for a positive sample of ≥5 positive 

droplets was used to dichotomize all plasma samples into meth-HOXA9 detectable and 

undetectable accepting a false positive rate per test of up to 5%. The exact specificity of the meth-

HOXA9 analysis was 95.3%, i.e. the number of meth-HOXA9 positive droplets was <5 in 61 of the 

64 normal samples.  

 

Recurrence cohort (paper III) 

Plasma from the self-reported healthy donors (N=100) was equally divided into a discovery and a 

validation cohort. Results were reported as number of droplets containing meth-HOXA9 accepting 

a <5% false positive rate [125]. The cut-off was set at ≥5 droplets containing meth-HOXA9 equaling 

a positive test, as this was the level reached in one donor in the discovery cohort (2%). The 
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validation cohort showed exactly the same results. Hence, the LOB was 4 droplets, and the cut-off 

for a positive sample was 5 droplets [127].  

 

After setting the LOB and cut-off for a positive sample, meth-HOXA9 data were standardized to 

the level of Albumin (reference) and reported both as a fraction of total DNA including a 95% CI 

derived from the Poisson distribution and as detectable/undetectable (dichotomized).  

 

Interpretation of meth-HOXA9 results 

In the recurrence cohort (paper III) the dynamics of meth-HOXA9 during treatment was evaluated 

using the fraction of meth-HOXA9. As ctDNA levels are expected to fluctuate over time and during 

treatment, it is necessary to determine a cut-off to interpret the dynamics.  

 

The meth-HOXA9 dynamics were interpreted as follows: 

Stable:  The 95% CI of the meth-HOXA9 measurement was within the 95% CI  

of the previous measurement 

Increasing: The 95% CI of the meth-HOXA9 measurement was above the 95% CI  

of the previous measurement 

Decreasing: The 95% CI of the meth-HOXA9 measurement was below the 95% CI  

of the previous measurement 

Undetectable: The lower level of the 95% CI derived from the Poisson distribution included 0 

 

Example  

Sample 1: 

Meth-HOXA9 (mean): 4.0% (95% CI: 3.2-5.2) 

 

Sample 2:  

Meth-HOXA9 (mean): 2.0% (95% CI: 1.1-3.0) 

Interpretation  

As the maximum 95% CI of sample 2 does dot overlap and is not contained in the 95% CI of sample 

1, there is a significant decrease in the meth-HOXA9 value. The patient has detectable meth-

HOXA9, as the 95% CI does not include 0 in either of the samples.  
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DEFINITION OF CLINICAL ENDPOINTS (EVALUATION MEASURES) 
 

Response to treatment was evaluated by CT scans and CA125 in the recurrence cohort (paper III). 

Treatment continued until progression by imaging or CA125 (or both), intolerable side-effects, or 

patient wish for discontinuation. Imaging was evaluated according to the RECIST 1.1 criteria [129] 

and CA125 according to the GCIG modified criteria [39].  

 

RECIST 

At time of enrollment a baseline CT scan of the chest, abdomen, and pelvis was performed for 

evaluation of disease according to the RECIST criteria. CT scans were repeated after every three 

treatment cycles (every 8-12 weeks). Hence, patients receiving at least three treatment cycles 

were eligible for CT response evaluation unless progression had occurred before the planned 

assessment date.  

 

It is necessary to estimate the overall tumor burden at baseline and use it as a comparator for 

subsequent assessment of objective response or progression. At baseline, measurable lesions (up 

to five) should be identified as target lesions and recorded and measured. Target lesions are 

selected based on size, are representative of all involved organs, and should be reproducible at 

repeated measurements. Pathological lymph nodes ≥10 mm and all other lesions (or sites of 

disease) should be identified as non-target lesions and recorded at baseline. Measurements are 

not required for these lesions as these are followed as being present or absent. Lymph nodes ≥15 

mm may be identified as target lesions. 

 

Definition of response by RECIST: 

 Complete Response (CR): Disappearance of all target lesions. Reduction of pathological 

lymph nodes to <10 mm (short axis).  

 Partial Response (PR): Decrease by ≥ 30% in the summed diameter of target lesions cf. 

baseline.  

 Progressive Disease (PD): Increase by ≥ 20% in the summed diameter of target lesions cf. 

the smallest sum on study. In addition, the sum must demonstrate an absolute increase of 
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at least 5 mm. The appearance of any new lesions is also considered PD as is unambiguous 

growth (20%) of non-target lesions (non-measurable disease at baseline). 

 Stable Disease (SD): Neither sufficient shrinkage to qualify for PR nor sufficient progression 

to qualify for PD, cf. the smallest summed diameter.  

 

Response to treatment must be confirmed by a second CT scan within 6 weeks (4-6 weeks) after 

the first verified response. 

 

CA125 GCIG criteria for response and progression 

CA125 in all papers was measured within five days of blood sampling for meth-HOXA9 analysis. In 

papers I and II, it was measured at baseline before initiation of any treatment (surgery or 

neoadjuvant chemotherapy). The same applied to paper III with measurements also within five 

days prior to each treatment cycle.  

 

CA125 can only be used to evaluate response if the baseline level is at least twice the upper limit 

of normal (≥70 kUI/L). The same assay method must be used for the individual patient throughout 

the study. Plasma samples for CA125 analysis were analyzed using the Elecsys® CA125 II kit (Roche 

Diagnostics, Rotkreuz, Switzerland) and Cobas e801 (Roche Diagnostics, Rotkreuz, Switzerland) 

according to the manufacturer’s instructions. 

 

Definition of response according to the GCIG criteria:  

 Response: A minimum of 50% reduction in CA125 levels from a pretreatment sample. The 

response must be confirmed and maintained for at least 28 days. The date when the CA125 

level is first reduced by 50% is the date of the CA125 response. 

 Progression: An increment in CA125 to at least twice the nadir value (patients with 

elevated CA125 before treatment) or evidence of CA125 greater than, or equal to, twice 

the upper limit of the reference range (patients with normal CA125 before treatment) on 

two occasions. The date of progression is the date of the earliest event indicating 

progression according to CA125 and must be confirmed in a second measurement.  
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CA125 stabilization, although not described in the GCIG criteria, was used in paper III in case of 

neither response nor progression.  

If a patient presented a discordant response, the guidelines of Table 3 were used.  

 

Table 3. Evaluation of overall response combining RECIST 1.1 and CA125. Table adopted from Rustin et al [39]. 

 

STATISTICS  

Assumption of normality was checked for continuous variables by means of quantile-quantile (q-q) 

plots and histograms. Depending on normality continuous variables were presented as means or 

medians with log transformation attempted on data skewing in the high end. Data on categorical 

variables were presented as frequencies.  

 

Methylated HOXA9 was assessed both as a continuous (percentage) and a binary (detectable or 

undetectable) variable. Data on the status of methylated HOXA9 were analyzed using methods 

specific to binomial data. Comparisons between groups were made with Wilcoxon rank-sum test 
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for numeric non-parametric variables and Student's t-test for numeric parametric data. Fischer’s 

exact test (N<5) or chi-squared test was used for binary parametric data to compare two unpaired 

groups. 

 

To quantify the degree of co-variation between two variables, the Pearson (parametric data) or 

Spearman (non-parametric data) rank correlation coefficients were calculated. Linear regression 

models were applied for evaluation of linear correlations. Diagnostic accuracy was analyzed in 

paper I by Receiver Operating Characteristics (ROC), where the true positive rate (sensitivity) was 

plotted as a function of the false positive rate (1-specificity).  

 

Kaplan-Meier curves were applied to illustrate PFS and OS in paper III. All individuals were 

characterized by three variables:  

1) A dichotomous variable (meth-HOXA9 detectable/undetectable) or a categorical variable 

(meth-HOXA9 increase/stable or decrease/undetectable) 

2) Time to event, from treatment start/2nd cycle or 3rd cycle to progression/death or 

censoring (lost to follow-up or survived without the event)  

3) Survival status, i.e. dead, alive or censored.  

Survival and progression of disease was calculated from the clinically relevant blood sampling (e.g. 

baseline, second treatment cycle). 

The Kaplan–Meier curve shows cumulative survival probability (y-axis) at a given time point (x-

axis) illustrating the survival difference, whereas the log-rank tests were used for comparison of 

survival plots analyzing significance.  

 

Multivariate survival analysis was performed using the Cox regression model with the proportional 

hazard assumption tested (log-log plots and observed vs estimated survival curves). Variables with 

a p-value <0.1 in the univariate Cox regression analysis were entered in the multivariate analysis. 

All reported p-values were two-sided, and p-values <0.05 were considered statistically significant.  

The studies were descriptive and hypothesis generating, and without knowledge of the meth-

HOXA9 levels, the power of the studies could not be calculated beforehand. All statistical analyses 

were performed using Stata/IC 16.0 (StataCorp LLC, College Station, Texas, USA). 
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MAIN RESULTS 

 

The data presented here are a summary of the major findings from the studies represented by 

papers I, II, and III. Two papers (II and III) were based on plasma, whereas paper I was based on 

tissue, since the presence of methylated HOXA9 in ovarian tumor tissue is a prerequisite for 

identifying it in the plasma of patients with OC.  

 

Table 4 provides an overview of the 269 plasma samples analyzed in the thesis. The 100 self-

reported healthy donors used for determination of the LOB and cut-off for a positive sample in 

paper III are not included in the table.  

 

Of the 269 analyzed plasma samples, 79 were from patients with newly diagnosed OC (low and 

advanced FIGO stage), 126 were from recurrent OC, and 64 samples were from self-reported 

healthy women analyzed for establishing the LOB and cut-off in paper II. The self-reported healthy 

women had a mean number of 1861 cfDNA copies/mL compared to 5939 copies/mL in patients 

with recurrent OC. Three of the 64 self-reported healthy women had ≥5 positive meth-HOXA9 

droplets and were classified as having detectable meth-HOXA9 compared to 37.5% (N=15), 74.4% 

(N=29), and 65.9% (N=83) in patients with newly diagnosed FIGO I-II, newly diagnosed FIGO III-IV, 

and recurrence, respectively. 

