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Summary
Ovarian cancer (OC) is one of the most lethal gynecologic malignancies. Due to the absence of
specific symptoms and screening approaches, this disease is usually diagnosed only at advanced
and metastatic stage. The gold-standard treatment for OC patients consists in debulking surgery
succeeded by taxane and platinum-based chemotherapy. Most patients show complete clinical
remission after first-line therapy but the majority of them ultimately relapse, developing radioand chemoresistant tumors. In the past decades, numerous research groups focused on the
development of targeted cancer therapies, including monoclonal antibodies (mAbs) and specific
protein kinase inhibitors (PKIs), with only limited success in the clinic to date. Even though
radioimmunotherapy (RIT) is considered a promising approach against residual tumor nodules
after first-line surgery, so far only

90Y-labeled

muHMFG1 mAb reached clinical phase III with

scarce results. Previous data from our group showed encouraging results of anti-L1CAM RIT in
preclinical OC xenograft mouse models using different nuclides (Cu-64/Cu-67, Lu-177 and Tb161), alone or in combination with paclitaxel.
For a new targeted therapeutic approach, we first examined whether the administration of five
selected clinically significant PKIs (MK1775, alisertib, MK2206, temsorolimus and saracatinib;
clinical phase I-II) with potential radiosensitizing characteristics could improve the efficacy of
anti-L1CAM 177Lu-RIT in an OC model. Initial in vitro cytotoxicity screening revealed the highest
efficacy of MK1775 and alisertib against the two tested OC cell lines (IGROV1, SKOV3ip).
Consecutive combination treatment using IGROV1 cells showed the most prominent
radiosensitizing effect of MK1775, which decreased 14-fold the IC60-value of 177Lu-DOTA-chCE7
compared to 6-fold decrease observed when the radioimmunoconjugate was applied with
alisertib. The most efficient PKI MK1775 was subsequently examined in combination with 177LuDOTA-chCE7 against IGROV1 and the comparatively radioresistant cell line SKOV3ip. We
demonstrated that MK1775 synergistically sensitized IGROV1 cells towards

177Lu-RIT.

In

IGROV1 cells we detected a higher amount of induced DNA double-strand breaks (DSBs)
measured by phosphorylation of H2A.X (γH2A.X) in response to combination treatment,
compared to both monotreatments. Higher levels of DSBs consequently caused a significantly
higher number of early-apoptotic IGROV1 cells. Immunohistochemistry analysis of γH2A.X
expression in SKOV3ip xenografts showed an increased amount of DSBs in tumors treated with
combination therapy or MK1775. Finally, using a late stage IGROV1 xenograft mouse model, we
could demonstrate that anti-L1CAM 177Lu-RIT alone or combined with MK1775 reduced tumor
growth in vivo. Our results indicated that the application of PKI MK1775 radiosensitized OC cells
and that its combination with

177Lu-labeled

mAb chCE7 increased RIT efficacy, suggesting this

approach as a valid combined therapy against OC.
3
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It is now evident that the cause of disease recurrence and poor therapy efficacy is the presence
of small populations of cancer stem cells (CSCs). These cells are usually resistant against
conventional cancer therapies and for this reason, effective targeted therapies for the complete
eradication of CSCs are urgently required. A recent study demonstrated that L1CAM represents a
CSC-specific therapeutic target in glioma cells. Therefore, we investigated the role of L1CAM in
ovarian CSCs. Using fluorescence-activated cell sorting we isolated specific cell populations
based on the expression of L1CAM and CD133 from two OC cell lines (IGROV1 and SKOV3ip). In
both cell lines double positive (L1CAM+/CD133+) cells displayed significantly enhanced
spherogenic and clonogenic properties compared to double negative cells (L1CAM-/CD133-).
Moreover, L1CAM+/CD133+ cells retained the highest clonogenic capacity after irradiation,
indicating high radioresistance of these cells. Using the genome editing CRISPR-Cas9 technology,
we generated L1CAM knockout IGROV1 and SKOV3ip cell lines and we could demonstrate that
L1CAM is responsible for the radioresistance of double positive cells. We additionally produced
a rescue IGROV1 cell line by re-expressing full-length L1CAM in knockout cells. Using the
knockout and rescue cell lines, we could show that L1CAM is involved in spherogenic and
clonogenic growth, radioresistance, proliferation and migration. In vivo limiting dilution assay
revealed that SKOV3ip and IGROV1 double positive cells possess high tumor-initiating capacity
compared to the other cell populations. IGROV1 L1CAM+/CD133+ cells exhibited significantly
faster tumor growth compared to L1CAM-/CD133- cells and tumors appeared with shorter
median latency. An in vivo re-implantation experiment demonstrated long-term self-renewal
ability of double positive cells. Furthermore, the expression of some epithelial-to-mesenchymal
(EMT)- and CSC-specific genes was upregulated in these cells. EMT is important for the
acquisition and regulation of stem cell-like features and we observed that L1CAM expression
correlates with intermediate EMT phenotype. The overall results indicated that L1CAM, in
combination with CD133, defines a new population of ovarian CSCs. L1CAM is expressed in all
CD133+ ovarian CSCs and, until now, it has not been described in normal stem cells. Therefore,
we suggest that targeting L1CAM is a novel therapeutic approach for ovarian CSCs.
Because of high-linear energy transfer, RIT using alpha- or Auger emitters seems to be a new
promising strategy to target CSCs. We asked if the Auger electron emitter Tb-161 provided a
therapeutic opportunity to overcome CSC radioresistance. We compared in vitro radiobiological
effects induced by 177Lu- and 161Tb-labeled anti-L1CAM mAb chCE7 in two OC cell lines (IGROV1
and SKOV3ip) and in their double positive CSC population characterized by L1CAM and CD133
expression. The treatment of both cell lines with
survival compared to the treatment with
treated with

161Tb-DOTA-chCE7

177Lu-DOTA-chCE7,

161Tb-DOTA-chCE7

177Lu-DOTA-chCE7.

significantly reduced cell

The IC50-value of IGROV1 cells

was 5.7-fold lower than the IC50-value of cells treated with

indicating superior toxicity of Tb-161. A clear trend indicated that radiation-

induced bystander effect contributed to the increased radiotoxicity of Tb-161. The formation of
4
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reactive oxygen species in SKOV3ip cells was significantly enhanced after treatment with 161TbDOTA-chCE7. Flow cytometric analysis revealed that the incubation of cells with

161Tb-DOTA-

chCE7 increased the amount of induced DSBs, which correlates with early-apoptosis and lateapoptosis/necrosis. Preliminary in vitro experiments with ovarian CSCs confirmed superior Tb161 toxicity. Based on our results, we proposed that anti-L1CAM RIT with Tb-161 is a good
strategy to kill ovarian CSCs.
To conclude, the work presented in this thesis identified a new population of ovarian CSCs and
suggested new encouraging therapy approaches to eradicate CSCs, consisting in the combination
of RIT with PKIs and the use of the radiolanthanide Tb-161 for RIT. Ideally, targeted CSC
therapies will significantly improve OC patients’ outcome.
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Zusammenfassung
Eierstockkrebs

oder

Krebserkrankungen

Ovarialkarzinom
bei

Frauen.

