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Abstract 

1. Abstract 

Cancer patients' long-term survival largely depends on when the primary 

tumor and/or metastases are diagnosed. Liquid biopsy, including circulating 

tumor cells (CTCs) and circulating tumor DNA (ctDNA) taken from the blood of 

cancer patients can reveal critical details about the tumor status and 

progression. CTCs are considered the seeds of metastases, and their presence 

in the blood of patients predicts relapse-free and overall survival. Therefore, the 

phenotyping of cancer patients' CTCs may help translate the mechanisms that 

lead to tumor metastasis. In metastatic breast cancer patients, Keratin 16 (K16) 

expression was identified in 64.5% of detected CTCs, and it was associated 

with shorter relapse-free survival. K16 was found to be a metastasis-associated 

protein for breast cancer, promoting EMT and enhancing cell motility. Thus, 

assessing K16-CTCs status may provide predictive information that helps 

identify patients whose cancers are most likely to metastasize.   

ctDNA, on the other hand, can be used to study the entire tumor genome 

as well as monitor drug response and resistance. BRCA1 promoter methylation 

is a common epigenetic gene expression regulator in ovarian cancer. The 

conversion of methylation status is assumed to be the cause of disease 

recurrence. Liquid biopsy showed high potential and feasibility of monitoring the 

BRCA1 methylation status in ovarian cancer patients. By developing an MS-

PCR-based liquid biopsy assay, we could identify down to 0.03% of methylated 

DNA in a high background of normal DNA with 100% specificity. BRCA1 

promoter hypermethylation was detected in 60% of ovarian cancer patients, and 
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Abstract 

we found that 24% of them lost their hypermethylation patterns during 

treatment. Multivariate survival analyses showed that the relapses are 

independent events, and the hypermethylation and methylation conversion are 

independently correlated to more prolonged relapse-free survival. Indeed, 

longitudinal monitoring of BRCA1 methylation status in cfDNA may be a 

predictive marker. 

In estrogen receptor (ER)-positive metastatic breast cancer, ER is 

considered a direct target of endocrine therapy. The investigation of ER-CTCs 

status may have a predictive value for endocrine therapy response. We found 

that the status of CTC was positively associated with progression-free survival. 

A higher number of CTCs during therapy was linked to disease progression, 

while a lower or stable number of CTCs was associated with a better outcome. 

However, only a third of metastatic breast cancer patients with ER-positive 

initially diagnosed had detectable ER-positive CTCs. The detection and 

monitoring of ER-CTCs status seem to be essential in the management of 

breast cancer patients, which could be tested as a potential source of endocrine 

therapy resistance.  

ctDNA and CTCs are becoming crucial in clinical analysis for screening 

cancer by providing information about the genetic make-up of the total tumor 

burden present in the patient. In metastatic breast cancer, increasing ESR1 and 

PIK3CA mutations result in resistance to endocrine therapy. The clinical 

significance of these genes with FOXA1 and GATA3 is unknown. Using 

MassARRAY-UltraSEEK® technology could detect and monitor the hotspot 
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mutations of ESR1, PI3KCA, FOXA1, GATA3, AKT1, ERBB2, and TP53 genes 

in cfDNA and CTCs. Longitudinal analysis of cfDNA and CTCs revealed a 

signature subclone with significant prognostic information in breast tumor 

guidelines. Patients with subclones of FOXA1 (pE24K) and GATA3 

(pD336fs17) mutations, their tumors were more likely to progress. Both 

mutations were considerably raised upon chemotherapy alone or combined 

with endocrine therapy agents during tumor progression and at a progressive 

phase of a tumor. The combination of GATA3 with FOXA1, PIK3CA, and/or 

ESR1 was a strong predictor of tumor resistance and progression in patients 

with ER-positive metastatic breast cancer.  

Overall, Liquid biopsy-based biomarkers like ctDNA and CTCs together 

could provide unique opportunities for real-time monitoring disease progression 

and give more detailed information on genetic variations, as well as predictive 

therapeutic information for clinical management and patient outcomes. 
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Zusammenfassung 

2. Zusammenfassung 

Das langfristige Überleben von Krebspatienten hängt stark davon ab, 

wann der Primärtumor und/oder die Metastasen diagnostiziert werden. 

Flüssigbiopsien, zirkulierende Tumorzellen (CTCs) und zirkulierende Tumor-

DNA (ctDNA) einschließend, die aus dem Blut von Krebspatienten entnommen 

werden, können kritische Details über den Tumorstatus und den Fortschritt 

aufdecken. CTCs gelten als die Saat von Metastasen, und ihre Anwesenheit im 

Blut von Patienten gibt Aussagen über einen möglichen Rückfall und das 

Gesamtüberleben. Daher kann die Phänotypisierung der CTCs von 

Krebspatienten helfen die Mechanismen zu übersetzen, die zu 

Tumormetastasen führen. Bei Patientinnen mit metastasiertem Brustkrebs 

wurde die Expression von Keratin 16 (K16) in 64,5% der nachgewiesenen 

CTCs identifiziert und war mit einem kürzeren rückfallfreien Überleben 

verbunden. Es wurde festgestellt, dass K16 ein Metastasen-assoziiertes 

Protein für Brustkrebs ist, das EMT fördert und die Zellmotilität erhöht. Daher 

kann die Beurteilung des K16-CTCs-Status prädiktive Informationen liefern, die 

dabei helfen, Patienten zu identifizieren, deren Krebs höchstwahrscheinlich 

metastasiert. 

ctDNA hingegen kann verwendet werden, um das gesamte Tumorgenom 

zu untersuchen sowie das Ansprechen und die Resistenz von Medikamenten 

zu überwachen. Die Methylierung des BRCA1-Promotors ist ein häufiger 

epigenetischer Genexpressionsregulator bei Eierstockkrebs. Als Ursache für 

das Wiederauftreten der Erkrankung wird die Konversion des 
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Methylierungsstatus angenommen. Die Flüssigbiopsie zeigte das hohe 

Potenzial und die mögliche Durchführung der Überwachung des BRCA1-

Methylierungsstatus bei Patientinnen mit Eierstockkrebs. Durch die 

Entwicklung eines MS-PCR-basierten Flüssigbiopsie-Assays konnten wir bis zu 

0,03 % methylierter DNA in einem hohen Hintergrund normaler DNA mit 100 % 

Spezifität identifizieren. Bei 60 % der Patientinnen mit Eierstockkrebs wurde 

eine BRCA1-Promotor-Hypermethylierung festgestellt, und wir fanden heraus, 

dass 24 % von ihnen ihre Hypermethylierungsmuster während der Behandlung 

verloren. Multivariate Überlebensanalysen zeigten, dass die Rückfälle 

unabhängige Ereignisse sind und die Hypermethylierung und 

Methylierungskonversion unabhängig mit einem verlängerten rückfallfreien 

Überleben korreliert sind. Tatsächlich kann eine Längsüberwachung des 

BRCA1-Methylierungsstatus in cfDNA ein prädiktiver Marker sein. 

Bei Östrogenrezeptor (ER)-positivem metastasierendem Brustkrebs gilt 

ER als direktes Ziel der endokrinen Therapie. Die Untersuchung des ER-CTCs-

Status kann einen prädiktiven Wert für das Ansprechen der endokrinen 

Therapie haben. Wir fanden, dass der CTC-positiver Status mit dem 

progressionsfreien Überleben assoziiert war. Eine höhere Anzahl von CTCs 

während der Therapie war mit dem Fortschritt der Krankheit verbunden, 

während eine niedrigere oder stabilere Anzahl von CTCs mit einem besseren 

Ergebnis für die Patientinnen assoziiert war. Allerdings hatte nur ein Drittel der 

Patientinnen mit metastasiertem Brustkrebs, welche zu Beginn als ER-positiv 

diagnostiziert wurden, nachweisbare ER-positive CTCs. Der Nachweis und die 
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Überwachung des ER-CTC-Status scheinen bei der Behandlung von 

Brustkrebspatientinnen von wesentlicher Bedeutung zu sein, was als 

potenzielle Quelle für endokrine Therapieresistenz in ferner Zukunft werden 

könnte. 

ctDNA und CTCs werden in der klinischen Analytik zum Screening von 

Krebs immer wichtiger, da sie Informationen über die genetische Ausstattung 

der gesamten im Patienten vorhandenen Tumorlast liefern. Bei metastasiertem 

Brustkrebs führen zunehmende ESR1- und PIK3CA-Mutationen zu einer 

Resistenz gegenüber einer endokrinen Therapie. Die klinische Bedeutung 

dieser Gene bei FOXA1 und GATA3 ist unbekannt. Mithilfe der MassARRAY-

UltraSEEK®-Technologie konnten die Hotspot-Mutationen der ESR1, PI3KCA, 

FOXA1, GATA3, AKT1, ERBB2 und TP53 Gene in cfDNA und in CTCs 

nachgewiesen und überwacht werden. Die Längsanalyse von cfDNA und CTCs 

ergab einen charakteristischen Subklon mit signifikanten prognostischen 

Informationen in den Leitlinien für Brusttumore. Bei Patienten mit Subklonen 

von FOXA1 (pE24K) und GATA3 (pD336fs17) Mutationen war die 

Wahrscheinlichkeit einer Tumorprogression höher. Beide Mutationen waren bei 

alleiniger Chemotherapie oder in Kombination mit endokrinen Therapiemitteln 

während der Tumorprogression und in einer progressiven Phase eines Tumors 

erheblich erhöht. Die Kombination von GATA3 mit FOXA1, PIK3CA und/oder 

ESR1 war ein starker Prädiktor für die Tumorresistenz und den Fortschritt bei 

Patientinnen mit ER-positivem und metastasiertem Brustkrebs. 
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Insgesamt könnten Flüssigbiopsie-basierte Biomarker wie ctDNA und 

CTCs zusammen einzigartige Möglichkeiten für die Echtzeitüberwachung des 

Krankheitsverlaufs bieten und detailliertere Informationen zu genetischen 

Variationen sowie prädiktive therapeutische Informationen für das klinische 

Management und die Patientenergebnisse liefern. 
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Introduction 

3. Introduction 

3.1. Cancer 

Cancer is a disease of genes triggered by a build-up of errors and 

mistakes in a cell's DNA of tumor suppressors and proto-oncogenes genes. 

Proto-oncogenes promote biological process and proliferation, whereas tumor 

suppressors induce caspase-mediated cell death and are negative regulators 

of cell proliferation[1-4]. Genetic and epigenetic aberrations aim to activate 

proto-oncogenes and inactivate tumor suppressor genes [5]. Genetic 

alterations encompass chromosomal aberrations such as translocations, 

insertions, deletions, and copy number aberrations (CNAs), as well as single 

nucleotide point mutations [6]. Epigenetic changes include aberrant methylation 

and histone modification [4, 7-9]. Both genetic and epigenetic alterations play a 

key role in gene activity, cell differentiation, tumorigenesis, and other cellular 

regulatory processes. 

The major cause of cancer-related death is metastatic relapse, resulting 

from tumor cell colonization from the primary tumor into distant organs 

accompanied by organ failure [10, 11]. The dissemination route takes place 

principally through the circulation of the blood, where only a few circulating 

tumor cells (CTCs) can survive from several natural obstacles such as the 

immune system, anoikis, shear forces, and oxidative stress [10]. Tumor cell 

extravasation is commonly assumed to occur in distant organs, such as the 

brain, bone marrow, lungs, or liver, where disseminated tumor cells (DTCs) may 

remain dormant for several years before ultimately growing into an overt 
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metastasis [12]. Detection of DTCs in bone marrow was strongly associated 

with disease recurrence [13]. 

Epithelial to mesenchymal transition (EMT) and it is reverse process 

mesenchymal to epithelial transition (MET) are considered to be essential for 

metastatic process and formation of secondary tumor [14]. EMT seems critical 

for the initial escape by enabling individual tumor cells to migrate and invade 

[15]. Through participating in dynamic cellular and molecular changes in tumor 

cells such as loss of epithelial cell polarity, downregulation of junctional 

complexes (e.g., E-Cadherin (CDH1)) [16], upregulation of mesenchymal 

markers (e.g., Vimentin (VIM)) [16, 17], and reorganization of the actin 

cytoskeleton to produce the migratory phenotype required for cellular migration. 

EMT can be triggered by a wide range of intrinsic signaling molecules, such as 

tyrosine kinase receptors (RTKs) and TGF-β receptors, which are contributed 

to the activation of intracellular signaling pathways that induces EMT by 

upregulation of selected zinc finger (e.g., SNAI1, SNAI2, ZEB1, ZEB2) or 

TWIST1 and NOTCH1 transcription factors [18, 19]. MET contributes in the 

formation of secondary tumors after extravasation of tumor cells at a distant 

organ [15]. The tumor cell starts to undergo MET to sustain with epithelial-like-

phenotype and conserve its polarity. The epithelial like-phenotype allows tumor 

cells able to proliferate and form macrometastases of a secondary tumor. 

Indeed the epithelial cell plasticity enables the tumor cells to undergo a dynamic 

and reversible transition between the epithelial and mesenchymal like-

phenotype [20]. It has been shown that tumor cells undergoing a partial 
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transformation present a greater risk of metastasis than those undergoing either 

a mesenchymal or epithelial phenotype. 

Tumor heterogeneity is one of the key issues limiting the effectiveness of 

cancer target medicines and reducing treatment outcomes [21]. Within a 

primary tumor and its metastases, tumor heterogeneity refers to subpopulations 

of cells with diverse genotypes and phenotypes that may have different 

biological behaviors (e.g., Intra-tumour heterogeneity) [21, 22]. Since tumor 

heterogeneity promotes resistance, a precise assessment of tumor 

heterogeneity is critical for developing successful medicines. Multiregion 

sequencing [23], single-cell sequencing [21], and longitudinal analysis of liquid 

biopsy samples [24] have shown considerable ability to analyze complicated 

clonal structures of cancer. 

 

3.2. Liquid biopsy 

To monitor the molecular characterization of the tumor in real-time and 

identify possible therapeutic targets, material taken directly from the tumor 

should be screened [24]. Liquid biopsy is an emerging field dealing with 

detecting tumor states and progression from body fluids of cancer patients [25]. 

Liquid biopsy based on minimally invasive blood tests through studying blood-

borne biomarkers. These biomarkers include circulating tumor cells (CTCs) 

present in the mononuclear cell fraction and cell-free DNA (cfDNA), microRNA 

(miRNA), exosomes, and platelets derived from the plasma fraction [26]. This 
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method is used to detect biomarkers in blood or other body liquids for prognostic 

and predictive purposes and has several advances than using tissue only [27].  

CTCs detections were found to be predictive and pronounced in various 

early-stage of cancer entities [28]. CTCs have a limited half-life (between 1 and 

2.5 hours) in blood circulation [29]. However, the low number of tumor cells in 

the incredibly high background of normal cells requires highly sensitive 

techniques [25]. Different approaches for obtaining CTCs are based on either 

specific cellular markers expressed on the cell surface or depending on the 

cells' physical characteristics [30]. Antigens expressed by tumor cells enable 

positive enrichment, whereas white blood cell depletion will achieve negative 

enrichment [31]. Many commercially available instruments and test systems are 

approved as clinical diagnostic devices, which have allowed CTC to be 

identified, enumerated, and analyzed [32-35]. The most famous system for the 

enumeration and isolation of CTCs is the gold standard, the FDA-cleared 

CellSearch® system [33, 36]. This system detects CTCs based on binding to 

anti-EpCAM, cytokeratin (CK), and CD45 expression. CTCs count carries 

independent prognostic information in metastatic breast cancer patients. 