 

 

                                        
Self-reported healthy 

women    
 Newly diagnosed OC patients   

                     
Recurrent OC 

patients 
P-value 

 
 FIGO stage I-II  FIGO stage III-IV     

  N=64, Cohort 1 (Paper II) N=40 (Paper II)  N=39 (Paper II) N=126 (Paper III)   

              

Age, mean [range] 45.6 [24-63] 57.2 [25-81]  69.3 [41-86] 67.9 [38-92] <0.001 
             

cfDNA number (copies/mL), 
mean [range] 

1861 [519-5155] 4538 [967-32,599] 
 

4543 [877-32,290] 5939 [672-98,741] <0.001 

             
Meth-HOXA9, mean [range] 0.04 [0-0.85] 2.1 [0-44.6]  1.5 [0-11.1] 1.9 [0-34.7] 0.625 
(fraction of total DNA)            
Detectable meth-HOXA9 
(≥5 positive droplets) 

3 (4.7%) 15 (37.5%) 
 

29 (74.4%) 83 (65.9%) <0.001 

CA125 (kUI/L), mean [range] 
(before treatment initiation) 

  290.7 [12-2530] 
 

2119.2 [21-13,000] 1229.4 [6-30,072] 0.123 

Table 4. Patient characteristics at baseline before treatment initiation of all plasma samples analyzed for meth-HOXA9 (N=269) in papers II and 
III. Although sense-antisense technique was applied in paper II, this table only includes data for the antisense assay for comparability.   
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Paper I. HOXA9 methylation and ovarian malignancy 

Tissue specimens for methylated HOXA9 analysis were obtained from 138 individuals; normal 

ovaries=16, benign ovarian tumor=18, borderline ovarian tumor=16, and OC=88 (Table 5).  

 

 Normal ovaries Benign tumor Borderline tumor Ovarian cancer P-value 
    (N=16) (N=18) (N=16) (N=88)  
        
Age, mean  
[25%;75% percentiles] 50 [41;55] 59 [53;69] 61 [55;71] 65 [59;75] <0.001 
       
Histology      

Low-grade serous     8 (9.1%)  
High-grade serous     51 (58%)  
Endometrioid    10 (11.4%)  
Clear cell    11 (12.5%)  
Mucinous    8 (9.1%)  

       
Serous    5 (31.3%)   
Endometrioid   1 (6.3%)   
Mucinous   10 (62.5%)   

       
Serous cystadenoma   5 (27.8%)    
Serous cystadenofibroma   3 (16.7%)    
Mucinous cystadenoma   4 (22.2%)    
Thecoma  2 (11.1%)    
Endometriosis cyst  1 (5.6%)    
Dermoid cyst  2 (11.1%)    
Ovarian fibroma  1 (5.6%)    

CA125 preoperative (kUI/L), 
 

106 [16;74] 86 [28;112] 1467 [118;876]  
mean [25%;75% percentiles]  (N=15) (N=6) (N=62) <0.001 
       
Detectable HOXA9 
methylation 

 

    
Yes 0 (0%) 3 (16.7%) 14 (87.5%) 82 (93.2%)  
No 16 (100%) 15 (83.3%) 2 (12.5%) 6 (6.8%) <0.001 

Table 5. Characteristics of all tissue specimens (N=138). 

 

Methylated HOXA9 in ovarian tumors  

Methylated HOXA9 was detected in tissue from 82/88 (93.2%) of the patients with OC, 87.5% 

(14/16) of borderline samples, 16.7% (3/18) of the benign tumors, and in none of the normal 

ovaries (0/16) (Figure 8A). In the OC patients the mean fraction of methylated HOXA9 was 35% 

compared to 9.6% and 0.35% in borderline and benign tumors, respectively (p<0.001; Figure 8B).  
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Figure 8.  
A) Stacked bar chart depicting the proportion of methylated HOXA9 positive samples in ovarian cancer tissue (93.2%), borderline tumors 
(87.5%), benign tumors (16.7%), and normal ovaries (0%).  
B) Boxplot illustrating methylated HOXA9 as a fraction of the total, isolated DNA in ovarian cancer, borderline tumors, benign tumors, and 
normal ovarian tissue. 

 

Methylated HOXA9 and diagnostic accuracy 

The fraction of methylated HOXA9 was applied in a ROC curve analysis showing that methylated 

HOXA9 was able to distinguish malignant tumors from normal ovaries with a 98% diagnostic 

accuracy (95% CI: 0.96-1.0, N=104) (Figure 9). Adding benign ovarian tumors to the ROC analysis, 

the diagnostic accuracy of methylated HOXA9 in distinguishing malignant tumors from 

nonmalignant (benign tumors + normal ovaries) was 97% (95% CI: 0.94-0.997, N=122).  

 
Figure 9. ROC curve analysis of methylated HOXA9 in malignant (ovarian cancer) and normal ovarian tissue (N=104). 
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Methylated HOXA9 and clinicopathological features  

There was no statistically significant difference in methylated HOXA9 status between FIGO stage, 

histologic subtype, preoperative CA125 level and tumor fraction in the tissue sample (Table 6). 

Methylated HOXA9 was detected in 27/28 (96.4%) of the patients with localized disease (FIGO 

stage I-II) and in 52/56 (92.9%) with advanced disease (FIGO stage III-IV). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 6. Patient characteristics and meth-HOXA9 status. 

 

Paper II. Circulating meth-HOXA9 using sense-antisense measurement 

Determination of LOB and cut-off for a positive sample  

Plasma from 64 self-reported healthy women was analyzed (Figure 10, Cohort 1) and resulted in 

an LOB of 4 positive droplets and a cut-off for a positive sample of ≥5 positive droplets as 

described in detail in the Methods section. The cut-off value was used to dichotomize all plasma 

samples into detectable and undetectable meth-HOXA9.  

 All cancer patients  Methylated HOXA9 Unmethylated HOXA9 P-value 

  (N=88) (N=82) (N=6)   

       
Age, mean  
[25%;75% percentiles] 65 [59;75] 66 [59;74] 62 [51;75] 0.3907 
       
Histology      

Low-grade serous  8 6 2   
High-grade serous  51 49 2   
Endometrioid 10 9 1   
Clear cell 11 11    
Mucinous 8 7 1 0.184 
       

CA125 preoperative (kUI/L), 1475 [118;862] 1548 [118;876] 429 [161;698]   
mean [25%;75% percentiles] (N=61) (N=57) (N=4) 0.7478 
       
Tumor fraction in sample, 56.3% [45;70] 56.8% [50;70] 48.3% [30;60] 0.2592 
mean [25%;75% percentiles]      
       
FIGO stage      

I 18 17 1   
II 10 10    
III 46 42 4   
IV 10 10    
NA 4 3 1 0.427 
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Figure 10. The cohorts used in the study for determination of the limit of blank and cut-off (Cohort 1), method validation (cohort 2) and analysis 
of the diagnostic potential of meth-HOXA9 (Cohort 3).  

 

Validation of the sense-antisense technique  

Human, fully methylated genomic DNA (purchased) was analyzed at various dilutions for 

comparison of the sense-antisense measurement with antisense alone. A linear correlation was 

found (regression coefficient (R2) 0.99) indicating that the sense-antisense technique detects twice 

the number of copies/mL detected by the antisense technique (data not shown, Paper II: 

Supplementary material, Figure 2).  

 

After establishing the LOB, 26 patients with recurrent OC were additionally analyzed for validation 

of the sense-antisense technique (Figure 10, cohort 2). Again, a linear correlation was found (R2 

0.96) indicating that the simultaneous sense-antisense technique detects twice the number 

detected by the antisense technique (Data not shown, Paper II: Figure 2).  

 

Meth-HOXA9 as a biomarker of OC  

Of the included 79 newly diagnosed OC patients 40 and 39, respectively, had localized (FIGO stage 

I-II) and advanced (FIGO stage III-IV) disease. Patient characteristics are shown in Table 7. The 

mean age at diagnosis was 63 years. Age was found to be higher, the later the disease stage with a 

mean age at diagnosis of 56, 60, 75 and 68 years for FIGO stage I, II, III and IV, respectively 

(p<0.001).  

 

 

 

Cohort 1

Limit of blank and 
cut-off value 

Self-reported healthy 
women (N=64)

Cohort 2

Validation of sense-
antisense technique 

Recurrent OC patients 
(N=26)

Cohort 3

Analysis of meth-HOXA9 as 
a potential marker of OC 

Newly diagnosed OC 
patients, FIGO stage 

I-IV (N=79)



 MAIN RESULTS 

49 
 

 

 

 

 

 

 

Table 7. Characteristics of the 79 newly diagnosed patients with ovarian cancer (Cohort 3). The CA125 value was obtained at the same time as 
the sample for meth-HOXA9 analysis.  

 

In newly diagnosed OC, 47/79 patients (59.5%) had detectable meth-HOXA9 applying the sense-

antisense measurement. Meth-HOXA9 status varied with FIGO stage, as 15/40 (37.5%) of FIGO 

stage I-II and 32/39 (82.1%) of FIGO stage III-IV had detectable meth-HOXA9 (Figure 11). There was 

no significant association between meth-HOXA9 status and clinicopathologic features, although a 

tendency towards an association with histologic subtype was found (p=0.054) with mucinous 

tumors having the highest fraction of undetectable meth-HOXA9 cases (8/11). 

  
Figure 11. The proportion of patients with detectable meth-HOXA9 using antisense measurement alone compared to combined sense-antisense 
measurement.  
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  Newly diagnosed OC patients   

  (N=79) 

Age, mean [range] 63 [25-86] 

FIGO stage   

     I 28 (35.4%) 

II 12 (15.2%) 
III 5   (6.3%) 

IV 34 (43%) 

Histology   
   Low-grade serous 3   (3.8%) 
   High-grade serous 55 (69.6%) 
   Endometrioid 10 (12.7%) 

   Mucinous 11 (13.9%) 

CA125 (kUI/L), mean [range] 1193 [12-13,000] 

cfDNA (B2M/mL), mean [range]  4882 [967-32,599] 
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Diagnostic impact of sense-antisense measurement compared to antisense only 

Simultaneous sense-antisense measurement increased the fraction of patients with detectable 

meth-HOXA9. Only 41/79 (51.9%) of the newly diagnosed patients (all FIGO stages) had detectable 

meth-HOXA9 using antisense alone compared to 47/79 patients (59.5%) with sense-antisense 

measurement. In FIGO stage I-II disease three additional patients (15/40) had detectable meth-

HOXA9 using sense-antisense measurement compared to antisense alone (12/40) (Table 8). 