ist

eine

Aufgrund

der

fehlender

aggressivsten
spezifischer

gynäkologischen
Symptome

und

Früherkennungsverfahren wird die Erkrankung meist erst im fortgeschrittenen Stadium
diagnostiziert und Metastasen haben sich im Bauchraum ausgebreitet. Die bevorzugte
Behandlungsmethode für Patientinnen mit Eierstockkrebs besteht aus einer operativen
maximalen Tumorreduktion, dem sogenannten Debulking, gefolgt von einer platin- und
taxanhaltigen Chemotherapie. Die meisten Patientinnen zeigen nach Erstbehandlung eine
vollständige klinische Remission, jedoch erleidet ein Grossteil ein Rezidiv mit strahlen- und
chemoresistenten Tumoren. In den vergangenen Jahrzehnten lag der Fokus zahlreicher
Forschungsgruppen auf der Entwicklung zielgerichteter Krebstherapien mit monoklonaler
Antikörper (mAbs) und spezifischen Proteinkinase-Inhibitoren (PKIs). In der klinischen
Anwendung zeigten diese Therapieansätze jedoch nur begrenzte Erfolge. Obwohl die
Radioimmuntherapie (RIT) ein vielversprechender Ansatz zur Behandlung von tumorösen
Restgewebe darstellt, gelangte nur der mit

90Y-markierte

monoklonale Antikörper muHMFG1

mit bescheidenen Studienresultaten bis in die klinische Phase III. Unsere Forschungsgruppe
konnte ermutigende Resultate mit einer anti-L1CAM RIT im präklinischen Bereich in Xenograft
Ovarialkarzinom–Mausmodellen erzielen. Für die anti-L1CAM RIT wurden verschiedenen
Radionuklide (Cu-64/Cu-67, Lu-177 und Tb-161) als Einzeltherapie oder in Kombination mit
Paclitaxel eingesetzt.
Als neuartigen Ansatz im Bereich der zielgerichteten Krebstherapie hat unsere Gruppe zuerst
untersucht, ob die Anwendung von fünf ausgewählten, klinisch relevanten PKIs (MK1775,
Alisertib, MK2206, Temsorolimus und Saracatinib; klinische Phasen I-II) mit potenziell
radiosensitivierenden Eigenschaften die Wirksamkeit einer anti-L1CAM

177Lu-RIT

im

Ovarialkarzinom-Mausmodell verbessert. In einem zu Beginn durchgeführten in vitro
Zytotoxizitäts-Screening zeigten MK1775 und Alisertib die höchste Wirksamkeit gegenüber den
untersuchten

Ovarialkarzinom-Zelllinien

Kombinationsbehandlung

von

IGROV1,

IGROV1-Zellen

und

SKOV3ip.

demonstriert

radiosensitivierenden Effekt, der den IC60-Wert von

In

der

folgenden

MK1775

den

höchsten

177Lu-DOTA-chCE7

um das 14-fache

herabsetzte, während die Kombination des Radioimmunokonjugats mit Alisertib lediglich zu
einer 6-fachen Reduktion des IC60-Werts führte. Die Wirksamkeit des von MK1775 gegenüber
IGORV1-Zellen und der vergleichsweise strahlenresistenten Zelllinie SKOV3ip wurde in
Kombination mit
Kombination

177Lu-DOTA-chCE7

mit

weiter untersucht. Wir konnten zeigen, dass MK1775 in

177Lu-DOTA-chCE7

die

Strahlenempfindlichkeit

der

IGROV1-Zellen

synergistisch erhöht. Ebenso konnten wir eine Häufung von induzierten Doppelstrangbrüchen
7
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der DNA (DSBs) in IGROV1-Zellen mittels Messung der Phosphorylierung des Histons H2A.X
(γH2A.X) bei der Kombination von MK1775 und

177Lu-DOTA-chCE7

im Vergleich zur

Einzelbehandlung feststellen. Die Kumulation von DSB’s führte zu einer signifikanten Zunahme
von früh-apoptotischen IGROV1-Zellen. Immunhistochemische Analyse der γH2A.X-Expression
in SKOV3ip Xenotransplantaten zeigte ein erhöhtes Vorkommen von DSB’s in Tumoren auf, die
mittels Kombinationstherapie oder mit MK1775 allein behandelt wurden. Abschliessend
konnten wir in einem IGROV1 Spätstadium-Xenograft-Modell zeigen, dass die Anwendung der
anti-L1CAM 177Lu-RIT als Einzeltherapie oder in Kombination mit MK1775 das Tumorwachstum
in vivo reduzierte. Unsere Resultate weisen darauf hin, dass die Anwendung des PKI MK1775 die
Strahlenempfindlichkeit der Eierstockkrebs-Zelllinien erhöht und dass in Kombination mit einer
177Lu-DOTA-chCE7

RIT die Wirksamkeit der RIT verbessert wird. Die Ergebnisse unserer

Untersuchungen sprechen für eine Weiterentwicklung dieser Kombinationsbehandlung für den
Eierstockkrebs.
Heutzutage gilt es als erwiesen, dass die Ursache der Rezidiven und geringe Therapieerfolge im
Vorhandensein einer kleinen Populationen von Krebsstammzellen (CSCs) liegt. Diese Zellen sind
gewöhnlich gegen konventionelle Krebstherapien resistent. Daher ist die Entwicklung von
wirksamen und zielgerichteten Therapien zur vollständigen Bekämpfung von CSCs dringend
notwendig. Eine aktuelle Studie zeigte die Bedeutung von L1CAM als CSC-spezfisches
Therapieziel in Glioma-Zellen. Aus diesem Grund haben wir die Rolle von L1CAM in ovarialen
CSCs genauer studiert. Mittels Fluoreszenz-aktivierter Zellsortierung konnten spezifische
Zellpopulation basierend auf der Expression von L1CAM und CD133 aus zwei OvarialkarzinomZelllinien (IGROV1 und SKOV3ip) isoliert werden. In beiden Zelllinien wiesen die doppeltpositiven

Zellen

(L1CAM+/CD133+)

