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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 @ 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 FOXA71 and GATA3 is unknown. Using

MassARRAY-UltraSEEK® technology could detect and monitor the hotspot
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mutations of ESR1, PISBKCA, FOXA1, GATAS, 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 FOXA71 (pE24K) and GATAS3
(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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2. Zusammenfassung

Das langfristige Uberleben von Krebspatienten hangt stark davon ab,
wann der Primartumor und/oder die Metastasen diagnostiziert werden.
Flassigbiopsien, zirkulierende Tumorzellen (CTCs) und zirkulierende Tumor-
DNA (ctDNA) einschlie3end, die aus dem Blut von Krebspatienten entnommen
werden, konnen kritische Details Uber den Tumorstatus und den Fortschritt
aufdecken. CTCs gelten als die Saat von Metastasen, und ihnre Anwesenheit im
Blut von Patienten gibt Aussagen Uber einen moglichen Ruckfall und das
Gesamtuberleben. Daher kann die Phanotypisierung der CTCs von
Krebspatienten helfen die Mechanismen zu Ubersetzen, die zu
Tumormetastasen fuhren. Bei Patientinnen mit metastasiertem Brustkrebs
wurde die Expression von Keratin 16 (K16) in 64,5% der nachgewiesenen
CTCs identifiziert und war mit einem kirzeren riickfallfreien Uberleben
verbunden. Es wurde festgestellt, dass K16 ein Metastasen-assoziiertes
Protein fur Brustkrebs ist, das EMT fordert und die Zellmotilitat erhnoht. Daher
kann die Beurteilung des K16-CTCs-Status pradiktive Informationen liefern, die
dabei helfen, Patienten zu identifizieren, deren Krebs hochstwahrscheinlich

metastasiert.

ctDNA hingegen kann verwendet werden, um das gesamte Tumorgenom
zu untersuchen sowie das Ansprechen und die Resistenz von Medikamenten
zu Uberwachen. Die Methylierung des BRCA17-Promotors ist ein haufiger
epigenetischer Genexpressionsregulator bei Eierstockkrebs. Als Ursache fur

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

Potenzial und die mdgliche Durchfiihrung der Uberwachung des BRCA1-
Methylierungsstatus bei Patientinnen mit Eierstockkrebs. Durch die
Entwicklung eines MS-PCR-basierten Fllssigbiopsie-Assays konnten wir bis zu
0,03 % methylierter DNA in einem hohen Hintergrund normaler DNA mit 100 %
Spezifitat identifizieren. Bei 60 % der Patientinnen mit Eierstockkrebs wurde
eine BRCA1-Promotor-Hypermethylierung festgestellt, und wir fanden heraus,
dass 24 % von ihnen ihre Hypermethylierungsmuster wahrend der Behandlung
verloren. Multivariate Uberlebensanalysen zeigten, dass die Riickfalle
unabhangige Ereignisse sind und die Hypermethylierung und
Methylierungskonversion unabhangig mit einem verlangerten ruckfallfreien
Uberleben korreliert sind. Tatséchlich kann eine Langsiberwachung des

BRCA1-Methylierungsstatus in cfDNA ein pradiktiver Marker sein.

Bei Ostrogenrezeptor (ER)-positivem metastasierendem Brustkrebs gilt
ER als direktes Ziel der endokrinen Therapie. Die Untersuchung des ER-CTCs-
Status kann einen pradiktiven Wert fur das Ansprechen der endokrinen
Therapie haben. Wir fanden, dass der CTC-positiver Status mit dem
progressionsfreien Uberleben assoziiert war. Eine hohere Anzahl von CTCs
wahrend der Therapie war mit dem Fortschritt der Krankheit verbunden,
wahrend eine niedrigere oder stabilere Anzahl von CTCs mit einem besseren
Ergebnis fur 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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Uberwachung des ER-CTC-Status scheinen bei der Behandlung von

Brustkrebspatientinnen von wesentlicher Bedeutung zu sein, was als
potenzielle Quelle fur endokrine Therapieresistenz in ferner Zukunft werden

konnte.

ctDNA und CTCs werden in der klinischen Analytik zum Screening von
Krebs immer wichtiger, da sie Informationen Uber die genetische Ausstattung
der gesamten im Patienten vorhandenen Tumorlast liefern. Bei metastasiertem
Brustkrebs fuhren zunehmende ESR7- und PIK3CA-Mutationen zu einer
Resistenz gegenuber einer endokrinen Therapie. Die klinische Bedeutung
dieser Gene bei FOXA71 und GATAS3 ist unbekannt. Mithilfe der MassARRAY-
UltraSEEK®-Technologie konnten die Hotspot-Mutationen der ESR1, PISKCA,
FOXA1, GATAS3, AKT1, ERBB2 und TP53 Gene in cfDNA und in CTCs
nachgewiesen und Uberwacht werden. Die Langsanalyse von cfDNA und CTCs
ergab einen charakteristischen Subklon mit signifikanten prognostischen
Informationen in den Leitlinien fur Brusttumore. Bei Patienten mit Subklonen
von FOXA1 (pE24K) und GATA3 (pD336fs17) Mutationen war die
Wahrscheinlichkeit einer Tumorprogression hoher. Beide Mutationen waren bei
alleiniger Chemotherapie oder in Kombination mit endokrinen Therapiemitteln
wahrend der Tumorprogression und in einer progressiven Phase eines Tumors
erheblich erhoht. Die Kombination von GATA3 mit FOXA1, PIK3CA und/oder
ESR1 war ein starker Pradiktor fur die Tumorresistenz und den Fortschritt bei

Patientinnen mit ER-positivem und metastasiertem Brustkrebs.
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Insgesamt konnten FlUssigbiopsie-basierte Biomarker wie ctDNA und

CTCs zusammen einzigartige Moglichkeiten fur die Echtzeitiberwachung des
Krankheitsverlaufs bieten und detailliertere Informationen zu genetischen
Variationen sowie pradiktive therapeutische Informationen flr das klinische

Management und die Patientenergebnisse liefern.
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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- 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

10



Introduction

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 ERa and Erf [57]. ER is involved in
regulating several physiological functions, including cell cycle progression and

proliferation [58]. It is activated by binding to its ligands (17p-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 (Al) in combination with either mTOR inhibitor or CDK4/CDKG6
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].

15



Introduction

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 ERa mutations in ER-positive
metastatic breast cancer patients who received prior Al 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 ERa 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].

ESR1 pL536Q
pL536R

pY537N
pY537C
pY537S

pK303R | pE380Q ||pv392| |pS463P

pD538G
N —ARI] peo [ Hinge [EENIINNARZEED—c
| | |
180 252 332 595

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 PISK/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].

PIK3CA

pE545K
pE545A

pC420 pE545Q

,—ﬁ_‘ RBD fmmm|  C2  |uu| Helical

16 105 187 289 330 487 517 694 797 1068

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 (PI13/4-

kinase domain).

Restoring the function of ER by reprogramming the ER-dependent
transcriptome is one of the promoting endocrine-resistant cell growth. FOXA1
and GATAS3 are transcription factors required for ER binding and growth [75].
FOXA1 binds to achromatized DNA and opens the chromatin, enhancing ERa
binding to its target genes [76]. GATAS is involved in the differentiation of
luminal epithelial cells and the subsequent development of differentiated
epithelial cells' ductal tree [77]. FOXA1 and GATAS3 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 FOXAT1 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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(A) FOXA1

pl176V | pS250F
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(B)
GATA3
pR365G
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1 30 74 132 214 264 288 318 342 a4

Zinc fingers

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) GATAS3 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 | (acidic) and type Il (basic). Currently,
there are 40 different keratins described in human epithelial cells, including 20
(type 1) and 20 (type Il) keratins [84]. Type | epithelial keratins comprise K9—

K28, while type Il 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.17921.2, which encodes
for the type | 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. /n 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 Ill-1V) 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
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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 BRCA 1 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 BRCA71 promoter
hypermethylation using liquid biopsy may significantly influence the clinical

management of ovarian cancer patients who lack BRCA 1 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 BRCA71 promoter to monitor
hypermethylation of the BRCA71 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 ERa

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, PISKCA,
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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Simple Summary: The mechanisms leading to tumor metastasis remain poorly understood, and
therefore, phenotyping of circulating tumor cells from cancer patients may contribute to translating
these mechanisms. In in silico analysis, high expression of keratin 16 was associated with higher
tumor aggressiveness. According to our results, keratin 16 is a metastasis-associated protein that
promotes EMT and acts as a positive regulator of cellular motility by reorganizing the actin cytoskele-
ton, which is the driving force behind disrupting intercellular adhesion and directional migration.
In metastatic breast cancer patients, circulating tumor cells expressing keratin 16 were associated
with shorter relapse-free survival. This is an important issue for future research to determine the
exact function of keratin 16 in tumor dissemination and metastasis development by analyzing keratin
16 status in disseminating tumor cells. Furthermore, gaining a better knowledge of keratin 16’s
biology would give crucial mechanistic insights that might lead to a unique treatment option.

Abstract: Keratins are the main identification markers of circulating tumor cells (CTCs); however,
whether their deregulation is associated with the metastatic process is largely unknown. Previously we
have shown by in silico analysis that keratin 16 (KRT16) mRNA upregulation might be associated with
more aggressive cancer. Therefore, in this study, we investigated the biological role and the clinical
relevance of K16 in metastatic breast cancer. By performing RT-qPCR, western blot, and
immunocytochemistry, we investigated the expression patterns of K16 in metastatic breast cancer
cell lines and evaluated the clinical relevance of K16 expression in CTCs of 20 metastatic breastcancer
patients. High K16 protein expression was associated with an intermediate mesenchymal phenotype.
Functional studies showed that K16 has a regulatory effect on EMT and overexpres-sion of K16
significantly enhanced cell motility (p < 0.001). In metastatic breast cancer patients, 64.7% of the
detected CTCs expressed K16, which was associated with shorter relapse-free survival (p = 0.0042).
Our findings imply that K16 is a metastasis-associated protein that promotes EMT and acts as a positive
regulator of cellular motility. Furthermore, determining K16 status in CTCs provides prognostic
information that helps to identify patients whose tumors are more prone to metastasize.

Cancers 2021, 13, 3869. https://doi.org/10.3390/cancers13153869

https://www.mdpi.com/journal/cancers
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1. Introduction

Breast cancer is a heterogeneous disease encompassing different molecular subtypes
that are identified based on their hormone status and/or gene expression patterns [1].
Long-term survival of breast cancer patients largely depends on when the primary tumor
and especially the metastases are detected [2]. Epithelial to mesenchymal transition (EMT) is
thought to play an essential role in initiating cancer dissemination and metastasis. During this
process, intercellular adhesive complexes, such as E-cadherin-based adherens junctions,are
downregulated, leading to a mesenchymal-like phenotype [3,4]. The reverse process,i.e.,
mesenchymal to epithelial transition (MET), plays a critical role in metastatic tumor
formation [5]. High plasticity of carcinoma cells enables them to undergo a dynamic and
reversible transition between the epithelial and mesenchymal-like phenotype [6].

An importantaspect of EMT is the reorganization of the cytoskeleton, including changes
in intermediate filaments, which may contribute to the induction of cell motility. Keratins are
intermediate filament proteins routinely used for cancer diagnostics [3,7]. Keratins are
mainly present in epithelial cells anchored to desmosomes, hemidesmosomes, and the
nuclear membrane. Keratins contribute to the control of cell shape and rigidity [8], as well as
regulating intracellular signaling pathways [9]. The keratin 16 (KRT16) gene is located at
chromosome 17q21.2, encoding the type I cytoskeletal 16 protein K16 [9]. Previous studies
have shown that K16 expression influences keratinocyte organization, which contributes to
the changes in the morphology of epithelial cells and directly impacts adhesion,
differentiation, and migration of cells during wound-healing [10-12].

Little is known about the deregulation of K16 in cancer and metastasis. Through in silico
analysis, a positive correlation between KRT16 gene expression and shorter relapse- free
survival was shown in two large breast cancer patients’ data sets [3]. These data indicate that
KRT16 expression is associated with higher tumor aggressiveness and shorter relapse-free
survival. To further elucidate the role of K16 in cancer progression and metastasis, 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 cancerpatients by analyzing the
K16 expression in CTC, i.e., the seeds of metastasis.

2. Materials and Methods
2.1. In Silico Analysis

KRT1-20, CDH1, and VIM gene expression data of 51 breast cancer cell lines were
obtained from GEO, accession number GSE69017 [13]. A hierarchical cluster analysis was
performed on the gene expression data to compare expression levels of KRT1-20 in the
different breast cancer molecular subtypes and to evaluate the epithelial- and mesenchymal-
like phenotype based on CDH1 and VIM. The dataset was normalized to the mean value of each
probe set.

2.2. Cell Culture

Ten human breast cancer cell lines (MDA-MB-468, MDA-MB-231, BT549, HS-578T, MCF7,
T47D, MDA-MB-361, BT474, SKBR3, GI-101A), one normal-like breast epithelial cell line
(MCF-10A), and one skin squamous carcinoma cell line (A431) were brought into a culture.
All cell lines were obtained from ATCC. The cells were cultured in either DMEM media
(catalog no. P04-03600, Aidenbach, Germany) or RPMI 1640 media (catalog no. P04-17500,
Aidenbach, German) and incubated at 37 °C and 5% CO:z or 10% CO2, according to ATCC’s
instructions. Both media were supplemented with 10% fetal bovine serum (FBS) (Gibco—Life
Technologies), 1% L-glutamine (catalog no. 25030-024, Gibco—Life Technologies), and 1%
penicillin/streptomycin (catalog no. 15140-122, Gibco—Life Technologies). All cells were
grown in a 25 cm? flask until confluence was reached. Cells were washed with DPBS (catalog
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no. 14190-094, Gibco, Life Technologies) and harvested using trypsin/EDTA (catalog no.
25200-072; Thermo Fisher Scientific). A test for mycoplasma was regularly performed in all
culturesto detect and prevent any potential mycoplasma contamination [14].

2.3. EMT Induction Assay

EMT was induced using StemXVivo EMT Inducing Media Supplement (catalog no.
CCMO017; R & D Systems, Wiesbaden-Nordenstadt, Germany). This media includes a
cocktail of E-cadherin, SFRP-1, and DKK-1 blocking antibodies and WNT-5 and TGF-B1
recombinant proteins. MCF7 cells were seeded in standard culture media containing
1X StemXVivo EMT Inducing Media Supplement according to the manufacturer’s instruc-
tions [15,16]. Different culture conditions were tested through EMT treatment, such as
hypoxia (1% 0:) and starvation (0.5% FCS) compared to standard conditions (21% Oz, 10%
FCS) at different time-points of 24 h, 72 h, and 120 h. Control cells were seeded and put
through the same conditions as EMT-treated cells. The experiment was processed in dupli-
cate. Characterization of EMT-induced cells was performed by western blot and RT-qPCR.

2.4. KRT16 Overexpression

Keratin 16 plasmid DNA (catalog no. OHu24939D; GenScript) and pcDNA3.1+/c-
(K)-DYK vector were used for transfection into MCF7 cells to overexpress KRT16 and as
a vector control, respectively. ORFs cloned in the pcDNA3.1+/C-(K) DYK vector were
expressed in MCF7 cells as atagged protein with a C-terminal DYKDDDDXK tag. First, cells
were seeded in 6-well plates (9X10 cells /well) in a standard medium containing 10% FBS,
the day prior to transfection. Then cells were transfected with plasmid constructs (final
concentration 2.5 pg) using Lipofectamine 3000 (catalog no. L3000008; Invitrogen) and Opti-
MEM medium (Thermo Fisher Scientific), following the manufacturer’s protocol [17]. The
experiment was processed in triplicate. Keratin 16 overexpression was assessed by western
blot usinga DYKDDDDK Tag monoclonal anti-mouse clone [SA8E5] (catalog no. A00187;
GenScript) and RT-qPCR. Transfection efficiency was assessed by immunofluorescence
staining. After 24 h of transfection, cells were fixed in 4% paraformaldehyde (PFA) for 15
min on a culture slide and washed with PBS two times. Next, the cells were incubatedwith
0.2% Triton X-100 for 10 min and washed with PBS three times. Then, the cells were
incubated with 1% BSA at room temperature for 30 min, followed by incubation with the
primary antibody against DYKDDDDK Tag overnight at 4 "C. On the second day, cells were
washed with PBS and incubated with the secondary antibody goat anti-mouse IgG labeled
with Alexa Fluor 488 (catalog no. A28175; Life technologies, 1:200) atroom temperature for
90 min. After being washed with PBS, the cells were incubated for 1 min with DAPI (Janssen
Diagnostics, 1:5000). The cells were examined by fluorescence microscopy (ZEISS Axio
Observer). Pictures were taken for four fields and cells were counted by the Cell counter
program [18]. The experiment was performed in duplicate. The results are expressed as the
average percentage number of positive cells within a transfected cell population relative to
the total number of cells.

2.5. KRT16 Knockdown

Transfection using a smart pool of KRT16 interfering RNA (siRNA) duplexes,
KRT16siRNA1 (GGAGAUGCUUGCUCUGAGA); KRT16siRNA2 (GGCCAGAGCUCCUA-
GAACU); KRT16siRNA3 (GGAACAAGAUCAUUGCGGC); KRT16siRNA4 (GCGGAGAU-
GUGAACGUGGA) (catalog no. L-017550-02-0005; Dharmacon), and Lipofectamine™
RNAiIMAX Transfection Reagent (catalog no. 13778075; Thermofisher) was performed
on MDA-MB-468 cells, according to the manufacturer’s protocol [19]. ON-TARGETplus
Non-targeting Pool (catalog no. D-001810-10-05; Dharmacon) was used as a control. The
experiment was processed in duplicate, with a final oligonucleotide concentration of 20 nM.
KRT16 knockdown efficiency was assessed by RT-qPCR, and western blot and cells were
used for further experiments 48 h after transfection.
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2.6. Protein Level Assessment

Protein levels of the cells were measured after treatment with StemXVivo EMT In-
ducing Media, KRT16 knockdown, and KRT16 overexpression as follows: the cells were
scraped in PBS and centrifuged at 1500Xg for 2 min, the supernatant was removed, and the
cell pellet was resuspended in RIPA lysis buffer containing the Protease Inhibitor Cocktail
(Thermo Fisher Scientific). After incubation on ice for 30 min, cells were homogenized by
ultrasonic treatment for 5 s and centrifuged at 16100xg for 15 min at 4 °C. The protein
concentration was determined by a BSA protein assay kit (catalog no. 23227; Thermo
Scientific), according to the manufacturer’s instructions [20].

Protein extracts were loaded in 1x SDS buffer and denatured at 95 °C for 5 min. The
denatured proteins were separated by SDS-PAGE using 10% polyacrylamide gels and
blotted onto PVDF membrane. Detection of proteins was performed by incubation with the
following specific antibodies: keratin 16 monoclonal anti-mouse clone [Ag11240] (catalog no.
66802-1-Ig; Proteintech), E-cadherin monoclonal anti-rabbit clone [EP700Y] (catalogno.
ab40772; Abcam), vimentin monoclonal anti-mouse clone [RV202] (catalog no. 550513; BD
Pharmingen™), SNAI2 monoclonal anti-mouse clone [A7] (catalog no. sc-166476; Santa
Cruz Biotechnology), and HSC70 monoclonal anti-mouse clone [B-6] (catalog no. sc- 7298;
Santa Cruz Biotechnology). Protein bands were determined using SignalFire™PlusECL
reagent (Cell Signaling Technology, Danvers, USA), X-ray films (CEA, Hamburg,
Germany), and LI-COR C-DiGit Chemiluminescence Western Blot Scanner, according to
the manufacturers’ instructions [21].

2.7. Quantitative Transcript Analysis

Relative RNA expression levels were measured by RT-qPCR using an equivalent
of 15 ng of total RNA, isolated using the NucleoSpin RNA kit (catalog no. 740955.50,
Macherey Nagel), according to manufacturer’s instructions [22]. The RNA was reverse
transcribed, performing the First Strand cDNA Synthesis Kit (Thermo Scientific) according
to the manufacturer’s instructions. Primers and product length for each gene are described
in Table 1. AccuPower®2X GreenStar™ master mix solution (catalog no. K-6253, Bioneer) RT-
qPCR was used in 10 pL reaction volumes containing 10 pmol of each primer, 15 ng
cDNA, and 1 nxaster mix (Tris-HC], 60 mM KCl, 1.5 mM MgClz, SYBR Green I Dye, Hotstart
DNA polymerase (1U), dNTP mixture (each 250 uM)). The PCR conditions wereas follows:
initial denaturation at 95 °C for 5 min, followed by 40 amplification cycles of 95 °C for
15 sand 61.4 °C for 30 s, and a melting curve of 65.0 °C to 95.0 °C, with increments of 0.5
°C every 5 s. The RT-qPCR reactions were run in duplicate using a CFX96 Touch™ Real-
Time PCR Detection System. Data were analyzed by applying the
AACT calculations [23], using the GAPDH expression for normalization to calculate mRNA
expressed as fold changes 2 ~(84Ct),

Table 1. Specific primers used in RT-qPCR

Gene Forward Primer (5-3) Reverse Primer (5-3) Product Length
E-cadherin (CDHI) CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG 119bp
N-cadherin (CDH2) TGCGGTACAGTGTAACTGGG GAAACCGGGCTATCTGCTCG 123bp
Vimentin (VIM) GACGCCATCAACACCGAGTT CTTTGTCGTTGGTTAGCTGGT 238bp
SNAI2 (SLUG) TGTGACAAGGAATATGTGAGCC TGAGCCCTCAGATTTGACCTG 203bp
SNAI1 ACTGCAACAAGGAATACCTCAG GCACTGGTACTTCTTGACATCTG 242bp
ZEB1 GATGATGAATGCGAGTCAGATGC ACAGCAGTGTCTTGTTGTTGT 86 bp
ZEB2 GGAGACGAGTCCAGCTAGTGT CCACTCCACCCTCCCTTATTTC 107 bp
TWISTI AAGGCATCACTATGGACTTTCTCT GCCAGTTTGATCCCAGTATTTT 96 bp
WNTA ATTCTTGGTGGTCGCTAGGTA CGCCTTCTCCGATGTACTGC 159bp
NOTCHI GAGGCGTGGCAGACTATGC CTTGTACTCCGTCAGCGTGA 140bp
KRTS CAGAAGTCCTACAAGGTGTCCA CTCTGGTTGACCGTAACTGCG 194bp
KRTI8 GCTCAGATCTTCGCAAATACTGT CTTCCTCTTCGTGGTTCTTCTTC 250bp
KRTI19 ACCAAGTTTGAGACGGAACAG CCCTCAGCGTACTGATTTCCT 181bp
KRTI16 GACCGGCGGAGATGTGAAC CTGCTCGTACTGGTCACGC 91bp
CD24 CTCCTACCCACGCAGATTTATTC AGAGTGAGACCACGAAGAGAC 166 bp
CD#4 CTGCCGCTTTGCAGGTGTA CATTGTGGGCAAGGTGCTATT 109bp
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG 197bp
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2.8. Migration Assay

Two migration assays were performed in this study, the Wound-healing and transwell
(Boyden chamber) assays, to ensure the viability of modulated cells throughout the migra-
tion process. For the wound-healing assay, 1.2xX10° MDA-MB-468 cells were plated in
serum-free DMEM media in a 6-well plate and incubated at 37 °C. After 24 h, a scratch
was made, and pictures were taken under the microscope at different time-points. The
experiment was processed in duplicate. The images were analyzed by Image] software
(MRI_Wound_Healing Toolijm) [24]. For the transwell migration assay, 1x10° MCF7 cells
were culturedin serum-free DMEM media in the upper chambers, with 8.0 pm poresof BD
Cell Culture (BD Falcon). DMEM containing 10% FCS was used as a chemoattractantin the
lower chamber. Plates were incubated under standard conditions, and migration could
proceed for 24 h. Non-migrated cells in the upper chambers were removed with cotton
swabs, and the remaining cells were fixed in 4% PFA and stained with crystal violet. Using a
converted microscope (ZEISS Axio Observer), pictures were taken of four fields and
counted by the Cell counter program [18]. The experiment was performed in triplicate, and
the results are expressed as the average number of cells with standard deviation.

