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1. SYNOPSIS

1.1. INTRODUCTION

1.1.1. Cancer and carcinogenesis

Cancer is a group of diseases caused by deregulation of cell cycle machinery,
whereby normal cells undergo uncontrolled cell division. Normally cell cycle regulation
is maintained by dynamic balance between proliferation and programmed cell death
stimuli. These stimuli are produced by systems of proto-oncogenes (genes that
stimulate cell proliferation) and tumor suppressor genes (genes that promote cell cycle
arrest and programmed cell death), respectively. Activation of proto-oncogenes and
inactivation of tumor suppressor genes lead to deregulation of the cell cycle and
uncontrolled cell division [1].

Genetic and epigenetic aberrations cause activation of proto-oncogenes and
inactivation of tumor suppressor genes. Genetic aberrations include mutations, copy
number aberrations (CNAs), leading to gene dosage changes, and copy number
neutral chromosomal aberrations, such as translocations. Epigenetic changes include
aberrant methylation. Genetic and epigenetic changes ultimately reprogram a cell,
promoting carcinogenesis. Uncontrolled cell division in combination with further
evolution of cancer cells by natural selection in the body leads to cancer development.
Cancer hallmarks include sustaining proliferative signaling, evading growth
suppressors, resisting cell death, inducing angiogenesis, enabling replicative
immortality, activating invasion and metastasis, avoiding immune destruction, tumor-
promoting inflammation, genome instability and mutation, deregulation cellular
energetics [2].

Cancer may derive from almost any cell type of the human body. However,
each cancer is different according to its biology and pathophysiology. The most
common cancers are lung, breast, colorectal, and prostate cancer, accounting each

more than 1 million cases in 2012 worldwide [3].

1.1.2. Breast cancer

Breast cancer is the most common malignancy in women with more than 1.6
million cases diagnosed in 2012 worldwide, accounting for approximately 25% of all
cancer cases in women [3].

About 5-10% of all breast cancer cases are hereditary, caused by germ-line

mutations in e.g. the BRCAL1 and BRCAZ2 genes, the remaining 90-95% are sporadic.



Risk factors for developing sporadic breast cancer are classified as variable and
invariable. Variable risk factors for breast cancer development include obesity, giving
first birth late, dietary factors, hormone replacement therapy, intake of oral
contraceptives, alcohol consumption, radiation, and exposure to mutagens; invariable
factors include early menarche, late menopause, ageing, and having a family history
of breast cancer [4].

Breast cancer is a heterogeneous disease in regard to epidemiology,
morphology, histology, molecular organization, clinical behavior, therapy response,
and dissemination patterns to distant sites. The most common histopathological types
of breast cancer are invasive ductal carcinoma (IDC), ductal carcinoma in situ (DCIS),
and invasive lobular carcinoma (ILC), with a prevalence of 55, 13, and 5%,
respectively [5].

Therapy opportunities for breast cancer include surgery, irradiation, and
systemic therapy in neoadjuvant and/or adjuvant setting. The therapeutic approach for
a particular patient depends on the stage of the disease, presence or absence of
metastases, expression of certain markers, and present comorbidities [6-8]. More
specifically, type of surgery and irradiation regiment mostly depend on stage of the
disease, its spread and present comorbidities, whereas prescription of systemic
therapy, including chemotherapy, endocrine therapy, and targeted therapy, is mostly

dependent on the subtype of the tumor [6, 7].

1.1.3. Molecular subtypes of breast cancer

Subtypes of breast cancer have originally been identified on molecular level
based on different gene expression profiles of a large set of breast tumors [9, 10].

The most common molecular subtype of breast tumors is luminal A, presenting
50-60% of all sporadic breast cancer cases [11, 12]. This subtype is characterized by
the expression of genes activated downstream of the estrogen receptor (ER) pathway
as in normal luminal epithelium of the mammary ducts. Because of low expression of
genes related to cell proliferation, luminal A tumors are characterized by a relative good
prognosis. On protein level, luminal A tumors demonstrate expression of ER,
progesterone receptor (PR), keratin (K) 8/18, low expression of Ki67, and lack of
expression of human epidermal growth factor receptor 2 (ERBB2) [9, 10, 13, 14].

The luminal B subtype represents 10-20% of all breast tumors and is

characterized by a mixed expression of ER, PR, and uncommonly ERBB2. In contrast



to luminal A, the luminal B subtype is characterized by higher proliferation rates
measured by the expression of Ki67, MKI67, and cyclin B1. Consequently, patients
with luminal B tumors have a worse prognosis than patients with luminal A tumors [14].

The ERBB2-enriched subtype, often called HER2-positive, entails up to 20% of
all breast cancer cases. It is characterized by amplification-related overexpression of
the ERBB2 gene, as well as high expression of ERBB2-pathway associated genes,
and lack of ER/PR expression. Histopathological ERBB2-positive breast cancer is
characterized by a highly proliferative phenotype and worse prognosis [14].

Basal-like breast cancers represent another molecular subgroup and are usually
characterized by absence of ER, PR, and ERBB2 expression. In most cases these
tumors demonstrate positivity for EGFR or K5/6. Additionally, basal-like tumors often
demonstrate mutations in TP53 gene, explaining their high aggressiveness [10].
Patients with basal-like tumors have a worse prognosis than patients with luminal
tumors [14].

Normal-like breast tumors account up to 10% of all breast cancer cases. They
are poorly characterized and have a prognosis and clinical outcome between that of
luminal and basal-like tumors. Normal-like tumors are negative for ER, PR, ERBB2,
but in contrast to basal-like tumors, normal-like carcinomas are also EGFR, and K5/6
negative [14, 15].

The latest identified molecular subtype is the claudin-low subtype (12-14% of all
cases). Despite this subtype shares some characteristics with basal-like tumors, such
as low expression of ER, PR, and ERBB2, claudin-low tumors overexpress a set of
genes related to immune response, mesenchymal phenotype, and epithelial-
mesenchymal transition (EMT). These features condition a poor prognosis [16-18].

Sophisticated molecular characterization of breast tumors has been adapted for
simplified pathological examination to be used in the routine clinical practice.
Pathological identification of breast cancer subtype is based on evaluation of ER and
PR expression by immunohistochemistry (IHC), as well as fluorescence in situ
hybridization (FISH) analysis of ERBB2 overexpression. These markers are important
for therapy indication. ERBB2 overexpressing tumors are mostly treated with anti-
ERBB2 therapy, whereas ER-positivity of a tumor is considered being a surrogate

marker for endocrine therapy indication.



1.1.4. The role of estrogen receptor in breast cancer

ER-signalling plays a key role in the development of both normal and neoplastic
breast tissue. Physiological activation of ER through binding with its ligands, estrogens,
promotes and controls the development of the female secondary sex characteristics,
regulation of menstrual cycle, and genesis of breast tissue and its further development
after puberty and during pregnancy [19]. Moreover, ER-mediated signalling is involved
into growth of ER-positive breast tumors [20]. Therefore, pharmacological inhibition of
ER action through selective ER modulators (SERM), selective ER down-regulators
(SERD), or aromatase inhibitors (Al) leads to interruption of the ER signalling pathway
in cancer cells [21].

Endocrine therapy is widely used as adjuvant therapy in women with ER-
positive breast cancer [22, 23]. Nevertheless, failure of endocrine therapy is observed
in 30-40% of these women [24, 25]. Resistance to endocrine therapy can be caused
by different mechanisms, leading to either lack of functional ER protein expression or
dysfunction of the ER pathway [26]. As a consequence, endocrine therapy failure in
ER-positive breast cancer patients leads to metastatic progress, which is the cause of
90% of the cancer-related deaths [27].

1.1.5. Circulating tumor cells as source of distant metastases

A putative source of distant metastases are circulating tumor cells (CTCs) —
cells that have detached from the primary tumor or metastases and have spread into
the circulation [28]. The ability to invade surrounding tissue and intravasate appear to
be associated with epithelial-mesenchymal transition (EMT). EMT is a reversible
process leading to dedifferentiation and promoted motility of tumor cells. EMT is
associated with loose of cell-cell contacts, apical-basal polarization, altered adhesion,
rearrangement of molecular markers and cytoskeleton organization. By undergoing the
EMT, tumor cells switch partially or fully their epithelial phenotype into a mesenchymal
one (rev. in [29]. By undergoing mesenchymal—epithelial transition (MET), the reverse
process to EMT, CTCs obtain the ability to settle down in distant organs and give rise
to metastases.

Despite half-life time of CTCs in circulation is <2.4h [30], investigation of CTCs
present in blood of a patient at any certain time moment provides a snapshot of the

actual disease status.



Quantification and characterization of CTCs in blood of cancer patients was
introduced as a concept of “liquid biopsy” despite short half-life of CTCs in circulation.
Regular enumeration of CTCs as a validated clinical biomarker can be utilized for
disease prognosis, diagnosis of minimal residual disease, and monitoring of therapy
effectiveness for breast, prostate, and colon cancer [31-34].

It has been shown that the presence of CTCs after completion of adjuvant
therapy is a predictor of metastatic relapse and poor survival [32, 35]. Moreover,
information provided by CTCs might be extended over the CTCs’ enumeration.
Namely, CTCs might be investigated on proteomic, transcriptomic, and genomic levels.
Despite transcriptome analysis on single cells is challenging, investigations of protein
expression and genome-wide studies on single cells are becoming the state of the art
in cancer research [36]. Characterization of CTCs provides insights into heterogeneity

of the cancer and metastases.

1.1.6. Intra-patient heterogeneity in breast cancer

Heterogeneity of cancer is not limited to disease differences between patients,
but also occurs within one patient. This intra-tumor, or intra-patient, heterogeneity can
be observed on all levels of molecular organization: genomic, epigenomic,
transcriptomic, metabolomic, and proteomic [36].

The current view on tumor heterogeneity is based on principles of Darwinian
evolution. Natural selection leads to elimination of subclones with unfavorable for
tumor progression genomic and epigenomic aberrations, while tumor promoting
aberrations are maintained among subclones and confer survival advantage on the
cells. Sequential waves of clonal expansion and changes in tumor microenvironment
further drive genetic divergence of the subclones (rev. in [37]).

Investigation of protein expression in CTCs can provide a valuable information
about intra-patient heterogeneity on proteomic level. ER expression in single CTCs
can be used as marker of endocrine therapy efficacy and is therefore of particular
interest. ER positivity of breast tumors determined by IHC is based on a cut-off of 1%
of tumor cell positivity for the ER nuclear reactivity [38]. Therefore, CTCs arising from
primary ER-positive breast tumors are not necessarily expected to be ER-positive.
Heterogeneous ER expression in CTCs might be one of the reasons for endocrine
therapy failure and the development of metastases in patients with ER-positive tumors

treated with hormone therapy. It has been shown that divergence of ER status between



primary tumor and CTCs is not a rare event. Initially, these studies were based on PCR
measurement of mMRNA expression levels in an enriched for CTCs cell fraction [39-41].
However, this approach does not allow for investigation of intra-patient heterogeneity
between individual CTCs. Investigation of ER expression on single cell level might
shed light on the cause of endocrine therapy resistance in individuals and could
ultimately lead to treatment optimization.

Intra-tumor heterogeneity on functional level, such as transcriptome,
metabolome, and proteome, might be caused by niche adaptation mechanisms and
varies through cell cycle dynamics, and thus does not necessarily reflect clonality of
the cancer. Genomic heterogeneity, reflecting clonal origin of a cell lineage, is
supposedly more stable and thereby providing accessible information about clonal
evolution of cancer.

Molecular characterization of CTCs provides a powerful tool for investigation of
intra-patient heterogeneity, obtaining information about the clonal origin of CTCs and
clonal selection under therapy. Identification of therapy sensitive and resistant clones
may provide new insights and potential targets for cancer treatment. Herewith,
investigation of single cell genomics may provide the next step towards individualized

therapy.

1.1.7. Cancer progression models

Genetic intra-tumor heterogeneity caused by clonal evolution of cancer is a well-
known phenomenon in human cancers. Nevertheless, it has been long discussed
whether metastatic dissemination is an early or late event in cancer evolution, resulting
in development of two progression models.

The first model, the linear progression model, postulates that metastasis-
initiating cells originate from most progressed clone(s) of the primary tumor, which
were developed during evolution of the primary tumor with selection for clones with
high metastatic proclivity [42, 43]. On the other hand, data showing the metastatic
potential of primary tumors at early stages, led to the coinage of the parallel
progression model [44, 45]. This model proposes the presence of metastatic potential
already in the early disease progression, leading to early dissemination of CTCs into
circulatory system with subsequent parallel and independent evolution of the primary
tumor and metastases [46, 47]. An alternative scenario of cancer metastasis, proposed

in our institute, suggests continuous dissemination of tumor cells from a primary tumor
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developing higher metastatic potential over the time during further evolution of the
primary tumor [48].

Understanding tumor progression and the metastatic cascade in breast cancer
is of tremendous value because distant metastases development is the most
challenging issue in clinical management of cancer. Investigation of progression
mechanisms and clonal evolution in cancer could identify molecular signatures,
involved in progression and metastatic process. Parallel genetic evolution of the
primary tumor and distant metastases might explain failure of systemic endocrine
therapy, which prescription is based on ER-positivity of the primary tumor. ER-positive
primary breast cancers, treated with endocrine therapy, often demonstrate presence

of ER-negative metastases, insensitive to anti-estrogen therapy [49, 50].

1.1.8. Radiotherapy resistance as function of cancer heterogeneity

Clonality of breast cancer might not only play a role in endocrine therapy
resistance, but also in sensitivity and resistance to radiotherapy. Radiotherapy is
almost never given alone as its accompanying application is beneficial in women with
early and metastatic breast cancer [51-54]. The combination of radiotherapy and
endocrine therapy is widely used in treatment of ER-positive breast cancer to improve
patient survival [55], it is mostly provided as sequential to endocrine therapy (rev. in
[56]). However, radiotherapy increases risk of ischemic heart disease [57] and thus
should not be given without a clear marker-based indication. Moreover, correlation of
radiotherapy resistance with resistance to endocrine therapy has been shown [58, 59].
Therefore discovery of markers able to predict cross-resistance to endocrine and
radiotherapy is of particular interest.

On molecular level, overexpression of CD44 — a receptor for hyaluronan (HA),
is associated with acquired endocrine therapy resistance in breast cancer cells [60].
The mechanism of CD44-associated endocrine therapy resistance relies on the ability
of CD44 to promote proliferative signaling through its interaction with ERBB2 and
EGFR [60, 61]. The hyperactivation of the ERBB2 and EGFR signaling pathways is
known to limit response to endocrine therapy in ER-positive breast cancer [62, 63].

CD44 in conjunction with CD24 is a well-known marker for cancer stem cells
(CSC) [64]. Moreover, it has been shown that CSC-like phenotype CD44*/CD247o% js
associated with radiotherapy resistance in cancer cells and may be induced by

radiation even in differentiated breast cancer cells [65, 66]. The CD44*/CD24"°" tumor
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cells are known to be more often present in basal-like breast tumors [67]. However,
total expression of CD44 as measured by gqRT-PCR was significantly higher in the
luminal A subgroup compared to basal-like, luminal B, and ERBB2-enriched tumors
[68]. This discrepancy might be explained by strong heterogeneity of luminal-type
breast cancer with demonstrated presence of basal-like cells in luminal tumors [69-71].
Taken together, these data demonstrate the need of reliable markers responsible for
sensitivity and resistance to radiotherapy. Recent studies suggest that aberrant
apoptosis, driven by the p53 protein, may contribute to radiotherapy resistance [72,
73]. Receptor for hyaluronan-mediated motility (RHAMM), characterized as potential
target protein of p53, is involved in radiation-induced apoptosis [74] and is highly
expressed in luminal breast cancer cell lines [75]. It has been observed that luminal
breast cancers are radiotherapy sensitive (rev. in [76]), however, very little is known
about role of the 4 RHAMM isoforms in breast cancer development, progress, and
therapy response.

One of the presented studies addresses the functional role of RHAMM-proteins
in breast cancer as well as the relevance of its interaction with p53 with regard to
therapeutic interventions supporting radiotherapy-based treatment decisions. In
particular, the hypothesis was tested if RHAMM and its binding partner HA are eligible

as therapeutic targets to sensitize breast cancer cells to ionizing radiation.

1.1.9. Detection, isolation, and characterization of circulating tumor cells

Minimal-invasiveness, easy accessibility, and the possibility of sequential blood
collection make CTC analysis to a promising new blood-based biomarker [31, 77].
However, the need for dedicated technologies and expertise hamper CTC analysis.

Investigation of protein expression patterns as well as genomic aberrations in
individual CTCs requires the detection and isolation of these cells. Low concentration
of CTCs in the circulation makes the isolation challenging. Several existing enrichment
techniques are based on the physical or immunological properties of CTCs (reviewed
in [78, 79]). Whereas physical properties of the CTCs, such as size, might be not
necessarily CTC-specific, immunological characteristics of the tumor cells are more
likely to be CTC-specific. CTCs that originate from epithelial tumors (carcinomas)
normally express epithelial markers such as EpCAM and keratins and lack expression
of molecules typical for leukocytes, such as CD45 molecules. Therefore,

immunocytochemistry (ICC) with the use of differently labeled antibodies against these
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specific markers allow the discrimination between CTCs and leukocytes with
simultaneous investigation of target protein expression, such as ER.

Identification, analysis, and isolation of individual CTCs can be expanded by
genome-wide characterization. Characterization of genomic aberrations on single cell
level is a powerful tool, allowing for the investigation of intra-tumor clonal heterogeneity
and the metastatic cascade. Genome-wide characterization of single cells became first
possible with recent advances in isolation of single cells, establishment of whole
genome amplification (WGA), and development of next generation sequencing (NGS).

1.1.10. Whole genome amplification of single (tumor) cells

WGA prior to downstream genetic analysis of individual CTCs is required since
a single cell does not contain enough DNA for biomolecular investigation. WGA was
established in 1992 and used primarily for sperm typing [80, 81]. Very soon, WGA
became applied in the preimplantation genetic diagnostic of human embryos [82, 83]
and investigation of single tumor cells [84, 85].

The current existing WGA techniques can be grouped into three classes. The
first class includes polymerase chain reaction (PCR) based methods. Production of
short fragments is often seen being a disadvantage as DNA fragments less than 1 kb
cannot be used in many downstream applications [86] especially in preimplantation
genetic diagnostic [87].

The second class of WGA techniques is the multiple-displacement amplification
(MDA), which is a non-PCR-based amplification method. MDA utilize the highly
processive Phi29 DNA polymerase and random hexamer exonuclease-resistant
primers. The following strand-displacement synthesis is an isothermal process.
Products generated by MDA can be more than 10 kb in length [88, 89].

The third WGA class includes techniques that combine a brief MDA pre-
amplification and a PCR amplification phase. Unlike the first two WGA methods,
combined MDA-PCR provides quasi-linear amplification [88, 89].

Different concordance rates between non-amplified genomic DNA and DNA
amplified with different WGA strategies have been reported in single nucleotide
polymorphism (SNP) genotyping studies and CNA analysis [88, 90-96]. Moreover,
these studies demonstrate that WGA might cause imbalanced amplification of alleles,
leading to inaccurate results of CNA analysis. It has been shown, that unequal

amplification of different sites is random and is not reproducible in different experiments
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with the same DNA [97]. Therefore the amplification approach has to be chosen
carefully depending on its specific characteristics, advantages, disadvantages, and the
subsequent analysis [95, 98].

An important factor influencing WGA is material preservation. CTCs in blood
may be preserved in special CellSave tubes in order to overcome clotting and for
longer periods of storage. However, fixatives may inhibit DNA amplification and
thereby hamper downstream analysis [99, 100]. Most tissue samples are conserved
by formalin-fixation, and paraffin-embedding (FFPE), which is difficult to handle in
biomolecular analysis due to formalin-induced cross-links [101]. Therefore, it is
essential to have WGA methods compatible with these types of materials.

1.1.11. Next generation sequencing of single (tumor) cells

Downstream analysis of (amplified) DNA can be performed by massive parallel
sequencing using NGS in order to identify SNPs, indels (insertions-deletions), loss of
heterozygosity, structural variations, and copy number aberrations (CNA).

Although genomic aberrations can be investigated by array-comparative
genomic hybridization (aCGH), the analysis on single cell level is challenging. The
combination of pre-selected targets on the array on one hand and the random and
incomplete genome amplification during WGA [96, 97, 102] on the other hand, can
result in a high signal-to-noise ratio [103]. Furthermore, the resolution for whole
genome analysis by aCGH is limited [104], in contrast, NGS provides the possibility to
examine each nucleotide of the entire amplified product with single base resolution.

Existing NGS platforms differ by library preparation and signal detection
approaches. lllumina’s NGS technology is based on sequencing-by-synthesis
approach. Currently, lllumina’s HiSeq machines offer the highest throughput per run,
nevertheless, a sequencing run can last several days [105, 106]. Thermofisher’s
lonProton sequencers utilize semiconductor sequencing technology, based on
detection of dNTPs incorporation by pH change. Despite this approach allows to
complete a sequencing run within 4 hours, homopolymer stretches might be called
incorrectly [105].

Taken together, methods for single cell analysis of CTCs, allowing for
simultaneous characterization of the cells on both protein expression and genomic
levels are of particular interest as they can provide valuable information about cancer

biology as well as for identifying potential new targets and biomarkers for cancer
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treatment. Genomic characterization of CTCs provides insights into genetic
heterogeneity of the cancer and metastases and might aid clinical management of
cancer patients due to identification of therapy sensitive and resistant clones. Herewith,
investigation of single cell genomics may provide the next step towards individualized
medicine.

In the studies presented here we 1) established and validated a highly sensitive
approach to detect CTCs and simultaneously investigate their ER expression in blood
samples of metastatic breast cancer patients; 2) investigated methodological basis for
single cell genome-wide analysis; 3) investigated clonal evolution of human breast
cancer on primary tissue and CTCs from two metastatic breast cancer patients; 4)
investigated the functional role of RHAMM-proteins in BC as well as the relevance of
its interaction with p53 with regard to therapeutic interventions supporting
radiotherapy-based treatment decisions.
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1.2. THE PROJECTS (MATERIAL AND METHODS)

The total study consisted of four major projects, each performed on the basis of
previous project(s). Every project has been individually published or submitted for
publication as follows:

1. Heterogeneity of estrogen receptor expression in circulating tumor cells
from metastatic breast cancer [107].

2. Comparative study of whole genome amplification and next generation
sequencing performance of single cancer cells [submitted]. Published 19.07.2016 in Oncotarget

3. Clonal evolution of metastatic breast cancer: two cases — two progression
models [manuscript in preparation].

4. RHAMM splice variants confer radiosensitivity in human breast cancer
cell lines [108].

1.2.1. Heterogeneity of estrogen receptor expression in circulating tumor
cells from metastatic breast cancer patients

In the first project, we established a triple staining protocol for the detection and
characterization of CTCs in blood of breast cancer patients. In order to simulate CTCs
in blood, blood from healthy donors was spiked with human breast cancer cell line
cells: ER-positive BT-474 and MCF-7 cells lines, and ER-negative BT-20, and MDA-
MB-231. Prepared cytospins of mononuclear cell fraction were used for the protocol
establishment.

The established triple staining protocol allowed for the visualization of ER,
CD45, and keratin (K) with the use of the dyes AlexaFluor488 (fluorescent green),
NBT/BCIP (chromogenic dark blue), and Cy3 or AlexaFluor555 (fluorescent red),
respectively. Additionally, nuclei were visualized by DAPI staining.

Subsequently, the protocol was applied to blood samples obtained from
metastatic breast cancer patients. Keratin and DAPI positive, but CD45 negative cells
were considered as CTCs. As proof of principal, 8 CTCs from 4 patients were
individually picked by micromanipulation [109]. The quality of the WGA products was
assessed by a multiplex PCR of the 100, 200, 300, and 400bp non-overlapping
fragments of GAPDH gene as described elsewhere [110]. Subsequently mutation
analysis of exon 4, 6, and 8 of the ESR1 gene was performed.

Statistical analysis included comparison of CTC-positive and negative groups

depending on clinical disease status (Fisher's exact test), survival analysis in
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dependence on CTC status (Kaplan-Meier test), the groups of patients who received
endocrine therapy vs. chemotherapy at the time of blood collection was calculated by
Mann-Whitney-U-test.

1.2.2. Comparative study of whole genome amplification and next
generation sequencing performance of single cancer cells

In this project, we comprehensively investigated the performance and
effectiveness of commercially available WGA techniques for whole exome sequencing
by NGS on single and pooled tumor cells, and the independence of blood preservative.
The performance of 3 WGA kits, representing 3 WGA methods, was analyzed in 4
groups of source material, different by origin and preservation method: A) individual
SK-BR-3 cells obtained from EDTA-preserved blood; B) individual SK-BR-3 cells
obtained from CellSave-preserved blood; C) single SK-BR-3 cells picked from a FFPE
SK-BR-3 cell pellet; and D) individual CTCs obtained from EDTA-preserved blood from
a breast cancer patient. Single tumor cells were obtained by spiking of healthy donors’
blood, obtained in either EDTA or CellSave tubes, with SK-BR-3 cell line cells. The
same cell line was previously formalin-fixed, paraffin-embedded, and stored for >3
years. Additionally, CTCs from metastatic breast cancer patients’ blood, collected in
EDTA tubes, were available. Single tumor cells from the fraction of mononuclear cells
were enriched, stained, and picked according to the previously established protocol.

After DNA yield and quality per WGA kit were estimated, DNA of a single cell
from each WGA group was used for whole exome NGS on 2 different platforms. Briefly,
three SK-BR-3 cells, obtained from EDTA-preserved blood and amplified with Amplil,
PicoPlex, and REPLI-g kit, were analyzed with both HiSeq2000 and lonProton
platforms.

Based on the obtained results, 1 NGS platform and 1 WGA kit were excluded
for further experiments as they yielded results of insufficient quality. The next round of
experiments included WGA of single and pooled cells in duplicate and NGS of obtained
DNA in order to investigate the performance and the limit of detection with increasing
amounts of material. Duplicates of 1, 3, 5, and 10 pooled SK-BR-3 cells obtained from
CellSave-preserved blood and amplified with Amplil and PicoPlex kits were
sequenced on HiSeg2000. Subsequently, a proof of principle experiment was

performed on 2 individual CTCs obtained from EDTA-collected blood of a breast
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cancer patient. The cells were individually amplified with PicoPlex WGA kit and
sequenced on HiSeq2000.

1.2.3. Clonal evolution of metastatic breast cancer: two cases — two
progression models

In the presented project, we used methods and data analysis workflows,
established in the described above projects for the investigation of clonal evolution of
human breast cancer on primary tissue and CTCs from two metastatic breast cancer
patients.

CTCs from blood of two metastatic breast cancer patients were enriched,
stained for ER and K and picked according to the established protocol. From the two
enrolled subjects, formalin-fixed, paraffin-embedded archival material of the primary
tumors was cut in 5 um thick sections, processed as described before [111], stained
for ER, and used for laser microdissection of ER-positive and ER-negative tumor
fragments.

CTCs and tissue samples underwent WGA with the PicoPlex WGA kit and
whole genome sequencing with lllumina’s HiSeq2000 NGS platform. Raw NGS data
was processed with the previously established pipeline for CNA analysis with the use
of Control-FREEC tool with a window size of 500kb for segment calling [112, 113]. The
analyses of samples were done for each patient separately and included unsupervised
phylogenetic cluster analysis and support vector machine (SVM) analysis. Based on
the obtained results, we were able to the reconstruct clonal organization of the two

investigated tumors and evolutionary pathways of the patients’ diseases.

1.2.4. RHAMM splice variants confer radiosensitivity in human breast
cancer cell lines

To characterize the relevance of RHAMM expression in BC progression, mMRNA
expression data (Affymetrix) from 196 breast cancer tissue samples was analyzed in
respect to clinicopathological factors. Two different BC cell line cells (MCF-7 and MDA-
MB-231) were used to test whether RHAMM influences cell proliferation, apoptosis, or
migration. To investigate the role of RHAMM in tumor progression in response to
radiation, proliferation rate and cell death rate were characterized after 2Gy ionizing

radiation. To investigate the role of RHAMM in response to radiation, both cell lines
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were irradiated with 2Gy and RHAMM expression was evaluated by western blotting,
ICC, and quantitative real-time PCR (gRT-PCR).

To establish the radiosensitizing ability of RHAMM - observed in terms of
apoptosis - and to investigate the involvement of the different RHAMM splice variants,
cells were treated with siRNA against the respective mRNAs and subsequently
irradiated. Sub-G1 cell cycle (apoptosis) analysis was performed by fluorescence-
activated cell sorting (FACS). Determination of live/dead cell was done with the use of
TrypanBlue, proliferation rate of the cells was determined as shown previously [114].

Functional analyses of transfected and irradiated cells were performed with the
use of migration assay, investigated via time-lapse microscopy starting 24h after
ionizing radiation with 2Gy, and intracellular signaling array with the use of PathScan®
Stress and Apoptosis Signaling Antibody Array Kit (Cell Signaling Technology,
Danvers).

Knockdown of p53 was performed to clarify p53 involvment into RHAMM
regulation. The effect of farmacological inhibition of RHAMM with the HA-synthase

inhibitor 4-methylumbelliferone (4-MU) was investigated by culturing with 4-MU.
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1.3. RESULTS

1.3.1. Heterogeneity of estrogen receptor expression in circulating tumor
cells from metastatic breast cancer patients

We established a triple staining protocol for the simultaneous investigation of
ER, CD45, and K expression, suitable for further single cell downstream analysis.

The protocol was developed on a CTC model system with the usage of blood of
healthy volunteers spiked with 500, 100, and 40 human breast cancer cell line cells.
We demonstrated a recovery rate of 79%+4% using the density gradient Ficoll
centrifugation as the method for mononuclear cell enrichment.

The triple staining protocol was used for detection and investigation of CTCs in
blood of 35 metastatic breast cancer patients, initially diagnosed with ER-positive
primary tumor. Metastatic disease was diagnosed in these patients on average 7.2
years (0.5-17.0 years) after primary tumor removal.

CTCs were detected in 16 out of 35 samples (45.7%). Survival analysis starting
from the time point of blood analysis until the end of the study (median follow up: 13.1
months, range 1-30 month), demonstrated significant correlation of CTC presence in
the blood with shorter disease-free survival (p=0.038). Moreover, detection of CTCs
was significantly associated with clinical progression of the disease (p<0.001, two-
sided Fisher’s exact test).

Among all 16 CTC positive cases, 8 samples (50.0%) demonstrated
homogeneous ER status: 3 samples (18.7%) had ER-negative CTCs only and 5 cases
(31.3%) had ER-positive CTCs only. Eight out of 16 samples (50.0%) displayed both
ER-negative and ER-positive CTCs. The average fraction of ER-negative and ER-
positive CTCs in samples with mixed population was 36.8% and 63.2%, respectively.

Among all 16 CTC positive cases, 14 women received endocrine therapy
(87.5%), whereas two (12.5%) did not. In the blood samples of women with ER-positive
primary tumors that received endocrine therapy, ER-negative CTCs were found in 3/14
cases (21.47%), ER-positive CTCs in 4/14 cases (28.6%), and both ER-positive and
ER-negative CTCs were detected in 7/14 patients (50.0%). Thus, the presence of ER-
positive CTCs in patients whom received endocrine therapy was detected in 11/14
cases in total (78.6%) and ER-negative CTCs could be found in 10/14 cases (71.4%).
Among the three patients in which only ER-negative CTCs were detected, two had
progression of disease and therefore received chemotherapy by the time of blood

sampling. One patient who developed distant metastases during endocrine therapy
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was switched to chemotherapy after which remission of the disease was documented.
Sequence analysis of exons 4, 6, and 8 of the ESR1 gene of 8 individual CTCs did not

reveal any mutations.

1.3.2. Comparative study of whole genome amplification and next
generation sequencing performance of single cancer cells

Three different WGA kits were used to amplify single cell samples of: individual
SK-BR-3 cells picked from EDTA- and CellSave-preserved blood spiked with SK-BR-
3 cells, single SK-BR-3 cells picked from FFPE material, and individual CTCs
picked from EDTA-collected blood of breast cancer patients. In total, 192 cells
underwent WGA.

Among all tested WGA kits REPLI-g demonstrated the highest DNA yield along
all sample groups (on average 34.0 pg), however with the lowest success rate (50%
on average). Amplil and PicoPlex kits demonstrated comparable success rates (on
average 93 and 95%, respectively), however DNA yield was higher in Amplil-amplified
samples (on average 6.1 and 3.7ug in Amplil- and PicoPlex-amplified samples,
respectively).

Comparison of sequencing platforms revealed the HiSeq2000 performing better
than the lonProton platform in respect to produced reads, depth and breadth of target
base coverage, and mapping rate.

The number of total, known, and novel SNPs identified with HiSeq2000 platform
in single cells was higher than for the same cells sequenced with lonProton NGS
regardless of the WGA method. Sensitivity of the SNP analysis was also higher in
samples sequenced with HiSeq2000 with maximum 41.3 and 27.1% for Amplil and
PicoPlex WGA experiments, respectively.

Correlation between CNA profiles of single cells and genomic DNA, compared
by Spearman correlation, did not depend on WGA kit, but on NGS platform. Cells
amplified with Amplil, PicoPlex, and REPLI-g kits demonstrated a good (r<0.7), strong
(r>0.8), and weak (r<0.3) correlation with genomic DNA, respectively.