Consequently, the phenotyping of the CTCs can provide crucial information on 

the evolving characteristics of the tumor during progression and treatment 

resistance. 

Circulating tumor DNA (ctDNA) are cell-free DNA fragments released into 

the blood by tumor cells through cell death either by apoptosis or necrosis. The 

rate of ctDNA release into the blood circulation depends on the location, size, 
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and vascularity of the tumor, causing a variation in ctDNA levels among patients 

[37]. In blood circulation, a half-life of cfDNA is between 16 minutes and 2.5 

hours [38]. The cfDNA concentration in healthy individuals is an average of 30 

ng/ml of plasma ranging from 0 to 100 ng/ml, whereas it can go up to 1,000 

ng/ml for cancer patients [39, 40]. ctDNA accounts for 0.01% of the total cfDNA. 

This is extremely low concentrations making the downstream analysis is a 

challenge, particularly in the early stages of tumor development. ctDNA 

provides direct information about the genetic and epigenetic variations in the 

tumor, drug response, and resistance to therapy [37, 41]. 

In recent years, there has been a remarkable development in ctDNA 

detection and analysis technologies, such as NGS-based methods, that have 

made considerable progress in overcoming many of the challenges to reduce 

the error rate and increase the sensitivity of ctDNA detection [37]. Nonetheless, 

NGS-based methods are also relatively costly and time-consuming [42]. On the 

other hand, mass-spectrometry methods are promising tools for ctDNA 

screening due to their low cost, time, and DNA input requirements, as well as 

their high sensitivity and specificity [43, 44]. Furthermore, for a limited number 

of biomarkers, analysis using Real-Time PCR-based techniques is cost-

effective, fast, and practical in routine clinical practice [37, 45, 46]. Eventually, 

further standardization of these methods would make ctDNA a valuable 

substrate in cancer diagnostics. 
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3.3. Breast cancer 

Breast cancer is the most common cancer among women worldwide. It 

accounts for 11.7% of all new cancer cases in 2020 and about 25% of all cancer 

cases among women [47]. Incident cases of breast cancer are expected to 

increase by more than 46% by 2040, according to the GLOBOCAN Cancer 

Tomorrow prediction tool [47].  

Breast cancer usually starts off in the inner lining of milk ducts, the 

lobules, or the tissue in between. Breast cancer is a heterogeneous disease 

comprising multiple entities associated with distinctive histological and 

molecular subtypes identified based on their hormone status and/or gene 

expression patterns [48]. The most common histopathological type of breast 

cancer is invasive ductal carcinoma (IDC), with a prevalence of approximately 

80% of all breast cancers [49]. It is followed by invasive lobular carcinoma (ILC) 

with 10% of all invasive breast cancers [50]. 

On the molecular level, breast cancer is classified into five different 

clinical intrinsic subtypes [51]. The most prominent subtype is the Luminal A-

like subtype presenting up to 60% of all breast cancer cases [52]. Luminal A-

like subtype tumors are characterized with estrogen receptor (ER), 

progesterone receptor (PR) positive, negative for the human epidermal growth 

receptor 2 (ERBB2), and has a low expression level of the Ki-67 protein [53]. 

These tumors are dependent on hormones for growth and proliferation. Luminal 

A tumors characterize less aggressive and better prognosis. Luminal B-like 

subtype represents 30% of all breast tumors and is characterized by ER and /or 
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PR positive, and either ERBB2 positive or negative with high levels of Ki-67. 

Luminal B tumors generally grow slightly faster than luminal A tumors, and their 

prognosis is slightly worse [54]. The ERBB2-enriched subtype is hormone 

receptor-negative (ER and PR negative) and ERBB2 positive. ERBB2 -enriched 

cancers tend to grow faster than luminal cancers and can have a worse 

prognosis, but they are often successfully treated with targeted therapies for the 

ERBB2 protein [55]. Triple-negative/basal-like breast cancer subtype (TNBC) is 

hormone receptor-negative (ER and PR negative) and ERBB2 negative. This 

type of cancer is more common in women with BRCA1 and TP53 genes 

mutations. Patients with basal-like tumors have a worse prognosis than patients 

with luminal tumors [55]. Finally, the Normal-like subtype is similar to luminal A 

disease, hormone receptor-positive (ER and/or PR positive), ERBB2 negative, 

and a low expression level of Ki-67 protein. Its prognosis is slightly worse than 

luminal A tumors [55]. 

 

3.3.1. The functional role of estrogen receptor in breast cancer 

The estrogen receptor (ER) signaling plays an important role in the 

growth of both normal and neoplastic breast tissue [56]. The ER is a nuclear 

transcription factor and member of the steroid-thyroid-retinoid receptor 

superfamily (nuclear receptor superfamily), located at chromosome 6 [57]. The 

ER is comprised of two subdivisions ERα and Erβ [57]. ER is involved in 

regulating several physiological functions, including cell cycle progression and 

proliferation [58]. It is activated by binding to its ligands (17β-estradiol (E2)), 
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leading to induction and regulation of the development of secondary female sex 

characteristics after puberty and during pregnancy, as well as regulation of the 

menstrual cycle, and forming breast tissue and its further development [59, 60]. 

Since ER is a major driver of breast cancer, a large number of therapeutic 

strategies were established to inhibit hormone synthesis through selective ER 

modulators (SERM), selective ER down-regulators (SERD), or aromatase 

inhibitors (AI) in combination with either mTOR inhibitor or CDK4/CDK6 

inhibitors to disrupt of the ER signaling pathway in cancer cells [61-63]. 

Endocrine therapy is commonly used in women with ER-positive breast cancer 

as adjuvant therapy. However, endocrine therapy failure is noted in 15-20% of 

women whose tumors are intrinsically resistant to treatment, and 30-40% 

acquire resistance to treatment over many years [64]. 

Various mechanisms may cause resistance to endocrine therapy, 

resulting in either a deficiency of ER protein expression or ER pathway 

dysfunction. The resistance to the therapy causes tumor progression and 

metastasis, which is the cause of cancer-related deaths [63]. One of the 

resistance mechanisms to endocrine therapy is the overexpression of ERBB2 

in hormone receptor-positive cells, leading to downregulation of ER expression 

[63]. Also, upregulation of Receptor Tyrosine Kinases such as epidermal growth 

factor receptors (EGFR), fibroblast growth factor receptor (FGFR), hepatocyte 

growth factor receptor (HGFR), and vascular endothelial growth factor receptor 

(VEGFR) led to the activation of MAPK/ERK or PI3K/AKT signaling pathway 

that involved in endocrine resistance development [65]. 
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Mutations of the ER gene play an essential role in the effectiveness of 

anti-breast cancer drugs [48]. The majority of mutations are in the ligand-binding 

domain (LBD) region, leading to constitutive activation of the ER [66]. Multiple 

studies of next-generation sequencing and liquid biopsy in clinical trial cohorts 

have shown interest in the high prevalence of ERα mutations in ER-positive 

metastatic breast cancer patients who received prior AI treatment [67-69]. The 

most prevalent mutations presented in breast cancer patients are the D538G, 

Y537S, Y537N, Y537C, and E380Q [67, 70] (Figure 1). The ERα mutations 

were found to be uncommon in primary tumors but appear to be relatively 

common in endocrine resistance progression [66]. Thus, these mutations might 

be used as a predictive marker for endocrine treatment resistance in advanced 

breast cancer patients [63].   

 

 

 

 

Figure 1. Protein domain structure of ESR1 with hotspot mutations. The 

ESR1 is divided into four functionally separate domains: an amino-terminal 
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domain, harboring the N-terminal ligand-independent activation functional 

domain (AF1), a DNA binding domain (DBD), and a flexible hinge region, 

connecting the DBD domain with the carboxy-terminal ligand-binding domain 

(LBD), including the second transcriptional activation domain AF2. 

In addition to ESR1 mutations, PIK3CA mutations frequently occur in 

30% of breast cancer patients [71]. PI3K (PIK3CA) is commonly activated in 

breast cancer [72]. The activation of the PI3K/AKT pathway contributes to 

chemoresistance in breast cancer. Hot spot mutations H1047R, E542K, E545K, 

N345K, and H1047L are account for 73% of all PIK3CA mutations (Figure 2) 

[73]. Recent clinical studies have proposed the importance of PIK3CA 

mutations as a predictive marker for responses to PI3K inhibitors [74]. 

 

 

 

 

Figure 2. Protein domain structure of PIK3CA with hotspot mutations. 

PIK3CA encompasses regulatory subunit binding domain; ABD (adapter 

binding domain); RBD  (Ras-binding domain); C2 (calcium-dependent 
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phospholipid-binding domain); Helical (PI3K helical domain); Kinase (PI3/4-

kinase domain). 

 

Restoring the function of ER by reprogramming the ER-dependent 

transcriptome is one of the promoting endocrine-resistant cell growth. FOXA1 

and GATA3 are transcription factors required for ER binding and growth [75]. 

FOXA1 binds to achromatized DNA and opens the chromatin, enhancing ERα 

binding to its target genes  [76]. GATA3 is involved in the differentiation of 

luminal epithelial cells and the subsequent development of differentiated 

epithelial cells' ductal tree [77]. FOXA1 and GATA3 are associated mainly with 

the luminal transcriptional program. FOXA1 expression was observed in 42% 

of invasive carcinomas, while GATA3 expression was found in 48% [78]. ESR1 

binding was mediated by both GATA3 and FOXA1 to the cis-regulatory 

elements that drive the transcription of ESR1 target genes [75]. In breast 

cancer, FOXA1 is found to be mutated in 4.18% and GATA3 in 15% of breast 

cancer patients [79, 80] (Figure 3). 
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Figure 3. Protein domain structure of FOXA1 and GATA3 with hotspot 

mutations. (A) FOXA1 functional domains: Forkhead domain in N-terminal 

region; Winged helix DBD (winged helix–turn–helix DNA-binding domain); TA 

(transactivation domains). (B) GATA3 functional domains: TA1 and TA2 (two 

transactivation domains); Zn1 and Zn2 (two zinc fingers). 
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3.4. Keratins as diagnostic and prognostic markers in breast cancer 

Keratins are intermediate filament (IF) proteins that have been used in 

cancer diagnosis and prognosis [81]. These proteins are found mainly in 

epithelial cells, where they disperse across the cytoplasm to maintain cell 

structure and rigidity [82] as well as regulate intracellular signaling pathways 

[83]. Keratins are classified into type I (acidic) and type II (basic). Currently, 

there are 40 different keratins described in human epithelial cells, including 20 

(type I) and 20 (type II) keratins [84]. Type I epithelial keratins comprise K9–

K28, while type II encompasses K1–K8 and K71–K80 [81, 84].  

Keratin's expression patterns are specifically related to the epithelial type 

and stage of the cell differentiation of certain tissues [84]. Therefore, keratins 

are commonly used as an indicator of immunochemistry in diagnostic tumor 

pathology to identify tumor cells according to the original tissues, such as 

increased regulation of K7, K8, K18, and K19 in most breast adenomas in the 

breast, while K5/ 6, K14, and K17 are expressed in a basal subtype [85].  

Keratin 16 (K16) is one of the IFs located at chr.17q21.2, which encodes 

for the type I cytoskeletal 16 protein [83]. Previous studies showed that K16 

expression influences the keratinocyte organization, contributing to the changes 

in the morphology of epithelial cells and directly impacting the adhesion, 

differentiation, and migration of cells during wound healing [86-88].  

Although differences in keratin expression patterns between metastatic 

and non-metastatic tumors have been published several times, little is known 
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about the potential role of keratins in metastatic development. In silico analyses 

have previously shown a correlation between the gene expression level of K16 

and the period of metastasis-free survival of metastatic breast cancer patients. 

The analysis revealed that patients with high K16 expression levels in their 

primary tumor have shorter relapse-free survival compared to patients with a 

tumor expressing less K16 [85]. Therefore, it may be speculated that K16 is 

upregulated in tumor cells with high metastatic potential and that K16 might be 

associated with metastatic progression leading to a more aggressive course of 

breast cancer and shorter relapse-free survival. Thus, K16 could be a promising 

new prognostic marker for the metastatic capacity of poor-prognosis breast 

tumors. Further investigations of the cellular and differential background that 

promotes K16 regulation may help to better understand tumor malignancy. 

 

3.5. Ovarian cancer  

Ovarian cancer is one of the most prevalent female genital cancers in 

Germany, with one in approximately 71 women developing ovarian cancer over 

the course of her life [89]. Furthermore, it accounts for 3.2% of all malignant 

neoplasms in women and 5.3% of all female cancer-related deaths [89]. 

Ovarian cancer is typically diagnosed at an advanced stage (stage III-IV) with 

disseminated intra-abdominal metastasis that is associated with a long-term 

survival rate of only 20% [90]. The primary treatment of newly diagnosed 

ovarian cancer is cytoreductive surgery to achieve complete macroscopic 



 

 

22 
 

Introduction 

resection [91]. In addition, the standard management consists of (neo)adjuvant 

systemic treatment with carboplatin in combination with paclitaxel [92, 93].  

Although most ovarian cancer patients respond well to the initial 

chemotherapy, metastatic recurrence of the disease occurs in more than half of 

the cases within approximately two years and 70% within five years [91, 94]. 

Patients with defects in homologous recombination-directed DNA repair 

mechanisms are expected to be a benefit for most of the treatment with 

platinum-based therapy or PARP (Poly-ADP-Ribose-Polymerase) inhibitors in 

first-line therapy or in the case of a platinum-sensitive recurrence [95, 96]. 

However, the development of therapy resistance after disease recurrence is a 

major clinical challenge.  

Double-strand DNA breaks are repaired via homologous recombination 

(HR) and non-homologous end-joining (NHEJ) [97]. Unrepaired DNA damage 

can result in an accumulation of mutations and unregulated cell division. 

Therefore, homologous recombination deficiency (HRD) is related to cancer 

susceptibility and progression [98]. Germline or somatic mutations in HR genes 

have been identified in approximately one-third of ovarian carcinomas, and their 

presence is highly predictive of primary platinum and PARP-inhibitors sensitivity 

and favorable progression-free and overall survival [95, 99-101].  

BRCA1 (BReast CAncer gene 1) is the most frequently implicated gene 

in ovarian cancer. BRCA1 is essential for DNA repair, cell cycle checkpoint 

modulation, mitosis, chromatin remodeling, and transcriptional regulation [98, 

102]. Epigenetics, such as promoter hypermethylation is a dynamic mechanism 
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that plays an essential role in tumor evolution and in developing therapy 

resistance. In breast cancer, the hypermethylation of the BRCA1 promoter 

leads to downregulation of BRCA1 mRNA expression, resulting in defective 

homologous recombination characterized by the typical chromosomal 

aberrations seen in BRCA1 mutation carriers [103, 104]. 

