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Abstract

Non-small cell lung cancer (NSCLC) accounts for the majority of lung cancer cases,

with the overall five-year survival rate being only around 15%. Metastasis remains the

primary cause for all cancer-related deaths, including NSCLC. Metastatic relapse is

caused by disseminated tumor cells (DTCs), which have been able to escape the primary

tumor and outgrow at distant organs. Recently, HERC5 has been identified as a potential

metastasis suppressor gene in NSCLC, as its loss was correlated with positive DTC status

as well as occurrence of brain metastasis and shortened both disease-free and overall

survival.

This thesis investigated the role of the putative metastasis suppressor HERC5 in early

dissemination. In lung cancer cell lines, low HERC5 expression was significantly associ-

ated with an elevated aggressive phenotype including increased migratory potential, as

well as clonogenic and anchorage-independent growth, while proliferative capacity was

not altered. These characteristics indicate that HERC5 harbors metastasis-suppressing

function rather than onco-suppressing properties. Since HERC5 has been associated

with increased metastasis formation in brain and bone, the microenvironmental influ-

ence of these tissues was analzyed as well, but were shown to have no effects on the

HERC5-mediated carcinogenic traits in the model systems.

Interestingly, RNAseq analysis of HERC5 overexpressing and control cell lines did

not show alterations in downstream pathways, as only two genes were found to be

differentially regulated. This indicates that the oncogenic function of HERC5 might be

regulated more at the protein level via its E3 ligase activity.

Previous studies linked HERC5 function mainly to viral defense mechanisms and

regulation of the innate immune response. In endothelial cells HERC5 is upregulated by

inflammatory cytokines such as TNFα or interferons, hereby catalyzing the transfer of

the ubiquitin-like modifier ISG15 onto target proteins as an E3 ligase. The ISGylation

of target proteins induces pleiotropic effects such as DNA repair, interference with the

ubiquitin system and exosome secretion.

The present study aimed at identifying novel interacting and ISG15 target proteins

in NSCLC cell lines after activation by inflammatory cytokines. SILAC-based proteomic

analysis revealed 42 HERC5 ISGylation targets. However, no specific pathway was found

to be altered when performing gene annotation enrichment analysis, possibly indicating

a lower impact of IFNγ and TNFα in protein ISGylation on immune-related processes in

NSCLC.

Extracellular vesicles (EVs) are important mediators of cell-cell-communication.

Tumor-derived EVs have been previously shown to prime the so-called pre-metastatic

niche by inducing e.g. vascular leakage, remodeling of the extracellular matrix, and
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Abstract

immunosuppression. The here presented study demonstrated that under inflammatory

conditions, the secretion of EVs is enhanced in HERC5-depleted lung cancer cells.

Moreover, preliminary results indicated that EV protein cargo is specifically altered

in these cells. In contrast to the limited amount of intracellular pathways affected by

ISGylation, functional annotation analysis of EV proteins revealed an enrichment of

pathways connected to innate immune responses as well as cell adhesion showing a

possible link between HERC5 expression and an immunomodulatory function of the

vesicles.

Early detection of cancer is highly important for prevention of primary and metastatic

disease. Liquid biopsies from blood of cancer patients can give important information on

the tumor state and evolution without the necessity of invasive procedures. Moreover, the

combined analysis of different liquid biomarkers can give complimentary information

on disease state compared to single analysis. A prerequisite for clinical utility is also

the development of standard operating procedure (SOPs) for these highly sensitive

assays. Here, we show the feasibility of a combined liquid biopsy assay, obtaining results

from circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), and miRNAs

from a single blood draw. The outcome of the analysis, however, strongly depends on

the selection of blood-collection tube and normalization methods of next-generation

sequencing data, indicating the importance of strict SOPs. Furthermore, a method for

standardized, semi-automated detection of CTCs from cancer patients was established.

Combined, these results are important prerequisites for the establishment of a HERC5-

based liquid biopsy assay in the future.

Taken together, the results indicate that low HERC5 levels elevate metastatic potential

in vitro. Its impact on extracellular signaling via EVs in an immunomodulatory context is

increased while intracellular pathways are less affected by HERC5 levels and ISGylation

of proteins. Further analysis needs to be performed to evaluate the exact nature of tumor

and immune cell cross talk. Liquid biopsy experiments could validate whether HERC5

could become a blood-based biomarker aiding in early detection of relapse in NSCLC.
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Zusammenfassung

Das Nicht-kleinzellige Bronchialkarzinom (NSCLC) stellt die Mehrheit aller Lungenkrebs-

fälle dar, dessen Fünf-Jahres-Überlebensrate bei lediglich circa 15% liegt. Metastasen

bilden den Hauptgrund für alle krebsbedingten Todesfälle, einschließlich NSCLC. Rück-

falle der Metastasierung werden durch disseminierte Tumorzellen (DTCs) verursacht,

die es geschafft haben, dem Primärtumor zu entweichen und in entfernten Organen

herauszuwachsen. Aktuelle Studien identifizierten HERC5 als potentielles Metastase-

Suppressorgen, denn es korreliert sowohl mit positivem DTC-Status als auch Gehirn-

metastasierung und einem verkürzten krankheitsfreien- und Gesamtüberleben in Lun-

genkrebspatienten.

Die vorliegende Studie untersucht die Rolle des potentiellen Metastasesuppressors

HERC5 im Zusammenhang mit früher Disseminierung. In Lungenkrebs-Zelllinien

wurde HERC5 mit einem erhöhten aggressiven Phänotyp assoziiert, welcher ein erhöhtes

Migrationspotential, klonogenes Überleben und Wachstumsfähigkeit in Suspension

beinhaltet. Unverändert bleibt dabei die proliferative Kapazität. Diese Charakteristika

deuten darauf hin, dass HERC5 eher Metastase-supprimierende als onkogene Funk-

tionen besitzt. Aufgrund der erhöhten Metastasierungsrate in Gehirn und Knochen

durch geringe HERC5 Expression wurde der Einfluss dieser Mikroumgebungen ebenfalls

analysiert. Es wurden keine Effekte auf HERC5 vermittelte, karzinogene Eigenschaften

in den Modellsystemen festgestellt.

Bemerkenswert ist, dass durch RNA-Sequenzierung von HERC5-überexprimierenden

und Kontrollzelllinien keine Veränderungen in nachgeschalteten Signalwegen nachge-

wiesen wurden, denn nur zwei differentiell reguliert Gene wurden identifiziert. Daher

könnte die onkogene Funktion von HERC5 viel mehr auf Proteinebene anhand seiner

E3 Ligaseaktivität reguliert sein.

Vorherige Studien brachten die Funktion von HERC5 hauptsächlich mit viralen Ab-

wehrmechanismen und Regulation der angeborenen Immunantwort in Verbindung. In

Endothelzellen wird HERC5 durch inflammatorische Zytokine wie TNFα oder Interfer-

one hochreguliert, wodurch der Transfer der Ubiquitin-ähnlichen Modifikation ISG15

auf Zielproteine katalysiert wird. Die ISGylierung von Zielproteinen bewirkt pleiotropis-

che Effekte, wie unter anderem DNA-Reparatur, Beeinträchtigung des Ubiquitin-Systems

und Freisetzung von Exosomen.

Die vorliegende Studie zielte darauf ab, nach Aktivierung durch inflammatorische

Zytokine neue Interaktionspartner und ISG15 Zielproteine in NSCLC zu identifizieren.

SILAC-basierte Proteomanalysen ergaben 42 von HERC5 ISGylierte Zielproteine. Jedoch

wurde kein spezifischer Signalweg beeinflusst, was auf einen geringeren Einfluss von

3



Zusammenfassung

IFNγ und TNFα auf Protein ISGylierung in Immun-bezogenen Prozessen in NSCLC

hindeutet.

Extrazelluläre Vesikel (EVs) sind essentielle Mediatoren der Zell-Zell-Kommunikation.

Von Tumoren freigesetzte EVs wurden beschrieben, die sogenannte prä-metastatische

Nische zu etablieren, beispielsweise durch Induktion von Gefäßdurchlässigkeit, Remod-

ulierung der extrazellulären Matrix und Immunsuppression. Die gegenwärtige Studie

demonstrierte eine verstärkte Sekretion von EVs in HERC5-dezimierten Lungenkrebs-

zellen unter inflammatorischen Bedingungen. Darüber hinaus deuten vorläufige Ergeb-

nisse darauf hin, dass der Inhalt von EVs spezifisch in diesen Zellen verändert ist. Im

Gegensatz zum geringen Einfluss durch ISGylierung auf Signalwege in der Zelle, zeigten

Analysen von funktionalen Annotationen in EVs eine Anreicherung von Signalwegen,

die sich sowohl mit der angeborenen Immunantwort als auch Zelladhäsion verknüpfen

lassen. Dies weist auf eine immunmodulatorische Funktion der Vesikel hin.

Früherkennung von Krebs ist entscheidend zur Prävention von Primärtumoren sowie

Metastasen. Flüssigbiopsien aus Blut von Krebspatienten können nicht nur relevante

Informationen über den Zustand des Tumors, sondern auch dessen Evolution beinhalten,

ohne die Notwendigkeit von invasiven Eingriffen. Im Vergleich zu Einzelanalysen kann

die Kombination von verschiedenen Biomarkern zusätzlich ergänzende Informationen

geben. Die Voraussetzung zur klinischen Nutzung dieser hoch sensitiven Analysen

ist ferner die Entwicklung von Standardvorgehensweisen. Hier zeigt die vorliegende

Forschung die Durchführbarkeit einer kombinierten Analyse von zirkulierenden Tu-

morzellen (CTCs), zirkulierender Tumor DNA (ctDNA) und miRNA aus einer einzigen

Blutabnahme auf. Das Ergebnis dieses Tests hängt allerdings stark ab von der Wahl

des verwendeten Blutentnahmeröhrchens und der Normalisierungsmethode von DNA

Sequenzierungsdaten, was die Notwendigkeit von normierten Verfahren unterstreicht.

Weiterhin wurde eine Methode zur standardisierten, halb-automatischen Detektion von

CTCs aus Krebspatienten etabliert. Beide Ergebnisse schaffen gemeinsam die Vorausset-

zung zur zukünftigen Entwicklung eines auf HERC5 basierenden Flüssigbiopsie-Tests.

Zusammengefasst deuten die Ergebnisse darauf hin, dass anhand geringer HERC5

Expression das metastatische Potential verstärkt wird. Sein Einfluss auf extrazelluläre

Signalwege durch EVs in einem immunmodulatorischen Kontext ist erhöht, während

intrazelluläre Signalwege weniger durch HERC5 Level und ISGylierung von Proteinen

beeinflusst werden. Weitere Analysen müssen durchgeführt werden, um die genauen

Eigenschaften der gegenseitigen Wechselwirkung von Tumor und Immunzellen zu

beurteilen. Zumal könnte mithilfe von Flüssigbiopsie-Studien überprüft werden, ob

HERC5 zukünftig als Blut-basierter Biomarker zur Früherkennung von NSCLC-Rückfall

fungieren kann.
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1 Introduction

Cancer development is considered a multi-step process, which is often triggered by

activation of oncogenes or loss of function of tumor suppressor genes [1]. There is,

however, a vast complexity of different cancer entities, which all have distinct alterations

in regulatory pathways. In 2000, Hanahan and Weinberg refined the definition of malig-

nant transformation processes by introducing the so-called hallmarks of cancer. These

essential alterations included six hallmarks which are characterized by self-sufficiency

in growth signals, insensitivity to growth-inhibitory (antigrowth) signals, evasion of pro-

grammed cell death (apoptosis), limitless replicative potential, sustained angiogenesis,

and tissue invasion and metastasis [2]. It was argued that all six steps are essential for

complete tumorigenesis and that acquisition of these varies both in a mechanistical and

chronological manner, meaning that specific genetic events may contribute to a different

extent and the order of hallmark acquisition can vary [2]. During the multiple steps in

carcinogenesis different abilities are acquired by the tumor. While oncogenes play an

important role in early stages of tumor growth, so-called metastasis suppressor genes

are able to inhibit dissemination from primary tumors and thus metastasis formation.

11 years after the original publication, these hallmarks were updated by the same

authors implying that tumorigenesis is not merely a process triggered by the tumor itself

but is also heavily influenced by the tumor microenvironment. The hallmarks were thus

adjusted and now further include deregulation of cellular energetics, avoiding immune

destruction, tumor-promoting inflammation, and genomic instability and mutation

[3]. It becomes more and more evident that interactions with surrounding cells of the

immune system are intricate and that they play an active part in tumorigenesis.

The best way to treat or prevent cancer still remains early detection or detection of

minimal residual disease (MRD). Liquid biopsy approaches represent a new diagnostic

concept in which low amounts of circulating tumor cells (CTCs) or circulating tumor

DNA (ctDNA) can be analyzed from blood, enabling MRD detection in patients [4].

1.1 Lung cancer

According to global cancer statistics GLOBOCAN by Bray et al., in 2018 lung cancer was

the most commonly diagnosed cancer entity worldwide comprising an estimated 15% of

all new cancer cases in men and 8% in women. Only prostate (14%), breast (24%) and

colorectal (appr. 10%) cancers have similar or higher incidence rates in men and women,

respectively [5]. To date, lung cancers represent the leading cause of all cancer-related

deaths in men with a mortality rate of 22% and has the second highest mortality rate
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of 14% in women, when comparing all cancer-related deaths (see Figure 1) [6]. Overall,

lung cancer caused approximately 1.8 million deaths worldwide in 2018 according to

GLOBOCAN [5].

Males

Females

Incidence Mortality

Figure 1: Estimated new cases and cancer deaths worldwide according
to gender in 2018. Modified after Bray et al. [5].

The five-year survival rate of lung cancer patients is around 54% for localized stage

disease and, like in all cancer entities, is drastically reduced when the tumor has already

spread to distant sites with a 5-year survival rate of 4% [7, 8]. In contrast to most other

cancer entities, the survival rates have not improved significantly during the last decades,

as its 5-year survival rate increased from an average of 12.2% in 1975 to 18.7% in 2012

(see Figure 2) [9].

This high mortality rate can be explained by the fact that patients often present to

the clinic at a late, often already in a metastasized state (57%), while approximately

only 15% of cases are diagnosed in the localized stage [7, 8]. This is mainly due to

the fact that symptoms occur late or are hardly distinguishable from a normal cough

or other infection-related symptoms, which are also common for smokers. The vast
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Figure 2: Five-year survival rates for the most common cancer sites.
Modified after Jemal et al. Average values for the years 1975 - 77 are de-
picted in light blue; average values for the years 2006 - 12 are shown in
dark blue [9].

majority of lung cancers (about 80% in the US and other developed countries) are caused

by tobacco consumption [10]. Globally, lung cancer incidences are therefore highly

correlated to smoking prevalence and are especially elevated in Europe, North America,

Micronesia/Polynesia, and Eastern Asia [8]. Other risk factors besides smoking include

passive smoking, occupational exposures to asbestos and other carcinogens, and urban

and indoor air pollution [11]. Moreover, chronic obstructive pulmonary disease (COPD)

as well as pneumonia, which are both associated with chronic inflammation of the lung,

are risk factors for lung cancer development [12, 13].

1.1.1 Non-small cell lung cancer (NSCLC)

Lung cancers can be subdivided into two main types: small cell lung cancer (SCLC) and

non-small cell lung cancer (NSCLC). The latter represents the majority of the two lung

cancer subgroups (85%) [14] and it can be further subdivided based on its histology.

Adenocarcinomas (AD; 40% [15]), which arise from alveolar, bronchial, or bronchiolar

epithelial cells, are more peripheral and have glandular histology [14], while squamous

cell carcinomas (SCC; 25-30% [15]) arise from the bronchial epithelium of the larger,

more central airways, and are more strongly associated with smoking and chronic

inflammation [16]. Large cell carcinomas (LCC; 10-15% [15]) are diagnosed by exclusion

of the two previously mentioned subtypes [16].
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1.1.2 TNM staging and treatment options

Irrespective of subtype, the so-called TNM staging has been established and is con-

stantly re-evaluated by the Union for International Cancer Control (UICC) in order to

standardize and accurately evaluate disease burden and treatment options [17]. The

TNM staging represents a nomenclature for the anatomic extent of primary tumor (T),

lymph nodes (N) and metastases (M). TNM classifiers are furthermore characterized by

numbers representing the severity or extent of tumor growth or occurrence of metas-

tases. Increasing tumor size and local invasion are correlated with higher T-descriptors,

ranging from T1-T4, which are also influenced by the tumor location. Nodal staging is

determined by the number of lymph node metastases and increases with higher numbers,

also depending on the affected region in the body. M-descriptors are categorized into M0

for no distant metastasis while M1 is further subdivided into M1a-c depending on single

or multi-organ involvement. In general, Tx and Nx are assigned if primary tumor or

lymph nodes cannot be accessed [18]. After determination of the TNM descriptors, their

combination can be used to assign an overall stage, ranging from stage I to IV. NSCLC is

a molecularly heterogeneous disease and therefore understanding its biology based on its

specific subtype and staging is necessary for assessment of the right treatment strategy.

Surgical resection remains the recommended treatment for stage I-II patients [19] and is

complemented for stage II patients with adjuvant chemotherapy [20]. If complete resec-

tion is not possible, postoperative radiation is recommended [20]. Treatment options in

stage III NSCLC patients vary due to a large heterogeneity within the group. Patients

with limited or moderate nodular involvement (N1-N2) undergo surgery, if possible, and

treatment is combined with neoadjuvant chemotherapy or adjuvant chemoradiotherapy

[21]. Without the option of surgical resection (N3), thoracic radiotherapy in combination

with chemotherapy is the treatment of choice [19, 21]. Stage IV patient care largely

consists of chemotherapy with platinum-based drugs and is complemented by palliative

therapy but includes immunotherapies as well [22].

1.1.3 Molecular alterations in NSCLC

NSCLC represents a tumor entity with one of the highest tumor mutational burden [23],

which is largely induced by carcinogenic tobacco consumption [11]. Due to this high

amount of mutations present within the tumor, in addition to histological subtyping,

specific genomic aberrations should be identified in order to analyze those patients

who might benefit from a variety of molecular targeted therapies that are available.

Today, several targeted treatment options are available for lung adenocarcinoma patients.

Lung adenocarcinomas most frequently harbor activating mutations in driver oncogenes

such as KRAS, epidermal growth factor receptor (EGFR) gene mutations, anaplastic
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lymphoma kinase (ALK) gene rearrangements, reactive oxygen species proto-oncogene-1

(ROS1) gene rearrangements and B-raf proto-oncogene (BRAF) point mutations (see

Figure 3) [20]. However, only a subset of these represent actionable molecular targets

and could thus benefit from molecular targeted therapies. EGFR is a receptor tyrosine

kinase which is in involved in signal transduction via the PIK3CA/AKT1/MTOR or

RAS/RAF1/MAP2K1/MAPK1 pathways [24]. Both pathways are involved in cell prolif-

eration, survival, invasion and angiogenesis [25]. Mutations causing constitutive EGFR

activation and ligand independence [26] therefore lead to oncogenic transformation.

EGFR specific tyrosine kinase inhibitors (TKI) such as gefitinib or afatinib can reversibly

or irreversibly block the receptor, respectively [27]. The most commonly acquired re-

sistance mechanism during treatment is a mutation arising in exon 20 and codon 790

(T790M) [28] for which a new generation of TKIs already exists. Osimertinib for example

can inhibit both original sensitizing and T790M mutations [27]. There is an ever growing

number of TKIs against these and other new targets that are already available or are

currently being tested in clinical trials. However, emerging mutations in most tyrosine

kinases lead to resistance against these drugs in patients and thus other options are

needed.

Figure 3: Frequency of molecular aberrations in driver oncogenes in
lung adenocarcinomas. Taken from Hirsch et al. [19].

As more knowledge on the immune-landscape of tumors is available, immunotherapy

is a novel revolutionary treatment option especially in advanced disease setting. In line

with this, programmed death ligand-1 (PDL-1) expression should be assessed for therapy

with immune checkpoint inhibitors. Adaptive PD-L1 expression within the tumor leads

to binding of programmed death-1 (PD-1) expressed by T-cells. The formation of this

immunological synapse thereby blocks T-cell specific immune rejection and allows tumor

progression and dissemination [29]. Monoclonal antibodies targeting the PD-1/PDL-1
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axis or cytotoxic T-lymphocyte antigen-4 (CTLA-4) have proven to successfully inactivate

either of these targets, therefore restoring T-cell-mediated anti-tumor immunity [27, 30].

1.2 Early dissemination and metastasis

Metastatic spread is a hallmark of cancer and represents the main cause of all cancer-

related deaths [31]. It occurs when tumor cells deriving from the primary site are able to

detach and intravasate the surrounding tissue and blood vessels, circulate in the blood-

stream whilst surviving pressure, extravasate, adapt to a new microenvironment at a

secondary site, and evade immune defense mechanisms [32]. Still, the exact mechanisms

of how cells are able to overcome all these various obstacles and furthermore colonize

new organs are not yet fully understood to an extent that would allow to apply this

information to the treatment of patients.

Two main mechanisms of detachment from the primary tumor site have so far been

described, i.e. active and passive shedding. Shear forces, mechanical stress e.g. from

surgery or tumor growth can lead to passive shedding of single or multiple cells, termed

circulating tumor cells (CTCs), which then can be forced into the blood circulation.

These cells are likely to keep their original expression patterns and might contribute

to metastasis formation [33, 34]. Active detachment of tumor cells is another way of

dissemination and includes acquisition of a more aggressive phenotype. Hence, in order

for cells to adapt to the environmental changes during the course of metastasis, some

plasticity in expression changes is thought to be required. The main process in which

cells can transform from being immotile into a less differentiated state with elevated

migratory and invasive capacities is called epithelial–mesenchymal transition (EMT).

This process is believed to have a broad spectrum of transitional stages rather than an

alternation between full epithelial and full mesenchymal states [35].

During EMT, differential activation of transcription factors Slug, Snail, Twist, ZEB1,

and ZEB2 occurs [36], altering signaling pathways and converting their apico-basal po-

larity into front-back polarity by remodeling of their extracellular matrix [35]. Cell-cell

contacts through adherens junctions, tight junctions or desmosomes become weaker

through loss of expression of cadherins, claudins or plakoglobin [34, 37] but also other

epithelial proteins such as EpCAM or cytokeratins are downregulated while mesenchy-

mal markers like N-cadherin or vimentin are upregulated. EMT can be induced by

autocrine and paracrine growth factors including transforming growth factor-β (TGF-β),

Wnt, hepatic growth factor (HGF), epidermal growth factor (EGF), fibroblast growth

factor (FGF) and platelet-derived growth factors (PDGF) which can be expressed by

immune cells, fibroblasts or mesenchymal stem cells present in the microenvironment

of the tumor [38, 39]. The reversion of the EMT process is called MET (mesenchymal
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to epithelial transition) and facilitates outgrowth. It is therefore necessary in order for

cells to be able to re-attach to new tissue, proliferate and outgrow at metastatic sites [39].

Cells that have successfully detached from the primary tumor and migrated to distant

organs are called disseminated tumor cells (DTCs).

Even though in theory, cells having disseminated from a primary tumor could form

metastases at any organ of the human body, individual carcinoma entities are known to

colonize specific target organs. [40]. This organ tropism of metastases can derive from

intrinsic alterations from the tumor cells, accessibility of target organs and paracrine

interactions between tumor cells and stroma [40]. During this process, chemo-attractants

such as cytokines are released which direct metastatic cells to certain organs, extracellular

matrices are remodeled and the host cellular composition can be altered [15, 40]. In

NSCLC, the main sites of metastasis are bone, lung, brain, liver and adrenal gland [41]. In

a study by Riihmäki et al., population-based data from over 20,000 lung cancer patients

was analyzed to obtain a more detailed view on this tropism. It was demonstrated that

also histology, age at diagnosis and sex have a significant impact on metastatic patterns

in lung cancer [41]. For example, in comparison with other subtypes, SCC patients had

the lowest occurrence of metastasis. AD metastasized preferentially to the bone and

respiratory tract and metastases in women occurred more frequently in the nervous

system [41]. It is therefore conceivable that metastatic patterns derive from survival

advantages through expressional differences of histological subtypes. Furthermore,

microenvironmental factors from secondary sites but also overall metabolic changes

could influence tumor cells from the lung in the blood circulation which leads to a site

specific colonization [42]. The exact underlying principles of organ tropism, cellular

modifiers and possible therapeutic targets, however, remain to be elucidated.

1.3 Liquid biopsy

Early detection is highly important for prevention of both primary and metastatic

disease. Still today, 10-50% of patients even with resectable primary tumors and no

overt metastases experience relapse within 5 years [43], indicating the presence of early

dissemination of tumor cells in NSCLC responsible for metastatic relapse which cannot

be detected by high-resolution imaging technologies [44]. A common homing organ

for DTCs is the bone marrow (BM). The presence of DTCs has been shown to correlate

with poor prognosis in most solid tumors including NSCLC [45, 46]. In breast cancer

even prognostic value of DTCs has been shown [47]. However, DTC analysis requires

repeated invasive BM sampling which is not always possible. The so-called liquid biopsy

is a new emerging field dealing with the detection of tumor state and evolution from

body fluids of cancer patients [44]. Using blood as a liquid biopsy tool represents a
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non-invasive method for detection. The information obtainable in blood from patients

samples is diverse: circulating tumor cells (CTCs) present in the mononuclear cell

fraction, and circulating tumor DNA (ctDNA), exosomes and platelets derived from

the plasma fraction can all give additional information on the genomic, epigenomic,

transcriptomic and proteomic state of heterogeneous tumor cell populations as well as

distant metastases (see Figure 4) [48].

Figure 4: Overview of analytes present in blood and accessible by liquid
biopsy. By centrifugation, whole blood can be separated into two parts.
The mononuclear cell fraction contains CTCs for analysis of marker protein
expression, as well as genomic and transcriptomic data. Plasma or serum
components include cell-free DNA or RNA, exosomes and platelets, which
all can give additional information on the disease state. Taken from Joosse
et al. [48].

The versatile information obtained from liquid biopsies represents many advantages

over classical tissue biopsies. During treatment, sequential biopsies for disease moni-

toring are also rarely possible and represent an increased burden for the patient. Since

tissue biopsies from lung tumors are often hard to access surgically, requiring invasive

procedures, the non-invasive analysis of biofluids could become an attractive alternative.
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NSCLC tumors are known to exhibit a large intra- and inter-tumor (metastasis)

variability. Therefore, even if tissue biopsies are feasible, they can only reflect a fraction

of the largely heterogeneous tumor tissue while liquid biopsies can give rise to the overall

state by detection of single clones or nucleic acids from theoretically any part of the

tumor tissue [49]. Analytes present in the blood could not only mirror the real-time

state of the patient but could become an important tool with respect to diagnosis, choice

of treatment and therapy response and even resistance mechanisms [49]. Moreover, by

sequential blood sampling tumor evolution can be tracked, therefore liquid biopsy has

the potential to aid in understanding the metastatic cascade. It can furthermore indicate

whether the disease is still present as micrometastases by assessing the so-called minimal

residual disease (MRD) state [43]. Information on presence of CTCs or ctDNA can be

thus be a predictive factor of progression and relapse [43].

1.3.1 CTCs, ctDNA, EVs and miRNA

Liquid biomarkers present in the blood can all give different, but complementary infor-

mation on the current disease state and therefore represent valuable tools for monitoring

treatment response, tumor evolution and presence of MRD [49]. In the following section,

a short overview on the different analytes and their clinical relevance will be presented.

CTCs which have been shed from tumor tissue (both primary tumor and metastases)

and are present in the blood circulation are exposed to harsh conditions such as immune

surveillance, shear forces and apoptosis [50]. Their half-life is therefore short, estimated

to be 1-2.4 h [51]. CTCs represent only a small fraction in the background of blood cells,

usually in the range of 1 CTC per 106 - 108 leukocytes [52]. The number of CTCs depend

on the type of tumor and disease stage. CTCs can be characterized by enumeration and

molecular characterization by e.g. analysis of expression of specific tumor markers, RNA

or DNA analysis with whole genome amplification tools and subsequent next generation

sequencing (NGS) analysis. The CellSearch® device is considered the gold standard

method for CTC detection as being the only US Food and Drug Administration (FDA)-

approved device. CellSearch® makes use of epithelial cell adhesion molecule (EpCAM)

expression on the cell surface by enriching EpCAM positive CTCs with magnetic labeled

nanoparticles. Several studies have shown that CTCs can be present already at early

disease stages, and can predict prognosis and response to therapy, in particular in breast

and prostate cancer [49, 53]. Also in NSCLC, even though CTC numbers detected

by CellSearch® and most other devices are low [54], positive CTC status correlates

with lymph node metastasis and tumor stage, as well as shortened DFS and OS [55].

Furthermore, emergence of possible mutations in KRAS, EGFR e.g. its drug resistant

T790M substitution could already be validated on CTCs [56].
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Circulating tumor DNA (ctDNA) derives mostly from apoptotic and necrotic tumor

cells and represents only a small fraction of total free circulating DNA (cfDNA) present

in the blood of cancer patients [57]. Their half-life is comparable to CTCs, with an

estimated 1.5 h [58]. Analysis of ctDNA can in principle reveal any type of DNA

alteration, including mutations, structural variation and epigenetic changes, deriving

from primary tumors, CTCs, micrometastases, or overt metastases. The alterations are

mostly analyzed by either PCR- or NGS-based techniques [57]. Identification of EGFR

mutations in plasma of NSCLC patients was for example shown to be of clinical relevance

for patients since dynamic changes of the mutations and occurrence of mutations causing

resistance against EGFR TKIs correlate with DSF and OS and can be assessed without

the necessity of tissue biopsy [59]. It enables earlier diagnosis and therefore changes of

treatment options and has been approved by the FDA [59]. Genomic abberations can

furthermore include epigenetic changes, and thus alterations of methylation patterns, a

common trait among tumor suppressor or metastasis suppressor genes. Their detection

can also give valuable information on gene silencing in connection to resistance to

therapy and is still most commonly performed by PCR after bisulfite-conversion of the

DNA [50].