Correspondingly, 29 patients (74.4%) with FIGO stage III-IV had detectable meth-HOXA9 using the 

antisense measurement compared to 32 patients (82.1%) with combined sense-antisense. The use 

of sense-antisense measurement increased the overall sensitivity by 14.6% (51.9% to 59.5%), 

whereas in patients with FIGO stage I-II disease it was increased by 25% (30% to 37.5%).    

 
  Antisense assay   Simultaneous sense-antisense assays     

 

Detectable  
meth-HOXA9 

(N=41) 

Undetectable  
meth-HOXA9  

(N=38) 

Detectable  
meth-HOXA9 

(N=47) 

Undetectable  
meth-HOXA9  

(N=32) 

CA125 
>35 kUI/L 

(N=67) 

CA125 
<35 kUI/L 

(N=12) 

FIGO stage I-II 
(N=40) 12 (30.0%) 28 (70.0%) 15 (37.5%) 25 (62.5%) 29 (72.5%) 11 (27.5%) 
FIGO stage III-IV 
(N=39) 29 (74.4%) 10 (25.6%) 32 (82.1%) 7 (17.9%) 38 (97.4%) 1 (2.6%) 

Table 8. Meth-HOXA9 status for antisense and sense-antisense measurement and CA125 status at diagnosis according to FIGO stage.    

 

The diagnostic potential of combined meth-HOXA9 and CA125  

To evaluate the potential of meth-HOXA9 as a biomarker of OC, the combination of meth-HOXA9 

and CA125 status at diagnosis was evaluated (Table 9). Forty-four patients (55.7%) had detectable 

meth-HOXA9 and CA125 >35 kUI/L (double positive), the majority with advanced disease. Three 

patients (3.8%) had detectable meth-HOXA9 and undetectable CA125 (<35 kUI/L) out of which two 

had FIGO stage I-II disease. Correspondingly, 23 patients (29.1%) had undetectable meth-HOXA9 

and detectable CA125. If meth-HOXA9 and CA125 was combined as a dual biomarker, 88.6% of all 

patients (70/79) could be diagnosed. In nine patients (11.4%) all diagnosed with localized disease 

both meth-HOXA9 and CA125 was undetectable. 

  

Detectable meth-
HOXA9 and CA125 >35 

kUI/L (N=44) 

Detectable meth-
HOXA9 and CA125 <35 

kUI/L  (N=3) 

Undetectable meth-
HOXA9 and CA125 >35 

kUI/L  (N=23) 

Undetectable meth-
HOXA9 and CA125 <35 

kUI/L  (N=9) 

FIGO stage I-II disease 
(N=40) 13 (32.5%) 2 (5.0%) 16 (40.0%) 9 (22.5%) 
FIGO stage III-IV disease 
(N=39) 31 (79.5%) 1 (2.6%) 7 (17.9%) 0 (0%) 

Table 9. Combined Meth-HOXA9 and CA125 status at diagnosis according to FIGO stage. 
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Paper III. Prognostic impact of meth-HOXA9 in recurrent ovarian cancer 

Patient clinicopathologic characteristics and their relation to meth-HOXA9 status at baseline are 

outlined in Table 10. The majority of patients had HGSC (85.7%), were considered platinum-

resistant (61.1%) and had received 1-5 previous lines of therapy. The mean time between initial 

diagnosis and first treatment was 40 months (range: 2-210), and the mean number of treatment 

cycles was 4.4 (range: 1-24). 
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Table 10. Patient characteristics and meth-HOXA9 status at baseline. 

 

  

 
All patients Detectable meth-HOXA9  Undetectable meth-HOXA9   

  (N=126) (N=83)  (N=43)  P-value 

Age, mean [range] 68 [38-92] 69 [47-92] 65 [38-80] 0.021 

FIGO stage at diagnosis   
  

 
     I 4 (3.2%) 2 (2.4%) 2 (4.7%)  

II 4 (3.2%) 2 (2.4%) 2 (4.7%)  
III 41 (32.5%) 25 (30.1%) 16 (37.2%)  
IV 77 (61.1%) 54 (65.1%) 23 (53.5%) 0.524 

Histology      
   Low-grade serous 7 (5.6%) 4 (4.8%) 3 (7.0%)  
   High-grade serous 108 (85.7%) 72 (86.7%) 36 (83.7)  
   Endometrioid 4 (3.2%) 3 (3.6%) 1 (2.3%)  
   Mucinous 3 (2.4%) 2 (2.4%) 1 (2.3%)  
   Clear cell 2 (1.6%) 1 (1.2%) 1 (2.3%)  
   Other 2 (1.6%) 1 (1.2%) 1 (2.3%) 0.851 

CA125 (kUI/L), mean [range] 1220 [6-30,072] 1656 [6-30,072] 405 [11-3,600] 0.003 
Previous lines of chemotherapy      

1 63 (50.0%) 36 (43.4%) 27 (62.8%)  
   2-3 49 (38.9%) 36 (43.4%) 13 (30.2%)  
   4-5 14 (11.1%) 11 (13.3%) 3 (7.0%) 0.111 

Platinum-sensitive   
 

 
 

   Yes 49 (38.9%) 30 (36.1%) 19 (44.2%)  
   No 77 (61.1%) 53 (63.9%) 24 (55.8%) 0.38 

Treatment regimen     
 

Carboplatin  21 (16.7%) 15 (18.1%) 6 (14.0%)  
Carboplatin + Liposomal                       

Doxorubicin 
27 (21.4%) 14 (16.9%) 13 (30.2%) 

 
Carboplatin + Paclitaxel 1 (0.79%) 1 (1.2%) 0 (0.0%)  
Liposomal Doxorubicin 25 (19.4%) 11 (13.3%) 14 (32.6%)  
Topotecan 29 (23.0%) 22 (26.5%) 7 (16.3%)  
Treosulfan  14 (11.1%) 13 (15.7%) 1 (2.3%)  
Paclitaxel (weekly) 4 (3.2%) 3 (3.6%) 1 (2.3%)  
Gemcitabine 3 (2.4%) 2 (2.4%) 1 (2.3%)  
Vinorelbine 1 (0.79%) 1 (1.2%) 0 (0.0%)  
Bevacizumab  1 (0.79%) 1 (1.2%) 0 (0.0%) 0.04 

Performance status     
 

0-1 98 (77.8%) 63 (75.9%) 35 (81.4%)  
2 28 (22.2%) 20 (24.1%) 8 (18.6%) 0.482 

BRCA 1/2 status    
 

 
BRCA 1 positive 18 (14.3%) 13 (15.7%) 5 (11.6%)  
BRCA 2 positive 5 (4.0%) 4 (4.8%) 1 (2.3%)  
BRCA 1/2 negative 75 (59.5%) 49 (59.0%) 26 (60.5%)  
Unknown BRCA1/2 status 28 (22.2%) 17 (20.5%) 11 (25.6%) 0.812 

BMI, mean [range] 25 [16-44] 25 [16-44] 26 [20-42] 0.125 
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Meth-HOXA9 as a prognostic marker in recurrent OC 

Meth-HOXA9 was detected in 65.9% (83/126) of the patients at baseline, in 64% (73/114) at the 

second treatment cycle, and in 60% (60/100) at the first response evaluation after three treatment 

cycles. With a median follow-up of 16.3 months (range 2.4-47.2), 34 patients were still alive at the 

time of analysis. 

 

Detectable meth-HOXA9 was significantly related to a poor prognosis. The median OS at baseline 

was 8.9 and 17.9 months in patients with detectable and undetectable meth-HOXA9, respectively 

(logrank p=0.002, Hazard ratio (HR)=2.04, 95% CI: 1.29-3.23). At the second treatment cycle (3-4 

weeks after baseline) the difference was even more pronounced (8.5 vs 29 months, logrank 

p<0.001, HR=3.3, 95% CI: 1.95-5.5). The difference in OS remained significant at the first response 

evaluation with a median OS of 7.5 and 24.7 months in patients with detectable and undetectable 

meth-HOXA9, respectively (logrank p<0.001, HR=2.54, 95% CI: 1.48-4.36). Please refer to Figure 

12.  

 

Correspondingly, patients with detectable and undetectable meth-HOXA9 had a median PFS of 4.2 

and 7.6 months at baseline (p<0.001), 3.5 and 7.2 months at the second treatment cycle 

(p<0.001), and 2.9 and 7.3 months at the first response evaluation (p<0.001), respectively (Figure 

12). 
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Figure 12. Kaplan-Meier plots of PFS (A+B+C) and OS (D+E+F) in relation to detectable and undetectable meth-HOXA9 at baseline, at second 
treatment cycle, and after three treatment cycles at first evaluation. 

 

  

C: PFS after three treatment cycles  F: OS after three treatment cycles 

B: PFS at second treatment cycle  E: OS at second treatment cycle  
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Performance status, platinum sensitivity, previous lines of chemotherapy, and CA125 >500 kUI/L 

were also correlated with OS in the univariate analysis (Table 11). 

In the multivariate analysis meth-HOXA9 remained prognostic of outcome at baseline (HR: 1.89, 

p=0.008), at the second treatment cycle (HR: 3.06, p<0.001) and at the response evaluation after 

three treatment cycles (HR: 2.17, p=0.013, Table 12).  

 

Table 11. Univariate Cox regression analysis. OS, overall survival. 