In ovarian cancer tissue, The BRCA1 promoter was often found to be 

hypermethylated. However, the methylation status was unstable and lost in 

recurrent disease, indicating a potential resistance mechanism through the 

development of cancer-induced by the treatment [105]. Another possibility is 

that tumors comprise many (epi)genetic clones with hypermethylated and 

unmethylated BRCA1 promoters [106, 107]. Due to platinum-based therapy and 

PARP inhibitors, tumor cells with dysfunctional BRCA1 will be killed, whereas 

slow-growing tumor cells with functional BRCA1 will eventually overcome these 

therapies [108]. Whether the change in methylation status occurs through 

selection or evolution, detecting and monitoring BRCA1 promoter 

hypermethylation using liquid biopsy may significantly influence the clinical 

management of ovarian cancer patients who lack BRCA1 mutation [109]. 
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4. Aim of the work 

The main goal of the current study is to use liquid biopsy-derived 

materials (e.g., CTCs, cfDNA) to investigate biomarkers that may help in the 

early detection of micro-metastasis and tumor screening by providing 

information about the genetic and epigenetic variations in cancer patients.  

From the current work, five publications were conducted to address the 

above-indicated aim(s). 

Publication #1:  

This study set out to investigate the biological role of K16 in metastatic breast 

cancer cell lines and evaluate the clinical relevance of K16 in metastatic breast 

cancer patients by analyzing the K16 expression in CTC, i.e., the metastatic 

seeds. 

Publication #2:  

The purpose of this study was to develop a liquid biopsy assay that could 

determine the methylation status of the BRCA1 promoter to monitor 

hypermethylation of the BRCA1 promoter and investigate its clinical 

significance as a predictive biomarker in ovarian cancer patients. 

Publication #3:  

The main aim of this study was to evaluate the ER-CTC status employing ERα 

monoclonal murine ER-119.3 antibody used by Paoletti et al. in patients with 
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ER-positive metastatic breast cancer using the CellSearch System for the 

quantification of CTCs. 

Publication #4:  

This study aimed to screen the major hotspot mutations in ESR1, PI3KCA, 

AKT1, ERBB2, TP53, FOXA1, and GATA3 occurrence using UltraSEEK® 

Breast panel in one hundred one patients with ER-positive metastatic breast 

cancer during the course of treatment by MassARRAY® System and assessing 

the clinical value of identified mutations in respect of tumor progression and 

overall survival. 

Publication #5: 

 

This research aimed to provide a comprehensive overview of several 

approaches used to extract and characterize ctDNA. In addition, it highlighted 

the challenges that still need to be overcome to implement ctDNA-based liquid 

biopsy for precision medicine. 
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5. Publications 

5.1. Emerging insights into keratin 16 expression during metastatic 

progression of breast cancer 

The mechanisms leading to tumor metastasis remain poorly understood, and 

therefore phenotyping of CTCs from cancer patients may contribute to 

translating these mechanisms. We have previously shown in silico analysis that 

K16 mRNA expression upregulation might be associated with higher tumor 

aggressiveness. In the presented study, we found that K16 is a metastasis-

associated protein that promotes EMT and acts as a positive regulator of 

cellular motility by reorganizing the actin cytoskeleton, which is the driving force 

behind disrupting intercellular adhesion and directional migration. In metastatic 

breast cancer patients, 64.5% of the detected CTCs expressed K16, which was 

associated with shorter relapse-free survival (P=0.0024). This study, to our 

knowledge, is the first report indicating that K16 might be a metastasis-

promoting gene in breast cancer. 
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5.2. BRCA1 promoter hypermethylation on circulating tumor DNA 

correlates with improved survival of patients with ovarian cancer 

The development of highly sensitive and specific assays has made 

minimally invasive liquid biopsy in oncology possible. Especially in the clinical 

management of ovarian cancer patients, new assays for real-time monitoring of 

therapy response are direly required. In the study presented here, we 

developed and employed a liquid biopsy-based assay to monitor BRCA1 

promoter hypermethylation during the treatment of ovarian cancer patients. Our 

results suggest that hypermethylation (HR, 0.5614; 95%CI, 0.3774-0.8352; 

p=0.0044) and methylation conversion but in a lesser extent (HR, 0.6004; 95% 

CI, 0.3738 - 0.9644; p=0.0349) are independently correlated to longer 

progression-free survival. We present a highly sensitive and specific liquid 

biopsy assay that can assess BRCA1 gene promoter hypermethylation on 

circulating cell-free DNA from blood plasma. Our assay provides predictive 

information in ovarian cancer and might be used to enrich high-risk patients in 

clinical trials. 
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5.3. Detection and characterization of estrogen receptor α 

expression of circulating tumor cells as a prognostic marker 

Estrogen receptor is one of the most crucial biomarkers in breast cancer 

management. More than 60% of breast cancer patients express estrogen 

receptor (ER). Endocrine therapy is routinely recommended for metastatic 

breast cancer patients with estrogen receptor-positive. Nevertheless, 30-40% 

of patients treated with endocrine therapy developed resistance. Hence, 

detection and monitor estrogen receptor may serve as a predictor of endocrine 

therapy response. The presented study evaluated the ERα monoclonal murine 

ER-119.3 antibody used by Paoletti et al. in 109 blood samples from 60 

metastatic ER-positive breast cancer patients using the CellSearch system. We 

found that a high number of CTCs during therapy was associated with disease 

progression, whereas a lower number of CTCs or a CTC-negative status was 

associated with stable disease. A favorable relationship between CTC status 

and progression-free survival was detected during the course of the disease (P 

= 0.0045). We detected ER-positive CTCs in 32% of the CTC-positive samples, 

although all patients were diagnosed with an ER-positive primary breast tumor. 

The most obvious finding is that ER expression in individual CTCs was 

heterogeneous within and between patients, which highlights the value of ER in 

endocrine therapy resistance, which may need to be addressed on a large scale 

in future studies.  
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Abstract 

BACKGROUND. Detection of Circulating Tumor Cells (CTCs) in the blood is correlated to survival in metastatic 

breast cancer. Assessment of estrogen receptor (ER) expression in CTCs has been suggested as a potential marker 

to improve the clinical management of patients with hormonal positive breast cancer. Therefore, this study aimed 

to evaluate the expression of ER in CTCs using semi-automated quantification. 

METHODS. From sixty metastatic ER-positive breast cancer patients, 109 longitudinal blood samples were 

prospectively collected and analyzed using the CellSearch System in combination with the ERα monoclonal 

murine ER-119.3 antibody. 

RESULTS. Thirty-one cases were found to be CTC-positive and an increased number of CTCs during treatment 

was correlated with disease progression, whereas a decrease or stable amount of CTC number during treatment

was correlated with a better clinical outcome. Survival analyses further indicate a positive association between 

CTC status and progression-free survival (HR, 66.17; 95%CI, 3.66-195.96; P = 0.0045). Incubation with 

permeabilization agent is required for ER staining in tumor cells. In metastatic breast cancer patient that were 

initially diagnosed with ER-positive primary breast cancer, only a third harbor detectable ER-positive CTCs. 

CONCLUSION. As reported in other studies, CTC-positivity is correlated with shorter relapse-free survival and 

only a third of the CTC-positive patients harbor ER-positive CTCs. The expression of ER in individual CTCs was 

intra- and inter-patient heterogeneous, which might be further investigated as potential source of resistance to 

endocrine therapy in future studies. 
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Table 1 – Demographic statistics. Number of CTC-positive (CTC+) and CTC-negative (CTC-) blood samples 

divided according to clinical variables of the patients at primary diagnosis. P values were calculated using Welch’s 

two-sided t-test and Log likelihood ratio (G-test) test of independence with Williams' correction. CTC values were 

not available for 3 patients. 

 

At primary diagnosis N=60 CTC+ (n=20) CTC- (n=37) P value 

Age (years)     

Mean 

Range 

52 

28-76 

55 

39-76 

49 

28-75 

0.0848 

ER     

Positive 60 20 37 - 

PR     

Positive 

Negative 

54 

6 

18 

2 

34 

3 

0.8209 

ERBB2     

Positive 

Negative 

8 

43 

2 

15 

5 

26 

0.6896 

Grade     

G1-2 

G3 

29 

10 

11 

2 

18 

7 

0.3889 

T-stage     

1-2 

3-4 

34 

12 

12 

3 

21 

8 

0.333 

N-stage     

0 

1-3 

12 

33 

4 

11 

7 

21 

0.9077 

initial M-stage     

0 

1 

13 

12 

3 

2 

10 

9 

0.779 

     

At blood draw N=97 CTC+ (n=31) CTC- (n=68)  

Age (years)     

Mean 

Range 

62 

34-86 

63 

39-86 

62 

34-80 

0.8006 

Therapy     

Naïve 

Endocrine 

Chemo 

9 

37 

53 

4 

10 

17 

5 

27 

35 

0.6062 

Stage     

Stable 

Progression 

37 

29 

6 

14 

31 

15 

0.0053 
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5.4. Detection of ESR1, PIK3CA, FOXA1, and GATA3 therapy 

resistance mutations in metastatic breast cancer patients using a 

MassARRAY-Based liquid biopsy Assay 

Although many metastatic breast cancer patients initially respond to endocrine 

therapy, a large proportion of these patients develop resistance during systemic 

anti-estrogen therapies. Deep sequencing studies have highlighted the 

importance of acquired mutations of several genes, including the ESR1, 

PI3KCA, FOXA1, and GATA3 in driving resistance to endocrine agents. A very 

promising marker is ctDNA in combination with CTCs, which can provide a 

comprehensive image of genetic make-up. Major hotspot mutations in ESR1, 

PI3KCA, AKT1, ERBB2, TP53, FOXA1, and GATA3 were examined using 

MassARRAY-UltraSEEK® Breast panel in 272 blood samples from 101 

metastatic breast cancer patients during the course of treatment. In the 

presented study, mutations were found in 82.8 % of metastatic breast cancer 

patients. The most frequent mutated genes were ESR1, PIK3CA, FOXA1, 

GATA3, and TP53 in 53.5 %, 29.3 %, 31.3 %, 35.4 %, and 23.2 % of the 

patients, respectively. ctDNA and CTCs in longitudinal time-points showed a 

substantial level of intra- and inter-tumor heterogeneity involving polyclonal 

mutations with different clinical outcomes. During tumor progression, the 

FOXA1 pE24K mutation was considerably raised upon chemotherapy and 

Fulvestrant treatment (p<0.0001), while GATA3 pD336fs17 mutation 

significantly emerged in patients who received both endocrine agents and 

chemotherapy or chemotherapy alone (p<0.0001). The GATA3 mutations 
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combined with ESR1, FOXA1, or PIK3CA mutations represent prognostic 

information for tumor progression and resistance to systemic therapy. Overall, 

liquid biopsy contributes in the identification of biomarkers that correlate to 

therapeutic targets and tumor progression that may improve breast cancer 

patients' management. 

 

  

 

 

 

 

 



 

 

78 
 

Publications 

 

Detection of ESR1, PIK3CA, FOXA1, and GATA3 therapy resistance mutations in metastatic 

breast cancer patients using a MassARRAY-Based liquid biopsy Assay 

Maha Elazezy1, Retno Ningsi1, Alexander Sartori2, Sabine Riethdorf1, Harriet Wikman1, Volkmar 

Müller3,  Klaus Pantel1, and Simon A. Joosse1* 

1 Department of Tumor Biology, University Medical Center Hamburg-Eppendorf, 20246 Hamburg, 

Germany.   

2 Agena Bioscience GmbH, 22761 Hamburg, Germany  

3 Department of Gynecology, University Medical Center Hamburg-Eppendorf, 20246 Hamburg, 

Germany.  

*  Corresponding author (email: s.joosse@uke.de) 

 

Abstract 

Background: In metastatic breast cancer patients, the accumulation of ESR1 and PIK3CA mutations 

resulted in resistance to endocrine treatment; however, the clinical value of these genes with FOXA1

and GATA3 is unknown. Therefore, we evaluated the clinical benefit of candidate mutations of these 

genes independently in circulating tumor DNA (ctDNA) and circulating tumor cells (CTCs).    

Methods: In a prospective cohort of 101 patients with estrogen receptor-positive metastatic breast 

cancer, we assessed and monitored the candidate mutations in ESR1, PIK3CA, FOXA1, GATA3, 

ERBB2, AKT1, and TP53 during the course of therapy using MassARRAY-UltraSEEK® technology

and evaluated its clinical outcome.  

Results: Mutations were detected in 82.8% of metastatic breast cancer patients. The ESR1, PIK3CA, 

FOXA1, GATA3, ERBB2, AKT1, and TP53 genes were mutated in 53.5%, 29.3%, 31.3%, 35.4%, 3%, 

5% and 23.2%, respectively of the patients. We identified clinically relevant somatic mutations during 

tumor progression, FOXA1 (pE24K) significantly occurred upon chemotherapy and Fulvestrant 

treatment (p<0.0001), and GATA3 (pD336fs17) was significantly raised upon both endocrine agents

with chemotherapy or on chemotherapy alone (p<0.0001). A high degree of intra-and inter-tumor 

heterogeneity has been detected during longitudinal analysis. Emergence polyclonal mutations of 

GATA3 in combining with ESR1, FOXA1, or PIK3CA were associated with tumor progression and 

worse overall survival (p<0.0001).  

Conclusion: ctDNA and CTCs genotyping provide complementary prognostic information about 

disease progression and survival outcome. Mutations in the transcription factor GATA3 combined with

FOXA1, ESR1 or PIK3CA, appear to be a hallmark of risk for estrogen receptor-positive metastatic 

breast cancer patients.  

Keywords: Metastatic breast cancer; ctDNA; CTCs; mutations 
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1. Introduction 

Breast cancer is one of the most prevalent cancers among women with an incidence of 13.3% 

and a mortality rate of 7.3% in Europe in 2020 [1]. Over 75% of breast cancer are estrogen receptor-

positive (ER+) and thereby estrogen hormone-dependent for cell survival and proliferation [2, 3].

Hormone therapy, such as Tamoxifen, Fulvestrant, or Aromatase inhibitors (AIs), are the most preferred 

therapy to block estrogen receptor action or reduce estrogen concentration in primary and advanced 

disease settings [4-6]. Although, an initial response to hormone therapy can be observed in many 

metastatic breast cancer patients, a large proportion of these patients (30-40%) will develop therapy 

resistance [7].  

Numerous mechanisms, including cell survival regulation and cell signaling pathways, have 

been implicated as the most resistance-acquired drivers. Additionally, mutations in ESR1, the gene 

encoding for ER, have been shown to negatively correlate with the effectiveness of anti-breast cancer 

therapy [8, 9]. The majority of ESR1 mutations are in the ligand-binding domain (LBD) region

containing p.D538G, p.Y537N, p.Y537C, p.E380Q, and p.L536R mutations that are more frequent in 

metastatic breast cancer patients and contribute to AI resistance [10]. Besides ESR1 mutations, 30% of 

breast cancer patients often experience PIK3CA mutations [11]. The p.E542K and p.H1047R mutations 

are the most frequent driver mutations in PIK3CA [12]. These mutations contribute to the enhanced cell 

growth and serve as a predictor for response to treatment with PI3K/AKT/mTOR pathway inhibitors

[13]. Increasing evidence correlates DNA binding affinity between FOXA1, GATA3, and ESR1 [14]. 