To investigate the detection limit with increasing amounts of starting material for
WGA, as well as the influence of CellSave preservative on WGA and NGS
performance, we analyzed duplicates of 1, 3, 5, and 10 pooled SK-BR-3 cells amplified
with Ampli1 and PicoPlex WGA kits and on lllumina’s Hiseq2000. Fewer total and

known SNPs and indels and more novel SNPs and indels were identified in cells from
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CellSave-preserved blood than in cells from EDTA collected blood, resulting in lower
sensitivity of SNP and indel calling for CellSave-preserved cells. Moreover, known
SNPs identified in single cells from EDTA- and CellSave-preserved blood were
overlapping only partly. Comparison by WGA kit demonstrates superiority of Amplil
WGA over PicoPlex for SNP and indel analysis in single cells. Analyses of pooled cells
demonstrated that PicoPlex performance significantly improved with the number of
pooled cells (increasing amount of input DNA), whereas PicoPlex performance of CNA
analysis was not affected by input amount. Amplil performance did not significantly
improve with increase of input material in any case.

As proof of principle, 2 CTCs from a metastatic breast cancer patient were
analyzed. CNA analysis demonstrated two different profiles, suggesting cancer genetic
heterogeneity of this patient’s disease. Both CTCs carry chromosome 1qg gain,
suggested being a universal genomic change in breast cancer [115]. Additionally,
CTC-1 demonstrated chromosome 16p gain and 16q loss (typical aberrations for
luminal breast cancer) in contrast to CTC-2, which was strongly characterized by
chromosome 9p loss. SNP calling analysis revealed 1135 SNPs and 15 indels common
in both cells. Mutation analysis revealed 5 missense mutations annotated in COSMIC
database [116]. Mutations in genes CHEK2, PRAME, and KIT were present in both
CTCs, mutation in gene FGFR2 was detected in CTC-1 only and a mutation in gene
TP53 was found in CTC-2 only.

1.3.3. Clonal evolution of metastatic breast cancer: two cases — two
progression models

CTCs and FFPE primary tissue samples from two enrolled metastatic breast
cancer patients were used for the investigation of the clonal organization of the breast
cancer.

Patient UKE243

Patient UKE243 (1945-2012) was diagnosed with primary breast cancer of the
right breast in 1992 and with collateral ER-positive and ERBB2-negative breast cancer
of the left breast in 1999, and received endocrine treatment (aromatase inhibitor) in
2000-2005. The first metastasis (ER-positive, ERBB2-negative) was detected in 2009,
at which the endocrine treatment with aromatase inhibitor (aromasin) was started. Due
to further metastatic progress (2010, ER-positive) the treatment was switched to

endocrine therapy with selective ER-modulator (fulvestrant), and in 2011 switched to
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chemotherapy (docetaxel) due to further metastatic progress. Blood for CTC analysis
was collected during the course of chemotherapy in November 2011.

The blood sample analysis revealed the presence of 270 CTCs in 1 ml of blood
with heterogeneous ER expression (64% ER-positive and 36% ER-negative CTCs). In
total, 42 CTCs were picked by micromanipulation for downstream analysis. The FFPE
material of the second primary tumor, diagnosed in 1999, was used for obtaining 50
tissue sections containing each 10-20 cells using laser microdissection: 40% ER-
positive, 40% ER-negative, and 20% with unknown ER status.

Unsupervised phylogenetic cluster analysis was performed on the CNA data
from the primary tumor tissue; as a result, 5 clearly distinguishable clusters were
formed. Next, CNA data of the CTCs were added to the CNA data of tissue samples
and clustering was repeated. The resulting phylogenetic tree contained mixed CTC-
tissue clusters. Subsequently support vector machine (SVM) analysis was performed
to finally allocate the CTCs to the identified tissue clusters. Most of the CTCs were
tackled by SVM analysis to the same tissue cluster as by phylogenetic cluster analysis
on combined data. Among 42 analyzed CTCs, 12 CTCs resided to the first cluster, 11
to the second, 18 to the third, and 1 to the forth, no CTCs were allocated to the fifth
cluster. ER expression was heterogeneous among tissue samples and CTCs within
each cluster. Chromosome 1q and 16p gain and chromosome 9p loss were present in
all identified tissue clusters and respective CTCs. Based on distances between the
clusters of the phylogenetic tree, we combined the clusters into 2 groups: the first group
included clusters 1-3 and the second group contained clusters 4-5. Fisher’s exact test
of the 2 groups revealed significantly different CNAs: chromosome 4qg and 8p loses
were significantly more frequent in clusters 1-3, whilst chromosome 8p gains were
more frequent in clusters 4-5. Because all CTCs except one resided to the tissue
clusters 1-3, we compared the aberration frequencies between the two groups: tissue
clusters 1-3 vs. CTCs. Significant differences were chromosomes 8q gain (tissue) and
1g and 7 gains and 169 and 22 losses (CTCs). Losses of chromosome 22 and 16q
were found exclusively in CTCs.

Taken together, the evolutionary pathway of the disease could be schematically
present as follows: initial or very early chromosomal aberrations included chromosome
1g and 16p gains, and 9p loss. These events probably caused chromosomal instability,
required for further clonal evolution and progress of cancer. Chromosomal instability

could lead to the development of at least 2 cell lineages. One lineage evolved towards
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luminal subtype and gave rise to clones 1-3, depicted by clusters 1-3. These clones
experienced further evolutionary progress encompassing gain of 8q after a number of
cells had spread into the systemic circulation. These cells might have given rise to
metastases after a certain dormancy period. CTCs, released from these metastatic
lesions, reflect inherent CNAs from primary tumor clones, as well as CNAs of further
evolution within metastatic lesion, like losses of chromosomes 16qg and 22. Another
lineage experienced further chromosomal aberrations, resulted in development of
clones identified as clusters 4 and 5, characterized by high chromosomal instability.

Our results indicate that the metastases of the patient UKE243 arise from cells,
disseminated from almost all subclones of the primary tumor, from the most earliest to
very progressed ones. These findings are in line with parallel progression model of
carcinogenesis and metastasis, suggesting that tumor cells acquire metastatic
potential in the early stages of tumor progression.

Patient UKEOO8

Patient UKEOO8 (born 1978) was diagnosed with primary metastatic breast
cancer in 2013 with multiple metastases in the spine and pelvis. Palliative therapy
included irradiation of the primary tumor and systemic chemotherapy (paclitaxel, April
— August 2013) in combination with anti-ERBB2 therapy (Trastuzumab and
Pertuzumab, April 2013 — December 2015). The blood samples were collected before
any systemic treatment was applied (1% sample) and 3 months after completion of the
chemotherapy (2" sample).

We detected 2 ER-negative CTCs in 7.5 ml blood of the 1%t blood sample,
collected before therapy (0.27 CTCs/ml) and 20 ER-negative CTCs per 1 ml in the 2"
blood sample. In total, 1 CTC from the 15tand 11 CTCs from the 2" blood sample were
collected for downstream analysis.

The primary tumor as well as one of the metastases in the L4 spine segment
were biopsied and formalin-fixed and paraffin-embedded. The tumor as well as
metastasis were ER- and ERBB2-positive. Microdissected fragments of the primary
tumor (n=6) and spine metastasis (n=5) were ER-positive in 50% and 40% of cases,
respectively.

Unsupervised phylogenetic cluster analysis of the tissue data only was
performed. Because the patient was diagnosed with primary metastatic breast cancer,
cluster analysis was performed on the combined data obtained from the primary tumor

and metastasis. The obtained phylogenetic tree demonstrated the presence of 3
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clearly distinguishable clusters. Phylogenetic cluster analysis of the combined CTC
and tissue data demonstrated 1 distinct CTC cluster in addition to the 3 previously
identified tissue clusters. Subsequent SVM analysis tackled all CTCs (n=12) to the
third tissue cluster. This discrepancy is explainable by the difference between the
phylogenetic cluster analysis and the SVM. The cluster analysis identifies as many
clusters as necessary according to the differences between the samples, whereas
SVM analysis is not able to define new clusters. Taking this explanation into
consideration, phylogenetic tree built on combined CTC and tissue data was
considered as reflecting clonal organization the best: 3 distinct tissue clusters and 1
CTC cluster were identified. CTCs demonstrated highest similarity with the most
progressed clone identified in the primary tumor and metastasis, but low probability of
arising directly from that clone.

The tumor subclone represented in the first cluster contained data obtained from
2 fragments of the primary tumor. The second cluster (represented by data of the
metastasis only) might be considered an intermediate evolutionary step towards
cluster 3. The third cluster, representing the most progressed evolutionary step, was
made up of data from both primary tumor’s and metastasis’ tissue fragments. These
results indicate that metastatic outgrowth could be initiated by collective dissemination
of tumor cells from the 2 cooperating clones within a CTC cluster. However, it cannot
be excluded that cells from primary tumor clones disseminated not in a CTC-cluster,
but as individual CTCs, arrived at the same distant location and cooperated there.
Investigation of further metastatic lesions is needed to clarify mechanisms of
metastasis-initiating dissemination in the patient.

Evolutionary history of the UKEQOS8 patient’s cancer might have been as follows:
chromosome 17p loss and chromosome 17qg and 19q gain might be initial or very early
events in the carcinogenesis because these CNAs we identified in frequency plots of
all the identified clusters. Later during carcinogenesis this early cancerous cell
population branched in its evolution. One subclone experienced chromosome 4q loss
and chromosome 6 gain and developed the clone, depicted by cluster 1. Possibly
lineage, represented by clusters 2-3, originated from another branch. Further evolution
of the lineage led via chromosome 1q, 8g and 11p gain and chromosome 11q loss
towards the second clone (cluster 2), and additional gain of chromosome 7q resulted

in cell clone, depicted by cluster 3. Cells from these cooperating clones disseminated
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either as CTC-cluster or as individual cells and built up distant metastasis we
investigated, which is therefore reflecting the clonal structure of the primary tumor.

This scenario does not answer the question where the CTCs came from: the
primary tumor or the metastasis. However, based on the phylogenetic tree, CTCs did
not reside to any of tissue clusters, but formed separate clusters. The fact that the
patient demonstrated multiple metastases suggests that CTCs of the patient UKEOOS8
arise from the metastasis we did not investigate. In this case, the uninvestigated
metastases embody further steps in evolutionary progression of the cancer in line with
the linear progression model.

1.3.4. RHAMM splice variants confer radiosensitivity in human breast
cancer cell lines

The relevance of RHAMM expression in breast cancer progression was
investigated using MRNA expression data (Affymetrix) from 196 breast cancer tissues.
Increased RHAMM expression was significantly correlated with a decrease in overall
and recurrence-free survival, and high tumor grade.

Two different breast cancer cell line cells (MCF-7 and MDA-MB-231) were used
to investigate RHAMM influence on cell proliferation, apoptosis, and migration. No
effect on cellular proliferation was observed 48h after transient inhibition of all RHAMM
splice variants. However, sub-G1 analysis revealed that siRHAMM treatment
significantly increased the rate of cell death in MCF-7, but not in MDA-MB-231 cells.

The proliferative capacity was not altered by 2Gy of ionizing radiation of both
cell lines. MCF-7 cells demonstrated a significant increase in the apoptotic rate as
measured by sub-G1 analysis, in contrast to MDA-MB-231 cells, which were found to
be radio-resistant. RHAMM mRNA levels in response to 2Gy radiation, measured by
gRT-PCR, were significantly reduced in MCF-7 cells. Downregulation of RHAMM was
confirmed by ICC staining in MCF-7 cells and can be explained by significant increase
of p53 and p38 in MCF-7 cells 48h after initial radiation. In MDA-MB-231 cells no
change in expression of p53 and p38 was detected. MDA-MB-231 cells are
characterized by mutation in TP53 gene and endogenously increased level of p53 in
the nucleus.

Expression of all 4 RHAMM spice variants before irradiation was significantly
lower in MDA-MB-231 cells than in MCF-7 cells. Expression of RHAMM splice variants

vl and v2 decreased in MCF-7 cells as a consequence of radiation treatment in
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contrast to MDA-MB-231 cells demonstrated no further decrease of RHAMM v1/v2
expression after irradiation.

In MCF-7 cells siRHAMMpan as well as siRHAMM v1/v2 increased the rate of
apoptosis, whilst knockdown of RHAMM v3 and v4 did not induce apoptosis. In MDA-
MB-231 cells, treatment with neither siRHAMMpan nor siRHAMMv1/v2 induced a
significant increase of cell death. However, knockdown of p53 and subsequent
upregulation of RHAMM v1/v2 increased the rate of cellular death in MDA-MB-231
cancer cells.

Treatment of cells with pharmacological inhibitor of HA, the main binding partner
of RHAMM, increased the radiosensitivity of the MCF-7 cells with respect to apoptosis
fourfold. Whereas MDA-MB-231 cells did not respond to the treatment alone, the
susceptibility of the cells was increased after additional radiation.

In conclusion, our data suggests that RHAMM is involved in the radio-resistant
phenotype of breast cancer cells. Detection of RHAMM isoform expression in
correlation with the TP53 mutation status might allow for prediction of the
responsiveness to radiation. Importantly, pharmacological inhibition of HA, the main
binding partner of RHAMM, could help to increase the radiosensitivity of both TP53

wild type and mutated cancer type.
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1.4. DISCUSSION

1.4.1. Analysis of circulating tumor cells as “liquid biopsy”

Individual CTCs may be used as “liquid biopsy” to study tumor heterogeneity
and find therapy associated markers on proteomic, transcriptomic, and
genomic levels [31, 117].

One of the best established protein markers for endocrine therapy prescription
and monitoring is the estrogen receptor (ER). ER expression might be defined on both
proteomic and transcriptomic levels [118, 119]. The concordance of ER status between
primary tumor and CTCs in metastatic breast cancer patients has been shown in 23%
[39], and in 55% [41] of cases using qRT-PCR. Despite gqRT-PCR is often used for
determining ER status of CTCs [39-41, 120], this approach does not allow for the
investigation of intra-patient CTC heterogeneity due to measurement of an average
ER expression in an enriched cell population instead of single cell analysis. However,
single cell mMRNA analysis is challenging and cannot be combined with further DNA
analysis. Taking these arguments into consideration, we have investigated the
expression of ER in CTCs in blood of breast cancer patients using
immunocytochemistry (ICC). With this approach, we were able to simultaneously
detect and characterize CTCs with the additional possibility for downstream genetic
analyses using whole genome amplification (WGA).

We detected CTCs in 16 out of 35 patient samples (45.7%), which is within the
range of published reports [121]. Because EpCAM might be downregulated in tumor
cells that underwent EMT [117], we have used an EpCAM-free detection method in
order to overcome this limitation and investigated ER expression in the individual
keratin-positive CTCs.

To our knowledge, until now only three studies have been performed in which
the authors have stained ER on single CTCs using ICC [122-124]. The limited number
of studies, based on ICC for the investigation of CTCs, might be explained by the
technical challenges. The following challenges have to be taken into consideration: the
complications of nuclei permeabilization for antibody delivery, low level of ER,
difficulties in unequivocal identification of CTCs in case of CD45+/K+ cells. A study by
Bock and colleagues showed lower percentage of ER-positive CTCs (30%), however,
the sample size of CTC positive metastatic breast cancer patients was relatively low
(n=5) [123]. In the study of Nadal et al., in contrast to our study, only non-metastatic

breast cancer patients before any systemic treatment were enrolled and a volume of
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30 ml blood per patient was analyzed. ER-negative CTCs were detected in 38.5% of
women with ER-positive primary tumors, positive for CTCs [122]. In the recently
published study the authors revealed concordance of the ER status between CTCs
and primary tumor in 68% of cases [124]. In our study, concordance of ER expression
in CTCs with the primary tumor was demonstrated in 81.3% of the cases.

Because of the small number of patients investigated, our follow up analysis is
only of exploratory nature. Nevertheless, we were able to demonstrate that the
detection of 21 CTCs in blood of metastatic breast cancer patients was significantly
associated with clinical progression of the disease (p<0.001). Although the cut-off of at
least 5 CTCs per 7.5 ml of blood is considered to be the threshold of high risk for early
progression in metastatic breast cancer patients using the CellSearch system [33],
meta-analysis of Zhang et al., demonstrates prognostic value of the presence of single
CTCs. Moreover, the authors demonstrated that the prognostic significance of CTCs
in blood does not depend on the time point of blood collection [121], which is consistent
with our results where blood samples were taken during therapy. However, a larger
cohort with uniform treatment and longer follow-up will be required to prove the
significance and clinical relevance of our findings. Moreover, the presence of CTCs in
blood does not necessarily reflect the ability of the CTCs to survive in the blood stream
and to spread to distant organs. The survival and metastatic potential of CTCs need to
be investigated, eventually also by identification of genetic signatures associated with

the spread of CTCs and their development into metastasis.

1.4.2. Estrogen receptor heterogeneity in circulating tumor cells

We observed the presence of ER-negative CTCs in blood of women with ER-
positive primary tumors during or after endocrine therapy in 71% of cases: 21% had
ER-negative CTCs only and 50% had both ER-positive and ER-negative CTCs.

The presence of ER-negative CTCs in patients with ER-positive breast cancer
might be explained either by the heterogeneous expression of ER in the primary tumor,
leading to release of both ER-positive and ER-negative cells into circulation or by the
silencing of ER expression by genomic and/or epigenomic mechanisms. It has been
hypothesized, that switching from an ER-positive to ER-negative status might be one
of mechanisms to evade endocrine therapy (reviewed in [125, 126]). Our findings
indicate that the development of distant metastases in women with an ER-positive

primary tumors during or after endocrine therapy might be related to the presence of
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ER-negative CTCs, because these cells are most likely not to be affected by endocrine
therapy. However, this hypothesis does not explain presence of ER-positive CTCs in
blood of 78.6% patients after completion of endocrine therapy. Therefore we
hypothesize that ER-positive CTCs, which can be detected in blood of patients after
completion of endocrine therapy, originate from (micro)metastases, which consist of
tumor cells with a dysfunctional ER pathway and, consequently, are resistant to the
hormonal blockade downstream of the ER. Several mechanisms of ER-positive cells
to escape anti-ER therapy are known and result in alteration of either ER expression
or ER function (reviewed in [126, 127]). Loss of normal ER function, independent of
cause, is the reason for inefficacy of anti-ER agents.

Several mutations are thought to lead to the inactivation of ER and/or its ligand-
independent functioning [26, 127]. Mutations in ESR1 occur in approximately 1% of
the primary breast tumors [128] and in 10% of the breast cancer metastases but not in
the autologous primary tumors [129]. We have performed a pilot study in which we
analyzed mutations of the ESR1 gene in both ER-negative and ER-positive CTCs.
These mutations may hamper the protein’s function, but not its expression [26]. We

were unable to detect any mutations in the 8 single cells from 4 patients investigated.

1.4.3. Intra-tumor heterogeneity as source of metastases

Although the origin of intra-tumor heterogeneity is not fully understood yet, it
seems to play a major role in a complex process of carcinogenesis and development
of metastatic disease [130-132]. Intra-tumor heterogeneity and clonal diversity per se
might promote cancer evolution by serving more diverse input material for Darwinian
selection [133]. The newly revised “seed-and-soil” hypothesis postulates that
heterogeneity of cell characteristics, survival in the circulation, and effective homing in
new environment are the crucial conditions for successful metastasizing [43]. Because
only very few tumor cells meet these requirements, metastasis is a biologically
inefficient process (rev. in [134]). However, high amount of CTCs with heterogeneous
characteristics provide extensive source for potential metastases [48]. CTCs embody
an intermediate step between primary tumor and metastases. CTCs reflect the biology
of the primary tumor or metastases from which they originate [28]. Furthermore, CTCs
carry characteristics potentially enabling metastases’ establishment. Therefore the

genetic makeup of CTCs may provide a unique insight into cancer evolution.
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Genome-wide studies of cancer clonality on single cells require well established,
reproducible approaches for WGA and NGS analysis. The challenge of single cell
genome-wide studies lies between the need of DNA amplification and the introduction
of PCR artefacts during WGA and NGS and identification of objective cell-specific

genomic aberrations.

1.4.4. Whole genome amplification and next generation sequencing in
single cell genomics

In order to establish a reliable WGA-NGS pipeline for single cell analysis several
methodological aspects of WGA and NGS techniques were investigated. More
specifically, the performance of 3 single cell WGA methods in combination with
subsequent whole exome sequencing on 2 different NGS platforms was evaluated.

lllumina’s HiSeq platforms are widely used in human genome research due to
their accuracy. Sequencing with ThermoFisher’s lonProton can be faster and more
cost-effective per run, however, sequencing with lonProton may result in substantial
decrease of effective coverage depth due to the high abundancy of PCR and optical
duplicates, thereby, hampering accurate SNP and indel calling. Emulsion PCR, utilized
for library preparation in lonProton technology, is thought to be the main source of PCR
duplicates [135]. Moreover, the introduction of indels is a well-documented
disadvantage of the semiconductor sequencing, utilized in lonProton [105].
Nevertheless, our study shows that CNA analysis was not affected by the described
disadvantages of semiconductor sequencing and demonstrated comparable results for
samples sequenced on both NGS platforms.

Important applications of NGS, such as SNP/mutation, indel, and CNA calling,
seem to be especially hampered in single cell analysis due to incomplete genome
coverage as a result of WGA [89, 96, 102]. Our data suggest that Amplil outperforms
PicoPlex and REPLI-g WGA kits for SNP/mutations and indel calling. However,
adaptor-ligation PCR, utilized in some PCR-based WGA kits (e.g., Amplil), has certain
limitations. Site-specific digestion of template DNA prior to PCR by the Msel enzyme
[136] results in a wide distribution of fragment lengths. In silico analysis demonstrated
that only 38% of 19x10°8 fragments produced by Msel restriction of the human genome
have length 100-500bp that are adequate for exome-capturing and size-selection for

library preparation.
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Commercially available exome enrichment kits have not been optimized for
WGA products. The usage of whole genome amplified DNA as template might
drastically reduce capturing efficacy due to fragmented nature of the WGA product. In
order to optimize single cell sequencing, current exome capturing regions should be
adapted for use with short DNA fragments.

Although samples amplified with REPLI-g WGA kit (MDA-based technique)
demonstrated the highest DNA yield from a single cell, the quality of the obtained DNA
was remarkably low and insufficient for appropriate SNP/mutation, indel, and CNA
analyses. Based on our experience and observations of De Bourcy et al. [95] and
Bergen et al. [137], we conclude that input of at least 10ng of genomic DNA and
tailoring of the MDA reaction to obtain just enough DNA for further analysis is a key to
optimal MDA performance. Further biases in MDA-based WGA can distort CNA
analysis and have been described elsewhere, these include uneven representation
and non-specific amplification of the genome, a large variability in amplification bias
among the products, chimera formation, and dislocated sequences [95, 138-140].

CellSave blood preservation could be of great value in e.g., multicenter studies.
Nevertheless, our results suggest that single cells from EDTA-collected blood
demonstrate higher sensitivity for SNP/mutation and indel analyses, than single cells
from CellSave-preserved blood.

The results of the SNP/mutation and indel analyses significantly improved in
samples amplified with PicoPlex kit with an increasing number of pooled cells
(increasing amount of input DNA), whereas PicoPlex performance of CNA analysis
was not significantly affected by the amount of input. In contrast, the results of
SNP/mutation, indel, and CNA analysis in Amplil-amplified samples did not
significantly improve with increased input material. However, Amplil-amplified
samples demonstrated sensitivity rates of the SNP and indel analyses, similar to that
of PicoPlex-amplified samples. Moreover, already 3 pooled cells from CellSave-
preserved blood resembled CNA pattern of unamplified DNA with strong correlation,
whereas Amplil-amplified samples reached the same correlation level with 5 or more
pooled cells.

Together with blood preservatives, fixatives and DNA staining agents provide
another technical challenge in SNP/mutation analysis of single cells as they may
introduce mutations that are amplified during WGA. However, a recent study from our

lab has demonstrated genetic heterogeneity within a cancer cell line upon sequencing
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single cells [141]. Therefore, it cannot be ruled out that the low concordance of
SNP/mutation calling between single cells might also be the effect of heterogeneity in
addition to WGA-introduced artifacts.

It has been noted that WGA strongly affects CNA analysis due to imbalanced
amplification of alleles [88, 96]. Moreover, non-linear amplification is random and is not
reproducible for the same DNA template [97]. Although CNA analysis does not require
exome capturing and is possible on whole genome shallow sequenced data, we
performed CNA analysis on whole exome sequencing data and demonstrated that the
quality of the obtained DNA by both Amplil and PicoPlex kits was adequate for
qualitative assessment of CNA patterns.

Based on the obtained results, we conclude that CNA analysis of single cells is
less hampered by WGA and NGS in comparison to SNP/mutation analysis. The best
results for CNA analysis could be obtained with the use of PicoPlex WGA kit and NGS
on lllumina’s HiSeq2000 platform.

Intra-tumor heterogeneity and clonality of breast cancer can be investigated on
genomic level with the use of SNP/mutation and CNA data. However, breast cancer is
characterized by overall prevalence of CNAs over mutations [122]. This fact and our
own results, implicating that CNA analysis of single cells is more robust than
SNP/mutation analysis, suggest investigation of breast cancer clonality with the use of

CNA analysis.

1.4.5. The role of circulating tumor cells in investigation of breast cancer
clonality

Clonality and evolution of the cancer can be investigated on single cell level with
the use of primary tumors, metastases, and/or CTCs. Primary tumors are removed or
biopsied in the majority of cases, delivering material for investigation. Administration of
systemic therapy is usually based on characteristics of the primary tumor. However,
the metastases may not resemble the primary tumor anymore due to genetic
progression or selection of treatment-resistant clones. The differences between
primary tumor and metastases might be the reason for treatment failure.
Therefore CTCs as “liquid biopsy” provide a unique, easy accessible source of tumor
material [31].

CTCs that can be detected in the blood circulation many years after removal of

the primary tumor are most likely coming from the metastases, because the half-life
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time of CTCs in circulation is <2.4 hours [30]. It has been shown that dormant tumor
cells in bone marrow may sometimes divide into micrometastases, which release
CTCs, and thus cause the presence of CTCs in blood of metastases-free breast cancer
patients many years after mastectomy, but in small concentrations (1CTC/ml) [30],
which is in contrast with 270 and 20 CTC/ml found by us in blood of the UKE243 and
UKEOQO08 patients, respectively. These finding suggest that CTCs detected in blood of
the enrolled in our study patients arise from metastases present in the body at the time
point of blood sampling.

Technical obstacles can also hamper clonal analysis. Since comprehensive
investigation of every single cell of the complete tumor is hardly possible,
underrepresentation of certain clones as well as overrepresentation of other clones in
a study cohort may lead to false reconstruction of tumor’s clonal structure. Additionally,
metastases are a difficult subject for clonal investigation. Distant metastases can be
detected first when they reach a certain size, and are infrequently biopsied.
Nevertheless, our results demonstrate the feasibility of archival material accompanied
with CTCs for investigation of clonal evolution of human breast cancer. Further
research is needed to obtain information about the genetic heterogeneity of the

metastases and possible identification of therapy sensitive and resistant clones.

1.4.6. Clonality-driven evolution of breast cancer

Intra-tumor heterogeneity of breast cancer is a results of clonal expansion. In
order to reconstruct cancer evolution and clonal organization on single cell level [142]
one should assume that the tumor at any moment of the evolution contains all previous
clones, or at least the most crucial ones. However, this assumption contradicts the
Darwinian theory applied to carcinogenesis [143, 144]. According to the theory inter-
clonal competition should lead to outcompeting of particular, not necessarily less
aggressive clones [145], resulting in secondary mono- or oligoclonal structure of the
primarily polyclonal tumor. As consequence the reconstructed clonal structure of the
primary tumor does not necessarily reproduce cancer evolution.

Alternative look from an ecological perspective suggests that subclones within
a tumor can be seen as individual units interacting with each other and their
environment. This theory implies that not only competition, but other types of
interaction, e.g. cooperation, are possible (rev. in [133]) and finds confirmation in

cancer model systems [145-148]. Consequently, different cancer clones are not
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necessarily overgrown by one dominant clone, and poly- or oligoclonal structure of
cancer can be revealed.

The results obtained in our study of the breast cancer clonality demonstrated
oligoclonal structure of the investigated breast tumors, indicating that both
mechanisms, competition and cooperation of tumor clones, are likely being involved in
cancer evolution. Additionally, the results indicate that breast cancer might utilize both

linear and parallel progression ways.

1.4.7. Parallel progression of breast cancer

The results obtained from patient UKE243 suggests a parallel progression of
the breast tumor. CTCs were detected in the blood of patient UKE243 12 years after
the primary tumor was removed. Based on bioinformatics analysis all CTC resided to
4 out of 5 phylogenetic clusters identified in data of the primary tumor. These results
suggest that metastases might have been founded by tumor cells that disseminated
from multiple subclones of the primary tumor. In consideration of the time gap between
primary tumor removal and detection of the first metastasis (10 years), it is likely that
disseminated tumor cells underwent dormancy for a certain period before giving rise
to distant metastases.

One gquestion which may arise is whether metastases and CTCs of the patient
UKE243 originate from the first primary tumor, diagnosed in 1992, or from the second
contralateral primary tumor, diagnosed in 1999. The later tumor only was available for
our analysis. According to the histology of both primaries, the metastases
corresponded to the second primary tumor, which can be confirmed by our cluster
analysis. Nevertheless, we cannot exclude the possibility that metastases and
subsequent CTCs originate from the first primary tumor.

Additionally, primary tumor as well as CTCs of patient UKE243 demonstrated
heterogeneous ER expression. Outgrowth of further ER-positive metastases and
presence of ER-positive CTCs after the completion of endocrine therapy suggests
endocrine therapy failure in this patient. Since we did not find mutations in ER-coding
gene (ESR1) in the CTCs of the patient, endocrine therapy failure might have been
caused by other mechanisms, e.g. epigenetic mechanisms or a dysfunctional
ER-pathway.

Based on the observed CNA frequencies in identified clusters and CTCs, we

conclude the existence of at least two lineages of tumor cells in the primary tumor of
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the patient UKE243. One of the lineages, presented by clones 1-3 (cluster 1-3), is
characterized by chromosome 1q and 16p gain and 16q loss. CNA profile
1g+/16p+/160- is associated with ER-positivity, luminal A gene expression pattern,
moderate to high differentiated tumors, and better outcome [149]. The second lineage,
depicted by clusters 4 and 5, exhibited CNA patterns typical for basal-like breast cancer
[149]. Basal-like subtype, typically ER-negative, is characterized by higher
chromosomal instability than luminal subtypes [150]. Moreover, our results suggest
that the clonal split happened at a very early stage of carcinogenesis. One of the
lineages experienced further luminal-like differentiation, whereas the second lineage
retained basal-like characteristics.

Presence of both basal- and luminal-like cell lineages in breast tumors has been
demonstrated by others [69, 70, 151]. One of the possible explanations of the
coexistence of basal- and luminal-like cells within a tumor can be given through the
hypothesis that ER-positive cells, e.g. cells of luminal B subtype, and basal-like cells
may arise from the same bipotent progenitor cell [115, 132]. Moreover, recently Cleary
et al. demonstrated cooperation between basal- and luminal-like subclones playing a
role in tumor maintenance [152].

Li et al. demonstrated in a mouse model that activation of Wnt signaling pathway
transforms mammary progenitor cells, promoting heterogeneity of outgrowing cell
lineages. The authors conclude that basal- and luminal-like lineages within the same
tumor supposedly derive from a bipotent malignant progenitor cell [151]. Mammary
progenitor cells are typically ER-negative, but originating lineages might undergo

luminal-like differentiation and become ER-positive [115, 132, 153].

1.4.8. Linear progression of breast cancer

In contrast to patient UKE243, our data obtained from the cancer from patient
UKEO08, suggest linear progression to metastases. According to the linear
progression model, distant metastases originated from cells, disseminated from the
primary tumor at late evolutionary stage(s).

Loss of chromosome 17p and gain of 17q were observed in frequency plots of
all clusters identified on data of the patient UKE243, including the CTC cluster. Gain of
chromosome 17q is typical for ERBB2-positive luminal B breast cancers (rev. in [149]),

which is in agreement with the pathology report (ER-positive, ERBB2-positive tumor).

36



Loss of chromosome 17p is a common aberration in many cancers, including breast
cancer [154], due to the location of tumor suppressor gene TP53.

We demonstrated that at least one distant metastasis carries the genomic
signatures observed in the two clones of the primary tumor. This observation might
have two explanations. First possible scenario suggests collective dissemination of
tumor cells from these two clones within a mixed CTC-cluster. Another explanation
implies individual dissemination of the tumor cells from the two clones and subsequent
cooperation at distant site. Whichever dissemination way took place, our results
indicate interaction of the two tumor clones. The two genetically similar clones of the
primary tumor might have interacted to obtain a selective growth advantage and/or
metastatic propensity.

Evidence for cooperating clones can be found in mouse and fruitfly models. It
has been shown that two cell populations can interact to promote tumorigenesis and
obtain the ability to metastasize [146-148]. Moreover, interclonal cooperation
contributes to tumor growth and progression [145]. Tumor cells from cooperating
clones might disseminate collectively by formation of CTC-clusters. CTC clusters
demonstrate an increased metastatic capacity in comparison to single CTCs [155].