 

 

 

 

 

 Variable  
OS, baseline 

(N=126) 
OS, second treatment cycle 

(N=114) 
OS after 3 treatment cycles at 
response evaluation (N=100) 

  HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 

Meth-HOXA9 status            

Undetectable            Reference              Reference                   Reference 
Detectable  2.04 (1.29-3.23) 0.002 3.29 (1.95-5.55) <0.001 2.54 (1.48-4.36) 0.001 

Age (groups)            
 <60 years Reference   Reference  Reference   
60-70, 70-80 vs >80 years 0.96 (0.76-1.21) 0.722 1.02 (0.78-1.33) 0.907 0.956 (0.72-1.28) 0.755 

FIGO stage at diagnosis           
I-II  Reference   Reference  Reference   
III-IV 2.41 (0.76-7.65) 0.134 3.08 (0.75-12.60) 0.117 2.81 (0.68-11.53) 0.152 

Histology           
Serous  Reference   Reference  Reference   
Non-serous 0.79 (0.42-1.49) 0.473 0.71 (0.34-1.49) 0.364 0.47 (0.19-1.17) 0.105 

BMI           
>25 Reference   Reference   Reference   
<25 0.85 (0.56-1.30) 0.458 0.75 (0.47-1.20) 0.229 0.75 (0.45-1.25) 0.277 

BCRA status            
BRCA1/2  Reference   Reference   Reference   
Unknown BRCA status +    

BRCA wild type 
0.60 (0.32-1.13) 0.113 0.59 (0.29-1.18) 0.136 0.62 (0.29-1.30) 0.206 

Performance status            
0-1 Reference   Reference   Reference   
2 2.99 (1.89-4.73) <0.001 2.44 (1.39-4.28) 0.002 2.48 (1.31-4.71) 0.005 

Platinum sensitive            
No Reference   Reference   Reference   
Yes  0.38 (0.24-0.61) <0.001 0.43 (0.26-0.71) 0.001 0.50 (0.29-0.85) 0.011 

Previous lines of 
chemotherapy 

           

    1-3 Reference   Reference   Reference   
    4-5 5.07 (2.70-9.51) <0.001 6.23 (3.03-12.80) <0.001 7.21 (3.23-16.10) <0.001 

CA125 (kUI/L), at baseline            
>500 kUI/L Reference   Reference   Reference   
≤500 kUI/L 0.62 (0.41-0.93) 0.021 0.61 (0.39-0.97) 0.037 0.63 (0.38-1.03) 0.064 
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 Variable  
OS, baseline (N=126) 

OS, second treatment cycle 2 
(N=114) 

OS after three treatment cycles  
(at response evaluation, N=100) 

  HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value 

Meth-HOXA9 status          
Undetectable  Reference  Reference   Reference   
Detectable  1.89 (1.18-3.01) 0.008 2.99 (1.73-5.18) <0.001 2.17 (1.18-3.98) 0.013 

Performance status          
0-1 Reference  Reference   Reference   
2 3.16 (1.93-5.20) <0.001 2.56 (1.41-4.65) 0.002 2.73 (1.36-5.48) 0.005 

Platinum sensitive          
No Reference  Reference   Reference   
Yes  0.44 (0.26-0.73) 0.002 0.51 (0.29-0.88) 0.015 0.72 (0.40-1.29) 0.270 

Previous lines of 
chemotherapy 

         

    1-3 Reference  Reference   Reference   
    4-5 2.68 (1.40-5.15) 0.003 3.30 (1.56-6.98) 0.002 3.52 (1.47-8.41) 0.005 

CA125 (kUI/L), at baseline          
>500 kUI/L Reference  Reference   Reference   
≤500 kUI/L 0.74 (0.47-1.16) 0.185 0.92 (0.56-1.52) 0.747 0.82 (0.47-1.42) 0.477 

Table 12. Multivariate Cox regression analysis. Factors entered in the multivariate Cox analysis had a p-value <0.1 in the univariate Cox 
regression analysis. OS, overall survival. 

 

Meth-HOXA9 dynamics during treatment of recurrent OC 

The dynamics of meth-HOXA9 were evaluated at three time points (Table 13). After the first 

treatment cycle 14.9% (17/114) of the patients had a significant increase in meth-HOXA9 above 

the 95% CI of the baseline level), while 21.9% (25/114) had a decrease (below the 95% CI of the 

baseline level). Twenty-eight patients (33.3%) had stable meth-HOXA9 and 34 (29.8%) had 

undetectable meth-HOXA9, in six of which the status changed from detectable to undetectable.  

The majority of the patients with an increase in meth-HOXA9 after the first treatment cycle had 

platinum-resistant disease (14/17, 82.4%).  

 

An increase in meth-HOXA9 after one treatment cycle was significantly related to poor survival 

with a median OS of 5.3 months compared to 11.9 and 33 months in patients with stable/ 

decreasing and undetectable meth-HOXA9, respectively (p<0.001). Grouping patients with stable, 

decreasing and undetectable meth-HOXA9 (N=97) after one treatment cycle and comparing it with 

that of increased meth-HOXA9 (N=17) resulted in an OS of 16 and 5.3 months, respectively 

(p<0.001, Figure 13). The increase in meth-HOXA9 after one treatment cycle continued to be 

highly prognostic of poor survival, whereas patients with all other dynamics were more likely to 

benefit from palliative chemotherapy.  
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Figure 13. Kaplan-Meier plot illustrating overall survival in patients with an increase in meth-HOXA9 vs patients with stable, decreasing, or 
undetectable meth-HOXA9 after one treatment cycle. 

 

An increase after the second and third treatment cycle continued to be a negative prognostic 

factor with an OS of 5.5 months, while undetectable meth-HOXA9 remained favorable (OS=29.1 

and 24.7 months, respectively, p<0.001 and p=0.050). The stable and decreasing categories with 

an OS of 10.8 months were not as favorable as the undetectable one, and patients with meth-

HOXA9 cleared from the circulation had a more favorable prognosis.  

 

Table 13. Dynamics of meth-HOXA9 during treatment and the correlation with overall survival (OS). 

 

  

Meth-HOXA9 
increase 

Meth-
HOXA9 

decrease    

Meth-
HOXA9 
stable  

Meth-HOXA9 
becomes 

undetectable    

Meth-HOXA9 
remains 

undetectable  
P-value 

From baseline to 2nd 
treatment cycle (N=114) 

17 (14.9%) 25 (21.9%) 
 

38 (33.3%) 6 (5.3%) 
 

28 (24.6%)  

OS calculated from 
treatment start 

5.3 months 11.9 months 
33.0 months <0.001 

From 2nd to 3rd treatment 
cycle (N=99) 

14 (14.1%) 4 (4.0%) 
 

51 (51.0%) 2 (2.0%) 
 

28 (28.0%)  

OS calculated from second 
treatment cycle 

5.5 months 10.8 months 29.1 months <0.001 

From 3rd treatment cycle 
to evaluation (N=89) 

12 (13.5%) 6 (6.7%) 
 

40 (44.9%) 5 (5.6%) 
 

26 (29.2%)  

OS calculated from third 
treatment cycle 

5.5 months 12.1 months 24.7 months 0.050 
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Meth-HOXA9 and correlation with established evaluation measures (imaging and CA125) 

A total of 97 patients had evaluable imaging after three treatment cycles. Thirty-seven (38.1%) had 

partial response, 39 (40.2%) stable disease and 21 (21.6%) had progression according to RECIST 

(Table 14). Twenty-four patients (19%) progressed before the evaluation after three treatment 

cycles and are not included in the table. 

 

Eighty-three patients (65.9%) were evaluable by CA125, whereas the level in 43 patients (34.1%) 

was <70 kUI/L throughout the treatment course (N=29) or they had ≤2 measurements (N=14) and 

hence were non-evaluable by CA125. Thirty-four patients (41%) had CA125 response, 25 (30.1%) 

had CA125 stabilization, and 24 (28.9%) had CA125 progression according to the GCIG. CA125 

response was not correlated to OS (HR=1.30, p=0.150).   

 

There was no correlation between meth-HOXA9 status at baseline and response by imaging after 

three treatment cycles or CA125 (Table 14). An increase in meth-HOXA9 from baseline to the 

second treatment cycle was associated with progression by imaging (9/11, 81.8%). 

Correspondingly, the dynamics of meth-HOXA9 was associated with CA125 response, as the 

majority of patients with an increase after the first treatment cycle had progression by CA125, 

taking the considerable fraction of CA125 non-evaluable patients into account.  
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 Response evaluation by imaging (RECIST) Partial response Stable disease Progression P-value 

 
    

Imaging after three cycles and meth-HOXA9 
at baseline (N=97) 

   
 

    Meth-HOXA9 detectable (N=63) 23 (36.5%) 25 (39.7%) 15 (23.8%)  
    Meth-HOXA9 undetectable (N=34) 14 (41.2%) 14 (41.2%) 6 (17.6%) 0.769 
     
Imaging after three cycles and meth-HOXA9 
after one treatment cycle (N=96*) 

   
 

   Meth-HOXA9 increase (N=11) 1 (9.1%) 1 (9.1%)   9 (81.8%)  
   Meth-HOXA9 stable or decrease (N=54) 23 (42.6%) 21 (38.9%) 10 (18.5%)  
   Meth-HOXA9 undetectable (N=31) 12 (38.7%) 17 (54.8%) 2 (6.5%) <0.001 
     

 Response evaluation by CA125 (GCIG) CA125 response CA125 stabilization CA125 progression P-value 

 
    

Evaluable CA125 and meth-HOXA9 at 
baseline (N=83) 

   
 

   Meth-HOXA9 detectable (N=60) 25 (41.7%) 18 (30.0%) 17 (28.3%)  
   Meth-HOXA9 undetectable (N=23) 9 (39.1%) 7 (30.4%) 7 (30.4%) 0.974 
     
Evaluable CA125 and meth-HOXA9 after one 
treatment cycle (N=81**) 

   
 

   Meth-HOXA9 increase (N=13) 1 (7.7%) 4 (30.8%) 8 (61.5%)  
   Meth-HOXA9 stable or decrease (N=49) 22 (44.9%) 16 (32.7%) 11 (22.4%)  
   Meth-HOXA9 undetectable (N=19) 11 (57.9%) 3 (15.8%) 5 (26.3%) 0.017 
     

Table 14. Correlation of the status of meth-HOXA9 at baseline and after one cycle of treatment with response after three treatment cycles by the 
Response Evaluation Criteria in Solid Tumours (RECIST) and CA125, respectively.  
*One and **two patients had no meth-HOXA9 measurement at treatment cycle two. 
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DISCUSSION 

 

Clinical aspects of methylated HOXA9 in ovarian cancer  

Methylated HOXA9 as a marker of OC (Paper I and II) 

The diagnostic potential of methylated HOXA9 in tissue and plasma was evaluated in papers I and 

II. Not surprisingly, the detection rate was higher in malignant tissue (93.2%) than in the plasma of 

newly diagnosed patients (59.5%). The sensitivity was lowest in localized disease, i.e. 82.1% of the 

patients with advanced stage (FIGO III-IV) had detectable meth-HOXA9 at the time of diagnosis 

compared to only 37.5% in early stage. The sensitivity of a marker for detection of early stage OC 

is of great importance, not only for the diagnosis of curable stages and hence reduced mortality, 

but also to discriminate malignant from benign disease in order to avoid unnecessary extensive 

surgery and to reduce complications associated with the surgery. 