FOXA1 and GATA3 are pioneer transcription factors involved in modulating chromatin condensation 

to permit ER recruitment in breast cancer cells. FOXA1 and GATA3 are frequently mutated in breast 

cancer, suggesting their contribution to endocrine-resistant breast cancer.[15, 16].  

Liquid biopsy, such as circulating tumor cells (CTCs) and circulating tumor DNA (ctDNA)

extracted from blood, is a novel minimally invasive approach to obtain longitudinally information 

about, e.g., the complete genetic make-up of a tumor [17-19]. MassARRAY liquid biopsy technology

provides a high throughput mass spectrometry-based assay to screen a somatic mutation profile with a 

sensitivity of down to 0.1% [20-22]. In the study presented, we screened the major hotspot mutations 

in ESR1, PI3KCA, FOXA1, GATA3, AKT1, ERBB2, and TP53 occurrence by using UltraSEEK® Breast 

panel in one hundred and one metastatic breast cancer patients during the course of treatment by 

MassARRAY® System and evaluating the clinical relevance of FOXA1 and GATA3 mutations in

metastatic breast cancer patients. 
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Ninety-six blood samples were collected into CellSave Preservative tubes, CTCs were captured 

and enumerated from 7.5 ml blood by the CellSearchTM system using the CELLSEARCH® CXC Kit® 

(cat. No. 7900017) [25]. After CTCs enrichment, cells of all samples (e.g., CTC positive and CTC 

negative samples) were transferred from CellSearch-Cartridge into PCR tubes for DNA isolation [26]. 

DNA was isolated by using QLAamp DNA Micro Kit (cat. no. 56304, Qiagen, Hilden, Germany) 

according to manufacturers’ instructions. DNA was quantified using Qubit® 2.0 Fluorometer dsDNA 

HS Assay Kits (Thermo Fisher Scientific, Eugene, OR, USA) [24].    

2. Material and methods 

2.1. Patients 

In this prospective study, 101 metastatic breast cancer patients were recruited during 2015-

2020. The patients were treated at the Department of Gynecologic Oncology, the University Medical 

Center Hamburg-Eppendorf, and received therapy according to international guidelines. All patients 

were with ER-positive primary tumor and selected based on the diagnosis of advanced disease with 

distant metastasis (Table 1). This study was approved by the local ethical board (ethical approval 

number: PV4367), and all patients enrolled into this study gave written informed consent.   

 

2.2. Plasma Sample preparation and cfDNA isolation 

One hundred seventy-six peripheral blood samples were collected into EDTA-containing tubes

and processed within 1 hour at room temperature. After centrifugation at 360x g for 20 minutes, the 

plasma was transferred to a sterile 15 ml falcon tube and centrifuged again at 5087x g for 10 minutes at 

room temperature. The supernatant was transferred to a new sterile 15 ml falcon tube and stored at 

−20°C until cfDNA isolation. cfDNA was isolated by Qiagen QLAamp Circulating Nucleic Acid kit 

(cat. no. 55114, Qiagen, Hilden, Germany) according to the manufacturers’ instructions [23]. cfDNA 

quantification was assessed using Qubit® 2.0 Fluorometer dsDNA HS Assay Kits (Thermo Fisher 

Scientific, Eugene, OR, USA) [24].  

 

 2.3. CTC enrichment and DNA isolation 
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2.4. Mutation Profiling with the UltraSEEK Breast Panel 

cfDNA and CTCs were screened using the custom UltraSEEK® Breast and GATA3/FOXA1

v1.0 panels (Agena Bioscience, San Diego, USA). The panels test for 50 mutations across 12 multiplex 

reactions in the genes ESR1 (E380Q, S576L, V392I, L536Q, K303R, Y537S, Y537C, Y537N, D538G, 

S463P, L536R), PIK3CA (N345K, E542K, E545K, E545A, E545Q, C420R, H1017R, H1047R), AKT1

(L52R, E17K), ERBB2 (S310F, G309E, L755_T759del, L755R, L869R, G309A, L755S, D769H, 

V777L, D769Y), TP53 (R248Q, R273C, R213X, R248W, R273H, Y220C, R175H), FOXA1 (I176V, 

I176M, F266L, D226N, E42K, S250F), and GATA3 (R365G, D336fs17, S93F, M294K, P409fs537, 

S137L). Initial amplification of the target regions that harbor the mutations of interest was done by two 

multiplex PCR reaction steps according to manufacturers’ instructions. The PCR products were treated 

with shrimp alkaline phosphatase for dephosphorylation of dNTPs and primer digestion. Next, a single-

base extension reaction with biotinylated chain terminator nucleotides specific to the mutant allele was 

performed in 12 multiplex reactions. The mutant-specific extension products were enriched by 

streptavidin-coated magnetic beads following the manufacturer’s instructions, then transferred to the 

automated MassARRAY® System with Chip Prep Module 96 (CPM96). Data were acquired via matrix-

assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry using the 

MassARRAY Analyzer. 

 

 2.5. Statistical analysis 

Data analysis of MassARRAY was performed using Typer software version 4.0.26.74 (Agena 

Bioscience, San Diego, USA). Normalized intensity was calculated for the signal intensity of the mutant 

allele, which had been normalized against the capture control peaks found in the spectrum [27]. A value 

of one represents the peak intensity of the observed mutant allele equal to the peak intensity of the 

average of the five capture control peaks found in the spectrum [27, 28]. The capture control peaks are 

biotin-labeled, non-reactive oligos, which are added to the extension reaction and used as an internal 

control for the streptavidin-bead capture and elution of the mutant extension product steps. Graphs were 

generated performing GraphPad Prism (GraphPad Software, San Diego, CA, USA). Statistical 

significance was defined as p < 0.05. Survival analysis was determined using a Kaplan–Meier curve 

and logrank test. The primary endpoint of progression-free survival (PFS) and overall survival (OS)

was defined as the time in months from a blood sample taken until the first progression and/or cancer-

related death, according to REMARK [29].  
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3. Results 

3.1. Study patient cohort and sample material 

Two hundred seventy-two blood samples were obtained at 185 time-points from 101 metastatic 

breast cancer patients during this study. Two patients were excluded due to missing clinical data and 

pre-analytical errors (Figure 1). Five percent (10/183) of samples were collected before the initiation of 

systemic therapy, 16% (30/183) of samples were collected during endocrine therapy, 45% (82/183) of 

samples were taken during chemotherapy, 34% (63/183) of samples were obtained during both 

endocrine and chemotherapy, and 2.7% (5/183) of samples failed in the analysis. One hundred twenty-

five multiple longitudinal blood samples were obtained from 41 patients during disease (Figure 1). The 

median follow-up was 20.3 months (range, 1-64.2), starting from the time point of blood analysis till 

the end of follow-up. At primary diagnosis, 96% of patients were diagnosed with ER-positive primary 

breast cancer; 11% of patients had ERBB2-positive, and 11% had primary metastasis. At blood draw, 

75% of patients had distant metastasis (Table 1). 

cfDNA was isolated from one hundred seventy-six blood samples. The median concentration 

of total cfDNA obtained from all patients' blood samples was 1085 ng/ml plasma at all time points 

(range, 104-76000 ng/ml; Supplementary Figure 1A). No significant differences were observed 

between the median cfDNA concentrations of cfDNA of patients who had no detectable mutations 

(wild-type (WT)) 888 ng/ml plasma and mutant cfDNA 1230 ng/ml plasma (p=0.4087, Welch’s t-test; 

Supplementary Figure 1B). Simultaneously to plasma DNA isolation, 96 blood samples from 57

patients were investigated for the presence of circulating tumor cells (CTCs) using the CellSearch 

system. CD45-/ Epcam+/ Keratin+ cells with an intact nucleus were interpreted as CTCs

(Supplementary Figure 1C). Three samples and three patients were excluded due to pre-analytical 

errors. In the total of 93 samples, CTCs were detected in 31% (29/93) of samples from 43.6% (24/55) 

of patients; 16 samples from 14 patients had ≥5 CTCs, 13 samples from 10 patients had <5 CTCs

(Supplementary Figure 1D), and 68.8% (64/93) of samples were CTC negative from 55.5% (30/54) of 

patients. Forty-eight CTC and matched cfDNA samples were obtained from 54 patients.   

 

3.2. Comprehensive detection of mutations in advanced breast cancer patients using UltraSEEK 

breast panel. 
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By performing MassARRAY technology, we screened 50 hotspot mutations in seven breast 

cancer-related genes (Supplementary Figure 2). The ESR1 somatic mutations are in the ligand-binding 

domain (LBD) region (Figure 2A), PIK3CA mutations are in the helical and kinase domains (Figure 

2B), while FOXA1 mutations are in forkhead N and DNA binding domains (Figure 2C), GATA3

candidate mutations are in zinc fingers domains (Figure 2D), in addition to AKT1, ERBB2, and TP53

hot spot mutations.  

The presence of somatic mutations in cfDNA was analyzed in 267 blood samples at 183 time-

points from 99 metastatic breast cancer patients using the UltraSEEK breast panel. We could detect 

mutations in 82.8% (82/99) of metastatic breast cancer patients who harbored at least one of the 

candidate mutations (Figure 3). Among the 99 patients 53.5% (53/99) were diagnosed with mutations 

in ESR1, 29.3% (29/99) in PIK3CA, 31.3% (31/99) in FOXA1, 35.4% (35/99) in GATA3, 5% (5/99) in 

AKT1, 3% (3/99) in ERBB2, and 23.2% (23/99) in TP53 (Figure 4A). The median variant allele 

frequency (VAF) of mutated genes was 0.525% (range 0.1-2.9%; Figure 4B). In circulating ESR1

mutant DNA of metastatic breast cancer patients, pD538G and pY537S mutations were found in 44.4% 

(44/99) and 6% (6/99), respectively (Figure 4C). The median VAF of ESR1 mutations was 1% (range 

0.1-2.9%) (Figure 4B), pY537S and pD538G were with the highest VAF of 2.1% (range 0.3-2.9%) and 

1.1% (range 0.4-2.7%) respectively (Figure 4D). Three PIK3CA hotspot mutations located in kinase 

and helical domains, pH1047R 11% (11/99), pE542K 11% (11/99), and pE545K 6% (6/9) were 

frequently detected in circulating DNA of metastatic breast cancer patients (Figure 5A). The median

VAF of PIK3CA mutations was 0.8% (range 0.2-2.7%) (Figure 4E).  

In FOXA1, the fork-head and DNA binding domains were the most commonly mutated region

detected in circulating DNA, which harboring pE24K 11% (11/99), pI176M 11% (11/99), and pI176V 

8% (8/99) mutations (Figure 4F). The median VAF of FOXA1 mutations was 0.3% (range 0.1-2.1%) 

(Figure 4B). Frameshift pD336fs17 in GATA3 was detected in 35% of patients (Figure 5G) at VAF of 

0.4% (range 0.2-1.4%) in circulating DNA (Figure 4D). Somatic alterations were also detected in AKT1

(pE17K (5%); Figure 4H), ERBB2 (pS310F (1%) and pL755-T759del (1%); Figure 4I), TP53 (pY220C 

(18%) and pR175H (2%); Figure 4J). 
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3.3. Mutation analysis of cfDNA and CTCs of patients with metastatic breast cancer. 

One hundred seventy-four cfDNA samples from 97 patients were analyzed. The ESR1, 

PIK3CA, FOXA1, and GATA3 genes were found to be mutated in cfDNA with a frequency of 33% 

(32/97), 28% (27/97), 27% (26/97), and 20% (19/97), respectively (Figure 4K). ESR1 and PIK3CA

mutations had a high VAF of 0.7% (range 0.1-2.9%) and 0.8% (range 0.2-2.7%), respectively (Figure 

4L and Supplementary Figure 3A). In CTCs, 93 samples of 54 patients were analyzed. We detected 

mutation in 86% (25/29) of CTCs positive samples and in 62.5% (40/64) of CTCs negative samples. 

The ESR1, GATA3, and TP53 mutations were the most frequently detected mutations in DNA derived 

from CTCs of patients with 67% (36/54), 41% (22/54), and 37% (20/54), respectively (Figure 4M). The 

VAF of ESR1 and GATA3 were was 1.2% (range 0.3-2.4%) and 0.45% (range 0.2-1.4%), respectively 

(Figure 4N). The pD538G in ESR1 and pD336fs17 in GATA3 were more frequent detected mutations 

in CTCs with VAF of 1.25% (range 0.4-2.4%) and 0.5% (range 0.2-1.4%), respectively (Supplementary 

Figure 3B). Comparing the detected mutations in cfDNA with matched DNA derived from CTCs of the 

same patients and its clinical value, we found an overlap in 36.5% (19/52) of patients. In total, the rate 

of detected mutations in CTCs enriched samples was 76.9% (40/52) and 65% (34/52) in cfDNA samples 

(Figure 4O). A high degree of genomic heterogeneity was observed in ctDNA compared to CTCs

(Figure 4O); nevertheless, no big difference in clinical statistical significance was detected between 

ctDNA and CTCs (Supplementary Figur 4A and 4B). Therefore, we combined ctDNA and CTCs 

mutation profiles to provide additional genomic information of metastatic tumor and evolving genetic 

signatures during disease progression. 

3.4. Association of frequently detected mutations with disease progression and systemic therapy

in metastatic breast cancer patients. 

Among 183 samples, 24.5% (45/183) were obtained from 34 patients diagnosed with the stable 

disease during the study, 12.6% (23/183) of samples were taken from 9 patients before they were 

diagnosed with progression. Whereas 53.5% (98/183) of samples were recruited from 44 patients after 

the diagnosis of progression, and 10.9% (20/183) of samples were collected from 8 patients at the 

progressive stage of the disease.    
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Of 82 patients with detectable mutations, 25.6% had a single mutation mainly detected at a 

stable disease stage. While 74.4% (61/82) of the patients showed a polyclonal mutation during disease 

progression or before. Out of 61 patients, 57% had two mutations detected either at the same gene or in 

two different genes, 29.5% (18/61) of cases showed three mutations detected during disease progression

or before, and 15% (8/61) of patients had four mutations detected at a progressive stage of patients 

(Figure 5A and Supplementary Figure 5).  

In metastatic breast cancer patients, the ESR1 gene was mutated in 43.2% (79/183) of 

circulating DNA samples. Including pD538G, pY537S, and pY537N mutations, were detected in 81% 

(64/79), 11% (9/79), and 3.8% (3/79) of ESR1 mutated samples, respectively. These mutations 

significantly emerged in patients who had received aromatase inhibitor and/or chemotherapy 

(p<0.0001; Supplementary Figure 6A) during disease progression and progressive stage of disease 

(p<0.0001; Supplementary Figure 6B). In addition, pE380Q mutation was identified in 5% (4/79) of 

ESR1 mutated samples and was associated with patients treated with Fulvestrant therapy and

chemotherapy (R2=0.2415; p<0.0001). 