signifikant

erhöhte

spherogene

und

klonogene

Eigenschaften im Vergleich zu den doppelt-negativen (L1CAM-/CD133-) Zellen auf. Überdies
zeigten die L1CAM+/CD133+ Zellen die höchste klonogene Kapazität auch nach Bestrahlung,
was auf eine hohe Strahlenresistenz dieser Zellen schliessen lässt. Durch die Genome EditingTechnologie CRIPSR-Cas9 haben wir L1CAM Knockout IGROV1- und SKOV3ip-Zelllinien
herstellen und beweisen, dass L1CAM für die Strahlenresistenz der doppel-positiven Zellen
verantwortlich ist. Zusätzlich wurde eine Rescue IGROV1-Zelllinie etabliert, indem die
Expression von L1CAM in den Knockout-Zellen vollständig wiederhergestellt wurde. Durch die
Verwendung dieser Zelllinien konnte die Beteiligung von L1CAM an sphero- und klonogenen
Wachstum, Strahlenresistenz, Proliferation und Zellwanderung gezeigt werden. In vivo
durchgeführte «Limiting Dilution»-Versuche machten deutlich, dass für L1CAM und CD133
doppelt-positive SKOV3ip- und IGROV1- Zellen eine höhere tumorauslösende Kapazität
aufweisen als die übrigen Zellpopulationen. Das Tumorwachstum in IGROV1 L1CAM+/CD133+
Zellen ist dabei gegenüber L1CAM-/CD133- Zellen signifikant erhöht und die Tumore zeigen
eine kürzere mediane Latenzzeit. Ein in vivo durchgeführtes Reimplantations-Experiment
8
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konnte die Fähigkeit zur langfristigen Selbsterneuerung der doppelt-positiven Zellen aufzeigen.
Des Weiteren war die Expression einiger an der epithelialen-mesenchymalen Transition
beteiligten sowie CSC-spezifischen Gene in diesen Zellen hochreguliert. EMT ist im Erwerb und
der Aufrechterhaltung von stammzellähnlichen Eigenschaften von Bedeutung und wir konnten
beobachten, dass die Expression von L1CAM mit dem Auftreten des intermediären EMTPhenotypen korreliert. Wir konnten zeigen, dass L1CAM in Kombination mit CD133 eine neue
Population von ovarialen CSCs definiert. L1CAM wird in allen CD133+ CSCs exprimiert, wurde
aber bis jetzt nicht in normalen Stammzellen beschrieben. Aus diesem Grund eignet sich L1CAM
als CSC Target-Molekül für neuartige Therapieansätze beim Eierstockkrebs ganz besonders.
Aufgrund des hohen linearen Energietransfers rückt die RIT mittels alpha- oder AugerElektronen emittierenden Radionuklide als vielversprechendes Behandlungskonzept bei CSCs in
den Fokus. Wir haben untersucht, ob der Auger-Elektronen-Emitter Terbium-161 die
Möglichkeit bietet, die Strahlenresistenz der CSCs zu überwinden. Die strahlenbiologischen
Effekte des

177Lu-

und

161Tb-markierten

anti-L1CAM mAb chCE7 wurden in vitro in zwei

Ovarialkarzinom-Zelllinien (IGROV1 und SKOV3ip) und den entsprechenden durch L1CAM- und
CD133-Expression charakterisierten doppelt-positiven CSC-Populationen verglichen. Die
Behandlung mit
Behandlung mit

161Tb-DOTA-chCE7
177Lu-DOTA-chCE7.

reduzierte das Zellüberleben signifikant gegenüber der
Der IC50-Wert der IGROV1-Zellen, welche mit

161Tb-DOTA-

chCE7 behandelt wurden, war um das 5.7-fache tiefer als der IC50-Wert der Zellen, welche mit
177Lu-DOTA-chCE7

behandelt wurden, was auf eine höhere Zellttoxizität von

161Tb

schliessen

lässt. Ein klarer Trend deutet darauf hin, dass der durch radioaktive Strahlung induzierte
«Bystander-Effekt» eine verstärkende Wirkung auf die Radiotoxizität von 161Tb hat. In SKOV3ipZellen konnte eine deutlich erhöhte Bildung von freien Sauerstoffradikalen nach der Behandlung
mit

161Tb-DOTA-chCE7

festgestellt werden. Eine durchflusszytometrische Analyse zeigte eine

Häufung von DSB’s in Zellen, welche mit

161Tb-DOTA-chCE7

inkubiert wurden. Dies korrelierte

mit dem Auftritt von früh-apoptotischen-, spät-apoptotischen- und nekrotischen- Zellen. Erste in
vitro Ergebnisse mit ovarialen CSCs bestätigten eine höhere Toxizität von
177Lu.

161Tb

im Vergleich zu

Basierend auf unseren Erkenntnissen schlagen wir die Entwicklung einer anti-L1CAM RIT

in Verbindung mit 161Tb als Strategie zur Bekämpfung von ovarialen CSCs vor.
In der vorliegenden Dissertation konnte ich eine neue CSC-Population in Ovarialkarzinomen
identifizieren, die auf der doppelten-Expression von L1CAM und CD133 beruht. Ich habe
vielversprechende Therapieansätze zur Behandlung des Eierstockkrebses bestehend aus der
Kombination von RIT mit PKI’s entwickelt. Meine Untersuchungen zur Beseitigung von CSCs
legen nahe, dass das Radiolanthanid

161Tb

geeignet ist, die Radioresistenz der CSCs zu

durchbrechen und L1CAM das geeignete Zielmolekül für eine spezifische CSC-Therapie ist.
Idealerweise werden zielgerichtete CSC-Therapien die Behandlungsergebnisse von Patientinnen
mit Ovarialkarzinomen signifikant verbessern.
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1.1

Background

1.1.1

Ovarian cancer

Ovarian cancer (OC) refers to any malignant tumors developing in the ovarian tissues and it is
one of the most frequent cancer types in females [1]. OC is the primary death cause among
gynecological malignancies and, according to estimates, in 2019 approximately 22,530 new
cases of OC will be diagnosed and 13,980 OC-related deaths will occur in the U.S. [2]. Depending
on the cells of origin, OC is categorized as epithelial ovarian cancer (EOC), ovarian germ cell
tumor or sex cord-stromal tumor [3]. About 75% of all ovarian tumors and 90-95% of ovarian
malignancies are EOC, which originate from epithelial cells that cover the outer surface of the
ovary [3]. The 5-year survival rate of OC varies from 30 to 92%, based on the dissemination of
the disease at the time of diagnosis [4]. This type of cancer usually shows non-specific symptoms
during the early development (e.g., abdominal distension and pain, loss of appetite or increased
urinary frequency) and currently there are still no reliable early screening strategies available
[5]. The most frequent indication of advanced disease is abdominal swelling due to ascitic fluids
accumulation [6]. OC comprises a heterogeneous group of diseases consisting of diverse
histological subtypes with distinctive molecular genetic characteristics, clinical presentations
and prognostic outcomes [7]. In 2014, the new WHO criteria recognized five principal epithelial
OC histotypes: high-grade serous carcinoma (HGSC), low-grade serous carcinoma (LGSC),
endometrioid carcinoma, clear cell carcinoma, and mucinous carcinoma [8]. Among them, HGSC
is the most common histologic subtype of OC, with a poor 5-year survival rate of 35-40% and
accounting for 70-80% of OC deaths [4, 9]. Because of the lack of diagnostic methods,
approximately 75% of patients show metastatic spread in the peritoneal cavity and in adjacent
organs at diagnosis, which corresponds to FIGO stages (International Federation of Gynecology
and Obstetrics stages) III and IV [10, 11]. The FIGO OC staging system was published in 1973
and subsequently revised in 2014 [12, 13]. Stage I EOC (disease limited to one or both ovaries) is
usually associated with good survival rates and surgery alone is sufficient as therapeutic
approach; unfortunately it is quite rare since the majority of patients are diagnosed at advanced
stages III and IV [14]. At stage II, tumor includes either one or both ovaries with pelvic
dissemination and spread into the uterus and/or fallopian tubes [15]. This group makes up less
than 10% and it is considered curable, usually with chemotherapy [13]. Stage III EOC tumor
implicates one or both ovaries with spread to peritoneum, lymph nodes and/or other sites
outside the pelvis. The majority of OC are HGSCs diagnosed only at stage III [16]. Stage IV is
characterized by distant metastases affecting liver, spleen and lymph nodes [17].