Further information on the current disease state can be obtained by analysis of

free circulating miRNAs or miRNAs present in extracellular vesicles (EVs) or exo-

somes. MiRNAs are single-stranded, short (19–25 nt) non-coding nucleic acids which

are sequentially processed from precursor pri-miRNAs to pre-miRNAs and finally to

mature miRNAs [60, 61]. Within the RNA interference pathway, they are important

post-translational regulators of gene expression and are thus not surprisingly often dereg-

ulated in various cancer entities. They are associated with downregulation of tumor

suppressors or oncogenes [61]. Due to their rather high stability and bio-availability (24

h [62]), expression of single cancer-associated miRNAs or whole miRNA profiles could

become biomarkers or indicators for disease state [61]. It seems that even though miRNA

families such as hsa-miR-200 are frequently deregulated in cancer [63], every entity has

their own pattern of distinct miRNAs, which furthermore varies when comparing cell

free miRNA and miRNAs derived from exosomes [61]. Their evaluation as biomarkers

therefore requires more research.

Exosomes represent a subgroup among EVs and are characterized by their size of

approximately 50-150 nm, surface protein markers such as tetraspanins, TSG101 or Alix,

and are derived from endosomes [64]. Besides miRNA, exosomes furthermore include

other nucleic acids such as DNA, mRNA and long non-coding RNA, as well as proteins

[65]. They are involved in cell-cell communication in an autocrine and paracrine manner

and are capable of reprogramming of the recipient cells as well as their metabolism

[64]. Through their function, they have been associated with tumorigenesis, growth,
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progression, dissemination and therapy resistance [66]. During cancer progression,

the amount of exosomes released from tumor cells is increased [64]. They have been

recognized as important mediators of priming the metastatic niche by signal transduction

directed at immune cells and stromal cells [66]. Moreover, exosome uptake by recipient

cells seems to be organ-specific and is therefore linked to metastatic organotropism [67].

1.3.2 Influence of pre-analytical factors on liquid biopsy

As varied the information obtainable from blood can be and as promising the prognostic

and therapeutic value for treatment seems, several aspects of data acquisition in liquid

biopsy approaches need to be further evaluated. So-called pre-analytical factors, dealing

for example with the identification and choice of tests, sample collection and sample

handling, can influence analyses in many ways [68]. In order to be able to compare assays

and to implement liquid biopsy into routine patient care, standardized procedures are

indispensable but not completely validated yet.

One of the most crucial influences when analyzing analytes from blood are blood

collection tubes. There are numerous tubes available which all contain preservatives in-

fluencing the stability of biomarkers in a different way [69]. Furthermore, varying blood

volumes for analysis or wrong storage parameters, transportation issues or technical

mistakes can have an impact on results as well [70]. For each analyte, various studies

have been performed aiming at standardizing pre-analytical conditions. Mesquita et al.

reported the establishment of storage of CTCs enriched by the CellSearch device for up

to two years, whose genomic integrity remains suitable for subsequent whole genome

amplification [71]. Regarding ctDNA analysis, differences in sample collection, storage,

centrifugation, isolation, and quantification methods were compared by van Ginkel et

al. revealing optimal conditions of blood sampling and choice of DNA extraction kits

[72]. Moreover, in a study by Kloten et al., extraction protocols for free circulating and

EV-associated miRNAs analyzed by NGS were compared in a multicenter approach and

revealed differences in miRNA yield and quality which might introduce bias in the data

[73]. Since in principle, every pre-analytical step has an influence on results, evaluations

are necessary regarding both single parameter and multiparameter analysis as well as

testing at several laboratories in e.g. ring trials in order to overcome these biological and

technical challenges.
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1.4 HERC5

HERC5 (HECT and RLD domain containing E3 ubiquitin protein ligase 5) belongs

to a family of proteins which comprises six members in total. Depending on their

size and domain architecture, they can be further subdivided into two groups. While

HERC1 and HERC2 represent large proteins containing one HECT (Homologous to the

E6AP carboxyl terminus) and several RLDs (regulator of chromosome condensation 1

(RCC1)-like domain) functional domains, HERC3-6 belong to the small members of

the protein family with only one HECT and RLD domain each [74]. Their common

HECT domain feature has been proven to exert active ubiquitin ligase function, as it

has the ability to form thioester bonds with ubiquitin [75]. Ubiquitination is a process

which requires the action of three main proteins, constituting of ubiquitin-activating

E1 enzyme, ubiquitin-conjugase E2 and E3 ligases [74]. HERC proteins belong to the

latter group. In addition to HECT domains, the general functions of RLD structural

components include guanine nucleotide-exchange factor activity for the small GTPase

Ran and interaction with chromatin through histones H2A and H2AB [74].

HERC5 is a 117 kDa protein consisting of 1024 amino acids, which was initially

identified in a yeast-two hybrid screening study with cyclin E-p21 as bait proteins [76].

HERC5 gene is located at chromosome 4q22 and spans 23 exons [77]. It is mainly located

in a punctuate manner in the cytoplasm and to a lesser extent in the perinuclear region

[76]. Except for testis and fetal brain tissue, HERC5 mRNA has low basal expression

levels in other tissues [76, 77, 78]. However, a vast variety of stimuli have been described

to quickly increase its expression as a response to e.g. pro-inflammatory cytokines or

presence of viral proteins [79]. Hence, a tight regulation of HERC5 expression under

inflammatory conditions has been proposed.

Kroismayer et al. have confirmed E3 ubiquitin ligase activity in combination with

E2 enzyme UbcH5a also for this member of the HERC protein family [78]. HERC5

E3 ligase activity has, however, so far predominantly been connected to transfer of

ubiquitin-like modifier (Ubl) ISG15 (interferon-stimulated gene 15) [80, 81]. Ubls

harbor often structural similarities to ubiquitin but can be functionally divers. Ubiquitin

ligase activity has been ascribed to the HECT domain of HERC5 [80, 81], however,

its other structural component RLD was shown to also be of importance for overall

ISG15 conjugation due to its association with polyribosomes and thus the translational

machinery [82].
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1.4.1 HERC5 as mediator of co-translational ISGylation

As stated previously, the main known function of HERC5 protein is its role as an E3 ligase

mediating the transfer of Ubl ISG15 onto newly synthesized proteins. The ISGylation

machinery consists of a three-step hierarchical cascade. ISG15 is expressed as a 17 kDa

precursor molecule [83], which after cleavage is covalently transferred to E1 activating

enzyme Ube1L [84]. UbcH8 acts as an E2 conjugase for ligation of ISG15 onto E3

ligase HERC5 [85]. HERC5 is the single major E3 ISG15 ligase within the cell and its

conjugation targets newly synthesized proteins in a co-translational manner [82] while

the only two other known E3 ligases TRIM25 and ARIH1 catalyze the ligation of specific

substrates. An active cysteine residue is required for the catalysis of transferring ISG15

molecules onto target proteins. The active site of HERC5 is located at cysteine residue

994 [78]. ISGylation is a reversible process and its cleavage is catalyzed by de-ISGylating

enzyme USP18 [86] (see Figure 5).

To date, numerous ISGylation target proteins have been identified by the means of

mass spectrometry proteomics. In a study by Zhao et al. HeLa cells (cervical adeno-

carcinoma cells) were treated with IFNβ for 24 h, transfected with ISG15 (6xHis and

FLAG-tagged), Ube1L and UbcH8, and ISGylated proteins were purified by pull-down

with Ni-NTA and anti-FLAG beads and subjected to mass spectrometry. With this ap-

proach, in total 158 targets from diverse cellular pathways were detected. These include

association with the cytoskeleton, defense against bacterial infections and stress response

pathways [87]. Moreover, Giannakopoulos et al. conducted a study with human U973

cells (histiocytic lymphoma), treated with IFNα for 24 h as well as murine Usp18−/−

(mouse embryonic fibroblasts) treated with mouse IFNβ for 36 h. After immunopre-

cipitation (IP) with ISG15 and mass spectrometry analysis, 76 targets were identified,

of which 21 were found in both cell lines. PANTHER classification system revealed

that targets share, among others, pathways of protein modification and metabolism,

carbohydrate metabolism, stress response and cell structure and motility [88]. Finally,

after IFNβ treatment of A549 cells for 48 h while stably expressing FLAG-ISG15 and

subsequent ISG15-IP, Wong et al. identified 174 targets involved in ISGylation [81].

While some of the targets are known IFN-inducible proteins, an analysis of affected

pathways was not reported in this study [81].

Combined, around 300 unique ISG15 target proteins have been identified in these

three studies [89]. Contrary to beliefs that this identification will give rise to assigning

biological function to ISGylation, pathway analyses were not very revealing in terms of

this prediction. The data suggests thus a broad range of functions rather than a single

biological effect.
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Figure 5: The ISG15 conjugation pathway. After cleavage of 17 kDa
ISG15 precursor, mature ISG15 protein is transferred onto E1 activating
enzyme Ube1L in an ATP-dependent manner. ISG15 is subsequently trans-
ferred to the active-site cysteine residue of E2 conjugase UbcH8 before
transfer to E3 ligase. HERC5-dependent ISG15-conjugation is performed
during association with polyribosomes and appears to target mainly newly
synthesized proteins. Finally, de-ISGylase USP18 is able to cleave ISG15
from conjugated proteins. Modified after Perng et al. [79].

1.4.2 Involvement of HERC5 in innate immunity

As described previously, upregulation of HERC5 expression is highly connected to in-

flammatory responses. In endothelial cells for example, HERC5 expression can be highly

induced by tumor necrosis factor α (TNFα), interleukin 1β, and lipopolysaccharides

(LPS) [78]. Therefore, its upregulation was described to occur mainly by induction of

NF-κB signaling pathway and is furthermore dependent on de novo protein synthesis

upon infection [78]. Also in cancer cells expression of HERC5 could be induced by

cytokines that are involved in antiviral immunity. In A549 NSCLC lung cancer cells and

HeLa cervival adenocarcinoma cells these cytokines include IFNα and IFNβ, respectively

[80, 81]. In line with these findings, all other proteins of the ISGylation machinery are

upregulated under IFNs and thus levels of ISGylated proteins are strongly increased in

an inflamed cellular state [90]. Antiviral activity exerted by ISGylation of target proteins

has been shown for a variety of viral proteins with different functions. ISGylation of

NS1/A protein of Influenza A virus occurs during viral replication and disrupts interac-

tion with several binding partners [91, 92]. Disruption of function and geometry of viral

complexes has been described for HPV protein L1 resulting in significant decreases of

number and infectivity of viral particles [82]. Furthermore, ISGylation inhibits ubiquiti-
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nation of Gag protein of HIV-1, therefore interaction with host TSG101 is disrupted and

viral egress and budding of HIV-1 was shown to be inhibited [93]. Several viruses have

developed immune-evasion mechanisms against ISGylation as a defense to the host an-

tiviral response, including NS1 protein of influenza B, which sequesters ISGylated viral

proteins in order to restore viral RNA synthesis [94], or ISG15 deconjugating proteases

of coronaviruses MERS and SARS [95]. Taken together, viral ISGylated protein function

can be impaired with respect to replication, oligomerization of capsid structures, and

interaction with host pathways [79].

1.4.3 Role of HERC5 and ISGylation in cancer

HERC5 was described in the context of cancer through multiple interaction partners.

Interestingly, HERC5 expression increases when tumor suppressors p53 and Rb are

downregulated by viruses expressing viral oncoproteins [76]. Due to the initial finding

of interaction with cyclin E-p21, a role in cell cycle progression has been proposed [76].

Furthermore, HERC5 was shown to not only interact but also to be involved in ubiquiti-

nation of Non-metastatic cells 23B (Nm23B) in HEK293 cells [96]. Its ubiquitination,

however, does not lead to proteasomal degradation [96]. Through its role in receptor

endocytosis, Nm23B regulates transcription of the MYC gene, which is in turn involved

in cellular proliferation [97]. This all repeatedly implies that HERC5 plays a role in

proliferation and cell cycle regulation. In two cancer entities clinical evidence for HERC5

deregulation has been shown i.e. hepatocellular carcinoma and NSCLC, which will be

described in the following section in more detail [98, 99]. Xue et al. have discovered

that HERC5 plays a crucial role in hepatocellular carcinoma progression. In this study,

low mRNA expression levels could be correlated with shorter time to tumor recurrence

as well as overall survival (OS) and furthermore led to immune evasion by indirectly

increasing infiltration by regulatory T-cells [98].

In addition to HERC5, most other proteins involved in the ISGylation process have

also been implied the be involved in malignant transformation or metastatic spread

[100]. Specifically, altered expression patterns and chromosomal aberrations have been

identified as the main cause for this dysregulation. For example, the chromosomal region

of UBE1L gene was frequently lost in SCLC and NSCLC as well as other solid tumors

[101]. Promoter hypermethylation was furthermore detected in lung cancer cells which

led to reduction of Ube1L expression [102]. DeISGylase USP18 was also implicated

in tumorigenesis as Guo et al. discovered that low expression or loss correlated with

reduced cyclin D1 stability and therefore promoted apoptosis and inhibited cell cycle

progression [103]. Moreover, augmented expression of USP18 was found in diverse

human cancers [103]. Due to its dual role as a Ubl, as well as an unconjugated free intra-
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and extracellular molecule, ISG15 exerts both oncogenic or tumor-suppressive roles in

different types of cancers [104].

In conclusion, both tumor suppressive and activating functions have been ascribed

to all members of the ISGylation machinery. The exact mechanisms of its deregulation

therefore remains under investigation and the precise consequence of deregulation

remains to be elucidated in each cancer context.

1.4.4 HERC5 in early NSCLC dissemination

Recently, HERC5 has been connected to early dissemination of lung cancer. Its chromoso-

mal region 4q12-q32 is frequently lost in NSCLC patients who harbor DTCs in their bone

marrow [105]. This genomic instability in connection to DTC-positive status was shown

by comparative genomic hybridization data in combination with expression profiling as

well as by FISH (fluorescence in situ hybridization) analysis on primary NSCLC samples.

Furthermore, loss of this region could be detected especially in brain metastases of

NSCLC patients showing a higher frequency of chromosomal loss compared to primary

lung carcinomas [105]. These results indicate the importance of genomic integrity in

this chromosomal region for prevention of metastatic spread and outgrowth.

Based on these results, this previously identified rather broad region could be nar-

rowed down to 4q21.23-22.1 by allelic imbalance and FISH analysis [106]. Prognostic

relevance could furthermore be assigned to loss of this region. Copy number loss at

4q22.1 could be correlated with the occurence of lymph node metastases and advance

in tumor staging. Moreover, both disease free survival (DSF) as well as OS have been

significantly associated with loss of this 4 Mb spanning chromosomal region (Figure 6).

Occurrence of loss of 4q21.23 in DTCs derived from patients was shown to be a common

feature as well [106], underlining once more its clinical relevance.

Within this region, methylation dependent expression array-screening analyzed

genes regulated by methylation and by RT-qPCR on primary tumor samples, identified

HERC5 as the main target gene responsible for its association of 4q loss with prognostic

relevance [99]. Methylation of a CpG-island containing promoter segment of HERC5 was

correlated with occurrence of brain metastases, as well as positive DTC status and was

only present in tumor tissue but not in the adjacent normal lung tissue. Furthermore,

hypermethylation of a specific CpG was found to have a negative predictive value for

OS in stage I adenocarcinoma patients and stage IV patients irrespective of histology

(Figure 7) [99].

Taken together, recent studies have shown that HERC5 might play an important role

in early dissemination and could therefore function as a potential metastasis suppressor

gene in NSCLC.
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Figure 6: Clinical relevance of loss of 4q22.1 in NSCLC patients Left:
Kaplan-Meier curves depict that DSF in patients harboring copy number
loss at 4q22.1 is significantly reduced (p=0.012). Right: Loss of 4q22.1 is
significantly correlated with OS in NSCLC patients (p=0.010) [106].

Figure 7: Survival analyses in dependence of methylation status in
NSCLC patients. Left: OS in stage I/adenocarcinoma NSCLC patients is
significantly reduced when cg08750951 is methylated (p=0.022). Right:
Promoter hypermethylation of the same CpG is significantly associated
with shorter OS in stage IV patients (p=0.028) [99].
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1.5 Aims of this thesis

The main aim of this thesis is to further elucidate the functional role of HERC5 as a

potential mediator of early dissemination and/or metastasis. As its clinical relevance in

NSCLC patients could already be validated by showing that loss or hypermethylation of

a region on chromosome 4q is involved in increased metastatic spread and decreased

survival [99], in this work, cell line based studies were performed to study functional

alterations associated with differential HERC5 expression. Using different in vitro

knockout or overexpression cell lines, assays connected to tumorigenicity and metastatic

outgrowth could give more insight into HERC5-associated malignant transformation.

In previous studies, two of the main metastatic sites of NSCLC, the brain and the bone,

also showed an increase in occurrence in a clinical setting when HERC5 levels are low

[99]. Functional studies were thus performed while simulating the presence of brain or

bone microenvironment. Due to the current knowledge of HERC5 being the main E3

ISG15 ligase in human cells and its involvement in innate immune responses, HERC5-

dependent ISGylation was assessed in several NSCLC cell lines under treatment with

inflammatory cytokines. Therefore, a robust model system for ISGylation was established

for subsequent analysis of HERC5-dependent ISGylation targets. With the aim of further

elucidating the role of HERC5 in NSCLC metastasis formation, SILAC (stable isotope

labeling by amino acids in cell culture)-based proteome analysis of ISGylated proteins

could reveal possible pathways involved in early dissemination. As a recent publication

has described involvement of ISGylation in EV particle secretion [107], investigations

on the role of HERC5 in EV secretion and processing could help to understand the

important crosstalk between tumor and host cells and the role of HERC5 within these

processes.

Finally, with the overall aim of ultimately establishing a liquid biopsy assay for

detection of HERC5 levels in the future, different pre-analytical parameters possibly

influencing stability of biomarkers after blood draw were assessed. For this, analysis of

CTCs, ctDNA, EVs and miRNA from blood drawn in different collection tubes should

reveal the feasibility of obtaining information on all biomarkers from one single blood

draw and furthermore whether blood collection tubes affect outcome of the analysis.

Since the detection of CTCs present in the blood of patients remains unstandardized

and time consuming, their analysis using a semi-automated scanning microscope was

further established.
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2 Materials

2.1 Cell lines

Supplements for cell culture media are described in chapter 13.

Table 1: Cell lines used in this study

Description Tissue type & origin Media Source

Astrocytes Primary human astrocytes DMEM N7805-100,

Life Tech-

nologies

A549 Adenocarcinoma, non-small cell lung cancer DMEM ITB, UKE

A549 HERC5 KO Adenocarcinoma, non-small cell lung cancer DMEM ITB, UKE

BEAS2B Lung epithelial, SV40 transformed bronchus BEBM ITB, UKE

HEK293T Embryonic kidney cells DMEM Volker Ass-

mann, ITB,

UKE

H2228 Adenocarcinoma, non-small cell lung cancer RPMI-1640 ITB, UKE

H441 Adenocarcinoma, non-small cell lung cancer RPMI-1640 ITB, UKE

H460 Large cell lung cancer, derived from lung: RPMI-1640 ITB, UKE

pleural effusion

H1395 Adenocarcinoma, non-small cell lung cancer RPMI-1640 ITB, UKE

H1395 OE HERC5 Adenocarcinoma, non-small cell lung cancer RPMI-1640 ITB, UKE

H1563 Adenocarcinoma, non-small cell lung cancer RPMI-1640 ITB, UKE

H1573 Lung, derived from metastatic site: soft tissue RPMI-1640 ITB, UKE

H1650 Adenocarcinoma, non-small cell lung cancer, RPMI-1640 ITB, UKE

derived from metastatic site: pleural effusion

H1792 Adenocarcinoma, non-small cell lung cancer, RPMI-1640 ITB, UKE

derived from metastatic site: pleural effusion

H1975 Adenocarcinoma, non-small cell lung cancer RPMI-1640 ITB, UKE

H1993 Adenocarcinoma, non-small cell lung cancer, RPMI-1640 ITB, UKE

derived from metastatic site: lymph node

HTB56 (Calu-6) Lung adenocarcinoma (anaplastic) MEM ITB, UKE

HTB56 OE HERC5 Lung adenocarcinoma (anaplastic) MEM ITB, UKE

HTB58 (SK-MES-1) Lung squamous cell carcinoma, derived from MEM ITB, UKE

metastatic site: pleural effusion

MC3T3-E1 Murine preosteoblast αMEM ITB, UKE

MCF-7 Breast adeno carcinoma, pleural effusion DMEM ITB, UKE
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2.2 Laboratory devices

Table 2: Laboratory devices used in this study

Device Company Office

Analytical balance BP610 Sartorius Göttingen, DE

Analytical balance BP6100 Sartorius Göttingen, DE

Analytical balance CPA224S-OCE Sartorius Göttingen, DE

BioPhotometer, thermal printer DPU-414 Eppendorf Hamburg, DE

Centrifuge 5417R Eppendorf Hamburg, DE

Centrifuge Biofuge fresco Heraeus Holding Hanau, DE

Centrifuge Multifuge 3 S-R Heraeus Holding Hanau, DE

Centrifuge Sorvall RC-5C Plus Thermo Fisher Scientific Waltham, MA, US

Centrifuge Rotofix 32 Hettich Villingen-

Schwenningen, DE

ClearBridge ClearCell® FX1 System Biolidics Limited Singapore

CO2-cell culture incubator HERAcell150 Thermo Fisher Scientific Waltham, MA, US

Electrophoresis power source 250 V VWR International Radnor, PA, US

Film developer Curix 60 AGFA HealthCare Bonn, DE

Hoefer Dual Gel Caster GE Healthcare Chalfont St Giles, GB

Hoefer SE250 GE Healthcare Chalfont St Giles, GB

Gel documentation system GeneGenius Syngene Cambridge, UK

Icemaker FM-120 DE Hoshizaki Amsterdam, NL

Magnetic stirrer MR 3001 Heidolph Schwabach, DE

Mastercycler gradient Eppendorf Hamburg, DE

Microwave 800 Severin Sundern, DE

Nanodrop ND-1000 spectrophotometer PEQLAB Biotechnology

GmbH

Erlangen, DE

NanoSight LM10instrument NanoSight Technology Malvern, UK

Parsortix ANGLE plc Guildford, UK

pH-Meter inoLab WTW Heidelberg, DE

Pipettes (2,5 µl, 10 µl, 200 µl, 1000 µl) Eppendorf Hamburg, DE

Pipette boy Hirschmann Laboratory

equipment

Eberstadt, DE

Platereader NanoQuant infinite M200Pro Tecan Männedorf, CH

Realplex mastercycler ep gradient S Eppendorf Hamburg, DE

Scanner Epson Suwa, JP

Semidry Blot-apparatus Bio-Rad Laboratories Hercules, CA, US

Sterile hood Herasafe HS12 Heraeus Kendro Langenselbold, DE

Thermomix comfort Eppendorf Hamburg, DE

Ultracentrifuge Optima LE-80K Beckman Coulter Brea, CA, USA
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Table 2 continued from previous page

Device Company Office

Ultrasound homogenisator Hielscher Ultrasonics

GmbH

Teltow, DE

Vortex-Genie 2 Scientific Industries New York, NY, US

Water bath GFL-1002/03 GmbH für Labortechnik Burgwedel, DE

Water bath Hl 1210 Leica Nussloch, DE

XCyto 10 Quantitative Cell Imager ChemoMetec Lillerød, DN

2.3 Chemicals and reagents

Table 3: Chemicals and reagents used in this study

Chemical Company Office

AB-serum/PBS BioRad Rüdigheim, DE

Acetic acid (96%) Merck Darmstadt, DE

Acetone J.T. Baker Deventer NL

Agarose LE Genaxxon Bioscience Ulm, DE

Ampicillin Sigma-Aldrich Deisenhofen, DE

Ammoniumpersulfate (APS) AppliChem Darmstadt, DE

Antarctic phosphatase reaction buffer New England BioLabs Ipswich, MA, US

Aqua B. Braun Melsungen Melsungen, DE

Bacto-Agar BD Biosciences Franklin Lakes NJ, US

Bacto-Trypton BD Biosciences Franklin Lakes NJ, US

Bromphenol blue Merck Darmstadt, DE

BSA Fraction V (Bovines Serum Albumin) Biomol Hamburg, DE

Complete Protease Inhibitor Roche Applied Science

AG

Penzberg, DE

Crystal violet Sigma-Aldrich St. Louis, MO, US

DAPI (4’,6-Diamidine-2-phenylindole) Carl Roth Karlsruhe, DE

DMEM High Glucose-Medium (Dulbecco’s

Modified Eagle’s Medium)

PAN Biotech Aidenbach, DE

DMSO (dimethyle sulfoxide) Serva Heidelberg, DE

DNA-Marker GeneRuler 1 kb DNA Ladder Thermo Fisher Scientific Waltham, MA, US

DNA-Marker GeneRuler 100 bp DNA Ladder Thermo Fisher Scientific Waltham, MA, US

dNTPs (desoxyribonucleoside triphosphate

set)

Roche Diagnostics Mannheim, DE
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Table 3 continued from previous page

Chemical Company Office

DTT (dithiothreitol) Sigma-Aldrich St. Louis, MO, US

Dulbecco’s PBS (1%) Gibco Eggenstein, DE

EDTA (Ethylendiamintetraacetat) Sigma-Aldrich St. Louis, MO, US

Ethanol absolute Merck Darmstadt, DE

Ethanol denaturated Chemsolute/TH Geyer Renningen, DE

FCS (fetal calf serum) PAA Laboratories Pasching, A

Fermacidal D2 IC products SA Gordola, CH

GelRed Nucleic Acid Gel Stain Biotium Fremont, CA, US

Glycerole Merck Darmstadt, DE

Hydrochloride acid 1 N (HCl) Carl Roth Karlsruhe, DE

Hydrogen peroxide (H2O2) Merck Darmstadt, DE

Hyperladder I Bioline Luckenwalde

Isopropyl alcohol Carl Roth Karlsruhe, DE

L-glutamine PAA Laboratories Pasching, A

Luminol Sigma-Aldrich St. Louis, MO, US

MEM minimum essential media (1x) Gibco BRL, Life Tech-

nologies

Eggenstein, DE

Methanol J.T. Baker Deventer, NL

Milk Powder Carl Roth Karlsruhe, DE

MTT Sigma-Aldrich St. Louis, MO, US

NEAA (MEM non-essential amino acid solu-

tion)

Sigma-Aldrich St. Louis, MO, US

NP40 (Nonidet P-40) Roche Diagnostics Mannheim, DE

Nuclease-free Water Qiagen Hilden, DE

p-Coumaric acid Sigma-Aldrich St. Louis, MO, US

PFA (Paraformaldehyde) Merck Darmstadt, DE

PhosSTOP Roche Applied Science

AG

Penzberg, DE

Prolong Gold Antifade Reagent Thermo Fisher Scientific Waltham, MA, US

Protein Ladder 10 – 180 kDa Page Ruler

Prestained

Thermo Fisher Scientific Waltham, MA, US

Rnase A Thermo Fisher Scientific Waltham, MA, US

RPMI 1640 Medium PAN Biotech Aidenbach, DE

Rotiphorese Gel 40% Sigma-Aldrich St. Louis, MO, US

SDS-solution 20% (sodium dodecyl sulfate) AppliChem Darmstadt, DE

Sodium chlorid (NaCl) Carl Roth Karlsruhe, DE
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Table 3 continued from previous page

Chemical Company Office

Sodium hydroxide (NaOH) Merck Darmstadt, DE

Sodium-pyruvate Gibco BRL, Life Tech-

nologies

Eggenstein, DE

TEMED (Tetramethylethylenediamine) Sigma-Aldrich St. Louis, MO, US

Tris-acetate Sigma-Aldrich St. Louis, MO, US

Tris-EDTA (TE) buffer; pH 8.0 Sigma-Aldrich St. Louis, MO, US

Triton X-100 Sigma-Aldrich St. Louis, MO, US

Trizma base Sigma-Aldrich St. Louis, MO, US

Trypsin-EDTA solution 0.25% (w/v) Gibco Eggenstein, DE

Tween-20 Fluka (Thermo Fisher) Waltham, MA, US

Wester nova 2.0 Cyanagen Bolonga, IT

Yeast extract BD Biosciences Franklin Lakes NJ, US

2.4 Consumables

Table 4: Consumables used in this study

Consumable Company Office

6-well plate Sarstedt Nümbrecht, DE

24-well plate BD Falcon Heidelberg, DE

96-well microtiter plate Eppendorf Hamburg, DE

Cell culture inserts (8 µm pores) BD Falcon Heidelberg, DE

Cell culture inserts with matrigel (8 µm pores) Corning Corning, NY, US

Cell scraper bioswisstec Schaffhasuen, CH

FastGene PAGE Gel, 4-20% NIPPON Genetics Eu-

rope

Dueren, DE

Leucosep™ pre-enrichment Greiner Bio One Kremsmünster, AT

Millex HV 0.45 µm PVDF syringe filter Merck Darmstadt, DE

Serological pipettes Sarstedt Nümbrecht, DE

Super RX films Fujifilm Minato, JP

T25 cell culture flask Sarstedt Nümbrecht, DE

T75 cell culture flask Sarstedt Nümbrecht, DE

Pipette tips Sarstedt Nümbrecht, DE
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2.5 Commercially available kits