PIK3CA mutations were found in 23% (42/183) of samples, including pH1047R, pE542K, and 

pE545K mutations were detected in 38% (16/42), 35.7% (15/42), and 21.4% (9/42), respectively of 

PIK3CA mutated samples. The pH1047R and pE542K mutations were significantly associated with 

patients who received chemotherapy alone or in combination with endocrine therapy (R2=0.2053; 

p=0.0020), while pE545K mutations significantly emerged in patients under both endocrine agents and 

chemotherapy (p<0.0001; Supplementary Figure 7A). The pH1047R, pE545K, and pE542K mutations

significantly occurred during disease progression (p<0.0001; Supplementary Figure 7B). 

FOXA1 mutations were observed in 22.4% (41/183) of circulating DNA samples. The pE24K,

and pI176V and, pI176M mutations were detected in 36.5% (15/41), 36.5% (15/41), and 26.8% (11/41)

of FOXA1 mutated samples, respectively. The pE24K and pI176V mutations were significantly 

occurred upon Fulvestrant and/or chemotherapy (p<0.0001; Figure 5B and 5C) during the disease 

progression and at a progressive phase (R2=0.1646; p=0.0077; Figure 5D and 5E). While the pI176M 

mutation was significantly observed during the progression of disease and in patients who received 

chemotherapy alone or combined with aromatase inhibitor (p<0.0001; Figure 5F and 5G).  

GATA3 mutations were detected in 27.9% (51/183) of circulating DNA samples, pD336fs17 

and pS93F mutations were observed in 92% (47/51) and 9.8% (5/51) of GATA3 mutated samples, 

respectively. The pD336fs17 mutation frequently emerged during the disease progression and at a 

progressive phase of the disease, particularly in patients treated with chemotherapy alone or combined 

with endocrine agents (p<0.0001; Figure 5H and 5I). Additionally, pS93F mutation was significantly 

raised in patients who received chemotherapy during disease progression and at a progressive phase of 

disease (p<0.0001; Figure 5 J and 5K).  
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Further analysis showed that ESR1 and PIK3CA were mutated in 11% of patients (Figure 5L) 

with no significant difference in a mutation load observed (p=0.9966; Figure 5M). However, patients 

with a high mutation burden of ESR1 exhibited a lower load of PIK3CA mutations and vice versa 

(Figure 5M). Interestingly, we found that 17% of patients had a mutation in both ESR1 and GATA3

genes, and 9% of patients exhibited a mutation in both ESR1 and FOXA1 genes, while 7% of patients 

had a mutated ESR1, FOXA1, and GATA3 fusion genes (Figure 5N). A significant difference in mutation 

load was observed between patients with ESR1 and GATA3 or patients with ESR1 and FOXA1 mutations 

(P<0.0001 and p=0.0002, respectively; Figure 5O and 5P). Overall, FOXA1 mutations appeared 

significantly during disease progression (R2=0.295, p=0.0030), while GATA3 mutations significantly 

occurred during disease progression (R2=0.202, p=0.0446) and at the progressive stage of disease

(R2=0.272, p=0.0064; Supplementary Figure 5).      

 

3.5. Monitoring hotspot mutations using serial cfDNA and CTCs samples from metastatic breast 

cancer patients. 

One hundred eighty-seven multiple longitudinal blood samples at 125 time-points were 

analyzed from 41 patients who experienced disease progression. Among 125 time points, 63 samples 

(50.4%) were collected during the chemotherapy course, 8 samples (6.4%) were taken during endocrine 

therapy, 47 (37.6%) samples were obtained during the systemic course of endocrine agents in 

combination with chemotherapy, and five samples failed in analysis. In the chemotherapy cohort, 25% 

of blood samples were collected before patients were diagnosed with progression, and 48.4% of blood 

samples were obtained after and during a tumor is progressed. Before tumor progression, the ESR1

(37.5%) and GATA3 (43.8%) mutations were the most common. (Figure 6A). While after and during 

the patients were diagnosed with disease progression, the ESR1 (38.7%), PIK3CA (25.8%), FOXA1

(32.3%), GATA3 (22.6%), and TP53 (22.6%) mutations were the most detected (Figure 6B). In the 

endocrine therapy cohort, 73% of blood samples were received after patients were diagnosed with 

progression. The most mutated genes raised during the endocrine therapy course were ESR1(62.5%), 

FOXA1 (37.5%), GATA3 (25%), and TP53 (25%) mutations (Figure 6C). At advanced settings, ESR1

and GATA3 mutations were significantly correlated to a progressive phase of the disease (Figure 6D).  

The median follow-up time of metastatic breast cancer patients was 20.2 months. Throughout 

follow-up visits (Figure 6E), ESR1 (R2=0.7048, p=0.0091), FOXA1(R2=0.6228, p=0.0199), and GATA3 

(R2=0.7040, p=0.0092) mutations were significantly raised along with disease progression. Figure 6F

and 6G show the disease progression in two patients, including the concentration of the tumor markers

CA15-3 and CEA assessed for regular diagnostics, the systemic therapy provided, the disease status, 

and the variant allele frequency of detected mutations. Both patients had distant metastasis in bone, 
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liver and /or lung. In the first patient, we tracked the profile of somatic mutations in seven serial blood 

samples throughout the course of treatment. FOXA1 (pI176V) mutation was present at 0.2% VAF in

the second follow-up sample and was absent in the following samples. ESR1 (pD538G), PIK3CA

(pE542K), and GATA3 (pD336fs17) emerged during follow-up samples, and the mutation frequency 

increased during the treatment (Figure 6F). In the second patient, we monitored the somatic mutations

in three serial blood samples during the progressive stage of disease at which the patients were treated 

with chemotherapy. ESR1 (pD538G) and GATA3 (pD336fs17) were detected during the treatment 

course at 0.5% and 0.3% VAF, respectively which increased to 1.8%(ESR1) and 0.6% (GATA3) VAF 

as the disease progressed (Figure 6G).      

 

3.6. Survival analysis 

PFS and OS analysis were performed to test the difference in survival between metastatic breast 

cancer patients who harbor ESR1, PIK3CA, FOXA1, and GATA3 mutations compared to wild-type 

(WT) circulating DNA of patients who had no detectable mutations. We considered each time point as 

an event; In total, 183 events were recorded during the study. 

Firstly, we analyzed the outcome of candidate mutations independently. Starting with patients 

whose circulating DNA harbor ESR1 mutations, we found that patients with pY537N mutation showed 

significantly worse PFS (median: 5 months; p=0.0008) than WT circulating DNA (Figure 7A). We also 

observed that patients with pY537S (median: 15 months; p<0.0001) and pY537N (median: 18 months; 

p=0.0016) mutations had significantly shorter OS than patients with pD538G (median: 45 months; 

p=0.0154) mutations compared to WT cohort (Figure 7B). In patients with PIK3CA mutations, we 

found that patients with pH1047R (p=0.0017) mutation had worse PFS than the WT cohort (Figure 7C).

At the same time, OS analysis showed that patients with pE545K (median: 18 months; p<0.0001) and 

pH1047R (median: 19 months; p<0.0001) mutations had significantly shorter OS than patients with

pE542K (median: 24 months; p=0.0172) mutation compared to WT cohort (Figure 7D and 

Supplementary Table 1). Furthermore, in patients who had a mutant FOXA1 fusion gene, we found that 

patients with pE24K mutation had significantly worse PFS (median: 5 months; p<0.0001) and OS 

(median: 8 months; p=0.0014) compared to WT circulating DNA (Figure 7E and 7F). Also, patients 

who had pI176V (median: 17 months; p<0.0001) mutation were associated with worse outcomes 

compared to the WT group (Figure 7F). Finally, patients with GATA3 mutations who had frameshift 

pD336fs17 (p<0.0001) and pS93F (p=0.0256) mutations revealed significantly worse PFS than the WT 

cohort (Figure 7G). Also, those patients had shown a significantly shorter OS (median: 14 months; 
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p<0.0001 and median: 19 months; p=0.0276), respectively, compared to the WT cohort (Figure 7H and 

Supplementary Table 1).   

Next, we analyzed the survival benefit of single and polyclonal mutant genes. Surprisingly, 

metastatic breast cancer patients whose circulating DNA harbor only ESR1 mutations showed no 

significant difference in survival rate for PFS (p=0.948) and OS (p=0.819) compared to the WT 

circulating DNA cohort (Figure 8A, and 8B). Also, patients with PIK3CA mutations were not 

significantly for PFS (p=0.0503), but they showed shorter OS (median: 19.2 months; p=0.0002) than 

WT. Whereas metastatic breast cancer patients who had either GATA3 (p=0.0048) or FOXA1

(p=0.0051) mutations were more prone to tumor progression (Figure 8A) and had a shorter OS (median: 

14.9 months; p<0.0001 and median: 18 months; p=0.0034) respectively, compared with patients who 

had ESR1 mutations and/or WT cohort (Figure 8B, and Supplementary Table 2). 

A significant reduction in PFS and OS survival median was observed in patients who had 

emerged more than one mutated gene compared to patients with a single mutated gene. In particular,

patients with GATA3 mutated subclones that appeared with other mutated genes had a shorter survival 

rate than other polyclonal mutant genes (Supplementary Figure 8). We found that patients who had 

either both ESR1, FOXA1, and GATA3 or ESR1, PIK3CA, and GATA3 mutant showed shorter PFS

(median: 7 months; p=0.0002 and median: 12.5 months; p=0.017, respectively) and OS (median: 19

months; p=0.0047 and median: 17 months; p<0.0001, respectively) than patients who had ESR1 and 

FOXA1 or ESR1 and PIK3CA only (Figure 8C and 8D).  

Furthermore, patients with FOXA1 and GATA3 mutations were progressed significantly faster 

(median: 2.9 months; p<0.0001) than other polyclonal groups such as ESR1, FOXA1, and GATA3 

mutations (median: 7 months; p= 0.0022) or patients with ESR1 and GATA3 mutations (p=0.0016; 

Figure 8E). At the same time, patients with FOXA1 and GATA3 mutations had significantly emerged 

worse OS (median: 9 months; p<0.0001) than patients with combined ESR1, FOXA1, and GATA3

(median: 19 months; p=0.0047) compared to WT cohort (Figure 8F and Supplementary Table 2).  

4. Discussion 

In this prospective study, we screened and monitored 50 different candidate mutations in ESR1, 

PIK3CA, FOXA1, GATA3, AKT1, ERBB2, and TP53 genes using MassARRAY-UltraSEEK®

technology and investigated the prognostic impact of detectable mutations in ctDNA and DNA-derived 

CTCs of estrogen receptor-positive metastatic breast cancer patients. The high sensitivity and 

specificity of the UltraSEEK® Breast Cancer Panel were recently verified [30]. The most crucial 

advantage of MassARRAY®-UltraSEEK® technology is that it can perform in ctDNA and CTCs, fast 

and cost-effectively.  
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During disease progression and prolonged exposure to hormonal and chemotherapy, subclones 

with different candidate point mutations are chosen and enriched in metastatic tumor settings. 

Development of the ESR1 and PIK3CA mutations has recently been identified as an acquired mutational 

process that contributes to ER-positive breast cancer resistance and metastasis. In circulating DNA, 

ESR1 and PIK3CA were mutated in 53% and 29% of breast cancer patients who experienced 

progression, respectively. The  pY537S and pY537N mutations in ESR1 were a good prognostic factor 

in predicting tumor progression upon Aromatase inhibitor and/or chemotherapy and were associated 

with shorter overall survival. Among the PIK3CA mutations, pH1047R, pE542K, and pE545K were the 

most frequently observed mutations during tumor progression, which are in accord with previously 

reported data [11, 12, 31-34]. 

Nevertheless, 26.8% of patients whose tumors progressed did not have ESR1 and PIK3CA

mutations indicating an alternative resistance mechanism involved in tumor progression upon systemic 

therapy. We found that these patients had a cumulation of FOXA1 and/or GATA3 mutations. Recently, 

restoration of ER function by recruitment transcription factors, particularly FOXA1 and GATA3, has 

been highlighted as one of the acquired resistance mechanisms in ER-positive breast cancer [14, 35]. 

FOXA1 and GATA3 mutations were detected in 31% and 36%, respectively, of metastatic breast cancer 

patients. Wide variation in frequency distributions rate of FOXA1 and GATA3 mutations in breast 

cancer was observed, probably due to different detection techniques, cohort selection criteria, detectable 

mutation site, and material sources (i.e., tissue, cfDNA, and CTCs) [35-39]. The pI176V and pE24K

mutations in FOXA1 frequently occurred in metastatic breast cancer patients. The pI176V was a cluster 

in the winged-helix domain and was associated with worse outcomes. The functional role of winged 

domain mutations has been found to be a hallmark of risk for breast cancer by increasing the chromatin 

binding affinity at the estrogen receptor sites [35]. Whereas the pE24K mutation was in the forkhead-

N domain, it was significantly correlated to a progressive stage of tumor and associated with poor PFS 

and OS outcome of patients. However, this mutation was reported in COSMIC from three 

comprehensive studies on breast cancer; its functional role in breast cancer is not yet clear [40-42]. The 

majority of GATA3 mutations were located in the second zinc finger and C-terminus domains [43]. In 

the current study, frameshift pD336fs17 mutation in the second zinc finger domain correlated to disease 

progression and poor outcomes. A recent study showed that frameshift pD336fs17 mutation was 

contributed to a growth advantage of breast cancer [43]. We found in our study that GATA3 mutations 

were significantly associated with chemotherapy regimens which were consistent with Tominaga et al.

[44]. In contrast, Gustin et al. found that GATA3 mutations did not impact the sensitivity to endocrine 

therapy or chemotherapeutic agents [43]. A strong relationship between FOXA1, GATA3, and ESR1 has 

been reported in several studies [14, 45, 46]. One of the observed findings was a significant positive 

correlation between ESR1 and GATA3 mutations, which were frequently detected in CTCs than ctDNA. 
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correlation between ESR1 and GATA3 mutations, which were frequently detected in CTCs than ctDNA. 

In accordance with Davis and colleagues found that a high number of CTCs were strongly related to 

ESR1 and GATA3 mutations [47], which may contribute to the metastatic process of breast cancer. 

A high degree of intratumor heterogeneity in the setting of disease progression or drug regimens 

was observed. Patients with a single mutant gene had a more favorable survival than those with two or 

more mutant genes. As shown by patients who had  ESR1 mutant gene did not vary from the WT cohort 

in terms of PFS and OS; during the study, most of these tumors were diagnosed as disease stable and 

had a single mutation of ESR1. We observed that 76% of ESR1 mutant patients had pD538G mutation,

which was associated with a better outcome. This finding possibly explained that not all mutations are 

equivalent and have the same impact on breast tumor progression and survival outcome. As well as, 

PIK3CA mutations were not a good predictor of PFS, but they showed significant prognostic 

information for OS. On the other hand, circulating tumor DNA of patients who emerged subclones of 

FOXA1 or GATA3 mutations, their tumors were more prone to progress. They also showed worse

overall survival, indicating the risk factor of FOXA1 and GATA3 mutations in breast cancer. 

Another interesting finding is that the accumulation of GATA3 mutated subclones combined

with ESR1 and FOXA1 mutations showed fast progression and worse outcomes than single mutated 

genes. Surprisingly, survival benefits were observed in patients who carry subclones mutations of ESR1

and FOXA1. We found that 66.7% of this cohort carried pD538G and pI176M mutations that did not

significantly impact on tumor progression and had a better survival rate than other subclonal mutations. 