2.9. Proliferation Assay

Cell proliferation was assessed after KRT16 knockdown and KRT16 overexpression.
The cells were seeded and incubated at 37 °C with 5% CO2. Monitoring the cell density
and viability over time was measured in triplicate with the Vi-CELL™ XR 2.04 (Beckman
Coulter), which depended on performing the Trypan Blue Dye Exclusion method [25]. The
experiment was performed in triplicate, and the results are represented as the average
number of cells.

2.10. Immunocytochemical Staining

To visualize the actin filaments and a cell-cell adhesion protein (E-cadherin) in K16-
expressing cells, staining was performed using phalloidin Alexa Fluor 555 (catalog no.
A34055; Life Technologies, 1:00) and E-cadherin monoclonal anti-rabbit clone [EP700Y]
(catalog no. ab40772; Abcam, 1:500) as follows: 30,000 cells were seeded onto a chamber
slide and incubated at the standard culture condition for 48 h. The cells were fixed with
4% PFA for 10 min and incubated with 0.1% Triton X-100 for 10 min, 10% AB-serum at
room temperature for 20 min, primary antibody against E-cadherin overnight at4 °C, and
secondary antibody goat anti-rabbit IgG labeled with Alexa Fluor 488 (catalog no. A1008;
Life technologies, 1:200) at room temperature for 60 min. Cells were washed with PBS,
incubated with phalloidin and DAPI (1:1000) for 60 min, and examined by confocal
microscopy (Leica TCS SP8). Using the Bitlplane Imaris software, the cell thickness was
estimated by counting the number of image planes required to cover the entire cell volume.
Actin filament length was determined by calculating the distance between the extreme
points of the detected filament structures. Movies were produced after 3D reconstruction
by the mean of image interpolation of confocal images stacks, voxel (80 X 80 X 300) nm.

1.4. Blood Collection and Processing

Twenty metastatic breast cancer patients were included into the study after giving
written informed consent (local ethical committee approval number: PV5392). Patients were
treated at the Department of Gynecologic Oncology, University Medical Center Hamburg-
Eppendorf and received therapy according to international guidelines. The selection
criteria were women with metastatic breast cancer, independent of the tumor’s hormone
status. Blood was taken upon a progression of the disease. Peripheral blood samples were
collected into EDTA-containing tubes, kept at room temperature, and processed within
1 h. The density gradient Ficoll (catalog no. 17-1440-03; GE Healthcare) was used for
mononuclear cell enrichment as before [26].
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2.12.  Enrichment of CTCs using a Spiral Microfluidic Chip

A spiral microfluidic chip was designed to isolate CTCs according to size and den-
sity [27], in which the larger and denser particles (i.e., CTCs) focused and aligned near the
inner wall, while the small particles occupied the lateral positions near the outer wall. One
inlet and two outlet tubes were connected to a spiral chip. The inlet tubing was connected
to a syringe pump (catalog no. 78-8110; Kd. Scientific), and the outlet tubing was connected
to two sterile 15 mL collection BD Falcon tubes. An initial washing was performed before
sample processing using 5 mL of 5% NacClO, 5 mL H:0, and finally 5 mL sterile 1xPBS ata
flow rate of 1 mL/min. The sample was transferred into a syringe and pumped through
the spiral chip at a flow rate of 1.7 mL/min. The enriched CTC fraction was collected on a
microscope slide in a cytospin funnel and spun down at 190X g for 5 min.

2.13. CTC Immunophenotyping

K16 staining was established using 7.5 mL blood samples from anonymous healthy
donors spiked with tumor cell line cells. The blood was processed as mentioned above, and
the mononucleated cell layer was collected and spiked with MCF7 cells (K16-/C11+) as the
K16 negative control and A431 cells (K16+/C113j or MDA-MB-468 (K16+/C11+) as K16
positive control. The spiked samples were spun on a microscope slide. Inmunofluorescence
staining was used to identify the enriched CTCs and spiked tumor cell line cells. Briefly,
cells were fixed in 4% PFA for 10 min on a microscope slide and washed with PBS three
times. Next, the cells were incubated with 10% AB-serum at room temperature for 1 h,
followed by incubation with the primary antibody against keratin 16 (catalog no. 66802-1-
Ig; Proteintech, 1:500) overnight at 4 °C. On the second day, cells were washed with PBS
and were incubated with the secondary antibody rabbit anti-mouse IgG labeled with Alexa
Fluor 546 (catalog no. A11060; Life technologies, 1:200) at room temperature for 1 h. After
being washed with PBS, the cells were incubated for 1 h with DAPI (1:1000), CD45 Alexa
Fluor 647 (catalog no. 130-110-633; MACS, 1:200), and C11 Alexa Fluor 488 (catalog no.
ab187773; Abcam, 1:300) in order to detect keratins (K4/5/6/8/10/13/18). After staining,
the cells were washed with PBS, covered with a coverslip, and examined by fluorescence
microscopy (ZEISS Axio Observer). CD457/K16+/C11+ cells with an intact nucleus were
interpreted as CTCs.

2.14. Statistical Analyses

Statistical analyses were performed using R (R Foundation for Statistical Computing,
version 4.0.1) and In-Silico Online, version 2.3.0 [28], and graphs were generated using
GraphPad Prism (GraphPad Software, San Diego, CA, USA). Mean values were given with
standard deviations. Statistical significance was defined as p < 0.05. Linear regression was
used to determine the rate of migrated cells over time. Relapse-free survival (RFS) was
determined using a Kaplan-Meier curve and log-rank test. The primary endpoint of RFS
was defined as the time in months from primary diagnosis until the first progression. The
clinical variables (estrogen receptor (ER) status, progesterone receptor (PR) status, ERBB2
status, T-stage, and age) were compared to the K16-positive CTCs of metastatic breast
cancer patients. A power analysis for sample size was performed by PASS, version 20.0.2.

3. Results

3.1. .Keratin 16 Is Overexpressed in the Basal-Like Breast Cancer Subtype

In in silico analysis, we investigated the expression of 20 keratins in 54 breast cancer
cell lines (GSE69017, Figure S1) and could show that KRT16 was upregulated in 24%
(13/54) of breast cancer cell lines of predominantly the basal-like (53.8%), ERBB2 enriched
(23%), claudin-low (15%), and normal-like (7.7%) subtypes that mainly overexpress CDH1
and VIM, whereas KRT16 was downregulated in cell-lines of the luminal A and luminal
B molecular subtypes. Furthermore, we investigated the correlation between mRNA
expression levels of KRT16 and the EMT-associated genes CDH1 and VIM. A significant
positive correlation (R? = 0.643, p = 0.018, Pearson’s r) was observed between CDH1 and
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KRT16. In order to extend these data atthe protein level, we assessed the protein expression
of K16 in different breast cancer cell lines presenting various breast cancer subtypes using
western blot analysis. In addition to K16, the expressions of E-cadherin (CDH1) and Vimentin
(VIM) were determined to assess the degree of epithelial- and mesenchymal- like
phenotype, respectively. Western blot analysis revealed that K16 protein was more abundant
in carcinoma cells of the basal-like A and normal-like subtypes that also express CDH1 and
VIM, while K16 expression was completely absent in cell lines of the luminal A and B
subtypes that express CDH1 but not VIM and the ERBB2-overexpressing subtype that does
not express CDH1 and VIM (Figure 1AB). A significant correlation between mRNA and
protein levels in the expression of CDH1 (R = 0.851, p = 0.0001), VIM (R? = 0.653,p =
0.0047), and K16 (R% = 0.773, p = 0.0008) were observed (Figure 1C). Taken together, these
data reveal a correlation between K16 expression and mesenchymal-like phenotype.
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Figure 1. Analysis of the K16 expression in breast cancer cell lines. (A) Expression of K16, adherent
junction protein CDH1, and mesenchymal intermediate filament VIM in a panel of human breast
cancer cell lines using western blot. (B) The relative ratio of protein expression of K16, VIM, and
CDH1; all quantified values are normalized to the expression level of HSC70 protein and then to
MDA-MB-468 as a control (C) Correlation between mRNA and protein expression levels of K16,
CDH1, and VIM in breast cancer cell lines.
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3.2.  EMT Induction Leads to Overexpression of K16

Next, we sought to address whether the induction of the EMT process leads to K16
upregulation. Therefore, we investigated changes in K16 expression during EMT induction
in the MCF7 cell line, which normally does not express K16 (Figure 1A). Microscope imag-
ing of EMT-induced MCF7 cells showed substantial changes in their morphology after
treatment with the EMT-inducing media supplement. The EMT-induced cells showed a
mesenchymal-like, spindle-shaped morphology, losing all intercellular contacts, whereas
the untreated cells showed a typical epithelial-like morphology with extended cell-cell con-
tacts (Figure 2A). In order to assess EMT induction efficiency, the mRNA expression levels
of the MET/EMT related genes CDH1, KRT8, KRT18, KRT19, CD24, VIM, CDH2, SNAI2,
CD44, ZEB1,ZEB2, SNAI1, TWIST1, WNT5A, and NOTCH1 were examined at various EMT
culture conditions and different time-points (Figure 2B). Mesenchymal markers VIM, CDH2,
SNAI2, and CD44 were significantly (p < 0.0001) upregulated in the EMT-induced cells as
compared to untreated controls, in particular, the cells that were under standard
conditions (10% FCS, 21% 02) and starvation conditions (0.5% FCS, 21% O:) (Figure 2B).
These cells showed slight changes in the expression of epithelial markers, such as CDH1
and KRT8. We further observed that EMT-induced cells could continue to transition after five
days (Figure 2B).
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Figure 2. Analysis of the K16 expression in EMT-induced cells. (A) Microscopic images showed morphological changes in
MCF7 cells during EMT induction; scale bar represents 100 pm. (B) Heat-map of EMT/MET specific genes expression in
EMT-induced cells at different culture conditions and time points; relative mRNA expression values were normalized to

GAPDH and subsequently displayed relative to gene expression asa fold change 2-(eacm), (C) Protein expression profile of
K16, CDH1, VIM, and SNAI2 during EMT induction on MCF7 cells. HSC70 was used as a reference control. The relative
ratio of protein expression of (D) CDH1; (E) K16; (F) SNAI2.
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Interestingly, K16 was upregulated in EMT-induced cells under all conditions in
which cells were exposed at all time points (Figure 2B). Inmunoblot analysis showed
overexpression of K16 and SNAI2 (Figure 2C,E,F) with decreased expression of CDH1
compared to untreated cells (Figure 2C,D), which indicates the disruption in adhesion
junction formation and loss of epithelial properties, whereas no change in VIM expression
was detected (Figure 2C). Overall, EMT promotes the expression of K16 which highlights a
crucial role of K16 in EMT execution.

3.3. Overexpression of KRT16 Leads to EMT Induction

To further investigate the association between K16 and the EMT, KRT16 was overex-
pressed in the K16-negative MCF7 cells (Figure 1A). MCF7 cells were transfected with a
KRT16 coding sequence containing plasmid or non-target plasmid as a control, resulting
in transfection efficiency of 81.4% of the total transfected cell population (Figure S2 and
Table S1). Transfection of KRT16 increased the mean fold-change of mRNA gene expression
levels by 30,000-fold in the treated MCF7 cells, compared to the non-target treated control
cells (Figure 3A). Furthermore, K16 protein expression was strongly induced in the treated
MCF7 cells, whereas no expression of K16 could be detected in the non-target treated con-
trol cells (Figure 3B,C). The treated MCF7 showed a spindle-shaped morphology with long
and thin stress fibers, characteristic of epithelial-to-mesenchymal transition, whereas non-
target treated and untreated control cells were regular in morphology (Figure 3E and Figure
$3). In line with this, mRNA analysis revealed overexpression of the mesenchymal specific
genes VIM, CDH2, SNAI2, ZEB1, ZEB2, TWIST1, and WNT5A in KRT16 induced cells (p
= 0.0001, Two-sample Wilcoxon rank test; Figure 3F), but no changes in the expression
levels of CDH1, KRT8, KRT18, KRT19 and CD24. Furthermore, no changes were detected in
VIM and CDH1 protein expression levels (p = 0.430; Figure 3B,D) upon KRT16 induction.
Immunocytochemical staining showed abundant expression of E-cadherin localized in
the cytoplasm and weakening cell-cell adhesion in K16-induced MCF7 cells, whereas
untreated MCF7 cells demonstrated stable adherens junctions at the cell edges (Figure 3G).
Moreover, overexpression of K16 resulted in a reorganization of actin microfilaments to
form long, parallel, thin stress fibers compared to untreated MCF7 cells (Figure 3G and
Figure S4 and Video S1). A highly significant increase (p = 0.0027, Welch’s two sample t-test)
in the length of actin microfilaments was detected with a reduction in the cell thickness
(p = 0.0162, Welch's two sample t-test) of MCF7 cells that induced K16 compared to control
cells (Figure 3H,I).

The phenotypic changes induced by KRT16 overexpression were further investigated by
using the Boyden chamber assay for migration analysis (Figure 3]). Compared to the non-
target treated cells, MCF7 cells overexpressing KRT16 had a significantly higher mean
migration rate of 1.88 times (95% CI: 1.47-2.42; p < 0.001, negative-binomial generalized
linear mixed-effects model; Figure 3K). The equal mean proliferation rates of 79.4 and 78.3 of
the target and empty-vector-control treated cells, respectively, indicate that the proliferation
rate was not modified by KRT16 overexpression and that the increased migration wasnot
the consequence of a higher proliferation rate (p = 0.8514, Welch’s two sample t-test; Figure
3L). Hence, we could show that overexpression of KRT16 contributes to EMT and toa more
aggressive phenotype.
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Figure 3. Overexpressing of K16 in MCF7 cells promotes a mesenchymal phenotype. (A) Relative mRNA expression was
verified after inducing KRT16. (B) Immunoblot: DYKDDDDK tag was used to detect the expression of transfected K16 in MCF7
cells (K16++) compared to transfected empty vector (non-target) and untreated cells (control); CDH1 and VIM expression were
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investigated after 48h oftreating MCF7 cells, loading control: HSC70. The relative ratio of protein expression of (C) DYKD-
DDDK tag and (D) CDH1. (E) Cellular morphological changes in MCF7 cells after inducing the expression of K16 protein
(K16++) were observed under a normal microscope compared to transfected non-target and untreated cells (control); scale
bars 20 pm. (F) Heat-map of EMT/MET-specific genes was investigated after KRT16 enhancement; mRNA expression
values were normalized to GAPDH and subsequently displayed relative to gene expression as a fold change 2-(eacT),
(G) Immunocytochemistry staining of actin filaments by phalloidin (red), intercellular adhesion by E-cadherin (green),
and nucleus by DAPI (blue) to visualize the morphological changes in MCF7 cells that induced K16; scale bar represents
5 pm. Differences between MCF7 cells and MCF7 cells with induced K16 in (H) the length of actin filaments and (I) the
thickness of the cells. (J) Microscopy images of migrated cells by Boyden Chamber to analyze the motility of MCF7 cells
overexpressing K16 relative to the non-target control; the cells were seeded on transwell chambers and incubated for 24 h;
scale bar represents 100 pm. (K) The migrated cells were counted after staining cells with crystal violet, the data were
generated as the mean £ SD., n = 3. (L) Proliferation assay: cell proliferation rates of K16++ and non-target control cells were
determined using Trypan Blue Dye, and the cells were counted by Vi-CELL Counter device; the data are expressed asthe
mean * SD,; n = 3. The p-values were calculated with Welch'’s two sample t-test (p < 0.05).

3.4. K16 Knockdown Changes the Mesenchymal Phenotype

Next, we sought to investigate whether K16 expression contributes to EMT-associated
cell (de)differentiation. To that end, KRT16 was knocked down in MDA-MB-468 cells using
siRNA directed against KRT16 mRNA. MDA-MB-468 is a basal-like cell line expressing K16,
but it also contains cells having an epithelial-like phenotype (Figure 1A). KRT16 was
successfully depleted, leading to a mean downregulation of KRT16 mRNA of five times
compared to control cells (p < 0.0001, Welch'’s t-test; Figure 4A). Because of gene silencing by
siRNA, protein K16 levels were downregulated to 0.18 as compared to the control cells
(Figure 4B,C). In addition, CDH1 and VIM expression were lowered by 0.56 and 0.35 in K16-
depleted cells, respectively, compared to untreated cells (Figure 4B,D,E), indicating a less
mesenchymal phenotype upon K16-knockdown. Furthermore, the mRNA expression of
selected mesenchymal-associated genes (VIM, CDH2, SNAI2, CD44, TWIST1, NOTCH1, ZEB1,
ZEB2, SNAI1, and WNT5A) were significantly downregulated (p = 0.0135, Two- sample
Wilcoxon rank test), whereas the expression of selected epithelial-associated genes (CDH1,
KRT8, KRT18, KRT19,and CD24) stayed unaltered (p = 0.127, Two-sample Wilcoxon rank test;
Figure 4F), indicating that MDA-MB-468 expressed mesenchymal markers to a lesser extent
after KRT16 knockdown.

Because one of the characteristics of breast cancer cells with a mesenchymal-like
phenotype is increased migration properties, we assessed whether knockdown of KRT16
impacts cell migration. Using the wound-healing assay, it could be observed that KRT16
knockdown led to a mean 70% slower migration (Figure 4G,H; p = 0.0032, ANCOVA test),
indicating that the depletion of K16 protein expression in the MDA-MB-468 cell line
impaired cell migration. Equal means of proliferation rates in the siRNA treated and control
cell lines confirmed that the migration was not the consequence of a higher proliferation
rate (p = 0.9714; Wilcoxon rank-sum test, Figure 4I). Taken together, these results indicate
that loss of K16 directly influences the capacity of cells to migrate, which might be the
consequence of loss of mesenchymal properties.
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Figure 4. KRT16 knockdown in MDA-MB-468 impaired cell migration (A) mRNA expression level was verified after KRT16
knockdown compared to the non-target (siRNA control). (B) Inmunoblot to verify the expression levels of CDH1 and VIM
in KRT16 depleted cells. The relative ratio of protein expression of (C) K16; (D) CDH1; and (E) VIM. (F) Relative mRNA
expression of EMT/MET-specific genes was investigated after KRT16 depletion; mRNA expression values were
normalized to GAPDH and subsequently displayed relative to gene expression as a fold change 2~ (6acT), (G) Microscopy
images of migrated cells by wound-healing assay were performed on KRT16 depleted cells (KRT16 siRNA) compared to
control cells (siRNA control) at different time points of 0 h,24 h, 72 h, and 120 h; n = 2, scale bar represents 100 pm. (H) In
migration, linear regression analysis was performed forthe velocity slope of KRT16-siRNA transfected cells and untreated cells
(control). (I) Cell proliferation rates of KRT16-siRNA transfected and siRNA control cells were determined using Trypan
Blue Dye, and the cells were counted by a Vi-CELL Counter device, the data are expressed as the mean £ SD,; n = 3. The p-
values were calculated by the Wilcoxon rank-sum test (p < 0.05).
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3.5. K16 Expression in CTCs Correlates with a Worse Survival

To evaluate the clinical relevance of the expression of K16 in CT'Cs, an immunofluores-
cence staining protocol was established by spiking blood with K16 positive and negative
cancer cell lines (Figure 5A). Using the optimal staining conditions, specific detection of tumor
cell line cells MDA-MB-468 and A431 was achieved with no background in the K16-negative
cell line MCF7.
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Figure 5. K16 immunocytochemistry staining (A) Establishment K16 immunocytochemistry staining; cells were stained by
DAPI (blue), CD45 (AF647; red), C11 (AF488; green), and K16 (AF546; orange); scale bar represents 10 pm. (B) Detection of
CTCs in metastatic breast cancer patients (n = 20); CTCs cells (DAPI+, C11+, K16+, and CD45—) were differentiable from
the WBCs (DAPI+ and CD45—); scale bar represents 10 pm.

Next, blood was acquired from 20 metastatic breast cancer patients that were experienc-

ing disease progression. CTCs (keratin+/DAPI+/CD455 were detected in 19/20 patients,

follow-up was not available for one patient (Table S2). The blood of five patients counted

<5 CTCs, and 14 patients counted >5 CTCs per 7.5 mL blood. A total of 64.7% of detected

CTCs were K16+/C11— and 16.6% were C11+/K16 -~whereas 18.7% of detected CTCs
were K16+/C11+ (Figure 5B and Table S2).