12

Chapter 1 | Background

1.1.2

Ovarian cancer treatments

Common first-line treatment regimen for OC patients comprises cytoreductive surgery. The
tumor reductive procedure includes hysterectomy, omentectomy, removal of omentum and
other affected tissues possible to remove. The purpose of surgery is the reduction tumor burden
and the volume of residual disease is inversely proportional to survival [18]. Indeed, residual
lesions smaller than 2 cm have been associated with better survival than bigger ones [19]. At the
same time, complete debulking surgery allows to precisely establishing the histologic subtype of
the disease and, therefore, it is very important for diagnosis. Even though surgery is the basis for
OC treatment, for patients with advanced disease it is hardly curative alone and it needs to be
combined with chemotherapy.
In late 1990s, two phase III clinical trials combined cisplatin (CDDP) with paclitaxel (PTX) as
adjuvant treatment for advanced stage OC [20]. Ever since, the combination of taxane and
platinum derivatives, like CDDP and carboplatin (CBT), has been used as standard therapeutic
approach for OC patients, leading to response rate and complete clinical remission of 60-80%
[21]. Nevertheless, the majority of these patients will ultimately relapse, showing a median
progression-free survival of 18 months [11, 22]. Usually, response rates to second-line
chemotherapy are proportional to treatment-free interval [23]. Different combinations of
chemotherapeutics have been tested to treat chemoresistant tumors following first-line
paclitaxel-platinum treatment but clinical responses are temporary and, so far, they led to only
minor survival benefits [24].
The better understanding of tumor biology and chemoresistance over the past years helped the
development of molecular targeted therapies, improving survival and increasing life quality for
OC patients. Many different inhibitors, such as tyrosine kinase inhibitors (TKi) and monoclonal
antibodies (mAbs) targeting several essential cancer pathways (e.g., angiogenesis, cell survival,
cells growth, metastasis formation and DNA repair) are currently tested in clinical trials [11, 25].
The most promising investigational agents include vascular endothelial growth factor (VEGF)specific inhibitors and poly (ADP-ribose) polymerase inhibitors (PARPi). Bevacizumab
(Avastin®, Genentech, Inc.), a recombinant humanized mAb against VEGF, blocks angiogenesis
enhancing the efficacy of standard therapy. In 2004, Bevacizumab has been clinically approved
in the U.S. as first angiogenesis inhibitor for colon cancer [26]. In 2018, based on phase III GOG0218 clinical study (NCT00262847), the FDA approved its use in combination with CBT and
PTX, followed by single-agent bevacizumab for the treatment of patients with advanced (stage
III or IV) ovarian epithelial, primary peritoneal or fallopian tube cancer after initial surgery [27].
PARP enzymes are involved in different cellular functions, including DNA single-strand break
(SSB) repair through base-excision repair by PARP1 [28]. In normal cells, DNA double-strand
breaks (DSBs) are partially repaired by error-free homologous recombination (HR) repair. The
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Chapter 1 | Background

function of BRCA1 and BRCA2 genes is essential for efficient HR repair and maintenance of
genome stability [29]. For this reason, the inactivation of these alleles in BRCA-mutated cancer
cells leads to HR deficiency. In these cells, PARP inhibition leads to accumulation of DNA SSBs,
which in turn induces a massive accumulation of DNA DSBs and cell death [30]. PARP inhibition
exploits synthetic lethality, meaning that two genetic mutations result in cell death when
combined, while they are harmless when they arise separately [31]. The first PARPi approved in
the clinic was Olaparib (AZD2281, Ku-0059436 trade name Lynparza), an orally administered
drug [32]. In 2014, based on phase III SOLO-2 (NCT01874353) and phase II Study 19
(NCT00753545) clinical trials, Olaparib obtained an accelerated FDA approval as «maintenance
treatment for patients with recurrent epithelial ovarian, fallopian tube or primary peritoneal
cancer, who are in a complete or partial response to platinum-based chemotherapy» [32-35]. In
the same year, based on phase II Study 19 and phase II Study 42 (NCT01078662), the EMA
approved Olaparib as «maintenance treatment for patients with platinum sensitive, relapsed
BRCA-mutated (germline or somatic) HGSC, who responded to the last platinum-based
chemotherapy» [35, 36]. Results from phase II Study 42 (NCT01078662) demonstrated that
Olaparib monotreatment in patients with BRCA-mutated advanced OC, who have received three
or more previous lines of chemotherapy (including platinum-resistant patients), had a high
antitumor efficacy [36, 37]. Other types of tumorigenic pathway inhibitors targeting PI3K/AKT,
mTOR, Src and FRα are still in early phase of development [35]. To date, no effective cure for OC
has been found. Considering the heterogeneous nature of OC and the lack of a common
deregulated pathway in most patients, the selection of better biomarkers for individualized
patient therapy seems to be essential to improve survival.

14

Chapter 1 | Tumor heterogeneity

1.2

Tumor heterogeneity

Two main models have been used to describe histological and molecular heterogeneity, a
common feature of most solid tumors: the clonal evolution (CE) or stochastic model and the
cancer stem cell (CSC) or hierarchical model. In recent times a third model, called plasticity
model, linking CE and CSC models has been postulated (Figure 1.1) [38].

Figure 1.1 Models of tumor development and heterogeneity. (A) The cancer stem cell (CSC) model of tumor
development. Genetic or epigenetic mutations activate stem-like programs in a single cell, generating a CSC. This CSC
is able to indefinite self-renewal and/or differentiation and all derived tumor cells have a hierarchical inheritance
pattern. Based on the plasticity model, differentiated non-tumorigenic cancer cells can potentially revert back to CSCs.
(B) The clonal evolution (CE) model of tumor development. Due to the acquisition of epigenetic and genetic mutations
through time, any cell have tumorigenic potential. Tumor heterogeneity arises from the proliferation of cells carrying
different genetic mutations.
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1.2.1

The clonal evolution or stochastic model

In the 1970s, based on the finding that mutations in tumor suppressor genes and oncogenes
trigger most human cancers, Nowel introduced for the first time the CE concept [39]. The CE
model assumes that every tumor cell is biologically equivalent and potentially able to drive
tumor progression [40]. The majority of cancer cells have only restricted proliferative potential
and tumor progression is driven by the acquisition of genetic and epigenetic mutations in the
original clone [41]. The progression from early to invasive carcinoma implicates the stepwise
acquisition of random mutations in specific cancer genes, leading to uncontrolled proliferation
and high tumor heterogeneity [42].