Table 5: Commercially available kits used in this study

Kit Company Office

First strand cDNA Synthesis Kit Thermo Fisher

Scientific

Waltham, MA, US

miRCURY LNA miRNA PCR assays Qiagen Hilden, DE

miRCURY LNA RT Kit Qiagen Hilden, DE

Maxima SYBR Green/Fluorescein qPCR

Master Mix

Thermo Fisher

Scientific

Waltham, MA, US

NucleoSpin Gel and PCR Clean-up Macherey Nagel Düren, DE

NucleoSpin Plasmid (No Lid) Macherey Nagel Düren, DE

NucleoSpin RNA Macherey Nagel Düren, DE

NucleoSpin RNA Plus Macherey Nagel Düren, DE

NucleoSpin Tissue (gDNA Isolation) MachereFy Nagel Düren, DE

Pierce BCA Protein Assay Kit Thermo Fisher

Scientific

Waltham, MA, US

Venor GeM Classic Mycoplasma Detection Kit Minerva Biolabs Berlin, DE

2.6 Enzymes

Table 6: Enzymes used in this study used in this study

Enzyme Company Office

AmpliTaq Gold polymerase Applied Biosystems Darmstadt, DE

2.7 Cytokines

Table 7: Cytokines used in this study

Cytokine Catalog# Company Office

IFNγ 300-02 PeproTech Rocky Hill, NJ, US

TNFα 300-01A PeproTech Rocky Hill, NJ, US
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2.8 Antibodies

Table 8: Primary antibodies used in this study

Antigen Clone Species Company Office

HERC5 polyclonal

H00051191

mouse Abnova Taipei, TW

HSC-70 clone B-6 mouse Santa Cruz Dallas, TX, US

ISG15 (IP) F-9 mouse Santa Cruz Dallas, TX, US

ISG15 polyclonal

#2743

rabbit CST Danvers, MA, US

pSTAT1 Tyr701 58D6 rabbit CST Danvers, MA, US

Table 9: Secondary and conjugated antibodies used in this study

Antigen Clone Species Conjugate Company Office

rabbit-IgG polyclonal goat HRP CST Danvers, MA,

US

mouse-IgG polyclonal horse HRP CST Danvers, MA,

US

CD45 REA747 human APC Miltenyi Biotec Bergisch Glad-

bach, DE

pan-keratin AE1/AE3 mouse AF488 eBioScience San Diego, CA,

US

pan-keratin C11 mouse AF488 CST Danvers, MA,

US

2.9 PCR primers and oligonucleotides

Table 10: PCR primers and oligonucleotides used in this study

Description Target gene Sequence Tm

Crisp guide 5 fwd HERC5 5’ ACCAGGCGTTCTCTCCTCTC 3’ 63 ○C

Crisp guide 5 rev HERC5 5’ GCTGGGAAAGAGCCAGAGC 3’ 63 ○C

IRF1 fwd IRF1 5’ AGACCCTGGCTAGAGATGCAG 3’ 59 ○C

IRF1 rev IRF1 5’ TTGGGATCTGGCTCCTTTTCC 3’ 59 ○C

RPLP0 fwd RPLP0 5’ ACCCAGCTCTGGAGAAACTGC 3’ 58 ○C
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Table 10 continued from previous page

Description Target gene Sequence Tm

RPLP0 rev RPLP0 5’ TGAGGTCCTCCTTGGTGAACA 3’ 58 ○C

HERC5 RT8 fwd HERC5 5’ GAGCTAAGACCCTGTTTGG 3’ 58 ○C

HERC5 RT8 rev HERC5 5’ CCACCTTCCACATGCTATC 3’ 58 ○C

Slug fwd Slug (SNAI2) 5’ CAGACCCCCATGCCATTGAA 3’ 58 ○C

Slug rev Slug (SNAI2) 5’ TTCTCCCCCGTGTGAGTTCTA 3’ 58 ○C

2.10 Vectors and expression plasmids

Table 11: Vectors and expression plasmids used in this study

Plasmid Vector backbone Addgene# Source

Empty LEGO-IG2-HA Stefan Werner,

ITB, UKE

HERC5 OE LEGO-IG2-HA Annkathrin

Hanssen, ITB,

UKE

VSV-6 envelope expression plasmid pMD2.G 12259 Addgene, Cam-

bridge, MA, US

Lentiviral packaging plasmid psPAX2 12260 Addgene, Cam-

bridge, MA, US

2.11 Buffers and solutions

Table 12: Buffers and solutions used in this study

Description Composition

2% SDS sample buffer 2% SDS

10% glycerol

62.5 mM Tris/HCl, pH 6.8

6x loading dye 0.15% bromophenol blue

0.15% xylene cyanol FF

3% 150 mM Tris/HCl (pH7.6)

60% glycerol
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Table 12 continued from previous page

Description Composition

Cell culture medium BEBM 500 mL BEBM

0.5 ng/mL epidermal growth factor ligand

500 ng/mL hydrocortisone

0.005 mg/mL insulin

0.035 mg/mL bovine pituitary extract

500 nM ethanolamine

500 nM phosphoethanolamine

0.01 mg/mL transferrin

6.5 ng/mL triiodothyronine

500 ng/mL epinephrine

0.1 ng/mL retinoic acid

Cell culture medium DMEM 500 mL DMEM

10% FCS

2 mM L-Glutamine

200 U/mL Pen/Strep

Cell culture medium DMEM for astrocytes 500 mL DMEM

20% FCS

2 mM L-Glutamine

200 U/mL Pen/Strep

Cell culture medium αMEM 500 mL αMEM

10% FCS

2 mM L-Glutamine

200 U/mL Pen/Strep

Cell culture medium MEM 500 mL MEM

10% FCS

2 mM L-Glutamine

200 U/mL Pen/Strep

1% sodium-pyruvate

1% non-essential amino acids

Cell culture medium (RPMI-1640) 500 mL RPMI-1640

10% FCS

2 mM L-Glutamine

200 U/mL Pen/Strep
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Table 12 continued from previous page

Description Composition

Dulbecco’s Phosphate Buffered Saline (DPBS) 2.7 mM KCl

1.5 mM KH2PO4

137.9 mM NaCl

8.1 mM Na2HPO4 7 H2O

Electrochemoluminescence (ECL) solution 1 0.1 M Tris-HCl (pH 8.5)

2.5 mM Luminol

0.396 mM p-Coumarine acid

Electrochemoluminescence (ECL) solution 2 0.1 M Tris-HCl (pH 8.5)

0.018% (v/v) H2O2

Laemmli buffer 19.2 mM Glycine

0.01% SDS

2.5 mM Tris base

10 x PBST 1,37 M NaCl

27 mM KCl

32 mM Na2HPO4 x 12 H2O

15 mM KH2PO4

Tween-20 0,05%

SILAC dilution buffer 50 mM Tris/ HCl

0.4% NP-40

SILAC lysis buffer 50 mM Tris/HCl pH 8

0.4% NP-40

300 mM NaCl

10 mM MgCl2

Protease & Phosphatase inhibitors

SILAC wash buffer 50 mM Tris/HCl pH 8

0.4% NP-40

150 mM NaCl

5 mM MgCl2

50 x TAE buffer, pH 8.0 40 mM Tris base

20 mM acetic acid

50 mM EDTA, pH 8.0
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Table 12 continued from previous page

Description Composition

TBS-T, pH 7.6 150 mM NaCl

50 mM Tris base

0.05% Tween 20

Transfer buffer 39 mM glycine

20% methanol

0.037% SDS

48 mM Tris base

2.12 Software

Table 13: Software used in this study

Software Application Source

Bio-Rad CFX Manager (3.1) Analysis of RT-qPCR data Bio-Rad Laboratories,

Hercules, CA, US

BioRender Online tool for creating scien-

tific figures

https://biorender.com/

Bowtie Read mapping to miRBase http://bowtie-bio.

sourceforge.net/index.

shtml

Cell Colony Edge macro for

ImageJ

Analysis of anchorage-

independent growth

see ref [108]

ColonyArea plugin for Im-

ageJ

Analysis of clonogenic growth see ref [109]

cutadapt Trimming of NGS data http://cutadapt.

readthedocs.io/en/stable/

guide.html

DAVID Functional annotation

database

https://david.ncifcrf.gov/

GIMP (2.8) Image processing www.gimp.org

Axiovision Image processing www.zeiss.de

ImageJ (1.52a) Image processing https://imagej.nih.gov/ij/

Image Studio Lite Western blot quantification https://www.licor.com/bio/

image-studio-lite
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Table 13 continued from previous page

Software Application Source

NCBI Database for literature

(PubMed)

www.ncbi.nlm.nih.gov

NCBI Blast Search of homologous se-

quences and primer design

https://blast.ncbi.nlm.nih.

gov/Blast.cgi

NanoSight NTA 3.0 Analysis of particle size and

concentration

Malvern Instruments Ltd,

Worcestershire, UK

R Statistical analysis https://www.r-project.org/

R Studio Integrated development

environment for R

https://rstudio.com/

SnapGene Viewer Analysis of DNA sequences https://www.snapgene.com/

snapgene-viewer
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3 Methods

3.1 Cell culturing methods

In order to avoid contaminations that could influence results, all cell culture experiments

have been performed under sterile conditions. Possible contaminations include bacteria,

fungi, yeast or proteins (e.g. DNases). Therefore, consumables such as pipette tips,

micro-centrifuge tubes and other vessels were autoclaved beforehand. Furthermore,

working benches were disinfected with 70% ethanol or Fermacidal before and after the

experiments. Cell culture experiments were performed under a laminar flow hood.

3.1.1 Analysis of mycoplasma contamination

Cells in culture were tested for possible contamination of mycoplasma by analysis of

cell culture supernatant using Venor GeM Classic Mycoplasma Detection kit according

to manufacturer’s instructions. Cells were analyzed at least once per month and directly

before cryopreservation.

3.1.2 Standard cultivation of eukaryotic cell lines

Eukaryotic cell lines were cultured in sterile cell culture flasks in media as shown in

table 2.1. Depending on the culture media, cells were incubated in Hera150 incubator at

37 ○C and 5% or 10% CO2. Depending on their growth rates, cells were passaged twice

or three times a week. Adherent cells were washed in PBS and through the addition of

trypsin/EDTA solution (0.05%/ 0.02%) and by incubation for 5 min at 37 ○C, cells were

detached from culture flasks. The reaction was stopped with additional media and cells

were centrifuged at 1200 g for 3 min. After resuspension of the pellet, cells were seeded

at 30% density into new culture flasks or at specific cell numbers for specific assays as

described below.

3.1.3 Cryopreservation of eukaryotic cell lines

For long-term storage purposes cells were resuspended in freezing media consisting

of 90% culture media and 10% DMSO (dimethylsulfoxide) as a cryo-conservative and

stored at -80 ○C. The tubes were subsequently stored in liquid nitrogen to further

enhance their conservation. For re-culturing of frozen cells, cells were thawed at 37 ○C
and resuspended immediately in 9 mL of pre-warmed media. After centrifugation at

1200 g for 3 min, cell pellets were resuspended in fresh media and cultured in new

culture flasks.
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3.1.4 Lentiviral particle production

The production of lentiviral particles was conducted by culturing HEK293T cells which

are subsequently transfected using a three plasmid packing system. Cells at approxi-

mately 80% confluency were transfected with 3 µg of either LEGO-iG2-HERC5-HA or

LEGO-iG2-HA plasmid, 3750 ng of psPAX2 packaging plasmid and 1250 ng of pMD2.G

envelope plasmid in addition to 20 µl of Lipofectamine2000 reagent and 500 µl Opti-

MEM. The backbone of LEGO-iG2 vector additionally carries a GFP sequence coupled

with an IRES (internal ribosomal entry site). The transfection mix was replaced with

standard medium 12-15 hours after transfection. The virus-containing supernatant was

collected after an additional 48 h and filtered using 0.45 µm Millex Filters syringe filters.

Virus stocks were stored at -80 ○C.

3.1.5 Generation of HERC5 overexpression cell lines

For the generation of HERC5 overexpressing cell lines, 200 µL of lentiviral LEGO-

iG2-HERC5-HA or corresponding empty vector control LEGO-iG2-HA particles were

added dropwise to cultured H1395 cells at approximately 80% confluency. Cells were

cultivated in 6-well plates in 2 mL media containing 2 µL polybrene (1:1000) to enhance

transduction efficiency. 24 h after viral transduction, media was refreshed. Each day,

cells were monitored for GFP positivity. After 7 days cells were seeded into T25 flasks.

3.1.6 FACS sorting of LEGO-iG2-positive cells

In order to select cells overexpressing HERC5 or an empty vector control, FACS

(fluorescence-activated cell sorting) was performed. For this, cells were washed,

trypsinized and resuspended in 500 µL PBS containing 1 mM EDTA. Because of the

IRES-coupled GFP sequence present in the backbone of the LEGO-iG2 vector, those cells

expressing HERC5 also express GFP and signal intensities therefore correlate. Using

FACS Aria Fusion III device, cells were sorted according to their GFP positivity at a

wavelength of 488 nm and re-cultured for further experiments.

3.1.7 Allowance of GMOs

In this study, several genetically modified (GMO) cell lines were generated under the

registration numbers for genetic engineering facilities IB24-20/07 (S1) and IB24-21/07

(S2).
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3.2 Molecular biological methods

3.2.1 Isolation of genomic DNA (gDNA) from cultivated cells

Genomic DNA from human cell culture cell lines was performed with NucleoSpin Tissue

kit according to the manufacturer’s instructions. Measurement of gDNA concentration

and quality was performed using the Nanodrop ND-1000 system. For quality control,

quotients of photometric absorption at 260 nm and 280 nm are calculated. Resulting

absorption coefficients between 1.8 and 2.0 were considered acceptable for further

downstream experiments.

3.2.2 Agarose gel electrophoresis

Agarose LE with a final concentration of 1% was heated in 1x TAE buffer until all of

the agarose was dissolved. After cooling down to approximately 50 ○C either ethidi-

umbromide (1:10000) or GelRed Nucleic Acid Gel Stain (1:10000) were added to the

agarose solution. DNA samples were mixed with 6 x DNA loading-dye and were loaded

on the gel after polymerization. For analytic uses of plasmid detection, approximately

400 ng of DNA was loaded on the gel, whereas 1 µg of DNA was used for subsequent

gel extraction. For PCR analysis, 10 µL were loaded. The electrophoresis was run in 1x

TAE buffer at 100 V for 30 min to separate the DNA according to its molecular weight.

The DNA was detected by exposing the gel to UV light at 234 nm in a trans-illuminator.

Analysis of the gel was performed with the documentation system ’Gene Genius 2’.

3.2.3 Extraction of DNA fragments from agarose gels

DNA extraction from agarose gels was performed using NucleoSpin Gel and PCR Clean-

up kit in order to remove residual contaminations such as primers, unbound nucleotides,

enzymes or unspecific side-products after PCR. The protocol was performed according to

the manufacturer’s instructions. After agarose gel electrophoresis the DNA was exposed

to UV-rays for only a few seconds during the excision to avoid any damage. DNA was

eluted from the column using 20 µL NE-buffer and stored at -20 ○C.

3.2.4 Polymerase chain reation (PCR)

The amplification of target DNA sequences with specific primers was performed by

polymerase chain reaction (PCR). Here, PCR was used in order to verify DNA sequences

of A549 HERC5 KO clones which had been previously raised after transfection with

CRISPR-Cas9 plasmid. Reations were set up according to table 14 using AmpliTaq Gold

polymerase and Crisp guide 5 primers.
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Table 14: Reagents used for PCR

Reagent Volume

10 x AmpliTaq Gold buffer 5 µL
Forward primer (10 µM) 1 µL
Reverse primer (10 µM) 1 µL
DNA template 100 ng
AmpliTaq Gold polymerase 1 µL
DMSO 2.5 µL
sterile ddH2O to 50 µL

The corresponding PCR protocol is presented in table 15.

Table 15: PCR protocol

Step Duration Temperature Cycles

Initial denaturation 10 min 95 ○C 1
Denaturation 1 min 95 ○C
Annealing 1 min 63 ○C 30
Extension 3 min 72 ○C
Final extension 7 min 72 ○C 1

3.2.5 RNA isolation

RNA extraction from cell lines using NucleoSpin RNA or NucleoSpin RNA Plus kit

was performed according to the manufacturer’s protocols. After application of the

lysis buffer, detached cells were scraped off with a cell scraper prior to RNA isolation.

Measurement of RNA concentration and quality was performed using the Nanodrop

ND-1000 system, with an acceptable absorption coefficient ranging between 1.8 and 2.0.

The absorption coefficient is the quotient of photometric absorption at 260 and 280 nm.

3.2.6 RNA sequencing

HTB56 OE/EC cell lines were grown in triplicates in T75 flasks to a confluency of

approximately 80%. After RNA isolation, concentrations and absorption coefficients

were analyzed. For further quality control, electrophoretic separation of total RNA is

performed for analysis of RNA integrity. For this, RNA ScreenTape Analysis kit from Ag-

ilent and Agilent 4200 TapeStation instrument was used according to the manufacturer’s

instructions. Here, RNA integrity numbers (RIN) are assessed which is a measurement
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for the amount of degradation of ribosomal RNA in the sample. RNAseq was performed

by CeGaT, Tübingen, Germany using 500 ng of RNA.

3.2.7 cDNA synthesis

For quantification of expression of particular genes, first RNA has to be reverse tran-

scribed into cDNA. First Strand cDNA Synthesis kit was used according to the man-

ufacturer’s instructions and Table 16. For this, 500 ng of total RNA were transcribed

using random hexamer oligo nucleotides. For further analyses the cDNA was diluted in

a range from 1:2 to 1:10 in ddH2O and subsequently stored at -20 ○C.

Table 16: Program used for cDNA synthesis

Step Duration Temperature

Annealing 5 min 65 ○C
Reverse transcription 60 min 37 ○C
Inactivation of transcriptase 5 min 70 ○C

3.2.8 Real-time quantitative polymerase chain reation (RT-qPCR)

In order to quantify the mRNA expression of genes of interest, real-time quantitative

PCRs (qPCR) were performed using Maxima SYBR Green/Fluorescein qPCR Master Mix

kit. Previously reverse transcribed cDNA was used as a PCR template, and by binding

of SYBR Green fluorescent dye, double-stranded DNA generated during the PCR is

detected in which the signal increases with higher amounts of PCR products. Once

signal intensities reach logarithmic phase, the specific cycle number is detected as the

so-called Cq-value (quantitation cycle). The reaction was set up according to Table 17

and to manufacturer’s instructions.

Table 17: Reagents used for RT-qPCR

Reagent Volume

SYBR Green 5 µL
Forward primer (10 µM) 0.3 µL
Reverse primer (10 µM) 0.3 µL
Nuclease free ddH2O 1.9 µL
cDNA template 2.5 µL

The amplification was performed in triplicates using Realplex mastercycler ep gra-

dient S. The corresponding RT-qPCR protocol is presented in Table 18. Melting curves
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were analyzed to confirm primer binding specificity. Quantification of PCR prod-

ucts was subsequently performed using ∆∆Cq method. Here, genes of interest are

first normalized against expression levels of housekeeping gene RPLP0 by calculating

∆Cq = Cq (target gene) - Cq (reference gene). This value is then normalized once more

in order to quantify expression levels relative to a control (e.g. untreated cell lines

or reference cell lines) by ∆∆Cq = ∆Cq (sample) - ∆Cq (control). The fold change of

expression is assessed by calculation of 2−∆∆Cq . MiRNA analysis on patient samples are

described in chapter 3.6.

Table 18: RT-qPCR protocol

Step Duration Temperature Cycles

Initial denaturation 10 min 95 ○C 1
Denaturation 15 s 95 ○C
Annealing 30 s 58 ○C 40
Extension 30 s 72 ○C
Denaturation 15 s 95 ○C 1
Final extension 55 s 60 ○C 1
Melting gradient +0.5 ○C/5 sec 60 ○C to 95○C 1

3.2.9 Protein isolation of cultured cells

The generation of whole protein lysates was performed after first washing cells at approx-

imately 90% confluence with PBS. Subsequently, 1 mL of PBS was added and cells were

detached from the culture flask surface using a cell scraper. The resulting suspension

was transferred into a 1.5 mL reaction tube, centrifuged (3 min, 750 g, 4 ○C) and the

pellet was resuspended in 2% SDS sample buffer containing freshly added Complete

Protease Inhibitor and PhosSTOP phosphatase inhibitor. Homogenization of the sam-

ple was achieved by degrading genomic DNA through sonication with an ultrasound

homogenisator for 10 seconds (continuous cycle at an amplitude of 50%). After mea-

surement of protein concentration, 1 µL of saturated bromophenol blue solution was

added. Samples were denatured by incubation at 95 ○C for 5 min .

3.2.10 Measurement of protein concentration

Pierce BCA Protein Assay Kit was used according to the manufacturer’s instructions

in order to quantify the protein concentration of whole cellular extracts. In general,

samples were added to a mixture of reagents A and B (1:50). A calibration curve

containing protein standards of 10 µg, 20 µg and 30 µg was generated by adding BSA
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stock solution. 2 µL of protein sample were used for assessment of concentration. A

purple-colored complex resulting from chelation of BCA (bicinchoninic acid) and copper

ions is formed in the presence of proteins which intensifies over time and with increasing

concentrations. After an incubation period of 15 min at RT, extinction at 562 nm of the

samples was measured against a blank of reagent mixture of A and B. By performing

linear regression of the BSA standards, protein concentrations were calculated.

3.2.11 Immunoprecipitation

Whole protein lysates designated for immunoprecipitation (IP) were produced by wash-

ing the cells with PBS, scraping them off in 1 mL PBS and centrifugation of the cell

suspension at 750 g for 3 min at 4 ○C. After removal of the supernatant, cells were gently

lysed in 300 µL IP lysis buffer and incubated on ice for 15 min. Nuclei and cellular debris

were removed by centrifugation at 4 ○C at 19,000 g for 5 min. The supernatant was

mixed with 300 µL of IP dilution buffer and protein concentration was measured. 500 µg

whole protein lysate was added to spin columns and filled to a volume of 500 µL IP wash-

buffer. 30 µL ISG15-agarose beads were resuspended carefully and added to the lysate.

The lysate-beads mixture was incubated over night at 4 ○C with gentle end-over-end

mixing. By pulse centrifugation for 10 s the flow-through was discarded and beads were

subsequently washed three times with 500 µL IP wash-buffer by pulse centrifugation

and discarding of the flow-through. Immunoprecipitated proteins were eluted with

35 µL 2% SDS-buffer containing 1 µL of saturated bromophenol blue solution. For this,

the beads were incubated with the buffer at 95 ○C for 5 min before pulse centrifugation.

The eluate was added to the beads for a second time and elution was repeated to increase

overall yield.

3.2.12 SDS-PAGE

In order to visualize proteins on either Coomassie-stained polyacrylamide gels or western

blot membranes, they were first separated according to their molecular weight by

SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE). For this, total protein lysates or

immunoprecipitated proteins were applied on an SDS polyacrylamide gel which was

prepared according to table 19 or pre-made (4%-20% gradient gels). Whether self-

made 8% gels or pre-made gradient gels were used depended on the antibodies used in

subsequent western blot analysis. For the detection of ISG15 protein, gradient gels were

used in order to visualize unconjugated ISG15 at 15 kDa as well as ISGylated proteins of

higher molecular weight simultaneously.

For analysis of whole protein lysates, 80 µg were used while for IP analysis, eluate

from 500 µg initial input was applied to each lane. SDS-PAGE was performed using
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Table 19: Reagents used for self-made SDS-polyacrylamide gels

Reagent 6% stacking gel 8% separation gel

H2O 1.46 mL 2.1 mL
1.0 M Tris (pH 6.8) 0.3 mL -
1.0 M Tris (pH 8.8) - 1.0 mL
Rotiphorese Gel 40% 0.3 mL 0.8 mL
10% SDS 20 µL 40 µL
10% ammonium persulfate 20 µL 40 µL
TEMED 2 µL 4 µL

Hoefer SE250 system in Laemmli buffer at 25 mA for 60 min for self-made gels or in

MOPS buffer for pre-made gels at initially 40 mA for 30 min and 20 mA for further

30 min. PageRulerTM Prestained Protein Ladder was used as size standard.

3.2.13 Coomassie staining

SDS-gels subsequently used for control of IP elution efficiency or for SILAC analyses

were subjected to Coomassie staining. After electophoresis, the gel was fixed in fixation

buffer and subsequently stained for 1 h in Coomassie staining solution. The gel was

then incubated in destaining solution for approximately 3 h until the bands were clearly

distinguishable from the background.

3.2.14 Western Blotting

In order to detect proteins of interest through specific antibody binding, proteins sep-

arated according to their molecular weight by SDS-PAGE were transferred onto a ni-

trocellulose membrane via semi-dry transfer. For this, in total 4 Whatman filters and

a nitrocellulose membrane were soaked in transfer buffer and assembled on a Trans-

Blot SD semi-dry transfer cell to form a sandwich consisting of two Whatman filters,

a nitrocellulose membrane, an unstained SDS gel and two additional Whatman filters.

After removal of air bubbles, the sandwich was subjected to an electrotransfer at 40 mA

per gel for 2 h. By gentle shaking, the membrane was subsequently washed in TBS-T

or PBS-T for 5 min before blocking of unspecific protein binding sites in 5% (w/v)

milk powder/PBS-T or 5% (w/v) BSA/TBS-T for 1 h at RT. This was followed by an

incubation of primary antibody in blocking solution at 4 ○C over night. The next day,

unbound primary antibody was removed by washing three times with TBS-T or PBS-T

for 5 min. The membrane was then incubated with secondary antibody coupled with

horseraddish peroxidase (HRP) in 5% (w/v) BSA/TBS-T or 5% (w/v) BSA/PBS-T for 1 h
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at RT followed by additional washing of excess antibody for three times with TBS-T or

PBS-T for 5 min. Detection was performed by adding ECL solution (consisting of freshly

combined parts 1 and 2 in equal amounts) to the membrane. The detection is based on

enzymatic catalyzation by HRP of the secondary antibody of luminol oxidation by H2O2.

The emitted photons are captured on x-ray films which are subsequently developed with

Film developer Curix 60.

3.3 Functional assays

In order to assess phenotypical differences in cancer-related behavior deriving from

differential HERC5 expression, several functional assays were performed. For this,

HTB56 HERC5 OE/empty vector control (EC), H1395 HERC5 OE/empty vector control

(EC) and A549 HERC5 KO/parental model cell lines were used. The establishment of

an HTB56 HERC5 overexpression cell line as well as the generation of different A549

HERC5 KO clones had already been previously completed by Dr. Annkathrin Hanssen.

All functional assays were performed in at least triplicates, each time using different

passages of cells to ensure technical and biological replicates for statistical testing.

3.3.1 Generation of conditioned media

In order to analyze the influence of a bone or brain micro-environment on cells harboring

differential HERC5 expression, assays were also performed using conditioned media

from MC3T3-E1 or primary human astrocytes instead of standard culture media where

indicated. For this, either MC3T3-E1 or astrocytes were grown to a confluency of 80% for

48 h and cell culture supernatant was filtered using 0.45 µm Millex Filters syringe filters.

Conditioned media was subsequently diluted in a 1:1 ratio with the corresponding

cell culture media to avoid growth inhibition by insufficient amount of growth factors

depleted by the cells.

3.3.2 MTT assay

For examining proliferative capacities of cell lines MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide) assays were performed. In this assay, the metabolic

activity of cells is indirectly measured by assessing the capability of converting tetra-

zolium dye MTT to its insoluble form formazan. First, 1000 single cells of each cell

line were seeded into 96-well plates in 100 µL standard or conditioned media. The

proliferation was measured at days 0, 3, 5 and 7 for HTB56 and H1395 and at days 0,

3, 4 and 5 for A549 cell lines. Subsequently, growth curves were compared. For the

measurement, 20 µL of MTT was added to the individual wells. After an incubation

43



3.3 Functional assays 3 METHODS

period of 3 h, media was carefully removed and formazan was dissolved in 100 µL of

DMSO by gentle shaking. A NanoQuant infinite M200Pro ELISA plate-reader was used

to measure absorption at 540 nm and 650 nm for reference wavelength correction. In

order to monitor the growth changes of cells at different time points, absolute values

after correction were plotted against time and by t-testing, absorption at end-points were

compared. For the evaluation of growth rate of KO clones, ratios of absorption at day x

and day 0 are calculated. By calculating the log2 value of these ratios one can identify

the amount of doublings that have taken place. Plotting time against doublings will give

an equation in which the slope equals the time that was needed for the population of

cells at the beginning of the experiment to double.

3.3.3 Clonogenic assay

The colony formation assay can be used to determine the ability of single cells to grow

into a colony and therefore to undergo unlimited division. The assay was performed

using either standard culture media for HTB56, H1395 or A549 or conditioned astrocytes

or MC3T3-E1 media and their respective media to serve as a control. For this, 1000 cells

were seeded in 6-well plates and detected after 7 days. After gently removing the media,

cells were washed with PBS and colonies were fixed with 4% (w/v) PFA/PBS for 10 min.

Subsequently, colonies were stained with 0.5% (w/v) crystal violet/H2O solution for

30 min and generously washed with ddH2O to remove excess staining solution. The

plate was scanned and colonies were detected using ColonyArea plugin for ImageJ [109].