The median follow-up time of breast cancer patients was 32 months. Relapse-free
survival (RFS) analysis was performed to test the difference in survival between metastatic
breast cancer patients diagnosed with K16 expressing CTCs only (i.e., K16+/C11-and/or
K16+/C11+) and patients that were diagnosed with at least one K16-negative CTC(i.e.,
C11+/K16—), patients without detectable CTCs were excluded from this analysis. Pa-
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tients with K16+ CTCs had shorter relapse-free survival (median: 12.9 months) compared
to patients who had CTCs with negative expression of K16 (median: 75 months; p = 0.0042;

Figure 6).
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Figure 6. Kaplan-Meier estimates of the relapse-free survival of metastatic breast cancer patients
with K16+ CTCs (black dashed line) and K16— CTCs (solid gray line). Statistical significance was
determined by a log-rank test. Shorter relapse-free survival correlates with the presence of K16+

CTCs in the blood (p = 0.0042).

Both in uni-and multivariable analysis, the presence of K16-positive CTCs was corre-
lated with shorter survival (Table 2). Although the expression of estrogen receptor (ER)
was correlated with improved RFS in multivariable analysis, ER-status was not signifi-
cantly associated with survival in univariable analysis, possibly due to the small number
of cases. These results indicate that K16 expression is independently associated with high
aggressiveness.

Table 2. Cox proportional hazard ratios. Estimated coefficients of relapse-free survival on breast cancer subjects. Calculated
are the corresponding hazard ratio (HR), 95% confidence interval (CI) of the hazard ratio, and p-value in uni- and multivari-
able Cox proportional hazard analysis for the presence of K16-positive CTCs, estrogen receptor (ER) status, progesterone
receptor (PR) status, ERBB2 status, and T-stage (reference T1-2).

Univariable Analysis

Multivariable Analysis

Covariate Coefficient (bi)  HR [exp(bi)] HR95%C p-Value Coefficient (bi)  HR [exp(bi)] HR95%CI  p-Value
K16+ CTCs 2.061 7.856 (1.677,36.81)  0.0089 4.864 1296 (1.6,1.120)  0.0287
-0.072 0.93 7, 0. 0.0432 -0.217 0.804 7 0.0869

Qﬁi —0.638 0.523 [&?26 ?238] 0.280 5909 0.003 (?068 0199?)2) 0.0481
PR+ -0.150 0.861 (0.275,2.693) 0797 3.857 47.3 (0.108,2.670)  0.2136
ERBB2+ 0.078 1.081 (0.283,4123) 0910 - 0435 0.647 (0.030,141)  0.7820
T3-4 0272 1312 (0.286,6.420) 0737 0.117 1.352 (0.080,159) 09308

CTCs = drculating tumor cells, ER = estrogen receptor, PR = progesterone receptor, ERBB2 = Erb-B2 Receptor Tyrosine Kinase 2, HR =haz-

ard ratio.

4. Discussion

Tumor metastasis is the major cause of cancer-related deaths. Therefore, identifying
a potential biomarker that can detect micrometastasis early could be helpful in clinical
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tumor management. We have previously shown by in silico analysis that K16 mRNA
expression upregulation might be associated with a more aggressive course of cancer [3].
Accordingly, we investigated the biological role of K16 in metastatic breast cancer. In this
study, K16 was positively correlated to an intermediate mesenchymal phenotype, and this
K16 expression was mainly observed in cell lines that had a hybrid phenotype of epithelial
and mesenchymal cell features. These results provide further supportfor the hypothesis
that K16 appears to contribute to the hyperplastic epithelial phenotype.

EMT has been recognized as an important mechanism driving cell migration and
invasion during tumor growth; however, the process of partial and full reversion of EMT
in the stages of metastasis is not well understood yet [29,30]. Although our results indicate
a clear association between KRT16 expression and EMT regulation, further experiments
have to be performed to determine whether KRT16 is upstream or downstream of EMT or
whether it can function in a transcription-translation feedback loop. The relative gene and
protein expression of epithelial markers such as CDH1 were not changed upon transfection
of K16 in MCF7 cells; E-cadherin was relocalized from the cell membrane to the cytoplasm
and thereby compromised cell-cell adhesion, as well as acting possibly as transcriptional
gene regulator [4,31]. Our findings are similar to the study reported by Huang and colleagues
who showed the phenotypic EMT characterization of 43 ovarian cancer cell lines and found
that CDH1 expression in the cytoplasm was correlated with an intermediate mesenchymal
phenotype [32]. Furthermore, the knockdown of KRT16 also led to the downregulation of
mesenchymal-associated genes but not epithelial-related genes. While the expression level
of CDH1 protein was reduced in K16-depleted cells, our results suggestthat expression of K16
is correlated with the regulation of the mesenchymal-regulatory genes of EMT, as well as
the expression of CDH1 as a crucial epithelial marker. Overall,the functional role of K16 in
the EMT appears to be essential to allow epithelial carcinoma cells to undergo multiple
morphological and biochemical changes to have higher plasticity and thus be able to migrate.
Carcinoma cells could acquire a mesenchymal-like phenotype through EMT before or during
intravasation. A reverse mechanism, ie., MET, may occur at the secondary site following
extravasation (Figure 7). Arecent study reported evidence that the transcription factor TF-
AP2A in EMT-related pathways induced K16 expression in lung adenocarcinoma [33]. This
study is consistent with our finding that K16 has a regulatory role in EMT, and thus, more in-
depth studies are needed to provide additional information on the role of K16 during EMT
and MET.

K16 is one of the intermediate filament members that forms a heterodimer interaction
with K6 but is also able to form homodimers [9]. Homomeric K16 formation further dis- plays
unique properties that may contribute to morphological changes of epithelial cells during
migration [12,34]. In the present study, modifications of the actin microfilament morphology
has been observed in MCF7 cells under conditions inducing K16 expression. These changes
demonstrate the mechanical effect of K16 in the reorganization of intermediate filaments,
which is required for changes in cell shape and locomotion as the first step to induce
migration [2]. In this study, K16 was shown to significantly enhance the migration in MCF7
cells by reorganizing the actin cytoskeleton, which is the driving force behind disrupting
intercellular adhesion and directional migration. In contrast, K16-depleted cells exhibited
impaired cell migration. In accordance with the present results, previous studies on wound-
healing have demonstrated a crucial role of K16, along with other partners such as K6 and
K17 that have contributed to the enhancement of migration after skin injury [12,35,36].
Taken together, K16 appears to be an important protein in cell migration, which is considered
a major event in the metastatic cascade.
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Figure 7. K16 functional model: K16 is involved in a functional transition of polarized epithelial cells
to motile by promoting EMT regulator genes while preserving the epithelial phenotype, enhancing
the migration of tumor cells to access the bloodstream and survive as a drculating tumor cell (CTCs).
These tumor cells have a semi-mesenchymal phenotype with a high capacity to generate metastasis.

CTCs in breast cancer are known to be an indicator for poor outcome [37]. How-
ever, the potential of individual CTCs to initiate metastasis is heterogeneous [38]. Here,
we identified three CTC subsets that exhibited different expression patterns of keratins
(e.g., K16+/C11+K16 —/C11+, K16+/C11+) during tumor progression in patients. Pre-
vious studies have shown that phenotypic and genetic heterogeneity among CTCs are
associated with a higher risk for metastasis [39-41]. In our preliminary analysis, K16
expression was associated with higher tumor aggressiveness, and it was mainly associ-
ated with epithelial-mesenchymal plasticity. Indeed, a significant relationship has been
reported in several studies between the CTCs with high epithelial-mesenchymal plasticity
and poor clinical outcomes in different cancer entities [5,42-46]. These CTCs have dynamic
plasticity to adapt to the selective microenvironment during their dissemination in distant
organs [5,43]. Although our pilot study has only analyzed a small collection of blood
samples, a significantly shorter relapse-free survival was observed among patients diag-
nosed with K16-positive CTCs, which is consistent with our previous in silico analyses [3].
Although additional studies with larger cohorts and the analyses of more confounding
clinical factors are required to elucidate the true correlation between K16 expression among
CTCs and relapse-free survival, this study can be considered hypothesis generating.

To our knowledge, this has been the first study to assess the role of K16 in metastatic
breast cancer. Our results suggest that K16 may represent a novel metastasis-associated
protein that acts as a positive regulator of cell motility and promoter of EMT regulator
genes in breast cancer. This is an importantissue for future research to analyze the exact
function of K16 in tumor dissemination and metastasis development by assessing K16
status in disseminating tumor cells (DTCs) and CTCs. Additionally, understanding the
biology of K16 would provide valuable mechanistic insights translating into a novel
therapeutic opportunity.
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5. Conclusions

Our results provide new insights into K16, representing a novel metastasis-associated
protein for breast cancer, enhancing cell motility and promoting EMT. K16 expression
in CTCs contributes to shorter relapse-free survival in metastatic breast cancer patients.
This has been the first report indicating that K16 might be a metastasis-promoting gene in
breast cancer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13153869/s1, Figure S1: 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. Figure S2: Transfection efficiency of KRT16; immunocytochemistry staining of transfected
cells compared to non-target vectors; the cells were stained by DYKDDDDK Tag (AF488; green) and
DAPI (blue); scale bar represents 20 pm. Figure S3: Immunofluorescence staining ofK16 (AF488;
green) and DAPI (blue); scale bar represents 10 pm. Figure S4: Immunocytochemistry staining to
visualize the actin filaments by phalloidin (red), intercellular adhesion by E-cadherin (green), and
nucleus by DAPI (blue) in MDA-MB-468, MCF7, and MCF7 cells that induced K16; scale bar represents
5 pm. Table S1: Transfection efficiency of KRT16. Table S2: Number of detected CTCs with patient’s
characteristics. Video S1: 3D imaging view of the actin filaments rearrangement (red), E-cadherin
localization (green), and DAPI (blue) in MCF7 cells that induced K16.
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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%
Cl, 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 BRCA71 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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Methylation of the BRC A promoter is an epigenetic gene expression regula
tor and is frequently observed in ovarian cancer; however, conversion ©
methylation status is thought to drive disease recurrence. Therefore, longitu
dinal monitoring of methylation status by liquid biopsy in cell-free DN/
may be a predictive marker, In total, 135 plasma samples were collected fron
69 ovarian cancer patients before and during systemic treatment. Qur liquis
biopsy assay could detect down to a single molecule of methylated DNA in .
high background of normal DNA (0.03%) with perfect specificity in contrc
samples. We found that 60% of the cancer patients exhibited BRCATI pro
moter hypermethylation at one point, although 24% lost hypermethylatio
during treatment. Multivariate survival analyses indicate that relapses ar
independent events and that hypermethylation and methylation conversios
are independently correlated to longer relapse-free survival. We present .
highly sensitive and specific methylation-specific quantitative PCR-based lig
uid biopsy assay. BRC A promoter hypermethylation is frequently found 1
ovarian cancer and is often reversed upon recurrence, indicating the selectio
of therapy-resistant clones and unfavorable clinical outcome.

1. Introduction

Germline and somatic mutations in BRCAI have been
in approximately one-third of ovarian
carcinomas, and their presence is highly predictive of
primary platinum and PARP (Poly-ADP-Ribose-
sensitivity
progression-free and overall survival [1-4]. Hyperme-
thylation of the BRCA/! promoter leads to downregula-
tion of BRCAI mRNA expression [5,60], resulting in
defective homologous recombination characterized by

identified

Polymerase) inhibitors

typical chromosomal aberrations

Abbreviations

seen

mutation carriers [6,7]. Although hypermethylation o
the BRCAT promoter has been shown in xenografts t
predict response to PARP inhibitors as well [8], data o
patient survival are still unclear [9]. Recently, we showe
that the BRCAI promoter is frequently hypermethy
lated in ovarian cancer tissue, but the methylation statu
is often lost in recurrent disease, suggesting a potentia
resistance mechanism cither through therapy-induce
cancer evolution or by clonal selection [10-12]. Thereby
the detection and monitoring of BRCA! promote
hypermethylation may have an important impact on th
clinical management of ovarian cancer patients withou

and favorable

in BRCAI

BRCAT, breast cancer 1; cfDNA, cell-free DNA; Cl, confidence interval; ctDNA, circulating tumor DNA; FIGO, International Federation of
Gynecclogy and Obstetrics; HR, hazard ratio; MS-gPCR, methylation-specific quantitative polymerase chain reaction.
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BRCA1 promoter hypermethylation in ovarian cancer

BRCA1 mutation [8]. Precision medicine in oncology
may be achieved through the diagnostic method ‘liquid
biopsy™ as has been shown in several cancer entities [13—
16]. This method utilizes the detection of biomarkers in
blood or other body liquids for prognostic and predic-
tive purposes and has several advances over using tissue
alone [15]. Circulating tumor DNA (ctDNA) are cell-
free DNA (cfDNA) fragments released into the circula-
tion by tumor cells and can provide direct information
about the methylomic make-up of the tumor currently
present in the patient [17,18]. The purpose of this study
was to develop a liquid biopsy assay that could deter-
mine the methylation status of the BRCAI promoter to
be able to monitor hypermethylation of the BRCAI pro-
moter and investigate its clinical significance as a predic-
tive biomarker in ovarian cancer patients. We
considered two models of cancer progression leading to
therapy resistance: cancer evolution driven by therapy
pressure and, secondly, selection and survival of tumor
clones originating from the primary tumor (illustrated
in Fig. S1).

2. Materials and methods

2.1. Sample collection

[n this prospective study, 69 ovarian cancer patients
treated during 2015-2020 were included. Selection cri-
teria were primary or recurrent, high-grade serous
ovarian cancer with platinum-based first-line therapy
(carboplatin, n = 68; cisplatin, n=1) (Table S1).
Blood sampling was performed before treatment, at
relapse before therapy change, and/for during the
course of therapy. Additionally, 69 healthy, age-
matched women were included as controls. This study
was approved by the local ethical board (ethical
approval number: PV5392) in accordance with the dec-
laration of Helsinki, all participants enrolled into this
study gave written informed consent. The patients’
demographic statistics are described in Table 1.

2.2. Cell-free DNA isolation and bisulfite
conversion

Peripheral blood of all women was collected in EDTA
containing tubes and processed within 1 h. Blood was
centrifuged at 360 g for 20 min, and plasma was cen-
trifuged again at 5087 g for 10 min. cf[DNA was iso-
lated and treated with bisulfite by the full automated
InviGenius® Plus instrument with the InviMag® Free
Circulating DNA Kit/IG (cat.no. 2439320400; Invitek
Molccular, Berlin, Germany) and InviMag® Bisulfite
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Table 1. Demographic statistics. P-values were calculated using
the G-test with Williams' correction for count data and ANOVA for
continuous data. The study cohort was divided by the methylation
status of the BRCAT promoter of the patients: hypermethylated
detected in all blood samples (ME1), no methylated detected in
any of the blood samples (MO), and methylation status changed
during the course of treatment from positive to negative (MEc).

ME1 MEOD MEc  Total P-value
Mean age (years) 56.7 60.8 58.0 58.3 0.60
FIGO stage
I-111B 2 2 3 7 0.39
e 19 16 4 37
v 9 5 3 17
Grade
G2 4 2 1 7 0.92
G3 30 22 9 32
T-stage
T 1 2 1 4 0.41
T2 i 8 0 4
T3 28 15 7 50
N-stage
NO 6 4 1 1 0.79
N1 15 10 4 29
Nx 4 3 0 7
Residual tumor
No {macroscopic 18 12 4 34 0.93
complete resection)
Yes 15 8 3 26
Lymphatic invasion
LO 6 7 1 14 0.29
L1 22 1 7 40
Venous invasion
VO 24 15 7 37 0.99
V1 3 2 1 6
PARP inhibitor treatment
Yes 6 5 4 15 0.40
No 25 22 5 53
Germline BRCAT
Mutated 5 6 2 13 0.64
Wild-type/Unknown 29 18 8 b5

Conversion Kit/IG (cat.no. 3030200100; Invitek Molecu-
lar). cfDNA quantification and fragment size distribution
were assessed using the Agilent 2200 TapeStation High
Sensitivity D5000 and Qubit® 2.0 Fluorometer dsDNA
HS Assay Kits (Thermo Fisher Scientific, Eugene, OR,
USA) according to the manufacturers’ instructions.

2.3. Methylation-specific, quantitative real-time
PCR

BRCAL promoter methylation status in cfDNA was
assessed after bisulfite conversion using methylation-
specific primers as before [10] with slight adjustments
to the PCR protocol. The sequences of the primers for
amplifying the 1543- to 1617-bp region (fragment
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length, 75 bp) of the BRCAI! (GenBank U37574.1)
promoter in case of methylation were 5-TCGTGGT
AACGGAAAAGCGC-3 (sense) and 5-AAATCTCA
ACGAACTCACGCCG-3 (antisense). The primers for
amplifying the 1536-1621 bp region (fragment size),
86 bp of the wild-type BRCAI promoter were 5-T
TGGTTTTITGTGGTAATGGAAAAGTGT-3 (sense)
and 5-CAAAAAATCTCAACAAACTCACACCA-3
(antisense). Methylation-specific, quantitative real-time
PCR (MS-qPCR) was performed in 15 pL reaction
volume containing 1x PCR buffer (1.5 mm MgCl,,
10 mm Tris/HCI of pH 8.3, 50 mm KCI), 100 pm of
each dNTP, 0.2 um of each primer, 0.1x SYBR green,
0.25 png BSA, and 0.5 U JumpStart'™ Taq DNA Poly-
merase (cat no. D9307; Merck, Darmstadt, Germany).
The MS-qPCR reaction was applied in a CFX96
Touch'* Real-Time PCR Detection System (Bio-Rad
Laboratories GmbH, Feldkirchen, Germany). The
PCR conditions were as follow: initial denaturation at
94 °C for 1 min, followed by 40 amplification cycles of
94 °C for 30 s, 63 °C for 30 s, and 72 °C for 30 s, a
final extension at 72 °C for 1 min, and a4 melting curve
of 65.0-95.0 °C with increments of 0.5 °C every 5 s.

2.4. Liquid biopsy assay establishment

The sensitivity and specificity of our MS-qPCR-based
liquid biopsy assay were assessed by testing serial dilu-
tions of methylated reference DNA ‘Human HCTI116
DKO Methylated DNA’ from Zymo Research (Frei-
burg, Germany) and unmethylated reference DNA iso-
lated from a pool of healthy donors (cat. No. G1521;
Promega, Walldorf, Germany). The DNA dilution mix
ranged [rom 100 to 1 genome copies in a background of
wild-lype unmethylaled DNA equivalent to 3000 gen-
ome copies. Methylated and unmethylated reference
DNA was fragmented using Bioruptor® Plus sonication
system for 20 cycles (20 s on, 30 s off) to a length simi-
lar to that of patients’ ¢fDNA, followed by bisulfite
treatment. Quantitative and qualitative detection of the
methylation status was determined via melting curve
analysis of the MS-qPCR amplified products, as well as
from agarose gel electrophorese lor confirmation.

2.5. cfDNA sequencing

The MS-qPCR products were separated by electrophore-
sis on a 3% agarose gel stained with ethidium bromide.
The corresponding bands were cut out of the gel and
purified using NucleoSpin Gel and PCR Clean-up lor
QTAcube (cat. No. 15116456; Macherey-Nagel, Dueren,
Germany). Next, Sanger sequencing was performed to
confirm the methylation status of the BRCAJ promoter
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as before [10]. Ideally, 15 ng of the purified PCR product
was used for sequencing with the same reverse primer
used for the MS-qPCRs. PCR sequencing was per-
formed using Big Dye™ Terminator v1.1 Cycle Sequenc-
ing Kit (cat. No. 4337451; Applied Biosystems, Foster
City, CA, USA) and analyzed by 3130 Genetic Analyzer
(Thermo Fisher). CpG islands of bisulfite sequences were
aligned and analyzed using quma [19].

2.6. Statistical analysis

Statistical analyses were performed using r (R Founda-
tion for Statistical Computing, version 3.6.3, Vienna,
Austria) and In-Silico Online, version 2.1.2 [20]. Because
ovarian cancer patients can relapse multiple times dur-
ing the course ol their disease, analysis based only on
the first event time cannot be used to examine the effect
of the risk factors on the number of recurrences over
time [21]. Therefore, progression-free survival analyses
were performed using Kaplan—Meier curves for recur-
rent events using two multivariate models. The first
model tests the correlation between methylation status
and the gap times belween successive progression
events. This model assumes that the occurrence of an
event is related to the previous event, however, this
assumption only holds true if a relapse originates from
the preceding tumor (illustrated in Fig. S1). The second
model tests the correlation between methylation status
and the time from initial diagnosis to each event of pro-
gression of disease independently for cach patient. This
model assumes that the occurrence of subsequent cvents
are not correlated, and this assumption only holds true
if all relapses originate from the primary tumor (illus-
trated in Fig. S1). The endpoints were progression and
cancer-related death according to REMARK [22]. The clin-
ical variables (residual tumor, FIGO stage, grade, T-
stage, N-stage, or treatment with PARP inhibitors) were
compared to the methylation status of BRCA/! pro-
moter of ovarian cancer patients using ANOVA for
continuous data and P-values were calculated using the
G-test with Williams™ correction for count data. The
nonsignificant clinical variables (FIGO stage, T-stage,
N-stage, and grade) were excluded rom the multivariate
analysis. The power of sample size was analyzed by pass,
version 20.0.2 (NCSS LLC, East Kaysville, UT, USA).