Whereas patients whose tumor encompasses FOXA1 and GATA3 mutations progressed faster in 2.5 

months and had a worse survival rate at nine months than other subclonal cohorts. In this cohort, 71% 

of patients encompassed subclones of pE24K and pD336fs17 mutations. Both mutations provided 

useful prognostic information about the tumor progression over chemotherapy as well as overall 

survival probability. Taken all together, the capacity to detect these mutations non-invasively might 

lead to a more personalized selection of effective treatment options in the future. ctDNA and CTCs 

serve as a source of tumor cells for genotyping and facilitate the longitudinal analysis of genomic 

heterogeneity. Our findings suggest the value of combining CTCs with ctDNA-derived biomarkers.

Finally, mutations in FOXA1 and GATA3 transcription factors provide insight into the underlying 

therapy resistance that may directly influence treatment decision-making and cancer prognosis.  
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5. Conclusion 

Breast tumors are comprised of sub-clonal populations with different mutations and clinical 

outcomes. ctDNA and CTCs in longitudinal time points allowed to identify hallmark subclones that 

have a prognostic value in tumor management. The GATA3 with PIK3CA, FOXA1, and/or ESR1

represent a high risk of metastatic breast cancer patients and a good predictor of tumor resistance and 

progression.  
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Table 1. Patient characteristics of metastatic breast cancer 

Characteristic at primary diagnosis Overall number (%) 

Number of patients 101 

    

ER status  

Positive 96 (96%) 

Negative 4 (4%) 

Missing 1 

PR status  

Positive 88 (88%) 

Negative 12 (12%) 

Missing 1 

ERBB2 status  

Positive 11 (11%) 

Negative 82 (82%) 

Missing 8 

Grade  

G1-2 48 (48%) 

G3 23 (23%) 

Missing 30 

T-stage  

T1 21 (21%) 

T2 35 (35%) 

T3 13 (14%) 

T4 11 (10%) 

Missing 21 

N-stage  

N0 22 (22%) 

N1 60 (60%) 

Nx 2 (2%) 

Missing 17 
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Distant metastasis  

M0 30 (30%) 

M1 18 (18%) 

Mx 5 (5%) 

Missing 48 

Menopausal status  

Pre/perimenopausal 12 (12%) 

Postmenopausal 20 (20%) 

Missing 69 

At blood draw N= 272 samples 

Time-point N=185 time-points 

Distant metastasis  

M1 75/101 (75%) 

M0 18/101 (18%) 

Missing 8 

  

Adjuvant systemic therapy  

Hormone therapy 30/185 (16%) 

chemotherapy 82/185 (44%) 

Both 63/185 (34%) 

Non 3/185 (1.6%) 

Missing 6 

ER = estrogen receptor, PR = progesterone receptor, ERBB2 = Erb-B2 Receptor 
Tyrosine Kinase 2, HR = hazard ratio. 
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represents the median. The prevalence of detected mutations of (E) PIK3CA, (F) FOXA1, (G) GATA3, 

(H) AKT1, (I) ERBB2, and (J) TP53 in patients (n=99). (K) The frequency of mutated genes in cfDNA 

of breast cancer patients (n=97). (L) Mutation load of mutated genes in cfDNA (n= 98). (M) The 

frequency of mutated genes in CTCs of patients (n= 54). (N) Mutation load of mutated genes in CTCs 

(n= 56). (O) Venn diagram depicting shared and distinct somatic mutations in cfDNA and CTCs. 
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5.5. Techniques of using circulating tumor DNA as a liquid biopsy 

component in cancer management 

This study focused on the use of circulating tumor DNA (ctDNA), which 

is derived from a tumor for the clinical treatment of cancer patients. The study 

provided a comprehensive overview of the many procedures used to extract 

and characterize ctDNA (e.g., Next-generation sequencing (NGS), Digital-PCR 

platforms, Real-time PCR-based methods, and Mass-spectrometry 

technology). Further, we addressed the challenges that still need to be 

overcome in order to accomplish ctDNA-based liquid biopsy for precision 

medicine. 
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 6. Discussion 

Tumor heterogeneity is a hallmark of cancer and one of the leading 

causes of cancer therapy resistance, tumor progression, and metastasis. There 

is a high degree of heterogeneity, which requires a comprehensive sampling of 

each metastatic lesion via several and repetitive tissue biopsies. In clinical 

practice, this is not possible because tissue biopsies are restricted to a few 

sampling time-points and available locations and because common sites of 

metastasis that are difficult to biopsies, such as bones, lungs and brain. Liquid 

biopsy is an alternative strategy for real-time monitoring of drug response and 

resistance, as well as assessing tumor heterogeneity and understanding the 

biology of metastatic development (see publication #5). 

 

6.1. Characterization of  CTCs provide insights into the metastatic 

progression 

CTCs are one of the liquid biopsy-derived materials. CTCs are derived 

from both primary and metastatic lesions; thus, CTCs represent an intermediate 

stage of metastasis [110]. Although not all tumor cell subpopulations are able 

to metastasize and most of CTCs die, only a few CTCs can extravasate into 

other tissues, survive in a dormant state, escape the immune system and 

systemic therapy, and ultimately grow and forming metastasis [11, 111]. 

Adaptation to a new microenvironment and growth of a single tumor cell in a 

distant location need the cell to possess or acquire specific characteristics to 
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grow into an overt metastasis that can be detected by clinical techniques [12]. 

The epithelial to mesenchymal transition (EMT) is thought to play a crucial role 

in cancer propagation and metastasis. During this process, downregulation of 

intercellular adhesive complexes (e.g., E-cadherin-based adherens junctions), 

followed by loss of apicobasal polarity, gaining carcinoma cells' ability to migrate 

and invade [14]. The reverse process, known as mesenchymal to epithelial 

transition (MET), is essential in the formation of metastatic tumors. The high 

plasticity of carcinoma cells allows them to change from epithelial to 

mesenchymal-like phenotypes in a dynamic and reversible manner. A key 

aspect of the EMT is the reorganization of the cytoskeleton, which includes 

alterations in intermediate filaments, that may contribute to the induction of cell 

motility [85]. The heterogeneity of CTCs in phenotypic and genetic plasticity 

contribute to modulate therapy effectiveness and show different capacities to 

metastasize [21]. Therefore, CTCs phenotype is essential for identifying 

biomarkers that may help recognize tumor cells that can initiate metastatic 

colonization at distant sites. Using CTCs as a liquid biopsy, we identified in the 

current study three tumor cell subsets with different expression patterns of 

keratins (K16+/C11+, K16+/C11-, K16-/C11+) during the tumor progression of 

patients with metastatic breast cancer. A significantly shorter-free survival was 

observed for patients whose CTCs overexpressed K16 compared to patients 

who had CTCs with negative K16 expression. We found that K16 has a positive 

correlation to an intermediate mesenchymal phenotype and was mainly 
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observed in cells that have a hybrid phenotype of epithelial and mesenchymal 

cell features.  

Another important finding is that K16 showed a regulatory effect on EMT, 

allowing epithelial carcinoma cells to undergo various morphological and 

biochemical changes that enable them to become more plastic and thus able to 

migrate (see publication #1). Yuanhua L. and colleagues showed that K16 has 

a regulatory role in EMT and that the transcription factor TF-AP2A in EMT-

related pathways induced K16 expression in lung adenocarcinoma [112]. In 

consistence, we found that under the conditions of inducing K16 expression, a 

reorganization of actin microfilaments was observed in MCF7 cells forming long, 

parallel, thin stress fibers. These modifications in actin microfilaments seem to 

be a motivating force behind disrupting intercellular adhesion and directional 

migration. In line with this, on the one hand, induction of K16 expression has 

been shown to enhance migration in MCF7 cells, on the other hand, K16 

depletion impaired cell migration. It is then tempting to hypothesize that K16 

regulates the plasticity and reorganization of the actin microfilaments to facilitate 

cell migration, which is a critical step in the metastatic process. Based on our 

findings in the current study, K16 may represent a novel metastasis-associated 

protein in breast cancer via  (i) regulating cell motility and (ii) inducing the EMT 

regulator genes. Therefore, assessing and monitoring the K16 status in CTCs 

may provide predictive information that helps identify patients whose tumors are 

more prone to metastasize. (see publication #1 and Appendix 8.1). 
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6.2. Potential of ctDNA  to monitor clinically relevant cancer-related 

epigenetic modifications 

Another blood-based biomarker of liquid biopsy is ctDNA, which 

originates directly from the tumor or CTCs that shed from primary tumors and/or 

metastatic lesions. Here, we reported that the concentration of cfDNA was 

significantly higher in ovarian cancer patients compared to healthy controls, 

indicating the use of cfDNA as a potential biomarker for cancer diagnosis (see 

publications #2 and #5). The quantification of cfDNA concentration has been 

studied in order to discriminate between benign and malignant diseases (see 

publication #5).  

In ovarian cancer, several studies have documented the distinct cfDNA 

concentrations between patients and healthy controls; they found that the 

cfDNA level has been increased in patients with advanced-stage compared to 

a benign tumor and healthy controls [42-44]. Furthermore, ctDNA has shown a 

high potential for tracking clinically significant cancer-related epigenetic 

changes and provides direct information about the methylomic make-up and 

genomic alteration of the tumor [37, 113, 114]. Previously, we have shown that 

BRCA1 promoter hypermethylation was more frequent in primary tumors 73.7% 

than recurrent tumors 20.8% [105]. In the present study, BRCA1 methylation 

frequency was significantly higher in ovarian cancer patients in which 46% of 

patients lost the function of BRCA1 during their treatment; as a result of 
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hypermethylation of the BRCA1 promoter, which is contributing to impair the 

tumor cells to repair DNA cross-links introduced by chemotherapy agents (see 

publication #2). Therefore, we tested whether the identification of the 

methylation status of the BRCA1 promoter using ctDNA might have a predictive 

role in ovarian cancer patients' outcomes.  

A significant limitation in verifying the therapeutic importance of drug 

resistance is the challenge of collecting tumor biopsies following initial 

diagnosis, at a period when resistant subpopulations might be more evident. 

ctDNA has shown a high potential in tracking and monitoring tumor dynamics 

in several previous studies [115-118]. We developed a highly sensitive and 

specific liquid biopsy assay that could detect down to a single molecule 

(<0.03%) in a high background of normal DNA. Five CpG sites were analyzed 

to verify the enrichment of methylated DNA sites, which were previously 

associated with very low BRCA1 expression in breast cancer cell lines [119] 

(see publication #2). Employing this sensitive method on multiple blood samples 

from ovarian cancer patients during the course of treatment, we detected a 

conversion of methylation status in 24% of methylation-positive patients, 

indicating a possible development of therapy resistance (see publication #2). 

Since all ovarian cancer patients' treatment regimens were heterogeneous, and 

because they can have several relapses, the survival analyses were conducted 

using two multivariate models. These models were applied to test two 

assumptions about how a tumor acquires medication resistance either due to 

therapy-induced evolution or as a result of selection (see publication #2 and 
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Appendix 8.2). Multivariable analyses showed that the methylation status of the 

BRCA1 promoter was an independent predictor of survival, assuming that 

relapse is independent of previous relapses. Further, our survival analysis 

showed that ovarian cancer patients with methylated BRCA1 promoter had a 

significantly lower risk for disease-related progression. Interestingly, patients 

who had BRCA1 hypermethylated and subsequently converted to unmethylated 

BRCA1 had lower median survival than the patients who maintained a constant 

positive methylation status throughout the course of the disease but they had 

better survival than patients who had an unmethylated BRCA1 promoter. 

Hence, the detection of methylation patterns in ctDNA can be used to monitor 

the methylation status of BRCA1 by analyzing serial blood samples during the 

disease and predicting the survival of ovarian cancer patients (see publication 

#2). 

 

6.3. CTC phenotyping as a surrogate marker for therapeutic selection 

and monitoring of tumor resistance 

Another well-established marker for the response after hormone therapy 

in breast cancer is the status of ER. The expression of ER often facilitates the 

sensitivity of breast tumors to hormonal therapy with either selective estrogen 

receptor modulators, such as tamoxifen, or aromatase inhibitors. Unfortunately, 

30-40% of patients develop therapy resistance after 24-36 months on average 

[120]. CTCs offer a non-invasive real-time screening of tumor progression and 
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represent an alternative to serial tissue biopsies [121]. Phenotyping of the CTCs 

can provide crucial information on the evolving characteristics of the tumor 

during progression and treatment resistance [36, 122, 123]. CTCs are routinely 

found in more than 60% of metastatic breast cancer patients, with enumeration 

indicating prognostic significance in disease progression in patients undergoing 

chemotherapy or endocrine treatment [124, 125]. The CTC analysis provides 

an opportunity to study individual clones at a single cell level, originating in 

metastatic distant tumor sites [21, 126]. The isolation of CTCs is extremely 

challenging due to the very low amount of CTCs (typically 1 to 100 CTC/7.5 mL 

blood) [10, 110]. Many commercially available instruments and test systems are 

approved as clinical diagnostic devices, which have allowed CTC to be 

identified, enumerated, and analyzed [32, 34, 35, 127]. The most famous 

system for the enumeration and isolation of CTCs is the gold standard, the FDA-

cleared CellSearch® system [36, 127]. This system detects CTCs based on 

binding to anti-EpCAM, cytokeratin (CK), and CD45 expression. A recent meta-

analysis of Yan et al. showed that the status of CTC could be used to assess 

systemic therapy success for metastatic breast cancer patients since a change 

in CTC status between two-time points was prognostic [128]. Although CTCs 

count carries independent prognostic information, the phenotype of CTCs may 

serve as a guideline for therapeutic management of breast cancer patients, 

particularly estrogen receptor, which is considered one of the main candidate 

targets of endocrine therapy. We sought to evaluate the ER status in CTCs to 

test whether it could affect the response after hormonal therapy. Using the ERα 
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monoclonal murine ER-119.3 antibody, ER-positive CTCs were monitored 

using the CellSearch System for CTCs quantification (see publication #3). CTCs 

were identified in 31.9% of analyzable blood samples, 15% showed 1-4 CTC, 

and 16% showed ≥5 CTC. Among all CTC-positive samples, the samples taken 

before the therapy initiation have the highest CTC detection rate (44%), and the 

samples taken during endocrine therapy have the lowest detection rate of CTC 

(27 %). A favorable relationship between CTC-positive status and progression-

free survival was detected during the course of the disease. Furthermore, a 

higher number of CTCs during therapy was associated with disease 

progression (p< 0.0001), whereas a lower number of CTCs or a CTC-negative 

status was associated with stable disease. A high heterogeneous expression of 

ER in individual CTCs was observed in patients, the ER-positive CTCs were 

detected in 32% of the CTC-positive samples, comparable to that seen by 

Paoletti et al. [129]. Although a shift in ER status of CTCs has been noticed 

during tumor progression, no conclusion was formed on endocrine therapy 

response and/or resistance due to the low number of patients who had initially 

been diagnosed with ER-positive CTCs. Therefore, Further large-scale studies 

with long-term monitoring of ER-CTCs status are needed to determine the 

predictive relevance of ER-CTC for endocrine treatment efficacy (see 

publication #3).  
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6.4. ctDNA specific-PCR enrichment 

The overall amount of ctDNA from the tumor accounts as low as  0.01% 

of the total cfDNA present in the blood [130]. Due to the extremely low levels of 

ctDNA make, its detection is a challenge, especially in the early phases of tumor 

formation [131, 132]. Two strategies have evolved to study the tumor's genomic 

material by liquid biopsy. First, targeted approaches are employed to detect 

residual disease in the peripheral blood using a single or few tumor-specific 

mutations identified from the primary tumor [133]. Such techniques include 

Safe-SeqS [134], TamSeq [135], CAPP-Seq [136], BEAMing [137], and q-PCR 

[138, 139]. The drawback of this strategy is that it needs extensive knowledge 

of the tumor genome. Targeted monitoring, on the other hand, can be highly 

sensitive, as mutations can be identified with high specificity at a fast and cost-

effective rate at allele frequencies as low as 0.01% [140]. A second strategy to 

investigate ctDNA includes non-target screening, which aims for a genome-

wide analysis for copy number aberrations (CNAs) or point mutations using 

whole-genome sequencing (WGS) or whole-exome sequencing (WES). 