3.3.4 Anchorage-independent growth

The ability of cells to grow under anchorage independent conditions was studied by

performing a soft agar assay. For this, 2 mL of bottom-agar consisting of standard

cell culture media and heated agar solution (final concentration: 0.5% in ddH2O) was

produced by mixing both solutions at a temperature of 42 ○C, poured into 6-well plates

and left to harden. For each well, 1 mL of top-agar was prepared, consisting of 2/3

bottom-agar and 1/3 cell suspension (3000 cells). Every 3 days, 300 µL media was added

to prevent drying of the agar. 14 days after seeding, 200 µL MTT was added dropwise to

the wells and the plate was scanned 3 h later. Colonies exceeding a diameter of 100 µm

were counted using Cell Colony Edge macro for ImageJ [108]. Detection parameters

were changed to ”Number of pixels/unit” = 0.0945; ”Rolling Ball Radius” = 50; ”Analyze

Particles - Min size” = 7854 and ”Analyze Particles - Min circ” = 0.5. Changes were

made in order to adjust the detection to a suitable diameter of colonies according to cell

numbers and growth time.
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3.3.5 Migration assay

The influence of differential HERC5 expression on the migratory capability was analyzed

in cell lines by seeding 500 µL media containing 20,000 cells of each modified NSCLC

cell line into cell culture inserts (8 µm pores), so-called boyden chambers. The migration

assay was performed by seeding either 100,000 astrocytes or MC3T3-E1 cells at the

bottom of the wells 24 h prior to the experiments or by simply using culture media

containing FCS while the cells in the boyden chambers were FCS deprived. The amount

of migrated cells was counted 16 h after seeding. The media was then removed from the

inserts, cells were washed in PBS and fixed with 4% (w/v) PFA/PBS for 10 min. Cells

were permeabilized with methanol for 20 min and subsequently stained with 0.5% (w/v)

crystal violet/H2O solution for 10 min. Excess staining solution was removed by washing

the chambers in PBS. Using a sterile cotton swab, non-migrated cells were scraped off
from the inside of the inserts so that only those cells which have migrated through the

pores remain on the surface on the porous membrane. The membrane was imaged under

a brightfield microscope (Zeiss, Axiovision) and cells were counted manually.

3.3.6 Invasion assay

The invasive potential can be linked to the metastatic capacity of cells. To study this

capacity, an invasion assay was performed. Similar to migration assays, commercially

available cell culture inserts with 8 µm pores in the membrane were used which are

covered with matrigel. First, inserts were thawed at RT and rehydrated by incubation

with 500 µL FCS-free media in both the well and in the chamber each for 2 h at 37 ○C.

Subsequently, 20,000 cells of each modified NSCLC cell line in FCS-free media were

seeded into chambers while media in the wells was replaced with media containing FCS.

In parallel to the invasion assay, a migration assay was performed which served as a

control for successful migration through the pores. The amount of cells which were

able to invade through the matrigel and subsequently migrated through the pores was

counted 22 h after seeding. Cells were stained and counted as described in 3.3.5.

3.4 Stable isotope labeling by amino acids in cell culture (SILAC)

In order to detect and quantify differences in HERC5 ISGylation in A549 HERC5 KO

and parental cell lines, stable isotope labeling by amino acids in cell culture (SILAC)

analyses was performed. SILAC is a mass spectrometry (MS) based method which uses

in vivo metabolic incorporation of 13C-labeled amino acids L-lysine and L-arginine into

proteins. Here, A549 parental cell line was 13C -labeled while A549 HERC5 KO cells

remain unlabeled. Briefly, proteins were isolated from cell lysates which were then
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subjected to immunoprecipitation using ISG15 antibody as bait. After ISG15 IP, equal

concentrations of eluate from the cell lines are combined, separated by SDS-PAGE with

subsequent Coomassie-staining, digested with trypsin and subjected to MS. So-called

SILAC pairs were analyzed which consist of isotopic peptide pairs.

3.4.1 13C-labeling of A549 cell line

Media for SILAC analyses were set up according to table 13 in the materials section.

Standard SILAC DMEM does not initially contain amino acids L-lysine and L-arginine.

Both amino acids as well as L-proline were therefore carefully reconstituted by adding

1 mL of SILAC DMEM to the amino acids and subsequently more media was added to

reach final concentration of stock solutions. Both A549 parental and HERC5 KO cell

lines were seeded in T25 flasks. After reaching 90% confluence cells were split according

to section 3.1.2 while A549 par cells were re-seeded in heavy SILAC DMEM and HERC5

KO cells in light SILAC DMEM. Both cell lines were passaged 5 times. In order to

analyze the time and passaging needed for total incorporation of 13C amino acids, cell

lysates of each passage were produced simultaneously. Cell lysates were subjected to

SDS-PAGE and were stained using Coomassie solution. Analysis of 13C incorporation

rate was kindly performed by Parinaz Mossahebi Mohammadi at Institute of Tumor

Biology, UKE.

3.4.2 Set up of SILAC study

After analysis of 13C incorporation rates, cell lines were grown in T75 flasks until passage

3 based on the results obtained in section 3.4.1. Upon confluence, cells were detached,

split in a 1:6 ratio, then seeded in heavy or light SILAC DMEM for parental or KO cells,

respectively, and treated with 10 ng/mL IFNγ and 50 ng/mL TNFα for 48 h. Cells

were lysed in IP lysis buffer and IP using agarose beads-coupled ISG15 antibody was

performed. After elution, BCA test was used to assess protein concentration and 25 µg

of protein were mixed in a 1:1 ratio of each cell line and subjected to SDS-PAGE.

3.4.3 Mass spectrometry parameters

After SDS-PAGE, Coomassie-staining was performed in order to visualize proteins of

different sizes eluted after ISG15-IP. Each lane of coomassie-stained gels was cut into 10

pieces and subjected to in-gel digestion. Proteins were digested with trypsin protease

which specifically cleaves proteins after L-lysine and L-arginine residues to produces

peptides of defined sizes. Digestion, mass spectrometry analysis and mapping to human

database were kindly performed by Parinaz Mossahebi Mohammadi at Institute of Tumor

46



3.5 Analyis of extracellular vesicles from cell culture supernatant 3 METHODS

Biology, UKE. Proteins ISGylated by HERC5 were identified by sorting normalized ratios

of heavy (H) and light (L). Using cut-off values of 1.5, proteins specifically ISGylated

by HERC5 were dertermined. Subsequently, fold-changes of total peak intensities from

mass spectrometry were calculated and included in the analysis as well. Only proteins

enriched in parental cell lines were considered.

3.5 Analyis of extracellular vesicles from cell culture supernatant

For the analysis of extracellular vesicles (EVs) from cell culture supernatant, ultracen-

trifugation was performed which is still considered the gold standard for EV isolation

[110]. Particle concentration was subsequently assessed by nanoparticle tracking anal-

ysis and protein content was analysed using a SILAC-based approach (see previous

chapter).

3.5.1 Differential centrifugation of cell culture supernatant

Isolation of EVs was performed by multiple centrifugation steps. First, cell culture

supernatant from cells at approximately 90% confluence was centrifuged at 1200 g

for 3 min. During this step, cells that were not attached to the cell flask surface were

removed by pelleting. The supernatant was then centrifuged at 1200 g at 4 ○C for 15 min

to increase removal of residual cells and debris. The resulting supernatant was subjected

to centrifugation at 10,000 g at 4 ○C for 20 min in order to deplete apoptotic bodies and

large vesicles. The supernatant was then filtrated using 0.2 µm syringe filters. EVs were

pelleted by ultracentrifugation using Optima LE-80K ultracentrifuge equipped with

swinging bucket rotor at 100,000 g at 4 ○C for 70 min and supernatant was carefully

removed. The pellet was resuspended in 200 µL PBS and stored at -80 ○C.

3.5.2 Nanoparticle tracking analysis (NTA)

Nanoparticle tracking analysis (NTA) was performed for quantification of total numbers

of EVs after isolation by ultracentrifugation as well as their size distribution. Since EVs

are known to exhibit a large heterogeneity in size, this measurement therefore also served

as quality control. Particles of 10-1000 nm in size can be analyzed. NTA measurements

are based on Brownian motion of particles in solution which can be assessed by laser

illumination and subsequent detection of light scattering on a CCD camera. This is

then used to track movements of each particle. By making use of the Stokes–Einstein

equation, hydrodynamic diameters of individual particles can be calculated and based

on total counts, concentrations are measured. Here, NanoSight LM10 instrument was

used as well as NanoSight NTA 3.0 software for analysis. Samples were diluted 1:100 in
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PBS prior to measurements. For each sample, 10 videos of 30 s duration were recorded

and analyzed in batch-processing mode using capture screen gain 2, camera gain max,

process screen gain 10 and detection threshold 6 parameters.

3.5.3 SILAC analysis of extracellular vesicles

In order to analyze differences in protein content in EVs derived from A549 par/KO

cell lines by using SILAC-based proteome analysis, FCS for SILAC purposes needs to

be depleted of EVs from bovine sources. For this, FCS was diluted in SILAC DMEM

to a final concentration of 30% and ultracentrifuged at 100,000 g at 4 ○C for 16 h.

Supernatant was then removed and used for subsequent preparation of SILAC DMEM

with FCS (final concentration: 10%). Cells were grown in 2 T175 flasks in order to

obtain sufficient media for following analyses. Hence, 75 mL of heavy or light SILAC

DMEM was used to grow cells until passage 3 for A549 par/KO cells, respectively. Cells

were grown in 10 ng/mL IFNγ and 50 ng/mL TNFα for 48 h until removal of the

supernatant and subjection to ultracentrifugation (see above). Supernatant from final

centrifugation step was removed and pellets were resuspended in 75 µL SDC buffer.

Mass spectrometry analyses and database search services were kindly provided by Prof.

Schlüter and Hannah Voß from the mass spectrometry core facility, UKE.

3.6 Processing of patients samples

3.6.1 Blood sample collection

For both studies presented here, blood was drawn from cancer patients under written

informed consent and approval by the local ethical committee (PV5932). Analysis

of influence on analytes from different blood collection tubes was performed using

blood samples from 20 metastatic melanoma (MM) (stage IV) patients collected by

Centre of Dermatology, Elbe Clinics, Buxtehude, Germany as well as Department of

Dermatology and Venereology (UKE). In addition to this, blood from healthy donors

was used from the Department of Transfusion medicine (UKE). For evaluation of a

semi-automated scanning approach of CTCs, blood from 7 metastatic breast cancer

patients from Department of Gynecology (UKE) was drawn (see table 28) [111].

3.6.2 Tumor cell enrichment by the ClearCell® FX1 system

For analysis of plasma removal on recovery rates of circulating tumor cells from mela-

noma patients, first spiking experiments were performed using 50 H1975-GFP positive

cells in EDTA and Streck blood from healthy donors. Experiments were performed
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without (EDTA: n=4) and with (EDTA: n=4, Streck: n=2) plasma removal (1900 g,

15 min), and whole blood/ PBMC fraction was processed with the ClearBridge ClearCell®

FX1 system using default settings according to the manufacturer’s instructions. The

Clearbridge device makes use of cell size, deformability and inertia characteristics of

tumor cells. It is a label-free enrichment method and blood is processed through a

microfluidic chip which uses Dean vortex flows to separate the cell populations through

small curvilinear channels. After treatment of the blood with red blood cell lysis

buffer and centrifugation, the pellet was resuspended in 4 mL resuspension buffer

and processed by the ClearCell FX1 System. During this process, the majority of

smaller PBMCs is discarded, while the output contains enriched tumor cells among

contaminating PBMCs. Supernatant was removed after centrifugation of the output

(500 g, 10 min) and the pellet was transferred into 96-well plates for visualization of

fluorescence signal of the GFP-positive H1975 cells and subsequent enumeration.

3.6.3 Isolation and analysis of EVs from patients samples

Isolation of patient-derived EVs from melanoma patients, NTA measurements as well as

transmission electron microscopy were kindly performed by Orion Pharma, Finland.

3.6.4 MiRNA extraction and sequencing

Isolation of miRNA from plasma and EV samples were performed by Qiagen. Briefly,

after plasma isolation 200 µL plasma from EDTA and Streck tubes was used to extract

miRNAs from 10 melanoma patients and five HDs by using miRNeasy Serum/Plasma

Advanced Kit according to instructions. miRNeasy Serum/Plasma Kit was used for

extraction of miRNAs from EVs. QIAseq miRNA Library Kit was used for construction

of QIAseq miRNA libraries while Illumina NextSeq High Output sequencing runs were

performed by Illumina NextSeq 550 with 5 µL of miRNA. Quality control of NGS data

was performed with cutadapt by trimming of 3’ adapter sequences and low quality bases

(Phred score <10). Identical reads were collapsed according to their Unique Molecular

Indices (UMIs) sequences. Reads were mapped to miRBase using bowtie.

3.6.5 Differential expression analysis

For the assessment of differential miRNA expression, raw UMI reads of MM patients

were compared to the counts in the HD samples. Normalization was therefore performed

with UMI counts of HD and MM samples for the groups EDTA plasma, EDTA EV, Streck

plasma and Streck EV. Differences in UMI count medians between EDTA and Streck sam-

ples were analyzed by statistical testing using Wilcoxon signed-rank test in R. Samples
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were normalized using both geNorm [112] (GeneGlobe Secondary Data Analysis Tool,

Qiagen) and NormFinder [113] (GenEx7, MultiD Analyses AB, Gothenburg, Sweden)

algorithms separately in order to reduce possible bias from the normalization method.

UMI counts exceeding 3 reads were considered as references genes for the NormFinder

algorithm only. Cut-off values of (p<0.05) for analysis of differential miRNA expression

by t-testing as well as fold-change ratios of 2 for MM/HD samples were used. Only

genes exceeding the parameter of averaged UMI counts >10 in at least one group were

analyzed by both geNorm and NormFinder analyses.

3.6.6 Orthogonal validation of differentially expressed miRNAs

In order to validate differential miRNA expression from NGS data 2 µL from EDTA

and Streck EV miRNA samples were reverse transcribed into cDNA using miRCURY

LNA RT Kit according to instructions. Shortly before RT-qPCR set up, samples were

diluted 1:30 and using 3 µL of template cDNA, and prepared according to Table 20.

Hsa-miR-103a-3p and hsa-miR-93-5p were used as reference gene assays (miRCURY

LNA miRNA PCR assays), and were chosen according to geNorm results and based

on abundant expression profiles. Hsa-miR-375, hsa-miR-215-5p, and hsa-miR-200c-3p

were chosen for orthogonal validation due to the findings of expression analysis in both

algorithms. Assays were performed in triplicates according to the instructions. Using the

∆∆Cq method for analysis, with ∆Cq = Cq (average (hsa-miR-103a-3p + hsa-miR-93-5p))

- Cq (individual assay of each patient or healthy donor) and ∆∆Cq = ∆Cq (individual

patients) - ∆Cq (average of healthy donors), differential expression was assessed [114].

Table 20: RT-qPCR protocol for miRNA validation

Step Duration Temperature Cycles

Initial denaturation 2 min 95 ○C 1
Denaturation 10 s 95 ○C
Annealing/ extension 60 s 56 ○C 40
Melting gradient +0.5 ○C/5 sec 60 ○C to 95○C 1

3.6.7 Spiking of healthy donor blood with cell line cells

MCF-7 cells were cultured as described in section 3.1.2. After detachment of cells by

trypsin, cells were centrifuged at 190 g for 5 minutes and supernatant was discarded.

Cells were then resuspended in fresh culture medium and pipetted into a petri dish for

better separation and visualization of cells. Using light microscopy, cells were counted

during uptake with pipette and a 10 µL pipette tip, and cells were collected until the
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desired number was reached. PBMCs were isolated by collection of 7.5 mL healthy

donor blood in EDTA tubes and subsequent Ficoll density-gradient-based Leucosep™

pre-enrichment according to the manufacturer’s instructions. A defined number of

300,000 PBMCs was used for spiking.

3.6.8 Tumor cell enrichment by the Parsortix® system

The Parsortix system is a device used for the enrichment of CTCs in a background of

leukocytes from whole blood samples. It makes use of differences in size as well as

rigidity of the two cell populations. Using a microfluidic cassette and constant liquid

flow, the blood sample is passed through the cassette in which step-wise narrowing down

of the gap is present. This is used to hold back those cells exceeding a critical size of

6.5 µm and letting cells of smaller sizes pass through the gap. Cells that were able to

pass through the gap are discarded, whereas larger cells are flushed out by the system

by application of reverse flow. Cells which were flushed out remain intact and suitable

for down-stream analyses such as immunofluorescence staining and were harvested by

collecting the cell suspension in a cytospin funnel and subsequent centrifugation onto a

glass slide at 190 g for 3 min. Slides were dried overnight and frozen at -80 ○C.

3.6.9 Immunofluorescence staining

After processing of blood samples with the Parsortix® system and drying of the cytospin

slides, slides were thawed at room temperature for subsequent immunofluorescence

staining. Fixation of the cells was performed with 2% PFA (10 min) before washing

with PBS and permeabilization with 0.1% Triton X-100 in PBS (10 min). Slides were

washed twice with PBS and blocking of unspecific binding sites was performed with

10% AB-serum/PBS for 20 min. Pan-keratin antibodies (AE1/AE3 and C11; directly

labeled with Alexa Fluor 488, 1:100) and CD45 antibody (clone REA747; directly labeled

with APC, 1:50) in blocking solution were used for identification of tumor cells and

leukocytes, respectively. After incubation for 1 h, DAPI staining solution (1 µg/ml)

was added for an additional 5 min. Using Prolong Gold Antifade Reagent, slides were

covered with a cover slip, sealed and stored at 4 ○C until imaging.

3.6.10 Image analysis using the XCyto 10 automated scanning microscope

The XCyto 10 Quantitative Cell Imager was used for scanning of slides which contain

300,000 PBMCs spiked with 1000 MCF-7 cells. The slides have previously stained by

immunofluorescence using AF488-labeled pan-keratin and APC-labeled CD-45 antibod-

ies. The XCyto 10 is equipped with a CCD 2.8 MP camera, four LEDs and 9 emission
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filters and can be optimized for the semi-automated detection of cells in suspension or

adherent cells and was used here in order to develop a tool for the detection of CTCs.

By applying acquisition times of 100 ms for DAPI, and 500 ms for Alexa Fluor 488 and

APC fluorophores, as well as the default 4x objective, whole slides were scanned by

sequential imaging of 68 images per slide. For this, the combinations of excitation light

sources and emission filters LED405/430-475 nm (DAPI), LED488/513-555 nm (AF488)

and LED635/665-676 nm (APC) were utilized. Prior to image scanning, pre-settings

of ”Xcyto 2-Sample 15-A v1” slide type and ”Adherent, User defined – Fluorescence

Mask” method for cell nucleus identification were applied in the XcytoView software.

Threshold intensities of the DAPI input channel of 10,000 as well as a max area of

900 µm2 of DAPI signal were set. APC intensities were plotted against intensities in the

AF488 channel in order to be able to distinguish between pan-keratin tumor cells and

CD45-positive PBMCs. By applying bi-exponential scaling for better visualization, it

was possible to separate both cell populations by establishment of a gate around the

tumor cells. The gating parameters were saved and re-applied to images of patients

samples in order to evaluate the feasibility of establishing an automated scanning system.

Positive hits can be subsequently analyzed by re-imaging using 20x objective to further

improve detection.

3.7 Statistical analyses

True biological differences, e.g. functional behavior of two cell lines, can only be evalu-

ated by using statistical testing. According to the study conducted, different tests were

applied using R software. For unpaired samples, in general normal distributed samples

were analyzed using t-testing. For non-normal distributed samples, wilcoxon-rank-sum

was applied. If samples were paired, student’s paired t-test for normal distributions and

wilcoxon-signed rank test for non-normal distributions were used. An alpha level of

5 percent was used. Therefore, null-hypotheses were rejected only if p-values reached

significance levels <0.05. All experiments were performed using at least three indepen-

dent biological replicates, unless otherwise indicated. Statistical analysis of miRNA NGS

are described in section 3.6.5.
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4 Results

Previous studies conducted at the Institute of Tumor Biology, UKE, have shown a

significant association between loss of chromosomal region 4q12-q32 and early tumor

cell dissemination as well as poor prognosis. In a study by Wrage et al. it was shown

that NSCLC patients with a positive DTC status more often harbor a loss of 4q in

their primary tumors [105]. Within this region, HERC5 was identified as a potential

target metastasis suppressor gene [99, 106]. Therefore, functional characterization was

performed in order to further elucidate the observed phenotype and metastatic potential

in cell culture based studies.

4.1 HERC5 expression levels in NSCLC cell lines

In order to investigate whether HERC5 is biologically working as a metastasis suppressor

gene, in vitro systems have to be generated. Cell lines bearing low expression levels were

designated for the establishment of overexpression models, while intermediate or high

levels should be used as a knock-out (KO) system. For this, different NSCLC cell lines

were screened for their HERC5 expression level (see Figure 8). mRNA expression was

normalized against immortalized lung epithelial cell line BEAS2B. Protein expression

was also analyzed in a subset of these cell lines by Western blot. HSC70 protein was

used as loading control.
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Figure 8: HERC5 mRNA expression levels in different NSCLC cell lines.
Expression was measured by RT-qPCR and normalized first to RPLP0 gene
and subsequently to BEAS2B cell line. A) Relative expression levels are
shown here as fold-change values in comparison to immortalized BEAS2B
lung epithelial cell line. B) HERC5 protein levels in a subset of different
NSCLC cell lines analyzed by Western blot.
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4.2 Establishment of HERC5 KO and overexpression cell lines

Based on HERC5 mRNA and protein expression levels in section 4.1, different cell lines

were chosen which served as model systems in the following experiments. Due to its low

HERC5 expression, H1395 cell line was chosen as an overexpression model. In addition

to the generation of a novel overexpression cell line, HTB56 HERC5 OE and HTB56

empty vector control (EC) cell lines had already been completed by Dr. Annkathrin

Hanssen. A549 cells is an already well-described cell line frequently used in the context

of NSCLC research. Furthermore, A549 cells were shown to have an intermediate level

of HERC5 and were therefore chosen for the establishment of an additional KO system.

After transfection with CRISPR-Cas9 plasmids, different A549 HERC5 KO clones had

previously been raised by Dr. Annkathrin Hanssen but not yet validated for sequence

integrity.

4.2.1 HTB56 HERC5 OE and H1395 HERC5 OE

HTB56 HERC5 OE and EC cell lines had been previously established by lentiviral

transduction with LEGO-iG2-HERC5-HA or LEGO-iG2-HA, respectively. The vector

backbone also contains an IRES-coupled GFP sequence so that by FACS analysis, GFP-

positive, successfully transduced cells can be separated from untransduced cells. Both

cell lines were subsequently screened for HERC5 expression. Differences in HERC5

expression levels were assessed by RT-qPCR in two independent replicates as well as

Western blot by detection with HA- and HERC5 antibodies (see Figure 9). Compared to

HTB56 EC cells, HERC5 mRNA expression is upregulated 280-fold (SD=135) in HTB56

OE cells. Western blots show a strong upregulation of HERC5 protein as well.
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Figure 9: HERC5 mRNA expression levels in modified HTB56 cell lines.
Expression was measured by RT-qPCR and normalized to RPLP0 gene.
A) Fold-change expression levels relative to empty vector control cells
(n=2). B) HERC5 protein levels analyzed by Western blot using anti-HA
antibody (left) and anti-HERC5 antibody (right).
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H1395 cell line was transduced with LEGO-iG2-HERC5-HA or LEGO-iG2-HA in

order to generate a second overexpression cell line with its corresponding empty vector

control. After FACSing and therefore selection of GFP positive, successfully transduced

cells, newly established cell lines H1395 HERC5 OE and H1395 EC were analyzed for

HERC5 mRNA as well as protein expression (see Figure 10). RT-qPCR results show

a 283-fold upregulation in HERC5 OE cells compared to EC cells, and Western blot

analyses with HA and HERC5 antibodies support these results.
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Figure 10: HERC5 mRNA expression levels in modified H1395 cell lines.
Expression was measured by RT-qPCR and normalized to RPLP0 gene.
A) Fold-change expression levels relative to empty vector control cells
(n=1). B) HERC5 protein levels analyzed by Western blot using anti-HA
antibody (left) and anti-HERC5 antibody (right). HSC70 served as loading
control.

4.2.2 A549 HERC5 KO

By using CRISPR-Cas9 technology, total knock out of genes can be achieved if the induced

double-strand break results in a frameshift mutation or premature stop codon formation

[115]. Several A549 KO clones pre-established by Dr. Annkathrin Hanssen were analyzed

for their sequence integrity to see whether transfection has resulted in knocking out

HERC5 gene completely. For this, gDNA was extracted from seven different clones

and PCRs using Crisp #5 primers were performed. Subsequently, DNA was applied on

agarose gels for visualization of product sizes (see Figure 11) and extracted from the gels.

For unmodified sequences, the expected amplicon length is 138 bp. The purified PCR

products were sequenced and analyzed with BLAST algorithm (see Table 21).
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Figure 11: PCR analysis of different HERC5 KO clones. After gDNA
extraction, PCRs using Crisp #5 primers show expected bands of 138 bp
for A549 par cells. HERC5 KO clones show bands of various lengths.

Table 21: Sequence analysis of KO clone by BLAST algorithm

Clone Induced mutation

#1 65 bp insertion
#2 2 bp deletion
#8 3 bp deletion
#13 lower band: 2 bp deletion, upper band: 78 bp insertion
#16 1 bp deletion
#18 52 bp deletion
#30 lower band: 26 bp deletion, upper band: 85 bp deletion

Due to the results of the sequencing reaction, clones harboring deletions that either

do not result in frameshift mutations of HERC5 gene or insertions that could lead to

unclear gain of function were not considered suitable. Clones #2, #16, #18 and #30 were

chosen for generation of a KO cell line since the mutations contain a genotype resulting in

HERC5 KO. In order to create a cell line that is more genetically heterogenous compared

to a cell line stemming from a single clone and to furthermore reduce the influence of

possible off-target effects, these four aforementioned clones were combined.
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HERC5 KO on protein level was subsequently confirmed by Western blot (Figure

12A). A549 KO cells do not show any morphological differences compared to A549 par

cells (Figure 12B). In order for a single clone not to overgrow the heterogenous cell

population, average population doubling times of each clone were assessed by MTT

measurements. Doubling times were highly similar (Figure 12C).
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Figure 12: Analysis of A549 KO cell line. A) HERC5 protein levels ana-
lyzed by Western blot using anti-HERC5 antibody. B) Light microscopy
images showing no morphological differences between parental (left) and
KO (right) cells. C) Doubling times [h] of different knock out clones as-
sessed by MTT analysis.
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4.3 Functional analysis of differential HERC5 expression

After having successfully established different in vitro model systems, phenotypical

alterations deriving from differential HERC5 expression levels in NSCLC cell lines

were further investigated. Functional assays focusing on their connection to cancer and

metastasis formation were hence performed using the different cell lines.

4.3.1 Proliferation capability

The ability of cells to undergo unlimited division is considered one hallmark of cancer

[2]. In order to analyze a possible differential behavior in proliferative capacity an MTT

assay was performed using HTB56 HERC5 OE/EC, H1395 HERC5 OE/EC and A549

KO/par cell lines. After seeding the cells, measurements were taken at days 0, 3, 5 and 7

(HTB56 and H1395) or at days 0, 3, 4 and 5 (A549). End point analysis of growth curves

were compared by student’s t-test but no statistical differences were observed in any of

the cell lines (HTB56: p=0.16, H1395: p=0.22, A549: p=0.64; Figure 13). Thus, HERC5

did not influence the basal proliferation capacity of any of the different cell lines.
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Figure 13: Analysis of proliferative capability by MTT assay. 1000 cells
were seeded in 96-well plates, stained and detected after days indicated.
Absorption [650 nm - 540 nm] was plotted against time and growth curves
were compared. Standard deviations are indicated by error bars. A) HTB56
cell lines (p=0.16, n=5), light blue: EC; dark blue: OE B) H1395 cell lines
(p=0.22, n=3), light blue: EC; dark blue: OE C) A549 cell lines (p=0.64,
n=3), light blue: par; dark blue: KO
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4.3.2 Clonogenic capacity

The capacity of single cells to grow into colonies can be examined in order to analyze the

potential of metastasis formation from detached tumor cells [2]. For this, colony assays

were performed. Using ColonyArea plugin for ImageJ, percentages of area covered in

each well were calculated and compared by t-testing. HTB56 OE cells show a significantly

lower clonogenic growth (mean: 3.3 ± 0.2) compared to EC cells (mean: 1.3 ± 0.5;

p=0.0004, n=5, Figure 14 (left)) . Boxplots depict ranges of areas covered by the cells

and exemplary images from the stained wells are shown above. The modified cell line

A549 did not show any significant differences in clonogenic potential (A549 par: 10.0 ±

1.2, A549 KO: 8.6 ± 0.9; p=0.07 , n=5, Figure 14 (right)). Even though not significant,

parental cells show a slightly increased clonogenic growth compared to KO cells. When

using H1395 cells, hardly any colonies grew and were therefore not analyzed.

Figure 14: Clonogenic capacity of modified HTB56 and A549 cells. 1000
cells were seeded in 6-well plates, stained and detected after 7 days us-
ing ColonyArea plugin for ImageJ. Percentages of area covered are repre-
sented by boxplots. Statistical testing was performed by t-testing (HTB56:
p=0.0004, n=5; A549: p=0.069 , n=5).
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4.3.3 Anchorage-independent growth

By performing soft agar assays, assessment of growth under anchorage independent

conditions was performed as it is described as a hallmark of carcinogenesis [2]. For this,

3000 cells were seeded in 6-well plates and analyzed 14 days after seeding using Cell

Colony Edge macro for ImageJ. In comparison to EC cells, significantly less colonies

were grown in HTB56 HERC5 OE cells (mean EC: 262 ± 70, OE: 143 ± 30; p=0.008;

n=5, Figure 15) independently of a solid surface; indicating a less aggressive phenotype,

whereas A549 KO/par cell lines did not show any significant differences (A549 par: 1527

± 465, A549 KO: 1342 ± 391; p=0.52, n=5). Details of the stained colonies can be seen

above the boxplots. Analysis of differential growth in H1395 cell lines was not possible

since no colonies were formed in soft agar.
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Figure 15: Anchorage-independent growth of modified HTB56 and
A459 cells. Detection was performed by Cell Colony Edge macro for ImageJ
14 days after seeding of 3000 single cells. Number of colonies exceeding
pre-defined parameters were counted and plotted. Statistical testing was
performed by t-testing (HTB56: p=0.008; n=5, A549: p=0.52, n=5).
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4.3.4 Migratory capability

The ability to directionally migrate towards different chemo-attractants is often studied

in the context of cancer as it correlates with spreading to distant sites and therefore

with metastatic progression [2]. This chemotactical behavior was examined by using

boyden-chambers. Here, 20,000 cells were seeded in FCS-deprived media, while the

bottom of the wells contained FCS as chemoattractant. Migrated cells were then stained

and counted.