3. Results

3.1. Liquid biopsy assay establishment

Sensitivity of detection of BRCAI gene promoter
hypermethylation was tested in a dilution series of
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hypermethylated DNA mixed with wild-type, non-
methylated DNA with a total amount of DNA equiva-
lent to 3000 copies of gDNA (the average amount of
DNA per mL plasma found in healthy individuals
[23]D). The dilution series of hypermethylated DNA
consisted of 100% (3000 gDNA copies), 3.33% (100
eDNA copies), 1.67% (50 gDNA copies), 0.33% (10
gDNA copies), 0.17% (5 gDNA copies), and 0.03% (1
gDNA copy), and was measured in triplicate twice.
Melting curve and gel electrophoresis analyses of the
amplified products showed highly sensitive detection of
all diluted hypermethylated DNA samples (Fig. 1A,B).
The methylation status of MS-qPCR products was
confirmed using Sanger sequencing (Fig. 1C,D). These
results demonstrated the ability to detect hypermethy-
lated BRCAI gene promoter, down to a single mole-
cule, in a background of 99.97% normal DNA,

3.2. Study cohort and sample material

In total, 135 plasma samples from 69 advanced-stage
ovarian cancer patients were obtained; 111 multiple
longitudinal blood samples were collected from 41/69
patients during the course of disease. The patients’
mean age was 38.3 years (range: 31-89); the healthy
donors’ mean age was 56.2 years (range: 30-73). The
median follow-up was 39.3 months [95% confidence
interval (CI): 25.0-49.6 months], starting from the time
point of first diagnosis. The c[DNA fragment size in
ovarian cancer patients was on average 166 bp
(s = 17.2) and 338 bp (s = 48.3; Fig. 2A). The median

concentration of total c¢fDNA obtained from all
paticnts’ blood samples at all time points was

306 ng-mL ! plasma (range: 28.4-6750), whereas the
median of cfDNA from healthy donor was
192 ngmL™"  plasma (range: 100-742; Fig. 2B).
cf[DNA concentration of ovarian cancer patients was
significantly higher as compared to healthy controls
(P =0.0002, Wilcoxon rank sum test with continuity
correction). No significant differences were observed
between the median ¢fDNA concentrations of 282,
348, and 337 ngmL~! plasma of before, during, and
after systemic therapy, respectively (P = 0.535,
ANOVA; Fig. 2C). Out of 33 patients who were tested
for germline mutations in the BRCA! gene, 12 tested
positive and were therefore also analyzed separately.

da

3.3. BRCA1 promoter hypermethylation in cfDNA

BRCA1 promoter hypermethylation was detected dur-
ing the course of the disease until the end of follow-up
in 46% (31/68) of patients, no methylation could be
detected in 40% (27/68), and 15% (10/68) of patients
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converted from having hypermethylation to no methy-
lation until the end of follow-up; data of one patient
could not be obtained (1/69). Two patients started
with a ncgative methylation status, which was positive
in subsequent cfDNA samples, and these patients were
included into the methylation positive group (2/31).
The methylation status of patients of whom only one
plasma sample was obtained was assumed to remain
stable, and the patients were grouped into either the
methylation positive or negative group. The median of
cfDNA concentrations in the methylation positive and
negative ovarian cancer patients was 316 and
344 ngmL~" plasma (Fig. 2D), respectively, indicating
that the lack of detection of hypermethylation was not
correlated to cfDNA concentrations (P = 0.612, Wil-
coxon rank sum test with continuity correction).
Methylation status of the ovarian cancer patients (pos-
itive, negative, or converted) was not correlated to any
of the recorded clinical variables: residual tumor,
FIGO, grade, T-stage, N-stage, or trecatment with
PARP inhibitors (Table 1). Surprisingly, hypermethy-
lation of the BRCA! gene promoter was also detected
in 5/12 (41.7%) patients with germline BRC A/ muta-
tions. A nonsignificant difference (P = 0.376, Welch’s
two sample #test) was detected in the median of
cfDNA levels between patients who were carriers of
germline BRCAI mutations (267 ngmL™") and
patients who were negative for germline BRCAJ muta-
tions (213 ng-mL™"). Tn order to verify our results, all
(n = 62) cfDNA samples showing signs of hypermethy-
lation were processed by Sanger sequencing. In the
MS-gPCR amplified DNA fragment, five CpG islands
arc present of which methylation was detected in 97%,
100%, 95%, 89%, and 95% of the sequenced samples,
respectively. In each of the samples, methylation of 4
or 5 CpG islands could be confirmed, and one sample
showed methylation of three CpG islands only. In all
69 healthy individuals, BRCAI promoter hypermethy-
lation was not detected (0/69).

For illustrative purpose, Fig. 3 depicts the course of
discase of two patients, including the concentration of
the tumor marker CA-125 measured for routine diag-
nostics, the systemic treatments given, the disease sta-
tus, and the BRCAI gene promoter methylation
status. Both patients initially exhibited ovarian cancer
with a hypermethylated BRCA! gene promoter, how-
ever, the status converted to presumably functional
BRCAI during the course of therapy.

3.4. Survival analyses

Because the treatment regiments of all ovarian cancer
patients were relatively heterogencous and because
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RT-gPCR measurements
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Unmethylated reference DNA
3000 copies
(100%)

i haa

T T CCCACACT TTTCCATTACCACA
Methylated reference DNA

3000 copies
(100%)

100 copies
(3.33%)

50 copies

(1.67%)

ref ME ref

H0

D

CpGislands

10 copies
(0.33%)

mﬁﬁh&%@m%

5 copies
[0.17%)

1 copy
(0.03%)

TTCCCGEGCTTTTCCAGTTACCACG A
~ \

~ 4 \
~ % \
Reverse complement e \

~ .
Reference CCGTGGCAACGGAAAAGCGCGGGAATTACAGATAAATTAARACTGCGACT AGTCGCAGTTTTAATTTATCTCTAATTCCCGCGCTTTTCCGTTGCCACGE

genome

A R R N AR R N R R R N R RN RN R N R AN RN R BN R RN N R RN

Bisulfite TCGTGGTAACGGAAAAGCGCGGGAATTATAGATAAATTAARATTGCGATT CCTCGCAATTTTAATTTATCTATAATTCCCGCGCTTTTCCGTTACCACCA

converted

Fig. 1. Measurement of methylated BACAT promoter by MSgPCR. Two sets of primers were used to detect unmethylated BRCAT
promoter DNA (regular primers, fragment length 86 bp) and methylated BRCAT promoter DNA (methylation-specific primers, fragment
length 75 bp). Sensitivity and specificity of both primer sets and PCR protocol were assessed using unmethylated human reference DNA
{ref), methylated human reference DNA (ME ref), water (H-0), and a dilution series containing 100, 50, 10, 5, and 1 copy of methylated
human reference DNA in a background of unmethylated human reference DNA with a total amount of 3000 copies of gDNA. (A) Average
—d{RFU)dT values measured in RT-qPCR, error bars represent standard deviations (n = 3). (B) Gel electrophoreses photo of PCR amplified
products. (C} Sanger sequencing results of the PCR amplified products. (D) Genome sequence of investigated CpG islands and sequence
after bisulfite conversion and PCR amplification in case of methylation. Sequences outputted by Sanger sequencing are reversed
complemented. *, methylated CpG site (pink}; :, non-CpG converted cytosine to thymine; |, matching base.

ovarian cancer patients can suffer from multiple
relapses (see Fig. 3 as example), the survival analyses
were performed using two multivariate models testing
two hypotheses of how a tumor develops therapy resis-
tance: through therapy-induced evolution or by selec-
tion (illustrated in Fig. S1). In total, 239 events of
progression were recorded during follow-up with a
median of three events per patients (range 1-16), with
no difference in number of events between the patients
with or without mutated BRCAI (P = 0.879, Wilcoxon
rank sum test) and no dilference between patients with
methylation, without methylation, or a change in
methylation  status of the BRCAI promoter
(P = 0.309, Kruskal-Wallis rank sum test), suggesting
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no bias in the survival analyses due to the number of
events in single cases.

3.4.1. Model 1: Dependent survival model—Therapy-
induced evolution

The first multivariate survival model was applied to
test the correlation between the gap time between suc-
cessive events and BRCAI mutation/promoter methy-
lation status, assuming the dependency of subsequent
relapses (illustrated in Fig. S1). The median times
between events for ovarian cancer patients with
BRCAIl mutations, hypermethylation of the BRCAI
promoter, and a negative methylation status of the
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Fig. 2. Isolated cfDNA. {A) Fragment size distribution of cfDNA obtained from a single ovarian cancer case. Peaks marked Lower and Upper
signify the size standards used by the TapeStation to estimate the other three peaks. The two peaks labeled 167 and 333 bp represent
DNA eriginating from apoptotic and necrotic cells [16], whereas the 4537 bp peak represents the gDNA from lysed leukocytes after blood
sampling. (B) Violin plot showing the distribution of the cfDNA concentrations in ng-mL ' plasma from blood samples obtained from healthy
donors (n = 69) and ovarian cancer patients {n = 135). (C) Violin plot showing the cfDNA concentrations distribution in blood taken before
{n=31), during (n = 8b), and after {n = 18) the systemic therapy. (D) Violin plot depicting the distribution of the ¢fDNA concentrations of
ovarian cancer patients with (ME1; n = 61) or without (MEQO n = 71) hypermethylated BRCA1 promoter.

BRCAI promoter were 10.9 (95% CI: 7.6-15.9), 10.6
(95% CI: 8.0-12.3), and 12.0 (95% CI. 8.2-18.4)
months, respectively (P = 0.84, log rank test; Fig. 4A).
Excluding the cases with BRCAI mutations and sepa-
rating the methylation positive group into cases with
stable positive methylation status and those showing
conversion, the median times between events were 10.0
(95% CI: 7.4-11.9) and 13.8 (95% CI: 9.2-19) months,
respectively. There was no significant difference
between the median gap times between successive
events of patients with stable negative, stable positive,
or conversion of methylation status (P = 0.84, log
rank test; Fig. 4B). Progression-free survival to the
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first progression only and overall survival were not
correlated to methylation status duc to the relatively
low number of events that require to achieves 80%
power at a significant level P = 0.15, HR = 0.8.

3.4.2. Model 2: Independent survival model—Therapy-
induced selection

The second multivariate survival model was applied to
test the correlation between time from initial diagnosis
to cach subsequent relapse and BRCAI mutation/pro-
moter methylation status, assuming the independency
of subsequent relapses and all originating from the
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Fig. 3. Longitudinal assessment of BACAT promoter methylation status in two cases. Methylation status of the BRCAT promocter was
assessed in patients during the course of disease until death (). Clinically recorded data were the systemic therapy (here, doxorubicin is
‘PEG-liposomal doxorubicin’), CA-125 (kU-L™"), and results from computed tomography (CT) scan-based staging. Two examples of a
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primary tumor (illustrated in Fig. S1). Ovarian cancer
patients with methylated BRCAI promoter detected in
cfDNA (median: 57 months; 95% CI: 44.1-72.3) had
a comparable survival to ovarian cancer patients with
germline BRCAI mutations (median: 62 months; 95%
CI: 51.0-86.2), but a significantly longer survival than
patients with unmethylated BRC A/ promoter (median
37.5 months; 95% CI. 28.0-52.3; P = 0.0019, log rank
test; Fig. 4C). The difference between survival of the
patients with and without hypermethylated BRCAI
promoter became more noticeable after excluding the
cases with BRCA! mutations from the analysis
(P = 0.0014, log rank test). Interestingly, patients from
the methylation positive group who cventually con-
verted to a negative methylation status had a shorter
median survival (median: 50.3 months; 95% CI: 30.4-
70.0) than the patients who had a stable positive
methylation status throughout the whole course of dis-
case (median: 63.8 months; 95% CI: 44.1-81.4), but a
better survival than patients with unmethylated
BRCAI promoter (P = 0.0011, log rank test; Fig. 4D).
After removal of the nonsignificant clinical variables
(FIGO stage, T-stage, N-stage, and grade), multivari-
able analyses showed that methylation status of the
BRCAI promoter was an independent predictor of sur-
vival and that ovarian cancer patients with methylated
BRCAI promoter had a significant lower risk for
disease-related progression (HR: 0.5614; 95% CI:
0.3774-0.8352; P =0.0044, Cox proportional hazard
ratio) as well as patients that showed conversion of
the methylation status (HR: 0.6004; 95% CI. 0.3738-
0.9644; P =0.0349) as compared to patients with
unmethylated BRCAI promoter (Table 2). Residual
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tumor after surgery was as well correlated with a
worse survival as compared to who had no residual
tumor.

4. Discussion

BRCAI promoter hypermethylation was first shown in
sporadic breast and ovarian tumors more than
20 years ago [5.24]. Since then, the development of
highly sensitive and specific assays have made mini-
mally invasive, liquid biopsy in oncology possible.
Especially in the clinical management of ovarian can-
cer patients, new assays for real-time monitoring of
therapy response are direly required.

With our liquid biopsy assay, we could show a high
sensitivity by detecting down to a single molecule of
DNA, minimizing the possibility of failing to detect
the tumor’s true methylation status. Five CpG sites
were investigated to confirm the enrichment of methy-
lated DNA sites, which previously have been docu-
mented to be strongly correlated with very low
BRC A/ expression in breast cancer cell lines [5]. Nev-
ertheless, extremely low ctDNA concentrations and
the complete absence of tumor DNA in the obtained
blood sample may result in a false negative result.
Although the latter cannot be excluded and is most
likely the case for the two patients in which hyperme-
thylation was detected after a negative plasma sample,
cfDNA concentrations were not correlated with
methylation status overall, whereas low concentrations
of ¢[DNA have been shown to be associated with bet-
ter survival [25.26]. In addition, ¢fDNA levels have
previously shown to be raised in patients with BRCAI
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Fig. 4. Survival analyses. Kaplan-Meier curves using a multivariate-dependent survival model on the gap time between successive events
of patients showing BRCAT gene mutations (A), hypermethylated BRCAT promoter (A, B), unmethylated (A, B), and conversion (B). Kaplan-
Meier curves using a multivariate independent survival model on the event time between primary tumor diagnosis and every subsequent
progression of disease of patients showing BRCAT gene mutations (C), hypermethylated BRCAT promoter (C, D), unmethylated (C, D), and
conversion (D). F-values were calculated using the log rank test. + censored.

Table 2. Cox proportional hazard ratios. Estimated coefficient of
hazard ratios {HR) correlated to hypermethylated BRCAT promoter
and methylation status conversion (reference: unmethylated) and
residual tumor after surgery (reference: none), along with 85% ClI
and Pvalue. Cases with germline BARCAT mutations (n = 13} were
excluded from this analysis.

Coefficient  HR
Covariate (b)) lexp(b)l HR 95%Cl Pvalue
Methylation -0.5102 0.6004 0.3738-0.9644  0.0349
positive
Methylation -0.5772 0.6614 0.3774-0.8352  0.0044
conversion
Tumor rest 1.0895 29727  2.0717-4.2656 <0.0001

mutation carriers irrespective of the disease [27]. Fur-
thermore, our data show that a negative methylation
status is correlated with a poor progression-free
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survival. Taken together, the majority of plasma sam-
ples contained enough tumor DNA for a reliable mea-
surement; however, increased blood volumes could be
considered. Due to the essential functions of BRCAI,
hypermethylation of its promoter is not expected to
occur in healthy tissue and has thus far not been
reported. Because ¢fDNA is a mixture of DNA origi-
nating from practically all regenerating tissues in the
body, our data on a group of elderly, cancer-free,
healthy women strongly suggest that hypermethylation
of the BRCAI promoter only occurs in (pre-) cancer-
ous cells. Although our data are convincing, a limita-
tion of this study is the lack ol positive control for
ctDNA presence and should be considered in future
studies. Such marker could be TP53, the most com-
mon mutated gene in high-grade serous ovarian cancer
[1], however, because there are no hotspot mutations
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in TP33 or any other known gene in ovarian cancer, a
control marker for liquid biopsy may be challenging.

Previously, we showed that a conversion of hyper-
methylated to wild-type (unmethylatedy BRCAI pro-
moter frequently takes place in high-grade serous
ovarian cancer upon recurrence [10]. In the current
study, multiple blood samples were obtained from
60% of patients during the course of treatment and a
conversion of methylation status could be detected in
24% of mecthylation positive paticnts. We hypothesize
that methylation conversion is either an active mecha-
nism of resistance as the tumor reactivated BRCA! in
a response of therapy-induced DNA double-strand
breaks (c.g., platinum-based therapy). Alternatively,
we postulate that ovarian cancer is a methylomic
heterogeneous entity consisting of subclones exhibiting
both methylation statuses. Although deactivated DNA
repair mechanisms may be advantageous for tumor
growth at its early stages, systemic therapy will eventu-
ally select for (early-stage) subclones with active DNA
repair mechanisms capable ol overcoming chemother-
apy. Further in-depth analyses on tumor methylomic
evolution will confirm these hypotheses. Such studies
may include ultra-deep sequencing of the primary
tumor to discover minor subclones that may grow out
in later stages of the disease as our laboratory has
shown to happen in colorectal cancer [28]. Although
more data with a bigger cohort are required to confirm
our findings, our data suggest that methylation conver-
sion shortens progression-free survival after initial
response and thereby potentially decreasing the median
overall survival times ol all patients that are initially
diagnosed with hypermethylation of the BRCAI pro-
moter. Furthermore, in our survival analyses, we used
a multivariate model, assuming that relapse is indepen-
dent of previous relapses. These resulls may explain
why hypermethylation of the BRCAI promoter has
thus [ar not been correlated with overall survival and
only with progression-free survival [9].

BRCA! promoter hypermethylation in combination
with gene mutation has so far been reported only once
[29] and has been considered mutually exclusive. We,
on the other hand, could show a relatively high fre-
quency of double affected cases. Possible reasons may
be temporal and spatial heterogeneity in which differ-
ences in BRCAJ deactivation (LOH or promoter
hypermethylation in combination with mutation)
throughout the tumor take place during therapy selec-
tion over time, or a relatively low sensitivity ol tech-
niques in carlier reports compared to our assay.
Subclonal investigation of both the genome and
methylome is required to answer this question.
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A wide range of 5-90% BRCAI promoter hyperme-
thylation among ovarian has been
reported in the past [1,30-34]; the wide variability is
possibly the consequence of different detection tech-
niques, cohort selection criteria, and/or material
sources (i.c., tissue vs. cfDNA). A recent meta-analysis
showed that on average only 16.3% (430/2636) of all
reported primary ovarian tumors are showing signs of
BRCAI promoter hypermethylation, but that hyper-
mcthylation is strongly correlated with high-grade ser-
ous carcinomas [9]. Furthermore, in the analyzed
literature, Kalachand er a/. found three different meth-
ods for determining promoter methylation status:
methylation-specific PCR, methylation sensitive restric-
tion endonuclease digestion, and genome-wide methy-
lation arrays; only methylation-specific PCR  was
correlated to progression-free survival (HR: 0.80; 95%
CIL: 0.66-0.97, P=0.02), which is in line with our
data. Taking previously published data together with
our results, it can be concluded that the detection of
BRCAI promoter hypermethylation can be achieved
by methylation-specific PCR. Furthermore, methyla-
tion screening could help to identify patients who are
likely not to respond to platinum re-challenge.

cancer cascs

5. Conclusion

Here, we present the first prospective study in which lig-
uid biopsy was used to assess and monitor the methyla-
tion status of the BRCAI promoter during platinum-
based therapy in ovarian cancer patients. Our results sug-
gest that hypermethylation of BRCA/! promoter is corre-
lated with a better survival and that conversion of
methylation status is a consequence of therapy-induced
selection rather than cancer evolution. This study opens
the avenue f[or larger clinical studies in which liquid
biopsy can be used to monitor the functional status of
BRCAI by screening lor ils gene’s promoter hypermethy-
lation in real-time to predict the response to treatment,
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5.3. Detection and characterization of estrogen receptor a

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 ERa 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 ERa 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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1. Introduction

Breast cancer is the most common cancer among women worldwide with over 2 million new cases in
2018 and more than 600 000 deaths in the same year [1]. One of the most essential biomarkers in breast cancer
management is the estrogen receptor (ER). More than 70% of breast cancer cases express ER, and the classification
of breast cancer into ER-positive and ER-negative determines the type of therapy the patient will receive. Estrogen
is a steroid hormone that upon binding to its receptor in the normal situation, affects the growth and differentiation
of the mammary gland. In breast cancer, estrogen stimulates tumor cell proliveration. In general, patients with ER-
positive breast cancer respond well to endocrine therapy due to the suppression of estrogen production or blocking
of the receptor’s binding site [2]. In addition, as ER-positive breast cancer has shown to exhibit hyperactivity of
Cyclin-dependent Kinase 4 and 6 (CDK-4/6), a combination of endocrine therapy with CDK-4/6 inhibitors has
been shown to further improve outcome [3]. Unfortunately, 10% of breast cancer cases is diagnosed with
metastatic disease and many patients will develop systemic relapse over time. Although the hormone receptor
status of relapses are usually maintained, due to crosstalk between hormone receptors and growth factors, but also
due to genetic progression and point mutations [4], many patients develop therapy resistance after 24-36 months
[S]. As a consequence, distant metastasis is still the leading cause of breast cancer-related death [6].

Cancer metastasis starts with single or clusters of tumor cells separating from the primary tumor and
intravasating into the bloodstream [7]. The motility of these cells enabling tumor dissemination is made possible
by the epithelial-to-mesenchymal transition [8]. Next, these so-called circulating tumor cells (CTCs) may
extravasate into distant organs, adapt to a new environment, and grow out to become a new tumor mass. In breast
cancer, as well as many other cancer entities, it has been shown that the number of detectable CTCs in the blood
of early-stage and metastatic breast cancer patients is negatively associated with progression-free survival [9].
Because blood is easily acquired and can be obtained repeatedly, CTCs as a so called “liquid biopsy” have
increasingly gained attention during the past decades [10]. Phenotyping CTCs can provide crucial information on
the evolving characteristics of the tumor during progression and development of therapy resistance [11-13].
Although CTCs can be detected in more than 60% of metastatic breast cancer patients [14, 15], due to the low
amount of CTCs (typically 1-10 CTCs/7.5 ml blood), reliable detection can still be challenging [7, 16, 17]. To
overcome this challenge, many techniques for the quantification, characterization, and isolocation of CTCs have
been developed based on different cell properties [10, 18-21]. Currently the only FDA-cleared method is the
CellSearch® System, which is therefore considered the gold standard in CTC detection [11, 22]. This system
enriches for EpCAM-positive cells and detects CTCs based on the expression of keratin (K), but negatively selects
for CD45 expression. Besides the initial number of CTCs, the change in the status of CTCs during treatment with
systemic therapy in metastatic breast cancer patients has recently been linked with prognosis in a meta-analysis by
Yan et al. [23], showing the relevance of monitoring treatment efficacy.

Previously, we found that ER expression among CTCs is heterogeneous in metastatic breast cancer
patients who were initially diagnosed with an ER-positive primary breast tumor [24]. The heterogeneous
expression of ER may indicate estrogen independence of disseminated cells and thus a possible predictor for
hormonal treatment failure. Not surprisingly, in a more recent study it was shown that a shift from ER-positvie
breast cancer to ER-negative CTCs in metastatic disease was associated with a worse prognosis as compared to
cases in which ER-positivity was stable [25]. Paoletti and colleagues developed a CTC-Endocrine Therapy Index

(CTC-ETI) using the semi-automated CellSearch System for CTC quantification and characterization by assessing
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the expression of ER, BCL-2, ErbB2, and Ki-67 [26-28]. The preliminary data from Paoletti ef a/. demonstrated
the reproducibility of CTC-ETI as a predictive factor for resistance to endocrine therapy in ER-positive metastatic
breast cancer patients [26]. Recently, they determined the CTC-ETI in a larger cohort of ER-positive metastatic
breast cancer patients in their phase 2 trial [28]. Paoletti and colleagues found that patients with high CTC-ETI
were more likely to have rapid progression after three months of treatment. Taken together, it may be concluded
that ER expression on CTCs have a predictive value of endocrine therapy response.