 

It is well known that methylation patterns often emerge very early in pathogenesis, which was 

illustrated in paper I by methylated HOXA9 being present in borderline tumors and early cancer. 

The low sensitivity in early stage OC in paper II could be explained by localized OC releasing very 

little ctDNA into the circulation. Also, OC tends to spread from the fallopian tube/ovary into the 

abdomen and thereby escapes the bloodstream leaving a very limited amount of ctDNA to be 

available for analysis. Hence, a negative result from a plasma sample does not automatically 

reflect a negative status of the tumor. By contrast, a positive ctDNA result does not necessarily 

mean that the given methylation comes from the tumor cells.  

 

The ability of a test to correctly identify the women who do not have OC is particularly important 

in the diagnostic setting. False positives result induce unnecessary follow-up examinations with 

associated concerns and potentially unnecessary major surgery, whereas false negative results are 

costly, especially at the individual level. Since the amount of meth-HOXA9 in the collected 9 mL 

blood sample may be a question of chance, the sensitivity of a test in asymptomatic localized 

disease could be improved by increasing the volume of the blood samples. Also, targeting both the 

sense and antisense strand of the genomic region of HOXA9 increased the overall sensitivity by 

14.6%, and in patients with localized disease by 25% compared to targeting the antisense strand 
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only (paper II). To secure accuracy and uniformity of the assays applied in paper I and II they were 

tested on blood from the normal ovaries and healthy donors used for LOB determination.  

 

Neither large randomized controlled trials [14,130,131] nor the current literature on early 

detection of cancer by ctDNA [57] support screening of asymptomatic individuals, as they have not 

managed to improve early diagnosis.  

Currently, CA125 is the best and most researched biomarker in the diagnosis and management of 

OC. It is, however, inadequate as an independent diagnostic marker. The largest OC screening trial 

to date, the UK Collaborative Trial of Ovarian Cancer Screening, reported that annual screening 

using longitudinal consecutive CA125 measurements could be applied for screening, although no 

effect on mortality was observed [14]. Several studies suggest consecutive CA125 measurements, 

where the individuals become their own controls, or longitudinal use of multimarker models for 

screening or diagnostic purposes [13,132,133].  

 

In paper II CA125 was detected in 72.5% (29/40) of the patients with FIGO stage I-II disease, which 

is higher than in other reported studies [2]. It was, however, a poor discriminator of malignancy, 

as the level of CA125 was frequently increased in patients with benign or borderline tumors in 

paper I. Methylated HOXA9 has potential as a better discriminating tool being highly specific of 

malignancy and not measurable in benign tumors. 

 

This thesis focuses on methylation of the HOXA9 gene specific for OC, although meth-HOXA9 has 

also been associated with other cancers [99]. Patterns of HOXA9 methylation shared among 

different cancer types can cause false positive results in OC. For example, an individual with lung 

cancer could test positive for meth-HOXA9. As a biomarker, meth-HOXA9 is therefore more likely 

to be important once the primary cancer has been found for evaluation of tumor burden or to 

distinguish between benign and malignant pelvic masses.  

 

Methylated HOXA9 was absent in normal tissue and in plasma from self-reported healthy 

individuals, but it was not investigated in other cancer types. A small clinical study to compare the 

performance of methylated HOXA9 in OC samples and a control group of other cancers would help 
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estimate the theoretical impact of false positivity due to a synchronous cancer, and for differential 

diagnostic purposes.  

 

Results in the context of published literature 

The diagnostic potential of methylated HOXA9 has to some extent been investigated. In this 

respect most studies have analyzed tissue, including Montavon et al. who found methylated 

HOXA9 in 75/79 of the patients with HGSC generating a sensitivity of 94.9% and a specificity of 

91.7%, which increased when the analysis was combined with one other methylation marker or 

CA125 [115]. This detection rate of methylated HOXA9 in OC tissue specimens is the one most 

comparable to ours. Other studies report a detection rate in OC tissue of 51% (26/51) [110] and 

77.1% (27/35) [109], although the sample sizes were small and the methods different.  

 

Wu et al. investigated the promoter methylation status of 13 genes in 52 ovarian carcinomas. 

HOXA9 was methylated in 51% (26/51) of the tumors and more frequently in early-stage 

carcinomas (p=0.002) and in patients older than 60 years. (15/21) [110]. The study used qPCR, 

which may explain the lower sensitivity compared to our tissue study. Singh et al. [114,116] 

examined promoter methylation of different genes, including HOXA9 and found it to be highly 

cancer specific (observed in 82.3% of OC tissue (70/85) and in 14.3% of healthy control samples 

(5/35)). In the matched serum samples, meth-HOXA9 was detected in 62.2% of the patients 

(28/45) and in none of the healthy controls (N=25). The methods applied were qPCR and 

singleplex MethyLight PCR, which are well-established methods but not as sensitive or accurate as 

ddPCR [134].  

 

A review by Barton et al. provide an overview of DNA methylation changes in OC and note that no 

single gene in OC has been identified to be methylated in more than a relatively small proportion 

of the patients and that the gene methylation pattern in OC is often associated with molecular, 

clinical and pathological features of ovarian carcinomas [80]. In papers I and II we investigated one 

gene only (HOXA9). It was methylated in the majority of the tissue samples throughout 

clinicopathology, but the proportion decreased in the analysis of plasma samples. As suggested by 
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Barton et al., meth-HOXA9 should preferably be combined with other methylation markers to not 

only increase sensitivity but also depict methylation patterns of the heterogeneous OC.  

 

In a study by Widschwendter et al. the methylation pattern in cfDNA was shown to be superior to 

the CA125 cut-off (<35 kUI/L) in diagnosing OC [83]. This is consistent with another study on 

methylation in seven genes that also found a higher sensitivity (85.3%) and specificity (90.5%) 

compared to CA125 in stage I OC [85]. The combination of meth-HOXA9 and CA125 in paper II was 

found to be able to diagnose 88.6% of all patients (70/79) throughout FIGO stages.  

 

At the time of initiation of this PhD study, it was only possible to examine one methylation marker 

(assay) at a time. This has now changed and the possibility to examine several methylation 

markers at a time will undoubtedly increase sensitivity and specificity and contribute to the use of 

methylation markers for diagnostics.   

  

More recently, cfDNA methylation patterns were examined in 6689 participants (2482 cancer (>50 

cancer types), 4207 non-cancer) targeting >100,000 methylation regions for screening and early 

detection purposes [135]. The methylation panel had a sensitivity of 67.3% and a specificity of 

99.3% for stage I-III disease in a pre-specified subset of 12 cancers, including OC, with the tissue of 

origin being accurate in 93% of the samples. This is known as the Galleri Test, and ongoing 

prospective trials are expected to investigate its potential as an effective screening test [136,137]. 

These studies highlight the importance of investigating methylation patterns in cancers, and with 

the Galleri Test, which is available online, research is moving towards the public with great 

commercial interest.  

 

Proposed role in carcinogenesis  

The lack of methylated HOXA9 in normal ovaries and in the plasma of self-reported healthy 

women indicates that the HOXA9 promoter is unmethylated in the normal situation. Despite 

several reports of aberrant HOXA9 gene expression in solid tumors, the mechanisms that cause 

the aberration require further investigation, especially for causation, as the exact role in OC 

carcinogenesis is unknown. It is not clear whether and how HOXA9 controls an acquired capability 
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in a tissue-specific manner. Functional studies are needed to identify the mechanisms, which 

influence oncogenesis by HOXA9 deregulation. This was outside the scope of the thesis, but the 

issue is highly important for consideration of methylated HOXA9 as a cause, contributor or effect 

of carcinogenesis to understand OC development and design new therapeutic agents.  

 

Strengths in papers I and II  

The tissue material in paper I included the full histopathological spectrum from normal ovaries 

over non-malignant and borderline tumors to invasive malignancy and all histologic subtypes. 

Paper II included plasma from all stages (FIGO I-IV) and histopathological subtypes of OC. The 

result was a comprehensive investigation of meth-HOXA9 across histology and FIGO stages.  

 

The inclusion of normal ovaries and plasma from self-reported healthy women assured that meth-

HOXA9 was not present in the normal situation. Normal tissue and plasma also ensured that any 

contamination by normal cells (e.g. stromal cells, leucocytes) in the isolated DNA would be 

identical throughout histological diagnosis and FIGO stage, had normal cells contained meth-

HOXA9.  

 

Tissue was collected from three different hospitals in Denmark, and reviewed and classified by one 

experienced gynecologic pathologist (M Waldstrøm) to ensure representative FFPE blocks for 

methylated HOXA9 analysis, although microdissection was not performed. All ddPCR analyses 

(tissue and plasma samples) were performed blinded to the clinical endpoints at the same 

laboratory. The materials were collected prospectively with the purpose of biomarker analyses, 

and handled and stored optimally right after sampling to minimize contamination and loss of DNA.  

 

Limitations in papers I and II 

The plasma samples (paper II) were stored from the initiation of the study protocol in December 

2016 and some may therefore have been stored for up to four years, which potentially could 

affect the amount of DNA [138]. FFPE samples were used for analysis (paper I) in which formalin 

fixation can cause DNA damage.  
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The diagnostic potential of methylated HOXA9 remains unverified, although methylated HOXA9 

was examined as marker of malignancy in paper I. The studies were, however, not designed as 

diagnostic studies following the Standards for Reporting of Diagnostic Accuracy Studies (STARD) 

statement [139,140], due to the retrospective nature of the studies. It was beyond the scope of 

the thesis to investigate meth-HOXA9 as a diagnostic biomarker, which would require a 

prospective design and a different setup.  

 

The women with normal ovaries and those self-reported as healthy women in papers I and II were 

somewhat younger than the OC patients. This might have impacted the results, as DNA 

methylation correlates with age [47,141,142] and a higher LOB and cut-off level could be expected 

with age-matched donors. The self-reported healthy women did not undergo any examination, 

had no additional blood samples taken and were not asked about medical history, etc. In case any 

undiagnosed women were enrolled, this could have affected the LOB and cut-off.  