Applying Wilcoxon rank-sum test, HTB56 OE cells have a significantly lower mi-

gratory capability than the corresponding EC cells (mean EC: 1678 ± 338, OE: 785 ±

186; p=0.012, n=5, Figure 16 (left)). A549 parental cells also have a significantly lower

migratory capability than HERC5 KO cells (mean par: 723 ± 249, KO: 1639 ± 824;

p=0.0012, n=7, Figure 16 (right)). Exemplary sections of the membranes are illustrated

above the boxplots. When using H1395 cells, no migrated cells were found in the FCS

controls.

Figure 16: Migratory capability of modified HTB56 and A549 cells. By
using boyden-chambers, migratory capabilities were assessed after seed-
ing 20,000 cells and staining of those which migrated to the bottom of
the membrane after 16 h. HTB56 EC cells show an enhanced migration
(p=0.012, n=5) compared to OE cells. A549 KO cells also have an enhanced
migratory potential (p=0.0012, n=7).
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4.3.5 Invasive potential

Apart from being able to migrate, in order for cancer cells to successfully extravasate to

distant organs, they have to overcome natural barriers and invade through extracellular

matrices [2]. Boyden-chambers covered with matrigel mimic the extracellular matrix and

are therefore suitable for the assessment of invasive potential. Here, 20,000 cells were

seeded into the matrigel-covered chambers under FCS-free conditions. First invasion

and then migration through the pores was observed due to chemo-attractant FCS in the

wells. Cells were stained and counted afterwards in the same way as in migration assays.

Both HTB56 OE/EC and A549 KO/par cell lines did not show any significant differ-

ences in invasive potential when applying Wilcoxon rank-sum test, even though a trend

is visible for A549 cells (HTB56: EC mean: 1303 ± 941, OE: 1211 ± 810; p=1.00, n=3;

A549: par mean: 355 ± 285, KO: 687 ± 365; p=0.34, n=4; Figure 17). Due to the negative

results for H1395 cells when analyzing anchorage-independent growth and migratory

capacity, it was assumed that this rather non-aggressive cell line is not suitable for the

assessment of invasive potential.

Figure 17: Invasive potential of modified HTB56 and A549 cells. 20,000
cells were seeded into matrigel-covered boyden-chambers and analyzed
after 22 h. Neither HTB56 (p=1.00, n=3) nor A549 (p=0.34, n=4) modified
cell lines showed differences in invasive potential.
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4.4 Interaction with brain and bone microenvironment

Previous analyses by Wrage et al. had shown a specific effect of HERC5 loss on brain

metastasis formation as well as a positive DTC status [99], therefore a possible influence

of the brain or bone microenvironment on the cellular behavior of the tumor model

cell lines was assessed. The aforementioned assays were thus adjusted to examine a

possible influence of the brain or bone microenvironment on cancer-related phenotypes

induced either by primary human astrocytes or immortalized murine pre-osteoblasts

(MC3T3-E1).

4.4.1 Proliferation capability

Despite not having found any significant differences in proliferative capability of cells,

MTT assays were repeated by incubating the cells in conditioned media from either

astrocytes or murine osteoblasts to examine a possible influence of the brain or bone

microenvironment on the proliferative behavior. After 0, 3, 5 and 7 (HTB56) or 0, 3,

4 and 5 (A549) days, measurements of absorption were taken. End point analysis of

growth curves were compared by student’s t-test but no statistical differences were

observed in any of the cell lines (HTB56 astrocytes: p=0.81 , HTB56 MC3T3-E1: p=0.48,

A549 astrocytes: p=0.59, A549 MC3T3-E1 p=0.48; Figure 18). Standard deviations

are indicated by error bars. Thus, proliferation was not altered in any of the cell lines

under brain or bone microenvironment. HTB56 and A549 show a slightly increased

proliferation capability in astrocyte media compared to their standard growth media,

which might be due to the elevated levels of FCS present in astrocyte media. In MC3T3-

E1 media, however, growth is slightly decreased in HTB56 and even stronger in A549

cells compared to standard conditions possibly due to insufficient growth factors. Growth

curves furthermore did not show strong variations between conditioned and standard

media for the respective astrocytes or osteoblasts.
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Figure 18: Influence of astrocytes or MC3T3-E1 cells on proliferation
capability of modified HTB56 and A549 cells. 1000 single cells were
seeded into 96-well plates with either MC3T3-E1 or astrocyte conditioned
media for days indicated. Absorption [650 nm - 540 nm] was plotted
against time and growth curves were compared by t-testing of absorption
at end-points. A) Growth of HTB56 cell lines under brain (above) or bone
(below) microenvironments (HTB56 astrocytes: p=0.81, HTB56 MC3T3-E1:
p=0.48; n=5) (light blue: EC; dark blue: OE). Growth curves in light gray
and dark gray represent growth in standard MC3T3-E1 media for EC and
OE, respectively. B) Growth curves of A549 cell lines (A549 astrocytes:
p=0.59, A549 MC3T3-E1 p=0.48; n=3) (light blue: par; dark blue: KO).
Growth curves in light gray and dark gray represent growth in standard
astrocyte media for par and KO, respectively.

4.4.2 Clonogenic capacity

Similar to MTT assay set up, clonogenic potential was assessed by incubation of the

cell lines using conditioned media. After incubation of 3000 single cells in the respec-

tive conditioned media and analysis with ColonyArea plugin for ImageJ, the differ-

ence in clonogenic growth is not increased by the brain and bone microenvironment

HTB56 (MC3T3-E1: EC mean: 4.8 ± 1.0, OE mean: 2.7 ± 1.2; p=0.08, n=3; astrocytes:
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EC mean: 0.5 ± 0.4, OE mean: 0.3 ± 0.3; p=0.42, n=4), A549 (MC3T3-E1: par mean:

14.9 ± 2.6, KO mean: 12.6 ± 1.0; p=0.10, n=5; astrocytes: par mean: 11.6 ± 1.8, KO

mean: 10.5 ± 2.2; p=0.40, n=5; see Figure 19). In comparison to standard conditions,

HTB56 EC and OE cells grew less colonies in astrocyte conditioned media but more

colonies in MC3T3-E1 media. A549 par and KO cells also showed an increase in colonies

in MC3T3-E1 conditioned media, while in astrocyte conditioned media results remained

similar. The increase of colony outgrowth in MC3T3-E1 conditioned media in both cell

lines is already observable when using MC3T3-E1 standard media (data not shown)

but is even more prominent in conditioned media, hinting at a possible influence of

pre-osteoblast microenvironment on clonogenic outgrowth capacity. Clonogenic capacity

with conditioned media in H1395 cells was not assessed due to the non-aggressive nature

of these cells.

Figure 19: Influence of MC3T3-E1 cells or astrocytes on clonogenic ca-
pacity of modified HTB56 and A549 cells. 3000 single cells were seeded
into 6-well plates with either MC3T3-E1 or astrocyte conditioned media
for 7 days. Calculation of areas covered in the wells was done by using
ColonyArea plugin for ImageJ. Neither HTB56 (MC3T3-E1: p=0.08, n=3;
astrocytes: p=0.42, n=4) nor A549 (MC3T3-E1: p=0.10, n=5; astrocytes:
p=0.40, n=5) modified cell lines showed differences in clonogenic capacity
(t-test).
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4.4.3 Anchorage-independent growth

During the set-up of the assay, agar has to be heated until dissolved in order to pour

the different agar layers. This might lead to destruction of e.g. heat-sensitive cytokines

secreted by the cells into the media. Furthermore, the amount of media subsequently

added for prevention of drying of the agar is rather low. Therefore, soft-agar assays are

not suitable for assessment of anchorage-independent growth with different conditioned

media and were hence not performed here.

4.4.4 Migratory capability

For the assessment of migratory potential, either 100,000 astrocytes or osteoblasts were

grown in the wells below the boyden-chambers instead of using FCS as chemoattractant.

Here, only cell lines HTB56 and A549 were used, since H1395 cell lines did not show

any migration when using an FCS controls. However, brain or bone microenvironments

do not result in significant differences in migration in HTB56 (MC3T3-E1: EC mean:

848 ± 365, OE: 1003 ± 794; p=0.84, n=5; astrocytes: EC mean: 1125 ± 374, OE: 1191

± 765; p=1.00, n=5) or A549 cells (MC3T3-E1: par mean: 809 ± 363, KO: 524 ± 567;

p=0.40, n=3; astrocytes: par: 1903 ± 1486, KO: 1943 ± 1667; p=1.00, n=3; see Figure

20). Compared to FCS as a chemoattractant, HTB56 EC cells show a reduced migratory

capacity, diminishing the difference between EC and OE cells in both pre-osteoblast and

astrocyte microenvironments. A549 cells similarly show a decrease in migratory capacity

in KO compared to par cells while overall migration was enhanced using astrocytes as a

chemoattractant.
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Figure 20: Migratory potential of modified HTB56 and A549 cells to-
wards MC3T3-E1 cells or astrocytes. 20,000 cells were seeded into
boyden-chambers with either 100,000 MC3T3-E1 or astrocytes below the
chambers and analyzed after 16 h. Neither HTB56 (MC3T3-E1: p=0.84,
n=5; astrocytes: p=1, n=5) nor A549 (MC3T3-E1: p=0.4, n=3; astrocytes:
p=1, n=3) modified cell lines showed differences in migratory potential
towards these cells.

4.4.5 Invasive potential

Since no migrated cells were found in the FCS controls of H1395 cell lines, migratory

capacity was not assessed using astrocytes or pre-osteoblasts. As none of the cell lines

showed a difference induced by astrocyte or pre-osteoblast environments in the previous

studies, invasive capacity was not assessed.
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4.5 RNAseq of HTB56-HERC5 OE/EC cell lines

In order to study potential alterations in downstream pathways resulting from HERC5

expression changes, which could explain phenotypical changes observed before, gene

expression was assessed by RNAseq. For this, total mRNA of HTB56 HERC5 OE/EC cell

lines were used from three independent biological replicates. After extraction, mRNA

integrity was assessed by Tapestation measurements to ensure quality is suitable for

subsequent downstream NGS analyses (Figure 21). RNA integrity numbers (RIN) were

calculated which can range from 1 (completely degraded RNA) to 10 (highly intact

RNA). During the measurements, separation by gel electrophoresis is used to visualize

ribosomal proteins and their corresponding peak heights to calculate RIN scores. All of

the 6 samples reached RIN scores between 9.9 - 10, indicating non-degraded RNA. NGS

was performed by CeGaT, Tübingen, Germany. Fold changes of 2 and p-values<0.05 were

considered significant. After correction for multiple testing, results show a significant

upregulation of HERC5 (control), FGF7 and a significant downregulation of COL12A1

(see Table 22). Due to the very low amount of differentially regulated mRNAs, the list of

normalized counts was re-analyzed so that pathways possibly affected by differential

HERC5 expression could be investigated nonetheless. For this, counts from the three

replicates of each group were averaged and fold-change ratios of EC/OE were calculated.

Genes were subsequently removed with less than ten counts in at least one of the groups

and parameters for differential expression included fold-changes of <0.5 or >2. These

parameters gave then rise to 303 identified mRNAs. Using DAVID database, functional

annotation tool was used to look for enriched and functionally-related gene groups, but

no significant cluster enrichment was found.

Figure 21: Assessment of RNA integrity. Samples designated for mRNA
sequencing underwent quality control by Tapestation assessment of RIN
scores. All samples reached scores between 9.9 - 10, confirming high quality
and suitability for downstream NGS application.
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Table 22: Significant RNAseq results of HTB56 HERC5 OE/EC cell lines

Gene Fold change (OE/EC) p-value (adj)

HERC5 44.12 2.34E-30
FGF7 3.96 0.0093
COL12A1 0.09 1.72E-08

A possible explanation for the low amount of significantly regulated genes could

be that HERC5 might be predominantly regulated on the protein level rather than the

mRNA level and is described to be only induced after viral infection or activation of the

inflammasome.
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4.6 Regulation of HERC5 expression by inflammatory cytokines

As previously stated, HERC5 has been mainly studied in the context of innate immunity.

Its main function as an E3-ligase is conferring ubiquitin-like modifier (UBL) ISG15

to newly-synthesized proteins in a co-translational manner [82]. HERC5, as well as

other proteins involved in ISGylation, have low basal expression levels, but are quickly

upregulated during inflammation [78, 80, 81]. Due to the highly inflamed nature of

the microenvironment in NSCLC primary tumors, we analyzed induction of HERC5

expression as well as ISGylation in different NSCLC cell lines under treatment with

inflammatory cytokines IFNγ and TNFα over time by RT-qPCR and Western blotting.

For this, A549 KO, A549 par, H1395, HTB56 and H1975 cell lines were used.

4.6.1 IFNγ-induced regulation of HERC5 expression

A549, H1975 and HTB56 cell lines were treated with 10 ng/mL IFNγ for 0 h, 24 h and

48 h to analyze HERC5 levels under cytokine treatment (Figure 22). After normalization

to RPLP0 expression (∆Cq) and 0 h of IFNγ stimulation (∆∆Cq), HERC5 upregulation

could be observed in three biological replicates (n=3) and all three cell lines after 24 h

(Fold change values: A549: 1.6 ± 0.6, H1975: 1.6 ± 0.8, HTB56: 4.0 ± 1.5), with HTB56

showing the highest induction after 48 h (A549: 1.5 ± 0.3, H1975: 3.6 ± 1.9, HTB56: 17.4

± 4.9). IRF1 expression was examined to verify induction of canonical IFNγ pathways

and confirmed successful stimulation.

Figure 22: mRNA analysis by RT-qPCR after IFNγ treatment. A549,
H1975 and HTB56 par cell lines treated with 10 ng/mL IFNγ for 24 h (light
blue) and 48 h (dark blue). IRF1 indicates upregulation of IFNγ induced
pathways. Expression was normalized to RPLP0 and 0 h. Averaged values
are shown from three biological replicates (n=3) with error bars depicting
corresponding standard deviations.

70



4.6 Regulation of HERC5 expression by inflammatory cytokines 4 RESULTS

To examine induction of HERC5 as well as overall ISGylation on protein level, A549

KO, A549 par, H1395 and HTB56 cell lines were used under the same conditions as

mRNA analysis. Due to CRISPR-Cas9 induced deletions in the coding regions of HERC5

gDNA, which was exploited for the establishment of A549 KO cell line, truncated HERC5

mRNA is not suitable for analysis of expression level changes analyzed by RT-qPCR.

However, protein levels were assessed by Western blotting of A549 KO cells to examine

whether observed ISGylation is HERC5 dependent. Results were furthermore quantified

from three independent replicates. Here, induction of ISGylation of proteins was most

strongly observed in A549 par cells (24 h: 2.1 ± 1.2, 48 h: 3.5 ± 5.2; see Appendix)

and slightly in H1395 cells (24 h: 2.0 ± 0.2, 48 h: 1.5 ± 0.9). While A549 KO cells do

not show an upregulation of neither HERC5 (24 h: 1.4 ± 1.1, 48 h: 0.3 ± 0.3; Figure

23), nor ISGylation, induction of free, unconjugated ISG15 expression was observed

indicating that HERC5 is responsible for the ISGylation of proteins in the corresponding

A549 parental cells. In contrast to mRNA levels, neither ISGylation nor free ISG15

was observed in HTB56 cells under IFNγ stimulation (24 h: 0.9 ± 0.8, 48 h: 1.3 ± 0.5).

Overall, HERC5 expression correlated with increasing ISG15 levels. Successful induction

of canonical pathways by IFNγ was verified by upregulated pStat1 expression (Figure

23).

ISGylated 
proteins

Free
ISG15

HSC70

pStat1

HERC5

A549
KO

A549
par

H1395
par

HTB56
par

0h 24h 48h 0h 24h 48h 0h 24h 48h 0h 24h 48h

Figure 23: Protein analysis after IFNγ treatment. A549 KO, A549 par,
H1395 par and HTB56 par cell lines treated with 10 ng/mL IFNγ for 0 h,
24 h and 48 h (n=3). Anti-ISG15 antibody detects ISGylated proteins as
well as unconjugated ISG15. Anti-pStat1 indicates upregulation of IFNγ

induced pathways. HSC70 serves as loading control.
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Figure 24: Protein quantification after IFNγ treatment. A549 KO, A549
par, H1395 and HTB56 cell lines treated with 10 ng/mL IFNγ for 24 h
(light blue) and 48 h (dark blue). Expression was normalized to 0 h (gray).
Averaged values are shown from three biological replicates (n=3) with error
bars depicting corresponding standard deviations.

4.6.2 TNFα-induced regulation of HERC5 expression

Figure 25: mRNA analysis by RT-qPCR after TNFα treatment. A549,
H1975 and HTB56 par cell lines treated with 50 ng/mL TNFα for 24 h.
Slug indicates upregulation of TNFα induced pathways. Expression was
normalized to RPLP0 and 0 h. Averaged values are shown from three bio-
logical replicates (n=3) with error bars depicting corresponding standard
deviations.
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In order to analyze HERC5 expression and ISGylation under TNFα treatment, cells

were incubated with 50 ng/mL TNFα for 0 h and 24 h. Using RT-qPCR to analyze

mRNA expression, HERC5 induction was assessed in cell lines A549, H1975 and HTB56

as well as Slug expression as a control of TNFα induction (Figure 25). Expression was

normalized to RPLP0 and no TNFα induction. Slug was induced in all three cell lines.

HERC5 expression levels were highest in A549 cells after 24 h, while H1975 and HTB56

showed little to moderate upregulation in comparison to lack of TNFα (A549: 7.1 ± 3.5,

H1975: 0.9 ± 0.6, HTB56: 1.7 ± 0.9). Fold changes were calculated after averaging of

three independent biological replicates.

Protein levels were analyzed by Western blots using A549 KO, A549 par, H1395

and HTB56 cell lines (Figure 26). ISGylation of proteins was most strongly induced in

H1395 cells whereas the corresponding HERC5 expression remains hardly induced (24

h: 1.2 ± 1.6, 48 h: 2.0 ± 0.8; see Appendix). In A549 par cells, moderate upregulation of

ISGylation was observed as well as strong HERC5 upregulation (24 h: 3.2 ± 3.5, 48 h:

4.3 ± 4.9). HERC5 expression, as well as ISGylation in A549 KO and HTB56 cells remain

hardly affected (KO: 24 h: 2.2 ± 2.4, 48 h: 0.8 ± 1.4; HTB56: 24 h: 0.7 ± 0.4, 48 h: 0.0 ±

3.8). Induction of free ISG15, however, could be observed in A459 KO cells but hardly in

parental cells, indicating transfer of newly synthesized ISG15 proteins to target proteins

by HERC5, which is not visible in the KO cells.

ISGylated 
proteins

Free
ISG15

HSC70

HERC5

A549
KO

A549
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H1395 HTB56

0h 24h 48h 0h 24h 48h 0h 24h 48h 0h 24h 48h

Figure 26: Protein analysis after TNFα treatment. A549 KO, A549 par,
H1395 par and HTB56 par cell lines treated with 50 ng/mL TNFα for 0 h,
24 h and 48 h (n=3). Anti-ISG15 antibody detects ISGylated proteins as
well as unconjugated ISG15. HSC70 serves as loading control.
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Figure 27: Protein quantification after TNFα treatment. A549 KO, A549
par, H1395 and HTB56 cell lines treated with 50 ng/mL TNFα for 24 h
(light blue) and 48 h (dark blue). Expression was normalized to 0 h (gray).
Averaged values are shown from three biological replicates (n=3) with error
bars depicting corresponding standard deviations.

4.6.3 Regulation of HERC5 expression by combination of IFNγ and TNFα

Due to HERC5 and ISGylation induction observed in sections 4.6.1 and 4.6.2, a combina-

tion of both cytokines was performed since combining both cytokines is described to

enhance their function in contrast to single use and has already been shown in A549

cells [116]. Whether this leads to enhanced HERC5 induction in NSCLC cell lines was

analyzed first by RT-qPCR in A549, H1975 and HTB56 cells. Expression was normalized

to RPLP0 (∆Cq) and no cytokine treatment (∆∆Cq). Slug and IRF1 served for monitoring

of successful TNFα and IFNγ induction. Both mRNAs were induced in all three cell

lines but most strongly in A549. Similar to findings of TNFα induction, A549 cells

showed the strongest overall HERC5 expression, peaking at 24 h after induction but

being still prominent after 48 h (fold changes after 24 h: 98.7 ± 44.2, 48 h: 29.4 ± 9.8).

Sparse induction was observed in H1975 cells (24 h: 1.2 ± 0.6, 48 h: 2.1 ± 1.0), while

HTB56 cells showed moderate induction (24 h: 2.5 ± 0.6, 48 h: 3.3 ± 0.4) (see Figure 28).

Standard deviations are shown from three independent biological replicates.
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Figure 28: mRNA analysis by RT-qPCR after combined IFNγ and TNFα
treatment. A549, H1975 and HTB56 par cell lines treated with 10 ng/mL
IFNγ and 50 ng/mL TNFα for 24 h (light blue) and 48 h (dark blue).
IRF1 and Slug indicate upregulation of IFNγ/TNFα induced pathways.
Expression was normalized to RPLP0 and no cytokine treatment. Averaged
values are shown from three biological replicates (n=3) with error bars
showing corresponding standard deviations.

Subsequently, protein levels were analyzed by Western blot in A549 KO, A549 par,

H1395 and HTB56 cells (Figure 29). A459 par cells showed the highest amount of

ISGylated proteins of all cell lines as well as strong HERC5 expression both 24 h and

48 h after cytokine treatment (24 h: 4.3 ±3.8, 48 h: 4.5 ± 2.2), which reflects mRNA

levels. Interestingly, ISGylation levels are highest after 48 h, which might be due to low

basal HERC5 protein levels and therefore ligation of ISG15 to target proteins is delayed.

H1395 cells furthermore showed high levels of ISGylation and HERC5 expression (24 h:

7.8 ± 8.5, 48 h: 6.4 ± 3.2; see Appendix) while HTB56 cells remained unaffected by

combined treatment of IFNγ and TNFα in a similar way as single agents (24 h: 0.8 ± 0.4,

48 h: 0.5 ± 0.4). A549 KO cells showed hardly any HERC5 induction (24 h: 1.9 ± 1.6, 48

h: 1.0 ± 0.5; Figure 30), however, ISGylated proteins could be detected after 48 h. This

might be due to the fact that although HERC5 has been described as the main, but not

only E3 ISG15 ligase in the cell, ISGylation occurred by other E3 ligases [79].
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Figure 29: Protein analysis after combined IFNγ and TNFα treatment.
A549 KO, A549 par, H1395 par and HTB56 par cell lines treated with 10
ng/mL IFNγ and 50 ng/mL TNFα for 0 h, 24 h and 48 h (n=3). Anti-ISG15
antibody detects ISGylated proteins as well as unconjugated ISG15. Anti-
pStat1 indicates upregulation of IFNγ induced pathways. HSC70 serves as
loading control.
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Figure 30: Protein quantification after IFNγ and TNFα treatment. A549
KO, A549 par, H1395 and HTB56 cell lines treated with 10 ng/mL IFNγ

and 50 ng/mL TNFα for 24 h (light blue) and 48 h (dark blue). Expression
was normalized to 0 h (gray). Averaged values are shown from three bio-
logical replicates (n=3) with error bars depicting corresponding standard
deviations.
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4.7 SILAC analysis of A549 par/HERC5 KO cell lines for identifica-

tion of HERC5-dependent ISGylation

As previously shown in section 4.3, differential HERC5 can lead to a more aggressive

phenotype in modified NSCLC cell lines. This behavior could not be explained by the

differential mRNA expression as analyzed by the means of RNAseq, however, due to its

main function as the main E3 ligase in the cell, it can be assumed that HERC5 might

function on protein rather than mRNA levels.

Due to the results obtained in section 4.6, HERC5 expression as well as ISGylation

has been shown to be strongly inducible by inflammatory cytokines. Since the main

function of HERC5 is its ligation of ISG15 to target proteins, this function might also

have an impact on rendering cells more aggressive when lacking HERC5. Whether this

transfer of ISG15 is target-specific is currently still unknown. Therefore, interaction

partners of HERC5 were assessed in the following section by using A549 par and A549

KO cell lines after combined induction by cytokines IFNγ and TNFα. In order to

establish a suitable model for proteome analysis of HERC5-dependent ISGylation, first

an immunoprecipitation (IP) approach was optimized using agarose-coupled ISG15 as

bait. HERC5 antibody is unsuitable for IP due to binding of many unspecific proteins

which is visible in Western blot application. In a second step, stable isotope labeling of

amino acids in cell culture- (SILAC-) based mass spectrometry analyses were performed

in order to identify those proteins specifically ISGylated by HERC5 under inflammatory

stimulation. By using this approach, it should be investigated whether HERC5 is involved

in metastatic spread through its interaction with immune environment deriving from its

ISGylation funtion of interaction partners .

4.7.1 Establishment of ISG15-IP

Since interactions of bait antibodies with their targets are strongly dependent on their

chemical environment, different washing buffers could lead to enhancement or reduction

of target proteins bound to the antibody. Conditions such as pH, salt concentration

or use of detergent and their concentration could therefore heavily influence binding

properties. Here, different washing conditions were tested in order to find optimal

parameters for the establishment of ISG15-IP.
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In order to identify those conditions which lead to the highest difference in proteins

bound to ISG15 antibody in the different cell lines, lysis and elution conditions remained

constant. After treatment with IFNγ and TNFα for 48 h, cells were lysed with IP lysis

buffer and 500 µg whole protein lysate was mixed with 30 µL ISG15 agarose beads.

Four different washing buffers were tested (Figure 31). Washing buffer #1 led to the

highest difference in ISGylated protein load while buffers #2-4 had too stringent washing

conditions and seemingly have led to strongly reduced levels of ISGylated proteins both

in A549 par and KO cells. Therefore, washing buffer #1 was chosen for subsequent

SILAC-based proteome analysis (see Figure 32).

ISGylated proteins

A54
9 

par
A54

9 
HER

C5
KO

#2 #4

par KO
par KO
par KO

Wash buffer: #1 #3

Figure 31: Western blot showing total eluates from IP using agarose beads-
coupled anti-ISG15 as bait. Different washing buffers (#1-4) were used to
determine the best conditions in which differences in ISGylation in A549
par and KO cells become most prominent. Detection was performed with
anti-ISG15.
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Figure 32: Final IP parameters established for SILAC-based proteome
analyis. Left: Coomassie-stained SDS-gel shows total eluates from IP using
agarose beads-coupled anti-ISG15 as bait. No difference in total protein
concentration can be observed. Right: Western blot showing proteins
from the same eluate after IP, detection was performed with anti-ISG15.
Enrichment of total ISGylated proteins can be seen in A549 par samples as
well as enhanced free, unconjugated ISG15 in A549 KO samples.

4.7.2 Determination of incorporation rate of 13C-labeled amino acids

SILAC experiments are based on the incorporation of heavy labeled amino acids into

proteins. In order to be able to distinguish between proteins derived from A549 par

and KO cell lines, complete incorporation of heavy amino acids into proteins has to be

ensured. Here, A549 parental cells were chosen for heavy labeling, while A549 KO cells

remained unlabeled. This incorporation was monitored by continuously growing A549

par cells in heavy SILAC media while splitting cells into two flasks for lysate preparation

and further passaging. Incorporation was analyzed for five subsequent passages by

generation of whole cell lysates, followed by measurement of protein concentration.

25 µg protein of each passage were subjected to SDS-PAGE and stained with Coomassie.

For each passage, two bands containing proteins of equal molecular weight were excised,

digested with trypsin, and analyzed by mass spectrometry. Regions of excised proteins

chosen for analysis can be seen in Figure 33. Performance of mass spectrometry and data

analysis were executed by Kai Bartkowiak and Parinaz Mossahebi Mohammadi at ITB,

UKE.
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P0 P1 P2 P3 P4 P5
MW
[kDa]
250 -
130 -

100 -
70 -
55 -

35 -
25 -

L0-L5

M0-M5

Figure 33: Coomassie-stained SDS-gel containing total protein lysates
from different passages of A549 par cells after growth in heavy SILAC
DMEM. Each lane contains 25 µg of lysate. The first lane contains only
light proteins (P0), while the following lanes contain protein lysates from
passages P1 to P5. Gel pieces excised for analysis of 13C incorporation rate
are indicated by squares and denoted as L0-L5 and M0-M5. Molecular
weight marker PageRulerTM Prestained Protein Ladder was used for size
reference.

Successful incorporation of 13C-labeled amino acids is characterized by disappear-

ance of signals from light peptides as well as an increase of signals from heavy peptides

in the different mass spectra and was analyzed for several peptides, here shown for Heat

Shock Protein HSP90AB1 in Figure 34. The mass peak at m/z=675.3692 in passage 1 is

diminished in passage 3. Heavy labeling was thus achieved after passage 3.

For SILAC-based analyses, it is important that differences in protein ratios derive

from differential HERC5 expression and not from influences induced by growth in heavy-

labeled media. Therefore, whether heavy labeling has an influence on cell morphology

was examined by light microscopy. Both A549 par (P3 heavy) and A549 KO (P3 light)

were compared but no morphological differences could be observed (Figure 35) and

furthermore show no differences in comparison to normal DMEM growth media as

seen in Figure 12B. Influence of growth rates by heavy SILAC media could neither be

observed.
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Figure 34: Exemplary HSP90AB1 mass spectra for analysis of incorpo-
ration rate of 13C-labeled amino acids Left: Mass spectrum of passage 0
after growth in heavy-labeled SILAC media shows peak for the light pep-
tide at m/z=673.4 (red arrow) and no peak for the heavy peptide (green
arrow). Middle: The light peak in the mass spectrum of passage is strongly
diminished while the heavy peak appears at m/z= 678.4. Right: The light
peak in mass spectrum of passage 3 is completely diminished and the heavy
peak shows a high intensity.