1.2.2

The cancer stem cell or hierarchical model

In the early 1990s, with the introduction of new technologies such as fluorescence-activated cell
sorting (FACS) and mouse xenografts assays for hematopoietic stem cells, Bonnet and Dick
found that tumor engraftment in acute myelogenous leukemia (AML) could only be initiated by
CD34+/CD38- population [43]. In 2003, Al-Hajj et al. applied for the first time the same
experimental approach to solid breast cancer [44]. Using xenograft assay, they showed that less
than 100 CD44+/CD24-/low breast cancer cells were sufficient to induce tumors, in contrast to
thousands of cells expressing different markers [44]. Moreover, this tumorigenic population has
been passaged several times and these cells were always able to induce tumors recapitulating
the original tumor composition, forming both CD44+/CD24-/low tumorigenic and nontumorigenic cells. Afterwards, several similar studies on other solid tumors, such as brain,
breast, prostate and colon cancer, were published [45, 46]. Most studies on CSCs have been
performed in a similar way. Generally, small populations of cells defined by a specific marker or
marker combination and expressed in a heterogeneous way in a specific tumor type, are isolated
from cell lines or primary tumors. When transplanted into immunodeficient mice, these cells are
able to induce tumor growth over weeks or months and to reproduce the heterogeneity of the
initial tumor [47]. Different capabilities of tumor initiation among tumor cell populations
suggest the presence of CSCs. Nevertheless, because of technical issues the frequency of CSCs in
various solid tumors is still extremely variable. Technical issues include variable purity of tumor
cell isolation, the necessity of more solid and reliable markers and the challenges related to
xenotransplant assays that offer a different environment than the original tumor niche [48].
The CSC model suggests that the origin and the progression of many cancers are driven by small
subpopulations of cells with stem-like properties; however, it does not address the question of
whether tumors arise from normal stem cells. Instead, it suggests that, regardless of the cell-oforigin, many cancers are hierarchically organized in the same manner as normal tissues and
CSCs share similar molecular properties to normal stem cells. In accord with this model, tumors
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have a hierarchical structure, with tumorigenic CSCs at the top that generate both intermediate
progenitors (also called transit-amplifying cells) and terminally differentiated cells [49].
Considering that the same CSC populations can originate from different cancer subtypes, the
frequency of CSCs can highly vary among tumor types and also within the same tumor, leading
to tumor heterogeneity [50]. CSCs, like non-neoplastic stem cells, have extensive proliferative
potential and generate the differentiated progeny forming most of the tumor mass, which is
responsive to cancer therapies [51]. Additionally, these cells can remain quiescent for prolonged
periods of time, which renders them unresponsive towards radiation and chemical insults,
including cytotoxic drugs designed to target fast-proliferating tumor cells [52]. Interestingly,
recent studies have highlighted some common features [53] but also many differences in stem
cell programs functioning in CSCs and non-neoplastic stem cells [54, 55].

1.2.3

The plasticity model

It is now evident that one model does not exclude the other and both may contribute to cancer
development, depending on tumor type and stage [56].
In the recent years, an alternative model based on cellular plasticity, which links the CE and the
CSC models, has emerged [56-58]. The plasticity model proposes that cancer cells in different
types of tumors, including OC, can switch between stem cell-like and differentiated states so that
some differentiated non-tumorigenic cancer cells are able to de-differentiate to become CSCs
[59]. Therefore, CSC-like phenotype is flexible and dynamic, instead of being a fixed property of
tumor cells. Signaling within the tumor microenvironment (tumor niche), including oxygenation,
cell-to-cell contact and secreted factors, could induce differentiated tumor cells to re-acquire
stem cell-like properties [57]. Additionally, radio- and chemotherapy treatments have been
shown to enrich CSC subpopulations in residual tumors because of selective pressure on drugresistant cells [60].
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1.3

Ovarian cancer stem cells

Regardless of the high response rate to standard therapy, most OC patients develop recurrent
chemoresistant disease. Recurrence is believed to be caused by residual tumor-propagating cells
that cannot be completely eradicated by surgical and/or pharmacological regimens.
Accumulating evidence suggests that among these residual cancer cells some have stem cell-like
properties [61, 62]. This small population of cells appears to form and to sustain the tumor bulk
population, being responsible for disease recurrence after the first-line treatment [63]. In some
studies these cells have been isolated by flow cytometry and were discovered to be enriched in a
side population (SP) able to efflux the Hoechst33342 dye by cell transporters, using the same
mechanism with which normal cells efflux toxic drugs [64, 65]. Further investigations revealed
that these cells have several characteristics in common with normal tissue stem cells.
In 2005, Bapat and colleagues were one of the first groups that characterized the presence of
ovarian CSCs from patient ascites, showing tumorigenic properties of these cells [61]. In
addition to self-renewal and the ability to generate more differentiated progeny, CSCs are highly
tumorigenic and display increased resistance against conventional cancer therapies.

1.3.1

Ovarian cancer stem cell markers

The proportion of CSCs can vary depending on tumor type and in the context of OC, CSC
frequency shows high interpatient variability [59]. Considering CSCs resistance against
conventional cancer treatments, the development of more efficient tumor therapies requires
effective identification and functional characterization of these cell populations. The expression
of several individual or combined cell surface markers has been associated with CSCs (Table
1.1). The multiplicity of CSC markers, along with their plasticity, poses a challenge to detect
successful CSC-targeting therapeutic strategies. For this reason, it is important to select reliable
molecular markers that could be used to develop new therapies.
Table 1.1 List of some putative CSC markers.
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CSC marker