In the presented study, we evaluated the ER-CTC status using the ERo. monoclonal murine ER-119.3
antibody, which to our knowledge has been tested only once so far. We aimed to reproduce the previously
published staining conditions in virro followed by testing a cohort of metastatic breast cancer patients with ER-
positive primary tumor using the CellSearch System for the quantification of CTCs in metastatic breast cancer.
Based on the available literature, we expected an ER-positivity rate of approximately 30% among CTCs.
Determination of the ER status of CTCs could help in therapy stratification, monitoring therapy efficacy, and

predict the risk for metastatic relapse.

2. Materials and Methods

2.1. Cell lines

The two human breast cancer cell lines MCF-7 and SK-BR-3 (acquired from ATCC) were used in this
study as positive and negative control for estrogen receptor (ER) expression to optimize the experimental
conditions. Both cell lines were cultivated in DMEM (catalog no. E15-011, PAA Laboratories) at 37°C and 10%
CO3. The medium was supplemented with 10% fetal bovine serum, penicillin-streptomycin antibiotics and L-

Glutamine (catalog no. E15-151, M11-004, P11-010, PAA Laboratories).

2.2. Patients

Sixty metastatic breast cancer patients with initially ER-positive primary tumors were included into the
study. Patients were treated for metastatic breast cancer at the University Medical Center Hamburg-Eppendorf and
received endocrine therapy as first-line therapy, followed by chemotherapy at the progression of the disease. The
mean age of patients was 62 years (range: 34-86). All patients gave written informed consent to be included into

the study. This study was approved by the local ethical board under number PV4367.

2.3. CTC detection

The CellSearch CXC kit (Menarini Silicon Biosystems, Bologna, Ttaly) was used to detect circulating tumor
cells. This kit contains ferrofluid particles coated with anti-EpCAM antibodies, anti-keratin antibodies recognizing
keratins (fluorescein-labeled) to specifically identify epithelial cells, an antibody against CD45 (labeled with
allophycocyanin) as a negative selection marker for white blood cells, and a nuclear dye 4°,6-diamidino-2-
phenylindole (DAPI) [29]. We added ERa monoclonal murine ER-119.3 antibody (phycoerythrin-labeled , Exmax
496 nm/Emm,x 578 nm) to identify estrogen receptor expression in the nucleus.

The enrichment was done automatically by the CellTracks Autoprepsystem. The enriched cells were
collected in the MagNest cartridge. Using CellSpotter Analyzer each cell in the cartridge was displayed based on

the signal sent from the antibodies. Cells were enumerated as circulating tumor cells if the signal for keratin and
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cell nucleus were positive and the signal for CD45 was negative. The estrogen receptor expression was shown by

the positive nuclear signal of ERa antibody.

2.4. Statistics

The statistical analysis is performed with R (version 4.0.1) [30] and In-Silico Online, version 2.3.0 [31].
Because one-directional increase or decrease in the number of CTCs upon therapy failure or success is expected,
one-sided tests were applied where appropriate. Survival analyses were performed using the logrank test and
multivariable analysis by Cox proportional hazards function, with death by cancer as endpoint. An alpha level of

0.05 was applied to determine statistical significance.

3. Results

3.1. in vitro evaluation of the ER antibody

In order to evaluate previously published results on the ER antibody for semi-automated characterization
of CTCs [10], an ER-positive (MCF-7) and ER-negative cell line (SK-BR-3) were cultured under identical
conditions and used to establish the optimal experimental settings. Eight blood samples from healthy donors were
spiked with 100 tumor cell line cells cultured at 37°C and 10% CO; with no incubation time after spiking. Four
blood samples were spiked with MCF-7 cells and four with SK-BR-3 cells. Using the CellSearch System, the mean
recovery of the cells was 94% (s=7%) and 89% (5s=6.1%) of the MCF-7 and SKBR3 cells, respectively. However,
only 15% (s=2.1%) of the MCF-7 cells were found to be ER-positive on average. As expected, none of the detected
SK-BR-3 cells were ER-positive.

Because more ER-positive MCF-7 cells were expected, the experiment was repeated, but spiked blood was
incubated in CellSave tubes containing preservative buffer for approximately 24 hours to fix and permeabilize the
cells. The mean percentage of ER-positive tumor cells among the total detected MCF-7 cells increased to 45%
(s=2.2), and among SK-BR-3 cells stayed at 0% (Figure 1). In addition, we validated the results by determining
ER protein expression using our previously published protocol as well [9]. The mean percentage of ER-positive
MCEF-7 cells as detected with our manual protocol was 40% (s=4.3), which was comparable with the results
obtained with the CellSearch System (mean: 45%, s=5.1; p-value: (.19, Welch’s Two Sample t-test).

Based on these results, the final protocol was as follows: blood from metastatic breast cancer was drawn
into a CellSave preservative tube and incubated at room temperature until processing the next day. The ER channel

was analyzed using 0.2-second integration time; higher integration time resulted in too high a background.

3.2. Circulating tumor cells (CTCs) in metastatic breast cancer patients

Patients included in this study were selected prospectively based on the diagnosis of advanced disease with
distant metastasis. Primary diagnosis of breast cancer among these patients was at a mean age of 52 years (range:
28-86), on average 7 years (range: 0-33) before study inclusion (Table 1). All patients were diagnosed with ER-
positive primary breast cancer and twelve (20%) with primary metastasis. One hundred and nine blood samples
from 60 patients were collected during this study (Figure 2). Nine samples were collected at the admission

interview before the initiation of systemic therapy, 37 samples were collected during endocrine therapy, 51 samples
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were collected at a progressive stage at which the patients received chemotherapy, and 12 samples failed the
analysis. Out of all 97 blood samples, CTCs were found in 31; these blood samples were from 20 patients (Table
1 and Figure 3). In 15% (15/97) of the samples, 1-4 CTCs/7.5 ml were found, and in 16% (16/97) of samples, S or
more CTCs could be detected. The presence of CTCs was not correlated to the TNM-stage at primary diagnosis
or therapy at blood draw but was correlated to the stage of disease at the time of blood draw. Patients experiencing
progression of disease were more frequently diagnosed with CTCs in their blood compared to patients with stable

disease (p=0.0053, G-test).

3.3. Evaluation of ERa monoclonal murine ER-119.3 antibody on CTCs

ER-positive CTCs could be detected in 10 out of 31 CTC-positive blood samples (32%). In these ten
cases, the mean percentage of ER-positive CTCs was 28% (range: 9-100%; Figure 3) and ranged from 1 to 207
CTCs. The total percentage of ER-positive CTCs among all detected CTCs was 18%. CTCs were detected in 4/9
(44%) of the samples that were collected before therapy; of these 2/4 (50%) cases were diagnosed with ER-positive
CTCs. In 10/37 (33%) of the samples, CTCs were detected during hormone therapy, of which 1/10 (10%) exhibited
ER-positive CTCs. In the blood samples from patients treated with chemotherapy, 17/52 (33%) CTCs were
detected and 7/17 ER-positive CTCs. Although the fewest ER-positive CTCs could be detected among the patients
treated with hormone therapy, no statistical significance was found (p=0.17, G-test). These results indicate a

heterogeneous expression of ER among CTCs within individual patients.

3.4. Monitoring CTC count during therapy

Longitudinal blood samples were obtained from twenty-five patients. Three patients were initially
diagnosed with ER-positive CTCs but changed to completely CTC-negative or ER-negative CTCs during the
course of the study. All other patients were diagnosed with ER-negative CTCs only according to the CellSearch
System results. If more than two blood draws were taken, only the first two before and after a change of clinical
response were considered for further analyses.

Fourteen patients experienced progression of disease during this study. At the time of blood sampling
before progression, two patients were found to be positive for CTCs. During the second blood sampling after the
diagnosis of progression, one of the CTC-positive cases was diagnosed CTC-negative, and one stayed positive;
five CTC-negative cases converted to CTC-positive, and seven remained CTC-negative. The increase in the
median number of CTCs was significantly different (p-value: 0.0367, paired Wilcoxon signed rank test with
continuity correction), as was the number of cases converting CTC-status from the first to second blood draw (p-
value: 0.0352, Exact McNemar test).

Eleven cases were diagnosed with the stable disease throughout the period of the study or converted from
progression to stable disease. At the first blood collection, seven patients were diagnosed CTC-positive and 4
CTC-negative. At the second blood draw, one case remained positive, whereas the other ten cases became or stayed
CTC-negative. The decrease in the number of CTC from the second to the first blood draw was statistically
significant (p-value: 0.0111, paired Wilcoxon signed rank test with continuity correction), as was the number of

cases converting to a CTC-negative status (p-value: 0.0156, Exact McNemar test).
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Because these data suggest that an increase or decrease of the median number of CTCs is associated with
progression and stable disease, respectively, the median differences between the two blood draws of the two
clinical response groups were compared (Figure 4). The median difference in CTC number between blood draws
of the patients in stable disease was significantly less compared to the median difference in CTC number between
blood draws of the patients in the progression of disease (p-value: 0.0102, Wilcoxon rank sum test with continuity
correction). Among the patients with stable disease, a decrease in CTCs was seen in seven and no change in four
patients. Among the patients experiencing a progression of disease, a decrease in CTC number was seen in 2
patients, an increase in 3 patients, and no change in 9 patients (p-value: 0.0206, G-test of independence with
Williams' correction). In order to further study the clinical association with change in CTC status, survival analyses

were performed next.

3.5. Survival analysis

The median follow-up after the first blood draw was 22.4 months (range: 1.8-61.6); during the time of
the study, 28 patients died (47%). The patient data were divided on CTC status (positive or negative) at the time
of the first blood draw, and overall survival was compared. More than 50% of the patients characterized as initially
CTC-negative had an overall survival longer than the duration of the study, whereas the median survival of the
patients diagnosed as CTC-positive was 8.6 months (p-value <0.0001, Logrank test, Figure SA). Also, in uni- and
multivariable analyses, CTC-status was independently associated with survival (HR: 66.2, 95%CI: [3.7, 1196], p-
value: 0.0045), whereas T-, N-, and M-stage at primary diagnosis were not (Table 2). These data indicate that a
positive diagnosis for CTCs is highly associated with poor overall survival.

The 25 patients from which multiple blood samples were collected were separated into two groups: 1)
cases with a stable CTC-status or conversion from positive to negative CTC-status and 2) cases with the conversion
from negative to positive CTC-status. The individuals experiencing a CTC conversion (n=6) had a median survival
of 13.5 months, whereas the individuals with a stable CTC status (n=19) had a median survival of 49.3 months,
which were statistically different (p-value: 0.008, Logrank test, Figure 5B). In only three of the cases in which
multiple samples were collected, ER+ CTCs were detected. Therefore, the effect of CTC ER-status on survival
could not be assessed longitudinally. When considering only the first blood samples, the median overall survival
of patients diagnosed with ER-positive CTCs was 7.3 months and 12.5 months of patients diagnosed with ER-
negative CTCs only (p-value: 0.32, Logrank test).

4. Discussion

CTCs are considered the seeds for new metastases and their presence in the blood of patients with primary
breast cancer may provide prognostic information in regards to relapse-free survival. Similarely, in metastatic
setting the quantification of CTCs may offer prognostic information in regards to overall survival. Moreover,
determining the expression of therapeutic markers to characterize the tumor as well as to monitor therapy efficiacy,

could lead to personalized treatment regimens.
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Earlier studies have shown that progression-free and overall survival of metastatic breast cancer is
correlated with CTC presence (PFS: HR, 1.78; 95% CI, 1.52-2.09; OS: HR, 2.33; 95% CI, 2.09-2.60), irrespective
of the CTC detection method and time point of blood withdrawal [32]. In line with these data, our study shows a
clear correlation with overall survival and the detection of CTCs using the CellSearch System as well.
Nevertheless, it should be noted that the sample cohort of our study is heterogeneous and the blood was collected
at various time points in the patients’ therapy regiments and confounding factors cannot be excluded. Therefore,
an important feature of liquid biopsy that can be taken advantage of is repeated measurement and monitoring
patient’s CTC status during the course of therapy. In our study, fourteen patients experienced progression, whereas
ten patients remained stable or even had a regression. As expected, patients with progression showed conversion
of being CTC negative to positive or were diagnosed with an increased in the number of CTCs. Once the therapy
was escalated from endocrine therapy to chemotherapy, we observed a decrease in CTC number. Taken together,
our data are in line with earlier findings in which a significant correlation was found between CTCs and
progression-free survival [23, 33].

The majority of clinical studies on breast cancer involving liquid biopsy are based on CTC quantification
only. Although a positive diagnosis for CTCs is strongly associated with poor overall survival in metastatic breast
cancer patients, CTC enumeration alone cannot elucidate the molecular mechanisms involved in therapy resistance
or guide the choice of systemic therapy. Therefore, phenotyping CTCs can add another dimension to cancer
management that may ultimately lead to personalized treatment. Especially the estrogen receptor (ER) expression
status is an important therapeutic marker in the management of breast cancer. Forsare ef al. showed that the
precense of ER-positive CTCs at baseline and after initiation of systemic treatment is associated with a better
prognosis as compared to ER-negative CTCs in patients with breast cancer [25]. The authors use a manual ER
staining after CellSearch System based enrichment of CTCs and apply methanol for fixation and permeabilization,
which is in contrast from the study of Paoletti e a/. [28] and the study presented here where ER labeling is
performed within the CellSearch System. Nevertheless, in all studies, approximately in only a third of the CTC-
positive cases ER-positive CTCs can be detected detected: 36% (38/107), 25% (16/63), and 32% (10/31),
respectively [25, 28]. In all studies, heterogeneity in ER expression status among CTCs within individual patients
can be observed, consistent with our previous study in which we did not use the CellSearch System for CTC
enrichment [24].

As a consequence of the limitations of the study, the relatively low number of patients with detectable
ER-positive CTCs, the relatively short follow-up time, and heterogeneity in sample collection in our study, an
association with survival could not be made with ER status of CTCs yet. Nevertheless, to our knowledge, this is
one of few studies that evaluating ER status of CTCs using the CellSearch CXC kit. An important finding of this
study is the requirement of permeabilization in order for ER antibodies to penetrate the cell membrane and reach
the cell nucleus. Therefore, future studies conducted using the CellSearch System should make use of the CellSave
preservation tubes for blood collection. Furthermore, (pre-)clinical studies may use the results of this study for
sample-size calculations, taking the expected fraction of patients with detectable ER-positive CTCs of 32% into
account. Overall, the identification and monitoring of ER status of CTCs is extremely important for the
management of breast cancer patients. Further investigation towards a robust and reproducible assay is needed

with larger cohorts.
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5. Conclusion

Half of metastatic breast cancer patients that were diagnosed with an ER-positive primary tumor harbor detectable
CTCs in their peripheral blood circulation. Most of these patients carry ER-negative CTCs only, whereas
approximately a third show a mixture of ER-positive and -negative CTCs. The detection of CTCs remains a well-
established marker for poor outcomes and shorter overall survival. Monitoring ER-CTC status could add a
prognostic value to CTCs enumeration and may serve as a therapy resistance prediction. Therefore, further studies
with large cohorts on long-term monitoring of ER-CTCs status are required to address the predictive value of ER-

CTC for endocrine therapy efficacy in breast cancer patients.
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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 52 55 49 0.0848
Range 28-76 39-76 28-75
ER
Positive 60 20 37 -
PR
Positive 54 18 34 0.8209
Negative 6 2 3
ERBB2
Positive 8 2 5 0.6896
Negative 43 15 26
Grade
Gl1-2 29 11 18 0.3889
G3 10 2 7
T-stage
1-2 34 12 21 0.333
3-4 12 3 8
N-stage
0 12 4 7 0.9077
1-3 33 11 21
initial M-stage
0 13 3 10 0.779
1 12 2 9
At blood draw N=97 CTC+ (n=31) CTC- (n=68)
Age (years)
Mean 62 63 62 0.8006
Range 34-86 39-86 34-80
Therapy
Naive 9 4 5 0.6062
Endocrine 37 10 27
Chemo 53 17 35
Stage
Stable 37 6 31 0.0053
Progression 29 14 15
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Table 2 — Cox proportional hazard ratios. Estimated coefficients of overall survival on breast cancer subjects.
Calculated are the corresponding hazard ratio (HR), 95% confidence interval (CI) of the hazard ratio, and p-
value in uni- and multivariable Cox proportional hazard analysis for CTC-status with negative as reverence, and
T-, N-, and M-stage at initial diagnosis.

Univariable analysis Multivariable analysis
Covariite Coefficient HR HR 95% p- Coefficient HR HR 95% p-
Ak (bi) [exp(bi)] CI value (bi) [exp(bi)] CI value
53 1.83 4.19 3.66
g 2 2 >
CTC-positive 6.21 2.66, 14.47  0.0002 66.17 1195.96 0.0045
T3-4 (rev: Tl- -0.17 0.47
0.84 0.31,2.29 0.73 1.59
2) 0.12,20.54 0.72
N1 (rev: NO) -0.30 0.74 0.27,2.07 0.57 0.26 1.30 0.22,7.73 0.77
M1 (rev: MO0) -0.71 0.49 0.15,1.61 0.24 -1.92 0.15 0.01, 1.50 0.11
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Figure 1 — Cell line cells. Image gallery of SK-BR-3 and MCF-7 cell line cells detected by the CellSearch System.
K, keratin; ER, estrogen receptor.
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60 metastatic Breast cancer patients
(n= 109 blood samples) were recruited.

63 multipl

* n=3 patients ER-status shift
* n=22 patients ER-status negative

l

* n=9 samples before systemic therapy
* n=37 samples during endocrine therapy
* n=51 samples during chemotherapy

longitudinal blood
samples
(n= 25 patients)

|

l

!
|

11 patients with stable

disease

* n= 6 patients with

CTC  positive-status

switched

n= 1 patient with CTC

positive-status not

switched

* n= 4 patients with
CTC negative-status
not switched

12 patients

during

progression

.

n=5 patients with CTC
positive-status
switched

n=7 patients with CTC
negative-status not
switched

2 patients  before

progression

* n=1 patient with CTC
positive status
switched
n=1 patient with CTC
positive status not
switched

97 samples from 57
patients

|

Excluded:

n=12 samples

31/97 samples had CTCs

16/97 samples had 25 CTCs
15/97 samples had <5 CTCs
66/97 samples had no CTCs

_.|

31 samples positive CTCs
(n= 20 patients)

|

l

* n=37 samples at stable stage
* n=29 samples during progression
* n=31samples missing

n=3 samples ER positive |

l

n=1 samples before systemic therapy
n=0 samples during endocrine therapy
n=02 samples during chemotherapy

Figure 2 — Flow diagram of patient recruitment, exclusions and CTC status in metastatic breast cancer patients.
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CTCs in blood from breast cancer patients
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Figure 3 — Patient samples. Number of circulating tumor cells (CTCs) detected in blood samples from breast

cancer patients. Black, number of ER (estrogen receptor) -positive CTCs; Gray, number of ER-negative CTCs.
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Change in CTCs upon therapy response

CTC number

Progression Stable
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Figure 4 — CTC change. Boxplots showing the change in the number of circulating tumor cells (CTCs) at

progression of disease and at stable disease.
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Figure 5 — Kaplan-Meier curves. Overall survival of breast cancer patients based on CTC-status (A) and based on

stable CTC-status or CTC conversion (B).
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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 ESRT,
PI3KCA, FOXA1, and GATAS3 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,
PIBKCA, 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

76



Publications

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.

77



Publications

Detection of ESRI, PIK3CA, FOXAI, and GATA3 therapy resistance mutations in metastatic
breast cancer patients using a MassARRAY-Based liquid biopsy Assay
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Abstract

Background: In metastatic breast cancer patients, the accumulation of ESRI and PIK3CA mutations
resulted in resistance to endocrine treatment; however, the clinical value of these genes with FOXAI
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 ESRI, PIK3CA, FOXAl, GATA3,
ERBB2, AKTI1, 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 ESRI, PIK3CA,
FOXAI, GATA3, ERBB2, AKTI, 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, FOXAI (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 ESRI, FOXAI, 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
FOXAIL, ESRI 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 (Als), 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 ESRI, the gene
encoding for ER, have been shown to negatively correlate with the effectiveness of anti-breast cancer
therapy [8, 9]. The majority of ESR/ 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 Al resistance [10]. Besides ESRI 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 FOXAI, GATA3, and ESRI [14].
FOXAI and GATA3 are pioneer transcription factors involved in modulating chromatin condensation
to permit ER recruitment in breast cancer cells. FOXAI 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, ERBBZ2, 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 FOXAI and GATA3 mutations in

metastatic breast cancer patients.
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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 dsSDNA HS Assay Kits (Thermo Fisher
Scientific, Eugene, OR, USA) [24].

2.3. CTC enrichment and DNA isolation

Ninety-six blood samples were collected into CellSave Preservative tubes, CTCs were captured
and enumerated from 7.5 ml blood by the CellSearch™ 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].
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2.4. Mutation Profiling with the UltraSEEK Breast Panel

c¢fDNA and CTCs were screened using the custom UltraSEEK® Breast and GATA3/FOXAI
v1.0 panels (Agena Bioscience, San Diego, USA). The panels test for 50 mutations across 12 multiplex
reactions in the genes ESR/ (E380Q, S576L, V3921, 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 (1176V,
1176M, 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 ANTPs 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).

c¢fDNA 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+/ Keratint+ 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 ESRI 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
AKTI, 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 ESR/
mutant DNA of metastatic breast cancer patients, pD538G and pY 537S mutations were found in 44.4%
(44/99) and 6% (6/99), respectively (Figure 4C). The median VAF of ESR/ 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 pL.755-T759del (1%); Figure 41), TP53 (pY220C
(18%) and pR175H (2%); Figure 4J).

83



Publications

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 ESRI,
PIK3CA, FOXAI, and GATA3 genes were found to be mutated in ¢fDNA with a frequency of 33%
(32/97), 28% (27/97), 27% (26/97), and 20% (19/97), respectively (Figure 4K). ESRI 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 ESRI, 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 ESRI 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 ESRI 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 40). A high degree of genomic heterogeneity was observed in ¢tDNA compared to CTCs
(Figure 40); 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 SA and Supplementary Figure 5).