 

Prognostic impact of meth-HOXA9  

The clinical aspects of meth-HOXA9 during treatment of recurrent OC were described in paper III. 

The OS of patients with detectable meth-HOXA9 at baseline was significantly poorer than of those 

with undetectable meth-HOXA9 (8.9 and 17.9 months), which makes meth-HOXA9 a potential 

prognostic marker in recurrent OC. A difference, which remained significant at the second 

treatment cycle (8.5 and 29 months) and after three treatment cycles (7.5 and 24.7 months). 

This also applied to PFS with a median of 4.2 and 7.6 months at baseline in patients with 

detectable and undetectable meth-HOXA9, respectively.  

 

Evaluation of the dynamics of meth-HOXA9 during treatment was able to identify patients 

associated with poor prognosis. Hence, patients with an increase in meth-HOXA9 after one 

treatment cycle had significantly reduced OS compared to patients having undetectable meth-

HOXA9 (5.3 and 33.0 months).   

 

These findings are particularly essential in recurrent OC, where systemic therapy is not considered 

curative and response rates are low (10-25%) [37]. The purpose of monitoring meth-HOXA9 during 
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treatment was to evaluate response to treatment, observe progression at an early stage, and 

potentially identify a subgroup of patients not benefitting from treatment. By introducing meth-

HOXA9 as a prognostic biomarker, treatment failure could potentially be noted at an earlier time 

than with the current monitoring tools, e.g. after the first treatment cycle. This would increase the 

chance of successful change of treatment or at least spare the patients ineffective treatment.  

 

In the recurrent setting where a patient may be better served with the best supportive care rather 

than active anticancer treatment, early prediction of chemotherapy refractory disease could have 

important implications for the clinical management and quality of life.  

 

To select the optimal treatment for recurrent OC each patient should be assessed individually in 

terms of patient preference, type of recurrence, sensitivity to platinum, toxicity and ease of 

administration. Implementation of a biomarker instrumental in treatment decisions would be a 

step towards an individualized treatment strategy. 

 

Results in the context of published literature 

Evidence on the use of ctDNA in clinical decision making is sparse [143] despite small proof-of-

principle studies finding longitudinal ctDNA to correlate with survival, which could be used to 

identify poor-responding patients [144–146]. Oikkonen et al. investigated treatment response 

using two or three consecutive ctDNA samples during treatment with the possibility of rapid 

discovery of resistant cell populations and early detection of recurrence [144]. Although the study 

applied a ctDNA workflow detecting >500 cancer-related genes, it only included 12 patients, all 

with HGSC.  

 

The reviews by Sharbatoghli et al. [145] and Chen et al. [146] highlight the challenges of ctDNA 

analysis in OC in relation to prediction of treatment response. Despite a considerable number of 

studies, the limited number of patients, retrospective design, and the different methodologies 

make clinical application difficult, although the predictive potential of ctDNA has clearly been 

demonstrated.  
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Besides the small studies from our group, in which the status and dynamics of meth-HOXA9 during 

treatment was associated with survival [66,67], and thereby consistent with paper III, the 

prognostic impact of meth-HOXA9 has only been sparsely investigated. In a study using tissue 

specimens, methylated HOXA9 was not associated with survival outcome, just as accumulation of 

gene methylation was not a significant determinant of survival [115]. This is opposite to the 

findings in paper III and could be due to their use of OC tissue as a prognostic factor and the rather 

small cohort. In our study both the baseline status of meth-HOXA9 and its dynamics during 

treatment of recurrent OC were associated with survival. Comparison is further hampered by the 

fact that the tissue correlated with survival in the study was collected at time of surgery (initial 

diagnosis).  

 

One study suggests that HOXA9 expression might be involved in inhibiting aggressive behavior in 

recurrent OC and that HOXA9 transcription is repressed by direct binding of microRNA-196b [147]. 

It supports our findings that HOXA9 is unmethylated in the normal situation and that methylation 

of the HOXA9 gene inhibits transcription and induces aggressive behavior in recurrent OC causing 

a poor prognosis.  

 

In contrast, several other studies have examined different methylation markers in OC and found 

them to be prognostic of outcome [69,117,118]. The acquisition of methylation of the mismatch 

repair gene hMLH1 in plasma DNA at relapse of OC could predict poor OS (HR: 1.99, 95% CI: 1.2-

3.3, p=0.007) [69], which is comparable with meth-HOXA9 status in paper III. Methylation of 

hMLH1 was also associated with disease progression in a study by Wiley et al., but the individual 

gene was not associated with OS [118]. The studies by Wiley et al. [117,118] are based on tissue 

and a methylation-specific PCR analysis, and the role of methylated hMLH1 in plasma remains to 

be investigated.  

 

A study by Wei et al. identified methylated loci prognostic of reduced PFS and found that OC 

patients with a high degree of CpG island methylation had a poorer response to second-line 

cytotoxic treatment and thereby shorter PFS than patients with low CpG island methylation [119]. 

The study was limited by the rather small material (N=40) and the use of tissue for the detection 



 DISCUSSION 

68 
 

of methylation alterations. Analysis of ctDNA would have facilitated investigation of a possible 

change of methylated loci during treatment and how this would impact the prognosis.  

 

Common to the studies is the very limited number of patients, which makes it impossible to 

statistically evaluate the use of ctDNA or methylated ctDNA for disease monitoring. Validation in 

larger cohorts is warranted. Comparison between studies is further complicated by the fact that 

the assays used are not same. 

 

In the thesis, meth-HOXA9 was reported as a fraction of total DNA. Contrarily, meth-HOXA9 copies 

per mL is an absolute value and might be more specific, but surely more unstable. However, in 

disseminated cancer a high level of albumin must be expected, which then affect the fraction of 

meth-HOXA9 to become “falsely low”. Though the fraction is considered more stable, it is highly 

dependent on the amount of total DNA; an increase in total DNA may result in a lower fraction 

than actual. Reporting of ctDNA is debated, as the best measure seems to be assessed from study 

to study, which only makes comparison more difficult.  

 

Strengths in paper III 

For determination of LOB 100 self-reported healthy donors were evaluated. Since healthy 

individuals may spontaneously methylate, which can lead to differences in sensitivity and 

specificity, a cut-off was defined. Based on these analyses and determination of LOB a measured 

signal in the patients with recurrent cancer was likely to come from the cancer, and the probability 

of false positive results was reduced. 

 

Patients were enrolled at one hospital covering the southern part of Jutland with gynecological 

diagnoses handled by few doctors. All samples were measured in the same laboratory, which is 

crucial in a trial investigating serial changes in marker levels [23]. Hence, the analytical variation 

was reduced and interpretation of the analyses was consistent throughout the study. 
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Limitations in paper III 

The two cohorts applied for the papers were highly heterogeneous. All histologic subtypes of OC 

were included and patients received all different kinds of chemotherapy, including platinum-

sensitive and platinum-resistant patients. This was done to reflect the heterogeneity of the 

disease and to investigate meth-HOXA9 as a consistent marker across diagnosis and types of 

treatment. A division based on clinicopathological features would have made the cohorts more 

homogenous and potentially provided more significant results within the groups.  

 

The samples were stored from the initiation of the study protocol in December 2016 until analysis 

in 2021. There is consensus that the storage of frozen (isolated) plasma before DNA extraction has 

no effect on subsequent ctDNA analyses [143]. 

Calculating the level of meth-HOXA9 as a fraction of the total DNA with 95% CI we expect the true 

value of a measurement to lie in that interval 95% of the time. The ratio controls for the amount 

of DNA input, although it is affected by the level of non-cancer-origin cfDNA, which can fluctuate 

over time and be affected by certain therapies. 

 

Evaluating the dynamics of meth-HOXA9 during treatment is debatable and challenging, as 

validation of an assay that quantifies tumor burden is more technically difficult than an assay 

dichotomizing patients into detectable and undetectable [143]. There is currently no consensus on 

how to evaluate and report ctDNA dynamics during treatment, although it is essential to define a 

clinically relevant increase (ctDNA progression) as well as a decrease (ctDNA response). Several 

definitions have been reported, e.g. "relative change from baseline", "x fold reduction/increase" 

and statistical calculations, but comparison and validation of the definitions is still lacking [67,148–

150].  

 

Definition of a relative change can be a challenge especially with low levels of meth-HOXA9 in OC, 

where a low absolute change results in a high relative change. The measurement in our studies 

was not confirmed in a repeated measurement, which could have supported the result considering 

biological and day-to-day variation. The evaluation measure of meth-HOXA9 dynamics should 

therefore be validated in prospective trials for clinical utility. 
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The setting of the study with enrollment at one site only and the relatively small sample sizes 

question the generalizability of the findings. The studies can therefore only be considered as 

hypothesis generating. Ideally, randomized trials powered specifically for meth-HOXA9 as a 

biomarker should be performed to ensure clinical validity. 

 

The challenges of ctDNA in OC 

The process of translating ctDNA into clinical practice has been slow despite extensive research. To 

date, FDA has not approved any ctDNA-related test in OC, although some clinical trials have been 

completed and others are ongoing [145]. The process has been hampered by the lack of 

standardization, the use of different methods, and the large number of different biomarkers 

investigated causing lack of reproducibility, which is summarized in a recent review by Thusgaard 

et al. [151]. 

 

Detection of ctDNA is challenging primarily due to the task of discriminating ctDNA from normal 

cfDNA, accurately quantifying the number of mutant fragments in a sample, and the sometimes 

very low levels of ctDNA [63]. The analysis of DNA in tissue and blood uses part of a whole 

(subsample), which in tissue is further complicated by great heterogeneity. Subsampling with the 

intent to measure properties of the whole volume will lead to random effects and measurements 

different from the subsampled volume. This has the highest significance at low concentrations.  

 

The meth-HOXA9 levels in the studies were very low (Table 4) and with a relatively high amount of 

background cfDNA, the low levels are highly sensitive to fluctuations and interpretation of their 

dynamics during treatment. Not surprisingly, the level of background cfDNA was significantly 

higher in patients with recurrent OC (5939 B2M/mL, Table 4) than in the self-reported healthy 

women (1861 B2M/mL), which entails a highly sensitive meth-HOXA9 ratio for evaluation of 

dynamics when the amount of meth-HOXA9 is low.  