A 74-fold increase of the amount of CTCs in 1 ml blood of patient UKEOO08 was
found in comparison to baseline before therapy, 3 months after completion of
chemotherapy but still under anti-ERBB2 therapy. All CTCs were found to be ER-
negative, whereas the primary tumor and the metastasis were ER-positive. It has been
shown that ER activity provides a way for ER-positive ERBB2-positive cells to escape
ERBB2-targeted therapy [156]. Co-expression of ERBB2 and ER has been found in
breast cancer patients [157-159]. The data suggests that ER-negative ERBB2-
negative cells could escape therapy.

Although all CTCs identified in blood samples of the patient UKEO08 were ER-
negative, it cannot be excluded that ER-positive CTCs were still present in the body,
but could not be detected. The cells might have been escaped to bone marrow and
underwent dormancy. Alternatively, EMT-associated downregulation of epithelial

markers on the cell surface might have hampered detection of these cells.

1.4.9. Breast cancer heterogeneity and radiotherapy resistance
Indirectly, it has been shown that clonality-driven heterogeneity of a tumor might

play a role in development in radiotherapy resistance [160]. On molecular level
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radiotherapy resistance has been correlated to CD44*/CD247°" phenotype [161].
Radiotherapy resistance In luminal breast cancer is often observed in endocrine
therapy resistant tumors [58, 59]. Unfortunately, very few data exists on the effects of
radiation on endocrine therapy resistant cells. However, it has been shown that the
CD44 gene expression was elevated in tamoxifen resistance cell models [162].

CD44 is a widely expressed cell surface membrane receptor for hyaluronan
(HA). HA is a glycosaminoglycan and an important component of the extracellular
matrix. Elevated stromal levels of HA are associated with breast cancer progression
and shorter overall survival of the patients [163]. In vitro HA induces breast cancer cell
motility and survival [163, 164]. Notably, overexpression of CD44 was found to
augment sensitivity of cancer cells to microenvironmental ligands, in particular HA [60].

Besides participation in cell-cell and cell-matrix interactions CD44 facilitates
mitogenic/invasive and proliferative cellular phenotypes [165]. In particular, CD44
proteins are known to interact and modulate the activity of a diverse range of receptor
tyrosine kinases including c-Met [166, 167], VEGFR-2 [168], ERBB2 [61] and EGFR
[169]. The later two have been previously shown to limit endocrine response in ER-
positive disease [62, 63]. A signaling loop including ERBB2, EGFR, CD44, and ER
might be proposed. Interaction of ER and ERBB2 signaling pathways provides tumor
cell a possibility to overcome ER or ERBB2 blockage [62, 156]. Additionally, ERBB2
signaling can be promoted by CD44-HA interaction [170]. In its turn, CD44
overexpression increases sensitivity of cells to HA [60]. This positive-feedback loop
caused by cross-signaling between ER, ERBB2, and CD44 might cause cross-
resistance to endocrine and radiotherapy.

Little is known about RHAMM and its role in cancer. However similarity of
RHAMM and CD44 characteristics and functions allows to propose involvement of
RHAMM in carcinogenesis. RHAMM and CD44 have at least three distinct
characteristics in common: i) they share the same binding partner, HA, and mediate its
signaling, ii) participate in growth factor-regulated signaling, and iii) both have been
shown to be transcriptionally repressed by p53 [171]. Nevertheless, CD44 and
RHAMM are not homologous proteins, are compartmentalized differently in the cell,
and differ in the HA-binding mechanisms. Therefore they are likely to act by different
mechanisms (rev. in [172]).

RHAMM participates in the ERBB2-pathway though its action with CD44. In one

of the presented studies we demonstrated the presence of RHAMM being a marker for
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radiotherapy sensitivity [108]. We also tested whether ER is involved in the
radiosusceptibility. However, treatment of MCF-7 cells with the unspecific ER-
antagonist 1CI1182780 did not abrogate the pro-apoptotic effect of ionizing radiation in
this cell type. Possibly because of CD44-RHAMM co-operation. Conflicting functions
of CD44 have been observed in experimental models of carcinogenesis and tumor
progression in comparison to in vivo data, supposedly due to the presence or absence
of RHAMM [173]. CD44 is known to co-operate with RHAMM and has been reported
to compensate for loss of RHAMM.

Heterogeneity of RHAMM and CD44 expression and ligand-binding ability in
cancer is not fully investigated yet, but is considered to play an important role in cancer
progression [174, 175]. Recently it has been shown that RHAMM and CD44 expression
do not correlate with HA-binding and demonstrate heterogeneity [75]. The authors
could demonstrate heterogeneity of HA binding in phenotypically homogeneous cell
lines. Moreover, 3D culture experiments revealed that different by HA-binding
subpopulations of cancer cell lines demonstrate different characteristics. Low-binding
cells (HA™°") were poorly invasive/metastatic and fast-growing, whereas high-binding
cells (HA"9") were characterized by highly invasive/metastatic but slow-growing
phenotype [75]. These observations suggest that HA-binding heterogeneity of primary
tumor might play a role in clinically relevant traits and should be further investigated as
providing clinically relevant models for assessing treatment efficacy. Future studies will
have to address the role of CD44 and RHAMM for radiotherapy resistance of cancer
cells, possibly also including cross-resistance to endocrine and radiotherapy.
Additionally, our data raise the possibility that the response to radiotherapy in selected
tumors may be improved by targeting RHAMM and its ligand HA.

Although heterogeneity of breast cancer itself can be utilized as prognostic
marker [149, 176, 177], further research is needed to reveal a source and mechanisms
of tumor heterogeneity, its role in the metastatic cascade and resistance to therapy.
Further investigations might results in identification of reliable markers for therapy

response.
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1.5. CONCLUSION

Breast cancer heterogeneity is a well-known but hardly understood
phenomenon, which might be responsible for metastases’ development, recurrence of
the disease, and resistance to therapies like endocrine, chemo- and radiotherapy.

We could demonstrate that primary tumor heterogeneity might play role in cross-
resistance of luminal cancer to both endocrine and radiotherapy. The mechanism
implies activation of the ERBB2 signaling pathway as a result of cells’ response
augmentation to microenvironmental stimuli due to overexpression of CD44 and
RHAMM. Pharmacological inhibition of RHAMM resensitizes tumor cells to
radiotherapy.

In order to investigate clonal heterogeneity of breast cancer on both protein
expression and genomic levels, we established a multiplex immunostaining protocol,
compatible with investigation by NGS of single cell DNA. This approach allows, for the
first time, a simultaneous phenotype-genotype characterization of single cells for the
investigation of intra-patient CTC heterogeneity and clonal evolution of cancer. This
approach enables reconstruction of an approximate evolutionary pathway of the
cancer disease in an individual patient.

The investigated breast cancer cases represent parallel and linear metastases
progression model. Our results demonstrate that therapy resistant breast cancer
metastases detected years after primary tumor removal may originate from early and
more progressed clones developed in the primary tumor during carcinogenesis in one
case. Analysis of the second case demonstrates that metastasis in primary metastatic
breast cancer originates according to the linear progression model from the most
progressed interacting clones of the primary tumor, and CTCs most probably resemble
further metastases, not resembling the primary tumor anymore.

CTCs as ‘liquid biopsy” provide a unique, easy accessible source of tumor
material. Our results demonstrate feasibility of genomic and protein expression
analyses on single CTCs and underline the importance of “liquid biopsy” for companion

diagnostics in metastatic breast cancer.
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2. LIST OF ABBREVIATIONS

aCGH
Al
CNA
CSsC
CTC
DCIS
EMT
ER
ERBB2
FACS
FFPE
FISH
HA
ICC
IDC
IHC
ILC
Indel
K
MDA
MET
NGS
PCR
PR
gRT-PCR
RHAMM
SERD
SERM
SNP
SVM
WGA
4-MU

array-comparative genomic hybridization
aromatase inhibitor

copy number aberration

cancer stem cell

circulating tumor cell

ductal carcinoma in situ
epithelial-mesenchymal transition
estrogen receptor

human epidermal growth factor receptor 2
fluorescence-activated cell sorting
formalin-fixation, paraffin-embedding
fluorescence in situ hybridization
hyaluronan

immunocytochemistry

invasive ductal carcinoma
immunohistochemistry

invasive lobular carcinoma
insertion-deletion

keratin

multiple-displacement amplification
mesenchymal—epithelial transition

next generation sequencing

polymerase chain reaction

progesterone receptror

guantitative real-time PCR

receptor for hyaluronan-mediated motility
selective estrogen receptor down-regulator
selective estrogen receptor modulator
single nucleotide polymorphism

support vector machine

whole genome amplification

4-methylumbelliferone
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Abstract

Background: Endocrine treatment is the most preferable systemic treatment in metastatic breast cancer patients that have
had an estrogen receptor (ER) positive primary tumor or metastatic lesions, however, approximately 20% of these patients
do not benefit from the therapy and demenstrate further metastatic progress. One reason for failure of endocrine therapy
might be the heterogeneity of ER expression in tumor cells spreading from the primary tumor to distant sites which s
reflected In detectable circulating tumor cells (CTCs).

Methods: A sensitive and specific staining protocol for ER, keratin 8/18/19, CD45 was established. Peripheral blood from 35
metastatic breast cancer patients with ER-positive primary tumors was tested for the presence of CTCs. Keratin 8/18/19 and
DAPI positive but CD45 negative cells were classified as CTCs and evaluated for ER staining. Subsequently, eight individual
CTCs from four index patients (2 CTCs per patient) were isolated and underwent whole genome amplification and ESR1
gene mutation analysis.

Results: CTCs were detected in blood of 16 from 35 analyzed patients (46%), with a median of 3 CTCs/7.5 ml. In total, ER-
negative CTCs were detected in 11/16 (69%) of the CTC positive cases, including blood samples with only ER-negative CTCs
(19%} and samples with both ER-positive and ER-negative CTCs (50%). No correlation was found between the intensity and/
or percentage of ER staining in the primary tumor with the number and ER status of CTCs of the same patient. £SRT gene
mutations were not found.

Conclusion: CTCs frequently lack ER expression in metastatic breast cancer patients with ER-positive primary tumors and
show a considerable Intra-patient heterogeneity, which may reflect 3 mechanism to escape endocrine therapy. Provided
single cell analysis did not support a role of ESR] mutations in this process.
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Introduction represents [F 20% of all breast tomons and is charactenzed by a
mixed expression of ERx, PR, and/or ERBBZ, Tt &= oficn

represented by an more aguressive phenotype of hreast cancer
with higher tumor grade [8].

Breast cancer is the most common malignancy among wortern,
acconnting for approximately 23% of all cancer cases, Further-
maore, breast cancer represents the most frequent cause of cancer
related death in women worldwide [1]. On the molecular level,
hreast cancer s a heterogencons disease and several molecular

subtypes have heen described based on gene expression profiles

A breast tumor’s ER expression = normally assessed by
immunchistochemistry and the definion of ER “positive™ status
is based on the presence of 1% or more ER positive tumor cells
[9]. Expression of ER often mediates sensitivity of these tumons to

ane immmunohstochemistry [2—1] that might be explained by their
vell of origin (3], The maost comemon subtypse is the lhuminal A tvpe,
presenting up to 50 60% of all breast cancer cases |2,6). These
tumors are charactenzed by high estrogen receptor alpha (ER)
expression and are « duc 1o their low proliferation rawe - associawed
with a0 relatively good prognasis [6,7). The luminal B subtype

PLOS ONE | www.plosone.org

hormonal weatment with either selective  estrogen  receptor
moxdulators, such as camoxiten, or aromatase mhibitors, Although
the therapeutic efficacy of endocrine meatment for women with
ERz-pasitive primary or metastatic disease has been clearly

demonstrared [ 10.11], fahure of therapy is observed in 200 25% of
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paticnss [12,15). More imporantdy, these patients: demonstrate
endocrine therapy “experienced progression’ [12], meaning either
de novo or acquired resistance o endocrine therapy. Resistance 1o
crdocrine therapy has bren corrclated 1o both ER-dependent [T
and ER-independent reasons [13]. To ER-dependent mechanisms
belong genetic - and/or epigenetic changes of the LRx gene,
causing cither lack of ER# protein expression or a dyslunctional
ER> pathway [11] (eg., due to ESRI promoter hypermethylation,
expression of uncated dsoforms of ERa post-translarionsd
modilicadons, and other genetic changes of ERx [13])). ER-
mdependent ways of acquired  endocrine  reastance. nchade
alteration in cell eyele and cell sonaval signaling molecules,
activation of escape pathways [13]. Failure of svstemic therapy
may eventully lead w ougrowth of metastases i distant orgins
and cancer-related death,

The putative precursors of distant merastases are circulating
tumor cclls (CTCs). These cells have detached from the primary
rumaor, circolate in the bloodstream, und may fimally extravasate o
metastasize |16 20], CTC analysis hold grear promize 1o he nsed
to monitor adjuvant therapy eflicacy, as a prognostic marker, (or
carly detection of minimal residual disease [19.21], und as a
predictive marker tor individualized cancer treatment [22]. Kasy
accessibility and possibility ol sequential blood analyses make
CTC analysis a promising new blood-based biomarker [22-25].

Several techmiques ive been developed for the enrichment and
detection of CTCs, inchuding assays based on cell size, immunao-
logical propertics, and physical propenies ol the wmor cells
(reviewed o [22.23]) CTCs might be  diseriminated  from
leukocytes with high precision using their origin specific makers,
CTCs, originating from carcinomas, normally express epithelial
murkers such as EpCAM (epithelial cell adbesion molecule) s
keratins, om the other hand, CIM5 molecules, also known as
leukocyte common antigen, are expressed on the surface of white
blood cells only (reviewed in [26]) Thus, the use of differently
Libeled  anribodies  aguinss these specific markers allows
distinguish between CTCs and leukooytes.

Recemtly it was shown that (he presence of CTCs alier
completon of adjuvant therapy is a predictor of metastatic relapse
and poor survival [19,27 30]. Additonally, progmostic informa-
ton provided by CTCs might nol be limited 1o the amount of
CTCs only. CTCx might reflece the primary tumor’s biology,
meliding mtmatumoral heterogeneity. Breast mmors are consid-
ered being ERo positive if 1% of the cells show nuclear reactivity
of any intensity by immunohistochemical  mvestigation  [9],
Thercfore, CTCx arising from  prinury ERs-positive breass
umaors are not necessarily expected to be ERa-positive. ER-
negative CTCs might onginate from ER-ncgatve cclls of ER-
mosaic primary tumor [31], or ER-negative clones might be
selected and get growth superiority under the pressure of anti-ER
therapy [32]. Appearance of genomic or cpigenomic aberrations
might also result in the appearance of ER-uegative CTCs [33).
Since endocrine treatment is dependent on the hormone receptor
status and targets ER2-positive cancer cells only, CTC heteroge-
neity might be one reason for weatment filure and metastasis
development in patients with ERa-positive tumors,

Both ER-positve and ER-negative cells can be identified in
therapy naive primary tumors. Morcover, it was shown that ER
stutus changes from positive to negative in 2.5-17.0% of the cases
after therapy |34] and changing is possible in both directions |33),
In metastatic breast cancer, a change of ER status in comparison
to the primary tumor was found in 17% of the cases [36].
Moreover, it s proposed, that the change from ER-positivity to
ER-negauvity might be one of the mechanisins o evade hormonal
weanent (reviewed in [13,33])
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Recent studics could show that divergenee of hormone secepror
status between primary mamor and C1Cs s not & rare event [37
39]. However, in all of these studies polymerase chain reaction
(PCR] asays were conducted based on the measurement of
mBRNA expression bevels in a ol CTC populasion. Using such an
approach, nmraspadent  heterogeneity  heeween single C1TCs
cannot be seen, Investigating ER2 status of single CTCs mighe
shed light on the cause of endocrine therapy resistance in
individuals and vlimately lead w eaiment opumization.

Therefore, in this study we present i highly sensitive approach
o detect C1'Cs and simulzancously investigate their ER expression
in blood samples from 35 mewmstatic breast cancer patients with
ER-positive  luminal primary wumors, Morcover, our method
allows further genetic analyses of these single CTCs which s not
possible in mast of the commanly used immunaostaining protocols
due to fixation and crosslinking of the DNA,

Materials and Methods

Cell culture

Two ER-negative (B1-20 and MDA-MB-231) and two ER-
positive (BT474 and MCF7) breast cancer cell lines were used. All
cell lines were acquired (rom Amcerican Type Culture Colleetion
and cultured under the preseribed conditions: MCF7, BT-20, and
MDA-MB-231 cells were cultvated in DMEM (camlog no, E15-
011, PAA Laboratones) at 37°C at 10% CO,: BT474 cells were
cultivated in RPMI (catadog oo, E15-039, PAA Laboratories) wt
37°C ar 3% €O, Both media were supplemented with 10% tetal
bovine serum (catalog no, E15-105, PAA Laboratories). Cells were
grown it a 75 em® lask until confluency was reached. Cells were
Barvested wing oypsin/EDTA [eataleg no. RODTT00; Gibeo),
washed with PBS (curalog no. THI90-004; Gibeol, and resus-
pended in | xPBS for cither spiking experiments or cytospin
preparation for direct staining,

Patients and blood sampling

Thirty five metastatic breast cancer patients with ER-positive
primary tumors were included into the study. Average tme
between primary dignosis and diugnosis of° metastases was 7.2
yeurs (range: L3 17,0 years), Median follow up was 15,1 manths
(range | 30 month) starming from the time point of blood analysis,
Patient details are deseribed in Table S1. Patients were weated (or
metastatic  breast cancer at the University Medical Center
Hisburg-Eppendorf and received therapy, sccording to internas
tonal guidelines,

Blood from five apparently healthy women of age 25-30 vears
was included into the study o funcion as negative control for the
estublishment of our prowcol. All patients s healthy volunteers
gave written mformed consent to be meluded into the study. The
examination of blood samples in this study was carried out
anonymously and was approved by the local ethics review board
Acrztenkammer Hamburg under number OB/V/03.

Four to fourteen milliliters of blood were collected fram each
patient in EDTA tubes and processed within 24 hours. The
density gradient Ficoll was weed for mononuclear cell ennchment
full Blond was transdirred to o M) ml wibe containing 30 ml HBSS
(catalog ne. L2045: Biochrom) and cenmrifiged ar 400 xg for 10
minutes at 4°C. Supernatant was removed by pipetting and the
cell pellet was resuspended in 30 ml 1 xPBS. Cell suspension was
added 0 20 ml Ficoll (catalog no. 17-TH10-0%; GE Healtheare),
The mixere was spun ar 400 xg for 30 minutes ar 4°C withoue
acceleration and decelesation. ‘The interface and supernatant,
containing the mononuclear cells (ie., leukocvies and tumor cells),
were wansferred 10 a pew 30 ml wbe, The wbe was filled with
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1xPBS and cenmifuged ar 100xg for 10 minoes w 1°C.
Supernatant was discarded and cell pellet was resuspended in
I ml | xH-Lysis bufter (catalog no. WLI000; R&D) Systems) and
meubated for 3 minutes with gentle shaking at room emperansre.
Thirty milliliters of PBS was added and sample was cenaifuged
again at WO xg for [0 minutes at $°C. Supematant wis discarded
and pellet was resuspended in 5w Hml 1 xPBS for eyuospin
preparation. Cell count was determined by a Neubauver counting
chamber, Approximately 700,000 cells were applied o each shide,

Five milliliters of healthy volunteers’ blond were spiked with
500, 100, and 40 cell line cells, The density gradient Ficoll was
used for mononuclear and spiked cells cnmchment as deseribed
above. Prepared cytosping were stained with mouose [glG 1 A45-B/
B3-Cy3 labeled anti-human keratins 87 18/19 (Micromet] 1:500
for 30 min and counterstained with 4 G-diamidine-2-pheaylindole
DAPI) 10 evaluate a recovery rate of spiked cells,

Cywspins for the CTC model system and conrols were
obtained by spiking 500 breast cancer cell line cells into 5 ml
blood from  healthy  volunteers followed by Ficoll  gradient
mononuclear cell enrichment as described above.

Antibody detection systems and the establishment of
the triple staining protocol

Cytospins of MCI7 breast cancer eells spiked into blood of
healthy volunteers were stained  for  keratins 8/18/19 using
dilferemt detection methods using anti-keratn 8/18/1% primary
antibodies (Table 82), Tested methods included horseradish
peroxidases, uwlkaline phosphatase and beti-galaktosidase based
systems, as well as [luorescence, Slides were stained according o
the protocols described in ‘Table 82, part | (steps 1-6), Three
single cells, positive for keratin staining, for vach tested system
were picked by micromanipulason and whole genome amplilica-
tion (WGA) was performed. ‘Table S2 demonstrates the whole
procedure of the wntibody detection ineluding staining protocols
(paart 1), dleseription of staining results (part 2}, and possibility of
WGA on single cells (part 3. Only two out of seven tested
approaches could he used in the establishment of iple ER/K/
CD45 staiming: luorescence and nitro-blue teuazolium 5-bromo-
4-chloro-3'-indolvphasphate  (NBT/BCIP) based wvisualization
provided clear staining without background and were compatible
with micromanipulation and WGA of single cells, The remaining
five systems demonstrated either madequate staining and/or
inhibited WGA, In detail, horsersudish peroxidase substrates 3,3'-
diaminobengidine (DAB) and nickel/catachol-based DABR en-
hancement (HistoMark Ovange from KPL) resulted in a strong
backgroune staining of kukoeyvtes, TrueBlue substrate provided
highly sensitive staining, but i stable in alcohols and water only
and therefore hampenng subsequent stuining or single cell
munipulation. New Fuchsine containing substrate of  alkaline
phosphatase showed high auo-lluorescence and was not compat-
ible with WGA and therefore, was not suitable tor the triple IR/
K/CD15 staining establishment. Betasgalactosidase substraee X
Gal provides a clear turquoise stain  without background.
Unfortunately, staining results were not reproducible, and thus
this method was also not suitable for the wiple staining.

A single staining protocol for estrogen receptor (ER) was
established on breast cancer cell line evtospins. The prowocol was
considered optimal when all cells were positive for ER staming on
ER-positive breast cancer cell Tine cytospins (MCF-7 and B1474;
and all cells were negative in case of ER-negative breast cancer cell
lines (RT-200 and SKBR3). Figures of Data S1 show a clear positive
stamning for ER in MCF7 and BT474 cells (row A and (), whereas
no signal could be detected in the ER segative BT-20 and MDA-

PLOS ONE | www.plosone.org

Estrogen Receptor in Circulating Tumor Ceils

231 cells (row B and 1)) and no background was detected in both
experiments.

A double sining proweol for ER and keratn (K was
established on eyrosping of MCF7 bresst cancer cells. Different
fluorescent visuahzation systemy in different combinations were
tested, ie, Alexa Fluor 3560, 488, 346, 555, 594, Cy3, and Cy5
(dati not shown). The best results were obtained in combination of
ER swaining visualized with Alexa Fluor 488 dye and direct
keraun-Cy3 staining. Figure A of Data S2 demonstrates clear
distinguishable ER [grecn) and K (red) staning, allowing for casy
Incalizanon of signals even in all channels merged.

Next, we established a C1C model system by spiking breast
cancer cell line cells in blood of healthy volunteers, This model
sysiem was used for the opumizagon of double ER/K staining
(Figure B of Daa 82) in the natural conwext of blood cells
mimicking the clinical situation, establishiment of CD45 <ingle
staining, a combinarion of the protocols, and the adjustment of a
final iple ER/K/CD45 smaining protocol,

The single staining and final triple staining protocol were both
vadidated for unspecific binding of the primary and sccondary
anubodics, Rabbit normal IgG was applied insicad of specilic
primary antibodies i order o proof specific binding of ant-ER
antibodies and unspecific binding of the secondary antibodies,
Figure € Figure of Date 82 shows thiat in absence of specific
primary antibody no green staining could be detected. meaning
thar ant-ER and sccondary anubodies demonsiraie  specific

binding only.

Cytospin triple staining

Shides were dried overnight at room temperature and stained
according o the protocol steps deseribed in Table 1 with 33 min
washing in TBS between cach step. After staiming. shidies were
mounted with cover shps and Dako Glyeergel Mounting Mediom
(Dako, CN363).

Positive and negative staining controls were ncluded for cach
procedure, Stides with MCF7 breast cancer cells spiked into blood
of healthy volunteers were used as control. Positive control slide
was stained according o the protocol; for negarive (isotvpe)
control. mouse normal 1gG was applied instead of anti-ER
antibodies,

The estmation of the ER saining intensity was based on the
principle of the standard IRS scoring system [40,41] and included
following grades: no staining (megative); a weak staining (positive);
d modenite staining (positive); @ strong staining (positive). ER-
negerive cell Tine cells were wsed as standard of negative staining.

Micromanipulation and whole genome amplification of
single cells

Picking and transfer of single cells was done according to the
previousty established protocol by Hannemann et al. [42]. Briefly,
cach cell was picked individually by the use of a micromanipulator
(the microingeetor Cell Tram Vano and micromanipulator 1'rans-
ferMan NKII, Eppendorf Instroments, Hamburg, Germany),
transterred in a drop of PBS onto a silanizated glass stick. "The stick

as immechately transterred mto a 200 pl PCR reaction mbe,
Individual single cclls in 200 pl PCR wbes can be stored at =800 C
for further analysis,

Whole genome amplification was performed using the PicoPlex
WGA Kit for single cells (Rubicon Genomics, RA051) according
ta the manndacturer’s recommendations, 'The WGA product was
cleaned up with NucleoSEQ spin columns (Macherrey-Nagel,
Germany). DNA concentration of WGA products was measured
with Nanodrop 1000 (Peqlaly, Erfangen, Germiny ). The total yield
wats LA4-5.2 pg of DNA per sample,
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Ouality contral was done by multiplex PCR us described
elsewhere [43]. Briefly, four primer set were used o amphify of
100, 200, 300, and 400bp non-overlapping lragments of GAPDH
gene. One hundred fifty nanogram of genomic DNA of cach single
cell was taken mito the PCR reaction. PCR products wore analyzed
in a 2% agarose TAL gel. Human lewkocvie DNA was wed as
pasitive control for the multiplex PCR. Negarive contral probe did
not contain any DNA,

ESRT mutation analysis

Fxons 4, 6, and 8 of the gene FSRT (estrogen receptor |} were
amplilied and sequenced, PCR was performed using AmpliTag
Gold DNA Polymerase (Applicd Biosysters, N8O8-0240) under
following conditions for cach individual probe: 0.2 mM cach of
ATP, GTP, CTP, TTP: 2 pmwol cach primer; 123 U of Taqg
polymeriase; 10 ng of DNA. Concentratinn of MgCly required wisy
established experimentally and represented 3 mM for amplifica-
tion of exons 4, 6, and 8, Oligonucleotide primers 5°-3", used for
ESRI muational analysis of exon 4 forward ACATGA-
GAGCTCGCCAACCTT,  reverse CCCCACTATTTICTCC-
CATGA; exon 6 forward CCCTTTCATGTCTTGTGGAAG,
reverse ATGCOTTTGGAGTGGGTAGA: exon 8 forward
GOICGGGTTGGOTICTAAAGT, reverse NTGUGATGANG-
TAGAGCCCG.

PCR products were analvzed in 2% agarose gel. Sequencing
PCR was performed wsing the BigDye Terminator v1.1 Cycle
Sequencing Kit (Applicd Biosystems, 1336774) and 10 ng of the
PCR product. The sequencing was performed o Genetic
Analyzer 3130 [(Applied Biosystems),

Protocol validation on patient material

All dides, obained alier the processing of blood samples (4-20
slides per blood sample) were stained according 1o the established
protocel and reviewed by fluorcscence or light microscopy.
respeetively

The most suitable approach combines chromogenic and
Mluorescent staining: dark blue chromogenic substeate NBT/BCIP
was used [or the detecuon of CD45, while ER and Xeraun were
stained using Alexa 188 and Cy=3 dyes, respectively; counter
staining was performed using DAPL The staiming of keratins (K8/
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Table 1. The established triple staining protocol for detection and characterization of ER expression on CTC,
Step Substance and antibodles Concentration Application time  Diluent Manufacturer
1 Paratormalehyde 05% 10 min PES Merck, 1040051000
2 Triton X-100 0I% 10 min 185 Sigma, 110K01792
3 AB serum 10% 20 min T8S Hio-Rad Medical Diagnostics, 05135
4 Rabbit anti-human estrogen 130 90 min at 37°C TBS + 0.005% Triton X-100 Abzam, abl 6560
receptor SP-1
5 Alexa Fluar 488 goat anti-rabbit 1500 45 min 185 4 0.005% Triton X100 invitrogen, AT1008
6 Mouse antkhuman CD45, clone HI3D 1400 45 min TBS + 0.005% Trton X100 Biolegend, 304002
7 Donkey antl-mouse GG dakine 135 30 min TBS + 0:005% Triton X100 Abnava, PAB10743
phosphatase labeled
8 Normal maouse IgG 1250 30 min TBS + 0.005% Triton X-100 Millipore, 12-371
NBT/BCIP substrate According to 15 min TBS + 0:005% Triton X-100 Bio-Rad, 1706432
Aetsiheet
10 Mause 19G1 A45-B/83 - Cy3 labeled 1500 30 min TBS + 0.005% Trton X100 +  Micromet, commercially not
anti-human kerating 8/18/19 DAPI 1:500 available
ER - estrogen receptor; CTC - crculating tumor cell: NST/BOIP - nitro-blue tetrazalium and S-bromo-4-chloro-3"-indolyphosphate; PBS - phosphate buffered sakine; TBS
~ tris buffered saline.
dok10.1371/journalpone 0075028 1001

18/19), CD13, and LR, allowed dewecuon ol CTCs in blood and
simultancous  detenmmination of the ER staws of the detected
CTCs Cells were identified as O1Cs iF they were positive for
keratin and nuclear staining and negarive for CID4G staining (K+/
CD15-/DAPL+). CTC status was additonally confirmed by light
microscopy using the eriteriac nearly round or oval shape and high
nuclear/evtoplasm ratio, The CTC aumber variation in blood
volume collected [rom each patient was nommalized as number of
CTCs detecred per one milliliver of analyzed blood.

Eight C'TCs from 4 patient samples (2 (C1Cs per pabent] were
picked by micromanipulation and underwent WGA as proof of
principal for the feasihility of subscquent genomic analysis.
Subsequent multiplex PCR of one housekeeping gene (GAPDH)
was performed. Detection of expected POR products contirms thar
the quality of single cell DNA alier the established staining is
sullicient for further genetic analysis The ESR{ mutation analysis
of exons 4, 6, and 8 on single cells wias performed.