Figure 35: Light microscopy images of A549 cell lines. Left: A549 par
cells after three passages in heavy SILAC DMEM. Right: A549 KO cells
after three passages in light SILAC DMEM. Both cell lines show similar
morphological traits.
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4.7.3 HERC5 ISGylation targets

For SILAC-based quantitative proteomic analysis, cells were grown to passage 3 accord-

ing to results from section 4.7.2 in either heavy or light media and seeded into their

corresponding media including 10 ng/mL IFNγ and 50 ng/mL TNFα for 48 h. Cells were

lysed in IP lysis buffer and proteins were quantified by BCA test. Immunoprecipitation

was performed with 500 µg protein using agarose beads-coupled anti-ISG15 antibody.

Protein concentrations were once more measured from IP eluates. Equal amounts of

heavy labeled A549 par eluate and light A549 KO eluate were mixed (25 µg per replicate)

and subjected to SDS-PAGE with subsequent Coomassie staining (see Figure 36). Lanes

from the three different replicates, denoted as L, M and R were cut into 10 gel pieces

each and analyzed by mass spectrometry, performed by Parinaz Mossahebi Mohammadi.

Using Maxquant software, peptides analyzed from raw data were mapped to the human

Uniprot database. After database search, two different search parameters were applied.

Ratios of H/L proteins as well as the ratios of peak intensities determined from the mass

spectra are listed below. Those proteins fitting to parameters of 1.5-fold enrichment in

at least one of the groups were chosen for GO-term analysis and functional annotation

and PANTHER pathway analysis. Using these parameters, 42 proteins are observed to be

ISGylated by HERC5 in A549 par cell line and are listed in Table 23. 20 of these proteins

were upregulated >2-fold in at least one of the search parameters. Missing values occur

when the light peptides were not detected on the mass spectrometer. They therefore

have the value 0, and results from this division are undefined. GO term analysis show a

multitude of proteins with different functions within the cell. When using PANTHER

GO term enrichment analysis, however, no significantly enriched pathway could be

identified after FDR (False discovery rate)-correction for multiple testing.
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n1 n2 n3

Figure 36: Coomassie-stained SDS-gel showing proteins bands from
three independent SILAC-based IP eluates. After growing cells in heavy/
light SILAC DMEM to P3, induction of expression by IFNγ and TNFα,
cell lysis and performing IP, 25 µg of eluate in a heavy:light ratio of 1:1
was subjected to SDS-PAGE. The replicates are denoted as L (left; n1), M
(middle; n2) and R (right; n3). All lanes were divided into ten gel pieces
containing proteins of equal molecular weight; here denoted as L1-L10,
M1-M10 and R1-R10.
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Table 23: Proteins enriched ≥1.5-fold identified by SILAC-analyis of A549
par/KO (n=3)

Protein Gene

name

GO term Ratio

H/L

Intensities

H/L

NADH dehydrogenase [ubiquinone] iron-sulfur protein 2,

mitochondrial

NDUFS2 mitochondrial electron transport 4.67 -

Ubiquitin-like protein ISG15 ISG15 ISG15-protein conjugation 2.30 -

Tensin-3 TNS3 cell migration 1.87 -

N-acetyltransferase 10 NAT10 rRNA modification 1.81 -

Zinc finger protein 598 ZNF598 poly(A) RNA binding 1.74 -

Poly(U)-binding-splicing factor PUF60 PUF60 RNA splicing 1.65 -

Mediator of RNA polymerase II transcription subunit 18 MED18 RNA polymerase II transcription cofac-

tor activity

1.59 -

Protein S100-A4 S100A4 actin binding 1.55 -

Nuclear factor NF-kappa-B p100 subunit; p52 subunit NFKB2 inflammatory response 1.55 -

Nascent polypeptide-associated complex subunit alpha NACA transcription 1.52 -

Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 PLOD1 oxidation-reduction process 1.51 -

Intercellular adhesion molecule 1 ICAM1 cell adhesion - 7.98

Receptor-type tyrosine-protein phosphatase kappa PTPRK protein dephosphorylation - 5.98

DNA-directed RNA polymerase I subunit RPA2 POLR1B positive regulation of gene expression - 4.74
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Table 23 continued from previous page

Protein Gene

name

GO term Ratio

H/L

Intensities

H/L

RanBP2-like and GRIP domain-containing protein 3/4 RGPD3/

RGPD4

Ran GTPase binding - 3.47

Nucleoporin SEH1 SEH1L nuclear pore organization 1.19 3.30

Nuclear pore complex protein Nup133 NUP133 nuclear pore organization - 3.22

Zinc finger C2HC domain-containing protein 1A ZC2HC1A protein binding - 2.63

Poly [ADP-ribose] polymerase 2 PARP2 protein ADP-ribosylation, DNA repair - 2.61

UPF0488 protein C8orf33 C8orf33 Alternative splicing - 2.54

ATP synthase subunit d, mitochondrial ATP5H ATP biosynthetic process - 2.50

Dystrophin DMD structural constituent of cytoskeleton - 2.44

Translocon-associated protein subunit delta SSR4 Protein processing in endoplasmic retic-

ulum

- 2.43

Replication protein A 14 kDa subunit RPA3 DNA replication, DNA repair - 2.35

Ubiquitin-like modifier-activating enzyme 1 UBA1 ubiquitin-protein transferase activity - 2.26

Leucine-rich repeat-containing protein 59 LRRC59 cell-cell adhesion - 2.12

Peptidyl-tRNA hydrolase ICT1, mitochondrial ICT1 aminoacyl-tRNA hydrolase activity - 2.04

RNA-binding protein 42 RBM42 negative regulation of mRNA splicing 1.16 2.03

Cytoplasmic polyadenylation element-binding protein 2 CPEB2 poly(A) RNA binding - 2.02
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Table 23 continued from previous page

Protein Gene

name

GO term Ratio

H/L

Intensities

H/L

Myotubularin-related protein 1 MTMR1 phosphatidylinositol biosynthetic pro-

cess

- 1.97

39S ribosomal protein L23, mitochondrial MRPL23 mitochondrial translation 1.01 1.91

Tripartite motif-containing protein 5 TRIM5 ubiquitin-protein transferase activity - 1.91

Vascular endothelial zinc finger 1 VEZF1 angiogenesis - 1.91

Antigen KI-67 MKI67 cell proliferation 1.20 1.87

Probable global transcription activator SNF2L1 SMARCA1 DNA replication, recombination, and

repair

1.13 1.84

Nucleoporin GLE1 GLE1 mRNA export from nucleus 0.94 1.80

ATP-dependent RNA helicase DDX24 DDX24 RNA secondary structure unwinding 1.18 1.76

Egl nine homolog 1 EGLN1 response to hypoxia - 1.75

Mammalian ependymin-related protein 1 EPDR1 cell-matrix adhesion 1.07 1.70

PHD finger protein 14 PHF14 negative regulation of transcription by

RNA polymerase II

1.23 1.62

Phosphatidylinositol 4-phosphate 5-kinase type-1 alpha PIP5K1A phosphatidylinositol biosynthetic pro-

cess

0.98 1.55

28S ribosomal protein S28, mitochondrial MRPS28 mitochondrial translational elongation 1.02 1.52
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4.8 Analysis of extracellular vesicles derived from A549 par/KO cells

In the previous section, HERC5 has been shown to interact with 42 proteins through

ISGylation. The exact mechanism of how HERC5 is involved in tumor progression and

metastasis formation through its role in ISGylation of proteins, however, remains to

be elucidated. Exosomes have been previously described as a mediator of preparing

the metastatic niche for tumor cells which have been able to detach from their primary

tumors [66]. Furthermore, according to a study by Villarroya-Beltri et al., ISGylation is

connected to a decrease in exosome secretion through aggregation and degradation

of proteins involved in multivesicular body (MVB) formation [107]. Through this

interaction, MVB fusion with the plasma membrane and therefore exosome release

is impaired. Since HERC5 acts as the main ISG15 E3 ligase in the cell, it was further

investigated whether HERC5 is also involved in the secretion of exosomes. For this,

supernatant from A459 parental and HERC5 KO cells was collected which had been

treated with pro-inflammatory cytokines IFNγ and TNFα to upregulate the components

of the ISGylation machinery. EVs from the supernatant were subsequently isolated by

ultracentrifugation and analyzed using different methods for detection.

4.8.1 Influence of HERC5 expression on extracellular vesicle release

After isolation of extracellular vesicles by ultracentrifugation, isolated particles were first

quantified by NTA (Nanoparticle Tracking Analysis) to evaluate particle homogeneity

and size distribution. An exemplary measurement is shown in Figure 37A, showing

a peak in size distribution at 122 nm, corresponding to a typical size of an exosome

and therefore confirming sample purity. Particle concentrations from the samples were

furthermore compared and shown for four independent biological replicates. Fold-

changes were calculated of KO/par particle concentrations (Figure 37B) and show an

average increase in exosome release of 1.6 (SD= 0.43). By performing SDS-PAGE and

subsequent Coomassie-staining of equal amounts of EV lysate, an enrichment in total

protein load can be observed (Figure 37C). Combined, the results indicate that HERC5

KO cells secrete more vesicles, supporting the previous finding of the role of ISG15 in

exosome secretion. Therefore, also HERC5 might be involved in secretion of extracellular

vesicles as in HERC5 KO cells more vesicles are secreted as detected by NTA.

4.8.2 Analysis of extracellular vesicles protein content by SILAC

SILAC-based proteome analyses have revealed differentially enriched proteins ISGylated

specifically by HERC5. Furthermore, as shown by Villarroya-Beltri et al. [107] and in

section 4.8.1, HERC5 expression seems to have an influence on EV release. Whether
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Figure 37: Quantitative differences of EVs derived from A549 par/KO
cell lines. Expression of the ISGylation machinery was induced by IFNγ

and TNFα for 48 h before isolation of EVs from supernatant. A) Exemplary
image of NTA measurement, depicting good particle homogeneity and a
size distribution peak at 122 nm. B) Fold changes of A549 KO EV particle
concentration analyzed by NTA measurements (n=4, SD= 0.43) normalized
to A549 par EV particle concentration. C) Coomassie-stained SDS-gel
containing equal volumes of total protein lysates from A549 par and KO
EVs show differences in protein load.

not only the amount of particles released by A549 cell lines is influenced by different

HERC5 protein levels, but also if EV protein content is changed was analyzed in this

section. For this, similar to previous SILAC-studies, after complete incorporation of
13C-labeled amino acids, cells were treated with inflammatory cytokines IFNγ and

TNFα for 48 h. FCS used for cell culture naturally contains extracellular vesicles from

bovine sources. EV-depleted FCS for analyses of vesicles is commercially available,

however, FCS used for SILAC approaches needs to be dialyzed in order for the serum to

be completely free of contaminating, non-labeled amino acids. Since EV-depleted SILAC

FCS is not readily available, FCS was mixed with SILAC DMEM to a final dilution of

30% according to Théry et al. [117] and subjected to ultracentrifugation at 100,000 g

for 16 h at 4 ○C. Cell culture was subsequently performed using the supernatant of

the EV-depleted FCS in SILAC DMEM (10% final FCS concentration). Three biological

replicates were used to collect supernatant from the different cell lines, while each cell

line was seeded into two T175 flasks in order to produce sufficient amount of EVs from

75 mL of culture media. Ultracentrifugation was subsequently performed according

to section 3.5.1. EV pellets were lysed in SDC buffer and A549 par and KO samples

were mixed in a ratio of 1:1 for subsequent MS analysis. Measurements have shown a

large fraction of analyzed peptides which were still unlabeled, indicating either the fact
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that incorporation of 13C-labeled amino acids was not complete or that contamination

from bovine EVs and other contaminants such as lipoproteins in FCS has occured. Since

incorporation rates had been previously analyzed, contamination of bovine EVs is the

more likely cause of the low fraction of heavy-labeled peptides in the sample. Therefore,

only one replicate was analyzed and peptides were screened against human as well as

bovine databases in order to exclude false positive hits deriving from bovine EVs. Those

proteins possibly deriving from bovine sources were hence removed from the analyses

so that only peptides mappable to the human genome were used for enrichment analysis.

In total, using a fold-change cut-off value of 1.5, 39 proteins could be identified to be

enriched in KO EV samples, but none were enriched in parental samples (A549 par =̂

heavy (H), A549 KO =̂ light (L)) (see Table 24).

Of note, using the aforementioned enrichment cut-off criteria, none of the 39 identi-

fied proteins in EVs were found among the 42 previously listed ISGylated proteins and

vice versa.
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Table 24: Proteins enriched ≥1.5-fold identified by SILAC-analyis of A549
par/KO EVs (n=1). Classifiers are listed to categorize GO terms into path-
ways connected to immunity (⋆), cell adhesion (○), EV secretion (◇), and
angiogenesis (⊳).

Protein Gene

name

GO term Classi-

fier

Ratio

H/L

Macrophage migration inhibitory factor MIF inflammatory response ⋆ 0.032

Keratin 2 KRT2 intermediate filament organization ○ 0.063

Keratin 8 KRT8 intermediate filament organization ○ 0.068

Nucleophosmin NPM1 nucleocytoplasmic transport 0.075

Profilin-1 PFN1 actin cytoskeleton organization ○ 0.171

Glyceraldehyde-3-phosphate dehydrogenase GAPDH gluconeogenesis 0.186

C-C motif chemokine 5 CCL5 inflammatory response ⋆ 0.221

Fibronectin FN1 angiogenesis/ cell adhesion ⊳ ○ 0.252

Heat shock 70 kDa protein 6 HSPA6 cellular response to unfolded protein 0.294

Galectin-3-binding protein LGALS3BP platelet degranulation/ cell adhesion ○ 0.308

Programmed cell death protein 6 PDCD6 regulation of exosomal secretion ◇ 0.322

Complement decay-accelerating factor CD55 innate immune response ⋆ 0.355

CD81 antigen CD81 cell adhesion ○ ◇ 0.405

BRO1 domain-containing protein BROX BROX - 0.408

Laminin subunit gamma-1 LAMC1 cell adhesion ○ 0.408
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Table 24 continued from previous page

Protein Gene

name

GO term Classi-

fier

Ratio

H/L

HLA class I histocompatibility antigen, B-18 alpha chain HLA-B antigen processing and presentation ⋆ 0.409

Heparan Sulfate Proteoglycan 2 HSPG2 extracellular matrix organization ○ 0.439

TNFAIP3-interacting protein 1 TNIP1 inflammatory response ⋆ 0.452

Syndecan-4 SDC4 signal transduction 0.457

HLA class I histocompatibility antigen, A-34 alpha chain HLA-A antigen processing and presentation ⋆ 0.468

CD59 glycoprotein CD59 regulation of complement activation ⋆ 0.477

Collagen alpha-1(XVIII) chain COL18A1 angiogenesis ⊳ 0.477

Collagen alpha-2(IV) chain COL4A2 angiogenesis ⊳ 0.482

Syntenin-1 SDCBP cell-cell adhesion ○ 0.484

Laminin subunit alpha-5 LAMA5 regulation of cell adhesion ○ 0.486

Clusterin CLU chaperone-mediated protein folding 0.504

Lysosome-associated membrane glycoprotein 2 LAMP2 chaperone-mediated autophagy 0.525

Glypican-1 GPC1 heparan sulfate proteoglycan catabolic pro-

cess

0.531

60S ribosomal protein L13a RPL13A cellular response to interferon-gamma ⋆ 0.532

Major vault protein MVP protein transport 0.544

Complement C1q tumor necrosis factor-related protein 1 C1QTNF1 negative regulation of platelet activation 0.547

Protein S100-A11 S100A11 regulation of cell proliferation 0.557
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Table 24 continued from previous page

Protein Gene

name

GO term Classi-

fier

Ratio

H/L

Annexin A1 ANXA1 inflammatory response ⋆ 0.586

CD9 antigen CD9 cell adhesion ○ ◇ 0.591

Phospholipid scramblase 1 PLSCR1 positive regulation of innate immune re-

sponse

⋆ 0.609

Integrin alpha-3 ITGA3 cell adhesion ○ 0.617

Signal peptide peptidase-like 2A SPPL2A signal peptide processing 0.636

CD44 antigen CD44 cell adhesion ○ 0.658

Agrin AGRN glycosaminoglycan catabolic process 0.664
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From these preliminary results, GO term analysis was performed in order to cate-

gorize enriched proteins into biological pathways or molecular functions. By searching

the GO annotation database, usually several functions are assigned to proteins due to

a variety of activity of each protein. Of these, selected functions matching experimen-

tal parameters and relevant for this study were listed in Table 24. These annotations

were furthermore categorized into the most frequently observed pathways immunity

(⋆), cell adhesion (○), EV secretion (◇), and angiogenesis (⊳). Notably, 26% (10/39) of

proteins identified were assigned to a function concerning immunological pathways, or

are induced as a result of IFNγ or TNFα activation, confirming connection of HERC5

to innate immunity. A connection to cell-adhesion has been found in an even greater

number of proteins, here, 33% (13/39) were assigned to this pathway. Furthermore, GO

term enrichment analysis was performed with PANTHER database using the complete

set of differentially sorted proteins into EVs by using search parameters for biological

processes. Results and p-values <0.05 after FDR correction were listed in Table 25. In

total, 48 GO biological processes were identified to be enriched. After classification

of pathways into immunity, cell adhesion, EV secretion and angiogenesis, one third of

these processes is connected to immune regulation (16/48) and 8% to exosomal (4/48)

secretion.
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Table 25: GO term enrichment analysis performed by using PANTHER
database with significant results after FDR correction. Classifiers are listed
to categorize GO terms into pathways connected to immunity (⋆), cell
adhesion (○), EV secretion (◇), and angiogenesis (⊳).

GO biological process Classi-

fier

raw

P-value

P-value

(FDR)

extracellular matrix organization (GO:0030198) ◇ 2.10E-08 1.24E-05

neutrophil degranulation (GO:0043312) ⋆ 2.79E-08 1.53E-05

glycosaminoglycan catabolic process (GO:0006027) 1.85E-07 6.86E-05

inflammatory response (GO:0006954) ⋆ 5.10E-07 1.50E-04

leukocyte migration (GO:0050900) ⋆ 6.29E-07 1.76E-04

regulation of macrophage migration (GO:1905521) ⋆ 1.64E-06 3.57E-04

platelet degranulation (GO:0002576) 6.04E-06 1.00E-03

protein stabilization (GO:0050821) 3.75E-05 4.42E-03

protein targeting to lysosome involved in chaperone-mediated autophagy (GO:0061740) 3.74E-05 4.45E-03

peptide cross-linking (GO:0018149) 5.20E-05 5.53E-03

glycosaminoglycan biosynthetic process (GO:0006024) 5.49E-05 5.71E-03

positive regulation of extracellular exosome assembly (GO:1903553) ◇ 5.61E-05 5.73E-03

retinoid metabolic process (GO:0001523) 5.90E-05 5.95E-03

myoblast fusion involved in skeletal muscle regeneration (GO:0014905) 7.84E-05 7.14E-03

response to hydrostatic pressure (GO:0051599) 7.84E-05 7.18E-03
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Table 25 continued from previous page

GO biological process Classi-

fier

raw

P-value

P-value

(FDR)

positive regulation of CD4-positive, alpha-beta T cell proliferation (GO:2000563) ⋆ 7.84E-05 7.22E-03

regulation of extracellular exosome assembly (GO:1903551) ◇ 1.04E-04 9.09E-03

negative regulation of amyloid fibril formation (GO:1905907) 1.04E-04 9.14E-03

substrate adhesion-dependent cell spreading (GO:0034446) ○ 1.37E-04 1.13E-02

regulation of complement-dependent cytotoxicity (GO:1903659) ⋆ 1.67E-04 1.33E-02

leukocyte cell-cell adhesion (GO:0007159) ⋆ ○ 1.81E-04 1.39E-02

positive regulation of epithelial cell migration (GO:0010634) ○ 2.00E-04 1.49E-02

antigen processing and presentation of exogenous peptide antigen via MHC class I, TAP-independent

(GO:0002480)

⋆ 2.04E-04 1.51E-02

interaction with host (GO:0051701) 2.56E-04 1.83E-02

regulation of ERK1 and ERK2 cascade (GO:0070372) 2.77E-04 1.94E-02

negative regulation of complement activation (GO:0045916) ⋆ 2.89E-04 2.00E-02

negative regulation of platelet aggregation (GO:0090331) 3.37E-04 2.25E-02

antigen processing and presentation of endogenous peptide antigen via MHC class I via ER pathway,

TAP-independent (GO:0002486)

⋆ 3.37E-04 2.27E-02

antigen processing and presentation of endogenous peptide antigen via MHC class Ib (GO:0002476) ⋆ 3.88E-04 2.54E-02

viral process (GO:0016032) ⋆ 4.10E-04 2.66E-02

angiogenesis (GO:0001525) ⊳ 4.18E-04 2.69E-02
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Table 25 continued from previous page

GO biological process Classi-

fier

raw

P-value

P-value

(FDR)

interferon-gamma-mediated signaling pathway (GO:0060333) ⋆ 4.29E-04 2.75E-02

positive regulation of exosomal secretion (GO:1903543) ◇ 5.02E-04 3.10E-02

negative regulation of DNA damage response, signal transduction by p53 class mediator (GO:0043518) 5.02E-04 3.12E-02

endoderm development (GO:0007492) 5.19E-04 3.19E-02

interaction with symbiont (GO:0051702) 5.58E-04 3.34E-02

negative regulation of myeloid cell apoptotic process (GO:0033033) 5.64E-04 3.35E-02

regulation of translational initiation (GO:0006446) 5.58E-04 3.35E-02

negative regulation of intrinsic apoptotic signaling pathway in response to DNA damage by p53 class

mediator (GO:1902166)

5.64E-04 3.36E-02

positive regulation of peptidyl-tyrosine phosphorylation (GO:0050731) 5.80E-04 3.42E-02

positive regulation of protein kinase activity (GO:0045860) 6.22E-04 3.59E-02

positive regulation of MAPK cascade (GO:0043410) 6.59E-04 3.79E-02

cellular response to low-density lipoprotein particle stimulus (GO:0071404) 6.98E-04 3.94E-02

regulation of leukocyte apoptotic process (GO:2000106) ⋆ 7.32E-04 4.09E-02

regulation of cytokine secretion (GO:0050707) ⋆ 8.34E-04 4.53E-02

positive regulation of T cell cytokine production (GO:0002726) ⋆ 8.47E-04 4.56E-02

skin development (GO:0043588) 8.99E-04 4.81E-02

myelin assembly (GO:0032288) 9.26E-04 4.89E-02
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4.9 Influence of pre-analytic factors in liquid biopsy

The identification of novel markers for detection of cancer as well as the determination

of function of those proteins involved in malignant transformation are important steps

towards the elucidation of disease mechanisms and finding druggable targets. However,

in order to be able to advance in the field of cancer diagnostics and therapy, not only

structural and functional information can give rise to possibilities for designing e.g.

new drugs, moreover, the possibility of detecting mutations or epigenetic changes at

an early time point could influence treatment strategies and increase overall survival.

Since mortality rates strongly correlate with disease stage, these early detection tools are

becoming more and more important [40].

So-called pre-analytic parameters have been shown to have a great impact on early

stage analyses in the liquid biopsy field. It is therefore important that standardized

procedures concerning e.g. blood draw, stability of liquid biomarkers or detection

methods will be established. Efforts regarding these issues of standardization have

already been made, for example by the European consortium Cancer-ID, and are still

the topic of current research [73, 111]. Two studies in line with these attempts were

conducted here as part of the Cancer-ID consortium and have already been accepted

for publication [111, 118]. The main focus of the first study was to evaluate whether a

combined analysis of CTCs, ctDNA, miRNA and extracellular vesicles from one single

blood tube is possible. Furthermore, the impact of preservatives that are present in

blood-collection tubes on the different liquid biomarkers was investigated to determine

the most suitable tube for analysis. The second study conducted here deals with the

establishment of standardized parameters for CTC detection using a semi-automated

scanning microscope [111, 118].

4.9.1 Establishment of a single tube assay for multi-parameter liquid biopsy detec-

tion in melanoma patients

Blood collection tubes have been shown to increase stability of different analytes present

in the blood of cancer patients such as CTCs, ctDNA, miRNAs or EVs. All of these

analytes can give valuable information on characteristics of a tumor or distant metastases

and can furthermore change during disease progression. Since different blood collection

tubes can influence these biomarkers in a distinct way, this study deals with differences

in stability, composition or concentrations deriving from preservatives present in EDTA,

Streck or Transfix blood collection tubes and if a combined analysis of all four mentioned

biomarkers can be performed from 7.5 mL of blood from a single tube [118].

Blood from 20 metastatic melanoma (MM) patients and 5 healthy donors (HD) was

drawn in the aforementioned tubes. First, the influence of plasma removal from blood
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prior to CTC isolation with the ClearCell FX1 System was analyzed. For this, spiking

experiments using 50 GFP-positive H1975 cells were performed using healthy donor

blood in EDTA and Streck tubes. Mean recovery rates were 47.0% ± 9.3 without plasma

removal in EDTA tubes (n=4) and 46.8% ± 12.7 with plasma removal (n=4, p=0.85,

Wilcoxon signed-rank test). In Streck tubes recovery rates were 52% and 26% in two

replicates with plasma removal, however, in experiment 2 errors (*) in the ClearCell

device occurred during blood processing and were therefore not included into calculation

of the mean (see Table 26).

Table 26: ClearCell recovery rates after spiking of 50 H1975-GFP into 7.5
mL blood with or without plasma removal in EDTA and Streck tubes.

Run Tube Plasma Exp. 1 Exp. 2 mean ± SD
removal recovery recovery

1 EDTA no 38% 40%
47.0% ± 9.3

2 EDTA no 56% 54%
3 EDTA yes 30% 48%

46.8%± 12.7
4 EDTA yes 48% 61%
5 Streck yes 52% 26%* 52 (39)%

CTC and ctDNA analyses have been performed by Lelia Lück and in summary have

shown no differences in ctDNA concentration in plasma between EDTA and Streck

tubes (mean EDTA: 3.3 ng/µL ± 4.6, Streck: 3.0 ng/µL ± 4.7 , p=0.96, Wilcoxon signed-

rank test, data not shown). Plasma removal of Transfix tubes was not possible due to

elevated levels of hemolysis. Analysis of mutations in ctDNA has furthermore not shown

differences in variant allele frequencies (VAF) derived from tube preservatives with

the exception of one patient. Here, a BRAF K601E mutation could be found only in

the EDTA tube (VAF: 0.7%) and a MAP2K1 I111S mutation only in the ctDNA from

the Streck tube (VAF: 0.3%) (data processed by Lelia Lück). CTC analyses revealed

enhanced recovery rates of CTCs in EDTA blood (3/20 patients) compared to Streck and

Transfix tubes in which no CTCs could be detected when using the microfluidics-based

ClearCell FX1 System for CTC enrichment (data was processed by Lelia Lück, not shown).

After isolation by ultracentrifugation, EV particle concentration and morphology were

analyzed by NTA measurements and subsequent transmission electron microscopy (data

processed by Orion Pharma, Finland). The mean concentrations of EV particles detected

in blood from EDTA tubes were 3.33 x 1011
± 2.77 x 1011 and for Streck 2.84 x 1011

±

2.31 x 1011 particles/mL. Wilcoxon signed-rank test showed furthermore no differences

in particle concentrations of HD and MM patients (p=0.31 (HD), p=0.92 (MM)). Using

transmission electron microscopy, no differences in EV morphology, sizes and purity

could be observed.
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NGS analysis of total miRNAs was performed from plasma samples as well as EV

fractions of 10 MM patients and 5 HDs (Qiagen) using EDTA and Streck blood collection

tubes. Since NGS analysis itself can be influenced by many factors, for normalization of

the data, two different algorithms were used to increase robustness of the outcome. Venn

diagrams using normalization algorithms geNorm [112] and NormFinder [113] depict

the number of differentially regulated miRNAs depending on the tube, sample type

and normalization (Figure 38). In total, 10 miRNAs had differential expression using

both normalization methods in EDTA plasma samples, whereas 5 were found in Streck

plasma samples. Between plasma samples, no overlap of miRNAs could be found. In EV

samples, six miRNAs were found to be differentially regulated using both algorithms and

both tubes: hsa-miR-375, hsa-miR-215-5p, hsa-miR-141-3p, hsa-miR-200a-3p, hsa-miR-

200b-3p and hsa-miR-200c-3p. These diagrams furthermore visualize the low amount of

miRNAs that are overlapping between the two tubes, indicating a substantial influence

of blood collection tube on the stability and composition of miRNAs present in plasma

and EVs. MiRNas were also plotted by their p-values against fold-changes of MM/HD

giving rise to volcano plots of plasma and EV samples from EDTA and Streck tubes

(Figure 39). In EDTA plasma and EV samples, 8 and 46 miRNAs were found, respectively,

which fit parameters of fold changes >2 and p-values <0.5 while in Streck plasma and

EV samples 5 and 62 significant miRNAs were fitting these cut-off values.

NormFinder

geNorm

EDTA plasma Streck plasma EDTA EV

6 30

2 00

02 2

26 433

2 71

611 10

Streck EV

Figure 38: NGS analysis of differentially regulated miRNAs in MM pa-
tients compared to HD. Venn diagrams illustrate the amount of differen-
tially regulated miRNAs from different algorithms as well as EDTA (light
blue) and Streck (dark blue) tubes (left: plasma samples, right: EV samples).
Plasma samples show no overlap of significant miRNAs, whereas in EV
samples, six miRNAs were found to be differentially regulated in both tubes
and were identified by both algorithms.
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Figure 39: NGS analysis of differentially regulated miRNAs in MM pa-
tients compared to HD. Volcano plots show significant differentially ex-
pressed miRNAs after normalization with NormFinder. Cut-off values of
fold changes >2 and p-values <0.5 were applied. Green dots represent
those miRNAs suiting these parameters while black dots represent miRNAs
below these thresholds. EDTA plasma and EV samples show 8 and 46
miRNAs, respectively, while in Streck plasma and EV samples 5 and 62
significant miRNAs were identified.