Protein function

References

CD133

Pentaspan transmembrane glycoprotein – membrane
organization

55 - 64

ALDH

Detoxifying enzyme - drug resistance

65 - 73

CD44

Cell adhesion molecule – receptor for hyaluronic acid

50, 77 - 81

CD24

Mucin-like cell adhesion molecule

37, 82 - 84

CD326

Epithelial cell adhesion molecule

41, 85 - 88
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One of the best-characterized CSC surface markers is the transmembrane glycoprotein CD133
(also named AC133 and Prominin-1), initially identified as hematopoietic stem cell marker
supporting stem cell maintenance and expansion [66, 67]. CD133 localizes to plasma membrane
protrusions and microvilli, indicating its role in cell membrane organization [67]. However, the
exact physiological role of CD133 in normal and cancer cells is still elusive. CD133 was first
characterized as CSC marker in glioblastoma [68] and later it was found to be widely expressed
in tumor-initiating cells of different tumors (e.g., ovarian, liver, lung, pancreatic and prostate
cancer) [69]. Several groups have identified the expression of CD133 in OC cells, which is
connected with tumor initiation, self-renewal and chemoresistance [70, 71]. Some published
studies indicated the phenotypic heterogeneity and plasticity of CD133 expression [72]. This
finding may explain why some data did not support the link between CD133 and ovarian CSCs,
showing inconsistent expression and no increased spherogenic or tumorigenic properties of
CD133+ in comparison to the CD133- counterpart [73, 74]. Inconsistent CD133 detection
because of different immunoreactivity of primary anti-CD133 antibody clones could account for
discrepancies in the identification of CSCs [75].
The human genome encodes 19 aldehyde dehydrogenase (ALDH) enzymes implicated in
detoxification of endogenous and exogenous aldehydes via NAD(P)+-dependent oxidation [7678]. Upon chemotherapy and irradiation, these enzymes catalyze the oxidation of aldehydes
(oxygen, carbon and hydrogen) to carboxylic acids to prevent DNA damage. ALDH modulates the
expression of drug transporters to efflux chemotherapeutic agents, contributing to cell-acquired
drug resistance against conventional cancer therapies [79]. Additionally, the ALDH protein
family catalyzes the oxidation of retinoic acid, which regulates differentiation of normal stem
cells and CSCs [80]. The ALDH1 subgroup is highly expressed in normal and CSCs. Among
ALDH1 isozymes, ALDH1A1 is more broadly expressed than ALDH1A2 and ALDH1A3 in CSCs of
various cancer types [78, 81]. In a published study, increased expression of ALDH1 was
significantly associated with poor outcome for 439 patients with serous OC [82]. Furthermore,
ALDH expression in combination with CD133 correlates with poor patient prognosis and
characterizes an ovarian CSC population [83, 84]. However, a recent research suggested that
ALDH is a better marker to identify ovarian CSCs than CD133, as ALDH correlates with
tumorigenicity and spheroid formation [85]. It is now well known that only cancer progenitor
cells are able to proliferate under non-differentiating and non-adherent conditions, forming 3D
tumor spheres [86]. These spheres are enriched by cells displaying stem cell-like properties,
including the upregulation of some stem cell-specific genes, high ALDH activity, self-renewal
ability along with high proliferative and differentiation properties [85, 87, 88]. Consequently,
sphere-forming cells display aggressive growth, migration, invasion, clonogenic survival,
anchorage-independent growth and reduced drug responsiveness in vitro [88].
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CD44 cell transmembrane glycoprotein has been linked with several signal transduction
pathways, including NANOG and EGFR-Ras-ERK [81]. The main CD44 ligand is hyaluronic acid
(HA), a component of the extracellular matrix, which is positively associated with OC migration
and metastatic spread [89, 90]. CD44 is expressed in normal and ovarian CSCs and is associated
with sphere-forming ability, self-renewal, chemoresistance, tumorigenicity, proliferation and
invasiveness [91]. Additionally, high expression of CD44 correlates with epithelial-tomesenchymal transition (EMT) [92] and with stem cell-like properties, contributing to tumor
invasion, metastasis, disease recurrence and chemoresistance [93]. The co-expression of CD44
with the with the c-Kit receptor CD117 was shown to define an ovarian subpopulation with
tumor-initiating capacity [62]. C-Kit regulates survival, proliferation and chemoresistance of
ovarian CSCs through PI3K/AKT and Wnt/β-catenin-ATP-binding cassette G2 signaling [94, 95].
CD24 is a glycosylphosphatidylinositol-anchored membrane glycoprotein recognized as positive
or negative marker for CSCs in numerous cancer types. The low expression of CD24 combined
with high CD44 (CD44+/CD24-/low) is used to identify breast CSCs [44]. On the contrary,
several data indicated CD24 as a positive marker for ovarian CSCs. A population of CD24+ cells
isolated from OC samples and cell lines was shown to display high expression of stemnessrelated genes, high tumor initiation and fast tumor growth along with increased sphere-forming
ability [96, 97]. In addition, Davidson demonstrated that tumor cells collected from OC
peritoneal fluids exhibit higher levels of CD24 compared to solid tumors, suggesting an
enrichment of CSCs [98].
Epithelial cell adhesion molecule (EpCAM), also called CD326, is a transmembrane glycoprotein
overexpressed in many carcinomas [99]. Several studies described a controversial role of
EpCAM in carcinogenesis. EpCAM regulates homophilic adhesion interactions, which could
inhibit metastatic invasion [99]. However, depending on the microenvironment, EpCAM is also
able to suppress E-cadherin adhesions, supporting metastasis formation. EpCAM has been
recognized as an additional marker for CSCs in different tumor types [48]. High expression of
EpCAM in OC is associated with tumor recurrence, chemoresistance and poor patient prognosis
[100]. Cells co-expressing CD24, CD44 and EpCAM showed stem cell-like characteristics, high
tumorigenicity in vivo as well as enhanced migration, invasion and colony-formation in vitro and
this population could be enriched by chemotherapy [101, 102].
There are also several stem cell-associated genes that play a role in maintenance and
development of ovarian CSCs. LIN28, OCT4, SOX2 and NANOG are key transcription factors (TFs)
in the regulation and maintenance of pluripotency in embryonic stem cells [103]. The coexpression of LIN28 and OCT4 identifies a population of ovarian CSCs and correlates with
advanced tumor grade [104]. NANOG is closely associated with HGSC, high chemoresistance and
poor overall patient survival [105]. SOX2 is required to maintain ovarian CSCs and its expression
correlates with chemoresistance and poor prognosis [106].
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1.3.2

Mechanisms of cancer stem cell therapy resistance

CSCs and their descending non-tumorigenic progeny of the same clone seem to share common
genotypes but they usually show different epigenetic regulations, resulting in alterations of
signaling pathways. Several of these pathways control inflammation, hypoxia, pH and starvation,
regulating cell adaptation to microenvironment [107]. Not only the total number of CSCs but
also intrinsic resistance mechanisms and epigenetic plasticity could influence therapy outcome
[108]. In many cases, tumor relapse is caused by the incomplete elimination of all CSC
populations, since a single CSC is sufficient to regrow a tumor (Figure 1.2) [109].

Figure 1.2 The role of cancer stem cells in drug resistance. Standard chemotherapeutics are not able to kill cancer
stem cells (CSCs), which can promote tumor regrowth and eventually result in disease relapse. Different mechanisms,
such as more effective drug efflux, enhanced DNA repair and protection from CSC niche, contribute to CSC
chemoresistance.

Several molecular mechanisms including enhancement of DNA repair and DNA damage
response (DDR), increased drug efflux, efficient scavenging of reactive oxygen species (ROS) and
signals from the microenvironment, support the resistance of CSCs towards conventional cancer
therapies (Figure 1.3) [107].

21

Chapter 1 | Ovarian cancer stem cells

Figure 1.3 Mechanisms of cancer stem cell resistance towards conventional therapy. Therapy resistance
mechanisms include drug efflux by ABC transporters, increased detoxification by ALDH activity, efficient ROS
scavenging and activation of developmental pathways mediating survival. Signals released by cancer stem cell (CSC)
niche are also important to support survival, proliferation and therapy resistance.