 

Low levels of target molecules are therefore one of the main limitations for incorporating ctDNA in 

clinical practice. One solution could be to increase the subsampling volume, i.e. increasing the 

expected number of molecules to be detected will improve the performance of the test. Another 
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option could be to increase the number of markers investigated or to analyze other body fluids. In 

addition to blood, ctDNA is detectable in other body fluids including urine, peritoneal fluid, and 

uterine lavage fluid, some of which require invasive procedures. In the management of OC, 

including the detection of meth-HOXA9, these body fluids can be examined and utilized especially 

for diagnosis and prognosis [113,146,152,153]. Uterine lavage fluid, of course, is not an option in 

hysterectomized women.  

 

Currently, ctDNA in the metastatic setting provides the best opportunity for clinical utility. Serial 

monitoring of ctDNA is clinically feasible and due to its short half-life compared to the currently 

used biomarker CA125, a real-time picture of tumor burden and response to treatment can be 

obtained to support the clinical decision. Also, the inclusion of ctDNA information to enhance the 

current TNM cancer staging system has been proposed for future development [43]. To capture 

diagnostic, prognostic and therapeutic implications gained from ctDNA evaluation "TNMB" has 

been suggested with B representing blood indicated as the absence (B0) or presence (B1) of 

detectable ctDNA.  

 

National and international initiatives are taken as to standardization of liquid biopsy procedures 

for easy and rapid implementation in clinical laboratories. Further efforts, however, in terms of 

large-scale therapeutic trials are required. 

 

The use of DNA methylation as a biomarker  
 

The methylation patterns in cancer cells are significantly different from those of normal cells [80], 

which makes them attractive for biomarker studies.  

 

Alterations in DNA methylation have several advantages in cancer detection and management.  

 Methylation analysis utilizes DNA, which is a more chemically stable molecule than protein 

and RNA, and it is easily isolated from most body fluids and archived fixed tissue.  

 Aberrant DNA methylation is a binary signal, where methylation indicates the presence of 

malignant cells. It is detectable at very low concentrations in a background of normal DNA 

molecules by sensitive methylation specific assays allowing detection of a single 
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methylated allele in 10,000 unmethylated alleles [154]. In contrast, loss of heterozygosity 

and changes in the gene expression of tumor cell-derived nucleic acids can be difficult to 

detect in the presence of an excess of normal cell DNA and RNA [155].   

 DNA methylation assays are designed to focus on a single amplifiable region (e.g. CpG 

island) rather than scanning an entire gene for mutations, which increases the sensitivity 

and specificity.  

 Once a gene is hypermethylated in a developing tumor, the methylation signal generally 

persists as the tumor grows. Hence, the methylation is present in all stages of the disease, 

which is crucial for diagnostic purposes and unaffected by metastatic spread and sub-clonal 

evolution.  

 Methylation markers are universal and more frequently observed compared to mutations, 

which are extremely heterogeneous in OC and therefore inappropriate for diagnostics and 

monitoring due to the genome-wide sequencing or numerous assays required. 

Standardization is easier for methylation markers with a limited number of assays needed 

for validation.  

 

Despite the many advantages of DNA methylation some disadvantages need to be addressed.  

 The purified DNA must be bisulfite converted prior to methylation analysis, which is the 

most important difference between mutation and methylation analyses. During the 

process DNA can be damaged, lost or incompletely converted, thereby decreasing the 

overall sensitivity of the assay. Since the amount of tumor DNA is limited in plasma, 

especially in OC, this could have significant impact on the sensitivity.  

 The presence of a tumor in the body is a prerequisite for detection of a cancer specific 

methylation marker. Since the location of the tumor is not always known, methylation 

markers must be highly specific of tumor and tissue, and the possibility to combine genes 

into a marker panel could potentially reach high specificity for diagnostic purposes. Meth-

HOXA9 might not be specific of OC, and detectable meth-HOXA9 in the diagnostic setting 

would result in further examinations for differential diagnostics. Promoter methylation of 

the HOXA9 gene is also found in e.g. head and neck squamous cell carcinoma [156] and 

lung adenocarcinoma [157]. 
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 Methylation is not entirely a tumor-specific process. The epigenetic regulation present in 

the tumor may be also active in non-tumor tissue, and changes often increase in frequency 

in an age-dependent fashion [47]. 

 

ddPCR measurement 

The ddPCR result can be affected at different stages of the analysis process. Nonspecific primers or 

probes, polymerase errors, contamination, cross-contamination, and inappropriate thresholding 

algorithms should be recognized, as they can lead to false results [127].  

 

The assay design, the robustness of the laboratory, and the methods applied were evaluated 

before initiation of the PhD project and during the study period. All ddPCR analyses were 

performed at the same laboratory with the same (few) people handling the tests and performing 

the interpretation of results, which minimizes the risk of false results. Although generalizability of 

the analysis has not been evaluated, digital PCR has been shown to perform highly reproducible 

absolute quantification between laboratories with a reported difference in values <12% [158], 

which makes generalizability and reproducible application attainable.  

 

The quantitative direct estimate of meth-HOXA9 is produced by ddPCR, but an analytical cut-off 

value is needed to call a sample detectable or undetectable. Determination of the cut-off value 

involves the sensitivity and specificity of the test, i.e. a cut-off set too high will call truly positive 

samples undetectable, whereas a cut-off set too low will cause truly negative samples to be read 

as detectable. Moving the cut-off value will change both the sensitivity and the specificity of the 

test.  

 

Determination of the analytical cut-off exhibit challenges, as false positive partitions should be 

expected. When measuring a blank sample, each partition should be reported as negative, which 

is not always the case leading to false positive partitions (e.g. contamination, assay binding 

affinity). The robustness of the LOB and cut-off for a positive sample can be tested by running 

multiple blank samples, reporting the number of targets, rank ordering the results and drawing a 

line at the 95% percentile to determine LOB. The LOB and the cut-off in the thesis were 
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established applying normal ovaries (paper I), self-reported healthy women (paper II) and self-

reported healthy donors (paper III), although multiple tests of the donor samples were not 

performed. The donor cohorts were not completely matched with the cohorts of patient with OC, 

and the donors being "self-reported healthy" involves the possibility of true positive samples 

(undiagnosed disease) within the group.  

 

One could argue that the cut-off for a positive sample is not necessarily the clinical cut-off, 

meaning that the cut-off level on a population basis does not reflect patient health or prognosis. 

This is particularly relevant if the test is to be used for screening or diagnostic purposes. 

Establishment of the LOB and cut-off must therefore be further validated if meth-HOXA9 is to be 

implemented as part of a diagnostic algorithm and in the discussion of false positive vs false 

negative results.  

 

Genome-wide methods are highly relevant for marker discovery and in the diagnostic setting but 

currently not for sensitive patient monitoring [61]. The highly sensitive NGS, however, can provide 

a broad picture of the molecular status of the tumor and disease in OC patients.  

A remarkable advancement in technologies for ctDNA detection and analysis has been observed 

during the time of the thesis, including a significant progress in NGS-based approaches in 

overcoming many of the previous challenges to reduce error and improve ctDNA sensitivity. The 

technologies are still relatively expensive and time consuming. 

 

The progress in NGS research is currently at a stage, where comprehensive analysis during 

treatment can provide clinicians general guidance as to patient management, which is a step 

towards clinical utility.   
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CONCLUSIONS 

 
Accumulating evidence underlines the great potential of epigenetic biomarkers in the detection 

and management of OC, a disease with morphological heterogeneity. This thesis examined one 

methylation marker in independent studies to verify its clinical potential.  

 

Methylated HOXA9 was highly cancer-specific and detected in all histologic subtypes and stages of 

OC suggesting that it could serve as a general marker and have potential in OC diagnostics. 

Although the detection rate was higher in tissue than in plasma, meth-HOXA9 was a universal 

marker throughout OC stages and subtypes with a possible increase of sensitivity by targeting both 

the sense and antisense DNA strand. 

 

Meth-HOXA9 was monitored during treatment and found to be an independent prognostic marker 

of outcome. Evaluation of meth-HOXA9 has potential to outline a high-risk population at baseline 

and during treatment and may supplement current monitoring tools and spare patients ineffective 

treatment. 

With only a minor subgroup benefitting from treatment in the recurrent setting, early prediction 

of resistance to chemotherapy could have important implications for clinical management and 

patient quality of life. Aiming at a personalized treatment strategy, analysis of meth-HOXA9 may 

provide clinically relevant information instrumental in finding the right treatment at the right time 

for the right patient.  

 

Implementing meth-HOXA9 analysis in clinical trials is relatively simple and a realistic approach to 

obtaining clinical utility. The three observational studies in the thesis provide an excellent platform 

for larger prospective studies. Randomized, controlled trials comparing ctDNA-guided decision 

making against the standard of care for treatment monitoring should be performed to test the 

clinical utility of meth-HOXA9.   
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PERSPECTIVES 

 
The majority of the studies investigating meth-HOXA9 as a diagnostic or prognostic biomarker 

were retrospective or conducted in small patient cohorts. Sufficiently powered confirmatory 

studies in homogenous cohorts of patients with OC will allow for a better understanding of the 

relevance of meth-HOXA9 as potential biomarker. It should be assessed both individually and 

along with other potential biomarkers and epigenetic regulators to increase sensitivity and 

specificity, and to improve OC diagnosis, treatment monitoring, and drug discovery.   

 

The use of ctDNA for screening and early diagnosis is very much in its infancy, and it has been 

difficult to demonstrate its significance in that setting, where in fact it would contribute the most 

seen from a public healthcare point of view. Screening in asymptomatic populations introduces 

the risk of over-diagnosis and false positives. Implementation of ctDNA could therefore be 

explored step-wise, with the first step investigating its potential for earlier diagnosis in 

symptomatic individuals, who at present may undergo time-consuming and complex diagnostic 

procedures.  

 

In the clinical setting, the perspectives of meth-HOXA9 are especially evident in recurrent OC, in 

which quality of life should be weighed against treatment and side effects. Profiling and 

monitoring of ctDNA could potentially identify sub-clones resistant to chemotherapy before the 

onset of clinical progression and thus enable earlier intervention. 