Even though miRNA NGS results were different in EDTA and Streck tubes, significant

results could nevertheless be obtained. This can be underlined by the fact that when

applying dynamic PCA (principle component analysis) using cut-off values of fold-

changes >2 and p-values <0.5 it becomes clear that a good spatial separation between

patients samples and expression in HDs can be achieved in both tubes and in both

plasma and EV samples (Figure 40).

Orthogonal validation of three (hsa-miR-375, hsa-miR-215-5p, and hsa-miR-200c-3p)

of the six miRNAs that were identified in EV samples from EDTA and Streck tubes, as

well as both normalization methods was subsequently performed. By using RT-qPCR of

reverse transcribed miRNAs and normalization against reference miRNAs hsa-miR-103a-

3p and hsa-miR-93-5p, hsa-miR-200c-3p was found to be down-regulated (1.97-fold)

compared to healthy donors in Streck EV samples. In EDTA EV samples hsa-miR-375

and hsa-miR-200c-3p were down-regulated (2.23-fold and 2.48-fold, respectively). No
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Figure 40: Dynamic PCA analysis of differentially regulated miRNAs in
MM patients and healthy donors. The four groups EDTA-plasma, EDTA-
EV, Streck-plasma and Streck-EV were analyzed and cut-off values of fold
changes >2 and p-values <0.5 were applied. Healthy donors are depicted
in blue, while green dots represent MM patients.

differential regulation of hsa-miR-215-5p in neither of the tubes could be observed (Table

27). In the corresponding NGS data, hsa-miR-200c-3p was downregulated 5.19 and

6.40-fold in Streck and EDTA tubes, respectively. Hsa-miR-375 was downregulated 6.57

(Streck) and 5.50-fold (EDTA). In the NGS data of MM patients, hsa-miR-215-5p was

downregulated 3.96 (Streck) and 2.76- fold (EDTA).

Table 27: RT-qPCR analysis of relative miRNA expression in healthy donors
(HD) in comparison to melanoma patients (MM) in either Streck or EDTA
EV samples

Sample hsa-miR-200c-3p hsa-miR-215-5p hsa-miR-375

HD Streck/MM Streck 1.97 0.76 1.05
HD EDTA/MM EDTA 2.48 0.95 2.23
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4.9.2 Establishment of a semi-automated detection method for CTCs

The field of pre-analytics in liquid biopsy not only encompasses studies on stability

of different biomarkers but also deals with standardization of detection methods. Cir-

culating tumor cells (CTCs) have been shown to harbor prognostic value for disease

development as their presence in the blood of cancer patients strongly correlates with the

development of distant metastases [50]. Enumeration of these biomarkers can give valu-

able information as well as expression of specific markers such as epithelial cell surface

proteins [50]. To date, the only FDA-approved CTC detection platform is the CellSearch

system, which detects and enumerates CTCs according to their EpCAM (epithelial cell

adhesion molecule) expression status. Since not all CTCs actually express EpCAM, CTC

detection methods that are marker-independent are needed and have to be evaluated. In

the following study, performed by Claudia Koch et al., the label-free and size dependent

enrichment device Parsortix® was used to investigate the influence of pre-analytical fac-

tors and their compatibility in clinical settings [111]. As a part of this study, a workflow

for semi-automated CTC detection using the XCyto® 10 quantitative cell imager was

established. So far, the detection of CTCs has been performed manually using Axioplan2

(Zeiss) microscope and by scanning the whole slide for keratin-positive/CD45-negative

cells. This manual enumeration is, however, time consuming and also introduces bias

into the detection, since the interpretation of keratin staining intensity in combination

with the lack of CD45 expression is subjective plus manual screening may miss cells. In

order to fill the need for an automated detection system, a protocol has been established

which makes use of defining thresholds of the different expression intensities of both

cell populations.

For this, first spiking experiments have been performed using 1000 MCF-7 cells and

300,000 PBMCs, which were stained with tumor cell marker pan-keratin-AF488 and

negative exclusion marker CD45-APC. Using the XCyto® 10 imager and 4x objective,

the whole section of the slide was scanned and each cell can be plotted according to

their expression in the different fluorescence channels while using DAPI signal for

identification of cellular shape. Similar to FACS analysis, gating can be applied to

separate those cells fitting search parameters and can subsequently be used for further

analysis. Gates have been established by plotting CD45-APC signal intensities against

pan-keratin-AF488 intensities for separation of tumor cells from leukocytes (Figure 41A).

Cells inside these gates were subsequently overlayed with the original scanned image

for adjustment of the gating parameters until all tumor cells were included (Figure

41B). Once cells were identified, they can be re-analyzed with 20x objective for higher

resolution and therefore distinction of true positive hits can be ensured (Figure 41C).
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Figure 41: Establishment of gating parameters from MCF-7 cell line us-
ing XCyto® 10 semi-automated scanning microscope. Using spike-in con-
trols of 1000 MCF-7 cells in a background of 300,000 PBMCs, stained slides
were imaged by the XCyto® 10 imager. A) Gating of pan-keratin-positive
MCF-7 tumor cells from a background of CD45-positive leukocytes. By
plotting APC (-CD45) against AF488 (-pan-cytokeratin) intensities, a gate
containing only tumor cells with CK-high (AF488) and CD45-low (APC)
signals was established. B) Overlay of gating parameters established in A
and scanned microscope image show positively gated MCF-7 cells (green)
among un-gated leukocytes (red). Image was taken with 4x objective of
XCyto® 10. Scale bar represents 40 µm. C) After gating, possible tumor
cells can be re-analyzed by using 20x objective. MCF-7 cells are shown here
as an example for image resolution. Scalebar represents 20 µm.
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After setting up thresholds for staining intensities with a cell line system, it was

further evaluated whether these pre-established gates could be suitable for the analysis

of patient samples. Slides of blood from seven metastatic breast cancer (mBC) patients

was processed through the Parsortix® device and subsequently scanned by XCyto® 10

imager. The same previously established gating was applied and it was investigated

whether the same amount of cells could be identified by XCyto® 10 as by using Axioplan2

(Zeiss) microscope (Figure 42A). Application of gating for patient no. 7 gave rise to an

image gallery of small image details containing only the classified objects (Figure 42B).

Screening of this image gallery was already less time consuming than scanning of the

whole slide manually and has proven to include all objects of possible CTC candidates.

Gated cells were analyzed by overlay of gates and original image for identification of

CTCs with the 4x objective (Figure 42C) but can possibly be re-analyzed with the 20x

objective for increased resolution. However, using Axioplan2 (Zeiss) microscope and 20x

objective, the same cell could clearly be identified as a CTC, underlining the feasibility

of semi-automated detection with the XCyto® 10 microscope. This patient represents an

optimal example with strong pan-keratin staining signal in combination with very low

background which is not always the case.
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Figure 42: Image analysis of patient sample no. 7 using XCyto® 10. Af-
ter processing of the patient sample through the Parsortix® device and
applying IF staining protocol, the whole slide was scanned by XCyto® 10.
A) Gating parameters established from MCF-7 cell line were used to iden-
tify possible CTCs in patients. APC intensities are plotted here against
AF488 intensities and gate from Figure 41A was overlayed to distinguish
keratin-positive cells from PBMCs. B) Application of gating gives rise to
an image gallery consisting of those 34 objects which fit gating parame-
ters of APC-low and AF488-high signals. Positive hits can subsequently
be analyzed manually to further narrow down possible CTCs. C) Image
overlay of possible gated CTC and XCyto® 10 microscope image using 4x
objective. The cell corresponds to the second image in the first row of
the image gallery in B. Scale bar represents 20 µm. D) The same cell was
imaged using Axioplan2 (Zeiss) microscope and 20x objective showing a
higher resolution and confirming CTC status on the identified cell. Scale
bar represents 20 µm.

105



4.9 Influence of pre-analytic factors in liquid biopsy 4 RESULTS

In total, stained slides from seven metastatic breast cancer patients were scanned

by the XCyto® 10 imager and compared by manual screening with Axioplan2 (Zeiss)

microscope. In total, all CTCs that were identified by manual screening could be found

by application of pre-established gating parameters (see Table 28). In addition to that,

four CTCs were identified by XCyto® 10 only, meaning that their expression might have

been weak and therefore not easily identified or just overseen by manual screening.

Overall, the results show the suitability of XCyto® 10-based semi-automated screening

for CTC detection.

Table 28: Summary of mBC patient samples and their CTC counts analyzed
by either manual or XCyto® 10 -based semi-automated screening.

Sample No. CTCs identified by manual screening CTCs identified by XCyto® 10

1 2 2
2 1 1
3 5 5
4 0 1
5 0 0
6 4 4
7 14 17
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5 Discussion

Early metastasis is the primary reason for the high lung cancer mortality. Critical in

understanding the course of metastasization is knowledge on specific gene mutations

of metastasis suppressor genes, epigenetic events, pathway alterations connected to

early dissemination and the interplay of the microenvironment. Previous results from

our group indicated that loss of HERC5 chromosomal location as well as its promoter

hypermethylation correlate with shortened DSF and OS in NSCLC and moreover lead

to an increase in DTCs and occurrence of brain metastases [99, 105, 106]. Until today,

the majority of publications have attributed regulation of the innate immune response

to the putative metastasis suppressor gene HERC5, while its connection to cancer and

dissemination has been scarcely described so far. One of the major aims of this thesis

therefore was to investigate HERC5 function in the context of NSCLC progression,

taking into account the brain and bone microenvironment as major sites of metastasis,

as well as the relation of innate immunity connected to HERC5 function. Therefore,

whether traits of carcinogenicity and metastasization are related to differential HERC5

expression was investigated in various functional assays. Since HERC5 is the main E3

ligase of posttranslational modifier ISG15 in the cell, identification of novel ISGylation

target proteins of HERC5 was performed in cancer cells. Recent studies connected

ISG15 as well as ISGylation to multivesicular body (MVB) formation. The impact of

HERC5-dependent ISGylation was therefore investigated in the context of quantitative

EV secretion and proteome analysis of EV content. Furthermore, initial studies on pre-

analytical parameters influencing the outcome of liquid biopsy studies were performed.

These studies included determining the feasibility of obtaining several biological analytes

from a single blood draw as well as establishing a semi-automated CTC detection

approach, with the final goal of establishment of a HERC5-based liquid biopsy assay.

5.1 Influence of HERC5 expression levels on tumorigenicity

In order to study whether HERC5 could function as a metastasis suppressor gene,

different in vitro cell lines were chosen as model systems based on their basal mRNA and

protein expression. The successful establishment of two overexpressing (HTB56 and

H1395) and one knock-out (A549) cell line was validated by Western blot and RT-qPCR.

Afterwards, the effect of differential HERC5 expression on different oncogenic properties

was measured in several functional assays. In general, proliferation remained unaffected

by modified HERC5 expression regardless of the model cell line. HTB56 HERC5 OE

cells showed a decreased clonogenic potential as well as a reduced capacity of forming

colonies under anchorage-independent conditions in comparison to its corresponding

empty vector control. Migratory behavior was furthermore elevated under low HERC5
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levels in both modified HTB56 and A549 cell lines, while invasive potential remained

unchanged. Taken together, the increase of clonogenic and anchorage-independent

growth as well as migration further supports the notion that HERC5 acts as a metastasis

suppressor [99]. Metastasis suppressor genes are defined to regulate the escape of cancer

cells from primary sites, and the invasion and growth in secondary organs without

affecting primary tumor growth [119]. Since no enhancement of proliferative traits could

be observed, HERC5 might thus not function as a tumor suppressor gene which are

defined to inhibit cell cycle progression, proliferation and division [120].

A second overexpression system was established to validate the initial observation of

elevated aggressiveness of HTB56 cells due to HERC5 depletion. The H1395 cells were

chosen as an additional model system based on their low endogenous HERC5 expression

level. However, the parental H1395 cells did not exhibit an aggressive phenotype and

overexpression of HERC5 in this cell line did not alter these characteristics, making

functional investigation unfeasible. Only few studies exist on H1395 cells, although in

these studies the cells showed the ability to form colonies under anchorage-independent

growth conditions [121]. In the study by Starczynowski et al., up to 104 cells were seeded,

while we used 3 x 103 cells, which is a standard cell number used for the other cell lines.

Migratory capability has furthermore been described for H1395 cells before. Again, in a

published study a very high number of cells was used (105 instead of 2 x 104 used here)

and a prolonged incubation time of 24 h instead of 16 h [122]. Hence, assays could be

repeated using different experimental parameters, however, the biological relevance of

such experiments is questionable.

Since low HERC5 levels in NSCLC patients have been connected to occurrence of

brain metastases and DTCs in the bone marrow [99, 106], it is conceivable that also

microenvironmental factors play a major role in influencing metastatic outgrowth in

a HERC5-dependent manner. By repeating the functional assays with conditioned

media from primary astrocytes and murine pre-osteoblasts it was investigated whether

secreted factors from osteoblasts or astrocytes have an influence on HERC5-related

aggressive phenotype. In this setting, no significant differences resulting from modified

HERC5 expression could be observed in any of the functional assays. Previously found

differences in standard media setting were even diminished under these conditions.

Using conditioned media, variances between replicates are increased in all assays

in comparison to standard media, possibly caused by variations in cytokine release

during collection of the media of different cell passages and storage [123]. Cytokines

are highly prone to degradation over time, however, their storage is necessary during

the course of performing different biological replicates. These variations could lead

to increased variance. Significance is thus reduced since calculation of p-values is

based on variance and dispersion of the data in both student’s t-test as well as in
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Wilcoxon-rank-sum test applied in this context. The use of astrocytes and murine pre-

osteoblasts is moreover a mere approach of modeling the microenvironment of brain and

bone, respectively. This model might be, however, insufficient when trying to mimic the

intricate interplay of the vast variety of cells present in these respective organs. Apart

from endothelial cells, astrocytes, microglia and pericytes form the blood-brain-barrier,

which selectively separates the brain from the blood circulation [124]. Astrocyte function

includes support and protection of neurons as well as interaction with endothelial

cells, thereby regulating tight junction maintenance and thus barrier tightness [125].

Microglia, which are a part of the blood-brain-barrier as well, participate in immune

surveillance of the central nervous system. They are macrophages which are capable of

e.g. engulfing microorganisms as well as secreting pro-inflammatory mediators such as

interleukin 1 beta (IL-1β) and TNFα [124]. These cells might therefore be more suitable

for the usage of conditioned media in the diverse functional assays performed here as

their secreted inflammatory cytokines might more strongly influence HERC5 expression

levels, a topic that will be discussed in more detail in the following sections. The usage

of immortalized murine pre-osteoblasts furthermore might not represent the optimal

cell line for functional assays, and human cells might reflect species-specific growth

factors and cytokines much better. Moreover, it is of interest to analyze cellular behavior

upon differential HERC5 expression with further differentiation states of different cells

present in the bone marrow such as osteoblasts or osteoclasts [126].

Based on the finding that cells with a low endogenous HERC5 expression (HTB56 EC)

show an increased clonogenic potential, anchorage-independent growth and migratory

capacity compared to HERC5 overexpressing cells, the influence of possible changes of

global gene expression affected by modified HERC5 expression was assessed by RNAseq

in these cell lines. Surprisingly, the expression of only two genes was found significantly

altered besides HERC5 after correction for multiple testing. Fibroblast Growth Factor 7

(FGF7) was found to be upregulated in OE cells, while Collagen Type XII Alpha 1 Chain

(COL12A1) was downregulated. COL12A1 is a member of the fibril-associated collagens

[127]. It is found in type I collagen containing tissue and thus collagen XIIA is involved

in the regulation of mechanical properties of collagen fibril bundles [127]. It is further-

more necessary for osteoblast/osteocyte differentiation. Hence, its downregulation has

been described to cause muscle weakness and skeletal abnormalities [127]. Its upregula-

tion, however, has been described in also numerous epithelial carcinomas such as gastric,

breast and renal cancer and is also associated with poor overall survival and metastasis

formation in these entities [128, 129, 130, 131]. Although the mode of action is not com-

pletely understood, collagen XIIA was described to promote cell migration via a positive

feedback sustained by MAPK pathway in gastric cancer [132]. Since upregulation of

COL12A1 is likewise observed in NSCLC cells with low endogenous HERC5 expression
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(HTB56 EC), the previously observed increase in migratory potential in these cells might

be partially associated with COL12A1 upregulation. FGF7 is a paracrine growth factor

that exerts its function through activation of receptor tyrosine kinase FGFR2b [133].

Upon binding, different signaling pathways resulting in mitogenic and cell survival are

activated [134]. In the context of cancer, FGF7 seems to play different roles depending

on the specific entity. Loss of FGFR2b signaling was associated with prostate cancer

progression [135], while in ovarian and cervical cancer FGF7 is highly expressed and

promotes cell proliferation and metastasis [134, 136]. COL12A1 and FGF7 should there-

fore be further investigated in other cell lines by also modifying their expression or

by pharmacological inhibition. However, the amount of differentially expressed genes

found by RNAseq was unexpectedly low given the observed phenotypical changes in

functional assays. Since HERC5 has so far been predominantly described as a mediator

of post-translational modification due to transfer of ISG15, this function might lead

to changes in the proteome, resulting in increased aggressive traits possibly related to

metastasization. HERC5 might therefore predominantly act on protein rather than on

mRNA levels.

Taken together, the functional analyses of cell lines with modified HERC5 expression

show that HERC5 depletion causes more aggressive traits, elevating the potential to

migrate, to grow limitlessly in the absence of neighboring cells and without attachment

to a solid surface. These characteristics were not altered in the presence of brain and bone

microenvironments. Downstream analysis of alterations in gene expression revealed

two genes which could be involved in rendering cells more aggressive when HERC5

levels are low. The low number of genes, however, leads to the assumption that HERC5

is involved in protein rather than mRNA regulation.

5.2 HERC5 expression in the immune response

Due to the fact that HERC5 plays a role within immunological responses e.g. in viral in-

fections, here it was investigated whether the potential metastasis suppressive effects of

HERC5 in NSCLC is mediated through an interaction with the immune system. Inflam-

mation of the lung is observed in most lung cancer patients due to tobacco consumption.

Chronic inflammatory lung diseases such as COPD have been furthermore linked to

malignant transformation and both smoking and COPD cause innate as well as adaptive

immune responses [137]. Thus, the tumor microenvironment of the lung is comprised

of a heterogenous and complex interplay of tumor and stromal cells [138]. The cellular

components of the stroma includes endothelial cells, cancer-associated fibroblasts (CAFs),

immune cells such as tumor-associated macrophages (TAMs), regulatory T cells, NK cells,

dendritic cells, and tumor-infiltrating lymphocytes [15, 138, 139]. These inflammatory
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cells are responsible for releasing a variety of cytokines, which in turn regulate different

signaling pathways and contribute to growth and survival or apoptosis.

Different cytokines have been described to upregulate HERC5 expression in e.g.

endothelial cells but also A549 NSCLC cell line. These include IFNα, IFNβ, IL-1β TNFα

and LPS [78, 80, 81]. Even though all of the aforementioned cytokines are mainly related

to innate immunity, they exhibit multifunctional but distinct biological effects. IFNα

and IFNβ are type I IFNs and predominantly involved in antiviral defense mechanisms.

Activation of their signaling pathways via receptors IFNAR-1 and -2 ultimately leads to

transcription of IFN-stimulated response element genes to establish an antiviral state

[140]. Induction by LPS mainly occurs in bacterial infections since it is an integral

component of the outer membrane of gram-negative bacteria [141]. While viral and bac-

terial infections have not been described as the main cause of lung cancer tumorigenesis,

however, innate immune responses in general play a role in lung cancer progression

[142].

Besides, the connection of adaptive immunity and lung cancer can be observed due to

the significant improvements of primary and metastatic lung cancer management with

the introduction of immune checkpoint blockade therapies using e.g. PD-1 or CTLA-4

targeting drugs. The use of these immuno-oncology drugs in turn leads to induction

of IFNγ expression [143]. Both innate and adaptive immune responses thus act in

corporation and are often overlapping during tumorigenesis and treatment response.

Nevertheless, proteomic analyses of cytokines from lung cancer serum samples re-

vealed the presence of various types of interleukins (ILs), vascular endothelial growth

factor, TNFα and IFNγ [144]. Here, the focus was to study the effect of IFNγ and TNFα

treatment in different cell lines with genetically modified HERC5 expression. We could

show that stimulation with IFNγ alone leads to a strong induction of HERC5 mRNA

expression in HTB56 cells, which cannot be observed under TNFα treatment or combi-

nation of both cytokines. Interestingly, on the protein level no upregulation of HERC5

is observed and furthermore does not lead to an increase in neither free ISG15 nor

ISGylated proteins. This discrepancy between mRNA levels and protein levels under

IFNγ leads to the assumption that translation is perturbed to at least some extent. This

discrepancy was, however, not observed in A549 cell line. HERC5 mRNA levels in

these cells was more strongly induced under TNFα than IFNγ treatment, but showed

the highest induction when cytokines were combined. The same pattern was observed

for HERC5 protein expression and furthermore showed a strong increase in ISGylated

protein levels. A synergistic cooperative effect of TNFα and IFNγ has been previously

described [116]. IFNγ exerts its function through binding to receptor dimer IFNGR1

and IFNGR2, and subsequent cross-activation of Jak1 and Jak2 kinases. Through phos-

phorylation, STAT1 homodimers form and transcription of IFNγ-activated site genes is
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induced after translocation into the nucleus [145]. TNFα activates NF-κB signaling lead-

ing to transcription of inflammation-related genes [146]. Their combination, however,

leads to interactions between both families of transcription factors which cooperatively

regulate the transcription of a large number of important immunoregulatory genes such

as class I MHC [116]. This described synergistic effect could explain the enhancement

HERC5 up-regulation in NSCLC cell lines.

HERC5 expression in A549 KO cells remained low or undetectable under IFNγ

treatment, but showed a slight upregulation using TNFα. However, no upregulation

was expected due to CRISPR-Cas9 induced knockout of HERC5 gene. PCR and subse-

quent Sanger sequencing analysis of different knockout clones showed deletions leading

to frameshift mutations. Different clones were then combined in order to reduce the

influence of possible off-target effects. Nevertheless, it is possible that knock-out was

not successful in one of the 4q alleles in A549 cells. Chromosomal imbalance has been

reported for this cell line, which displays an aneuploid karyotype with five copies of

chromosome 4 [147]. Additional deeper sequencing could therefore validate the total

HERC5 knockout in the established A549 cell line after combination of several clones as

well as after passaging the cells over time.

Induction of free, unconjugated ISG15 expression by TNFα and IFNγ was further-

more most strongly observed in A549 KO cells in comparison to other cell lines. More-

over, the amount of ISGylation was comparatively low in A549 KO cells using both

cytokines in combination. Due to HERC5 depletion in A549 KO cells, the ratio between

free ISG15 and ISGylated proteins is thus most strongly shifted towards free ISG15

levels since it cannot be transferred onto target proteins, resulting in diminished ISGyla-

tion. In the corresponding parental cells, the strongest induction of ISGylated proteins

is observed, indicating that HERC5 acts as the main ISG15 E3 ligase in this NSCLC

cell line. Due to low endogenous HERC5 and ISG15 expression within these cells, the

combination of TNFα and IFNγ thus represents a suitable system for the induction of

protein ISGylation.

Additional NSCLC cell lines were analyzed on either mRNA (H1975) or protein level

(H1395) after treatment with TNFα and IFNγ. In H1975 cells, HERC5 expression levels

remained unchanged under cytokine treatment. H1395 cells unexpectedly exhibited a

strong increase in HERC5 protein levels as well as ISGylation under TNFα and combined

cytokine treatment. In previous studies of our group, this cell line showed homozygous

promoter hypermethylation of the HERC5 gene [99], thus HERC5 expression should in

principle be repressed. Its upregulation could possibly result from methylation pattern

changes under inflammatory conditions, as this phenomenon has been observed for

TNFα. This cytokine is able to induce DNA demethylation of IL-32 gene in HEK293

cells, mediated by a methylcytosine dioxygenase in an NF-κB-dependent manner [148].
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Nevertheless, more research is necessary in this respect to understand these mechanisms

of transcription or translation initiation and whether cytokine treatment can also induce

demethylation in NSCLC. In order to evaluate changes between transcriptional and

translational levels in more detail, H1395 and H1975 cell lines should be included in

further studies.

Here, it was shown that by treatment with inflammatory cytokines IFNγ and TNFα,

HERC5 mRNA as well as protein expression can be induced in different NSCLC cell lines.

HERC5 has been described as the main E3 ISGylase in the cell and therefore as a regulator

of the innate immune system. As ISGylation of protein targets is induced within different

NSCLC cells, HERC5 could therefore be involved in innate immune responses in lung

cancer. By TNFα and IFNγ treatment, free, unconjugated ISG15 protein levels were most

prominently increased in a HERC5 KO model, while the amount of ISGylated proteins

was highest in the corresponding parental cell line. This indicates that HERC5 acts as

the main ISG15 ligase also in these lung cancer cells. Furthermore, through cytokine

treatment the establishment of a robust ISGylation system could be achieved, which can

be used for subsequent analysis of HERC5-dependent ISGylation targets.

5.3 HERC5-dependent ISGylation of target proteins

The expression of ISG15 and its conjugating enzymes is deregulated in various cancer

entities [107]. It was therefore investigated in this study whether HERC5-dependent

ISGylation might be of importance in NSCLC progression as well. Since RNAseq data

did not show alterations of global gene expression, the function of HERC5 in post-

translational modification and its ISGylation targets might thus give more insight into

the previously observed association with metastatic spread.

The combination of TNFα and IFNγ resulted in the highest induction of HERC5

expression as well as ISGylation levels in A549 parental cell line. In order to detect

proteins specifically ISGylated by HERC5, this cell line model was therefore selected

along with its KO counterpart for the establishment of an ISG15 IP assay. After having

validated the feasibility of enriching ISGylated proteins, mass spectrometry-based SILAC

approach was used to identify HERC5 ISGylated target proteins. Here, 42 targets were

found including the positive control ISG15.

The proteins that were uniquely identified in this study did not show any enrichment

of common specific pathways or biological processes. However, some of the ISGylation

targets represent interesting proteins that could be worthy of a further evaluation. The

highest H/L ratio among the identified proteins was found for NADH Dehydrogenase

[Ubiquinone] Iron-Sulfur Protein 2, Mitochondrial (NDUFS2), which is a part of mito-

chondrial respiratory chain complex I. It catalyzes the initial transfer of electrons in the
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transport chain and in database meta-analysis, high NDUFS2 expression correlates with

shortened OS in lung, breast and ovarian cancers [149]. Interestingly, its interaction

with another target protein identified in this study has been recently described. S100

calcium-binding protein A4 (S100A4) is a metastasis-promoting protein that - apart

from cell differentiation and apoptosis - is also involved in mitochondrial metabolism

[150, 151]. In NSCLC, S100A4 is capable of reprogramming energy metabolism and

promoting lung cancer invasion and metastasis by up-regulating NDUFS2 expression

also in A549 cells [151].

Three previous studies about ISGylation which used a similar experimental approach

were published by Zhao et al., Giannakopoulos et al., and Wong et al. identified 158, 76,

and 174 proteins, respectively. In these studies, Hela cells (cervical adenocarcinoma),

U973 cells (histiocytic lymphoma), murine embryonic fibroblasts, and A549 cells were

used. Combined, 300 unique protein targets were found, with little overlap between

the studies [81, 87, 88]. Also in these studies, no clear prediction of biological function

for protein ISGylation could be made with a broad variety of pathways being affected

such as cytoskeletal organization, stress responses, translation and transcription or RNA

splicing [89].

Little overlap between the 42 proteins identified in this study and those proteins from

the aforementioned studies was found. Only three proteins were described in at least

one other publication. Nascent Polypeptide Associated Complex Subunit Alpha (NACA)

was identified in the proteomics study by Zhao et al. [87]. It acts as a cytosolic chaperone

and binds to unfolded nascent proteins emerging from ribosomes which lack signal

peptide sequences [152]. It is furthermore upregulated in e.g. breast adenocarcinomas

and exerts anti-apoptotic function in several types of cancer cells [152, 153]. In the

same study by Zhao et al., Procollagen-Lysine,2-Oxoglutarate 5-Dioxygenase 1 (PLOD1)

was likewise identified [87]. PLOD1 catalyzes the hydroxylation of lysyl residues in

collagen-like peptides which in turn provides attachment sites for carbohydrates, hence

regulating collagen cross-linking and extracellular matrix formation [154]. Increased

collagen cross-linking enhances cancer cell migration and invasion and has been shown

to be highly expressed in e.g. gastric and colorectal cancers [154, 155]. Interestingly,

Ubiquitin Like Modifier Activating Enzyme 1 (UBA1) was independently identified by

Giannakopoulos et al. and Wong et al. apart from this study [81, 88]. UBA1 is the E1

ubiquitin conjugating enzyme to target cellular proteins for degradation. As an integral

part of the proteasomal pathway, it is involved in almost all functions in the human

cell but shows increased activity in cancer cells [156]. Inhibition of its E1 enzyme was

described to delay leukemia tumor growth in mouse models [157].

In comparison to the three described proteomics studies, the amount of ISGylated

target proteins in this study is rather low. It has to be noted that all studies established
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different systems and cell lines for enrichment and analysis of target proteins, which

makes the comparison challenging. Furthermore, IFNβ was used in all other studies,

while in this study, cells were treated with TNFα and IFNγ in order to induce ISGylation.