Statistical analyses

Statistical significance between the gronps of C'TC+ wnd (C1C-
patients depending on clinical disease status was calculated by
Fisher's exact test. Survival analysis of patients tested for CTCs
was done using the log-rank tess after dividing the patient coliorts
it CTC-positive and CTC-negative gronps; HRs and 95% CI
were calcutated using Cox proportional hazards model, Survival
data is estumated [rom the tme point of blood collection. H score
of the ER staining was calenlated for cach CTC-positive patient
and normalized in respect to the volume of analyzed blood
Y , "

T where P« % of cells of cach
mtensity level, £ intensity level (from 0 10 3, 1 blood volume in
ml. Staristical significance between the groups of parients who
reccived endocrine therapy ve. chemotherapy at the time of blood
collection was caloulated by Mann-Whitney Ustest

according w the formula

Results

Spiking experiment and recovery rate
Using blood of healthy voluntecrs spiked with 500, 100, and 44

cell Tine cells we demonstrated recovery rate of 79% 4% for the
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densily gradient Ficoll centnlugation as & method for mononuclear

cell enrichment,

CTC detection and evaluation of ER expression

We have established a mriple immunostaining protocol for the
stimultancous imvestigation of esorogen receptor (ER). kerating (K
8718719, and CD15 expression on owr CTC model system (hlood
of healthy volunteers spiked with breast cancer cell line cells) with
the passibifity of further single cell ESRY gene mutation analysis

The protocol was used for the detection and characterization of

CTCs on blood samples obtained from metastatic breast cancer

patients diagnosed for metastases on average 7.2 veuss (range: 0.5

170 years) afier iniual primary tamor resection, In wonal, blood
samples were screened by non-automated micrascopy and CTCs
were detected in 16 our of 35 comples (45.7%). ER staining
wiensily was estimated based on the lolowing gracing: no staining
[negative); a weak staining (positive): a moderate staining (positive};
a strong staining (positive). Sumples with a weak, moderate or
srong stining will be meferred 0 as being positive for ER
expression,

The number of detected CTCs and their LR status are
presented in ‘Table 2 (for more detailed results with grades of ER
staming see Table 810 Al puenes had ER-positive primary
tumors, ER-positive CTCs were detected i 153716 patients totally
Fizure | shows a represes

atve example of a single ER-

positive CTC (Figure 1A} and a single ER-neganve CTC (Figure

IB). Both cells show exprossion of keratins, but no expression of

CD45, mdicating that these are tumor cells were of rl,\i(hrliul
uvrij'_ﬂll,

\mong all |6 C1TC pesiove cases, § samples (50,0%
demonstrated homogencity of ER status: 3 samples (18.7%) with
ER-negative CTCs only and 5 cases (31.3%) with ER-positive
CTCs only, Fight out of 16 samples (50,0%) displayed both ER-
negative and ER-pasitive (Z1'Cs, 'T'he distribution of C'TC-positive
sarples according o their ER status i presented in Table 3. Ty

ER-negative CTCs are present in | 1/16 cases 68.7%), The
average fracton of ER-negative and ER-positive (TTCs in samples

with mixed population was 36.8% and 63.2%, respectively,

Estrogen Receptor in Circulating Tumor Cells

No significant correlation was found between the mtensity and/
or pereentage of ER staining in the primary tomor with the

number and ER status of CTCs of the same patient

ESRT mutation analysis

In subsequent experiments we ivestigated whether the DNA
solawed [rom CTCs could sull be wsed for gencuc downsircam
unilysis alter tiple scaning and micromanipalaton. The efficions
cy of WGA was validivwed with & single multiplex PCR that
umplifics DNA fragmers of 100, 200, 300, and 100bp from che
housekeeping gene GAPOH. All tour bands could be produced in
the eght CTCs that we mvestigated  (Dam 83, Successtul
amplification o all these tour fragments demonsorate  that
tragments of at least 400bp were specifically produced by the
WGA for Jurther genetic analyses [43],

Phevefore, we performed mutaton analy<s of exons 1, 6, amd 8
of the ESRI gene in 8 indisadual cells from 4 patients. Figure of
Data 81 shows fragments of the high quality sequences that could
be produced from all celle in the three exons, However, no

mutations were found.,

CTC analysis and clinical outcome

At the time of blood sampling the discase was progressing in 15
patients out of the 16 CTC positive cases and one patient was in
remission. In the CTC

renission and 3 patients was in progression at the time point ol the

negative cases, |1 patients were in

blood analysis: for 5 patents the clinical seatus was not evalnaed
at the tme blood was drawn. Number of detected CTCs inrespect
to olinical status of the patients i presented in Table 4. 'Thus, the
detection of CTCs was sagnificantly  associated  with  clinical
progression ol the disease (p<0.000], twossided Fisher's exact
festl,

Survival analysis surting from the dme point of Mood analysis
until the end of this study (median follow up: 13,1 months, range
demonstrated  sinificant corvelation of CTC
presence i the blood  wirth
p=0.0381

Among all 16 CTC positive cases, |4 women received

130 month

shorter  disease-free  survival
. @ depicted by the Kaplan-Meier curves in Figure 2

endocrine therapy [87.5%), two (12.5%) did not receive endocrine

Figure 1. Triple immunostaining of a metastatic breast cancer patient blood sample. From left to right: estrogen receptor {ER) stained
with AlexaFluor 488 (green), keratins 8/18/19 (K] stained with Cy3 (red), DAPI {fluorescent blue) for counter staining, CD45, stained with N8T/BCIP
(visible dark blue), and all channels merged. Magnification x100. Row A. Images of ER-positive CTC. A cefl with phenotype ER« (green)/ K+ (red)/CD45-
(dark blue)/DAPH (Auorescent blue) s considered to be ER-positive CTC, CTC is surrounded with leukocytes (phenotype ER-/K-/CD45+/DAPI+). Row B.
Images of ER-negative CTC, A single CTC demonstrating no specific nuclear ER staining. The phenotype is ER-/K+/CD45-/DAPI+, Leukocytes present

ER-/K-/CO45+/DAPI+ phenotype,
doi:10,1371/journal.pone.0075038.9001
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therapy (Table 3), In the blood samples of women with ER-
positive primary tumars that received  endocrine therapy, ER-
negative CTCs were Jound in 3714 cases [21.47%), ER-positive
CTCs in 4/14 cases (28.46%), and both ER-positive and ER-
wegarive CTOs were detected in 7714 patients (30.0%). Thus,
presence of ER-positive CTCs i paticnts that received endocrine
therapy was detected i 11/11 cases in wial (78.6%) and ER-
negative CTCs could be found in 10/ 14 cases (71.4%). Amaong the
three patients in which only ER-negative CC1Cs were detecred,
two had progression of discase and therclore received chemother-
apy by the time of blood analyses. One patient that developed
distant metastases during endocrine therapy was switched 1o
chemotherapy after which remission of the disease was document-
ed.

We analyzed the normalized H score w investigate the clinical
relevance of the ER intra-patient heterogeneity (Table 2 and
Table S1). 'The groups of patients who received endocrine therapy
vs. chemotherapy at the time of blood colleetion were compared in
respect (o the normalized H score for cach patient (Mann-Whitney
L test), but no significant correlation was tound (P=>0.03},

Table 2. Number of detected CTCs and corresponding ER status.
Volume of Normalized number of Total number of detected H score normalized
analyzed detected CTCs (per CTCs (in total volume ER-negative ER-positive* (per 1 mL of

Patient ID blood, ml 1 mL of analyzed blood)  of analyzed blood) cres CTCs analyzed blood)

059 72 278 20 17 3 35

072 63 018 1 a o

074 78 038 3 3 o 0

076 8.7 253 2 10 12 121

241 109 073 8 5 3 1

243 140 270.0 27001 a3/l ml 172/1 ml 109

250 as 267 2 3 9 133

253 108 0.19 2 0 2 185

256 -84 024 2 0 2 179

259 66 042 4 3 1 26

250 74 027 2 2 0 0

261 8.2 012 1 0 1 244

262 78 115 9 8 1 28

280 115 026 3 0 3 35

140 75 0.13 1 0 1 67

154 5.2 0.96 s 2 3 104

*ER pasitive group Includes CTCs with weak, moderate, and strang uniform ER staining. For mare detatied infarmation see Table S1,

Efl - estrogen receptor; CTC - circulating tumor cell,

doi:10.137 1 joumal.pone 00750381002

No significant coprclations were found between ER stas of
CTCs and the following parameters: progression/ remisston of the
disease, survival, number of detected C'1Cs, nitial  therupy,
therapy by the time of blood analysis, and rime fo the metastases
diagnosis.

CTCs might serve a “liquid biopsy™ 10 imvestigate therapeutic
targes [23]. One of the techmiques often used for determining ER
status of CT'Cs is qRT-PCR [37 3Y]; however, this approach does
oot allow tor the investigation of intra-patient CTC heterogeneity,
Therefore, in the study presented here we have investigated the
expression of ER in CTCs in breast cancer patienis using
mmunocytochemisiry (ICC, With this approach, we were able
to simultancous deteat and characterize CTCs with the additional
possibility for downstream geneoc analyses of the ER gene using
whale genomic amplification (WGA),

In our study we were able o detect C1Cs in 16 of 35 parient
samples (45.7%), which is within the range of published reports
[+4]. Because EpCAM might be down regulated in tumor cells
that underwent epithelal-tesenchymal wansition [43], we have

Table 3. The distribution of CTC-positive samples according to their ER status and received therapy.

CTC-positive cases
CTC status and received therapy all kinds of therapy, 16 women aver recoived ET, 14  woman nover received ET, 2
ER-positive anly 5 4 1
ER-postive and ER-negative 8 7 1
ER-negative only 3 3 0

ER - estrogen receptor; BT - endocrine therspy; CTC - circulating turmnor cell
doi:19,1371/jowmal pone. 00750381003
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Table 4. CTC status in respect to clinical status of the
patients.
Total, 35
Diseaso status CTC positive, 16 CTC negative, 19
Pragression 15 3
Hemission 1 "
no data ] 5
p (Fisher's exact test) 00001
CTC - circulating tumoe cell.
doi:10,1271/jowmnal pane 00750380004

used an FEpUAM-free detection method in order to capture as
many CTCs as possible. Furthermore, we investigated ER
expreasion in the individual keratn-positive CTCs. ER-positive
CTCs were detecwed in 13716 cases totally (81.3%). Primary
rmors of all the patients were positive for ER with the range of
ER-puositive cells from 10% up to =HO" of the cells. No
correlation was found between the intensity of KR staining of
the primary tumor and the number and/or ER status of C'TCs in
blood,

Others have found o concordance of ER2Z status betwoen
primary tumaor and CTCs i metastarie breast cancer patients in
25% |47, and m 53% [39] of cases using RT-PCR approach
(Vable 5), which was substantially foser than our results (81.3%),
obtained with 1CC approach, This might be explained by the low
correlation of mRNA and protein expression of ER [16]. To our
knowledge, only two studies have been performed in which the
authors have stained ER on single CTCs using 1CC [17,18],
Limited number of snudies, based on 1CC for the invesngation of
C1Cs, might be explained by the technical challenges. These
challenges had to be taken into consideration: the complications of
suclei permeabilization for anibody delivery, Jow level of ER
presence, difliculiies i uncquivocal idenuificavon of CTCs in case
of CD1+/K= cells presence. A reeent study by Bock and
colleagues showed a higher percentage of ER-negative CTCs,
bowever, the sample size of CTC positive metastaric breast cancer
patients was relatively low (n=1) [48]. In the study of Nade! ef al.,
in contrast o our study, only non-metastanic breast cancer patents
belore any systemic treatment were cnralled and volume of 30 ml
blood per paticnt was analyzed. ER-negative CTCs were derected
in 38.5% ol women with ER-positive primary tumors, positive for
CTCs [47).

Because of the small number of patients investigated in our
study, our follow up analysis s only of exploratory character.
Nevertheless, we were able (o demonstrate that the detection of
CTCs m blood of metastatic breast  cancer paticnts was
significantdy associated with clinical progression of the discase
(p=0.0001). Although the cut-off of ur least 5 CTCs per 7.5 ml of
blood is considered to be the threshold of high risk of early
progression  in melastatic breast cancer  patients using  the
CellSearch system [16], recent meta-analysis of Jhang o al.
demonstrates prognostic value of the presence of single CTCs
[14]. Tn our study 7 paticsts ad mone than 5 CTCs in 7.5 ml of
blood: nevertheless, we could demonstrare thar the presence vs.
ahsence of CTCs in blood is significantly associated with climical
progression of the disease, Moreover, it has been proposed that
level of C1Cs ar baseline, before a new trearment for the
mietastatic disease stans, correlate with prognosss and outcome and
might he wsed as mdependent prognostic marker of progressions
free and overall survival [16], The meta-analysis of Jhang o al,
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Figure 2. Kaplan-Meier estimate of survival function. Kaplan-
Meier estimate of survival function of metastatic breast cancer patients
separated on CTC-positive (red fine) and CTC-negative (blue fine)
groups. The survival period in month of the corresponding patient,
Censored patients are indicated by vertical bars (). Statistical
significance determined by log-rank test. Shorter survival correlates
with presence of CTCs in blood (P: 0.0332, HR: 738, {C1=0.84-64.09)).
doi:10.1371/journal.pone 0075038.g002

demonstrates that progoostic significance of CTCs” presence does
not depend on the tine point of blood collection [44]. which is
consistent with our results where blood samples were taken during
therapy.

A larger cohort with uniform treatment and Jonger follow-up
will be required 1o prove the signilicance and clinical relevance of
our hindings,

Despite the considered prognostic impact of the presence of
CTCs in blood, detection of CTCs in blood does not necessarily
reflect the ability of C1Cs w survive i the blood stream and 10
spread o distant organs. The survival and metastauc potential of
CTCs need o be invesugated,

We hypothesize that distant metastases development in women
with ER-positive primary tumors during or after endocrine
therapy might be related to the presence of ER-negatve C1Cs
because these cells are most likely 1o be not allected by endocrine
therapy.

Presence of ER-negauve CTCs in patients with ER-pasitive
breast cancer might be explamed either by heterogencity of
primary tumor, leading to release of both ER-positive and ER-
negative cells in circulation or by the switch of ER expression by
genomic and/or epigenomic changes (Figure 3), It is proposed,
that switching from an ER-positive 10 ER-niegative status might he
one of mechanisms o evade hormonal treatment (reviewed in
|13,33])

We observed the presence of ER-negauve CTCs in blood of
women with ER-positive primary tumors during or after endocrine
therapy in 10714 cases (71" 3714 had ER-negative C'TCs only
(21.4%), 7/14 had ER-pesiuve amnd ER-negative CTCs (40.0%).
Interestingly, three of them had disease progression, receiving
chemotherapy during the dme of blood analyses. Further studics
on larger cohorts of paticnts are required 0 determime  the
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relevance of these findings in the context of specific endoerine
therapies.

Another hypothesis, based on our observation of ER-positive
CTCsin 11/11 patients afier endocrine therapy. is that these cells,
which are still present in blood of patients after completion of
endocrine therapy, might have a dyslunctional ER pathway and,
vonsequently, resist the hormonal ER blockade. Sevieral mechia-
nisms of ER-positive celly 1o escape ant-ER therapy have been
propased and mclude altered crosstalk between ER and signal
tramscduction pathways, growth factor receptors, co-reguliatory
proteing of ER, and alered expression of speeific microRNA<
[revaewed in [33,49]) All these mechanisms potentially lead to the
loss of normal ER [unction and, therclore, mnellicacy of anu-ER
agents. Several mutations are thought to lead to the inactvatgon of
ER and/or its ligand-independent funcooning | 14,49], Therefore,
we have performed mutation analysis of the ESRI gene in both
ER-negative and ER-positive CTCs as certain mutations hamper
the protein’s {unction but not its expression |14]. Mutations in
ESR! occur i approximately 1% of primary breast wumors [50],
however were found in 10% of breast cimeer metastases but not in
the autologous primary mimors |51 Although further investig-
ton is required, so far we were unable o deteet any mutations in
the 8 single cells from 1 padents investgated in our study,
However, our pronf-of-prineiple study showed that the established
immunostaining protocol i compatible with subsequent genomic
analyses of CTCs, which allows for the first ume a genotype-
phenotype correlation at the single cell level with potential
implication for future clinical studies using this formation to
stratily breast cancer patients o endocrine therapies, and 1o
estimate the efficary of endocrine therapy,

Although the intra-patient C'1T'C heterogeneity is now a fact, a
uniform scomng svstem lor s estimation & <Gl missing and
estimation of ER expression on CTCy remaing subjective. The
establishment of such a system would allow tor the companson of
ER heterogencity between patients in respect (o therapy as well as
monitoring for intra-patient heterogencity during/after therapy.
Different approaches have been reported, nevertheless many of
them base on scoring systems suggesied for the estimation of THC
stuining results of paraffin embedded tissue blocks. Powmsose ot al,
used a scorng system that was ongimally proposed by MeCarty, but
modified it for CTCs by wsing the sum of the positive cell
percentage at each intensity devel, multiphied by the weighted
mtensity of staining [52,53].

Another approach was suggested by Liglhart of al. The authors
used the mean imensity of leukocytes stained as internal threshold
for cach sample to quantify the intensity of HER2 expression with
the use of an automated algorithm |54]. Such approach excludes
subjective estunation by the investigator,

For this study, the H score systemn proposed by Puemanere of ol was
used with the modification that the obtained H score was
normalized 10 the volume of analyzed blood. This additional
normulizanon allowed for the comparison of samples of different
blood volummes. ‘T'he normalized W scores for C'1C-positive
patients are presented in Table 2 and Table S1. We compaced
two groups of patients: those receiving endocrine therapy ar the
tme of blood collection and those receiving chemotherapy, using
the Mann-Whitney U-Test. It can be expected that patients who
received endoeringe therapy by the time of blood collection and <l
were in progression of the dissase would demonstrate higher rares
of normalized H score, than those receiving chemotherapy, In our
study, the diffevence between the two groups was not staristically
sgnificant. Nevertheless, a larger cobort of patents is needed to
study the clinical relevance of this scoring system and is impact on
survival,
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Table 5. Overview of studies on ER status of CTC in metastatic breast cancer patients,

Multiplex RT-PCR Adna Test
BreastCancer [37)

IF 48]

IF [preseat study]

BreastCancer [39]

PLOS ONE | www.plosone.org 8 September 2013 | Volume 8 | Issue 9 | e75038

64



Infiltrating tumor cell

Estrogen Receptor in Girculating Tumor Cells

Primary tumor

Blood vessel

3 ®
s g P
ER-positive CTC

Cell A -ier. Cell B. Celi C. - Cell D, 3

ER-positive CTCs ER-positive CTC ER-negative CTC ER-negative CTC

with functional with dysfunctional disseminated from disseminated from

ER machinery ER machinery ER-negative subclone ER-positive subclone
that lost ER expression
during the metastatic
cascade or as a result
of systemic therapy

Figure 3. Occurrence of ER-positive and ER-negative CTCs in the peripheral blood of patients with breast carcinomas classified as
ER-positive. Circulating tumor cells disseminating from an ER-posttive breast tumor can be ER-positive or ER-negative. ER-positive CTCs can have
normal functional ER machinery and be sensitive to endocrine therapy (cell A} or have dysfunctional ER machinery and therefore be resistant to
endocrine therapy (cell Bl ER-negative CTCs might disseminate from ER-negative subdones in tumors classified as ER-positive (diagnostic cut-off
value: 1% of ER-stained tumor cells) (cell C) or disseminate from ER-positive subclones that lost ER expression during the metastatic cascade or as a

result of systemic therapy {cefl D).
dol:10.1371/|eurnal pone.0075038.9003

Conclusion

We estsblished o multiples onmunestaining protocol for the
detection and mvestigation of intra-paticnt CTC heterogeneity,
based on triple staiming for keratins, ER and C1D45 molecules on
blood cytospins, which allows further genetic analyses of single
CTCs meluding mutations i the ESR/ gene, Our results
demonstrate that C1TCs in individual metastatic breast cancer
patienss with ER-positive primary tumors are frequently bath ER-
positive and ER-negative, ER-negaive CTCs may escape ER-
targeted endocrine therapy and are, therefore, & potential source
of metastatic growth in breist cancer patients. with ER-positive
primary tumors or metastases. The mvestigatson of CTCs for ER
expression and gene status might gain [wore clinieal unility for
maonitoring and optimization of breast cancer treatment,

Supporting Information

Table S1  Paticnt data.
(DOCX)
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Table $2 'The protocol of testing, staining results and WGA
compatibility of different visualization sysems.

(DOCX)

Data S1 Immunolluorescent seining of estrogen receptor on
breast cancer ccll line oytosping wsing Alexa Fluor 488 dye (green)
and DAPI nuclei coumter staining (bluel. Magnificarion x100, AL
MCT7 breast cancer cell line cyospin demonstraing ER staining.
B. B120 hreast cancer cell line cytospin demonstrating no ER
staining. C. BT 171 breast cancer cell line eyviospin demonstrating
FR staining. 1, MDA-MB-231 breast cancer cell line cyvtospin
demuonstrating no ER staining,

DOCX)

Data 82 Double immunolleorescent staining of estrogen recep-
tor (ER), stained with AlexaFluor 488 (green) and kerating 8718/
19 (K} stained with Cy3 (red) and DAFI (blue] tor nuclei connter
staining. A. MCF7 breast cancer cell fine cells demonstracing
pasitivity for both ER and keratin staining. B. Cytospin of MCF7
breast cuncer cell bne cells spiked into blood from  healthy
volunteer, MCF7 single cell is positive for ER and keratin staining,
lenkoeytes are neganve for ER and keratin staining. €, Negative
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(isotope;} control staining of MOY7 breast cancer cell line cytospin.
Normal mouse IgG was applicd instead of anti-ER amibodics.
MCF7 celis demonstrate no green sigual, but are posigve for
keratin staining.

DOCX)

Data 83 Detection of muluplex PCR products of GAPDH gene
i 2% pgarose TAE gel. NC - negative controle (no DNA in
probe). lines 148 - POR products of individual single cell DNA, PC
positive controle, MM molecularweight marker, bands top-
down: 500bp, 400bp, 300bp, 2000p, 100bp. Detection of
amplificd 100, 200, 300, and 400bp non-overlapping [ragments
of GAPDH gene in probes of single ccll DNA  confirms
appropriate quality of DNA, obtained after micromanipulation
and WGA, for the downstream single cell analysis.
MOCX)

Data 84 Scquences of the ESRI. Perfimmed with the use of
T1C DNA, which was obtained after sdentificarion and picking of

References

I Ferday |, Shin HR, Bray F, Fonman 1), Mathors C, of 2l (2010 Fstimates of
worldwide hurden of cower in 2008 GLOBOCAN 2008, Tt ] Caneer 1272
2R9% 2997, thon: | 0102 5 25316,

2. Froles P, Towch A, Pevex-Fidaigo JA, Loch A (2012 Modernlar hinlogy in breas
cuners Inmrmeie sabeypes and sgnaling pathways, Canver Treat Rev 38 690
TO7. SOUG-TTF21 1002441 fpai); doe 10101675 00rv. 200 L 1LOG.

L Nelsm TO, Hea FD, Jevwn Ko Cheang M, Korwea G, o ol (2004
Frrmmnahistewchemacal and lindoul churacterizanon o the hasal-Se sobtype of
invisave Devast carcnvain, Clio Cancer Res 102 5367 39740 1071675567 {pail,
doa: 10,1158/ 1078-01 32 CUR-0 40220,

4. Park 8. Koo IS, Kim MS, Park HS, Lee JS, o1 il 2002) Characreristics and
viswomzes socurding W opdeculir subsypes of breast canwer i clisssilied Ly o
ol o four Siomarkers usiog imsunobisos hemsary. Beeast 210 30-37, SC9610-
G761 1001585 [pii]; dose 10.1016/] beras 201 707,008,

5. Jomsse SA 20020 BRCAI and BRCAZ o commen patbway of geaooe
procectiva but difforent brcast. cancer subeypes. Nat Rey Cancer 123 9720
nrei81c2 [pii); dail 103 e S 181<2

B, Scalie 'V, Weny Y. Xiso C, Jobusen 1L Naume B3, e al, {2006 Distisce malecular
mechanisies underlving caically rdhevnm soblypoes ol breast capcer: gene

exprosson analyscs across three dilferent plaforms. BMC Genomics 7; 127,
1471-2164-7-127 [put]; dhaic 1001 1BG/ 147 1-2164-7-127,

7. Loi S 12006 Molecular waalyes ol hosawone recepiog posative (loamiual] brease
cancers: what hmve we feart? Faur J Cancer H: 20132018, SAS54%
AAOBO0713-2 [pii]: o 10,1016/ cjea 2006.00.01 2,

G Perou OM, Saslie 1., Elsen MU, vin &= Rajo M, felley S8 et al (2000)
Molecular portraits of human brcast tumours, Nature 406 747-732.
doi 1k TUSHA 3021403,

. Hammond ME, Hayes DF, Dowscue M, Allred TC, Hagey KIC e al, 20090
American Socicty of Clinical Oncalagy/College OF Amcrican Pathologists
guiddme rocommencations for immmnohstachemical westing of osteagen and
pragestrrone teceptors m beeas cancer, | Clin Onoeol 28: 2784 2755,
JOO.2009.25 652 |pii]: dea: 10, 1200/JCO.200%9.25.6529.

10 Farly Breast Cancer Trialses” Callaberative Group (600 Tffects of chemn-
therapy and hormonul cherapy for sardy hineast cancer oo recurrenoe wxd | 5yrear
survival: an overview of the nudomied mials. Lauce 365 1687 1717, SO140-
G7IGU5065 1140 [piif; doc 10, 1016/80] 1670345 1-0.

1L Candoso V) Fallowdfield L, Costa A, CistggBone M, Senkas £ 12011 Locally
revarenl of metassin hvaa coscer: LSMO Qlikoud Practie Guidelines o
dlagnosis, veatnem and fllow-up. Ann Oncol 22 Suppl 4 vidi-a50, medi372
[piafz doi: 1L 1S Aanmonc/mode 372,

12, Lawming PE Eikesdal 1P (2015 Avamatase bebibition 20105 (dmbeal wate of the
ant and quesions that cemain o be solved, Endoor Reln Cancer 200 R85
RLOT. ERC- 150004 [pii]; doiz 101550/ ERC-1 540054

130 Odiere CKL St R (2011 Mechanisnn of endoirine iedaine s Lot
cancer. Annu Rey Med G2 253-247 doiz )01 HG/annureysme dhOT US04,

a7,

L Flesvik MLL Pucjua SA 000) Lstrogen cecrpion msitutiogs s baisan docise,
Ealiocy Rev 25; 8659 051 25/6/869 |pdi]: don L0210/, 20050010,

1% Musgrove BA, Suherlasd RT (2009 Biodoghead desermumangs of eodorine
Tesssamcr o boeast vwwer, Nal Rev Chnerr 50 G310 640, an2715 |piil;
Ao 100 e 2713,

1 Crisoliaull M, Bodd GEL Bl M) Seoperk A, Matera |, e ol Q004
Clirculating ameor celly, diseswe progeessive, aumd sl i ek rews
vancer, N Euagl ) Med 3500 781 791, 85178778 Jpa). dol 080/
NEMoatitiyion,

w

PLOS ONE | wwew.plosone.org

Estrogen Receptor in Girculating Tumor Celis

the single (710 and subsequent whole genome samplification. A

fragment of the sequence of the exon 4 B — fragment of the
sequence of the exon b, C = fragment of the sequence of the exon
.
(DOCX!

Acknowledgments

The authors thank Svin-Enk Sonksen for assistance in clinical dara
collection,

Author Contributions

Conceived and designed the experiments KPP §) JH | Performed the
experunents: AB. Analyzed e dacae AB. Contribated reagents/mutenals/
analysis ol JS. Wrote e paper: AB VM KP S]JHL Recrvited puitienis:
VML Collecterd elimiead data: VM

17, Fieller 1) (2008 The pathogenees of cancer metastasie thee “seedd and soll”
hypechesis revidied. Nar Rev Caneer 50 455 4450 nee M98 [pii]. del: 160, 1065407
RIS

1 Mayes DF. Crisodandili M. Budd GEL Lllis M) Swopeak A et ul (2006
Clirculatisg tumor cells s vach Glov-up time point durng dierapy of imoesastite
Bt cancer paticnts prdict progression-free and overall sarcaal, Clin Cancer
Res 12 42004204 12714742118 [pai]; doic 10,1150/ 10780432 OCR-056-2021

1%, Pamiel K, ASis-Panabicres C, Ricibdorl S (20080 Cancer micronstastiascs. Nal
Rev Chu Owead 6 939-551. nrcliuouc 2009 L) [pa): doi:L0, 10368/ ucdi-
oo, N4,

20, Swahy RF, Cristofanills M (200 1) Circubrtirg tamor cofis m hireass cancer: o mol
whase time bas come of age, BMC Med 90 43 1705015043 [pil]
doi: LO 1186/ 1717005913,

20 Pelun 1, Mudier V. Al Pussalieres G Paed K 2008) Micomstatatie speead
m breast cuneers derection, mobscudar cluracterizanon and climoal relevance,
Rressr Cameer Res 10 Soppl 1051, ber T30 fpa]: dai: 10,1186 ber 1860

22 Tamdou ES, Madkoo A (2011 Girevdaing wamor cdlle n breast cancer:
detestion sysenr, mokecudss dinracteriasibon, aod future clallenges, Chn Chien
570 124212535, clinchem. 2011165060  |pii}; doil0.13737¢cliu-
chem 201 1L 1R,

23, Pamstol K, Brakenhaff RH, Boandt B (2000 Deteenon, chnical redovance and
speeilie biologieal peoporties of dissomlrating monr eells. Nar Res Caneer 2
329 3H), 1e2373 fpaa); ok 10, L0342 375,

29, Alis-Panabieres C, Scbwarzenbuch H, Paued K 20020 Ciroulating cuse ool
und cirvolating wmor DN Anon Rev Med 65 199 215, deiz 10,1146/
anntreseed A2 IMI2 19,

25 Alix-Panabioecs C, Tansel K (2013 Cirvularing sumoe eolls; fiquid biopey of
cacer, Clin Clenn 300 1T0 T EE clinchem 0T I9E258 |piil; dow 10,1574/
clitec b 201 2. 11250,

26, Pehuu 1, Sclosnayer BY, Meis S, Packer 1, Lane N, e al. (2003) Metsuds foe
woliring cirwlating epithelial colls and criteria for their chssification. as
carcinoans cells, Cytotherapy 70 171-105, NRAJUMASTHUE I HS [pai);
ol L0, 108K/ 1 13521051 002T002.

20 Lana A, Hall €S, Ladly AK, Bhasachanyya A, Aadenon AL, ot al (212
Clirenlating mmoar cell in ponnyesastanic heeast cunwer: & prospective scidy.
Tanert Onend 13 G880 GG, ST4T0-208 % 1 2702097 [pii}; i 1016751470+
LOLHLLTONT,

2L lgoatsdis M, Nemidss N, Pearaki M, Aposiolaki S, Polaaki L, e al, (2007;
Ditlevest progueostic vilus of cytokeratin: 19 suRNA podive circuladng weoe
colly arecwding o n receptor and HER2 seanes i carly-sage becast
cancer, | Gl Onend 25: 51943002 JOONOT 107762 [pi]; choi: 14020/
JOO2007 117762,

29 Pleoga |V, Bickard PCLMathind G, Beain K, Dedalinss S, ol al, (008 Clrculaing
nenor cell deseccion predicns ealy oweastcic sedapse adter neoadjuvant
chemntherapy & Targe aporable ane locally arbvanced Breast cancor m o phase
11 mndomiacd iial, Qan Cancer Res 18 7004701, 1872177004 [pif]:
doiz L0130/ 30700152 CORAZS050,

My Rack I8 Andengassen U, Juaust W, Nesgelauer | 1208210 C'LCs b prissary leeast
cancer (T Recens Resuls Cancer Res 195 179 105 dei: 10,1007 7076-3-642-
ZHIB_Th,

31 Korbiel § (H05) Sclecine reduction of cstrogen receplor (KR positive beeast
canes ocourrence by estrogen recepior modolaions mippova ciologal
distincrion between ER pesisive snd ER wegarive hireast cunvers Med
Hypotheves 65 B2 11RT, SOGARTIO4AMGRT-1 [pii]: doi10.30167
vl SO0 AMEO2G,

L Bserman L), Oganee EM, Daowsctt M, Slingerkand JN (2006) Tamongion iy
prrevetst hoalt KR+ e ER- Breast comorns and sedect lon LR- cunclnogeniri un

September 2013 | Volume 8 | Issue 9 | e75038

66



38,

31

37,

.

- Remumsele W, Sscgner HE T967) [ Recomsme s,

alermanye bhypodises. Breasas Cancer Res 70 RISRISS, Lo b2 fpal;
deaz |01 IBS ber| 342,

Garcan-Becerra R, Saneos N, Dian T, Canaacho J (212 Meehanisray of
Resistaece 0 Eodocrine Iherapy i Bocast Caneer: Foous on Semaling
Patbways, mIRNAs and Genesically Basex! Resistance. Int | Mol S 142 400
145 djrn 13000106 [pif); dei: 1033590 e 14010

v de Ven S, S VI Iekher 1), Noetier JW, Keoep JR 22010 Decoedances
s ER, PR wd HER? jecepeon aller peosdjvan chemolesagy i beeast
vancer. Cancer Treat Rev 37 422 4300 S0305-7372 10002074} [pii]:
Aok 10 G/ e 2001006,

o Ihongeos AM, Jocdan LIS Quinlun P, Aselecsn L, Skene A, et al (0000

Prispective coaparison of switches in bivourker status berween peimary and
rocnrrent breast caneer the Breast Revtarronce T Tissnes Stoey [BRITS), Revas
Coancer Res 12; RY2 b 2771 [pil]; doi 001 16/ er2T 71,

. Curiie B2 Nerich V, Mansi L, Chsigueau L. Cabs L, et al 2015) Discoedances in

Farragen Recopeor Stars, Progessereme Recepear Stams, and HERZ Seanss
Botween Praary Breane Cancee and Metasass. Oncologin. theancodo-
L2012 |pui]: ch 10,1634/ ekl 2012 0150,

Aktits B, Muller V, Tewes M, Zeinz |, Kasimir-Baver S, et al. (200 1 Coanparisoe
of extragen arel pragearrane receptor atatus of cirubting mmor cells and the
pratsary (anor in mestalic breast caneee pakicnis Geneeal O 1220 356~
360, $0000-8238 11003404 [pid]; Soi:10.1016/].yyyi. 201 101039,

. Fehm T, Hoffmanmn O, Aknas B Breker S, Solomayrr B et al 12000, Desection

and chasictcrzeation of cwculating tumor colly in blood of primary brcast cancer
pasicuts by RUE-PCR sl comparion w siss of booe murrom disscaniaaied
cells. Breast Cancer Res |12 R30. berZ34% [pai]; doic It 186/ber2349.

Tewes N, Aktas B, Weke A, Mueller S Hauedi S, et ol (0090 Moleeubar prodiling
anel gredicine valoe of carcuabatiog turmos cofb i patients with setasatse becast
cancer: un opuon lor moaicaing repocse 10 breast cances therupries.
Beoast Cancer Res Trese 115 381 500, dai 10,1007 /0 TO5800@-014%x.