Untargeted techniques have the advantages (i) Its capacity to detect unique 

alterations that occur during tumor therapy and (ii) not requiring prior knowledge 

of the initial tumor's genome. However, significant amounts of ctDNA are 

necessary for successful reconstruction of tumor-specific genome-wide 

alterations, which is a disadvantage. Furthermore, untargeted methods have a 

poor overall sensitivity (5%–10%) [141]. Depending on which strategy is 
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imperative to investigate the ctDNA of interest, variou technologies are currently 

available. 

PCR-based assays are promising tools for detecting hotspot mutations 

with low input materials (e.g. cfDNA, CTCs) and low cost (see publication #5). 

We developed ctDNA specific enrichment method to screen known and 

unknown mutations at high sensitivity. The enrichment of ctDNA starts with 

blocking all wild-type alleles that may be potentially mutated in breast cancer in 

the ESR1 gene. For this, blocking oligos are used that are modified at the 3'-

end, prohibiting further amplification. Through co-amplification at lower 

denaturation temperatures, mutated alleles can, however, be amplified using 

generic primers, which can only bind if no blocking oligo has hybridized. In order 

to measure the sensitivity of our method, we synthesized DNA plasmids that 

encompass possible mutations. Through dilution series, we could show that we 

can detect DNA point mutations at a concentration down to 0.16% in a 

background of normal DNA. Sanger sequencing confirmed the specific 

enrichment of mutated DNA (Appendix 8.3). The main challenge was to 

parallelly detect multiple driving mutations. We could successfully multiplex up 

to two sets to cover the five most frequent mutation sites in the ESR1 gene 

(Appendix 8.3).  

Nevertheless, several hotspot mutations still need to be investigated from 

different genes in one PCR reaction. MassARRAY®-UltraSEEK® technology is 

a promising technique allowing multiplexing more than 40 SNPs per single 
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reaction (see publication #5). This technology has the benefit that it can perform 

in ctDNA and CTCs, adding to this fast and cost-effective (see publication #4).  

 

 

6.5. Potential of combining ctDNA and CTCs to monitor endocrine 

therapy resistance mutations.  

Biomarkers based on liquid biopsies, such as ctDNA and CTCs, together 

provide a comprehensive picture of tumor heterogeneity and dynamic response 

to therapy. Using UltraSEEK® Breast panel, major hotspot mutations in ESR1, 

PI3KCA, FOXA1, GATA3, AKT1, ERBB2, and TP53 were examined in cfDNA 

and CTCs of ER-positive metastatic breast cancer patients during the course of 

treatment (see publication #4). The ESR1, PIK3CA, FOXA1, GATA3, and TP53 

genes were frequently mutated in metastatic breast cancer patients. In 

circulating DNA, ESR1 was mutated in 53% of breast cancer patients who 

experienced progression, similar to the 30–56.4% circulating ESR1 mutations 

often seen in metastatic breast cancer patients who were progressed on 

endocrine therapy [142-144]. The most frequently detected ESR1 mutations, 

pD538G, pY537S, and pY537N, these mutations were reported as a cause of 

hormone-independent ER activation, resulting in resistance to endocrine 

treatment and overexpression of metastasis-associated genes [145]. The 

pY537S and pY537N mutations were a good prognostic factor in predicting 

tumor development in response to Aromatase inhibitors and/or chemotherapy, 
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as well as being related to shorter overall survival, which is consistent with 

previous research [143].  

Besides the ESR1 mutant gene, PIK3CA mutations were frequently 

activated in metastatic breast cancer. PIK3CA mutations were detected in 29% 

of ER-positive metastatic breast cancer patients. The most common PIK3CA 

mutations observed during tumor progression were pH1047R, pE542K, and 

pE545K, consistent with previous studies [71, 73]. However, the mutations in 

ESR1 and PIK3CA have recently been found as part of an acquired mutational 

process that leads to ER-positive breast cancer resistance and metastasis, 

26.8% of patients whose tumors progressed did not have ESR1 and PIK3CA 

mutations, but they emerged accumulation of FOXA1 and GATA3 subclonal 

mutations, suggesting an additional resistance mechanism implicated in tumor 

development during systemic treatment.  

Recently, restoring ER function by recruitment transcription factors 

FOXA1 and GATA3 has been emphasized as one of the acquired resistance 

mechanisms in ER-positive breast cancer [75, 146]. FOXA1 and GATA3 

transcription factors are involved in modulating chromatin condensation to allow 

ER recruitment in breast cancer cells [78]. In breast cancer, the genes FOXA1 

and GATA3 are often altered, suggesting that they have a role in endocrine-

resistant breast cancer [76, 78]. FOXA1  was mutated in 31% of ER-positive 

metastatic breast cancer patients. The pE24K and pI176V mutations in FOXA1 

were considerably increased upon Fulvestrant and/or chemotherapy during 

tumor progression and at an advanced stage of disease. Wherase GATA3 gene 
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was mutated in 36% of patients, pD336fs17 and pS93F mutations were 

observed in 92% of GATA3 mutated samples during disease progression and 

at a progressive phase of the disease.  

The FOXA1 (pE24K) and GATA3 (pD336fs17) mutations represent a 

significant risk to a patient's survival. Both mutations were significantly raised 

upon chemotherapy alone or combined with endocrine therapy agents during 

tumor progression and at a progressive phase of a tumor. Furthermore, patients 

with two or more mutant genes showed shorter progression-free survival and 

worse overall survival than patients with single mutant subclones. As shown by 

patients with only ESR1 (pD538G) mutation did not show significant information 

for tumor progression, but in combination with FOXA1 (pE24K) and GATA3 

(pD336fs17) mutations subclones, it showed crucial prognostic information on 

tumor progression and survival outcome. Also, patients with ESR1 and PIK3CA 

mutant subclones combined with GATA3 mutations exhibited shorter 

progression-free survival and overall survival than patients with only ESR1 and 

PIK3CA mutant subclones.  

The most interesting finding was that patients with FOXA1 and GATA3 

mutations progressed rapidly in 2.5 months and showed a poor survival rate of 

9 months compared to other mutant cell populations. Both ctDNA and CTCs in 

longitudinal time points represent tumor dynamics, which allowed the 

identification of signature subclones that may be significant in tumor 

management. GATA3 mutations with PIK3CA, FOXA1, and/or ESR1 mutations 
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are considered a strong predictor of tumor resistance and progression in 

metastatic breast cancer patients (see publication #4 and Appendix 8.4).        

 

In conclusion 

Liquid biopsy can give valuable information about a tumor's biology and clinical 

features by releasing biomarkers into the bloodstream. CTCs are a valuable 

source of information on tumor features and metastatic progression, whereas 

ctDNA can be additional sources of knowledge on tumorigenesis, potential 

therapeutic targets, and medication resistance processes. In the last few years, 

a tremendous improvement has been observed in technologies for detection 

and analysis of CTCs and ctDNA, such as the substantial success achieved in 

NGS-based techniques in overcoming many of the hurdles in CTCs and ctDNA 

detection to lower the error rate and enhance sensitivity. NGS-based 

techniques, on the other hand, are still relatively expensive and time-

consuming. Mass-spectrometry techniques are a potential tool for CTCs and 

ctDNA screening because of their minimal cost, time, and input material 

requirements, and also their high sensitivity and specificity. Furthermore, for a 

limited number of biomarkers, analysis using Real-Time PCR-based methods 

is cost-effective, quick, and feasible in routine clinical practice. Further 

development in the standardization,  liquid biopsy will become a significant 

substrate in the field of cancer diagnosis. 
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Discussion 

We provide here several evidence to rationalize the use of liquid biopsies like 

ctDNA and CTCs to identify biomarkers that can be used to provide more 

detailed information on the whole clonal make-up of the tumor and dynamic 

therapy response. Combining CTCs with ctDNA-derived biomarkers would 

indeed improve the clinical management of the disease and patient outcomes. 

Furthermore, we present promising, cost-effective, and fast PCR-based 

enrichment methods to screen gene mutations and epigenetic modification in 

liquid biopsies at high sensitivity ev,en in multiplexing conditions.  
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8. Appendix 

8.1. Supporting information for Publication #1. 

 

Supplementary Figure 1. in silico analysis, KRT expression in breast cancer cell 

lines, the red color represents high relative gene expression, and the blue color represents 
low relative gene expression 
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Supplementary Figure 2. Transfection efficiency of KRT16, 

immunocytochemistry staining of transfected cells compared to non-target 
vector, the cells were stained by DYKDDDDK Tag (AF488; green) and 
DAPI (blue), scale bar represents 20 μm. 

 

Supplementary Table 1. Transfection efficiency of KRT16 

Replicate Total cell population Transfected cell population 
Percentage of positive cells within a 

transfected cell population 

1# 290 244 84.1

2# 293 260 88.7

3# 1013 672 66.3

4# 1042 770 73.9

5# 478 454 95.0

6# 351 314 89.5

7# 885 640 72.3

Average 621.7 479.1 81.4
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Supplementary Figure 3. Immunofluorescence staining of K16 (AF488; 
green) and DAPI (blue), scale bar represents 10 μm.  
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Supplementary Figure 4. Immunocytochemistry staining to visualize 
actin microfilaments by phalloidin (red), E-cadherin (green), and nucleus 
by DAPI (blue) in MDA-MB-468, MCF7, and MCF7 cells that induced K16. 
Scale bar represents 5 μm. 
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8.2. Supporting information for Publication #2. 

Supplementary Figure 1. Models of progression. Two models explaining the conversion of BRCA1 
promoter hypermethylation. BRCA1 promoter hypermethylation is an early event in tumorigenesis. After 
detection of the primary tumor and multiple rounds of therapy after relapse, the tumor reactivates 
BRCA1 by evolving and reversing its methylation status and thereby developing therapy resistance 
(upper panel). Alternatively, multiple subclones may have already developed during tumorigenesis and 
through multiple rounds of therapy, the most therapy resistant clone eventually survives and thrives 
(lower panel). The arrows indicate the time from the development to detection of the tumor to be treated, 
illustrating the need for different statistical models for analysis. 
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Table S1. patient's characteristics.

Patinent ID – 

blood sample

cfDNA, 

conc.ng/ml

Methylation 

status

BRCA1/2 germline 

mutations testing
Histology Pathology

P02-1 184 Methylated NA During Carboplatin,Caelyx HGSOC FIGO IV

P02-2 81 Unmethylated NA After Carboplatin,Caelyx HGSOC FIGO IV

P03-1 134 Unmethylated NA Before Carboplatin,Paclitaxel HGSOC FIGO IIIc

P03-2 142 Unmethylated NA After Carboplatin,Paclitaxel HGSOC FIGO IIIc

P04-1 144 Methylated Negative During Carboplatin,Caelyx HGSOC FIGO IV

P04-2 72 Methylated Negative During Carboplatin,Caelyx HGSOC FIGO IV

P05 384 Methylated Negative During Paclitaxel HGSOC FIGO IIIc

P06-1 398 Unmethylated NA During Carboplatin,Caelyx HGSOC FIGO IV

P06-2 240 Unmethylated NA During Carboplatin,Caelyx HGSOC FIGO IV

P07-1 370 Methylated NA Before Carboplatin,Taxol HGSOC

P07-2 434 Methylated NA During Carboplatin,Taxol HGSOC

P08 56 Methylated NA During Carboplatin HGSOC FIGO Ic

P09 232 Methylated NA During Gemcitabine HGSOC FIGO IV

P10-1 118 Methylated Positive Before Carboplatin,Caelyx HGSOC

P10-2 148 Methylated Positive During Carboplatin,Caelyx HGSOC

P10-3 452 Unmethylated Positive During  Avastin HGSOC

P11-1 108 Unmethylated NA Before Carboplatin,Caelyx HGSOC

P11-2 122 Unmethylated NA During Carboplatin,Caelyx HGSOC

P12 666 Methylated NA During Caelyx HGSOC FIGO IV

P13-1 298 Unmethylated NA Before Carboplatin HGSOC FIGO IIIc

P13-2 250 Unmethylated NA During Carboplatin HGSOC FIGO IIIc

P14-1 282 Unmethylated Negative Before Carboplatin,Paclitaxel HGSOC FIGO IV

P14-2 128 Unmethylated Negative After Carboplatin,Paclitaxel HGSOC FIGO IV

P14-3 2080 Methylated Negative During Carboplatin HGSOC FIGO IV

P15-1 222 Unmethylated Positive Before Carboplatin,Paclitaxel HGSOC FIGO IIIc

P15-2 250 Methylated Positive During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P15-3 322 Unmethylated Positive During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P15-4 1260 Methylated Positive During Carboplatin,Caelyx HGSOC FIGO IIIc

P15-5 42.4 Unmethylated Positive After Carboplatin,Caelyx HGSOC FIGO IIIc

P15-6 1720 Methylated Positive During Olaparib HGSOC FIGO IIIc

P16-1 394 Methylated NA During Cisplatin HGSOC FIGO IIIc

P16-2 174 Methylated NA During Cisplatin HGSOC FIGO IIIc

P16-3 106 Unmethylated NA During Caelyx HGSOC FIGO IIIc

P17-1 188 Methylated Negative Before  Carboplatin HGSOC FIGO IV

P17-2 47.3 Methylated Negative During  Carboplatin HGSOC FIGO IV

P17-3 126 Unmethylated Negative During  Carboplatin HGSOC FIGO IV

P17-4 68 Unmethylated Negative During  Carboplatin HGSOC FIGO IV

P18 494 Unmethylated NA During  Carboplatin HGSOC FIGO IIIc

P19 284 Methylated Positive During  Carboplatin HGSOC FIGO IIIc

P20-1 252 Methylated NA During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P20-2 260 Methylated NA After Carboplatin,Paclitaxel HGSOC FIGO IIIc

P21 642 Methylated NA Before  Carboplatin HGSOC

P22-1 88 Methylated NA Before Carboplatin,Paclitaxel HGSOC FIGO IV

P22-2 132 Methylated NA During Carboplatin,Paclitaxel HGSOC FIGO IV

P23-1 188 Methylated Negative Before Gemcitabine HGSOC FIGO IIIc

P23-2 460 Unmethylated Negative During Gemcitabine HGSOC FIGO IIIc

P23-3 220 Methylated Negative During Gemcitabine HGSOC FIGO IIIc

P24 228 Methylated NA During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P25 106 Unmethylated Negative During Carboplatin,Paxlitaxel HGSOC FIGO Ia