Furthermore, in the other studies, the detection of target proteins was conducted by

direct mass spectrometry approaches, whereas here a SILAC-based mass spectrometry

approach was chosen. This proteomics analysis has been shown to enhance specificity

by strongly reducing the background of false-positive interactions [158]. In SILAC-

based experiments, two proteomes are distiguishable by growing one cell population in

medium containing normal or ’light’ amino acids while the other population is grown

using medium with ’heavy’ amino acids. Proteins from both populations are mixed in a

1:1 ratio and analyzed by mass spectrometry. Peptides found in both populations appear

as a pair in the mass spectra, characterized by a shift induced by their weight difference,

and their peak intensities are directly proportional to their abundance [158]. This SILAC-

based method should therefore be more specific compared to the other studies, possibly

explaining the lower amount of identified proteins. Clearly here expression of HERC5

was induced artificially using two cytokines and thus different types of activation could

obviously lead to a different set of ISGylated proteins and a bigger overlap with the other

studies. In order to reduce this bias of cytokine induction, robust in vitro ISGylation

could also be achieved by overexpression of all proteins of the ISGylation machinery [82].

The choice of cell lines naturally leads to differences in ISGylation targets as well, as also

indicated by the low amount of overlap between results presented here and previously

mentioned studies.

Some of the proteins found by SILAC-based mass spectrometry were chosen to be

validated by Western blot analysis. This approach has, however, not been successful

so far. Protein ISGylation causes a mass shift of 15 kDa which should appear as an

additional band above the unconjugated protein on the Western blot. Only a small

fraction of proteins is ISGylated in comparison to the overall pool of a specific target

protein, making their detection challenging [87]. Usually, long exposure times are

needed to detect ISGylated target proteins but this approach is oftentimes not sufficient.

It has been described that ISGylation is observable when cells are transfected with a

plasmid system consisting of the target protein, E1, E2 and E3 ligases as well as ISG15

[89].

Unlike the immense knowledge available on ubiquitin, the role of ubiquitin-like modi-

fier ISG15 within the cell as well as in tumorigenesis remains much more unclear. Several

different roles of protein ISGylation have been described so far [159]. ISGylation of viral

proteins seems to impact viral protein-protein interactions thereby destabilizing

capsid formation, impairing viral RNA processing or counteracting host translational

shutoff by viruses [89, 92, 160]. Many effectors of IFN signaling in the human host cell
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such as Stat1 are ISGylated, supporting sustained activation of this pathway [161]. Apart

from anti-viral activity, Zhao et al. furthermore suggested a possible cross-talk between

ISG15 and ubiquitin pathways as in their proteomic study, another protein involved

in ubiquitin conjugation (Ubc13) was also identified [87]. ISGylation does not seem to

direct proteins for degradation by the proteasome, instead, blocking of ISG15 protein

conjugation increases levels of polyubiquitinated proteins, hence negatively regulating

proteasomal degradation [162]. Overall, while no structural consequence of ISGylated

substrates is known, ISGylation might result in their aggregation, changes in subcellular

localization or in the inability to interact with binding partners [107]. Interestingly,

ISGylation of Tumor Susceptibility 101 (TSG101), an important component of the ESCRT

(Endosomal Sorting Complexes Required for Transport) machinery and MVBs, has been

reported to inhibit exosome secretion [107]. Of note, TSG101 was not found in the

SILAC analysis of ISGylated proteins conducted here.

To conclude, in an IP approach with ISG15 as bait, 42 different protein targets of

HERC5-mediated ISGylation were identified under treatment of TNFα and IFNγ. Even

though no clear involvement in specific signaling pathways could be found, some of the

ISGylation target proteins have been previously associated with deregulation in several

cancer entities. However, the fate of these ISGylated proteins is still unclear and thus

how these proteins are functionally linked to NSCLC carcinogenesis and especially to

immune response still has to be resolved.

5.4 Influence of HERC5 protein on EV secretion

Exosome-mediated signaling affects many aspects of tumorigenesis and metastasis for-

mation [163]. Communication between tumor and stromal cells in the TME can for

example induce differentiation of fibroblasts into their cancer-associated form (CAF)

which can promote tumor growth and metastasis [164]. Furthermore, proliferative

and angiogenic pathways can be promoted and immune suppression or activation can

be induced [165, 166]. Exosomes furthermore play a role in initiation of metastatic

niches [167]. They have been shown to educate cells and inducing a pro-metastatic

phenotype by activation of oncoproteins [167]. Furthermore, cells are able to uptake

tumor-derived exosomes which carry organ-specific integrins thereby influencing organ-

otropism of metastasis [67].

In HEK293 cells, ISGylation of TSG101 was shown to lead to a decrease in exosomal

secretion by re-routing multivesicular bodies (MVB) to lysosomes, leading to their

degradation [107]. Due to the suggested role of ISGylation in exosomal secretion, it

was investigated whether differential HERC5 expression could lead to impairments of

this pathway as well. Here, it could be shown that under inflammatory cytokines TNFα
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and IFNγ, diminished HERC5 expression leads to an increase in EV release. Protein

cargo in EVs is furthermore modified, indicating an important role of HERC5 in the

immune response. By using induction of the ISGylation machinery by TNFα and IFNγ,

analysis of the amount of EV secretion was performed. Results were obtained by NTA

measurements and SDS-PAGE. Our results indicate that low HERC5 levels in A549 KO

cells leads to elevated particle concentrations as well as protein load, thus to an increase

in released EVs in comparison to parental cells.

It was further investigated whether not only the amount of particles is enhanced

in KO cells but also if there is a qualitative difference in protein content compared to

parental cells. Contrary to the assumption that exosomes and EVs are a mere reflection

of the cellular overall state, they are reported to selectively influence their cargo and

can furthermore reflect changes in the cell microenvironment [165], which might aid

in understanding HERC5-related cancer progression. Even though exact mechanisms

are still poorly understood, EV composition can thus influence cell-cell communication

[165].

By using ultracentrifugation-based enrichment from cellular supernatant of cells

grown in SILAC heavy or light media, EVs were subjected to SILAC mass spectrometry

measurements. In SILAC-based proteomics studies, dialyzed FCS has to be used so

that no contaminating, non-labeled amino acids impair incorporation of heavy amino

acids. This medium still contains bovine-derived EVs which needs to be depleted for

an accurate identification of differences in EV content due to the high sensitivity of

SILAC measurements [158]. However, even after depletion using a protocol by Théry

et al. [117], a large fraction of unlabeled peptides was identified. Depletion of bovine

EVs was therefore not optimal leading to a strong contamination and thus impairing

data quality. Even though the results were screened against a bovine database it cannot

be excluded that some homologous proteins from bovine and human species can be

completely distinguished and the experiments have to be repeated.

Nevertheless, preliminary results from one replicate were obtained, identifying 39

proteins enriched in EVs from KO samples while no enrichment in parental cells was

found. The most prominent finding was the enrichment of Macrophage migration in-

hibitory factor (MIF) in KO exosomes. MIF is a regulator of the innate immune responses

which exerts its function through cytokine-like activation of ERK1-ERK2-MAPK path-

way [168]. Its upregulation has been described in many cancer entities, including NSCLC

[169].

Interestingly, Integrin alpha-3 (ITGA3) was identified in EVs from KO cells in this

study, a protein whose upregulation has been frequently described in the context of

cancer and metastasis as well [170]. Moreover, integrins were described to have an

impact of organotropism of metastasis [67]. Tetraspanins CD9 and CD81 were identified
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in the samples as well, providing evidence that at least a fraction of the enriched EVs

consists of exosomes. It was not expected, however, to find enrichment of these exosomal

markers in the KO samples, as the amount of analyzed EVs should be equal, while the

protein cargo independent of differential EV amounts should be assessed. Due to the

probable presence of bovine EVs and other contaminations in the sample, measurements

of protein concentrations might have therefore been impaired as well, underlining once

more the preliminary nature of these results.

In contrast to SILAC analysis of ISGylated proteins of the cell lysates, in EVs enrich-

ment of several affected pathways could be identified by GO term annotation analysis.

First, from each differentially enriched protein in the EVs, GO term annotation was

analyzed for each target protein. After categorization into the most prominent findings,

frequencies were assessed and revealed the connection to immunity-related pathways in

26% of the proteins. Terms connected to cell-adhesion were even more common (33%).

Additionally, PANTHER database was searched for GO term enrichment analysis which

confirmed connection to innate immune regulation in 33% of the pathways. Further-

more, exosomal secretion pathways as well as cell adhesion and angiogenesis could be

identified. As many of these pathways can be related to tumorigenesis, these findings

indicate that metastatic traits in HERC5-depleted cells could be related to altered protein

cargo. Low HERC5 levels can furthermore be connected to an increased cross-talk with

innate immune processes.

One of the anti-viral functions of ISGylation includes blocking budding of viral

particles in order to prevent the spread of the pathogens [159]. In a similar manner,

ISGylation could lead to inhibition of exosome secretion in cancer settings, thereby

minimizing cell-to-cell communication and altering immune modulation. Due to the

obtained preliminary results that KO cells with diminished ISGylation release more EVs

and potentially carry transformative protein cargo, the role of HERC5 in the context of

ISGylation and EV release could therefore give valuable information on NSCLC disease

progression and metastasis formation and should be investigated further.

While ISGylation of TSG101 was shown to be sufficient to reduce exosome secretion,

here, release of EVs was analyzed. EV is a general term for particles of various sites

containing a lipid bilayer without the ability to replicate and without a nucleus [117].

Exosomes are type of EVs derived from endosomal MVB compartments, about 50 -

100 nm in size and defined as important mediators of intercellular communication

[159]. Their biological cargo includes proteins, nucleic acids and lipids [165]. A possible

way to confirm that enriched vesicles consist of exosomes is the detection of exosomal

markers tetraspanins CD9, CD63, CD81 or the previously described, ESCRT-related

TSG101 e.g. on Western blots or by IF staining [107, 165]. Apart from the detection

of exosomal markers, evaluation of particle purity needs to be assessed. Here, NTA
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measurements were performed to analyze the size distributions of the obtained particles.

These analyses showed peaks of around 120 nm, which is still as expected and of an

acceptable size due to the known heterogeneity in exosomal sizes [117]. However, in

oncological settings, many studies are based on heterogeneous populations of EVs, most

of which have actually shown to play a role [163]. Thus, ultracentrifugation was chosen

as it is still considered the gold standard which is used for enrichment of vesicles of

different nature.

In summary, due to a previous study which linked ISGylation to inhibition of ex-

osomal secretion [107], in this thesis the effect of HERC5 expression on quantitative

and qualitative EV secretion was assessed. Here, it was shown that in HERC5-depleted

NSCLC cells, EV release is elevated in an inflammatory setting using TNFα and IFNγ, in-

dicating a suppressive influence of HERC5 on vesicle secretion in connection to immune

responses. Preliminary results furthermore showed that EV protein cargo differs be-

tween HERC5-depleted NSCLC cells and the corresponding parental cell line, and some

of these identified proteins have been associated with tumorigenesis before. HERC5-

depletion might therefore induce the directional transfer of specific proteins possibly

involved in cancer progression onto surrounding cells, thus actively altering their protein

composition. The effect of this transfer remains, however, unclear. In contrast to the

SILAC analysis of cells, EV SILAC analyses showed an enrichment in various signaling

pathways and thus a possible connection between HERC5 expression and the immune

response.

5.5 Assessment of pre-analytical parameters in liquid biopsy

Apart from analysis of HERC5 and its role in NSCLC progression, different pre-analytical

variables influencing liquid biopsy results were furthermore analyzed. The studies were

performed with blood taken from metastatic melanoma, or metastatic breast cancer

patients as well as cell lines from the respective tumor entity.

The first study dealt with the feasibility of a combined analysis of several biological

analytes from a single blood draw. CTCs, ctDNA and miRNAs from total plasma as well

as EVs were assessed. It was furthermore analyzed whether different blood collection

tubes (EDTA, Streck and Transfix tubes) give different results concerning these analytes.

Many different studies exist today evaluating optimal protocols for single analytes.

However, due to the overlapping and additive nature of many of the biomarkers a greater

clinical power and accuracy can be obtained when combining several parameters. The

potential great power of such multianalyte analyses was lately shown by e.g. Yang

et al. By applying machine learning algorithms to multi-analyte liquid biopsy data in

pancreatic cancer patients the study achieved significantly higher accuracy for disease
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staging (84%) than imaging alone (accuracy = 64%; p <0.05) [171]. To our knowledge

our study was, however, the first of its kind combining CTC, ctDNA and miRNA liquid

biopsy data from a single tube.

Here we could show that due to increased hemolysis observed in Transfix tubes, only

CTC analysis could be performed from these tubes. Obviously although Transfix tubes

are very well suited for certain CTC detection methods [111] they are not suitable for

multi-analyte analysis. CTC counts were in general very low in comparison to other

melanoma studies with a similar enrichment technique [172, 173, 174]; in only 15% of

EDTA blood samples CTCs were identified while Streck and Transfix tubes were negative

for CTCs. Similarly to NSCLC, melanoma CTCs harbor a great heterogeneity of marker

expression, therefore, their detection could be optimized by using a different enrichment

system or staining protocol and including antibodies targeting further markers and

improving detection sensitivity [175, 176, 177]. Analysis of ctDNA in general did not

show significant differences in neither concentration nor in mutation frequencies, which

is not of a surprise as the samples were processed immediately. Stability of ctDNA has

been shown to decrease over time, but is highly dependent on the blood collection tube

[178, 179]. In one patient a discrepancy in ctDNA mutations was observed, however,

a replicate could not be performed to rule out the possibility of a technical error. Dif-

ferences in size distributions, morphology and sample purity of EVs could neither be

observed between EDTA and Streck tubes. However, miRNA NGS results showed lower

UMI counts in Streck samples, indicating a diminished detection sensitivity compared

to EDTA tubes. Analysis of differential miRNA expression was performed by using

geNorm as well as Normfinder normalization algorithms. Irrespective of either tube

or normalization method, less differentially regulated miRNAs were found in plasma

samples in comparison to EV samples. Furthermore, in plasma samples no overlap of

miRNAs could be detected while miRNAs from EVs showed six differentially, indicating

that miRNAs from plasma are more heavily influenced by pre-analytic factors such as

the choice of blood collection tube and data processing than compared to miRNAs in

EVs.

In addition, the suitability of EV analyses for biomarker detection and prediction

could be shown by an orthogonal validation approach. From those miRNAs shared

between EDTA and Streck EV samples as well as both normalization methods, 2 of 3

analyzed miRNAs could be confirmed by RT-qPCR. Both hsa-miR-200c and hsa-miR-375

are reported to be deregulated in melanoma development and progression [180, 181]. To

be mentioned, large differences in identification of differential miRNAs were observed

between the two normalization algorithms. In both plasma and EV samples, only a

small fraction of miRNAs were overlapping between the two algorithms. Analysis of

differential expression is therefore also largely dependent on the choice of normalization
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method, and therefore adding a level of complexity when assessing the potential clinical

suitability of different miRNAs as liquid biopsy biomarkers. Therefore, for an optimal

workflow and in order to obtain standardized results, strict SOPs need to be established

and used throughout a study.

In addition to evaluation of blood collection tube influence on liquid biomarkers,

a semi-automated screening method of CTCs enriched by the Parsortix® device was

established [118]. CTCs represent a rare and heterogenous population of blood-based

analytes, which differ in size, frequency, and expression depending on disease state

and cancer entity. Their enumeration and characterization is usually performed by

analysis of immuno-fluorescence staining of epithelial markers such as EpCAM or

keratins. Since the identification is often performed manually, this process induces

errors and user biases, and needs to be standardized to improve comparability across

different laboratories. Accurate and re-producible assessment thus requires image

analysis tools. Surprisingly, so far only few studies exist on automated CTC calling,

since most approaches require machine learning techniques to successfully discriminate

between tumor cells and contaminating blood cells [182, 183].

Here, in order to reduce bias from manual evaluation of CTC enumeration, the

XCyto® 10 quantitative cell imager was used. This device allows setting up detection

thresholds of different expression intensities from several cell populations in a similar

manner as FACS analyses. However, the addition of visual inspection of the chosen

cells and higher resolution imaging of individual cells allows an accurate validation

of the initial gating results. Here, CTC populations were distinguished according to

their pan-keratin staining intensity and distinction from CD45-positive contaminating

leukocytes.

First, gating parameters were established which successfully separated pan-keratin

positive tumor cells from CD45-positive leukocytes in a cell line-based model. Using the

same gating, blood from breast cancer patients was then analyzed with the XCyto® 10

and compared with manual screening using Axioplan2 microscope. The feasibility of

using the semi-automated approach could be validated due to the high concordance

between both enumeration methods. XCyto® 10-based screening could even detect CTCs

which were not found manually, underlining the suitability of this identification method.

Taken together, here we could show that the analysis of ctDNA, CTC, and miRNAs

is possible from one blood collection tube, but the outcome of the analysis is strongly

dependent of the blood collection tube. The establishment of a semi-automated CTC

screening workflow furthermore enables precise and standardized enumeration while

reducing bias from individual image analysis. The combination of both studies therefore

represent valuable prerequisites for the planned establishment of HERC5-based liquid

biopsy analyses in the future.
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5.6 Conclusion & Outlook

Metastasis formation is a complex process which involves the acquisition of phenotypic

changes enabling the adaptation and survival in new environments. These processes

usually involve deregulation of so-called metastasis promoting or suppressing genes.

In principle, metastasis suppressor genes can influence any aspect of the metastatic

cascade which includes escape from the primary site and intravasation, circulation in

the bloodstream, endurance of pressure in blood vessels, extravasation, and survival and

growth in distant organs [31].

Previous studies have proposed that HERC5 may act as a metastasis suppressor gene

in NSCLC [99]. In this study, many different aspects of HERC5 function have been

investigated to further elucidate its role within the metastatic cascade in vitro. The

metastasis suppressing function rather than tumor suppressing function was supported

by the fact that no effect on proliferative capacity was seen when HERC5 expression was

manipulated in the NSCLC cell lines. It was, however, shown that HERC5 suppresses

migratory traits which might enable tumor cells to evade from the primary tumor site.

Anchorage-independent growth potential is furthermore increased which could lead

to colony outgrowth prior to attachment at a secondary site. Clonogenic potential is

elevated as well, indicating an increased ability to renew an entire cell population

from a single cell. In summary, HERC5 depletion induces carcinogenic changes within

different parts of the metastatic cascade (see Figure 43). These characteristics were also

studied using conditioned media from astrocytes and pre-osteoblasts and were found

to be diminished in the microenvironments of brain and bone. Hence, brain and bone

microenvironmental factors do not seem to have an influence on HERC5-dependent

aggressiveness.

The study of interactions between the different cell populations could, however, be

improved. Different types of cells present in brain or bone microenvironment could

be included in the assays. The assay set-up could be changed as well, replacing the

usage of conditioned media to reduce the cytokine variations induced by passaging and

degradation during storage. Co-culturing systems use cell cultivation set-ups while two

or more cell populations have some form of contact between them [184]. While migration

and invasion transwell assays already represent forms of co-culturing by allowing cells

seeded at the bottom of the wells to secrete e.g. cytokines directionally into the vicinity

of the cells in the chamber, proliferation, colony formation and anchorage-independent

growth assays or 3D cultures would need other forms of co-culturing. One possibility

could be here to utilize microfluidic systems e.g. fluid channel separation or membrane

separation. This way, diffusible molecules could be exchanged between the different cell

populations but are still spatially separated without disrupting communication [184].
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RNAseq analysis of an overexpressing and control cell line (HTB56) was performed

to assess potential alterations of transcription. On mRNA levels HERC5 influence on

downstream pathways seem to be limited since only two genes, COL12A1 and FGF7,

were found to be deregulated. Although being identified after correction for multiple

testing, it is necessary to verify these findings in an orthogonal validation approach by

e.g. RT-qPCRs. Additional NSCLC cell lines would also need to be analyzed in order

to confirm whether these mRNAs are in fact altered by differential HERC5 expression.

While COL12A1 and FGF7 have been described in cancer settings, none of them have

been identified as bona fide metastasis activating or suppressing genes so far. However,

both could be associated with the observed aggressive phenotype of NSCLC cells with

low HERC5 expression to some extent. Through the transfer of ISG15 onto target

proteins, HERC5 predominantly acts on the post-translational modification level and

thus might not be as relevant for changes in gene expression.

HERC5 function has so far been mainly connected to immune response mechanisms,

e.g. defense against viral infections due to its role as an E3 ligase of ubiquitin-like

modifier ISG15. SILAC-based proteomic analysis was chosen to minimize unspecific

interactions e.g. through purification from antibodies in the IP pull-down assay. By

the use of an ISG15-IP, covalent ISGylation could be achieved and in combination

with induction by TNFα and IFNγ, a robust, standardized assay for HERC5-dependent

ISGylation could be established. However, through of the activation by specific cytokines

different types of pathways are activated, which leads to a biased approach. Thus,

in order to analyze intrinsic ISGylated proteins, this setting could be optimized e.g.

by overexpression of all proteins involved in the ISGylation machinery. Here, under

inflammatory conditions several specific targets of HERC5-dependent ISGylation have

been identified, which were increased in parental cell line samples compared to HERC5

KO cells. Even though no specific pathway was affected in this setting, some of these

targets have been previously associated with an carcinogenic or metastatic phenotype. If

the identified proteins are mediators of the observed aggressive phenotype, has yet to be

validated by e.g. genetically altering the expression of these target proteins. However, the

influence of ISGylation on target proteins is unclear and thus the exact role of ISGylation

in the context of NSCLC remains elusive. Since different functions of ISGylation have

been described depending on the target protein and setting [159], the role of ISGylation

of each target might have to be analyzed individually.

To conclude, the influences of three cell types, which can be found in the different

microenvironments on HERC5 function have been studied. While in our data brain and

bone microenvironmental factors do not indicate an effect on tumorigenicity, influences

of an inflammatory microenvironment elevating HERC5 expression as well as HERC5-

dependent ISGylation could be confirmed in an NSCLC setting (see Figure 43).
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Since HERC5 protein harbors two different functional domains, it remains elusive

whether HERC5-induced phenotypical changes are connected to transfer of ISG15

through its HECT domain or whether its RLD domain has an influence as well. The

ISGylation active site is located within the HERC5 HECT domain in which the conjuga-

tion onto target proteins is catalyzed by cysteine residue 994 [81]. In order to study the

significance of ISGylation, this cysteine is commonly mutated to an alanine residue [81].

It should be thus investigated whether this active site is of importance in the context

of NSCLC as well by site directed mutagenesis assays, inducing a mutation in HERC5

ISGylation active site and repeating functional assays. However, first attempts in cloning

of a construct including this C994A alteration have not been successful so far.

While in the SILAC-based proteome study, cellular influences regarding HERC5

ISGylation targets have been analyzed, changes of EV composition were assessed from

the same samples in parallel. Results indicate that HERC5 depletion induces quanti-

tative and qualitative changes in EV release in an inflammatory setting. Some of the

identified EV proteins have been attributed to carcinogenesis, however, the exact conse-

quence on cell-cell-communication has to be investigated further. Functional annotation

enrichment analysis indicated assigned the majority of pathways to immune response

mechanism. This enrichment might, however, derive from specific cytokine induction

and should thus be analyzed under different experimental settings. Overall, within the

cell, mRNA expression changes as well as the amount altered pathways due to cytokine-

induced ISGylation was low in comparison to extracellular changes, indicating a higher

impact on extrinsic mechanisms of HERC5.

The analysis of EV content by SILAC-based methods was, however, hampered by the

contamination of residual bovine FCS. In order to estimate the amount of contaminating

EVs, depletion should thus be monitored more carefully. In general, ultracentrifugation-

based enrichment methods are still considered the gold standard in EV enrichment,

however they are known to enrich also vesicles of different sizes as well as contami-

nations such as lipoproteins [185]. Ultracentrifugation approaches could therefore be

combined with an additional purification technique such as size exclusion chromatog-

raphy. Apart from technical improvements regarding EV enrichment, the functional

role of HERC5-dependent release of EVs in metastasis and immune modulation should

be investigated further. Alterations in particle concentrations and protein cargo could

elevate cross-talk with (immune) cells in the tumor microenvironment. These EVs might

therefore be important mediators in either the establishment of a pre-metastatic niche

or immune evasion evasion.

While SILAC analysis of EVs should be repeated to confirm protein cargo, the actual

impact of EVs deriving from differential HERC5 expression under immune stimulation

should be assessed as well. To evaluate a possible cross-talk with immune cells, EVs
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from A549 parental and KO cells could be isolated. Co-cultures with PBMCs could be

established to analyze whether these cells can be differentially activated by the EV cargo.

By staining and subsequent FACS analysis, it could be investigated if the PBMCs have

developed into different sub-populations. Another similar approach of assessing the

cross-talk with immune cells could include immuno-profiling of PBMCs from NSCLC

patients. The composition of PBMCs in blood from these patients could be analyzed

by FACS. Subsequent correlation with HERC5 expression levels could reveal whether

HERC5 has an influence on this composition. In case certain types of immune cells

are activated by differential HERC5 expression, it should be also analyzed whether this

activation could be mediated by the secretion of inflammatory cytokines. A possible way

of investigation could be the usage of the highly sensitive Olink-technology, in which

a large number of proteins can be analyzed simultaneously. Here, target proteins are

recognized by pairs of antibodies which are conjugated to DNA oligonucleotides. Only if

two matching antibodies are brought into proximity, DNA can amplified, thus achieving

a high sensitivity and the possibility of multiplexing of multiple targets.

As previous studies have provided evidence that HERC5 has clinical relevance in

NSCLC patients, this aspect could be investigated in more detail by the use of in vivo

models. Preliminary mouse experiments have already been performed in our group

by Angelika Mojzisch. In order to mimic a metastatic disease setting, luciferase-tagged

A549 parental and HERC5 KO cells were used for intracardial injections in two groups

of five nude mice each. The tumor growth was monitored according to luciferase

expression assessed by BLI (bioluminescence imaging). At time of sacrifice, signals were

significantly higher in mice injected with A549 HERC5 KO cells in brain and adrenal

glands. The blood was furthermore screened for CTCs and the total amount of these

cells was increased in mice injected with A549 KO cells as well. These preliminary

results indicate a specific effect of HERC5 in early tumor dissemination. In further

experiments, expression profiling of overt metastases could be performed to analyze a

possible influence of differential HERC5 expression as well. As an indication for early

dissemination, other organs should also be analyzed for the presence of micrometastases.

In principle, HERC5 levels in CTCs could be assessed for correlation of expression

and survival. However, the lack of a suitable antibody for HERC5 IF staining has

so far hampered this analysis. Metastasis suppressor genes often harbor epigenetic

modifications such as methylation. HERC5 has been further identified as a target

gene often silenced by methylation [99]. Moreover, the methylation of a specific CpG

island was shown to be of prognostic value which was furthermore correlated with

early tumor dissemination and bad prognosis [99]. Thus, it should be assessed whether

HERC5 could be used as liquid biomarker on ctDNA for monitoring early relapse

and prognosis. Methylation could e.g. be assessed here by highly sensitive digital
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Figure 43: Schematic overview of different mode of carcinogenic actions
of HERC5 in NSCLC metastasis. In cells with low HERC5 expression, mi-
gration, anchorage-independent growth and colony formation are elevated.
These traits, however, are not influenced by either pre-osteoblast or astro-
cyte microenvironments. HERC5 levels have limited influence on mRNA
expression of other proteins, whereas ISGylation of target proteins is largely
dependent on HERC5 activity. Under inflammatory conditions ISGylation
of proteins is diminished and EV secretion is elevated. The protein cargo
is also changed with many proteins involved in pathways associated with
immune response mechanisms. Image created in BioRender.com.

droplet PCR (ddPCR) approaches after bisulfite conversion of the ctDNA which induces

the chemical conversion of unmethylated cytosines into thymidine, while methylated

cytosines remain unchanged. This method therefore allows to distinguish between

unmethylated and methylated state. The assessment of HERC5 ctDNA methylation

status in metastatic NSCLC patients before and during treatment could reveal changes

in methylation patterns to correlate it to treatment response and to help understand its

significance in the course of NSCLC progression.

To conclude, this thesis highlighted various novel aspects of HERC5-mediated tu-

morigenicity in lung cancer. An elevated aggressive phenotype could be observed which

might be linked to different steps within the metastatic cascade. While its impact on

cellular signaling pathways through post-translational modification remains unclear, a

126



5.6 Conclusion & Outlook 5 DISCUSSION

strong role in cell-cell-communication in an immunomodulatory setting was suggested.

However, more knowledge on the exact mechanisms of how HERC5 is involved in metas-

tasization as well as its possible interaction with the tumor microenvironment is needed.

This knowledge could be valuable for the development of a blood-based liquid biopsy

assay, contributing to early detection of relapse and disease monitoring of NSCLC in the

future.
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IFNγ-induced regulation of ISG15 expression
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Figure 44: Protein quantification after IFNγ treatment. A549 KO, A549
par, H1395 and HTB56 cell lines treated with 10 ng/mL IFNγ for 24 h (light
blue) and 48 h (dark blue). Expression was normalized to 0 h (gray). Left:
ISGylated proteins, right: free ISG15. Averaged values are shown from
three biological replicates (n=3) with error bars depicting corresponding
standard deviations.
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Figure 45: Protein quantification after TNFα treatment. A549 KO, A549
par, H1395 and HTB56 cell lines treated with 10 ng/mL TNFα for 24 h
(light blue) and 48 h (dark blue). Expression was normalized to 0 h (gray).
Left: ISGylated proteins, right: free ISG15. Averaged values are shown from
three biological replicates (n=3) with error bars depicting corresponding
standard deviations.
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Figure 46: Protein quantification after IFNγ and TNFα treatment. A549
KO, A549 par, H1395 and HTB56 cell lines treated with 10 ng/mL IFNγ and
TNFα for 24 h (light blue) and 48 h (dark blue). Expression was normalized
to 0 h (gray). Left: ISGylated proteins, right: free ISG15. Averaged values
are shown from three biological replicates (n=3) with error bars depicting
corresponding standard deviations.
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Rücksicht auf meine Arbeit genommen hast. Deine Gelassenheit, Objektivität und deine
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