. Kalibergor D, Broncnccher F, Raxder A, Losch A, Gissh G, e al (1999

Modificd trucscudar computerassated inage analysis yersus aubijective scoring of
#Strogen repene expresion in hireas caneer: a comparisan, Ancicances Res 19
dran-2en

wn fov wlonn delinmion of an
immunoresctive soore (IRS) lor i i icul rerrpanT
terection (ER-ICA in hrrast camoer tissue], I‘mhllngr % 198 140,
Hannemanie ), Meyer-Sticcklng S, Kemening D, Alpers |, Joosse SA, ot al
12011 Quuanitutive lighaeschution gesommic analysis of single cuwer celie PLoS
One fic e26362. PONE-D-11-16097 [pii]. doi: L0137 17 ponmmal pone 0026162,

PLOS ONE | www.plosone.org

Al

[N

19,

Estrogen Receptor in Circulating Tumor Cells

van Breas EIL Joose SA, Legenbeng MY, Ples R Hogervoes TH, es al. cN06; A
rmuiriplex POR prediicor for aCGH sorcess of FIPE samples. Br ] Cancer 'H2
BE8-B57, GBOBRY [pil]; doi 1D HKER/ s b fA02584,

L Lhangg L, Ricdider €5, Wi G Wang '), Yang Ko coal, (20012 Mo unadyses of

the prognosic value of cincalaring twmer cells in hreast cancer, Ciin Cancer Res
18 570137100 107841332, COR-121587 [pif]; dor 1011587 10780442 COR-
12057

. Joonse SA, Bausiel K (20151 Biodogie clullenges i the detection of’ cladating

tumnr eells, Cancer Res 758 11 D0O0R-5472 CAN-12-9422 [pii]; dow 1001507
OOU-5 172 CAN-1 223422,

. Bordesus J\l. Cheog 1, Welils AW, Ly BG, Lassin DR, e ol (312

[t in sita mr af’ recrpear MRNA predions response
ta tamenifen. PLaS One 7 c46330, PONE-D- 1202403 [pif]. dox1h 1571/
ourval pone AEGHS0

. Nuclal RM, Vemundes A, SwndiveRovaoa P, Sabdo M, Rodngues M, e ol

2012 Biomarkers Charcreszanon of Cirenlatmg Tumoor Cellse in Breaer
Cancer Patieots, Breant Cancer Res 14 R71 beed 10 [pii]; doe 10,1186/
Lae 3100,

. Bk O Rack B, Kulm O, Hofimuon S, Pokengeller O, et ol (N12)

Hetemgrneiey of FRalpha and ErbB2 Stanis b Cell Tines anel Cieridating
Tt Cotls of Metasiatn: Becant Cancer Patents, Limwd Oneal 5; 375183
Riggan RB, Schecengom RS, Guesrero M8 Booea ALL (2007 Pudivays 1o
ramoafen resistance, Cancer Lot 236 1 23 SO004-3R55(0700154-1 [pai]:
ok L0 G/ | et 2007 03 G s,

. Roodi N, Builey LR, Kao WY, Vermer CS, Yer ), e al (1995) Esugen

receptor gene analysis o esmgen  meoepioe-positne. and | mceptor-aegistive
priraarny bireast cancer. | Naal Cancer It @7: 446 451,

Karh S, Kulkami S, L NP, Bodd G Bukowski RM 89970 Kanogen
recepion muations o wenoxilenresin e cawer, Caoner Res 53 540
wi

o MeCany RS Je, Seabo b Flowen |L, Cox BE, Loghy GS, o al (19685 Lsc ol a

moasclonal antiscrogen receptor anbibody e te ieumuoohisiocdhicisical
evahurion of human mmors, Cancer Res 46: 40445 42485,

. Punmoase EA, Atwnl SK, Spocrke JM, Savage H, Pandtin A, 0 ol 2010

Motecular bromarkes analyses waing circolitmg tamor ol PLoS One &
12317, dai L0137 1/ josmmual pooe 012317,

o Laghart ST, Idard FC. Decraene G, Bachebor T, Dvlaloge S, et ol 20015

Unbwsed quaniivatne ssacmment of Hor2 exproston of circulaing wemor colls
0 patkeots wial meusic aed pon-metstatc e cancer, A Onedd 24:
1231 1238 25 fpal; doil0, 1003/ annonc /mdh 25,

September 2013 | Volume 8 | Issue 9 | e75038

67



5. PUBLICATION 2

Comparative study of whole genome amplification and next generation

sequencing performance of single cancer cells

Anna Babayan?!, Malik Alawi?®, Michael Gormley?, Volkmar Mdller*, Harriet
Wikman?, Ryan P. McMullin3, Denis A. Smirnov3, Weimin Li3, Deborah S. Ricci®, Maria
Geffken®, Klaus Pantel, Simon A. Joosse!

Department of Tumor Biology, 2Bioinformatisingle cell Core, “Department of
Gynecology and ®Department of Transfusion Medicine, University Medical Center
Hamburg-Eppendorf, Hamburg, Germany

3Janssen, Pharmaceutical Companies of Johnson and Johnson, Spring House,
PA, USA

SHeinrich-Pette-Institute, Leibniz-Institute for Experimental Virology (HPI),

Hamburg, Germany

*shared senior authorship

Submitted: 2016
Published 19.07.2016 in Oncotarget

68


ITB_174243
Hervorheben


Abstract

BACKGROUND: Single cell genotyping may provide the next step towards
individualized medicine in the management of cancer patients. However, whole
genome amplification (WGA) is required in order to study the genome of a single cell.
Different technologies for WGA are currently available but their effectiveness in
combination with next generation sequencing (NGS) and material preservation is
currently unknown.

METHODS: We analyzed the performance of WGA kits Amplil, PicoPlex, and
REPLI-g on single and pooled tumor cells obtained from EDTA- and CellSave-
preserved blood and from formalin-fixed, paraffin-embedded material. Amplified DNA
was investigated with exome-Seq with the lllumina HiSeq2000 and ThermoFisher
lonProton platforms.

RESULTS: In respect to the accuracy of SNP/mutation, indel, and copy number
aberrations (CNA) calling, the HiSeq2000 platform outperformed lonProton in all
aspects. Furthermore, more accurate SNP/mutation and indel -calling was
demonstrated using single tumor cells obtained from EDTA-collected blood in respect
to CellSave-preserved blood, whereas CNA analysis in our study was not detectably
affected by fixation. Although REPLI-g WGA kit yielded the highest DNA amount, DNA
guality was not adequate for downstream analysis. Amplil WGA kit demonstrates
superiority over PicoPlex for SNP and indel analysis in single cells. However, PicoPlex
SNP calling performance improves with increasing amount of input DNA whereas CNA
analysis does not. Amplil performance did not significantly improve with increase of
input material. CNA profiles of single cells, amplified with PicoPlex kit and sequenced
on both HiSeq2000 and lonProton platforms, resembled unamplified DNA the most.

CONCLUSION: Single cell genomic analysis can provide valuable information.
Our study shows the feasibility of genomic analysis of single cells isolated from
differently preserved material, nevertheless, WGA and NGS approaches have to be

chosen carefully depending on the study aims.
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INTRODUCTION

Introduction of single cell analysis led to paradigm shifts in almost all fields of
biology and medical sciences as it allows for an accurate representation of the cell-to-
cell heterogeneity instead an average measure of an entire cell population [1]. In
cancer research, single cell analysis empowers characterization of tumor
heterogeneity, and most notably has potential for clinical impact through
characterization of circulating tumor cells (CTCs).

CTCs are tumor cells that have separated from primary tumor or current
metastases and have infiltrated the systemic blood circulation [2]. Quantification and
characterization of CTCs in blood of cancer patients was introduced as a concept of
“liquid biopsy”. Enumeration of CTCs as a validated clinical biomarker has been utilized
for disease prognosis, diagnosis of minimal residual disease, and monitoring of therapy
effectiveness for breast, prostate, and colon cancer [3, 4]. Genomic characterization of
CTCs provides insights into genetic heterogeneity of the cancer and metastases and
might aid clinical management of cancer patients due to identification of therapy
sensitive and resistant clones. Herewith, investigation of single cell genomics may
provide the next step towards individualized medicine.

Individual CTCs can be investigated using a combination of whole genome
amplification (WGA) and next generation sequencing (NGS) to determine copy number
aberrations (CNAs) and gene mutations. However, single cell genomics is associated
with certain technical challenges, such as introduction of WGA- and NGS-associated
errors. Different technologies for WGA and NGS are currently available but their
effectiveness in combination is currently unknown, as well as influence of material
preservation on downstream analysis. Suitability of a certain WGA-NGS combination
for a particular downstream analysis should be extensively investigated in order to
establish a powerful and reliable tool for single cell genomics.

WGA is required for molecular profiling of CTCs since a single cell does not
contain enough DNA for direct biomolecular investigation. WGA can be performed by
different techniques, such as PCR-based, multiple-displacement amplification (MDA)-
based, and a combination of MDA pre-amplification and PCR-amplification. Unlike
exponential gain in the first two WGA methods, combined MDA-PCR provides quasi-
linear amplification [5-7]. The amplification approach has to be chosen carefully

depending on its specific characteristics and the subsequent analysis [8].
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An important factor influencing WGA is material preservation, in particular blood
preservation. EDTA-preserved blood requires processing as soon as possible [9].
Circulating tumor cells in blood may be preserved in special preservation tubes
(CellSave) in order to overcome this requirement. These tubes contain a cell
preservative, that stabilizes the sample and maintain cell morphology and cell-surface
antigens for up to 96 hours at room temperature, allowing for shipment of the samples.
However, fixatives may inhibit DNA amplification, hampering downstream analysis [9,
10]. Most tissue samples are conserved by formalin-fixation, and paraffin-embedding
(FFPE), which is difficult to handle in biomolecular analysis due to formalin-induced
cross-links [11]. Therefore, it is essential to have WGA methods compatible with these
types of preservation.

Downstream analysis of amplified DNA can be performed by massive parallel
sequencing using NGS in order to identify SNPs (single nucleotide polymorphisms),
indels (insertions-deletions), loss of heterozygosity, structural variations, and CNAs.

Single cell analysis of genomic aberrations by array-CGH is hampered. The
necessity of the pre-selected targets’ analysis on template, obtained by random and
incomplete genome amplification during WGA [12-14] results in high noise and
misinterpretation of the results [15]. Moreover, array-CGH provides limited resolution.
The highest resolution for whole genome analysis by array-CGH is 56 kb [16]. In
contrast, NGS provides the possibility to examine each nucleotide of the entire
amplified product with single base resolution.

Existing NGS platforms differ by library preparation and signal detection
methods. Illumina’s HiSeq machines exploit sequencing-by-synthesis approach [17,
18]. Currently, HiSeq platforms offer the highest throughput per run, although a
sequencing run lasts multiple days [18]. Thermofisher’s lonProton sequencers utilize
semiconductor sequencing technology, allowing to complete a sequencing run within
4 hours, but homopolymer stretches might be called incorrectly [17].

In this study, we evaluated different protocols, including different methods of
preservation, WGA and sequencing to identify an optimal process for single cell
sequencing. We compared our findings against unamplified DNA from bulk cell pellets
to quantitatively define the impact of different protocols on single cell sequencing. In
order to determine the impact of WGA method, we evaluated three different
commercially available WGA kits and measured DNA quality and yield. In order to

investigate the performance and compatibility of NGS platforms with whole exome
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sequencing of WGA single cell DNA, we compared the detection of genomic variants
(SNPs, indels and CNAs) from single SK-BR-3 cells spiked and re-captured from
EDTA-preserved blood. In order to investigate the influence of material fixatives, we
evaluated detection of genomic variants from single SK-BR-3 cells spiked and re-
captured from EDTA-preserved vs. CellSave preserved blood. Next, we evaluated the
limit of detection and consistency of genomic variant detection with increasing amounts
of starting material (i.e. increasing numbers of pooled cells). Finally, we demonstrate
proof of principle by evaluating genomic variants detected from CTCs collected from
breast cancer patients. Our findings indicate the technical and biological variability in
genomic variant detection from single cell sequencing and suggest optimized protocols

dependent on starting material and objective (i.e. SNP calling vs. CNA calling).

MATERIALS AND METHODS

Experimental design

First, we investigated performance of 3 WGA kits, representing 3 WGA
methods, in 4 groups of source material, differing by origin and preservation method.
The 4 sources of material included: A) individual SK-BR-3 cells obtained from EDTA-
preserved blood; B) individual SK-BR-3 cells obtained from CellSave-preserved blood;
C) single SK-BR-3 cells picked from FFPE SK-BR-3 cells; and D) individual CTCs
obtained from EDTA-preserved blood from a breast cancer patient.

After DNA vyield and quality per WGA kit were estimated, DNA of single cells
from each WGA group was used for whole exome NGS on 2 platforms. Briefly, 3 SK-
BR-3 cells, obtained from EDTA-preserved blood and amplified with Amplil, PicoPlex,
and REPLI-g kit, were analyzed with both HiSeq200 and lonProton platforms.

Based on results obtained from initial pilot experiments, the lonProton platform
and Repli-G WGA kit were excluded from further experiments. The second round of
experiments included WGA of single and pooled cells in duplicates and NGS of
obtained DNA in order to investigate the performance and the limit of detection with
increasing amounts of material. Duplicates of 1, 3, 5, and 10 pooled SK-BR-3 cells
obtained from CellSave-preserved blood and amplified with Amplil and PicoPlex kits
were sequenced on HiSeq2000.

Subsequently, a proof of principle experiment was performed on 2 individual
CTCs obtained from EDTA-collected blood of a breast cancer patient. The cells were

individually amplified with PicoPlex WGA kit and sequenced on HiSeq2000
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(Supplementary Figure 1). In total, 120 single cells and 72 pooled cells were

processed.

Cell culture

The breast cancer cell line SK-BR-3 was acquired from ATCC and cultivated
under prescribed conditions. The cells were harvested using trypsin/EDTA (R001100;
Gibco), washed and resuspended in PBS (14190-094; Gibco) for further experiments.
Genomic DNA was extracted using the Blood&Cell Culture DNA Mini Kit (13323,
Qiagen). The same cell line was previously formalin-fixed, paraffin-embedded, and

stored for over 3 years to simulate archival material.

Blood sampling

Blood from healthy individuals and metastatic breast cancer patients was
obtained from the Department of Transfusion Medicine and Department of Gynecology
at the University Medical Center Hamburg-Eppendorf, respectively. All study
participants gave written informed consent. The examination of blood from breast
cancer patients was approved by the local ethics review board Aerztekammer
Hamburg (OB/V/03). Breast cancer patients’ blood was sampled in EDTA collection
tubes (01.1605.001, Sarstedt). Blood from healthy donors was collected either in EDTA
or CellSave tubes (7900005, Janssen Diagnostics) and spiked with SK-BR-3 cells to

simulate CTCs.

Sample preparation

Blood samples collected in EDTA tubes were processed within 2 hours. Blood
samples collected in CellSave tubes were stored for 24-30 hours at room temperature
before being processed. Mononuclear cells from both cancer patients’ and healthy
donors’ blood spiked with SK-BR-3 cells were enriched by Ficoll density gradient
centrifugation as previously described [19], fixed with 0.5% paraformaldehyde for
10min, and stained for keratins as described elsewhere [20].

Single cells were picked by micromanipulation (micro injector CellTramVario
and micromanipulator TransferManNKII, Eppendorf Instruments, Hamburg, Germany).
Each individual cell was transferred in 1ul of PBS into the cap of a 200ul PCR tube and
stored at -80°C overnight.
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FFPE SK-BR-3 material was cut in 5um thin sections and preprocessed as
described before [21, 22]. Cross-links were removed by incubation of the slides in 1M
NaSCN at 56°C overnight. Subsequently, the slides were washed 3x3min with TBS,
stained with hematoxylin for 30s, rinsed with water, single cells were picked by

micromanipulation.

Whole genome amplification

WGA was performed according to the manufacturers’ recommendations using
3 different kits: PCR-based Amplil (WG-001-050-R02, Silicon Biosystems), combined
MDA-PCR PicoPlex (E2620L, New England Biolabs,), and MDA-based REPLI-g
(150343, Qiagen) WGA kits. The WGA products after Amplil and PicoPlex underwent
cleanup with NucleoSpin Gel and PCR Clean-up kit (740609, Macherey-Nagel).
REPLI-g WGA products were cleaned according to the QIAGEN recommendations
with ethanol for the FFPE samples and spin columns (51304, Qiagen) for the blood
samples.

DNA concentration was measured with a Nanodrop1000 (Peglab, Erlangen,
Germany). The quality control of the WGA products was assessed by a multiplex PCR
of the GAPDH gene as described elsewhere [21] with minor adaptations
(Supplementary Material 1). Samples were considered of sufficient quality for further

analyses if at least one of 200-400bp bands was detectable.

Next generation sequencing

Amplified DNA was investigated with whole exome sequencing on HiSeq2000
and lonProton platforms, unamplified DNA of the SK-BR-3 cells was sequenced with
HiSeq2000. Sequence data are available at
http://www.ebi.ac.uk/ena/data/view/PRJEB11307.

Data analysis

Raw data from the Amplil- and PicoPlex-amplified samples underwent adapter
clipping. PCR adapters of the Amplil kit are ligated to DNA sticky ends after Msel
restriction of TA"TAA sites [23], therefore adapters can be identified as oligonucleotide
sequences framing TAA...(N)...T fragments. For PicoPlex-amplified samples we

trimmed the first/last 14 bases as suggested by the manufacturer. Random hexamer
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primers of REPLI-g are complementary to the DNA and therefore did not need to be
trimmed.

Further data analysis was done according to the GATK Best Practices
recommendations [24, 25], detailed available as Supplementary Material 2.
SNP/mutation and indel discovery was limited to protein coding exons only
(downloaded from the CCDS Project database [26]).

Sensitivity, specificity, positive and negative predictive values of the variant
calling analysis were evaluated based on the schema presented on Supplementary
Figure 2. Calls from single cells (analyzed samples) were compared to calls made from
unamplified DNA from bulk cell pellets (reference). Analyses were limited to SNP
positions and alleles as defined in the dbSNP (Version 138.hg19) to minimize
discrepancies from random error between samples. Truepositives (TP) are defined as
known SNPs found in both the reference and analyzed samples. Falsepositives (FP)
are known SNPs identified in analyzed samples but not present in
reference.Conversely, known SNPs identified in the reference sample but not in the
analyzed sample are falsenegatives (FN). Based on this definition, sensitivity (S),
specificity (Sp),positive predictive value (PPV) and negative predictive value (NPV)
were calculated as follows: S = TP/(TP+FN), Sp = TN/(TN+FP), PPV = TP/(TP+FP),
NPV = TN/(TN+FN). Indel calling statistics were calculated similarly.

Venn diagrams were created with the used of BioVenn web application [27].

Allelic dropout (ADO) rate was calculated as follows: heterozygous SNPs in
sample, present in reference, divided by their sum with homozygous SNPs in sample,
present in reference as heterozygous SNPs.

CNAs were evaluated using Control-FREEC [28] with a window size of 30kb,
visualized and further analyzed using custom scripts (MATLAB R2015a, The
MathWorks Inc.). Correlation among CNA profiles was calculated using Spearman

correlation test.

RESULTS

Whole genome amplification of single cells

Three WGA kits (i.e. Amplil, PicoPlex, REPLI-g) were used to amplify single
cell samples of 4 groups: A) 10 individual SK-BR-3 cells spiked and picked from EDTA-
preserved blood; B) 10 individual SK-BR-3 cells spiked and picked from CellSave-
preserved blood; C) 10 single SK-BR-3 cells picked from FFPE SK-BR-3 cells; and D)
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10 individual CTCs picked from EDTA-collected blood of breast cancer patients. In
total, 120 single cells were individually processed by WGA. DNA yield and success
rate, as measured by multi-plex PCR of GAPDH, of the tested WGA kits are presented
in Table 1 and on Supplementary Figure 3.

WGA with the Amplil kit demonstrated an average DNA vyield of 7.07 pug, 5.86
Mg, 6.74 ug and 4.69 ug for the 4 different 10-sample sets respectively with the average
DNA vyield 6.09 pg (Table 1a). The GAPDH multiplex-PCR demonstrated a 100%
success rate for the experiment with EDTA tubes, CellSave tubes, and FFPE
experiments, whereas the amplification of the patients’ CTCs demonstrated a success
of 70% for CTCs (Table 1b). The average DNA yield for PicoPlex kit was 2.86 g, 3.39
Mg, 4.71 ug and 4.01 ug for the 4 different 10-sample sets respectively and 3.74 pg on
average for all 40 samples. Quality control PCR demonstrated 100% success rate in
all groups except single SK-BR-3 cells picked from EDTA blood (80% success rate).
The REPLI-g kit demonstrated the highest DNA vyield: 15.39 ug, 11.37 ug, 77.97 ug
and 31.41 ug in the same 4 experimental groups respectively. The average DNA output
was 34.04 g for all 40 samples. Quality control PCR demonstrated 70% success rate
in cases of single SK-BR-3 picked from EDTA and CellSave tubes and 30% in cases
of FFPE SK-BR-3 cells as well as patient CTCs.Among all tested WGA kits REPLI-g
demonstrated the highest DNA yield along all sample group, however with the lowest
success rate (50% average). Amplil and PicoPlex kits demonstrated comparable
success rates (on average 93 and 95%, respectively) with DNA yield prevalence of
Amplil over PicoPlex-processed samples in all compared groups (on average 6.09

and 3.74ug, respectively).

SNP/mutation, indel, and CNA analyses of SK-BR-3 cells, obtained from
EDTA-preserved blood

Genomic variants detected from single cells recovered from EDTA-preserved
blood were analyzed to compare sequencing platforms and WGA methods. Variants
detected in single cell analyses were compared to variants detected in bulk cell pellets
without WGA as a gold standard. We report sequencing quality statistics (e.g. read
depth), the total number of SNPs and indels detected, including both previously
reported SNPs and indels and novel variants, the allelic dropout rate and the sensitivity
and positive predictive value of detection compared against unamplified DNA as

metrics to compare different protocols. Sequencing with HiSeq2000 platform produced
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more reads and provided higher depth and breadth of target base coverage, higher
mapping rates, and lower duplicate rates compared to lonProton. Comparing the
applied WGA procedures, the highest numbers of clean reads, mapping and duplicate
rates were observed for REPLI-g WGA kit. The complete characteristics of NGS data
are presented in Supplementary Table 1. The number of total and known SNPs
identified with HiSeq2000 platform was higher than for lonProton regardless of the
WGA method used (Figure 1A). Sequencing with the HiSeg2000 platform resulted in
7125, 4680, 173 known SNPs detected with Amplil, PicoPlex, and REPLI-g Kkits,
respectively, and concordant with known SNPs detected in bulk unamplified NA.
Sequencing with the lonProton platform resulted in the detection of 1525, 1073, and
30 concordant known SNPs with respective WGA kits. Sensitivity, the probability of
detecting a known SNP found in the reference sample in the single cell samples, was
also higher in samples sequenced with HiSeq2000 with 41.3, 27.1% and 1.0% for
Amplil, PicoPlex, and REPLI-g WGA experiments, respectively (Table 2). Novel single
nucleotide variants (SNVs) were identified in single cells, as well as in genomic DNA,
which might be sequencing or amplification errors. Higher numbers of novel SNVs
were observed for HiSeq2000 over lonProton sequenced samples (265 vs 50, 4711 vs
538, and 203 vs 33 for Amplil, PicoPlex, and REPLI-g WGA kits and HiSeq2000 vs
lonProton NGS, respectively). The highest number of novel SNPs was observed for
the PicoPlex-amplified and HiSeq2000-sequenced cell (4711 SNPs). Among the
samples sequenced with the same NGS platform, more known indels were identified
in Amplil-amplified samples (176 vs 23, 82 vs 14, and 3 vs 1 for Amplil, PicoPlex, and
REPLI-g WGA kits compared for HiSeq2000 vs lonProton, respectively). The fraction
of known indels was the highest for Amplil-HiSeq2000 analysis (15.3%) (Table 2).
CNA profiles from single cells were compared with the CNA profile of genomic SK-BR-
3 DNA using Spearman correlation (Figure 2A-G). Correlation between whole genome
amplified single cells and genomic DNA did not depend on NGS platform, but was
dependent on WGA kit. Amplil, PicoPlex, and REPLI-g amplified cells demonstrated
median (r<0.7), strong (r>0.8) and weak (r<0.3) correlation with genomic DNA,
respectively (Table 2).

ADO rates demonstrated dependence on both WGA and sequencing platform
(Table 2). ADO rates were lower in HiSeq2000-sequenced samples in comparison to
lonProton with outperformance of the Amplil kit within the same NGS platform (9, 24,
and 100% for cells, amplified with Amplil,PicoPlex and REPLI-g WGA kits and
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sequenced on Hiseq200 vs 20, 42, and 100% in lonProton group, respectively). Based
on the obtained results of the first NGS experiments, we excluded REPLI-g WGA kit

(MDA-based technique) and lonProton platform from further analyses.

SNP/mutation, indel, and CNA analyses of single and pooled SK-BR-3
cells, obtained from CellSave-preserved blood

To investigate the detection limit with increasing amount of starting material for
WGA, as well as the influence of CellSave preservative on WGA and NGS
performance we analyzed duplicates of 1, 3, 5, and 10 pooled SK-BR-3 cells amplified
with Amplil and PicoPlex WGA kits and sequenced on lllumina’s Hiseq2000. The
whole obtained data is presented in Supplementary Table 1.

Comparison between single cells obtained from EDTA- and CellSave-collected
blood revealed lower numbers of the total and known identified SNPs and indels, and
higher number of novel SNPs and indels in cells from CellSave-preserved blood.
Sensitivity of SNP and indel calling was lower for single cells from CellSave tubes in
comparison to single cells obtained from EDTA-preserved blood (Table 3). The overlap
in known SNPs detected from single cells in EDTA and CellSave preserved blood was
similar to the overlap detected from technical replicates of single cells in CellSave
preserved blood (Figure 1B), indicating that technical bias from other sources is greater
than variation from the preservation method. As described above, comparison of
findings obtained by different WGA kits demonstrates superiority of Amplil WGA over
PicoPlex for SNP and indel analysis in single cells, as indicated by the higher sensitivity
of Amplil WGA (Table 3).

Analyses of pooled cells demonstrated that the numbers of the identified total
and known SNPs/mutations increased with increasing number of pooled cells, however
statistically significant between different groups of pooled cells for PicoPlex only.
Moreover, the rate of change of detection of total and known SNPs with increasing
number of cells was found to be different with Amplil and PicoPlex kits. Amplil kits
appear to have more variability in performance as indicated by the variance in the
number of total SNPs detected (Figure 3A). Variance is smaller in the percentage of
known SNPs detected (Figure 3A). In addition, the increase in the percentage of known
SNPs detected with increasing numbers of pooled cells is greater for the
PicoPlex kit (Figure 3A, 3B).
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Sensitivity of SNP and indel analyses increased with increasing number of
pooled cells. The effect was statistically significant for PicoPlex, but not Amplil kit as
indicated by significant correlation. However, the differences in kits’ performance were
not significantly different by these metrics (Figure 3C, 3D).

Samples analyzed with either kit showed similar ADO rates (3-79 and 2-74%,
respectively) (Supplementary Table 1). With each kit, ADO rates decreased with
increasing numbers of pooled cells, indicating that the high ADO rate with single cells
is largely attributed to WGA. This effect was significantly different for
PicoPlex kit only (Figure 3E).

Correlation between CNA profiles of genomic DNA and analyzed samples
increased along with the number of pooled cells for both WGA kits, however, this effect
was not statistically significant. There was no significant difference in the rate of change
of performance between the two kits (Figure 3F).

The obtained results suggest that the Amplil WGA kit is superior to the
PicoPlex kit for SNP and indel analysis in single cells (Table 3). Notably, detection of
SNPs by PicoPlex significantly improves with the number of pooled cells (i.e.
increasing amount of input DNA. Amplil performance did not significantly improve with
increase of input material in any case. This suggests a greater effect of WGA for MDA-

PCR amplification in comparison to PCR-based amplification.

Genomic characterization of patient tumor cells

As proof of principle, two CTCs from a metastatic breast cancer patient were
isolated from 10ml of blood obtained in an EDTA tube. The PicoPlex WGA kit was used
to amplify the genomes of the individual cells, followed by exome sequencing using
HiSeq2000. CNA analysis demonstrated two genetically different profiles (Figure 2H,
21), suggesting cancer genetic heterogeneity of this patient’s disease. Both CTCs carry
gain of chromosome 1q, which has been identified previously as an universal genomic
feature of breast cancer [29]. Additionally, CTC-1 demonstrates copy humber variation
typical for luminal breast cancer including chromosome 16p gain and chromosome 16q
loss. In contrast, CTC-2 is strongly characterized by chromosome 9p loss. SNP calling
analysis revealed 1135 SNPs and 15 indels common in both cells (Figure 1C). Mutation
analysis revealed 5 missense mutations annotated in COSMIC database [30].
Mutations in genes CHEK2, PRAME, and KIT were present in both CTCs, mutation in
gene FGFR2 was detected in CTC-1 only and in gene TP53 —in CTC-2 only (Table 4).
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DISCUSSION

In the study presented here, the performance of single cell WGA and
subsequent whole exome sequencing were investigated on 2 different NGS platforms.
lllumina’s HiSeq platforms are widely used in human genome research due to their
accuracy. Sequencing with ThermoFisher’s lonProton can be faster and more cost-
effective per run, however, sequencing with lonProton may result in substantial
decrease of effective coverage depth due to the high abundancy of PCR and optical
duplicates. Emulsion PCR, utilized for library preparation in lonProton technology, is
thought to be the main source of PCR duplicates [31]. Moreover, the introduction of
indels is a well-documented disadvantage of the semiconductor sequencing utilized in
lonProton [17]. Nevertheless, our study shows that CNA analysis was not affected by
the described disadvantages of semiconductor sequencing and demonstrated
comparable results for samples sequenced on both NGS platforms.

Important applications of NGS such as SNP/mutation, indel, and CNA calling
seem to be especially hampered in single cell analysis due to relatively high variance
in amplification efficiency across the genome as a result of WGA [6, 12, 13]. Allelic
dropout (ADO), defined as the complete absence of one allele of heterozygous loci, is
one of the major concerns associated with WGA, leading to false interpretation of
SNP/mutation and indel calling results. In our study, Amplil WGA kit demonstrated
lower ADO rates on the single cell level and consequently more accurate SNP/mutation
and indel calling independent of sequencing platform, blood preservative, and number
of pooled cells. These data suggest that Amplil (PCR-based WGA) outperforms
PicoPlex (MDA-PCR combining WGA technique) and REPLI-g (MDA-based) WGA kits
for SNP/mutations and indel calling. However, adaptor-ligation PCR, utilized in some
PCR-based WGA kits (e.g., Amplil), has certain limitations. Site-specific digestion of
template DNA prior to PCR by the Msel enzyme [32] results in a wide distribution of
fragment lengths. In silico analysis (data not shown) demonstrates that only 38% of
19x10° fragments produced by Msel restriction of the human genome have length 100-
500bp and therefore sufficient for exome-capturing and size-selection for library
preparation. In order to optimize single cell sequencing, revision of the current exome
capturing regions is required.

Commercially available exome enrichment kits have not been optimized for
WGA products. The usage of fragmented WGA DNA as template might drastically

reduce capturing efficacy. Moreover, a significant fraction of template DNA can be

80



nonspecifically enriched outside target regions, varying from kit to kit [33-35], causing
identification of thousands of high quality SNPs outside the target regions [33]. A
limitation of this study is that only one exome capturing kit has been tested and thus,
it cannot be ruled out that other capturing kits may have different results. Exome
capturing in which smaller regions are targeted might outperform capturing of larger
genomic regions. Another limitation of this study is that we used SK-BR-3 bulk DNA,
sequenced on HiSeq2000 as reference for SNP/mutation, indel and CNA analysis for
SK-BR-3 cells, sequenced on both HiSeq2000 and lonProton platforms. lonProton
sequenced bulk SK-BR-3 DNA used as reference might improve results of lonProton-
sequenced samples.

Although REPLI-g amplified samples (MDA-based technique) demonstrated the
highest DNA yield from a single cell, the quality of the obtained DNA was remarkably
low and insufficient for appropriate SNP/mutation, indel, and CNA analyses. Based on
our experience and observations of de Bourcy et al. [8] and Bergen et al. [36], we
conclude that input of at least 10ng of genomic DNA and tailoring of the MDA reaction
to obtain just enough DNA for further analysis is a key to optimal MDA performance.
Further biases in MDA-based WGA can distort CNA analysis and have been described
elsewhere, these include uneven representation and non-specific amplification of the
genome, a large variability in amplification bias among the products, chimera
formation, and dislocated sequences [8, 37-39].

Single cells from EDTA-collected blood demonstrated higher sensitivity for
SNP/mutation and indel analyses, than single cells from CellSave-preserved blood.
Since EDTA-collected blood requires timely processing after collection [9], CellSave
blood preservation could be of great value in e.g., multicenter studies. In this study, we
examined the consistency of SNP/mutation and indel calling performance in 1, 3, 5,
and 10 pooled cells in comparison to unamplified genomic DNA and the influence of
WGA technique on the results. SNP/mutation and indel analyses of single and pooled
cells revealed high variability in results for Amplil and PicoPlex WGA kits on single cell
level, decreasing with the number of pooled cells.

The concordance of the identified SNPs/mutations in 1, 3, 5, and 10 cells from
CellSave-preserved blood with the reference was invariant to the WGA technique used

and improved with increasing number of pooled cells. For PicoPlex amplified DNA, the

true—positives

sensitivity ( ) of the SNP/mutation analysis increases with

true—positives + false—negatives

increasing number of pooled cells, in association with a decrease in ADO rates. A
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similar trend was detected with the Amplil kit amplified DNA, although the effects were
not significant. The effects may have been obscured by the relatively high variance
observed with Amplil amplification. Similarly, CNAs detected from single or pooled
cells demonstrates a trend for increasing correlation with calls made from unamplified
DNA. These effects are not significant which may be due to the relatively high variance
in correlation with low number of starting cells (Figure 3). Nevertheless, CNA profiles
of even a single cell from EDTA-collected blood, amplified with PicoPlex WGA kit and
sequenced on both HiSeq2000 and lonProton, demonstrated strong correlation (r=0.8)
with unamplified DNA in contrast to a moderate correlation observed for Amplil kit for
the same experiment (r<0.7) (Table 2). Moreover, as few as 3 pooled cells from
CellSave-preserved blood resembled CNA pattern of unamplified DNA with strong
correlation, whereas Amplil-amplified samples reached the same correlation level with
5 pooled cells.