In metastatic breast cancer patients, the ESRI gene was mutated in 43.2% (79/183) of
circulating DNA samples. Including pD538G, pY537S, and pY 537N mutations, were detected in 81%
(64/79), 11% (9/79), and 3.8% (3/79) of ESRI 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
ESRI mutated samples and was associated with patients treated with Fulvestrant therapy and

chemotherapy (R?=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 (R?>=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).

FOXAI 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 FOXAI mutated samples, respectively. The pE24K and pl176V 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 (R?=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 S5F 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 SH 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 £SR/ and PIK3CA were mutated in 11% of patients (Figure 5L)
with no significant difference in a mutation load observed (p=0.9966; Figure 5SM). However, patients
with a high mutation burden of ESRI exhibited a lower load of PIK3CA mutations and vice versa
(Figure 5M). Interestingly, we found that 17% of patients had a mutation in both ESR/ and GATA3
genes, and 9% of patients exhibited a mutation in both ESR/ and FOXA1I 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 ESRI and GATA3 or patients with ESRI and FOXA I mutations
(P<0.0001 and p=0.0002, respectively; Figure 50 and 5P). Overall, FOXAI mutations appeared
significantly during disease progression (R?>=0.295, p=0.0030), while GATA3 mutations significantly
occurred during disease progression (R*=0.202, p=0.0446) and at the progressive stage of disease

(R?=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 ESR/
(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 ESRI (38.7%), PIK3CA (25.8%), FOXAI
(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%),
FOXAT1 (37.5%), GATA3 (25%), and TP53 (25%) mutations (Figure 6C). At advanced settings, ESR/

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), ESRI (R*=0.7048, p=0.0091), FOXA1(R*=0.6228, p=0.0199), and GATA3
(R?=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. FOXAI (pI176V) mutation was present at 0.2% VAF in
the second follow-up sample and was absent in the following samples. ESRI (pD538G), PIK3CA
(pES42K), 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. ESRI (pD538G) and GATA3 (pD336fs17) were detected during the treatment
course at 0.5% and 0.3% VAF, respectively which increased to 1.8%(ESRI) 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 ESRI, PIK3CA, FOXAI, 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 ESR/ mutations, we found that patients with pY 537N 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 FOXA 1 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 pl176V (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
pD336£517 (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 ESR/ 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 FOXAI
(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 ESRI 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 ESRI, FOXAI, and GATA3 or ESRI, 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 ESR/ and
FOXAI or ESRI and PIK3CA only (Figure 8C and 8D).

Furthermore, patients with FOXAI and GATA3 mutations were progressed significantly faster
(median: 2.9 months; p<0.0001) than other polyclonal groups such as ESRI, FOXAI, and GATA3
mutations (median: 7 months; p= 0.0022) or patients with ESR] 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 ESRI, FOXAI, 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, FOXAIl, GATA3, AKTI, 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 c¢tDNA 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 ESR] 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,
ESRI and PIK3CA were mutated in 53% and 29% of breast cancer patients who experienced
progression, respectively. The pY537S and pY 537N mutations in ESRI 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 ESRI and PIK3CA
mutations indicating an alternative resistance mechanism involved in tumor progression upon systemic
therapy. We found that these patients had a cumulation of FOXAI and/or GATA3 mutations. Recently,
restoration of ER function by recruitment transcription factors, particularly FOXAI and GATA3, has
been highlighted as one of the acquired resistance mechanisms in ER-positive breast cancer [14, 35].
FOXA1I and GATA3 mutations were detected in 31% and 36%, respectively, of metastatic breast cancer
patients. Wide variation in frequency distributions rate of FOXAI 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 FOXAI 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 G4TA43 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 ESRI has
been reported in several studies [14, 45, 46]. One of the observed findings was a significant positive

correlation between ESR I and GATA3 mutations, which were frequently detected in CTCs than ctDNA.
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In accordance with Davis and colleagues found that a high number of CTCs were strongly related to

ESRI 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 ESRI 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 ESRI. We observed that 76% of ESRI 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
FOXAI or GATA3 mutations, their tumors were more prone to progress. They also showed worse

overall survival, indicating the risk factor of FOXA1I and GATA3 mutations in breast cancer.

Another interesting finding is that the accumulation of GATA3 mutated subclones combined
with ESRI and FOXAI mutations showed fast progression and worse outcomes than single mutated
genes. Surprisingly, survival benefits were observed in patients who carry subclones mutations of £SR/
and FOXAI. We found that 66.7% of this cohort carried pD538G and pl176M mutations that did not
significantly impact on tumor progression and had a better survival rate than other subclonal mutations.
Whereas patients whose tumor encompasses FOXAI 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 FOXAI 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, FOXAI, and/or ESRI
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

NO 22 (22%)
N1 60 (60%)
NXx 2 (2%)
Missing 17

94



Publications

Distant metastasis

MO 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%)
MO 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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101 metastatic Breast cancer patients
(n=272 blood samples) were recruited at

(n=185 time-points)

l

176 cfDNA samples
from 99 patients

Excluded:
* n=2 patients

A

174 ¢fDNA samples
(n=97 patients)

267 samples from 99
patients

A4

70/97 patients had
detectable mutations
in cfDNA

+ ESR1 (n=33)

+ PIK3CA (n=28)

« FOXA1 (n=27)

+ GATA3 (n=20)

+ TP53 (n=7)

+ AKT1 (n=4)

+ ERBB2 (n=1)

96 CTCs samples from
57 patients

Excluded:
* n=3 patients

y

(n=183 time-points)

|

93 CTCs samples
(n= 54 patients)

v

187 multiple longitudinal
blood samples from 41
patients
(n= 125 time-points)

* n=10/183 samples before systemic therapy
* n=30/183 samples during endocrine therapy
* n=82/183 samples during chemotherapy

* n=63/183 samples both therapy

Y

* n=5/183 samples failed analysis

52 patients
* CTCs samples (n=85)
* cfDNA samples (n=85)

* 29/93 samples had CTCs

* 16/29 samples had 25 CTCs
* 13/29 samples had <5 CTCs
* 64/93 samples had no CTCs

y

n=2/125 samples before systemic therapy
n=8/125 samples during endocrine therapy
n=63/125 samples during chemotherapy
n=47/125 samples both therapy

n=5/125 samples failed analysis

82/99 patients had || «
detectable mutations in
cfDNA and/or CTCs .

« ESRI (n=53)

4  Figure 1. REMARK diagram for patient recruitment, exclusions, and distribution.

* FOXA1 (n=31)
* GATA3 (n=35)
* TP53(n=23)

* PIK3CA (n=29) .

n=40 patients had detectable
mutations in CTCs

n=34 patients had detectable
mutations in cfDNA

n=19 patients shared at least
one of the detected
mutations in ¢cfDNA and their
matched CTC

42/54 patients had
detectable mutations
in CTCs

+ ESR1 (n=36)

* PIK3CA (n=3)

+ FOXAI1 (n=7)

« GATA3 (n=22)

« TP53 (n=20)

« AKT1 (n=1)

* ERBB2 (n=2)

+ AKTI (n=5)
« ERBB2 (n=3)
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Figure 2. schematic of hotspot mutations identified in this study. (A) ESRI structure domains;
AF1(activation functional domain); DBD (DNA binding domain); hinge domain; LBD (ligand-binding
domain) including AF2 (second transcriptional activation domain) encompasses hot spot mutations. (B)
PIK3CA structure domains; ABD (adapter binding domain); RBD (Ras-binding domain); C2 (calcium-
dependent phospholipid-binding domain); Helical (PI3K helical domain); Kinase (PI3/4-kinase
domain) including the distribution of frequent alteration. (C) FOXA1 functional domains; Forkhead
domain in N-terminal region; Winged helix DBD (winged helix—turn—helix DNA-binding domain)
harbor hot spot alterations; TA (transactivation domains). (D) Distribution of mutations in GATA3

functional domains: TA1 and TA2 (two transactivation domains); Znl and Zn2 (two zinc fingers).
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Figure 3. Heatmap depicting the distribution of the detected mutations in patients (n= 99); the upper
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Figure 4. Overview of detected mutations in metastatic breast cancer patients and their variant
allele frequency (VAF). (A) Distribution of mutated genes in patients (n=99). (B) Scatter plot
showing the distribution of mutation load in mutated genes. (C) The prevalence of ESR/ detected
mutations in patients (n=99). (D) Violin plot showing the mutation load of detected mutations; the

middle line
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represents the median. The prevalence of detected mutations of (E) PIK3CA, (F) FOXA1, (G) GATA3,
(H) AKT1, (1) 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). (0O) Venn diagram depicting shared and distinct somatic mutations in cfDNA and CTCs.
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Figure 5. Mutations associated with therapy and disease progression. (A) Schematic diagram
showing increased number of mutations along with disease progression. Occurrence of candidate
mutations in patients received Aromatase inhibitor, Fulvestrant, Chemotherapy, or both endocrine
therapy and chemotherapy (B) FOXA! (pE24K), (C) FOXA1 (pI176V), (F) FOXA1 (pI176M), (H)
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stability, before discase progression, during progression of disease, and in the progressive phase of
disease (D) FOXAI (pE24K), (E) FOXAI (pI176V), (G) FOXAI (pl176M), (I) GATA3 (pD336£s17),
and (K) GATA3 (pS93F). (L) Venn diagram showing shared somatic mutations of ESRI, PIK3CA,
FOXAI, and GATA3 in patients. (M) The difference between £ESRI and PIK3CA in mutation load. (N)
Venn diagram showing shared somatic mutations of ESRI, FOXAI, and GATA3 in patients. The
difference in mutation load between (O) ESRI and GATA3 and (P) ESRI and FOXAI.
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Figure 6. Longitudinal analysis of mutant genes

in

metastatic breast cancer patients. (A)

Distribution of mutated genes in patients who received (A) chemotherapy before disease progression,

(B) chemotherapy after and during disease progression, (C) endocrine therapy, (D) both endocrine and

chemotherapy. (E) Schematic diagram showing the most mutated genes during follow-up visits of

patients. Monitoring of candidate mutations in two patients (F) and (G) during the course of discase
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Figure 7. Survival analyses. Kaplan—-Meier curves for progression-free survival (PFS) and overall
survival (OS) according to the candidate mutations independently for ESR1 (A, B); PIK3CA (C, D);
FOXAT1 (E, F); GATA3 (G, H) compared to WT (wild-type cfDNA). P-values were calculated using

the log rank test; . censored.

103



Publications

(8)

Progression free survival Overall survival
1,o-|‘a - WT _ 104 —- WT
S - — ESR1 S — ESR1
- ... —Pksca 13 — PIK3CA
2 Ay — ) — FOXA1 - — FOXA1
‘5 ,1 . — GATA3 ‘s — GATA3
2 0.5 2 0.54
:a 1
2 2
Q g3
s 3 1
1 ] =
o o
P=0.0058 P<0.0001
0.0 T T T T T T 1 0.0 T T T T T )
0 10 2 30 40 S0 60 70 0 10 20 30 40 50 60 70
Number at risk Months Number at risk Months
wr 4542 352819 1715151413 8 5 1 0 wT 45 42 40 37 31 27 2220 20 17 13 8 2 0
ESR1 262418141411 10 9 9 6 4 1 0 0 ESRT 26 26 22 21 19 19 15 15 14 14 10 7 3 0
PIK3CA 10 8 6 3 2 2 2 2 222000 PIKICA 11 9 7 6 5 4 44 4 3 3000
FOXA7 1511 8 5 3 1 0 0 0000 0 0 FOXA1T 1515 11 9 6 4 4 44 4 300 0
GATA3 11 _8 4 3 2 0 0 0 0000 00 GATA3 1110 5 3 3 3 331 .0 0000
0 510 15 20 25 30 35 40 45 50 55 60 65 0 510 15 20 25 30 35 40 45 50 55 60 65
Months Months
<) (D)
" . Overall survival
Progression free survival — WT
1.0 - WT
1.0+ — ESR1/PIK3CA -
- o [—
[ by v PETTIREET, — ESR1/PIK3CA/GATA3 % EzR:jPIK3g:/ 5
= FE— s o= — ESR1/PIK3 ATA3
2 ESR1/FOXA1 5 .
3 — ESR1/FOXA1/GATA3 :’_’ 1 — ESR1/FOXA1
s <) - — ESR1/FOXA1/GATA3
>
2 0.5- t‘a £ 051 L
3 S
3 3 p
: &
o
- P=0.0001
oo 00078 o
0 10 20 30 40 50 60 70 0 0 20 30 40 50 60 70
Number at risk Months Number at risk Months
wt 45 42 40 37 31 27 22 20 20 17 13 8 2 0
ZVSTRW,KJCA "751"12 13: 2;’ ’: ‘27 1: 1: 1: 123 g “:‘ '0 % ESR1/PIK3CA 17171311 8 6 6 6 6 6 4 21 0
ESR1/PIK3CA/GATA3 4 4 4 3 1 0 0 0 0 000 0O
ESR1/PIK3CA/GATA3 4 3 3 3 1 0 0 0 0000 00 ESR1/FOXA1 6 6 6 6 6 6 6 6 6 65430
ESR1/FOXA1 6 6 6 6 6 6 4 4 4 443 21
ESR1/FOXA1/GATA3 9 8 54 0 0 0 0 00060O0O0O0 ESRUFOXATGATAS, 54 4 32220000000
 t B s e 0 510 15 20 25 30 35 40 45 50 55 60 65
Months Months
(E) (F)
Progression free survival Overall survival
1.0 —wr
_ 1o — WT = — ESR1
< parsran TRV rpiiiy — ESR1 2 — ESR1/GATA3
c — ESR1/GATA3 g — FOXA1/GATA3
3 — FOXA1/GATA3 :’_’ — ESR1/FOXA1/GATA3
‘e ~ ESR1/FOXA1/GATA3 o
> 205
=05 ="
3 2
[ E-] S
2 [
e £
o
P<0.0001
o N ... . B —
0 10 20 30 40 5 60 70 o dof 20 30 400 30 60 70
Number at risk Months Number at risk pepnie
wT 45423528 19 17 15151413 8 5 1 0 wT 45 42 40 37 31 27 222020 17713 8 2 0
SR1 46 43 32 28 23 23 19 17 16 16 13 10 3 0 R ivas T R L A O R R
ESR1/GATA3 4629241610 5 5 2 00 0 00 0 EOXAICATAS o S 2 00 00 Voo oho
FOXA1/CATAS 16 8 5,4 0,0 .0 .0:0:00 0500 ESR1/FOXA1/GATA3 5_4 4 3 2 2 2 0 00 00 00
ESR1/FOXA1/GATA3 9 8 5 4 0 0 0 0 000 0 0 0
0 510 15 20 25 30 35 40 45 50 55 60 65
0 510 15 20 25 30 35 40 45 50 55 60 65
Months
Months

Figure 8. Survival analyses. Kaplan—Meier curves comparing patients with monoclonal (A, B) and
polyclonal (C, D, E, and F) mutated genes compared to WT (wild-type cfDNA). P-values were

calculated using the log rank test; _. censored.
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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.

105



Publications

Computational and Structural Biotechnology Journal 16 (2018) 370-378

) wovoons COMPUTATIONAL
i:ff: ANDSTRUCTURAL
=+ BIOTECHNOLOGY S
oo, J O URNA L

journal homepage: www.elsevier.com/locate/csbhj

Check far
updates

Mini Review
Techniques of using circulating tumor DNA as a liquid biopsy component
in cancer management

Maha Elazezy, Simon A. Joosse *

University Medical Center Hamburg-FEppendorf, Martinistr. 52, 20246 Hamburg, Germany

ARTICLE 1NFO ABSTRACT

Article history: Precision medicine in the clinical management of cancer may be achieved through the diagnostic platform called
Received 4 October 2018 “liquid biopsy”. This method utilizes the detection of biomarkers in blood for prognostic and predictive purposes.
Accepted 4 October 2018 One of the latest blood born markers under investigation in the field of liquid biopsy in cancer patients is circu-

Available online § October 2018 lating tumor DNA (ctDNA). ctDNA is released by tumor cells through different mechanisms and can therefore

provide information about the genomic make-up of the tumor currently present in the patient. Through longitu-

E:ﬁ:ﬁpsy dinal ctDNA-based liquid biopsies, tumaor dynamics may be monitered to predict and assess drug response and/or
Circulating tumor DNA (ctDNA) resistance, However, because ctDNA is highly fragmented and because its concentration can be extremely low in
Cell-free DNA (cfDNA) a high background of normal circulating DNA, screening for clinical relevant mutations is challenging. Although
significant progress has been made in advancing the detection and analysis of ctDNA in the last few years, the cur-
rent challenges include standardization and increasing current techniques to single molecule sensitivity in com-
bination with perfect specificity. This review focuses on the potential role of ctDNA in the clinical management of
cancer patients, the current technologies that are being employed, and the hurdles that still need to be taken to

achieve ctDNA-based liquid biopsy towards precision medicine.
© 2018 The Authars. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural
Biotechnology. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Contents

T INTOHTCHON & s v v s v v % 10 &5 % 0 5 0 5 o @ 6 B8 B @ % B W BN W B OBR KU R BN SR PR R NG e DN B AR W RS NS BT SN K RSN 370
2; Circulating tumor DNA(CIDNAYPIoperties: & v v s s s s 3 s s 2 @ s s m s 46 S B W IR W i F ¢ W B9 v m e #9888 55 @ 84 3 371
3y Clinlcal:applicatiotisSOFeDNA: o, & w5 86 % i b ko 8 i B S8 @ 68k LA Sl m ALy .0 2 M b Eh Lalu bd fmbio 372
4. ctDNA detection technologies . . . . . . . . . L L L e e e e e 372
41, Next-generation sequencing (NGS). . . . . . . . . 0 0 e e e e e e e e e e 373
42, Digital-PCRPIAtformS . . . . . . e e e e e e e e e e e e e e e e e 374
43. Real-time PCR-based methods . . . . . . . . . . L L e e e e e 375
44,  Mass-spectrometry technology . . . . . . . . L L L e e e e e e e e e e e e e e e e 375
45.  Detection of hypermethylation in ctDNA . . . . . . . . . L L L e e e e e e e 375
5. 0Utlook . . Lo e e e e e e e e e e e e e e 375
6. Conclusion . . . . . . . . L e e e e e e e 376
AcknowledZements . . . . . . L L L e e e e e e e e e e e e 376
REfETeNCeS. . . . . . L o e e e e e e e e e e 376
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proto-oncogenes caused by the accumulation of mutations in the of the genetic and/or epigenetic modifications leading to pathogenesis
can be exploited for anticancer therapy management, prediction, and
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translocations, insertions, and deletions, as well as single nucleotide
point mutations [3]. Epigenetics refers to the covalent modification of
DNA resulting in changes to the function and/or regulation of the
affected genes, without altering the primary sequences (a change in
phenotype without a change in genotype). Epigenetic factors such as
DNA methylation and histone modification, play a key role in gene ac-
tivity, cell differentiation, tumorigenesis, X-chromosome inactivation,
genomic imprinting, and other cellular regulatory processes [5].

Metastatic spread is the main cause of cancer-related death and is
the result of colonization of tumor cells from the primary tumor into
distant organs, which may finally be followed by organ failure. The
route of dissemination takes place mainly through the blood circulation,
in which only very few circulating tumor cells (CTCs) are able to survive
|6]. Extravasation of the tumor cells is usually expected to occur in dis-
tant organs such as the brain, bone marrow, lungs, or liver in which the
disseminated tumor cell (DTCs) can stay dormant for many years
(Fig. 1) [7]. The observation of DTCs in bone marrow has been shown
to be highly correlated with recurrence of disease [8].

In order to molecularly characterize the tumor and identify potential
therapeutic targets, material directly taken from the tumor has to be in-
vestigated. The standard procedure to genotype a tumor is by obtaining
a small piece of tissue using a tissue biopsy, which is a rather invasive
procedure. Furthermaore, neoadjuvant treatment may shrink the tumar
to undetectable size, leaving no tissue for further investigation. There-
fore, the procedure to obtain a tissue biopsy is severely hampered by
spatial and temporal limitations; in addition, a single biopsy sample
may not represent the full tumor load's heterogeneity [9,10]. As an al-
ternative to characterize the tumor, blood can be used to obtain
biomolecules or other markers originating from the tumor. One of
these markers is circulating tumor cells (CTCs) that originate from the
currently present tumor and thereby can function as a so-called “liquid
biopsy” (Fig. 1) [11].

The identification of CTCs has been shown to have prognostic and
predictive value in different entities of early-stage cancer [12]. However,
highly sensitive techniques are required to identify the small number of
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cells in the extremely high background of normal cells. The different
methods available for obtaining CTCs are either based on specific cellu-
lar makers expressed on the cell surface [13] or on the physical proper-
ties of the cells. Antigens expressed by the tumor cells enable positive
enrichment whereas negative enrichment can be achieved by depletion
of white blood cells [6]. Because the half-life time of CTCs is <2.5 hours
[14] and the metastases are also able to shed tumor cells into the circu-
lation, more CTCs can be expected in the advanced stages of the disease
[15]. Other blood-borne biomarkers currently used as liquid biopsy in-
clude platelets, cell-free nucleotides, and extracellular vesicles such as
exosomes (Fig. 1) [11]. Platelets may be altered through confrontation
with tumor cells via transfer of tumor-associated biomolecules [16].
These so called tumor-educated platelets (TEPs) contain a variety of
RNA transcripts and proteins that may influence the process of metasta-
sis development by enhancing or blocking tumor cells, immune cells,
and stromal cells, either by direct cell-to-cell contact or by releasing
extracellular queues [17,18]. Exosomes are an effective way for cells to
secrete mRNA and miRNA into the circulation that may lead to disease
progression [19]. For example, exosome-mediated transfer of cancer-
secreted miR-105 promotes metastasis in breast cancer [20]. Therefore,
identification of such cell-free miRNAs can be used to serve as a
biomarker for the early stage of metastasis [21]. Besides RNA, cell-free
nucleotides also include cell-free DNA (cfDNA). As a consequence, liquid
biopsy may also include the screening for fetal aneuploidy where the
cfDNA originates either from the fetus or from apoptotic placental
cells, circulating in a pregnant woman's plasma, is investigated [22].
This review will focus on the use of cfDNA originating from the tumor,
i.e., circulating tumor DNA (ctDNA), for the clinical management of can-
cer patients and provide a comprehensive overview of the different
techniques being applied to obtain and characterize ctDNA.