P26-1 124 Methylated Negative Before  Carboplatin,Paclitaxel HGSOC FIGO IIIc

P26-2 432 Unmethylated Negative During Carboplatin,Caelyx HGSOC FIGO IIIc

P26-3 364 Unmethylated Negative Before Carboplatin,Caelyx HGSOC FIGO IIIc

P27 150 Unmethylated NA After Treaosulfan HGSOC FIGO IIIc

P28-1 206 Methylated Negative Before Carboplatin HGSOC FIGO Ia

P28-2 394 Unmethylated Negative After Carboplatin HGSOC FIGO Ia

P29 142 Unmethylated Positive During Cisplatin HGSOC FIGO IIIc

P30 182 Methylated Negative During  Carboplatin,Caelyx HGSOC FIGO IIIc

Blood obtained before/during/after therapy
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P31-1 1210 Methylated NA Before Carboplatin mono HGSOC FIGO IV

P31-2 142 Methylated NA During Carboplatin mono HGSOC FIGO IV

P32-1 164 Unmethylated Positive After  Olaparib,Carboplatin mono HGSOC FIGO IIIc

P32-2 856 Methylated Positive During  Paclitaxel HGSOC FIGO IIIc

P33 106 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P34-1 362 Unmethylated Negative Before Carboplatin,Paclitaxel HGSOC FIGO IIIc

P34-2 430 Unmethylated Negative Before Avastin,Olaparib/Placebo HGSOC FIGO IIIc

P35 442 Methylated Negative During Carboplatin,Gemcitabine HGSOC FIGO IIIc

P36 1330 Methylated NA Before Carboplatin,Caelyx HGSOC FIGO IIIc

P37-1 192 Methylated Negative Before  Cisplatin HGSOC FIGO IIIc

P37-2 120 Unmethylated Negative Before  Carboplatin mono HGSOC FIGO IIIc

P37-3 280 Unmethylated Negative After Niraparib HGSOC FIGO IIIc

P38-1 218 Methylated NA During Carboplatin,Paclitaxel,Avastin HGSOC FIGO IIIc

P38-2 534 Methylated NA Before Carboplatin mono HGSOC FIGO IIIc

P38-3 100 Unmethylated NA During Carboplatin mono HGSOC FIGO IIIc

P38-4 1090 Unmethylated NA Before Gemcitabine HGSOC FIGO IIIc

P39-1 122 Unmethylated Positive During Carboplatin mono HGSOC FIGO IV

P39-2 758 Unmethylated Positive During Carboplatin mono HGSOC FIGO IV

P40 6750 Methylated NA During Carboplatin HGSOC

P41-1 100 Unmethylated Positive During Carboplatin HGSOC FIGO IIIc

P41-2 288 Unmethylated Positive During Carboplatin HGSOC FIGO IIIc

P42 390 Methylated Done During Carboplatin,Caelyx HGSOC FIGO IIIc

P43-1 1240 Methylated Done During Paclitaxel HGSOC FIGO IIIc

P43-2 518 Methylated Done During Paclitaxel HGSOC FIGO IIIc

P44 456 Unmethylated NA After Carboplatin,Paclitaxel HGSOC FIGO IIIc

P45-1 112 Unmethylated NA Before Carboplatin,Paclitaxel,Avastin HGSOC FIGO IIIc

P45-2 446 Unmethylated NA During Carboplatin,Paclitaxel,Avastin HGSOC FIGO IIIc

P46 362 Unmethylated NA Before Carboplatin,Taxol HGSOC FIGO IVa

P47-1 1050 Methylated Done Before Carboplatin,Caelyx HGSOC FIGO IIIc

P47-2 1420 Methylated Done After Carboplatin,Caelyx HGSOC FIGO IIIc

P48 456 Unmethylated Done During Avastin HGSOC FIGO IIIc

P49 496 Methylated NA After  Carboplatin,Paclitaxel HGSOC FIGO IV

P50 618 Unmethylated Done During Caelyx HGSOC FIGO IIIc

P51-1 1100 Methylated NA Before Carboplatin,Paclitaxel HGSOC FIGO IIIc

P51-2 610 Methylated NA During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P52-1 120 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P52-2 786 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P52-3 28.4 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P52-4 1280 Unmethylated NA During Avastin HGSOC FIGO IIIc

P53-2 124 Methylated Done During  Carboplatin,Paclitaxel HGSOC FIGO IV

P53-3 926 Methylated Done After  Carboplatin,Paclitaxel HGSOC FIGO IV

P54-2 348 Methylated NA During Carboplatin mono HGSOC FIGO IIb

P54-3 960 Unmethylated NA After Caelyx HGSOC FIGO IIb

P55-1 106 Methylated Done Before Carboplatin,Paclitaxel HGSOC FIGO IIIc

P55-2 596 Methylated Done During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P55-3 528 Methylated Done During Avastin HGSOC FIGO IIIc

P55-4 306 Unmethylated Done During Avastin HGSOC FIGO IIIc

P56-1 100 Unmethylated NA Before Carboplatin,Caelyx HGSOC FIGO IIIc

P56-2 558 Unmethylated NA During Carboplatin,Caelyx HGSOC FIGO IIIc

P56-3 954 Unmethylated NA During Carboplatin,Caelyx HGSOC FIGO IIIc

P57-1 1580 Methylated Positive During Cisplatin HGSOC FIGO IIIc

P57-2 2880 Methylated Positive After Cisplatin HGSOC FIGO IIIc

P58-1 100 Unmethylated NA Before Carboplatin mono HGSOC FIGO IV

P58-2 932 Unmethylated NA During Carboplatin mono HGSOC FIGO IV

P58-3 274 Unmethylated NA During Carboplatin mono HGSOC FIGO IV

P59 250 Methylated Negative During Carboplatin,Doxorubicin HGSOC FIGO IIIc
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P60-1 408 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P60-2 1500 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P60-3 1070 Unmethylated NA After Carboplatin,Paclitaxel HGSOC FIGO IIIc

P61 944 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO IIIb

P62-1 462 Methylated Done Before  Carboplatin,Paclitaxel HGSOC FIGO IIIb

P62-2 1320 Methylated Done During  Carboplatin,Paclitaxel HGSOC FIGO IIIb

P62-3 646 Unmethylated Done During  Carboplatin,Paclitaxel HGSOC FIGO IIIb

P63-1 1570 Unmethylated Done During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P63-2 344 Unmethylated Done During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P63-3 802 Unmethylated Done During Carboplatin,Paclitaxel HGSOC FIGO IIIc

P63-4 982 Unmethylated Done After Carboplatin,Paclitaxel HGSOC FIGO IIIc

P64-2 234 Unmethylated NA During Carboplatin,Caelyx HGSOC FIGO IIIc

P64-3 556 Unmethylated NA During Carboplatin,Caelyx HGSOC FIGO IIIc

P64-4 32.6 Unmethylated NA After Carboplatin,Caelyx HGSOC FIGO IIIc

P65-1 210 Unmethylated Positive During Carboplatin,Gemcitabine HGSOC FIGO IIIc

P65-2 1250 Unmethylated Positive During Carboplatin,Gemcitabine HGSOC FIGO IIIc

P66 100 Methylated NA During Caelyx HGSOC FIGO IVa

P67 4880 Unmethylated Positive During Carboplatin,Caelyx HGSOC FIGO IV

P68-1 282 Methylated NA During Carboplatin,Paclitaxel HGSOC FIGO IVa

P68-2 802 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO IVa

P69 1130 Unmethylated NA Before Carboplatin,Paclitaxel HGSOC FIGO IIIc

High-Grade Serous Ovarian Carcinoma (HGSOC)
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8.3. Supporting information for ctDNA specific-PCR enrichment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

←111bp 

Figure S1. Evaluate the sensitivity and specificity of the ctDNA specific-PCR 

enrichment amplification protocol. (A) Melt analysis of ctDNA specific-PCR enrichment 
showing identification of mutation abundance down to 5copies. (B) Electrophoresis of 
PCR products on 1% agarose gel showing the difference in amplification between wild 
type (WT) and serial dilution of mutant. (C) Sanger sequencing analysis showing a high 
sensitivity and specificity of ctDNA specific-PCR enrichment to detect and enrichment the 
minimal abundance of mutant alleles at very low copy number down to 0.16% of mutant 
allele.                                   

A. 

B. 

C. 
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Figure S2. ctDNA specific-PCR multiplex enrichment. Electrophoresis of PCR 
products on 3% agarose gel showing the efficiency of ctDNA specific-PCR multiplex 
enrichment to multiplex two groups.  

 K303R A>G  

 D538G A>G  

 Y537S A>C/A>G  

 Y537N T>A  
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8.4. Supporting information for Publication #4. 

Supplementary Table 1. Progression-free survival and overall survival 

analysis for candidate mutations independently. 

 

 

 

 

Progression-free survival

Mutant gene Alteration No. Events Median/month HR (95%CI) P Value

Wild-type WT 45 5 -- 0.071-0.152 --

ESR1 pD538G 70 23 -- 1.572-7.053 0.0055

pY537S 9 3 -- 0.4901-24.16 0.0458

pY537N 3 2 5 0.2288-355.9 0.0008

pE380Q 4 2 27 0.2765-143.2 0.0064

PIK3CA pH1047R 16 7 -- 1.273-19.68 0.0017

pE542K 16 4 -- 0.5798-13.37 0.1054

pE545K 10 3 -- 0.4869-23.34 0.0753

FOXA1 pE24K 13 7 8 1.521-31.16 <0.0001

pI176M 11 3 -- 0.4701-19.76 0.1035

pI176V 15 3 17 0.3957-11.05 0.2968

GATA3 pD336fs17 52 24 -- 2.636-11.34 <0.0001

pS93F 5 2 -- 0.2934-90.98 0.0256

Overall survival 

Mutant gene Alteration No. Events Median/month HR (95%CI) P Value

Wild-type WT 45 12 -- 0.224-0.285 --

ESR1 pD538G 70 37 45 1.230-3.837 0.0154

pY537S 9 8 15 1.521-38.10 <0.0001

pY537N 3 3 18 0.4544-77.54 0.0016

pE380Q 4 2 22 0.2875-30.45 0.1344

PIK3CA pH1047R 16 11 19 1.554-14.18 <0.0001

pE542K 16 8 24 0.9234-8.562 0.0172

pE545K 10 7 18 1.229-28.71 <0.0001

FOXA1 pE24K 15 7 8 1.027-14.96 0.0014

pI176M 11 3 -- 0.3088-4.382 0.8129

pI176V 15 10 17 1.443-14.68 <0.0001

GATA3 pD336fs17 52 36 14 2.924-9.486 <0.0001

pS93F 5 2 19 0.2663-78.32 0.0256

WT, Wild-type; NO, number; HR, hazard ratio
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Supplementary Table 2. Progression-free survival and overall survival 

analysis for single and polyclonal mutant genes. 

 

 

 

 

 

 

Progression-free survival

Group No. Events Median/month HR (95%CI) P Value

WT 45 5 -- 0.227-3.988 --

ESR1 28 3 -- 0.229-3.96 0.948

PIK3CA 10 3 -- 0.503-28.15 0.0503

FOXA1 15 6 -- 1.0744-19.99 0.0051

GATA3 11 5 -- 0.9828-30.15 0.0048

ESR1/PIK3CA 17 7 -- 1.205-17.45 0.0036

ESR1/FOXA1 6 1 -- 0.1252-17.95 0.7075

ESR1/GATA3 19 8 -- 1.409-17.84 0.0016

PIK3CA/FOXA1 5 2 -- 0.2927-93.09 0.0254

FOXA1/GATA3 7 4 2.9 0.8277-103.3 <0.0001

ESR1/PIK3CA/GATA3 4 2 12.5 0.2850-116.2 0.017

ESR1/FOXA1/GATA3 9 8 7 1.088-49.11 0.0022

Overall survival  

Group No. Events Median/month HR (95%CI) P Value

WT 45 12 58.9 0.224-0.285 --

ESR1 28 8 -- 0.4180-2.513 0.819

PIK3CA 10 7 19.2 1.218-16.65 0.0002

FOXA1 15 8 18 1.016-10.51 0.0034

GATA3 11 7 14.9 1.627-32.30 <0.0001

ESR1/PIK3CA 17 11 22 1.238-9.054 0.0019

ESR1/FOXA1 6 2 -- 0.1956-3.024 0.7256

ESR1/GATA3 19 11 22.7 2.271-18.48 0.0005

PIK3CA/FOXA1 5 2 -- 0.2878-27.64 0.1505

FOXA1/GATA3 7 5 9 0.9870-71.22 <0.0001

ESR1/PIK3CA/GATA3 4 4 17 0.6394-131.2 <0.0001

ESR1/FOXA1/GATA3 5 3 19 0.4641-54.85 0.0051

WT, Wild-type; NO, number; HR, hazard ratio
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Supplementary Figure 1. Isolated cfDNA and CTCs. (A) Distribution of 

cfDNA in metastatic breast cancer patients (n= 176). (B) Violin plot depicting 

the distribution of the cfDNA concentrations of metastatic breast cancer patients 

with mutant ctDNA; (n= 103) and wildtype cfDNA (n= 73). (C)  Image gallery of 

CTCs detected from one breast cancer patient by the Cell Search System; K 

(Keratin); DAPI; CD45. (D) Distribution of detected. CTCs in metastatic breast 

cancer patients (n= 29); dashed line represents the CTCs cut-off ≥ 5.  
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Supplementary Figure 2. MassARRAY plots of detected ESR1 (pD538G and 

pY537S), PIK3CA (pH1047R and pE542K), FOXA1 (pI176M) and GATA3 

(pD336fs17) mutations in metastatic breast cancer patients.  
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Supplementary Figure 3. Violin plot displaying the mutation load of detected 

mutations in (A) cfDNA and (B) CTCs; the middle line represents the median. 
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Supplementary Figure 4. Survival analyses. Kaplan–Meier curves for (A) 

progression-free survival (PFS) and (B) overall survival (OS) comparison the 

clinical value of cfDNA and CTCs from patients with ESR1and GATA3 

mutations. P-values were calculated using the log rank test;    censored 
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Supplementary Figure 5. Correlation analysis demonstrates the relationship 

between the number of detected mutations with the stages of disease 

progression and mutant genes. 
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Supplementary Figure 6. Occurrence of ESR1 hot spot mutations in 

patients (A) received Aromatase inhibitor, Fulvestrant, Chemotherapy, or both 

endocrine therapy and chemotherapy; (B) during the phases of disease 

progression 
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Supplementary Figure 7. Occurrence of PIK3CA mutations in patients (A) 

received Aromatase inhibitor, Fulvestrant, Chemotherapy, or both endocrine 

therapy and chemotherapy; (B) during the phases of disease progression. 
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Supplementary Figure 8. Survival analyses. Kaplan–Meier curves for (A) 

progression-free survival (PFS) and (B) overall survival (OS) comparing 

patients with single mutant genes with patients who had subclones of the same 

mutated genes combined with GATA3 mutations. P-values were calculated 

using the log rank test;    censored 
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