A recent study from our lab has demonstrated genetic heterogeneity within a
cancer cell line upon sequencing single cells [40]. Therefore, it cannot be ruled out that
the low concordance of SNP/mutation calling between single cells might also be the
effect of heterogeneity in addition to WGA artifacts. However, the strong correlations
of CNA of the SK-BR-3 cell-line between different lineages published in the past [11]
suggests that its overall genome is relatively stable. Further research entailing deep
sequencing of unamplified genomic DNA will reveal the genetic heterogeneity of this
cell line. It has been noted that WGA strongly affects CNA analysis due to imbalanced
amplification of alleles [5, 13]. Moreover, non-linear amplification is random and is not
reproducible for the same DNA template [14]. Although CNA analysis does not require
exome capturing and is possible on whole genome shallow sequenced data, we
performed CNA analysis on whole exome sequencing data and demonstrated that the
guality of the obtained DNA by both Amplil and PicoPlex kits was adequate for
gualitative assessment of CNA patterns. Deeper exome sequencing may compensate
imbalanced allele amplification, crucial for CNA analysis of shallow sequenced whole
genome data.

Sequencing CTCs from cancer patients has been suggested as a “liquid biopsy”
that could be used to study tumor heterogeneity and find therapy associated markers
[41]. In our study, we identified 3 cancer-associated mutations, 1135 SNPs, and 15
indels common in two CTCs from a single breast cancer patient, however their CNA

profiles were not similar, reflecting intra-patient heterogeneity. Given the findings
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presented from our benchmarking analyses, it is difficult to separate true biological
variants from variation introduced by WGA or sequencing artifacts.
However,identification of non-overlapping mutations in FGFR2 and TP53 genes might
indicate clonal evolution of the tumor. Further single cell genomic research and
improved WGA methods may enable us to investigate cancer evolution during tumor
development and under therapy pressure leading to treatment resistance using CTC

sequencing.

CONCLUSION

We comprehensively tested the effectiveness of WGA of single cells for exome
sequencing by NGS. As an aspect of testing, we evaluated 3 WGA techniques, 2 NGS
platforms, and the influence of material fixation for long term preservation. Although
REPLI-g WGA kit yielded the highest DNA amount, DNA quality was not adequate for
SNP/mutation, indel, and CNA analysis.

Ampli1 WGA kit combined with lllumina’s HiSeq2000 platform demonstrated the
best concordance with unamplified DNA for SNP/mutation and indel calling, both for
EDTA- and CellSave-preserved cells with ADO rates 9-79%, mostly dependent on the
amount of starting material. However, PicoPlex performance significantly improves
with the number of pooled cells (increasing amount of input DNA), whereas Amplil
performance did not significantly improve with increase of input material in any case.

The CNA profiles produced with PicoPlex kit on both HiSeq2000 and lonProton,
independent of blood preservative, resembled unamplified DNA the most. PicoPlex
performance of CNA analysis is not affected by input amount.

Our study shows the feasibility of genomic analysis of single cells isolated from
differently preserved material, enabling advanced diagnostics such as on CTCs during

cancer treatment for companion diagnostics.
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WGA output, mean = st. dev., ug

WGA kit

SKBR3 SKBR3 SKBR3 CTC
EDTA CellSave FFPE EDTA Average
Amplil 7.07+1.08 586+223 6.74+161 4.69+319 6.09+2.29
PicoPlex 2.86+1.14 339+232 471+041 401+124 3.74+156
REPLI-g 15.39+1.35 11.37 +1.25 ;g'g; * 31.41 + 12.84 34.04 + 31.23

Table 1a. DNA output, ug.

PCR quality control success rate, %

WGA kit

SEKDBTRA3 cselﬁggfe SFKFBPRE3 CTCEDTA  Average
Amplil 100 100 100 70 93
PicoPlex 80 100 100 100 95
REPLI-g 70 70 30 30 50

Table 1b. PCR quality control success rate, %.

Table 1. Mean DNA yield (Table 1a) and PCR quality control success rate
(Table 1b) for single SK-BR-3 cells and CTCs extracted from EDTA and CellSave

preservation tubes, and FFPE material, after amplification with Amplil, PicoPlex, and

REPLI-g WGA kits.

CTC - circulating tumor cell; st.dev — standard deviation.
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SK-BR-
. ) ) 3
WGA kit Amplil PicoPlex REPLI-g genomi
‘é’_ c DNA
° S 5| s§5|¢sg 8§/ ¢
O [N IS) N <) S <) S
NGS platform S & =3 £ = £ >
n c N c n c n
T 2 T 2 T 2 T
Total SNPs 9944 1986 |9948 1695 | 403 64 17659
Known SNPs 9679 1936 |5237 1157 | 200 31 17251
o o' SNPSle73 975|526 683 |496 484|977
(@]
+ Novel SNPs 265 50 4711 538 203 33 408
< ADO, % 9.0 19.8 24.0 42 .4 100.0 100.0 | na
» Common SNPs
Q@ with known
Z
& SNPsin 7125 1525 4680 1073 173 30 17251
reference
Sensitivity, % 41.3 8.8 27.1 6.2 1.0 0.2 100.0
PPV, % 73.6 78.8 89.4 92.7 86.5 96.8 na
Total indels 1148 2688 | 2469 1688 | 140 52 502
Known indels 176 23 82 14 3 1 310
8 (';)“OW” indels, | 153 09 |33 08 |21 19 |e18
2 Novel indels 972 2665 |2387 1674 | 137 51 192
% Common indels
g Mth known 116 16 |71 11 |2 1 310
S indels in
= reference
Sensitivity, % 37.4 52 22.9 3.6 0.7 0.3 100.0
PPV, % 65.9 69.6 86.6 78.6 66.7 100.0 | na
g Spearman
> correlation 0.66 0.63 0.81 0.80 0.25 0.25 na
S coefficient (r)
@
<Z‘: P-value <0.01 <0.01 | <0.01 <0.01 |<0.01 <0.01 |na
O

Table 2. The counts and statistics of SNP and indel calling in SK-BR-3 individual
cells, obtained from EDTA-collected blood, amplified with Amplil, PicoPlex, and
REPLI-g WGA kits and sequenced with lllumina HiSeq2000 and ThermoFisher
lonProton NGS platforms.

Total SNPs/indels — number of all identified SNPs/indels. Known SNP — fraction
of SNPs/indels, present in SNP database. Novel SNPs/indels — number of
SNPs/indels, not present in SNP database. ADO — allelic dropout. PPV — positive

predictive value.
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SK-BR-3
£ WGAKit Amplil PicoPlex genomic
z DNA
= NGS HiSeq2000 HiSeq2000 HiSeq2000
5 P
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; @) = = a) Yv) J) .
v preservation m T T m T 3 applied
= O O &) &)
(@]
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';”I\?;’,": 0676 6189 2857 | 5237 2522 4457 | 17251
Known
 SNPs, % 973 791 699 | 526 259 454 97.7
% Novel SNPs | 265 1637 1231 | 4711 7216 5364 408
® ADOrate,% | 9.0 364 785 | 540 743  66.4 na
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o )
& SNPswith | -,o0  5ea0 2381 | 4680 2088 2885 | 17251
known SNPs
in reference
SensivY: | 413 329 138 | 271 121 167 na
PPV, % 736 91.8 833 | 894 828 647 na
Total indels | 1148 723 165 | 2469 790 914 502
Known 176 89 36 82 24 63 310
indels
w | Known 15.3 123 218 3.3 3.0 6.9 61.8
ke indels, %
% Novel indels | 972 634 129 | 2387 766 851 192
I Common
© indelswith | 4.0 44 32 71 19 42 310
c known indels
in reference
SensiVY. | 374 245 103 | 229 61 136 na
PPV, % 659 854 889 | 866 79.2  66.7 na
»  Spearman
Q2 correlation 0.64 0.84 0.25 0.81 0.69 0.09 na
f_g coefficient (r)
o]
<Z‘: P-value <0.01 <0.01 <0.01 | <0.01 <0.01 <0.01 na
O
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Table 3. The counts and statistics of SNP and indel calling in single SK-BR-3
cells, analyzed in duplicates, obtained from CellSave-preserved blood, in comparison
to single SK-BR-3 cells, obtained from EDTA-collected blood.

Total SNPs/indels — number of all identified SNPs/indels. Known SNP — fraction
of SNPs/indels, present in SNP database. Novel SNPs/indels — number of
SNPs/indels, not present in SNP database. ADO - allelic dropout. PPV — positive

predictive value.
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Cell CTC-1 CTC-2
()
= WGA kit PicoPlex
8 NGS HiSeq2000
Blood preservative EDTA
o Total SNPs 34994 14658
n 2 »  Known SNPs 4304 6030
o g0
%o Known SNPs, % 12.3 41.1
8 85 Novel SNPs 30690 8628
QU_) S %’ Known SNPs common in both
Z 5 © datasets 1135
n g o
S Fraction of common known from 26.4 18.8
known identified in dataset, % ' '
o Total indels 4383 4103
g % & Known indels 42 81
® {5 Known indels, % 1.0 2.0
£ 85 Novelindels 4341 4022
T S 2 Known indels common in both 15
T 5 g datasets
-3 Fraction of common known from 377 185
known identified in dataset, % ' '
‘0
< > .
(Z) © v Correlation between CTCs, r 0.10
c
©
" ?g CHEK2 (K373E)
i’ms% Present in both CTCs KIT (M541L)
T
S o PRAME (W7R)
S & FGFR2 t
g o , (Y376C)
5 £ Present in only one CTC
2 E wi TP53
8 (E285K)

Table 4. The counts and statistics of SNP and indel calls in CTCs.
Total SNPs/indels — number of all identified SNPs/indels. Known SNP — fraction

of SNPs/indels, present in SNP database. Novel SNPs — number of SNPs, not present

in SNP database. ADO — allelic dropout. r — Spearman correlation coefficient. wt — wild

type.
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Amplil WGA kit PicoPlex WGA kit REPLI-g WGA kit

= Known SNPs in the exome of unamplified SK-BR-3 DNA

~ Known SNPs in the single SK-BR-3 cell exome, sequenced on HiSeq2000
¥ Known SNPs in the single SK-BR-3 cell exome, sequenced on lonProton

4895

Amplil WGA kit PicoPlex WGA kit
» Known SNPs in the exome of a single SK-BR-3 = Known SNPs in single
cell, obtained from obtained from EDTA blood | # CTC-1and CTC-2,

~ Known SNPs in the exome of the first and obtained from EDTA
W the second single SK-BR-3 cells, blood of the same
obtained from CellSave-preserved blood breast cancer patient

Figure 1. Distribution of identified known SNPs between datasets.

A. Known SNPs identified in single cells, amplified with Amplil, PicoPlex, and
REPLI-g WGA kits and obtained from EDTA-preserved blood in comparison to
unamplified DNA.

B. Known SNPs identified in single cells, amplified with Amplil or PicoPlex and
obtained from EDTA- and CellSave-preserved blood in comparison to unamplified
DNA from unfixed cells.

C. Known SNPs identified in single CTCs, amplified with PicoPlex in comparison

to each other.
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Figure 2. Plots of CNA profiles along the whole genome (x axis).

A — CNA profile of unamplified DNA from unfixed cells. B-G — plots of CNAs in
single SK-BR-3 cells, obtained from EDTA-preserved blood. H, | — CNA profiles of
individual CTCs, obtained from EDTA-preserved blood of the same breast cancer
patient. WGA kits: B, E — Amplil; C, F, H, | — PicoPlex; D, G — REPLI-g.
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Figure 3. Characteristics of single and pooled 3, 5, and 10 SK-BR-3 cells,

obtained from CellSave-preserved blood, amplified with Amplil and PicoPlex WGA
kits, and sequenced with HiSeq2000 NGS platform.

Allelic dropout.

mmoow>»

unamplified DNA.

Total identified SNPs.

Fraction of known identified SNPs.

Sensitivity of SNP calling analysis.

Sensitivity of indel calling analysis.

Correlation of CNA profiles of the analyzed samples with CNA profile of
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Supplementary Figure 1. Experimental design.

SK-BR-3 breast cancer cell line cells were spiked into blood donors’ blood,
collected into EDTA- and CellSave tubes. Previously the same cell line cells were used
to prepare formalin-fixed, paraffin-embedded material (FFPE). Blood from breast
cancer patients was drawn into EDTA-tubes. Blood and FFPE samples were
processed and used for picking of individual tumor cells: A) 10 individual SK-BR-3 cells
spiked and picked from EDTA-preserved blood; B) 10 individual SK-BR-3 cells spiked
and picked from CellSave-preserved blood; C) 10 single SK-BR-3 cells picked from
FFPE SK-BR-3 cells; and D) 10 individual CTCs from breast cancer patients, from
each group of samples. Collected cells were used for WGA with Amplil, PicoPlex, and
REPLI-g WGA kits. For the EDTA-preserved SK-BR-3 cells, 3 representative whole
genome amplified cells, one per WGA kit, underwent NGS on both HiSeq200 and
lonProton platforms. Taking the results of SNP, indel, and CNA analyses into
consideration, next NGS round on HiSeq2000 included duplicates of 1, 3, 5, and 10
CellSave-preserved SK-BR-3 cells, amplified with Amplil and PicoPlex, and 2 patient
CTCs, amplified with PicoPlex. Unamplified SK-BR-3 DNA from unfixed cells was
sequenced on HiSeq2000.
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Supplementary Figure 2.
Definition of SNP calls, identified
in analyzed dataset in comparison
to reference as true-positive,
false-positive, true-negative, and
false-negative SNPs.

TP — true-positive calls; FP
— false-positive calls; TN — true-
negative calls; FN - false-

negative calls.

Supplementary Figure 3.
DNA yield in respect to WGA kit in
groups of single SK-BR-3 cells,
picked from EDTA- and CellSave
preserved blood, FFPE material,
and CTCs, picked from EDTA-
preserved blood of breast cancer

patients.
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Supplementary Material 1.

The quality of the WGA products was assessed by a multiplex PCR of the
GAPDH gene producing fragments of 100, 200, 300, and 400 bp fragments from non-
overlapping target sites as described elsewhere [1]. Since the original 200 bp fragment
is not amplified by the Amplil WGA kit, we used the following primers to produce a 200
bp fragment: fw: 5-AAGATCATCAGGTGAGGAAGGC-3’ rev: 5'-
CCCCAGCTCTCATACCATGAGTC-3..

PCR conditions were optimized for a reaction of 15 pl total volume with input of
100 ng DNA as follows: 0.75 U AmpliTaq Gold DNA Polymerase (Applied Biosystems,
4486226), 0.2 mM of each ATP, GTP, CTP, TTP; 0.136 pM of each primer, and 2 mM
MgCl. (Applied Biosystems, R01911). Human leukocyte DNA was used as positive
control for the multiplex PCR. The PCR program was as follows: 95°C for 5 min; 35
cycles of 94°C for 30 sec, 64°C for 30 sec, 72°C for 45 sec; final elongation at 72°C for
7 min. PCR products were analyzed in a 2% agarose TAE ethidium bromide-stained
gel. Samples were considered to be of sufficient quality for further analyses if at least
one of the 200, 300, and 400 bp bands was detected.

1. van Beers EH, Joosse SA, Ligtenberg MJ, Fles R, Hogervorst FB,
Verhoef S and Nederlof PM. A multiplex PCR predictor for aCGH success of FFPE
samples. British journal of cancer. 2006; 94(2):333-337.
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Supplementary Material 2.

Data analysis was performed according to the GATK Best Practices

recommendations [1, 2]. Exome capturing was performed with “BGI

Exome

Enrichment Kit (59M) and Capture” for sequencing on HiSeq2000 and “lon AmpliSeq

exome RDY kit” for sequencing on lonProton. The corresponding exome regions were

used respectively for calculation of descriptive statistics over target regions and during

post-alignment data processing. To ensure the location of made calls within the exome

and to unify results of SNP and indel calling between the datasets, SNP/mutation and

indel discovery was limited to protein coding exons only (downloaded from the CCDS

Project database [3, 4]).

Reference datasets used for the analysis

Human genome UCSC hg19

dbsnp_138.hg19.vcf
Mills_and_1000G_gold_standard.indels.hg19.sites.vcf
UCSC_CCDS_per_exon.bed

HG19 snpEff database

Control file for FREEC was generated out of alignment of
185 reference European female genomes, obtained from
1000 Genome database
GEM_mapp_hg19/outl00ml1_hgl19.gem

COSMIC database

Programs

bwa mem

gatk

picard

samtools
trimmomatic
snpEff

snpSift
Control-FREEC

[5]
[6]
[7]
[4]
[8]

(9]
[10]
[11, 12]

[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20, 21]
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Program and Specifications or differing References
command from default parameters
1A. PREPROCESSING AND ALIGNMENT FOR PAIRED-END HISEQ2000
READS
Clip WGA For Amplil and PicoPlex
adapters amplified samples
if present
Trim trimmomatic PE ILLUMINACLIP:2:30:10
LEADING:3 TRAILING:3
SLIDINGWINDOW:4:10
MINLEN:25 TOPHRED33
Align to the | bwa mem -t30-v0-M-R UCSC hg19
genome
1B. PREPROCESSING AND ALIGNMENT FOR SINGLE-END IONPROTON
READS
Sort and samtools sort | -n
convert bam | samtools -n-O -s
file to fastg | bam2fq
Clip WGA For Amplil and PicoPlex
adapters if amplified samples
present
Trim trimmomatic SE LEADING:3 TRAILING:3
SLIDINGWINDOW:4:10
MINLEN:25 TOPHRED33
Align to the | bwa mem -t30-v0-M-R UCSC hgl19
genome
2. POSTALIGNMENT PROCESSING
Sort sam file | picard SORT_ORDER=coordinate
and convert | SortSam VERBOSITY=ERROR
to bam COMPRESSION_LEVEL=0
Mark picard VERBOSITY=ERROR
duplicates MarkDuplicate | COMPRESSION_LEVEL=0
S
Index bam samtools index
file
Realign gatk Realigner | -nt 24 UCSC hgl19
indels Target Creator Mills_and_1000G _
gold_standard.inde
Is.hg19.sites.vcf
gatk -compress 0 -model UCSC hgl19
IndelRealigner | USE_READS -LOD 0.4 Mills_and_1000G _
gold_standard.inde
Is.hg19.sites.vcf
Recalibrate | gatk Base -nct 24 UCSC hgl19
bases Recalibrator dbsnp_138.hg19.v

cf
Mills_and_1000G _
gold_standard.inde
Is.hgl9.sites.vcf

gatk
PrintReads

-BQSR -compress O

UCSC hg19
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3. DISCOVER SNPS AND INDELS

SNP and gatk -stand_call_conf 30 - UCSC hg19
indel calling | HaplotypeCall | stand_emit_conf 30 -gt_mode | dbsnp_138.hg19.v
er DISCOVERY -out_mode cf
EMIT_ALL_CONFIDENT_SIT | UCSC_CCDS_per
ES -ploidy 3 _exon.bed
--annotation FisherStrand --
annotation QualByDepth --
annotation HaplotypeScore --
annotation HomopolymerRun
--annotation
RMSMappingQuality --
annotation
ReadPosRankSumTest
Select for gatk -selectType SNP UCSC hgl19
SNPs SelectVariants
Annotate gatk --annotation UCSC hg19
HRun VariantAnnotat | HomopolymerRun dbsnp_138.hg19.v
or cf
Filter for snpSift filter (QD>=5)&(MQ>25) &(
quality and QUAL>30) & (FS<60) &(
GQ SOR<4)& (HRun<5) & (
GEN[*].GQ >=20)
Annotate SnpEff HG19 snpEff
with snpEff database
Select for gatk -selectType INDEL UCSC hgl19
INDELs SelectVariants
Filter for snpSift filter (QD>=2)&(MQ>25) &(
quality and QUAL>20)&(FS<200) &
GQ (SOR <10) & ( GEN[*].GQ
>=20)
Annotate SnpEff HG19 snpEff
with snpEff database
investigate | gatk Variant #Annotate with COSMIC data | hgl9_cosmic_v54
mutations Annotator -comp:COSMIC #{Cosmic} - | _ 120711
(for patient’s resource #{Cosmic} (#{Cosmic})
data only)
4. COPY NUMBER ANALYSIS
Create samtools -E
mpileup file | mpileup
Run freec breakPointType = 4, UCSC hgl19
Control- forceGCcontentNormalization | GEM_mapp_hg19/
FREEC = 2, noisyData = TRUE, outl00m1_hgl9.g

ploidy = 3 (for SK-BR-3, and
ploidy = 2 for CTCs), printNA

= FALSE,

readCountThreshold = 50,
sex = XX, window = 30000,

unigueMatch = TRUE

em
control file for
FREEC for SK-BR-
3 analysis, no
control for CTCs

100



1. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C,
Philippakis AA, del Angel G, Rivas MA, Hanna M, McKenna A, Fennell TJ, Kernytsky
AM, Sivachenko AY, Cibulskis K, Gabriel SB, et al. A framework for variation discovery
and genotyping using next-generation DNA sequencing data. Nature genetics. 2011,
43(5):491-498.

2. Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, Del Angel G, Levy-
Moonshine A, Jordan T, Shakir K, Roazen D, Thibault J, Banks E, Garimella KV,
Altshuler D, Gabriel S and DePristo MA. From FastQ data to high confidence variant
calls: the Genome Analysis Toolkit best practices pipeline. Current protocols in
bioinformatics / editoral board, Andreas D Baxevanis [et al]. 2013; 11(1110):11 10 11-
1110 33.

3. Farrell CM, O'Leary NA, Harte RA, Loveland JE, Wilming LG, Wallin C,
Diekhans M, Barrell D, Searle SM, Aken B, Hiatt SM, Frankish A, Suner MM, Rajput
B, Steward CA, Brown GR, et al. Current status and new features of the Consensus
Coding Sequence database. Nucleic acids research. 2014; 42(Database issue):D865-
872.

4, CCDS Project.

5. Human genome HG19

6. Database of Single Nucleotide Polymorphisms (dbSNP). Bethesda (MD):
National Center for Biotechnology Information, National Library of Medicine. (dbSNP
Build ID: 137). Available from: http://www.ncbi.nim.nih.gov/SNP/.

7. Mills and 1000G gold standard indels.

8. HG19 snpEff database.

9. Genomes Project C, Abecasis GR, Auton A, Brooks LD, DePristo MA,
Durbin RM, Handsaker RE, Kang HM, Marth GT and McVean GA. An integrated map
of genetic variation from 1,092 human genomes. Nature. 2012; 491(7422):56-65.

10. GEM_mapp_hg19/outl00ml_hg19.gem for Control-FREEC.

11. COSMIC database.

12. Forbes SA, Beare D, Gunasekaran P, Leung K, Bindal N, Boutselakis H,
Ding M, Bamford S, Cole C, Ward S, Kok CY, Jia M, De T, Teague JW, Stratton MR,
McDermott U, et al. COSMIC: exploring the world's knowledge of somatic mutations in
human cancer. Nucleic acids research. 2015; 43(Database issue):D805-811.

13. Li H. (2013). Aligning sequence reads, clone sequences and assembly
contigs with BWA-MEM.

101



14. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky
A, Garimella K, Altshuler D, Gabriel S, Daly M and DePristo MA. The Genome Analysis
Toolkit: a MapReduce framework for analyzing next-generation DNA sequencing data.
Genome research. 2010; 20(9):1297-1303.

15. Picard tools.

16. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R and Genome Project Data Processing S. The Sequence
Alignment/Map format and SAMtools. Bioinformatics. 2009; 25(16):2078-2079.

17. Bolger AM, Lohse M and Usadel B. Trimmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics. 2014; 30(15):2114-2120.

18. Cingolani P, Platts A, Wang le L, Coon M, Nguyen T, Wang L, Land SJ,
Lu X and Ruden DM. A program for annotating and predicting the effects of single
nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster
strain w1118; iso-2; iso-3. Fly. 2012; 6(2):80-92.

19. Cingolani P, Patel VM, Coon M, Nguyen T, Land SJ, Ruden DM and Lu
X. Using Drosophila melanogaster as a Model for Genotoxic Chemical Mutational
Studies with a New Program, SnpSift. Frontiers in genetics. 2012; 3:35.

20. BoevaV, Popova T, Bleakley K, Chiche P, Cappo J, Schleiermacher G,
Janoueix-Lerosey |, Delattre O and Barillot E. Control-FREEC: a tool for assessing
copy number and allelic content using next-generation sequencing data.
Bioinformatics. 2012; 28(3):423-425.

21. BoevaV, Zinovyev A, Bleakley K, Vert JP, Janoueix-Lerosey |, Delattre
O and Barillot E. Control-free calling of copy number alterations in deep-sequencing
data using GC-content normalization. Bioinformatics. 2011; 27(2):268-269.

102



6. PUBLICATION 3

Clonal evolution of metastatic breast cancer:
two cases, two progression models

Anna Babayan?, Katharina Prieske?, Daniela Indenbirken?, Malik Alawi®4, Eike

Burandt®, Adam Grundhoff3, Volkmar Miiller?, Klaus Pantel", Simon A. Joosse!’
Department of Tumor Biology, °Department of Gynecology, “Bioinformatics
Core, °Department of Pathology, University Medical Center Hamburg-Eppendorf,
Hamburg, Germany
3Heinrich-Pette-Institute, Leibniz-Institute for Experimental Virology (HPI),
Hamburg, Germany,

* shared senior authorship

manuscript in preparation

103



Abstract

BACKGROUND. Early dissemination of circulating tumor cells (CTCs) into the
blood circulation of cancer patients allows for parallel genetic evolution of the primary
tumor and metastases. Anti-cancer treatment failure is caused by the genetic and
phenotypic heterogeneous properties of the disease. This study investigated the
genomic make-up of CTCs originating from metastasis as a so called “liquid biopsy”
and compared these with the different clones of the archived autologous primary tumor
on single cell level.

METHODS. From two breast cancer patients, individual CTCs were isolated
from blood using Ficoll density gradient followed by micromanipulation of keratin
positive cells. Single cells from archived primary breast tumors from the same patients
were captured by laser microdissection. DNA was isolated and amplified by whole
genome amplification and copy number alterations (CNA) were obtained by shallow,
whole genome next generations sequencing (NGS).

RESULTS. From the first breast cancer patient, the genomes from 50 single
cells from the primary tumor were sequenced. An unsupervised phylogenetic cluster
analysis based on CNA revealed five distinct clusters with increasing chromosomal
instability. Using support vector machine (SVM) learning, the CNA profiles of 42 CTCs
were residing mostly to the first three clusters, whereas only one CTC resided to the
fourth cluster and none to the fifth. The tumor from a second breast cancer patient
displayed the presence of three genetically distinct clones with increasing
chromosomal instability after sequencing 11 single cells. CTCs (n=12) from this patient
at metastatic disease were classified to the last branch using SVM, however with low
probability. Repeating unsupervised clustering on the genomes of the primary tumor
tissue and CTCs, a fourth branch was formed with CTCs only.

CONCLUSION. Our results suggest that therapy resistant metastases in breast
cancer patients can originate from tumor clones from early stages of tumor evolution
and may genetically still be similar (patient 1). On the other hand, further genetic
progression may also take place (patient 2) where after the genetic landscape of the
metastasis does not resemble the primary tumor anymore. These results underline the

importance of “liquid biopsy” in the diagnosis of metastatic cancer.
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INTRODUCTION

Intra-tumor heterogeneity is a well-known phenomenon in human cancers and
may be caused by clonal evolution of the tumor. Current screening technologies allow
for the investigation of cancer heterogeneity on all levels of molecular organization:
genomic, epigenomic, transcriptomic, metabolomic, and proteomic [1]. Intra-tumor
heterogeneity on functional level, such as transcriptome, metabolome, and proteome,
might be caused by niche adaptation mechanisms and varies through cell cycle
dynamics, and thus does not necessarily reflect clonality of the cancer. Genetic intra-
tumor heterogeneity caused by clonal evolution of cancer and reflecting clonal origin
of a cell lineage, is supposedly more stable and thereby providing accessible
information about clonal evolution of cancer. Genomic intra-tumor heterogeneity might
be investigated on single cell level by using for instance next generation
sequencing (NGS).

It has been long discussed whether metastatic dissemination is an early or late
event in cancer evolution, resulting in development of two progression models.

The first model, the linear progression model, postulates that metastasis-
initiating cells originate from most progressed clone(s) of the primary tumor, which
were developed during evolution of the primary tumor with selection for clones with
high metastatic proclivity [2, 3].

On the other hand, data showing the metastatic potential of primary tumors at
early stages, led to the coinage of the parallel progression model [4, 5]. This model
proposes the presence of metastatic potential already in the early disease progression,
leading to early dissemination of circulating tumor cells (CTCSs) into circulatory system
with subsequent parallel and independent evolution of the primary tumor and
metastases [6, 7]. The fact that CTCs can be found in blood of both late and early stage
cancer patients suggests the parallel progression model is more likely than the linear
progression model [8].

An alternative scenario of cancer metastasis, proposed in our institute, suggests
continuous dissemination of tumor cells from a primary tumor developing higher
metastatic potential over the time during further evolution of the primary tumor [9].

Understanding tumor progression and the metastatic cascade in breast cancer
is of tremendous value because distant metastases development is the most
challenging issue in clinical management of cancer. Investigation of progression

mechanisms and clonal evolution in cancer could identify molecular signatures,
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involved in progression and metastatic process. Parallel genetic evolution of the
primary tumor and distant metastases might explain failure of systemic endocrine
therapy, which prescription is based on ER-positivity of the primary tumor. ER-positive
primary breast cancers, treated with endocrine therapy, often demonstrate presence
of ER-negative metastases, insensitive to anti-estrogen therapy [10, 11].

Although the origin of intra-tumor heterogeneity is not fully understood yet, it
seems to play a major role in a complex process of carcinogenesis and development
of metastatic disease [12-14]. Intra-tumor heterogeneity and clonal diversity per se
might promote cancer evolution by serving more diverse input material for Darwinian
selection [15]. The newly revised “seed-and-soil” hypothesis postulates that
heterogeneity of cell characteristics, survival in the circulation, and effective homing in
new environment are the crucial conditions for successful metastasizing [3]. Because
only very few tumor cells meet these requirements, metastasis is a biologically
inefficient process (rev. in [16]). However, high amount of CTCs with heterogeneous
characteristics provide extensive source for potential metastases [9]. CTCs embody
an intermediate step between primary tumor and metastases. CTCs reflect the biology
of the primary tumor or metastases from which they originate [17]. Furthermore, CTCs
carry characteristics potentially enabling metastases’ establishment. Therefore the
genetic makeup of CTCs may provide a unique insight into cancer evolution.

All current models of carcinogenesis emphasize genetic changes as one of the
initiating conditions for cancer development [18-20]. Such genetic changes include
point mutations, copy number aberrations (CNA), and copy number-neutral
rearrangements of genetic material. NGS in combination with WGA provides a
powerful tool for the investigation of single cell genetics. Despite mutation analysis of
single cells is possible, breast cancer is characterized by overall prevalence of CNAs
over mutations [21]. Genome-wide studies of cancer clonality on single cells require
well established, reproducible approaches for WGA and NGS analysis. The challenge
of single cell genome-wide studies lies between the need of DNA amplification and the
introduction of PCR artefacts during WGA and NGS and identification of objective cell-
specific genomic aberrations. Technical aspects of CNA analysis on tissue and CTC
material have been covered in our previous paper [Babayan et al., 2016]. In the study
present here, we investigated clonal evolution of human breast cancer on primary

tissue and CTCs from two metastatic breast cancer patients.

106



MATERIALS AND METHODS

Blood samples

Two metastatic breast cancer patients were enrolled into this study during their
treatment at the University Medical Center Hamburg-Eppendorf after giving informed
consent (ethics review board Aerztenkammer Hamburg approval number OB/V/03).
Ten ml blood of each patient was drawn into EDTA tubes (01.1605.001, Sarstedt) and
processed within 2 hours as previously described [Babayan et al., 2016, [22].
Mononuclear cell fraction was stained for protein expression of keratins, CD45, and
ER. Keratin and DAPI positive, but CD45 negative cells were considered as CTCs.
Individual CTCs were picked by micromanipulation (micro injector CellTramVario and
micromanipulator TransferManNKIl, Eppendorf Instruments, Hamburg, Germany).
Each individual cell was transferred in 1ul of PBS into the cap of a 200ul PCR tube and
stored at -80°C for further processing.