2. Circulating tumor DNA (ctDNA) properties

Twao processes are involved in the release of ctDNA into the blood
circulating [23]. The first is a passive release of DNA through cell death
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Fig. 1. Liquid biopsy markers. Biomarkers that are currently used as liquid biopsy include cell free nucleotides, circulating tumor cells (CTCs), tumor educated platelets (TEPs), and
disseminated tumor cells (DTCs). Cell free nucleotides are released into the blood circulating by apoptotic or necrotic cells, or by active secretion of exosomes containing a cell's
genetic material, Cell free DNA (cfDNA) is highly fragmented but is still wrapped around nucleosomes providing its typical length of 166 or 320 bp. cfDNA may be used to study a

tumor’s methylation patterns, chromosomal aberrations, or other mutations.
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either by apoptosis or necrosis (Fig. 1). As a consequence of enzymatic
cleavage of DNA during apoptosis, the resulting DNA fragments are
still wrapped arcund single nucleosomes and the length plus linker is
around 166 bp [24,25]. Larger fragments starting from 320 bp, the
length of DNA wrapped around two nucleosomes, up to >1000 bp are
released from phagocytosis of necrotic cells [23]. The second mecha-
nism of ctDNA release is by active secretion [23]. Secretion of ctDNA
takes place by the release of extracellular vesicles, such as exosomes
and prostasomes, containing pieces of DNA around 150-250 bp [26].
Plasma DNA that originates specifically from tumors (ctDNA) typically
represents 0.01-90% of the total cell-free DNA (cfDNA) found in blood
[27,28]. It is hypothesized that ctDNA is secreted by tumor cells as a sig-
naling molecule to drive tumor metastasis [29,30]. For example, two in-
dependent studies demonstrated that ctDNA may be involved in
tumorigenesis and metastasis development. By incubating murine
NIH-3 T3 cells with plasma from patients with KRAS mutated colorectal
tumors followed by injection into mice, the development of tumors
could subsequently be observed as well as the detection of human
KRAS mutations in the mice’ plasma [29,30]. Furthermore, it was ob-
served that ctDNA could promote the proliferation of hormone
receptor-positive breast cancer cells by activation of the TLR9-NF-kB-
cyclin D1 pathway in vitro [31]. Finally, a small part of the ctDNA may
originate from CTCs that die in the blood stream [32].

The rate of ctDNA shedding into the circulation depends on the loca-
tion, size, and vascularity of the tumor, leading to a difference in ctDNA
levels among patients [33,34]. The half-life time of ctDNA in the blood
circulation ranges from 16 minutes to 2.5 hours [35]. The concentration
of the total cfDNA in healthy individuals is on average 30 ng/ml plasma
and ranges from 0 to 100 ng/ml, whereas in cancer patients this can be
up to 1000 ng/ml [36,37]. In order to extract cfDNA from the blood, dif-
ferent methods have been developed. Magnetic enrichment of cfDNA
can be achieved by positively charged magnetic beads that bind the
negatively charged phosphate backbone of DNA [38-41], whereas silica
column-based enrichment makes use of the binding affinity of DNA
molecules [38-40,42-44], Furthermore, cfDNA capturing can be per-
formed by polymer mediated enrichment (PME) [39] or by a phenol-
chloroform based extraction procedure in which DNA is not soluble
[42]. Several studies have compared these extraction methods using
DNA yield, fragment size distribution, and the quality of the obtained
DNA in downstream analysis using for instance mutation detection as
a read-out [38,39,42,43]. However, these studies have shown large var-
iations in cfDNA yield and/or fragment size between the different ex-
traction methods. For example, conventional extraction methods
based on phenol-chloroform have shown higher yields than with DNA
extraction kits, but DNA purity and thereby efficiency of downstream
analyses was lower as compared to the magnetic-based method [40].
Some studies have favored the silica-based membrane method due to
the high recovery of 82%-92% cfDNA from serum [45]. However, the
silica-based membrane system has the disadvantages of a low yield
and partial loss of DNA fragments smaller than 150 bp [46,47]. In con-
trast, a magnetic bead-based method seems to be more efficient in the
recovery of short cfDNA fragments as compared to the silica-based
membrane and conventional methods [48].

3. Clinical applications of ctDNA

The investigation of biomarkers that may help to detect cancer in its
early stages before becoming clinically apparent could eventually lead
to a decreased mortality [49]. The quantification of cfDNA concentration
has been studied to discriminate between healthy individuals and ma-
lignant disease [50,51]. It was demonstrated that the levels of cfDNA
in NSCLC cancer patients are significantly higher than in healthy indi-
viduals [50], in fact, a cutoff level of cfDNA >0.20 mg/ml is able to distin-
guish between lung cancer patients and control cases with a sensitivity
of 69-79% and a specificity of 83-89% [50,51]. Furthermore, many stud-
ies have demonstrated that the cfDNA concentration is associated with

tumor volume leading to shorter overall survival (OS) of patients with
breast [52], ovarian [53], lung [54,55], gastric [56], and colorectal cancer
[35,57]. Interestingly, contradictory data have also been reported show-
ing that the concentration of cfDNA did not seem to be associated with
overall or progression-free survival [58]. Although, these data indicate
that cfDNA levels can be used to monitor tumor progression, using
cfDNA for diagnostic purposes is still of limited value.

Quantification of tumor-specific mutations in ctDNA appears to be
more relevant for studying tumor progression. High levels of mutated
PIK3CA in serum DNA of breast cancer patients are associated with
shart progression-free and overall survival as compared to patients
with low or no detectable amounts of mutated ctDNA [59]. The analysis
of single nucleotide variants in KRAS, NRAS, PIK3CA, BRAF, and EGFR
using cfDNA has been shown to have =80% concordance when com-
pared to tumor tissue of colorectal [60,61], lung [34,62], and breast
[59,61] cancer patients. However, also the time-point at which liquid bi-
opsy is performed in order to track minimal residual disease (MRD)
seem to be important, as the ctDNA concentration may lay below the
detection limit during certain stages of the treatment. For example,
Murillas et al. demonstrated that the detection of ctDNA eight months
after surgery is associated with a high risk of relapse in early-stage
breast cancer patients, whereas this could not be discerned before the
primary surgery based on the detected mutations [G3].

ctDNA can also be used to monitor therapy efficiency by detecting
mutation-driven resistance [61,64,65]. For example, early detection of
ESR1 mutations, which drive endocrine therapy resistance, may help to
improve the outcome of patients by switching to other treatment before
clinical progression of metastatic breast cancer patients [66]. Likewise,
the detection of KRAS gene mutations in ctDNA of colorectal cancer pa-
tients may indicate resistance to epidermal growth factor receptor in-
hibitors [61]. Furthermore, decreasing sensitivity to tyrosine kinase
inhibitors (TKIs) in patients with gastrointestinal stromal tumors could
be demonstrated by tracking primary and secondary hotspot mutations
in KIT (S821F) and PDGFRA (D842V) [67]. These data demonstrate the
potential of ctDNA to detect and monitor the clonal evolution of cancer
through serial genotyping, giving a more complete picture of the distinct
genetic subclones that are related to drug resistance [68].

Methylation patterns found on ctDNA can be exploited as bio-
markers to detect epigenetic deregulation of genes. Hypermethylation
of the promoter of RASSF1A, FHIT, and APC found in plasma DNA was
shown to be a useful diagnostic marker for early stage renal cancer
with a sensitivity of 56.8% and specificity of 96.7% |69]. The detection
of hypermethylation of the MLH1 gene promoter in ctDNA could be
employed as a predictive biomarker for acquired resistance in ovarian
cancer and was associated with a poor overall and progression-free sur-
vival [70]. Similarly, the identification of methylation of ESR1 promoter
in ctDNA was found to be associated with a laclk of response to everoli-
mus/exemestane therapy in metastatic breast cancer patients [71].
Taken together, ctDNA has a high potential for monitoring clinically rel-
evant cancer-related genetic and epigenetic modifications for discover-
ing more detailed information on the tumor characterization [72].

4. ctDNA detection technologies

cfDNA is highly fragmented DNA and the total amount of ctDNA
might make up as low as 0.01% of the total cfDNA. These extreme low
concentrations make the detection challenging, particularly at the
early stages of tumor development [27,73,74], Two strategies have
emerged to study the tumor's genomic material by liquid biopsy. First,
targeted approaches in which a single or few tumor-specific mutations
known from the primary tumor are used for monitoring residual disease
in the peripheral blood. Such techniques include Q-PCR, BEAMing, Safe-
SeqS, CAPP-Seq, and TAmSeq [57]. The disadvantage of this strategy is
that it requires detailed information about the tumor genome. However,
targeted monitoring can be extremely sensitive, as mutations can be de-
tected at an allele frequency of down to 0.01% with high specificity and
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at a fast and cost-effective rate [75-77]. The second strategy to investi-
gate ctDNA involves untargeted screening and aims at a genome-wide
analysis for copy number aberrations (CNAs) [78] or point mutations
by whole-genome sequencing (WGS) or whole exome sequencing
(WES) [79]. Advantages of untargeted strategies include (i) its ability
to identify novel changes occurring during tumor treatment and (ii)
prior information about the primary tumor's genome is not required.
However, a disadvantage is that high concentrations of ctDNA are re-
quired for reliable reconstruction of tumor-specific genome-wide
changes. Furthermore, untargeted approaches show an overall low sen-
sitivity (5%-10%) [79]. Depending on which strategy is required to in-
vestigate the ctDNA or interest, different technologies are currently
available (Table 1).

An additional strategy might be an alternative to “genotype-inde-
pendent approaches” a non-invasive screening approach, which based
on the fragmentation patterns of an individual's cfDNA that can include
an evidence of the epigenetic profile of the origin cells. Such a footprint
of nucleosome-hound cfDNA that can be used to determine the contrib-
uting cell types in the absence of genotypic differences [80].

4.1. Next-generation sequencing (NGS)

NGS has emerged in the past decade as an efficient technique for se-
quencing DNA and obtaining genetic information. NGS is based on the
analysis of several millions of short DNA sequences in parallel followed
by either sequence alignment to a reference genome or de novo
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sequence assembly. Despite its high sensitivity and specificity, NGS
shows a random error rate between 0.1% and 1% depending on the ap-
plied platform [79] making the detection of ctDNA by rare mutations
in the total cfDNA challenging, According to this observation, many pro-
tocols have been modified to improve and expand the detection of rare
mutations [81] (Table 1).

Deep-sequencing is considered the first approach to detect
mutations at an allele-frequency as low as <0.2% by sequencing
the target regions with high coverage (>10,000x) [82-84]. As a
result, the sensitivity of deep sequencing of finding mutations
in cfDNA earlier discovered in tumor tissue can be up to 100%,
although the specificity can be as low as 80% [83]. In early stage
lung cancer patients {stages [A-IIIA), it was shown that deep
sequencing for ctDNA resulted in a low sensitivity of 36.5% in
detecting the EGFR (L858R) mutation present in the tumor tissue,
whereas this increased to 72.7% in metastatic setting (stages lIB-
IV) [84]. The main advantage of deep sequencing is the ability to
assess multiple biomarkers simultaneously while its disadvantage
is the extreme high read depth that has to be performed in order
to detect mutations at low allele frequency and thereby drastically
increasing sequencing costs.

Bias-Corrected Targeted NGS is adapted to minimize PCR artifacts by
using multifunctional adapters that facilitate read analysis and identify
which probe captured the fragment. Bias-Corrected Targeted NGS was
applied on cfDNA of NSCLC patients resulting in a detection of =0.4%
mutant allele frequency with a specificity of 100% [81]. This technology

Table 1
Technologies for detecting circulating tumor DNA (ctDNA).
Technology Platform 1-Sensitivity Specificity cfDNA input Number Type of alteration Limitations References
of targets
NGS Deep sequencing  0.02% 80-90% 2ng Panel Genome-wide copy number Unable to detect [82-84]
(=10,000x) changes Tearrangements without
assay custornization
TAm-Seq 0.02% 99.9997% 09-20 ng Panel Known point mutations Detects only known [89]
mutations
Safe-SeqS 0.1% 98.9% 3ng Panel Known point mutations anc Less comprehensive than [90,91]
copy humber variations WES
FASTSeqS =10% 80% 5-10 ng Panel Genome-wide copy number Low sensitivity and [86,87]
changes specificity
CAPP-Seq 0.004% »09,09%  32ng Panel Known point mutations, copy High cfDNA input; detects [92-94]
number variations, and only known mutations
rearrangements
MCTA-Seq 0.25% 89% 7.5pg Panel Known methylation sites [130]
Bias-Corrected =04% 100% Panel Known point mutations, copy [81]
Targeted NGS number variations, and
rearrangements
Multiplex-PCR NGS  =0.1% 99,6% 2-50 ng Panel Known point mutations Detects only known [85]
mutations
Digital-PCR ddPCR 0.1% 100% 25ng 1to3 Known point mutations Detects specific genomic [78,109-111]
loci; limited in multiplexing
BEAMing 0,01% 100% 1ng 1to 20 Known point mutations Detects only known [112-115]
mutations
Real-Time PCR AS-PCR 1% 98% 3-50 ng 1 Known point mutations Low sensitivity; detects [119-121]
known mutations
AS-NEPB-PCR 01% 100% 20 ng 1 Known point mutations Detects only known point [76]
mutations
(PNA-LNA) PCR 0.1-1% 79% 30ng 1 Known point mutations Low specificity; detects only [122-124]
clamp known point mutations
(COLD-PCR) 0.1% 949% 1-10 ng 1-3 Known point mutations Detect limited genomic loci;  [77]
limited in multiplexing
MS-PCR 0.62% 100% 20-100ng 1 Known methylation sites Detects only specific CpG [71]
islands
Mass-spectrometry  SERS 0.1% 100% 5ng 31010 Known point mutations Detect limited genomic loci  [125]
technology UltraSEEK 01% 100% 9pg-42ng Uptodld Known point mutations Detect limited genomic loci  [126,127]

The performance of the different technologies for detecting ctDNA using different platforms. These technologies differ in sensitivity, specificity, the minimum input of ¢[DNA, the number of
targets that can be analyzed in one reaction, and the type of alterations that can be detected. In addition, the limitations of each technology are indicated. Smallest allele frequencies = 1-
sensitivity; TAm-Seq: Tagged-amplicon deep sequencing; Safe-SeqS: Safe-Sequencing System; WES: whole exome sequencing; CAPP-Seq; Cancer Personalized Profiling by deep sequenc-
ing; ddPCR: Droplet Digital polymerase chain reaction; BEAMing: Beads, Emulsion, Amplification and Magnetics; AS-PCR: Allele-specific amplification; AS-NEPB-PCR: Allele-Specific, Non-
Extendable Primer Blocker PCR; (PNA-LNA) PCR clamp: Peptide Nuclei Acid-Locked Nucleic Acid; COLD-PCR: co-amplification at lower denaturation temperature; MS-PCR: methylation-

specific PCR; SERS: surface-enhanced Raman spectroscopy.
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showed a high specificity in the detection of genomic alterations with-
out producing false positives.

Multiplex-PCR NGS is based on a designed PCR assay panel that facil-
itates amplification of specific target regions, Validation of the
multiplex-PCR NGS platform on the early stage of lung cancer patients
showed a highly sensitive detection of =99% of single-nucleotide vari-
ants (SNVs) at allele frequencies of =0.1% with a specificity of 99.6%
with as less as 20 ng of cfDNA as input material [85].

FAST-SeqsS is a simple and efficient method for the detection of an-
euploidy by massive parallel sequencing [86,87]. FAST-SeqS can am-
plify approximately 38,000 amplicons with a single primer pair.
During amplification, degenerate bases at the 5/-end of the primer
are used as molecular barcodes to uniguely label each DNA template
molecule. This ensures that each DNA template molecule is counted
only once [88]. A modified version of FAST-SeqS (mFAST-SeqS) was
established as a prescreening tool to estimate the ctDNA percentage
by using a single primer pair to select and amplify distinct sections
of the genome that occur on every chromosome and estimate a
genome-wide z-score to evaluate the ctDNA percentage [75].
mFAST-SeqS has for example been used to monitor changing levels
of ctDNA in prostate cancer patients before and after treatment, show-
ing a decrease in the genome z-score in patients who responded to
therapy [87]. The advantages of this approach include speed
(<1 day) and it does not depend on prior knowledge of the genetic
composition of tumor samples. Nevertheless, the lowest detection
limit of 10% ctDNA is a clear disadvantage [87].

TAm-Seq (Tagged-amplicon deep sequencing) is based on a combi-
nation of efficient library preparation and statistically-based analysis al-
eorithms. This technique is adapted to sequence, detect, and quantify
tumor mutations across a gene panel including both tumor hotspots,
as well as entire coding regions of selected genes [73]. The precision of
this methods could be shown by the detection limit of 0.02% with
99.9997% specificity for point mutations in EGFR in circulating DNA
[89]. The development of a bioinformatic method is a clear advantage
that has helped to design more efficient gene panels, improve the detec-
tion sensitivity of mutant alleles, and reduce the detection of false
positives.

Safe-SeqS was designed to further improve the sensitivity of NGS.
Safe-SeqS includes two main steps, the first is to assign a unique identi-
fier (UID) to each DNA template molecule and the second is to amplify
each uniquely tagged template to create UID families and sequences
[90]. The Safe-SeqS approach has for instance been applied to ctDNA
of patients with metastatic colorectal and gastrointestinal stromal tu-
mors (GIST) for tracking therapy response. Here, Safe-SeqS showed a
highly sensitive detection of a mutant allele with a concentration of
only 0.1% and with a specificity of 98.9% [91,92].

CAncer Personalized Profiling by deep Sequencing (CAPP-Seq) was
developed to detect extremely low concentrations of ctDNA by the use
of “selectors” consisting of biotinylated DNA oligonucleotides that are
complementary to previously defined recurrent mutated areas. Hy-
bridization of the “selectors” on the area-of-interest is followed by
deep sequencing; thereby, multiple mutations can be detected by
CAPP-Seq including single nucleotide variants, rearrangements, and
copy number alterations [93]. Implementing CAPP-Seq on blood sam-
ples of patients with early and advanced stage NSCLC, showed a high
efficiency for detecting an allele frequency of EGFR mutations of down
to 0.02% with »96% specificity [93,94]. Further improving the sensitiv-
ity of the CAPP-Seq, Newman et al. employed an integrated digital
error suppression (iDES), a computational tool that can correct se-
quencing or PCR system error, resulting in a theoretical detection
rate of 0.00025% mutant allele frequency [95]. iDES-enhanced CAPP-
Seq has shown to be highly sensitive in the detection of EGFR muta-
tions with an allele frequency as low as 0.004% with =99.99% specific-
ity using cfDNA of NSCLC patients; furthermore, the required amount
for the library preparation was only 32 ng [95], making it a very prac-
tical test for investigating ctDNA.

Although many advances have been made, NGS is still a relatively
expensive and time-consuming technique. Furthermore, skilled
bioinformaticians are required for data analysis and interpretation.

Bioinformatics are an essential part for the analysis of NGS to enable
the detection of single nucleotide polymorphisms (SNPs), copy number
aberrations (CNAs), insertions and deletions (indels), epigenetic
changes, or to assembling new genomes [96-98]. The lack of standard-
ization thus far, has led to the development of different algorithms
performing essentially similar tasks in analyzing sequencing data, but
using different mathematics. For instance, Burrows-Wheeler Alignment
tool (BWA) [99], Bowtie [100], STAR [101], TopHap, and Novoalign are
all short reads alignment tools [102]. Furthermore, variant calling can
be performed using, e.g., GATK [103], SAM tools [104], Atlas2 [105],
and FreeBayes [106]. In order to come to a possible consensus, the per-
formance of these different tools must be regularly compared under dif-
ferent conditions. To assess the accuracy in variant calls, Bao et al.
evaluated the four variant-calling algorithms, GATK-UnifiedGenotyper,
SAMtools mpileup, Atlas2, and FreeBayes after alignment to the
human genome using BWA, Bowtie2, and NovoalignV3. The authors
used the NIST-GIAB gold standard dataset to demonstrate the sensitivi-
ties of these methods. Variant calls by FreeBayes from Novoalign V3
mapped sequences showed the highest sensitivity and precision rate
for SNV calling of 95.97% and 99.70% and for indel calling 83.39% and
99,57%, respectively [102]. However, using simulated data, conflicting
results were demonstrated by Kockan et al,, indicating a low sensitivity
and accuracy by using FreeBayes compared to SINVICT, MuTect, and
VarScan2 [107]. In the same study, the authors evaluated the sensitivity
and accuracy of SINVICT in the detection of SNVs and short indels of
¢fDNA. By analyzing two different datasets obtained from cfDNA se-
quenced material of castrate-resistant prostate cancer with lon Torrent
(AmpliSeq) technology and from metastatic castration-resistant pros-
tate cancer patients sequenced with Illumina MiSeq, the SINVICT dem-
onstrated highly sensitive detection of variant calls at a low variant
allele frequency of 0.5% [107]. These studies show that further investiga-
tion has to be performed in order to determine the most accurate
methods for analyzing ctDNA.

4.2. Digital-PCR platforms

Digital PCR is a robust method to detect point mutations in ctDNA at
low allele fractions. This technique includes droplet-based systems,
microfluidic platforms for parallel PCR such as droplet digital PCR
(ddPCR), and BEAMing (beads, emulsions, amplification, and
magnetics),

Droplet-digital PCR (ddPCR) was developed to provide high-
precision, absolute quantification of copy number variation of target
DNA, such as quantification of somatic mutations [108]. The ddPCR ap-
proach is based on water-oil emulsion droplet technology by the distri-
bution of DNA sample into thousands to millions of droplets. A single
droplet contains a single mutated or non-mutated DNA strand that
can be distinguished by flow cytometry using fluorescent TagMan-
based probes. ddPCR has been applied in several notable publications
on the detection and quantification of mutations in ctDNA
[78,109,110]. ddPCR demonstrated accurate detection of PIK3CA muta-
tions in early stage breast cancer patients using ctDNA compared to
tumor tissue with 93.3% sensitivity and 100% specificity [78]. Further-
more, Picodroplet digital PCR facilitates simultaneous screening for
multiple mutations in ctDNA from the plasma with a detection rate of
=1% [111]. The advantages of ddPCR are the high sensitivity in detecting
mutations and as well as it being an inexpensive technology for absolute
quantification. The disadvantages of ddPCR are that only known vari-
ants can be screened and the limited number of variants that can be in-
vestigated within a single reaction,

BEAMing is a digital PCR method that is based on beads, emulsion,
amplification, and magnetics. This technology uses water droplets in
an oil emulsion as reaction vessels containing a mixture of template,
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primers, PCR reagents, and magnetic beads. Fluorescently labeled
dideoxynucleotide terminators are used to discriminate droplets con-
taining sequences that diverge at positions of interest and analyzed by
flow cytometry [112]. This technique can identify genetic variations
present in the original DNA population and precisely quantify their
number in comparison to the number of wild-type sequences [113].
BEAMing has shown a highly sensitive detection rate of 0.02% mutant
allele frequency and a perfect specificity of 100%, with =90% concor-
dance rate between tumor tissue and ctDNA from different patients
with colorectal [35], breast [114], and lung [112,115,116] cancer. Al-
though BEAMing is a highly sensitive and specific, its workflow is com-
plicated and expensive to apply in routine clinical work.