Radiation and many chemotherapeutic drugs (e.g., DNA crosslinkers, DNA synthesis and
topoisomerase inhibitors) induce DNA damage, which, if not repaired, can lead to cell death
[110]. Among different types of DNA damages caused by radiation and chemotherapy, DSBs are
the most lethal lesions if not repaired [111]. DSBs are usually repaired by error-free HR or error
prone non-homologous end joining (NHEJ) mechanisms [112]. In response to radiation, DNA
repair is initiated and controlled by the DNA damage response (DDR). For the purpose of stalling
cell cycle progression and give time to the cells to repair DNA damage, DDR triggers the
activation of checkpoint kinase signaling pathways such as ataxia telangiectasia mutated (ATM)checkpoint kinase 2 (Chk2) and ATM-Rad3-related (ATR)-checkpoint kinase (Chk1) [113, 114].
CSC populations of glioblastoma, prostate, lung, breast cancer and many others, have been
shown to possess high DNA repair capacity, essentially due to increased activation of ATR-Chk1
and ATM-Chk2 pathways [113].
Radiation-induced damages include the formation of ROS, which are chemically reactive free
radicals produced by oxygen metabolism. ROS are involved in many physiological signaling
pathways regulating metabolism, cell proliferation, migration, angiogenesis and wound healing
[115]. However, in high amount, ROS can produce oxidative DNA damage, alter proteins and cell
membrane lipid bilayer, leading to cell arrest and cell death [116]. The cells control ROS levels
through ROS scavenging molecules (e.g., glutathione peroxidase, superoxide dismutase and
catalase), which balance the production and the elimination of these products [116].
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CSCs isolated from different tumors exhibit enhanced ROS scavenging and a lower level of ROS
production in comparison to non-CSC populations [117, 118].
Another important mechanism for CSC drug resistance is the high expression of ATP-binding
cassette (ABC) transporters. The human genome encodes 49 ABC genes and these proteins are
important to maintain homeostasis and to protect the cells against environmental insults in
many normal tissues (e.g., liver, intestine, blood-brain barrier, placenta, kidney and normal stem
cells) [119]. Three ABC transporter proteins, P-glycoprotein (P-gp, MDR1, ABCB1), multidrug
resistance protein 1 (MRP1, ABCC1) and breast cancer resistance protein (BCRP, ABCG2), have
been shown to play a role in multidrug resistance of various types of cancers such as OC, breast,
lung, colon and others [120]. Due to broad substrate spectrum specificity, their expression
provides tumor resistance towards the major classes of chemotherapeutic drugs [107]. CSC
populations of different tumors, including breast cancer, lung cancer, retinoblastoma,
neuroblastoma and glioblastoma, have been demonstrated to overexpress ABC transporters,
which correlates with high drug resistance [121].
Supplementary intrinsic mechanisms underlying CSC therapy resistance are mediated by high
ALDH activity and activation of signaling pathways essential for embryonic development and
tissue homeostasis including the canonical Wnt/β-catenin, Notch and Hedgehog pathways [107,
122]. Notch signaling contributes to survival and platinum resistance of ovarian CSCs and it has
been determined that NOTCH3 expression associates with poor prognosis for OC patients [123].
Hedgehog signaling is aberrantly activated in OC and this pathway affects cell growth, motility,
invasion and tumorigenesis [95]. Wnt/β-catenin regulates stem cell self-renewal and
differentiation and CSCs of many tumors were found to overexpress β-catenin, which promotes
stemness [124, 125]. In OC, genetic mutations in Wnt pathway are infrequent but recent data
demonstrated that the activation of Wnt signaling can be regulated by tumor microenvironment,
contributing to ovarian tumorigenesis [95]. Growing bodies of evidence showed that
microenvironmental stimuli coming from the specific niche in which CSCs reside influence and
regulate treatment responsiveness (Figure 1.4). Additionally, autocrine signaling and stimuli
coming from stromal fibroblasts, immune cells and extracellular matrix (ECM) as well as oxygen,
nutrient supply and tissue pH, can affect CSC properties and metastatic dissemination [126].
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Figure 1.4 Cancer stem cells are sustained by biological processes within the cancer stem cell niche. Different
biological processes including EMT, hypoxia, inflammation and angiogenesis maintain cancer stem cells (CSCs).
Cytokines and growth factors produced by tumor cells and tumor-associated cells increase proliferation and survival
of CSCs, promoting tumor invasion and metastasis formation.

Matrix metalloproteinases (MMPs) are extracellular proteases able to degrade and cleave ECM
molecules, remodeling CSC niche and releasing growth factors and cytokines. MMPs also
regulate signaling pathways that control proliferation, differentiation and tumor invasion [127].
Tumor and stroma-derived growth factors and cytokine regulating stemness and resistance
comprise interleukin-6 (IL-6), interleukin-8 (IL-8), chemokine (C-X-C motif) ligand 12 (CXCL12),
chemokine (C-X-C motif) receptor type 4 (CXCR4), chemokine (C-C motif) ligand 2 (CCL2),
platelet-derived growth factor (PDGF), transforming growth factor-beta 1 (TGF-β1), tumor
necrosis factor-alpha (TNFα), epidermal growth factor (EGF), VEGF and fibroblast growth factor
(FGF) [57, 107]. Hypoxia is a major stimulant of CXCL12, which is secreted by tumor stroma
fibroblasts and it is involved in the early stage of malignant transformation of OC [128]. Dual
expression of CXCR4 and CD133 has been used to identify an OC population with stem cell-like
characteristics that controls tumor development and chemoresistance [71]. The formation of
new vessels, also known as angiogenesis, supports tumor growth and it is tightly regulated by
angiogenic activators including VEGF, FGF, PDGF and EGF [129]. Bao et al. determined that
glioblastoma CD133+ CSCs highly express VEGF, which contributes to the angiogenic process by
communicating with the microenvironment [130] .
The connection between inflammation and cancer development has been proposed for
numerous types of tumors [131]. The accumulation of proliferating tumor cells mimics a chronic
inflammation and the activated stroma cells produce a number of cytokines, angiogenic factors
and chemokines, which in turn recruit more immune cells including monocytes and
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macrophages. The most common inflammatory molecules released in the microenvironment by
tumor-associated macrophages (TAMs) are the EMT-inducers TGF-β1 and TNFα [132]. EMT
confers stem cell-like phenotype to cancer cells, enhancing motility and drug resistance.
In addition, tissue oxygenation influence CSC properties, maintaining cells in a quiescent
(hypoxia) or activated (normoxia) state. Hypoxia renders CSCs more resistant to various
environmental insults and it is the major stimulant of angiogenesis. Hypoxia-inducible factor
(HIF) target genes, such as GLUT-1, VEGF, OCT4 and NOTCH, are crucial to regulate proliferation,
tumorigenicity and self-renewal in different cancers [133]. Hypoxia has been demonstrated to
promote acquisition of stem cell-like state through the increased expression of CSC markers like
CD133 and CD44, along with CSC-related genes such as SOX2 [133]. Hypoxia is also tightly
associated with chemo- and radioresistance. Most traditional cytotoxic drugs target fast
proliferating cells and since low oxygen conditions maintain CSCs in a quiescent state
characterized by low proliferation rate, these cells are hard to destroy [95]. It is also recognized
that the local concentration of oxygen improves radiotherapy efficacy since DNA lesions induced
by ROS combine with oxygen generating stable DNA peroxides [134]. Tumor oxygenation and
oxygen therapeutics have been utilized as radiosensitizers to improve patients’ response to
radiotherapy [135].