 

Demonstrating improved treatment management using analysis of meth-HOXA9 compared to not 

using it will secure clinical validity. Two prospective trials at the Department of Oncology, Lillebaelt 

Hospital, Vejle, are currently evaluating this aspect. One investigates the effect of bevacizumab 

and tocotrienol (vitamin E analogue) in patients with recurrent platinum-resistant OC based on the 

level of meth-HOXA9 after the first treatment cycle. Patients with an increased level discontinue 

protocol treatment (EudraCT number: 2019-000618-13, Clinicaltrials.gov identifier: NCT04175470, 

Ethics Committee: S-20190015). The other study is a block randomized study in which CA125 and 

meth-HOXA9 are compared as response evaluation tools in patients with recurrent OC (Ethics 

Committee: S-20200037).  
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The current absence of a standardized workflow in ctDNA trials and the consequent lack of 

reproducibility means that ctDNA monitoring has not been implemented in the clinic, although it 

must be a matter of time in this fast growing era of ctDNA.  
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ENGLISH SUMMARY 

 
Introduction: Ovarian cancer (OC) remains the major killer in gynecological oncology. In Denmark, 

the 5-year survival rate is around 30%, which is primarily caused by advanced stage at diagnosis, 

recurrence of disease and ultimately resistance to chemotherapy. The few vague symptoms 

explain why the majority of patients are diagnosed in advanced stage leaving few curative options 

despite progress in surgery and medical treatment.  

Evaluation of treatment effect is another major challenge, especially due to the spread of OC 

throughout the peritoneal cavity in the form of carcinosis, which is difficult to measure in 

centimeters according to the international RECIST criteria.  

 

Finding biomarkers that could contribute to the management of OC by monitoring treatment 

response, detecting recurrence, distinguishing benign from malignant pelvic masses, and 

potentially diagnose OC at an earlier stage has been of major interest, but no reliable candidate 

has been identified. The currently used biomarker, CA125, does not meet the criteria of an ideal 

marker, as a large proportion of OC expresses little or no CA125, and the sensitivity and specificity 

is poor.  

Aberrant methylation of CpG islands is a general feature of cancer cells and occurs in almost all 

malignant tumors. The methylated genes often examined represent developmental regulatory 

genes important for embryogenesis, including the homeobox (HOX) genes. Methylation of the 

HOXA9 gene has particularly been associated with OC.  

Part of the methylated DNA from the tumor is shed into the circulation and is detectable as 

circulating tumor DNA (ctDNA), which can be measured with high sensitivity and at low analytical 

variation. Analysis of plasma would overcome the intratumoral heterogeneity, it is a timely 

measurement, convenient to the patients, and sufficient material is easily accessed.  

 

The aim of this thesis was to investigate the clinical potential of methylated HOXA9 with respect to 

diagnosis, prognosis, and treatment monitoring. 

 

Materials and methods: The studies are based on different cohorts of patients with OC. Tissue as 

well as plasma from newly diagnosed patients (FIGO stage I-IV) was included for evaluation of the 
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diagnostic potential of methylated HOXA9 and for validation of the assays and method used. To 

study the clinical aspects of methylated HOXA9 ctDNA (meth-HOXA9) during treatment patients 

with recurrent OC were included.  

DNA was extracted from 3 x 15 µm tissue specimens fixed in formalin and embedded in paraffin 

(FFPE) and from 4 mL plasma. Following bisulfite conversion methylated HOXA9 was analyzed 

using methylation specific droplet digital PCR. Detection of methylated HOXA9 was reported as a 

percentage of total cell free DNA and as a binary variable (detectable and undetectable).  

 

Results 

Paper I: For diagnostics, methylated HOXA9 was detected in 93.2% (82/88) of patients with OC, in 

87.5% (14/16) of borderline tumors, in 16.7% (3/18) of benign tumors, and in none of the 16 

normal ovaries. Using receiver operating characteristic (ROC) analysis methylated HOXA9 had a 

diagnostic accuracy of 98%.  

Paper II: In plasma, 59.5% (47/79) of newly diagnosed OC patients had detectable meth-HOXA9, 

15 of which had FIGO stage I-II (detection rate=37.5%) and 32 had FIGO stage III-IV disease 

(detection rate=82.1%). The sensitivity was increased by 25% in patients with FIGO stage I-II using 

assays targeting both the sense and antisense strand of the DNA compared to targeting one DNA 

strand only. 

Paper III: In 126 patients with recurrent OC and detectable vs undetectable meth-HOXA9 at 

baseline the median overall survival was 8.9 vs 17.9 months. In patients with increased vs 

undetectable meth-HOXA9 after one treatment cycle the median overall survival was 5.3 vs 33 

months.  

 

Conclusion: This thesis demonstrates that meth-HOXA9 is highly cancer specific and might serve as 

a general marker of ovarian malignancy since the majority of patients with OC have detectable 

meth-HOXA9 in tissue and in plasma. Consecutive analyses of meth-HOXA9 during chemotherapy 

are clinically feasible, significantly related to poor survival, and have potential in treatment 

monitoring with the perspective of guiding clinical decision making.   
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DANSK RESUMÉ 

 
Introduktion: Ovariecancer er en sygdom forbundet med høj mortalitet. I Danmark er 5-års 

overlevelsen ca. 30%, hvilket især skyldes fremskreden sygdom på diagnosetidspunktet, høj 

forekomst af recidiv og resistens over for kemoterapi. De få og uspecifikke symptomer er 

hovedårsag til, at størstedelen af patienterne diagnosticeres i et fremskredent stadie, hvilket 

forringer muligheden for helbredelse betydeligt på trods af ekstensiv kirurgi og respons på primær 

kemoterapi.  

Vurdering af behandlingseffekten udgør en stor udfordring, idet sygdommen spreder sig diffust i 

bughulen i en form, der gør den vanskelig at måle og dermed også at evaluere ved skanning. Der 

har været betydeligt fokus på at finde biomarkører, der kan bruges til at evaluere 

behandlingsrespons, diagnosticere tilbagefald, skelne benigne forandringer i bækkenet fra maligne 

samt diagnosticere sygdommen i et tidligere stadium. Ingen markør har dog endnu vist 

tilstrækkelig sensitivitet og specificitet til klinisk brug. 

 

Aktuelt anvendes CA125 som biomarkør til både diagnosticering af sygdommen og evaluering af 

behandlingsrespons. Markørens sensitivitet og specificitet er dog utilstrækkelig og en stor andel af 

patienter med ovariecancer har ikke forhøjet CA125. 

 

DNA-metylering er et generelt fænomen i udviklingen af kræftceller og forekommer i næsten alle 

maligne tumorer. Fænomenet opstår ofte i gener af betydning for fosterudviklingen, herunder 

homeobox (HOX) gener, hvor især metylering af HOXA9 menes forbundet med ovariecancer.   

En del af det metylerede DNA frigives fra tumoren til blodbanen og kan med høj sensitivitet og lav 

analytisk variation detekteres som cirkulerende tumorspecifik DNA (ctDNA). Analysering af en 

markør i plasma giver et tidsmæssigt retvisende billede af tumorbyrden, herunder den 

heterogenitet, der afspejles i tumor. En blodprøve er lettilgængelig og uden de store gener for 

patienten. 

 

Formålet med afhandlingen var at undersøge betydningen af metyleret HOXA9 DNA (met-HOXA9) 

for diagnose, prognose og behandlingsmonitorering hos patienter med ovariecancer og ligeledes 

vurdere markørens kliniske potentiale.  
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Materiale og metode: Studierne i afhandlingen er baseret på forskellige kohorter af patienter med 

ovariecancer, med henblik på at undersøge forskningsspørgsmålene. Der er således analyseret 

væv og plasma fra nydiagnosticerede patienter (FIGO stadium I-IV) for at evaluere det diagnostiske 

potentiale af met-HOXA9, samt for validering af metoden og de anvendte assays. Til undersøgelse 

af met-HOXA9 som markør for behandlingseffekt blev der indsamlet plasmaprøver fra patienter 

under behandling med kemoterapi for tilbagefald af sygdommen. 

DNA blev oprenset fra 3 x 15 µm formalinfikseret, paraffinindstøbt væv og fra 4 mL plasma. Efter 

bisulfit konvertering blev prøverne analyseret for met-HOXA9 ved brug af metyleringsspecifik 

droplet digital PCR. Påvisning af met-HOXA9 blev rapporteret som en procentdel af cellefrit DNA 

og som en binær variabel (målbar/ikke-målbar).  

 

Resultater 

Studie I: I væv kunne met-HOXA9 måles i 93,2% (82/88) af de maligne tumorer, 87,5% (14/16) af 

borderline tumorer og i 16,7% (3/18) af de benigne tumorer, mens ingen af de 16 normale ovarier 

havde målbar met-HOXA9. Analysen havde således en diagnostisk nøjagtighed på 98%.  

 

Studie II: Analyseret i plasma havde 59,5% (47/79) af de nydiagnosticerede patienter målbar met-

HOXA9. Heraf havde 15 patienter FIGO stadium I-II (detektionsrate: 37,5%) og 32 FIGO stadium III-

IV-sygdom (detektionsrate: 82,1%). Analysens sensitivitet blev øget med 25% hos patienter med 

FIGO stadium I-II, når der blev anvendt assays rettet mod både sense- og antisensestrengen på 

DNA´et.  

 

Studie III: Met-HOXA9 ctDNA blev analyseret ved baseline før påbegyndelse af kemoterapi hos 

126 patienter med tilbagefald af ovariecancer. Patienter med målbar met-HOXA9 havde en 

median overlevelse på 8,9 måneder sammenlignet med 17,9 måneder hos de patienter, der ikke 

havde målbar met-HOXA9 ved baseline. Median overlevelsen var 5,3 og 33 måneder hos patienter 

med henholdsvis stigende og ikke-målbar met-HOXA9 efter første behandling.  
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Konklusion: Sammenfattende illustrerer denne afhandling, at met-HOXA9 er særdeles 

cancerspecifik og formentlig kan anvendes som generel markør i ovariecancer, idet størstedelen af 

patienterne har målbar met-HOXA9 i væv og plasma. Monitorering af met-HOXA9 ctDNA under 

kemoterapi kan potentielt supplere eksisterende evalueringsredskaber (billeddiagnostik og CA125) 

i den kliniske beslutningsproces.  
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