4.3. Real-time PCR-based methods

Real-Time PCR represents a rapid and cheap method for amplifica-
tion of nucleic acid. Its sensitivity to detect mutations in a background
of wildtype DNA is 10-20% allele frequency, with almost no false posi-
tives [117,118]. To overcome the low sensitivity however, several
PCR-based variations have been developed, such as Allele-Specific am-
plification (AS-PCR) [119-121], Allele-Specific Non-Extendable Primer
Blocker PCR (AS-NEPB-PCR) [76], Peptide Nuclei Acid-Locked Nucleic
Acid (PNA-LNA) PCR clamp [122-124], and co-amplification at lower
denaturation temperature (COLD-PCR) [77]. Most of these assays are
based on either using a blocking oligo at the 3’-end to block the ampli-
fication of the normal allele and allowing the amplification of the mu-
tant allele or they make use of a modification step in the PCR protocol
that enriches variant alleles from a mixture of wild-type and
mutation-containing DNA. The AS-PCR is commonly used in clinical set-
ting to detect single nucleotide variation (SNV) or small insertion/dele-
tion in formalin-fixed, paraffin-embedded (FFPE) tumor tissues.
However, as it exhibits 98% specificity and 92% sensitivity with a concor-
dance of 96% of the mutant allele in ctDNA [119], it is not fully adequate
for the detection of rare genetic events. The PNA-LNA PCR clamp
method shows a high sensitivity with the detection of 0.1% mutant allele
and a specificity of 79% [122-124]. COLD-PCR is a powerful method to
detect single variants of approximately 0.1% and enables the enrich-
ment of this amount of a mutant allele to improve the sensitivity of mu-
tation detection by up to 100-fold [75,77]. Overall, PCR based assays are
a promising tool for detecting mutations as a low-cost effective can be
feasible in routine clinical practice.

4.4, Mass-spectrometry technology

The limited multiplexing ability of most PCR-based approaches rep-
resents a major limitation when dealing with clinical samples. Alterna-
tive technologies using mass-spectrometry have been developed to
detect ctDNA mutations at low frequency, namely Surface-Enhanced
Raman Spectroscopy (SERS) [125] and UltraSEEK [126,127].

The SERS-PCR detection method is based on using nanotags, which
are nanoparticulate optical detection tags that function through
surface-enhanced Raman Spectroscopy (SERS) for identification and
tracking the binding target. Direct detection of multiple mutations at
the same time using a Raman spectrometer is being enabled by laser ex-
citation resulting in the emission of specific signals [128]. Multiplex
PCR/SERS demonstrated high detection affinity of three hotspot muta-
tions in melanoma showing a high sensitivity detection of <0.1% muta-
tions with a low input amount of 5 ng DNA per reaction [125].

UltraSEEK is a high-throughput multiplex based method, using
primers labeled with biotin that are specifically designed to anneal the
mutant allele only [126]. The UltraSEEK assay panel covering the most
frequent mutations in melanoma, showed a high sensitivity of detecting
mutations at an allele frequency of <1% and a 100% specificity. More-
over, the minimum amount of cfDNA employed in the UltraSEEK analy-
sis is between 9 pg/ul and 4.2 ng/ul [126]. Recently, the UltraSEEK's
capacity has been further improved to a multiplexing of up to 40 targets

per reaction, with ultrasensitive detection of somatic mutations in
ctDNA [127]. Taken together, the advantages of UltraSEEK are the high
multiplex capability, fast turnaround time of less than a day, and the
low input of DNA required for a single analysis.

4.5, Detection of hypermethylation in ctDNA

Methylation of DNA involves the addition of a methyl group to CpG
dinucleotides at regions of the genome with a high density of CpG dinu-
cleotides or so-called CpG islands [7]. The most common method for
methylation detection of ctDNA relies on methylation-specific PCR
(MS-PCR), which is based on treating DNA with bisulfite to chemically
modify non-methylated cytosines into uracil [71]. Subsequently, the
methylation profile of the converted DNA can be investigated using a
downstream application such as PCR, NGS [129], or MCTA-Seq [130].
Methylation-specific PCR {MS-PCR) has shown to be highly sensitive
in the detection of ESRI hypermethylation with a detection rate of
0.1% and a specificity of 100% [71]. Higher sensitivities may be reached
by MCTA-Seq, which is able to detect thousands of hypermethylated
CpG islands in parallel with a sensitivity of detecting methylated CpG al-
leles down to frequencies of <0.25%, but with a specificity of 89%. Never-
theless, the input amount of ctDNA of 7.5 pg is a clear advantage [130)].
The costs, processing time, and the requirement of prior knowledge of
the region of interest are disadvantages of MCTA-Seq. A genome-wide
bisulfite sequencing for the identification of different methylated re-
gions using =500 ng urinary cfDNA starting material, could show that
the global methylation density in cancer is ranging from 61.1% to
73.5% [129]. However, the relatively large amount of 500 ng cfDNA
that is required for the bisulfite conversion process increases the com-
plexity of the methylation detection using ctDNA from plasma [129].

5. Outlook

As this review indicates, numerous studies have now shown the fea-
sibility of using ctDNA in tracking and monitoring tumor dynamics, drug
response, and therapy resistance. Although several technologies have
shown an extremely high sensitivity with detection rates going down
to single mutated DNA molecules, the use of ctDNA as a marker for lig-
uid biopsy still lacks standardization in many aspects. The only tests
thus far approved by the FDA in the USA and China include the DNA
methylation-based test of SEPT9 for the detection of celorectal cancer
[131,132] and the gPCR-based test for mutated EGFR in NSCLC [133].
Further improvement in the standardization of liquid biopsy may in-
clude how the samples are obtained and how the analysis is performed.

Ideally, ctDNA should be investigated in combination with CTCs and/
or exosomal miRNA, in order to extract as much biological information
from the tumor as possible from a single blood sample. However, the
type of collection tube and storage conditions may both have an effect
on DNA stability as well as the stability of cells and thereby the amount
of background and the quality of the material. Although fixatives may
stabilize a tube’s content required for transport of the material, not
every fixative suitable for subsequent cellular or DNA analysis can be
used in combination with RNA analysis. Also, too harsh fixation condi-
tions can result in DNA interstrand crosslinking and thereby lowering
the specificity of downstream analyses. [t needs to be seen whether
there will be one standard tube from which all analyses can be per-
formed, although more likely will be that each biomarker will require
its own dedicated collection tube.

An important aspect of mutation diagnostics, not limited to the anal-
ysis of ctDNA only, is the sheer amount of data that can be produced by
current technologies such as NGS, which can be overwhelming from a
clinical point of view. However, bioinformatic-based techniques are
usually able to filter out the clinically maost important information. Nev-
ertheless, also standardization in regards of bioinformatic analysis
needs to be achieved in order for such diagnostics to be reliably be ap-
plied in the clinic.
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As discussed in this review, one of the hurdles of using ctDNA as lig-
uid biopsy substrate is the usually low yield of material extracted from
plasma. In order to obtain enough starting material for further down-
stream analyses such as deep sequencing, whole genome amplification
(WGA) might be employed. However, further research has to be per-
formed to study whether the currently available WGA methods are suit-
able for highly fragmented DNA, as well as whether the amplification is
perfectly linear so that low frequency alleles are not lost.

Understanding the biological mechanisms of how ctDNA is released
into the bloodstream may further improve the isolation of the tumor
DNA as well as prognosis and prediction value. For instance, the specific
enrichment of tumor-associated exosomes may provide undiluted in-
formation about potential metastatic sites and the resistance mecha-
nisms of the still viable tumor cells under therapy. Equally important
is to investigate the elimination rate of cfDNA from the bloodstream.
Several mechanisms and organs appear to be responsible for ¢cfDNA
clearance from the bloodstream such as the kidney, liver, and spleen
as well as nuclease degradation, and phagocytes [134-136]. Neverthe-
less, the kinetic dynamics of cfDNA still needs to be further investigated,
as well as the best source of ctDNA, e.g., serum, plasma, urine, or other
body liquids should be standardized.

ctDNA can play a vital complementary role along with other tumor-
derived substrates as predictive biomarker. These other substrates in-
clude circulating tumor cells {(CTCs) that provide essential information
on tumor characteristics and metastatic development through investi-
gation of DNA, RNA, or proteins, whereas cell-free nucleotides and
exosomes can be an additional sources of information on tumorigenesis,
possible therapeutic targets, and drug resistance mechanisms, Finally,
platelets can carry information that may help to determine the tumor’s
origin. Overall, these tumors-substrates termed as liquid biopsy that can
provide a more comprehensive picture together of the total clonal com-
position of tumor and therapy sensitivity and thereby, improve on clin-
ical management and patient survival.

6. Conclusion

Liquid biopsy can provide valuable information about the biology
and clinical characteristics of a tumor through different biomarkers re-
leased into the blood circulation, ctDNA can be employed to analyze
the entire tumor genome and track drug response and/or therapy resis-
tance. This can be achieved by either quantitative measurement of
CtDNA in a blood sample or by the detection of mutations. A remarkable
advancement in technologies for ctDNA detection and analysis has been
observed in the last few years such as the significant progress made in
NGS-based approaches in overcoming many of the challenges to reduce
the error rate and improve sensitivity in ctDNA detection. Nevertheless,
NGS-based approaches are still relatively expensive and consume much
time. On the other hand, mass-spectrometry approaches provide a
promising tool for ctDNA screening in terms of the cost, time, and low
amounts of required input material, as well as their high sensitivity
and specificity. Additionally, analysis by Real-Time PCR-based tech-
niques is cost-effective, fast, and can be feasible in routine clinical prac-
tice for a limited number of biomarkers. Further development in the
standardization of these techniques will make ctDNA a valuable sub-
strate in the field of cancer diagnostics.
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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).

117



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 BRCA17 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 ERa

121



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 g-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 ESR7 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,
PIBKCA, 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 ESR71 mutations
often seen in metastatic breast cancer patients who were progressed on
endocrine therapy [142-144]. The most frequently detected ESR71 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 P/K3CA
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 FOXA71 and GATAS3 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 GATAS3
transcription factors are involved in modulating chromatin condensation to allow
ER recruitment in breast cancer cells [78]. In breast cancer, the genes FOXA1
and GATAS3 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 pl176V 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 ESR7 and

PIK3CA mutant subclones.

The most interesting finding was that patients with FOXA1 and GATAS3
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

127



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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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.
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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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K16++ Non-target

MCF?7

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 ym.

Supplementary Table 1. Transfection efficiency of KRT16

Percentage of positive cells within a

Replicate  Total cell population  Transfected cell population 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
T# 885 640 72.3
Average 621.7 479.1 81.4
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Merged DAPI K16

MCF7
(K16++)

MCF7
(K16++)

MCF7

Supplementary Figure 3. Immunofluorescence staining of K16 (AF488;
green) and DAPI (blue), scale bar represents 10 um.
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Merge DAPI E-cadherin  Phalloidin

MDA-MB-468

MCF7

MCF7
(K16++)

MCF7
(K16++)

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 um.
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8.2. Supporting information for Publication #2.

Therapy-induced evolution model
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Therapy-induced selection model
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[ pownregulated BRCA1 (hypermethylated) [ Functional BRCA1 (unmethylated)

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 — cfDNA, Methylation BRCA1/2 germline

[ —— status S—— Blood obtained before/during/after therapy Histology Pathology
P0O2-1 184 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 llic
P03-2 142 Unmethylated NA After Carboplatin,Paclitaxel HGSOC FIGO llic
PO4-1 144 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 llic
P06-1 398 Unmethylated NA During Carboplatin,Caelyx HGSOC FIGO IV
P06-2 240 Unmethylated NA During Carboplatin,Caelyx HGSOC FIGO IV
P0O7-1 370 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 llic
P13-2 250 Unmethylated NA During Carboplatin HGSOC FIGO llic
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 llic
P15-2 250 Methylated Positive During Carboplatin,Paclitaxel HGSOC FIGO llic
P15-3 322 Unmethylated Positive During Carboplatin,Paclitaxel HGSOC FIGO llic
P15-4 1260 Methylated Positive During Carboplatin,Caelyx HGSOC FIGO llic
P15-5 42.4 Unmethylated Positive After Carboplatin,Caelyx HGSOC FIGO llic
P15-6 1720 Methylated Positive During Olaparib HGSOC FIGO llic
P16-1 394 Methylated NA During Cisplatin HGSOC FIGO llic
P16-2 174 Methylated NA During Cisplatin HGSOC FIGO llic
P16-3 106 Unmethylated NA During Caelyx HGSOC FIGO llic
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 llic

P19 284 Methylated Positive During Carboplatin HGSOC FIGO llic
P20-1 252 Methylated NA During Carboplatin,Paclitaxel HGSOC FIGO llic
P20-2 260 Methylated NA After Carboplatin,Paclitaxel HGSOC FIGO llic

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 llic
P23-2 460 Unmethylated Negative During Gemcitabine HGSOC FIGO llic
P23-3 220 Methylated Negative During Gemcitabine HGSOC FIGO llic

P24 228 Methylated NA During Carboplatin,Paclitaxel HGSOC FIGO llic

P25 106 Unmethylated Negative During Carboplatin,Paxlitaxel HGSOC FIGO la
P26-1 124 Methylated Negative Before Carboplatin,Paclitaxel HGSOC FIGO llic
P26-2 432 Unmethylated Negative During Carboplatin,Caelyx HGSOC FIGO llic
P26-3 364 Unmethylated Negative Before Carboplatin,Caelyx HGSOC FIGO llic

P27 150 Unmethylated NA After Treaosulfan HGSOC FIGO llic
P28-1 206 Methylated Negative Before Carboplatin HGSOC FIGO la
P28-2 394 Unmethylated Negative After Carboplatin HGSOC FIGO la

P29 142 Unmethylated Positive During Cisplatin HGSOC FIGO llic

P30 182 Methylated Negative During Carboplatin,Caelyx HGSOC FIGO llic
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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 llic
P32-2 856 Methylated Positive During Paclitaxel HGSOC FIGO llic
P33 106 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO llic
P34-1 362 Unmethylated Negative Before Carboplatin,Paclitaxel HGSOC FIGO llic
P34-2 430 Unmethylated Negative Before Avastin,Olaparib/Placebo HGSOC FIGO llic
P35 442 Methylated Negative During Carboplatin,Gemcitabine HGSOC FIGO llic
P36 1330 Methylated NA Before Carboplatin,Caelyx HGSOC FIGO llic
P37-1 192 Methylated Negative Before Cisplatin HGSOC FIGO llic
P37-2 120 Unmethylated Negative Before Carboplatin mono HGSOC FIGO llic
P37-3 280 Unmethylated Negative After Niraparib HGSOC FIGO llic
P38-1 218 Methylated NA During Carboplatin,Paclitaxel, Avastin HGSOC FIGO llic
P38-2 534 Methylated NA Before Carboplatin mono HGSOC FIGO llic
P38-3 100 Unmethylated NA During Carboplatin mono HGSOC FIGO llic
P38-4 1090 Unmethylated NA Before Gemcitabine HGSOC FIGO llic
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 llic
P41-2 288 Unmethylated Positive During Carboplatin HGSOC FIGO llic
P42 390 Methylated Done During Carboplatin,Caelyx HGSOC FIGO llic
P43-1 1240 Methylated Done During Paclitaxel HGSOC FIGO llic
P43-2 518 Methylated Done During Paclitaxel HGSOC FIGO llic
P44 456 Unmethylated NA After Carboplatin,Paclitaxel HGSOC FIGO llic
P45-1 112 Unmethylated NA Before Carboplatin,Paclitaxel, Avastin HGSOC FIGO llic
P45-2 446 Unmethylated NA During Carboplatin,Paclitaxel, Avastin HGSOC FIGO llic
P46 362 Unmethylated NA Before Carboplatin,Taxol HGSOC FIGO IVa
P47-1 1050 Methylated Done Before Carboplatin,Caelyx HGSOC FIGO llic
P47-2 1420 Methylated Done After Carboplatin,Caelyx HGSOC FIGO llic
P48 456 Unmethylated Done During Avastin HGSOC FIGO llic
P49 496 Methylated NA After Carboplatin,Paclitaxel HGSOC FIGO IV
P50 618 Unmethylated Done During Caelyx HGSOC FIGO llic
P51-1 1100 Methylated NA Before Carboplatin,Paclitaxel HGSOC FIGO llic
P51-2 610 Methylated NA During Carboplatin,Paclitaxel HGSOC FIGO llic
P52-1 120 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO llic
P52-2 786 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO llic
P52-3 28.4 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO llic
P52-4 1280 Unmethylated NA During Avastin HGSOC FIGO llic
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 Ilb
P54-3 960 Unmethylated NA After Caelyx HGSOC FIGO Ilb
P55-1 106 Methylated Done Before Carboplatin,Paclitaxel HGSOC FIGO llic
P55-2 596 Methylated Done During Carboplatin,Paclitaxel HGSOC FIGO llic
P55-3 528 Methylated Done During Avastin HGSOC FIGO llic
P55-4 306 Unmethylated Done During Avastin HGSOC FIGO llic
P56-1 100 Unmethylated NA Before Carboplatin,Caelyx HGSOC FIGO llic
P56-2 558 Unmethylated NA During Carboplatin,Caelyx HGSOC FIGO llic
P56-3 954 Unmethylated NA During Carboplatin,Caelyx HGSOC FIGO llic
P57-1 1580 Methylated Positive During Cisplatin HGSOC FIGO llic
P57-2 2880 Methylated Positive After Cisplatin HGSOC FIGO llic
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 llic
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P60-1 408 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO llic
P60-2 1500 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO llic
P60-3 1070 Unmethylated NA After Carboplatin,Paclitaxel HGSOC FIGO llic

P61 944 Unmethylated NA During Carboplatin,Paclitaxel HGSOC FIGO lllb
P62-1 462 Methylated Done Before Carboplatin,Paclitaxel HGSOC FIGO lllb
P62-2 1320 Methylated Done During Carboplatin,Paclitaxel HGSOC FIGO lllb
P62-3 646 Unmethylated Done During Carboplatin,Paclitaxel HGSOC FIGO Illb
P63-1 1570 Unmethylated Done During Carboplatin,Paclitaxel HGSOC FIGO llic
P63-2 344 Unmethylated Done During Carboplatin,Paclitaxel HGSOC FIGO llic
P63-3 802 Unmethylated Done During Carboplatin,Paclitaxel HGSOC FIGO llic
P63-4 982 Unmethylated Done After Carboplatin,Paclitaxel HGSOC FIGO llic
P64-2 234 Unmethylated NA During Carboplatin,Caelyx HGSOC FIGO llic
P64-3 556 Unmethylated NA During Carboplatin,Caelyx HGSOC FIGO llic
P64-4 32.6 Unmethylated NA After Carboplatin,Caelyx HGSOC FIGO llic
P65-1 210 Unmethylated Positive During Carboplatin,Gemcitabine HGSOC FIGO llic
P65-2 1250 Unmethylated Positive During Carboplatin,Gemcitabine HGSOC FIGO llic

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 llic

High-Grade Serous Ovarian Carcinoma (HGSOC)
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8.3. Supporting information for ctDNA specific-PCR enrichment.
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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.
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K303R A>G
D538G A>G
Y537S A>C/A>G
Y537N T>A

ASANIENRN

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.
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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 --
ESRI 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
FOXAl 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 --
ESRI pD538G 70 37 45 1.230-3.837 0.0154
pY5378S 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
FOXAl pE24K 15 7 8 1.027-14.96 0.0014
pl176M 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 --
ESRI 28 3 -- 0.229-3.96 0.948
PIK3CA 10 3 -- 0.503-28.15 0.0503
FOXAl 15 6 -- 1.0744-19.99 0.0051
GATA3 11 5 -- 0.9828-30.15 0.0048
ESRI/PIK3CA 17 7 -- 1.205-17.45 0.0036
ESRI/FOXAI 6 1 -- 0.1252-17.95 0.7075
ESRI/GATA3 19 8 - 1.409-17.84 0.0016
PIK3CA/FOXAI 5 2 -- 0.2927-93.09 0.0254
FOXA1/GATA3 7 4 2.9 0.8277-103.3  <0.0001
ESRI1/PIK3CA/GATA3 4 2 12.5 0.2850-116.2 0.017
ESRI/FOXAI/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 --
ESRI 28 8 -- 0.4180-2.513 0.819
PIK3CA 10 7 19.2 1.218-16.65 0.0002
FOXAl 15 8 18 1.016-10.51 0.0034
GATA3 11 7 14.9 1.627-32.30 <0.0001
ESRI1/PIK3CA 17 11 22 1.238-9.054 0.0019
ESRI/FOXAI 6 2 - 0.1956-3.024 0.7256
ESRI/GATA3 19 11 22.7 2.271-18.48 0.0005
PIK3CA/FOXAI 5 2 -- 0.2878-27.64 0.1505
FOXA1/GATA3 7 5 9 0.9870-71.22  <0.0001
ESRI1/PIK3CA/GATA3 4 4 17 0.6394-131.2  <0.0001
ESRI/FOXAI/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 (pl176M) 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

165



Supporting information

c
o
w
c 2 B
9 5 8
] 2] & [
§ =» 5 2 o &8 5 v
" ] = 2 © o @ B
5 § 5 £ & g £ & ”
g 5 ] S Q 5 =
s B  E 3 ¢ 2 2 . % 3z % . .~ %®
g ¢ £ 3 § ¢ £ £ % & 5 3 £ ¢ @
® £ F £ &» o <4 £ W & B &6 Kk I 4 14
Single mutation 018 0.01 023 | -0.18 0.2
Two mutations 0oe | 014 | 021
Three mutations
Four mutations |
Stable disease
Before progression
After/during progression
At progressive stage Fq0
ESR1
PIK3CA3
FOXA1
GATA3 0
TP53
AKT1
ERBB2?
-1.0

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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