Archival tumor tissue

From the two enrolled subjects, formalin-fixed, paraffin-embedded tissue of the
primary tumors was obtained. Five pum thick sections were cut and transferred onto
membrane slides NF 1.0 PEN (415190-9081-000, Zeiss). The tissue sections were
dried for 1 hour at 75°C, deparaffinized in xylene for 2x 10min, rehydrated in ethanol
(2x 100%, 2x 96%, 2x 80%, 2x 70%) 30s each, and finally rinsed with water for 3min
as described before [23]. DNA cross-links were removed by incubating the slides in 1
M NaSCN overnight at 37°C. Subsequently, the slides underwent heat-induced antigen
retrieval by boiling with citrate buffer pH6 (S1699, Dako) in a pressure cooker at 125°C
for 5min. After antigen retrieval the slides were washed 3x 3min with TBST (50mM
Tris, 150mM NaCl, 0.05% Tween 20, pH 7.6) and incubated with primary anti-human
ER antibody (ab16660, Abcam, diluted 1:50 with antibody diluent, S3022, Dako) at 4°C
overnight. Next, the slides were washed with TBST 3x 3min and the staining was
completed with Peroxidase/DAB+ based Dako REAL™ detection system (K5001,
Dako) according to the manufacturer's recommendations. Briefly, the slides were
incubated first with Dako REAL™ biotinylated secondary antibodies for 10 min
(solution A, K5001), washed 3x 3min in TBST, incubated for 5 min with Dako REAL™
peroxidase-blocking solution (Dako, S2023), washed 3x 3min in TBST, incubated with
Dako REAL™ streptavidin peroxidase (HRP) for 10 min (solution B, K5001), washed
3x 3min in TBST, and exposed to DAB+ substrate for 10 min (Dako REAL™ DAB+
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Chromogen, solution C, diluted 1:50 with Dako REAL™ HRP Substrate Buffer, solution
D, both from K5001). Subsequently slides were washed 3x 3min with water, stained
with haematoxylin for 30 s, rinsed with water and completely air-dried (>2 hours).

Isolation of ER-positive and ER-negative cells from the tissue sections was
performed by laser microdissection using a PALM MicroBeam system (Carl Zeiss
Group, Goettingen, Germany). Cells were collected into adhesive cap 500 pl PCR
tubes (415190-9211-000, Zeiss) with 5uL of freshly prepared lysis buffer (20 mM
ThisHCI pH8.0, 0.1 mM EDTA, 0.5% Nonidet P40 (M3165.0250, Genaxxon), 1%
proteinase K (19131, Qiagen)). The tubes were pulse-vortexed for 15 s in upside-down
position. The tubes were centrifuged at 15000 rcf for 10min and incubated in
thermocycler with preheated lid (110°C) at 56°C for 16h with final heating step at 90°C
for 10min to inactivate proteinase K.

Whole genome amplification (WGA) and quality control

WGA was performed according to the manufacturers’ recommendations using
the PicoPlex WGA Kit for single cells (New England Biolabs, E2620L). The WGA
products were cleaned up with NucleoSpin Gel and PCR Clean-up kit (Macherey-
Nagel, 740609). DNA concentration of WGA products was measured with a
Nanodropl1000 (Peglab, Erlangen, Germany). The quality of the WGA products was
assessed by a multiplex PCR of the GAPDH gene as described elsewhere [Babayan
et al., 2016]. Samples were considered of sufficient quality for further analyses if at

least one of 200-400 bp bands was detectable.

Next generation sequencing (NGS)
Amplified DNA of each single cell was sequenced by using shallow whole

genome sequencing with lllumina’s HiSeq2000 NGS platform.

Data analysis

Raw data obtained in fastq format underwent adapter clipping for removal of
WGA adapters: the first/last 14 bases were trimmed as suggested by the manufacturer.
Further data analysis included alignment of reads on human reference genome (hg
19) with BWA-MEM [24]. The resulting SAM file was filtered for ambiguously-mapped
and low-quality reads (SAMtools [25]), sorted in coordinate order, indexed, filtered for

duplicates (Picard [26]), realigned around indels, and base quality recalibrated (GATK
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[27]). Copy number alterations (CNAs) were evaluated using Control-FREEC with a
window size of 500kb [28, 29] and visualized and further analyzed using custom scripts
(MATLAB R2015a, The MathWorks Inc.). Exact details on the complete preprocessing
pipeline and a list of the employed reference datasets can be downloaded online

(Supplementary Data).

Statistical analysis

We used unsupervised phylogenetic cluster analysis to investigate the clonal
organization of the tumors. This analysis allows for the organization of the samples into
clusters according to their similarity with each other and the reference (a genome
without CNAS). Increasing distance between a cluster and the reference line implies
higher differences between them. Biologically, larger differences can be interpret as
further evolutional progression.

Unsupervised phylogenetic cluster analysis was performed on the CNA data
with 500kb bins along the whole genome. The analysis of samples was done for each
patient separately. First, tissue samples only were clustered in order to determine the
presence of tumor subclones.

Support vector machine (SVM) analysis was performed to allocate CTCs within
the cluster structure, obtained for the tumor tissue. However, SVM analysis is not able
to define new clusters, but calculates possibility of a sample belonging to predefined
classes. As consequence, analyzing samples can be classified within the fixed
structure only, in contrast to phylogenetic cluster analysis, which creates as many
clusters as necessary to reflect the differences between the samples. In order to reveal
possible clusters formed by CTCs beyond the tissue clusters we checked whether
CTCs and tissue samples form mixed or individual clusters. CNA data of the CTCs was
added to the CNA data of tissue samples and unsupervised phylogenetic clustering
was repeated.

SVM analysis was performed on a multiclass model on the k-nearest neighbor
classifier template, created based on euclidean distances between the neighbors. The
model was trained on the tissue data with the use of phylogenetic analysis defined
clusters, subsequently, the CTCs were classified.

SVM analysis was performed on an introduced variability score (VS). VS was
calculated as the sum of the fragment lengths (FL) multiplied by the square of the copy

number (CN) value’s difference from 2 according to the formula [VS = Y (FLi*
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|CN;- 2]?], of each CTC along the whole genome. VS quantifies frequency and

amplitude of the CNAs, which we used to reflect evolutionary progress.

RESULTS

CTCs and FFPE primary and metastatic tissue samples from two enrolled
metastatic breast cancer patients underwent WGA and NGS. The data were used for
the investigation of the clonal organization of the breast cancer, progression and

metastatic pathways. The complete data is present in Table 1.

Patient UKE243

Patient UKE243 (1945-2012) was diagnosed with primary breast cancer of the
right breast in 1992 and with collateral ER-positive and ERBB2-negative breast cancer
of the left breast in 1999, and received endocrine treatment (aromatase inhibitor) in
2000-2005. The first metastasis (ER-positive, ERBB2-negative) was detected in 2009,
at which the endocrine treatment with aromatase inhibitor (aromasin) was started. Due
to further metastatic progress (2010, ER-positive) the treatment was switched to
endocrine therapy with selective ER-modulator (fulvestrant), and in 2011 switched to
chemotherapy (docetaxel) due to further metastatic progress. Blood for CTC analysis
was collected during the course of chemotherapy in November 2011 (Figure 1A).

The blood sample analysis revealed the presence of 270 CTCs in 1 ml of blood
with heterogeneous ER expression (64% ER-positive and 36% ER-negative CTCs). In
total, 42 CTCs were picked by micromanipulation for downstream analysis. The FFPE
material of the second primary tumor, diagnosed in 1999, was used for obtaining 50
tissue sections containing each 10-20 cells using laser microdissection: 40% ER-
positive, 40% ER-negative, and 20% with unknown ER status (Table 1).

Unsupervised phylogenetic cluster analysis was performed on the CNA data from
the primary tumor tissue; as a result, 5 clearly distinguishable clusters were formed
(Figure 1B). Next, support vector machine (SVM) analysis was performed to allocate
the CTCs to the identified tissue clusters. Subsequently, results obtained by the SVM
analysis were proved by phylogenetic clustering of CNA data of the CTCs and tissue
fragments together. The resulting phylogenetic tree contained mixed CTC-tissue
clusters. Most of the CTCs were tackled by phylogenetic cluster analysis on combined

data to the same tissue clusters as by SVM analysis.
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Among 42 analyzed CTCs, 12 CTCs resided to the first cluster, 11 to the second,
18 to the third, and 1 to the forth, no CTCs were allocated to the fifth cluster. ER
expression was heterogeneous among tissue samples and CTCs within each cluster
(Figure 1C). No association was found between ER expression and the phylogenetic
tree structure.

Chromosome 1qg and 16p gain and chromosome 9p loss were present in all
identified tissue clusters and respective CTCs. This observation suggests these CNA
changes being the very early genomic rearrangements in the patient’s carcinogenesis.

Based on distances between the clusters of the phylogenetic tree, we combined
the clusters into 2 groups: the first group included clusters 1-3 and the second group
contained clusters 4-5. Fisher's exact test of the 2 groups revealed significantly
different CNAs: chromosome 4q and 8p loses were significantly more frequent in
clusters 1-3, whilst chromosome 8p gains were more frequent in clusters 4-5 (Figure
2). Because all CTCs except one resided to the tissue clusters 1-3, we compared the
aberration frequencies between the two groups: tissue clusters 1-3 vs. CTCs (Figure
3). Significant differences were chromosomes 8q gain (tissue) and 1q and 7 gains and
169 and 22 losses (CTCs). Losses of chromosome 22 and 16q were found exclusively
in CTCs.

Introduction of the VS as a measurement of the CNAs’ intensity was used to
demonstrate that evolution of the identified clones was associated with increase of the
CNAs’ frequency and amplitude, reflecting incensement of the cancer genome
instability with further progression (Figure 4A).

Noteworthy, the earliest detected clone, represented by the first cluster, is an
agglomeration of close situated measurement points, united into one cluster on the
basis of small distance from each other (Figure 1B). We identified a subgroup different
from the other members of the cluster 1 by plotting of VS against copy number level.
VS and copy number level increased along the evolution vector from cluster 1 to cluster
5 (Figure 4B). However it can be seen that the subgroup members, representing 3
tissue sections and 3 CTCs, demonstrated copy number level <2. Loss of genetic
material was dominant mechanism of CNAs in these samples in contrast to the rest of
the samples. We explain this observation with following proposal. The earliest cancer
cell population evolved stepwise as described before in agreement with parallel
progression model towards lineages of cluster 1-3 and 4-5. This process included

accumulation of both losses and gains of genomic material, despite gains and
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amplifications were dominant, while a small subgroup experienced leap progression
as per loss of genetic material.

Taken together, the evolutionary pathway of the disease could be schematically
present as on Figure 1D: initial or very early chromosomal aberrations included
chromosome 1q and 16p gains, and 9p loss. These events probably caused
chromosomal instability, required for further clonal evolution and progress of cancer.
Chromosomal instability could lead to the development of at least 2 cell lineages. One
lineage evolved towards luminal subtype and gave rise to clones 1-3, depicted by
clusters 1-3. These clones experienced further evolutionary progress encompassing
gain of 8q after a number of cells had spread into the systemic circulation. These cells
might have given rise to metastases after a certain dormancy period. CTCs, released
from these metastatic lesions, reflect inherent CNAs from primary tumor clones, as
well as CNAs of further evolution within metastatic lesion, like losses of chromosomes
16q and 22. Another lineage experienced further chromosomal aberrations, resulted
in development of clones identified as clusters 4 and 5, characterized by high
chromosomal instability.

Our results indicate that the metastases of the patient UKE243 arise from cells,
disseminated from almost all subclones of the primary tumor, from the most earliest to
very progressed ones. These findings are in line with parallel progression model of
carcinogenesis and metastasis, suggesting that tumor cells acquire metastatic

potential in the early stages of tumor progression.

Patient UKEO0O8

Patient UKEOO8 (born 1978) was diagnosed with primary metastatic breast
cancer in 2013 with multiple metastases in the spine and pelvis. Palliative therapy
included irradiation of the primary tumor and systemic chemotherapy (paclitaxel, April
— August 2013) in combination with anti-ERBB2 therapy (Trastuzumab and
Pertuzumab, April 2013 — December 2015). The blood samples were collected before
any systemic treatment was applied (1st sample) and 3 months after completion of the
chemotherapy (2nd sample) (Figure 5A).

We detected 2 ER-negative CTCs in 7.5 ml blood of the first blood sample,
collected before therapy (0.27 CTCs/ml) and 20 ER-negative CTCs per 1 ml in the
second blood sample. In total, 1 CTC from the 1%t and 11 CTCs from the 2nd blood

sample were collected for downstream analysis (Table 1).
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The primary tumor as well as one of the metastases in the L4 spine segment
were biopsied and formalin-fixed and paraffin-embedded. The tumor as well as
metastasis were ER- and ERBB2-positive. Microdissected fragments of the primary
tumor (n=6) and spine metastasis (n=5) were ER-positive in 50% and 40% of cases,
respectively.

Unsupervised phylogenetic cluster analysis of the tissue data only was
performed. Because the patient was diagnosed with primary metastatic breast cancer,
cluster analysis was performed on the combined data obtained from the primary tumor
and metastasis. The obtained phylogenetic tree demonstrated the presence of 3
clearly distinguishable clusters. Subsequent SVM analysis tackled all CTCs (n=12) to
the third tissue cluster, whereas phylogenetic cluster analysis of the combined CTC
and tissue data demonstrated 1 distinct CTC cluster in addition to the 3 previously
identified tissue clusters (Figure 5B). This discrepancy is explainable by the difference
between the phylogenetic cluster analysis and the SVM. The cluster analysis identifies
as many clusters as necessary according to the differences between the samples,
whereas SVM analysis is not able to define new clusters. Taking this explanation into
consideration, phylogenetic tree built on combined CTC and tissue data was
considered as reflecting clonal organization the best: 3 distinct tissue clusters and 1
CTC cluster were identified. CTCs demonstrated highest similarity with the most
progressed clone identified in the primary tumor and metastasis, but presumably did
not arise directly from descendants of the clone.

The tumor subclone represented in the first cluster contained data obtained from
2 fragments of the primary tumor. The second cluster (represented by data of the
metastasis only) might be considered an intermediate evolutionary step towards
cluster 3. The third cluster, representing the most progressed evolutionary step, was
made up of data from both primary tumor’s and metastasis’ tissue fragments. These
results indicate that metastatic outgrowth could be initiated by collective dissemination
of tumor cells from the 2 cooperating clones within a CTC cluster (Figure 5C). However,
it cannot be excluded that cells from primary tumor clones disseminated not in a CTC-
cluster, but as individual CTCs, arrived at the same distant location and cooperated
there. Investigation of further metastatic lesions is needed to clarify mechanisms of
metastasis-initiating dissemination in the patient.

Evolutionary history of the UKEOQ8 patient’s cancer might have been as follows

(Figure 5D): chromosome 17p loss and chromosome 17qg and 19q gain might be initial
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or very early events in the carcinogenesis because these CNAs we identified in
frequency plots of all the identified clusters (Figure 6). Later during carcinogenesis this
early cancerous cell population branched in its evolution. One subclone experienced
chromosome 4q loss and chromosome 6 gain and developed the clone, depicted by
cluster 1. Possibly lineage, represented by clusters 2-3, originated from another
branch. Further evolution of the lineage led via chromosome 1q, 8g and 11p gain and
chromosome 11q loss towards the second clone (cluster 2), and additional gain of
chromosome 7q resulted in cell clone, depicted by cluster 3. Cells from these
cooperating clones disseminated either as CTC-cluster or as individual cells and built
up distant metastasis we investigated, which is therefore reflecting the clonal structure
of the primary tumor.

This scenario does not answer the question where the CTCs came from: the
primary tumor or the metastasis. However, based on the phylogenetic tree, CTCs did
not reside to any of tissue clusters, but formed separate clusters, not presented in the
structure of the primary tumor and metastatic tissue (Figure 4B). Moreover, scatter
plots of variability scores versus the number of genome-wide break points and copy
number level (Figure 7A, 7B) demonstrated increase of genomic aberrations with the
evolution from cluster 1 to cluster 4 with the maximum score among CTCs. The fact
that the patient demonstrated multiple metastases suggests that CTCs of the patient
UKEOO8 arise from the metastasis we did not investigate. In this case, the
uninvestigated metastases embody further steps in evolutionary progression of the

cancer in line with the linear progression model.

DISCUSSION

In the study presented here we shed light on clonal evolution of the human
breast cancer. The two investigated patients demonstrated different ways of clonal
evolution of cancer towards tumor cell dissemination.

Clonality and evolution of the cancer can be investigated on single cell level with
the use of primary tumors, metastases, and/or CTCs. Primary tumors are removed or
biopsied in the majority of cases, delivering material for investigation. Administration of
systemic therapy is usually based on characteristics of the primary tumor. However,
the metastases may not resemble the primary tumor anymore due to genetic
progression or selection of treatment-resistant clones. The differences between

primary tumor and metastases might be the reason for treatment failure. Therefore
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CTCs as ‘liquid biopsy” provide a unique, easy accessible source of tumor
material [30].

CTCs that can be detected in the blood circulation many years after removal of
the primary tumor are most likely coming from the metastases, because the half-life
time of CTCs in circulation is <2.4 hours [31], despite dormancy cannot be ruled out
completely. It has been shown that dormant tumor cells in bone marrow may
sometimes divide into micrometastases, which release CTCs, and thus cause the
presence of CTCs in blood of metastases-free breast cancer patients many years after
mastectomy, but in small concentrations (1CTC/ml) [31], which is in contrast with 270
and 20 CTC/ml found by us in blood of the UKE243 and UKEO0O8 patients, respectively.
These finding suggest that CTCs detected in blood of the enrolled in our study patients
arise from metastases present in the body at the time point of blood sampling.

The results obtained from patient UKE243 suggests a parallel progression of
the breast tumor. CTCs were detected in the blood of patient UKE243 12 years after
the primary tumor was removed. Based on bioinformatics analysis all CTC resided to
4 out of 5 phylogenetic clusters identified in data of the primary tumor (Figure 1C).
These results suggest that metastases might have been founded by tumor cells that
disseminated from multiple subclones of the primary tumor. In consideration of the time
gap between primary tumor removal and detection of the first metastasis (10 years), it
is likely that disseminated tumor cells underwent dormancy for a certain period before
giving rise to distant metastases.

One guestion which may arise is whether metastases and CTCs of the patient
UKE243 originate from the first primary tumor, diagnosed in 1992, or from the second
contralateral primary tumor, diagnosed in 1999. The later tumor only was available for
our analysis. According to the histology of both primaries, the metastases
corresponded to the second primary tumor, which can be confirmed by our cluster
analysis. Nevertheless, we cannot exclude the possibility that metastases and
subsequent CTCs originate from the first primary tumor. However, in this case both
primary tumors had similar clonal structure.

Additionally, primary tumor as well as CTCs of patient UKE243 demonstrated
heterogeneous ER expression (Figure 1C). Outgrowth of further ER-positive
metastases and presence of ER-positive CTCs after the completion of endocrine
therapy suggests endocrine therapy failure in this patient. Since we did not find

mutations in ER-coding gene (ESR1) in the CTCs of the patient [22], endocrine therapy
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failure might have been caused by other mechanisms, e.g. epigenetic mechanisms or
a dysfunctional ER-pathway.

Based on the observed CNA frequencies in identified clusters and CTCs, we
conclude the existence of at least two lineages of tumor cells in the primary tumor of
the patient UKE243. One of the lineages, presented by clones 1-3 (cluster 1-3), is
characterized by chromosome 1q and 16p gain. A genomic signature 1g+/16p+/16q-
was revealed in CTCs of the patient. CNA profile 1q+/16p+/16q- is associated with ER-
positivity, luminal gene expression pattern, moderate to high differentiated tumors, and
better outcome [32]. However, chromosome 16q loss was not observed in clones of
primary tumor (Figure 3, 4) and therefore appeared at later stages of the metastatic
process. Loss of chromosome 16q, if not appeared as early genomic effect as in
luminal A tumors, might be produced due to genomic instability. This mechanism of
16q loss has been observed in luminal B tumors [33]. Another evidence for genomic
instability of the patient’s disease is increasing frequency if CNAs along the evolution
vector (Figure 4).

The second lineage, depicted by clusters 4 and 5, exhibited CNA patterns
typical for basal-like breast cancer (high frequency of narrow low-amplitude gains in
losses) [32]. Basal-like subtype, typically ER-negative, is characterized by higher
chromosomal instability than luminal subtypes [34]. Moreover, our results suggest that
the clonal split happened at a very early stage of carcinogenesis. One of the lineages
experienced further luminal-like differentiation, whereas the second lineage retained
basal-like characteristics.

Presence of both basal- and luminal-like cell lineages in breast tumors has been
demonstrated by others [35-37]. One of the possible explanations of the coexistence
of basal- and luminal-like cells within a tumor can be given through the hypothesis that
ER-positive cells, e.g. cells of luminal B subtype, and basal-like cells may arise from
the same bipotent progenitor cell [14, 33]. Moreover, recently Cleary et al.
demonstrated cooperation between basal- and luminal-like subclones playing a role in
tumor maintenance [38].

Li et al. demonstrated in a mouse model that activation of Wnt signaling pathway
transforms mammary progenitor cells, promoting heterogeneity of outgrowing cell
lineages. The authors conclude that basal- and luminal-like lineages within the same

tumor supposedly derive from a bipotent malignant progenitor cell [37]. Mammary

116



progenitor cells are typically ER-negative, but originating lineages might undergo
luminal-like differentiation and become ER-positive [14, 33, 39].

In contrast to patient UKE243, our data obtained from the cancer from patient
UKEOO08, suggest linear progression to metastases. According to the linear
progression model, distant metastases originated from cells, disseminated from the
primary tumor at late evolutionary stage(s).

Loss of chromosome 17p and gain of 17q were observed in frequency plots of
all clusters identified on data of the patient UKE243, including the CTC cluster (Figure
6). Gain of chromosome 17q is typical for ERBB2-positive luminal B breast cancers
(rev. in [32]), which is in agreement with the pathology report (ER-positive, ERBB2-
positive tumor). Loss of chromosome 17p is a common aberration in many cancers,
including breast cancer [40], due to the location of tumor suppressor gene TP53.

We demonstrated that at least one distant metastasis carries the genomic
signatures observed in the two clones of the primary tumor (Figure 5C). This
observation might have two explanations. First possible scenario suggests collective
dissemination of tumor cells from these two clones within a mixed CTC-cluster. Another
explanation implies individual dissemination of the tumor cells from the two clones and
subsequent cooperation at distant site. Whichever dissemination way took place, our
results indicate interaction of the two tumor clones. The two genetically similar clones
of the primary tumor might have interacted to obtain a selective growth advantage
and/or metastatic propensity.

Evidence for cooperating clones can be found in mouse and fruit fly models. It
has been shown that two cell populations can interact to promote tumorigenesis and
obtain the ability to metastasize [41-43]. Moreover, interclonal cooperation contributes
to tumor growth and progression [44]. Tumor cells from cooperating clones might
disseminate collectively by formation of CTC-clusters. CTC clusters demonstrate an
increased metastatic capacity in comparison to single CTCs [45].

A 74-fold increase of the amount of CTCs in 1 ml blood of patient UKEO08 was
found in comparison to baseline before therapy, 3 months after completion of
chemotherapy but still under anti-ERBB2 therapy. All CTCs were found to be ER-
negative, whereas the primary tumor and the metastasis were ER-positive. It has been
shown that ER activity provides a way for ER-positive ERBB2-positive cells to escape
ERBB2-targeted therapy [46]. Co-expression of ERBB2 and ER has been found in
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breast cancer patients patients [47-49]. The data suggests that ER-negative ERBB2-
negative cells could escape therapy.

Although all CTCs identified in blood samples of patient UKEOO08 were ER-
negative, it cannot be excluded that ER-positive CTCs were still present in the body,
but could not be detected. The cells might have been escaped to bone marrow and
underwent dormancy. Alternatively, EMT-associated downregulation of epithelial
markers on the cell surface might have hampered detection of these cells.

Intra-tumor heterogeneity of breast cancer is a results of clonal expansion. In
order to reconstruct cancer evolution and clonal organization on single cell level [50]
one should assume that the tumor at any moment of the evolution contains all previous
clones, or at least the most crucial ones. However, this assumption contradicts the
Darwinian theory applied to carcinogenesis [51, 52]. According to the theory inter-
clonal competition should lead to outcompeting of particular, not necessarily less
aggressive clones [44], resulting in secondary mono- or oligoclonal structure of the
primarily polyclonal tumor. As consequence the reconstructed clonal structure of the
primary tumor does not necessarily reproduce cancer evolution.

Alternative look from an ecological perspective suggests that subclones within
a tumor can be seen as individual units interacting with each other and their
environment. This theory implies that not only competition, but other types of
interaction, e.g. cooperation, are possible (rev. in [15]) and finds confirmation in cancer
model systems [41-44]. Consequently, different cancer clones are not necessarily
overgrown by one dominant clone, and poly- or oligoclonal structure of cancer can be
revealed.

The results obtained in our study of the breast cancer clonality demonstrated
oligoclonal structure of the investigated breast tumors, indicating that both
mechanisms, competition and cooperation of tumor clones, are likely being involved in
cancer evolution. Additionally, the results indicate that breast cancer might utilize both
linear and parallel progression ways.

Technical obstacles can also hamper clonal analysis. Since comprehensive
investigation of every single cell of the complete tumor is hardly possible,
underrepresentation of certain clones as well as overrepresentation of other clones in
a study cohort may lead to false reconstruction of tumor’s clonal structure. Additionally,
metastases are a difficult subject for clonal investigation. Distant metastases can be

detected first when they reach a certain size, and are infrequently biopsied.
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Nevertheless, our results demonstrate the feasibility of archival material accompanied
with CTCs for investigation of clonal evolution of human breast cancer. Further
research is needed to obtain information about the genetic heterogeneity of the
metastases and possible identification of therapy sensitive and resistant clones.

CONCLUSION

The investigated breast cancer cases represent parallel and linear metastases
progression model (the UKE243 and UKEQO8 patient, respectively). Our results
demonstrate that therapy resistant breast cancer metastases detected years after
primary tumor removal may originate from tumor clones present at early and late
stages of primary tumor carcinogenesis (the patient UKE243). Alternatively, metastasis
in primary metastatic breast cancer originates according to the linear progression
model from late interacting clones of the primary tumor, and CTCs most probably
resemble further metastases, not resembling the primary tumor anymore (the patient
UKEOQO08). These results underline the importance of “liquid biopsy” for companion

diagnostics in metastatic breast cancer.
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UKE243 UKEO08
Time point of blood | During Before any | During  anti-
c‘% examination chemotherapy | therapy Erbb2 therapy
%_ Number of CTCs 270 0.27 20
% per 1 ml of blood
3 ER-positive CTCs 64% 0 0
§ é ER-negative CTCs 36% 100% 100%
o O Number of  CTCs |42 1 11
Az available for the analysis
§ ER-positive CTCs 16 0 0
5_3 ER-negative CTCs 19 1 11
° ER status unknown 7 0 0
Tissue available for the | Primary tumor | Primary tumor | Metastasis
analysis
% 2 FFPE blocks | Biopsy FFPE | Biopsy FFPE
= material material
5 ER status positive positive positive
E Erbb2 status negative positive
% Number of tissue | 50 6 5
g fragments dissected
_g ER-positive fragments 20 3 2
O ER-negative fragments | 20
ER status unknown 10 0 0

Table 1. Characteristics of patient material and data available.

FFPE - formalin-fixed, paraffin-embedded.
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Figure 1. Evolutional history of the cancer disease of patient UKE243.

A. Timeline of breast cancer disease and cancer therapy in patient UKE243

B. Phylogenetic tree resulted from unsupervised phylogenetic cluster analysis of

the tissue samples obtained from the primary tumor of the patient UKE243.

C. Reconstruction of the primary tumor’s structure and CTCs’ origin.

D. Schematic carcinogenesis of the primary tumor and metastases of UKE243

patient. Description in text.
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Figure 2. Frequency plots of tissue fragments from combined clusters 1-3 and
4-5 of patient UKE243.

Green regions demonstrate gain of genetic material, red — losses, along the
chromosome from 1 to X (x axis).
A. Tissue clusters 1-3.
B. Tissue clusters 4-5.
C. Plot of statistically significant differences between the compared groups by
Fisher’s exact test. Dark blue regions demonstrate significant differences with the
threshold p<0.05.
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Figure 3. Frequency plots of tissue fragments and CTCs from clusters 1-3 of
patient UKE243.

Green regions demonstrate gain of genetic material, red — losses, along the
chromosome from 1 to X (x axis) in groups of samples.
A. Tissue clusters 1-3.
B. CTCs representing tissue clusters 1-3.
C. Plot of statistically significant differences between the compared groups by
Fisher’'s exact test. Dark blue regions demonstrate significant differences with the
threshold p<0.05.
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Figure 5. Evolutional history of the cancer disease of patient UKE0O8.
A. Timeline of breast cancer disease and cancer therapy in patient UKE0O08.
B. Phylogenetic tree resulted from unsupervised phylogenetic cluster analysis of
the CTCs and tissue samples obtained from the primary and metastatic tumor of
patient UKEO0OS.

C. Reconstruction of the primary and metastatic tumor’s structure and CTCs’
origin.
D. Schematic carcinogenesis of the primary tumor and metastases of UKE0O8

patient. Description in text.
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Figure 6. CNA profiles of clusters 1- 4 comblnlng tissue samples and CTCs of
the patient UKE0O08.

Green regions demonstrate gain of genetic material, red — losses, along the
chromosome from 1 to X (x axis) in groups of samples.
A. Tissue cluster 1.
B Tissue cluster 2.
C. Tissue cluster 3.
D CTC cluster.

130



A S5 @ Cluster 1'_Tissue
@ "Cluster 2' Tissue v
@ "Cluster 3'_Tissue
W Cluster 4" CTCs
5,004
]
% 4,00+ v
2
E
2
3
= 3,00 v
v
v
v
o » L:]
ot @
50 o &
1 0008 1 00089 1,000£10 1,000811
Variability Score
B
@ Cluster 1" Tissue v
00c0 @ Cluster 2°_Tissue
® ‘Cluster 3" Tissue
W Cluster 4 CTCs v Yy
v
V w
150,00+ W
£ v
]
s LA
-
S
i
£ 100,004 °
=
=
*
£0,00- : o® ®
@ .0 [
1 OC'C(b 1.0;.(9 1 LOLC!D 1 OU(':C"
Variability Score
Figure 7.
A. Plot of the VS against number of break points in the CTCs and tissue samples
of the patient UKE0O8.
B. Plot of the VS against average CNA value in the CTCs and tissue samples of

the patient UKE0OS.
131



7. PUBLICATION 4

RHAMM splice variants confer radiosensitivity

in human breast cancer cell lines

Alexandra Schitze!, Christian Vogeley!, Tobias Gorges?, Soren Twarock?,
Jonas Butschan?!, Anna Babayan?, Diana Klein3, Shirley K. Knauer?, Eric Metzen®,
Volkmar Muller®, Verena Jendrossek?, Klaus Pantel?, Karin Milde-Langosch®, Jens W.
Fischer!’, and Katharina Réck

Ynstitut fir Pharmakologie und Klinische Pharmakologie, Universitatsklinikum
der Heinrich-Heine-Universitat, Dusseldorf, Germany

’Department of Tumor Biology, University Medical Center Hamburg-Eppendorf,
Hamburg, Germany

3Institute of Cell Biology (Cancer Research), University Hospital, University of
Duisburg-Essen , Essen, Germany

“Institute for Molecular Biology Il, Centre for Medical Biotechnology (ZMB),
University of Duisburg-Essen, Essen, Germany

SInstitute of Physiology, Faculty of Medicine, University Duisburg-Essen, Essen,

Germany

®Department of Gynecology, University Hospital Hamburg-Eppendorf,
Hamburg, Germany

*contributed equally

Published: Oncotarget. 2016 Feb 8. doi: 10.18632/oncotarget.7258. [Epub
ahead of print]

132



www.impactjournals.com/oncotarget/ Oncotarget, Advance Publications 2016

RHAMM splice variants confer radiosensitivity in human breast
cancer cell lines

Alexandra Schiitze', Christian Vogeley’, Tobias Gorges’, Soren Twarock’, Jonas
Butschan', Anna Babayan?, Diana Klein?, Shirley K. Knauer?, Eric Metzen®, Volkmar
Miiller®, Verena Jendrossek®, Klaus Pantel’, Karin Milde-Langosch®, Jens W.
Fischer'’, Katharina Rock'’

nstitut fir Pharmakologie und Klinische Pharmakologie, Universitatsklinikum der Heinrich-Helne-Universitat, Dausseldorf,
Germany

2De;:rartment of Tumor Biology, University Medical Center Hamburg-Eppendorf, Hamburg, Germany

*Institute of Cell Biology {Cancer Research), University Hospital, University of Duisburg-Essen, Essen, Germany

Ynstitute for Molecular Biclogy 11, Centre for Medical Blotechnology (ZMB), University of Dulsburg-Essen, Essen, Germany
*Institute of Physiology, Faculty of Medicine, University Duisburg-Essen, Essen, Germany

°Department of Gynecology, University Hospital Hamburg-Eppendorf, Hamburg, Germany

“These authors have contributed equally to this work

Correspondence to: fens W. Fischer, e-mail: jens. fscheruni-duesseldor.de

Keywords: breas! cancey, lonizng rodialion, RHAMM, cel death, exfracelular matrix

Received: September 29, 20)5 Accepted: Jonuary 20, 2014 Published: February 8, 2016

ABSTRACT

Biomarkers for prognosis in radiotherapy-treated breast cancer patients are
urgently needed and important to stratify patients for adjuvant therapies. Recently,
a role of the receptor of hyaluronan-mediated motility (RHAMM) has been suggested
for tumor progression. Our aim was (i) to investigate the prognostic value of RHAMM
in breast cancer and (ii) to unravel its potential function in the radiosusceptibility
of breast cancer cells. We demonstrate that RHAMM mRNA expression in breast
cancer biopsies is inversely correlated with tumor grade and overall survival.
Radiosusceptibility in vitro was evaluated by sub-G1 analysis (apoptosis) and
determination of the proliferation rate. The potential role of RHAMM was addressed
by short interfering RNAs against RHAMM and its splice variants, High expression of
RHAMMv1/v2in p53 wild type cells (MCF-7) induced cellular apoptosis in response to
ionizing radiation. In comparison, in p53 mutated cells (MDA-MB-231) RHAMMv1 /v2
was expressed sparsely resulting in resistance towards irradiation induced apoptosis.
Proliferation capacity was not altered by ionizing radiation in both cell lines.
Importantly, pharmacological inhibition of the major ligand of RHAMM, hyaluronan,
sensitized both cell lines towards radiation induced cell death, Based on the present
data, we conclude that the detection of RHAMM splice variants in correlation with
the p53 mutation status could help to predict the susceptibility of breast cancer
cells to radiotherapy. Additionally, our studies raise the possibility that the response
to radiotherapy in selected cohorts may be improved by pharmaceutical strategies
against RHAMM and its ligand hyaluronan.

INTRODUCTION radioresistance with its complementary risk of increased
mortality rates [3]. Furthermore, radiotherapy has been

Radiotherapy has become standard of care for most shown to increase the risk of cardiovascular diseases [4],

breast cancer cohorts [1]. Radiation has significantly Hence, discovery of targets predicting the response to
reduced the risk of local recurrence and also improved radiotherapy as well as agents that sensitize cancer cells to
overall survival [2]. However, cancer cells can acquire ionizing radiation with low side effects, is of great interest.
www.impactjournals.com/oncotarget 1 Oncotarget
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lines (Fig. 3B). MCF-7 cells revealed a significant increase
in the apoptotic rate as measured by sub-G1 analysis
explaining the decrease of the total cell number (Fig. 3C-
3D). In comparison, MDA-MB-231 cells were found to
be radioresistant (Fig. 3A-3D). In order to investigate
the underlying mechanism of increased cellular death in
MCF-7 cells, a protein array was performed analyzing the
phosphorylation pattern of proteins involved in apoptosis.
pS3 and p38 were significantly increased in MCF-7
cells 48h after initial radiation (Fig. 3E-3G). This effect
was not seen in MDA-MB-231 cells. OF note, MCF-
7 cells harbor wild type p53 whereas MDA-MB-231
cells harbor a mutated form of the protein leading to its
accumulation in the nucleus [19]. The involvement of p53
in the induction of apoptosis in MCF-7 cells was further
validated by treatment with siRNA against p33 prior 1o
radiation. Short interfering RNA specific for p33 abolished
the pro-apoptotic effect of radiation in MCF-7 cells (Fig.
3H). Inhibition of p38 by SB202190 did not abrogate
irmadiation induced cell death. These results indicate that
MCF-7 cell death in response to ionizing radiation is
induced by the p33 pathway.

Since both analyzed BC cell lines cells exhibit a
divergent estrogen receptor (ER) status (MCF7:positive;
MDA-MB-23] negative [18]), we next tested whether
the ER is involved in the radiosusceptibility. However,
treatment of MCF-7 cells with the unspecific ER-antagonist
IC1182780 did not abrogate the pro-apoptotic effect of
ionizing radiation in this cell type (Suppl. Fig. S1).

RHAMM is regulated by radiation in a p53
correlated manner

To investigate the role of RHAMM in response to
radiation, both cell lines were irradiated with 2Gy and
RHAMM mRNA level was measured by gRT-PCR (Fig.
4A). RHAMM mRNA was significantly reduced in MCF-
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7 cells, likewise shown by immunocytochemical staining
of RHAMM (Fig. 4B). No change was detected in MDA-
MB-231 cells resembling the results on the apoptotic
response (Fig. 3C). Immunocytochemistry staining of
p53 showed increased signals in irradiated MCF-7 cells
compared to sham-irradiated controls. Accumulation of pS3
in MDA-MB-231 cells was found independent of iomizing
radiation (Fig. 4B). Altermative splicing of RHAMM
might be responsible for different cellular functions, The
regulation four different protein isoforms regulation of four
by ionizing radiation was analyzed by western blot, OfF
note, only splice variants v1/v2 which both run at 85kDa
were decreased in MCF-7 cells while v3 and v4 were not
reduced. In contrast, MDA-MB-231 cells displayed a
significantly lower expression of all tested isoforms and
were not further decreased by radiation (Fig, 4C-4D).
Recently, RHAMM has been shown to be transcriptionally
repressed by p33 [11]. Treatment of both cell Tines with
short interfering RNA against p53 confirmed these results
(Fig. 4E-4G). The endogenously increased level of pS3 in
the nucleus of MDA-MB-231 cells could therefore explain
the reduced occurrence of RHAMM protein in this cell
line, OF note, reduction of RHAMM by siRNA did not
change the level of p33 in both cell lines (Suppl. Fig. 82).

Next it was investigated whether the increase of
RHAMM v1/v2 in MDA-MB-231 cells after p33 knock
down would restore radiosensitivity. Knock down of p53
and subsequent upregulation of RHAMM v 1/v2 increased
the rate of cellular death in MDA-MB-231 cells. Of
note, the apoptotic effect was even further enhanced by
subsequent ionizing irradiation (Fig. 4H),

RHAMM splice variants increase the
radiosensitivity of breast cancer cell lines

To establish the radiosensitizing ability of RHAMM
- observed in terms of apoptosis - and to investigate the

HMMR 208709 HMMR 207165
p= p=

Nodaistatus  ns “ns

 Stadium ns ns

Grading 0001 «0.001

ER Status 0.089 0.061

PR Status ns 0057
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Figure 1: RHAMM is progunostic for patient overall survival. A. Affimetrix snalysis of REZAMM cxpression in 196 tissue samples
from breast cancer patients is shown, Patients were stratified into subgroups according their 644 MM cxpression (low (1), medium (2), high
(3}, very high (4)) and the subgroups were correlated to overall survival. B, table showing results of statistic tests for clinical parameter in

two allymelnix analysis,
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involvement of the different RHAMM splice variants, cells
were treated with siRNA against the respective mRNAs
{Suppl. Fig. S3) and subsequently irradiated. In MCF-7
cells siRHAMMpan as well as sSiIRNA against all individual
RHAMM splice variants increased the rate of apoptosis
(white bars Fig. SA).

Again, iradiation induced the percentage of
apoptotic cells. An additional apoptotic effect was
observed in cells which were treated with siRHAMM
v1/v2 and irradiation, Knock down of RHAMM v3 and v4
did not alter this cffect (Fig, SA).

In MDA-MB-231 cells neither siRHAMMpan nor
SIRHAMMy1/v2 revealed a significant induction of cell
death (Fig. 5B). However, siRNA against RHAMMv3 and
v4 induced cell death in MDA-MB-231 cells. Irradiation
did not increase MDA-MB-231 cell death in any treatment
group.

As expected from the previous experiments, the
proliferation rate was not altered by either ionizing
radiation or siRNA treatment (Fig. 5C-5D).
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Pharmacologic inhibition of hyaluronan
synthesis increases the response to ionizing
radiation

Finding pharmacological approaches which
increase the susceptibility of cancer cells to radiation
and thereby reduce the rate of recurrence is of great
interest. HA 1s the main intra- and extracellular ligand
of RHAMM thereby regulating both functional aspects
[20]. Its pharmacological inhibition can be realized
by treatment of cells with the HA-synthase inhibitor
4-methylumbelliferone  (4-MU). 4-MU  treatment
suppressed HA synthesis in irradiated and non-irradiated
breast cancer cells (Fig. 6A). Importantly, incubation of
MCF-7 cells with 4-MU increased the radiosensitivity
of the cells with respect to apoptosis fourfold. Whereas
MDA-MB-231 cells did not respond to 4-MU treatment
alone, the susceptibility of the cells after additional
radiation was increased (Fig. 6B-6C).

In conclusion, we provide evidence, that RHAMM
is involved in the malignant phenotype of BC cells.
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Figure 2: RHAMM has apoptotic and motility characteristics in different cancer cell lines in vitro. A. relative mRNA
expression of RIAMM in SiIRITAMM transfected MCF-7 and MDA-MB-231 cells. B, proliferation rate measured with CFSE staining in
MCF-7 und MDA-MB-231 cells 48h after siRNA knockdown of RHAMM. CFSE intensity is assigned reciprocally. C. sub-G 1 analysis of’
MCF-7 and MDA-MH-231 cclls 48h after siRNA knockdown of RHAMAM. D. accumulated distance and velocity of migration assay with
excmplary pictures of one experiment, *, p<0,05 in comparison to MCF-7 siCon; *, p<0.05 in comparison to MDA-MB-231 siCon.

www.impactjournals.com/oncotarget

Oncotarget

135



MCF.7

MODA-MB-231

Cc MCEF-7 MCF-7
0Gy
0.94% §
200 %
MDA-MB.-231
Gy
2.12%
MCF-7 MDA-MB-231 Ef:
0 o
E F
]
0.0
20
ERX12
1.5
Akt §§
Bad a® w
Ll
nse27 xi 05
ps) ’ OMCE.T DA MB.
pISMAPK MCF.7 MDA-MB.231
SAPKLINK G e ——
PARP ——— e —— B“m
cw’ — e —— p“
Caspase-? " p.cbutn
ixfa (total) —r ¢
Chikt 20 | - 20y
Chik2 2 5 .
1B (Ser1236) :
eLF2a i! '
Takt 3 -
Ut vivin & H
0.0 .
MCF?7 01 2346 MCF.7 MDA-MB.231
signsl at 2Gy
(fold of 0Gy)
H MCF-7 | MCF-7
— g R

sub.G,

{fold of DMSO)

o AN WA n

:

P53 7

su'

OMSO
DMSO +2Gy
SB +2Gy

Figure 3: MDA-MB-231 cells are not radiosensitive at a dose of 2Gy whereas MCF-7 cells are radiosensitive via

activation of p5S3 and p38. A. live ccll number, B, proliferation rate of via C

I'SE (assigned reciprocally), and C. sub-G1 analysis of

MCF-7 and MDA-MB-231 cells 48h alier irradiation with 2Gy measurement. D, representative histograms of sub-G | analyses, E, absolute
expression levels of proteins analyzed via the stress and apoptosis assay depicted in a heatmap (kefl) and the fold changes of these proteins
in MCF-7 cells 48h alter irradiation compared 10 the non-irradiated control (nght), F. westem blot analyses of MCF-7 cell lysates [or p53
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Detection of RHAMM isoform expression in correlation
with the p33 mutation status might allow to predict the
responsiveness to radiation. Importantly. pharmacological
inhibition of HA, the main binding partner of RHAMM,
could help to increase the radiosensitivity of both p33 wild
type and mutated cancer types (Fig. 7).

DISCUSSION

I'he receptor for hyaluronan-mediated motility
(RHAMM) exhibits at least two distinct functions,
As intracellular protein it is mvolved in maintaining
the stability of the mitotic spindle [12]. In addition, by
attachment to a GPl-anchor, it is associated with the
cellular membrane and acts as cellular HA receptor
promoting cell motility and invasion [15, 21]. Various
studies report overexpression of RHAMM during tumor
development and suggest a prognostic significance of
RHAMM expression in e.g. leukemia, bladder cancer, and
BC [13. 22, 23]. These findings have fostered the idea to
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use RHAMM for therapy in acute myeloid leukemia and
multiple myeloma, now being evaluated as vaccination
against RHAMM in small clinical trials [24 ). However. its
value as prognostic marker and therapeutic target remains
indeterminate.

In agreement with other reports, our data show
that the level of RHAMM in wmor biopsies derived from
BC patients is correlated with recurrence-free and OS.
Interestingly iz vitro its functional role also appears to
depend on the expression level. Whereas in RHAMM=h
MCF-7 ¢ells the cellular survival depends on the RHAMM
expression, MDA-MB-231 cells (RHAMM") survive
independently of RHAMM, Of note, this circumstance
1s reversed with regard to the migratory capacity of both
cell types. One possible explanation is that RHAMM
is transported to the membrane in invasive cancer cell
lines [21] and thereby increases migratory behavior.
This suggests that (i) the amount of RAAMM mRNA is
important for the prognosis of the disease and (ii) that
the subcellular localization might be informative for the
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Figure 5: RHAMMpan and RHAMM variant knock-down in MCF-7 and MDA-MB-231 cells leads to increased
radiosensitivity after irradiation with 2Gy. A, sub-G | cell cycle unalysis of sSiRFAMM vanants transtected MCF-7 und B. MDA-
MB-231 cells 48h alter irradiation with 2Gy. C. analysis of proliferation rate via CFSE measurement (assigned reciprocally ) in siRIAMM
variunt transfected MCF-7 and D. MDA-MB-231 cells 48h after irradintion with 2Gy. *, p<0.05 in comparison to MCF-7 siCon 0Gy, °,
p<0.05 in comparison to MCF-7 siCon 2Gy, o, p<0.05 MCF-7 siRHAMMv1/2 2Gy in comparison to MCE-7 siRHAMMyv /2 0Gy, A,
p<).03 in comparison to MDA-MB-231 siCon 0Gy, $, p<0.05 in comparison to MDA-MB-231 siCon 2Gy.
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functional role. Future studies will have to be conducted
to clarify this open issue

Several factors may be associated with altered
cellular radiosensitivity and the probability of cells to
be killed by apoptotic mechanisms including p33, FAS-
mediated pathways, and the BCL-2 gene family [25]. The
relationship between the level of endogenous apoptosis
of tumors and their radiosensitivity has been investigated
leading to conflicting results [26, 27]. However, it has
been shown that cells from radiosensitive tumors are
more susceptible to ionizing radiation compared 1o cells
from unresponsive tumors [28]. Hence, the apoptotic
response may serve as predictive assay for intrinsic
radiosensitivity [29]. In the present study, a threefold
increase in the apoptotic rate of RHAMM™" MCF-7
was detected, In comparison, RHAMM"™ cells (MDA-
MB-231) were found to be radioresistant. Apoptosis in
caspase-3 deficient cells (MCF-7) has been reported to
depend on alternative pathways like caspase-7 activation
of DFF40 like DNAse [30]. In this study analysis of
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e
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proteins involved in radiation induced cell death of MCF-7
cells revealed an involvement of p33 in this process
Of interest MDA-MB-231 cells harbor mutations in the
P33 gene [31], whereas MCF-7 express wild-type p33
[32]. A number of tumors acquire p33 mutations with a
high frequency [33-36]. In general, patients with these
mutations respond poorly to treatment with ionizing
radiation.

In genome wide mRNA screens RHAMM was
observed to be decreased when p3J is active [7, 37, 38]
Furthermore, it was recently described that pS3 can repress
RHAMM expression via its promotor including the first
exon and intron [11]

In the present study. we demonstrate that RHAMM
expression in MDA-MB-231 was severely reduced
in correlation with an accumulation of p53 within the
nucleus. Even though it is generally postulated. that mutant
P33 cells have lost the ability 10 bind consensus p33 DNA
binding regions, it has been demonstrated that mutated
P33 is still able to regulate gene expression directly or
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Figure 6: Pharmacological inhibition of HA system via 4-MU in MCF-7 and MDA-MB-231 leads to increased
radiosensitivity. A. affinitycytochemistry of HA 48h afler iradiation with 2Gy. Scale bars: 20pm. B. sub-G1 cell cycle analysis of
4-MU trested MCF-7 and MDA-MB-231 cells 48h after irmdiation with 2Gy, C. analysis of proliferation rate via CFSE staining of 4-M1UU
treated MCF-7 and MDA-MB-231 cells 48h after irradiation with 2Gy, CFSE intensity is assigned reciprocally. *, p<(0.05 in companison to
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S, p0.05 in comparison to MCEF-7 4-MU, o, p=0.05 in comparison to MCF-7 2Gy,
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through mitochondrial or cytoplasmatic activities [39]. In
MDA-MB-231 cells it was previously reported that the
p33 mutant is required for cellular survival through yet
unknown mechanism [40]. In the present study siRNA
against p33 raised RHAMM protein levels indicating that
mutated p53 in MDA-MB-231 cells is still able to repress
RHAMM expression,

Of interest, not all RHAMM isoforms appear to be
decreased by p53 as only REAMMv1/v2 was reduced in
MDA-MB-213 cells and elevated in response to siRNA
against p33. Different functions of the RHAMM splice
variants have been proposed previously. In muitiple
myeloma patients the ratio of RHAMMv3:RHAMMv1/
v2 has been correlated with poor prognosis [16].
Furthermore RHAMMv3 appears to promote tumor growth
and metastasis to lymph nodes and the liver in a mouse
model [14]. As RHAMMv1/v2 encodes for longer proteins
than RHAMMvy3 and v4 and the transport mechanism of
RHAMM to the membrane is still unknown, alternative
splicing of RHAMM might present one reason for its
presence in different subeellular compartments and
thereby different cellular functions.

Regarding radiation responses the expression
of RHAMM vlI/v2 appears to be vital. Whereas
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RHAMMy1/v2"" MCF-7 cells were sensitive to ionizing
radiation, RHAMMv /2" MDA-MB-231 cells were
radioresistant. It appears plausible that RHAMMYV1/2 is
permanently reduced in pS3 mutated cancer cells and
other compensatory pathways exist, thereby conferring
radioresistance.

CD44 is o widely expressed cell surface membrane
receptor which participates in cell-cell and cell-matrix
interactions. CD44 facilitates motogenic/invasive as well
as proliferative cellular phenotypes [41]. Conflicting
functions of CD44 have been proposed in experimental
models of tumorigenesis and ~progression in comparison
to in vive data, This may be due to the presence and
absence of RHAMM and vice versa [42]. CD44 is known
to co-operate with RHAMM and has been reported to
compensate for loss of RHAMM. RHAMM and CD44
unify at least two distinct characteristics: i) both have
been shown to be transcriptionally repressed by pS3 [ 11,
43] and ii) they share the same binding partner, HA, HA
i a glycosaminoglycan and an important component of
the extracellular matrix which has been associated with
BC progression [44]. In vitro HA induces BC cell motility
[45] and survival [46]. HA has been predicted to bind all
RHAMM isoforms near the carboxyl-terminus [47]. In
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RHAMMY3
RHAMMva

Figure 7: Schematic model of mamma-ca radiosensitization, Breast cancer cells with wildtype p53 status are radiosensitive and
cin be foreed into apoptosis upon RHAMAM downregulation. Mutant p53 breast cancer cells are only radioscensitive if treated with 4-ML

which affects RHAMM ligand inhibition,
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the present study treatment with the HA-inhibitor 4-MU
augmented the radiation effect in both cell lines. However,
4-MU did only alter MDA-MB-231 cellular survival in
combination with irradiation. This hints towards a HA
dependent resistance mechanism possibly mediated by
CD44 or RHAMM v3/v4. Future studies will have to
address the role of CD44 and RHAMM for radiosensitivity
of cancer cells, possibly also including further binding
partners of both proteins, such as MET [48]. Apart
from 4-MU the application of other pharmacological
compounds interfering with HA-signaling pathways,
as RHAMM/CD44 blocking antibedies or HA-binding
peptides, should be considered.

Prognostic markers may help to improve the
accuracy of risk stratification of cancer patients and
therefore possibly provide important data to optimize
therapeutic decisions. In the present study we report that
the detection of RHAMM splice variants in correlation
with the p33 mutation status might help to pre-evaluate the
susceptibility of breast cancer cells towards radiotherapy.,
Additionally, the data raise the possibility that the response
to radiotherapy in selected tumors may be improved by
targeting RHAMM and its ligand HA,

MATERIALS AND METHODS

Analysis of mRNA expression data in tumor
tissue samples

In order to investigate the mRNA expression of
RHAMM, microarray data (Affymetrix HG-U133A)
from a cohort of 196 mammary carcinoma enrolled in the
Department of Gynecology, Hamburg University medical
Center, were analyzed. The clinical and histological
characteristics of this cohort as well as technical details
have been described elsewhere [49]. All microarray data
have been submitted to Gene Expression Omnibus (GEQ)
under the following accession numbers: GSE26971
(samples  GSM663775-GSM663852),  GSE31519
(samples  GSM782523-GSM782529), GSE31519
{samples GSM782554-GSM782568), GSE46184 (samples
GSM1125783-GSM112856) [49]. Informed consent for
the scientific use of tissue materials, which was approved
by the local ethics committee (Ethik-Kommission der
Arztekammer Hamburg, #OB/V/03), was obtained from
all patients. The study was performed in accordance to the
principles of the declaration of Helsinki and REMARK
criteria [50].

Expression data of two RHAMM probe sets present
on the Affymetrix chips (209709 s at and 207165 at)
were retrieved from the files, For statistical analysis,
the cohort was divided into guartiles of similar size
according to their expression values. y’-tests were used
to examine correlations between RHAMM expression
and clinicopathological factors comparing the following
groups: histological grading G1 vs. G2 vs. G3; stage

pT1 vs, pT2 vs. pT3-4; lymph node involvement N vs,
N1; estrogen and progesterone receptor status (ER, PR),
positive vs. negative: histological type ductal vs. others.
Overall survival was analyzed by Kaplan-Meier analysis
and Log-Rank-Tests. Probability values less than 0.05
were regarded as statistically significant.

Treatment and transfection of cells

MCF-7 (CLS. Eppelheim) and MDA-MB-231
(CLS, Eppelheim) were cultured in DMEM-high
glucose (Gibco, Carlsbad) with 2% FBS (Gibco) and
1% Penicillin/Streptomycin (Gibeo). Tonizing radiation
was applied with Gulmay RS225 (Xstrahl, Camberley)
at 150kV and 15SmA with 0.2mm copper filter 24h
after treatment or seeding of 5000 cells per cm®. 10nM
siRNA (AllStars Negative Control siRNA, siHMMR 9
(siRHAMMpan), siTP53 7 and siTP53 8 from Qiagen,
Hilden and custom siRNA for RHAMM variants were
purchased from Sigma) was used for transfection
with 1:500 RNAiMax (Life Technologies, Carlsbad)
in DMEM according to the manufacturer's manual,
siRNA against sequences for knockdown of RHAMM
variants  are  AAAGAGATTCGTGTTCTTCTACA
(SIRHAMMVI1/2), AAGATTCGTGTTCTTCTACAGGA
(siRHAMMV3), AAAGTTAAGTCTTCGGAATCAAA
(siRHAMMy 1/2/3), and AATGACCCTTCTGATTCGTGT
(siRHAMMVvA4). Cells were irradiated 24h after reversed
transfection with SiRNA against RHAMM or 4-MU
(Sigma-Aldrich  Chemie, Miinchen) treatment. Cells
receiving p53 knockdown were irradiated 48h after
reversed transfection with SIRNA against p3Jj.

Migration assay

Migration of the cells was investigated via time
lapse micrescopy starting 24h after ionizing radiation with
2Gy. Three videos per sample were recorded with Axio
Observer.Z 1 under standard culturing conditions and eight
cells per video were tracked. Tracking was performed
using ImageJ 1.47t (Wayne Rasband, National Institutes
of Health, USA) manual tracking plugin (Fabrice Cordeli,
Institut Curie, Orsay, France) and exemplary pictures are
processed with Chemotaxis and Migration Tool (Ibidi,
Gerhard Trapp, Martinsried, Germany).

Western blotting

Western blots were performed using standard
procedures and the following reagents: RHAMM
(GTX62573, GeneTex., Irvine), p53 (OP43, Calbiochem,
Billerica), p38 (#9212, Cell Signaling Technologies,
Danvers), pp38 (#9211, Cell Signaling Technologies,
Danvers), B-tubulin (T7816, Sigma-Aldrich Chemie,
Miinchen) and fi-actin (A5316, Sigma-Aldrich Chemie,
Miinchen). Binding protein for affinitycytochemistry
of hyaluronan was biotinylated HABP (Calbiochem,
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Billerica) and as secondary antibody streptavidin-FITC
(Dako, Glostrup) was used. Secondary antibodies for
western blotting were IRDye* BO0OCW goat anti-rabbit
IgG, TRDye® 800CW goat anti-mouse IgM, IRDye®
680RD goat anti-rabbit IgG and IRDye" 680LT goat anti-
mouse IgM (LI-COR Biotechnology, Bad Homburg).
Immunofiuorescence secondary antibodies were AF488
goat anti-rabbit IgG (Life Technologies, Carsbad) and
AF568 (Fab'), fragment of goat anti-mouse IgG (H+L)
(Life Technologies, Carsbad).

Immunofiuorescence staining and
affinitycytochemistry of hyaluronic acid

For RHAMM and p33 immunofluorescent stainings
cells were fixed with 4% paraformaldehyde (PFA). For
hyaluronic acid affinitycytochemical staining cells were
fixed with 70% EtOH/4% PFA/0.3% acidic acid. Stainings
were performed as described previously [51, 52

RNA isolation, cDNA transcription,
and gRT-PCR

RNA was isolation was performed according to the
Peqlab peqGOLD TriFast (Erlangen) protocol. cDNA
transcription was carried out with QuantiTect Reverse
Transcriptase Kit (Qiagen, Hilden) according to the
instruction manual, qRT-PCR was performed in duplicate
on StepOnePlus RealTime PCR System using Platinum
SYBR Green gPCR SuperMix-UDG (Life Technologies.
Carlsbad) with ROX reference dye according to the
manufacturer’s protocol. Primer sequences (5'—3") for
GAPDH fare GTGAAGGTCGGAGTCAACG, GAPDH
r TGAGGTCAATGAAGGGGTC, RHAMMpan
GAATTTGAGAATTCTAAGCTTG and RHAMMpan r
CCATCATACCCCTCATCTTTGTT were used. Data were
analyzed by AACT-method using GAPDH as reference
gene,

Intracellular signaling array

Cells were lysed in Path Scan® Sandwich ELISA
Lysis Buffer (Cell Signaling Technology, Danvers) and
analyzed using PathScan® Stress and Apoptosis Signaling
Antibody Array Kit (Cell Signaling Technology, Danvers)
according to the vendor’s protocol. Chemiluminescent
signals were detected via Odyssey Infrared Imaging
System (application software version 3.0) from Li-Cor
biosciences (Bad Homburg).

Sub-G1 cell cycle analysis

Cells were detached via incubation withTrypsin/
EDTA (Gibco), washed once with PBS and resuspended
in 75uL Lysis buffer (0.1% Sodium cifrate, 0,1% Triton
X-100). Directly before FACS analysis 25pl. GUAVA
cell cycle reagent (Millipore, Billerica) were added and

doublet-discrimination was performed via signal height/
area dot plot. 10000 cells per sample were analyzed
employing a guava easyCyte 5 flow cytometer (Millipore).

Proliferation and determination of
proliferation rate

Cells were detached and diluted 1:2 with
TrypanBlue (Life Technologies, Carisbad) for live dead
discrimination and determination of live cell number in
Countess (Invitrogen, Carlsbad).

To evaluate proliferation rate cells were stained with
CFSE (Life Technologies, Carlsbad) as shown previously
[53]. Cells were harvested 48h after irradiation, Analysis
was performed employing the easyCyte5 flow cytometer
(Millipore, Billerica). 10000 cells were analyzed per
sample. Mean of fluorescence signal was assigned
reciprocal,

Statistical analysis

Real-time data were analyzed by logarithmic data
tranformation. Data were analyzed with GraphPad Prism
6 (GraphPad Software, La Jolla, CA, USA) and are
represented as mean = SEM. Comparison of two groups
was analyzed via two-tailed t-test. Comparison of more
than two independent variables was analyzed via one-way
ANOVA and Sidak’s multiple comparison post hoc test.
Statistical significance was considered when p<0.05.
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8. SUMMARY (IN ENGLISH) / ZUSAMMENFASSUNG (AUF DEUTSCH)

Cancer metastasis is the main cause of cancer related death. Administration of
systemic therapy against cancer metastasis is usually based on characteristics of the
primary tumor, however, metastases may not resemble the primary tumor anymore
due to genetic progression or selection of treatment-resistant clones. The discordance
in characteristics of primary tumor and metastases, and the fact that metastases are
infrequently biopsied for clinical diagnostics, might lead to treatment failure. Circulating
tumor cells (CTCs) extracted from peripheral blood could aid diagnostics and clinical
management of cancer patients. Individual CTCs can be investigated on proteomic
and genomic levels. Immunocytochemical (ICC) staining allows for CTC detection and
characterization. Downstream genetic analysis is possible with a combination of whole
genome amplification (WGA) and next generation sequencing (NGS). Such
comprehensive analysis provides us with information about the origin and genetic
heterogeneity of the metastases and might aid in possible identification of therapy
sensitive and resistant clones.

In the studies presented here, a triple immunostaining protocol and a workflow
for genetic analysis of single CTCs were established. Subsequently, these procedures
were applied for the investigation of clonal evolution towards breast cancer metastasis,
its intra-patient heterogeneity, and the role of heterogeneity in acquired resistance to
hormone treatment and radiotherapy in breast cancer patients.

The obtained results suggest that genetic heterogeneity of breast cancer plays
a key role in the resistance of therapy. Cross activation of proliferative signaling
pathways results in resistance to endocrine and radiotherapy. We demonstrate that
breast cancer might utilize both linear and parallel progression ways of metastasis.
Accordingly, therapy resistant metastases in breast cancer patients might originate
from tumor clones present at early stages of carcinogenesis, as well as from more
progressed ones. The clonality of the investigated breast tumors indicates that both
competition and cooperation of tumor clones are likely being involved in cancer
evolution.

In conclusion, our results demonstrate the feasibility of genomic and protein
expression analyses on single CTCs and underline the importance of “liquid biopsy”

for companion diagnostics in metastatic breast cancer.
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Metastasen sind die Hauptursache krebsbedingter Todesfalle. Die
Verabreichung systemischer Therapien gegen Krebsmetastasen basiert in der Regel
auf Eigenschaften des Priméartumors. Stetige Tumorprogression sowie Selektion
behandlungsresistenter Klone fuihren jedoch dazu, dass Metastasen dem Priméartumor
nicht mehr gleichen. Diese Diskordanz zwischen dem Primartumor und den
Metastasen, sowie die Tatsache, dass Metastasen selten einer Biopsie unterzogen
werden, kdnnen zum Therapieversagen fihren. In diesem Zusammenhang bieten
zirkulierende Tumorzellen (sogenannte Circulating Tumor Cells, oder CTCs), die sich
von dem Primartumor oder den Metastasen abspalten und im Blut befinden, eine
verhaltnismaRig leicht zugangliche und dennoch kostbare Quelle fir Tumor-, bzw.
Metastasen-Material.

Die Charakterisierung der, aus dem peripheren Blut von Krebspatienten
extrahierten, CTCs kann sowohl die Diagnostik als auch die klinischen Behandlung der
Patienten unterstitzen. Einzelne CTCs kdnnen auf proteomischer und genomischer
Ebene untersucht werden. Immunzytochemische Farbungen erméglichen die CTC-
Detektion und -Charakterisierung. Darauf folgende genetische Einzelzellanalysen sind
nur auf Grund einer Kombination von Amplifikation des gesamten Genoms (Whole
Genome Amplification, WGA) und Next Generation Sequencing (NGS) mdglich. Solch
umfassende Analysen liefern Informationen Uber die Herkunft und die genetische
Heterogenitat der Metastasen und konnen der Identifizierung von therapiesensiblen
und resistenten Klonen dienen.

In den hier vorgestellten Studien wurden ein immunozytochemisches
Dreifachfarbeprotokoll und ein Verfahren fir die genetische Analyse einzelner CTCs
etabliert. AnschlieBend wurden diese Verfahren zur Untersuchung der Klonalitat und
Heterogenitdt des Mammakarzinoms und der Metastasierungswege angewendet.
Hierbei untersuchten wir die Rolle der genetischen Heterogenitat bei der erworbenen
Resistenz gegen Hormonbehandlung und Strahlentherapie bei Brustkrebs-
Patientinnen. Die erhaltenen Ergebnisse deuten darauf hin, dass genetische
Heterogenitat in Brustkrebs eine wichtige Rolle bei der Therapieresistenz spielt. Die
Kreuzaktivierung von proliferativen Signalwegen fuhrt zu einer Kreuzresistenz
gegenuber Endokrin- und Strahlentherapie. AnschlieBend zeigten wir, dass
Brustkrebsmetastasierung sowohl Uber lineare als auch parallele Tumorprogression
erfolgt. Dementsprechend kbnnen  therapieresistente Metastasen bei

Mammakarzinom-Patientinnen von Tumorklonen stammen, die bereits in frihen
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Stadien der Karzinogenese entstanden sind, sowie von weiter fortgeschrittenen. Die
Klonalitat der untersuchten Brusttumore legt die Vermutung nah, dass beide
Mechanismen: Wettbewerb und Zusammenarbeit von Tumorklonen, in der
Krebsentwicklung beteiligt sind.

Schlie3lich unterstreichen unsere Ergebnisse die Umsetzbarkeit und
Bedeutung der Genom- und Proteinexpressionsanalyse auf einzelnen CTCs im
Rahmen einer "liquid biopsy" fur therapiebegleitende Diagnostik in Mammakarzinom-

Patientinnen.
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