1.3.3

Epithelial-to-mesenchymal transition and stemness

In the recent years, high plasticity of CSCs and stemness have been increasingly linked to EMT
regulation. EMT is an essential cellular process involved in embryogenesis, wound healing and
tumorigenesis. During tumor progression, neoplastic cells switch from epithelial-like state to
gain mesenchymal properties. Therefore, EMT activation induces cancer cells to become
migratory and invasive, acquiring multiple properties associated with high-grade malignancies
[136]. EMT is reversible and mesenchymal-like cells can go back to an epithelial state through
the opposite process, called mesenchymal-to-epithelial transition (MET) [136]. A small number
of TFs, also referred as EMT-TFs, is associated with EMT and can be classified into three main
protein families: SNAIL (SNAIL and SLUG), ZEB (ZEB1 and ZEB2) and basic helix-loop-helix
(TWIST1, TWIST2 and TCF3) families [137]. These TFs coordinate changes in gene expression
resulting in suppression of genes associated with epithelial state, like E-cadherin, and in
upregulation of genes correlated with mesenchymal state, including N-cadherin and vimentin
[137]. The activation of some of these TFs, including SLUG, ZEB1, ZEB2, TWIST1 and SNAIL1, has
been linked to the expression of stem cell-related genes and self-renewal in various tumor types
[138]. The EMT process is controlled by a variety of cytokines and growth factors, and among
them TGF-β signaling plays a fundamental role. TGF-β signaling controls ovarian CSCs through
the modulation of tissue transglutaminase 2 (TGM2), which promotes EMT, metastasis and stem
cell-like phenotype [139, 140]. Hypoxia, through the expression of HIF-1α and HIF-2α, regulates
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CSC-associated genes and induces EMT via TGF-β signaling pathway, which in turn contributes
to stemness [141]. Cancer cells with an intermediate EMT phenotype display stem cell-like
properties and display high resistance to several anti-cancer drugs (Figure 1.5) [142]. In 2011,
Strauss and colleagues identified a minor population of OC cells in a transitory
epithelial/mesenchymal hybrid stage (i.e., partial or intermediate EMT), which means that these
cells expressed at the same time epithelial and mesenchymal markers, respectively linked to
adhesion and migration [143]. The observation that these cells drive tumor growth in vivo and
have the capacity of self-renewal provides a link between stemness and phenotypic plasticity.
Many other studies have highlighted a connection between partial EMT, drug resistance and
tumor-initiating ability, showing that this phenotype enables the formation of highly metastatic
circulating-tumor cells clusters [144]. Therefore, EMT provides a hint about the plasticity model,
showing that plasticity enhances invasion potential and tumor-initiating properties of cells that
arrive at the metastatic site [144]. Stemness is therefore not a fixed and inherent property, but
instead CSCs and non-CSCs can bidirectionally interconvert between these two states [144].

Figure 1.5 EMT contributes to invasiveness, stemness and drug resistance. Activation of EMT results in
migration and fast tissue invasion. Furthermore, EMT activation affects tumor-initiating properties of cancer cells,
with the greatest properties found at the intermediate level of EMT. Drug resistance of cancer cells also seems to be
highest in cells with intermediate EMT phenotype.
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1.4

Novel therapeutic strategies for ovarian cancer

Recent advances in high-throughput approaches assisted the identification of several potential
therapeutic targets to selectively kill cancer cells. Currently, the focus of anti-cancer drug
discovery is the development of molecular targeted therapies rather than conventional cytotoxic
drugs. A big challenge remains the identification of agents and approaches that selectively
eradicate both cancer stem cells, which are the cause of tumor recurrence, and the bulk tumor
mass. It became increasingly clear the crucial role of CSCs in disease recurrence and
chemoresistance, thus targeting these cells seems a promising way to reach complete tumor
eradication.

1.4.1

Inhibition of cancer stem cell-associated pathways

Novel therapies have been employed to target CSC-specific markers or pathways critical for
regulation and maintenance of stem cell-like properties (Table 1.2).

Table 1.2 Emerging therapies targeting ovarian cancer stem cell-associated pathways.

Drug

Target

Identifier

Phase

Condition

Combination

Metformin

Anti-diabetic drug

NCT02122185

II

Stage III and IV OC

Yes

Sonidegib

Hedgehog
inhibitor

NCT01954355

I

Advanced OC

Yes

Vismodegib

Hedgehog
inhibitor

NCT00739661

II

Ipafricept

Wnt inhibitor

NCT02092363

I

Defactinib

FAK inhibitor

NCT01778803

I

OC in second or
third complete
remission
Recurrent
platinum-sensitive
OC
Advanced OC

No

Yes

Yes

Clinical trial information accessed via https://clinicaltrials.gov with National Clinical Trial Number (NCT Number).

Metformin hydrochloride is clinically employed as an anti-diabetic drug for type 2 diabetes
[145] but recent studies have reported its ability to enhance chemotherapy efficacy in different
cancer types by targeting CSCs. Metformin showed synergic effect with standard
chemotherapeutic agents, reducing tumor relapse rate [146]. Shank and colleagues elucidated a
potential mechanism behind this effect, demonstrating that the treatment with metformin
reduced ALDH+ ovarian CSCs, proliferation and angiogenesis in vitro and in vivo [147]. This
effect was additive in combination with CDDP [147]. The outcomes of combinational treatment
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with metformin and chemotherapy in patients with stage III and IV OC are currently investigated
in a phase II clinical trial (NCT02122185) [148]. In a recent publication, the treatment of some
OC cell lines with the FDA approved PARPi olaparib and rucaparib enriched for cells with highly
efficient DNA repair, expressing the CSC markers CD133 and CD117 [149]. These results may
explain why often patients who received PARPi treatment develop resistance in spite of a good
initial therapy response. Several developmental pathways, including Notch, Wnt and Hedgehog,
are crucial for self-renewal and regulation of CSCs. The inhibition of these pathways in
combination with traditional chemotherapy has been proposed as a promising therapeutic
strategy for recurrent diseases.
Sonidegib is an FDA approved Hedgehog inhibitor for basal cell carcinoma. Sonidegib was tested
in phase I clinical trial in combination with PTX (NCT01954355) as treatment for patients with
advanced OC, demonstrating anti-tumoral activity. Based on this study, a recommended phase II
dose has been identified [150]. Vismodegib, a second Hedgehog inhibitor, was used in a phase II
clinical trial as maintenance therapy for patients diagnosed with OC in second or third complete
remission (NCT00739661) [151]. However, no survival benefit was observed (5.8 months for
placebo vs. 7.5 months for the treatment group), implying that the blockage of Hedgehog
pathway alone is probably not enough to destroy recurrent disease [151]. The Wnt inhibitor
Ipafricept reduces CSC frequency, promotes cell differentiation in patient-derived OC xenografts
and in a phase I clinical trial in association with CBT and PTX for recurrent platinum-sensitive
OC (NCT02092363), 82% of patients achieved partial or complete response [152]. Focal
adhesion kinase (FAK) is a cytoplasmic protein overexpressed in CSCs of different tumors and it
maintains interaction with stromal cells to activate intracellular signaling cascades [57].
Defactinib, an oral inhibitor of FAK, exhibited modest activity in phase I clinical trial in
combination with PTX for advanced OC (NCT01778803), suggesting that targeting the CSC niche
may offer a suitable therapy strategy [153].
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1.4.2

New radioimmunotherapy approaches

L1 cell adhesion molecule (L1CAM) is a 200 to 220 kDa type I membrane glycoprotein of the
immunoglobulin superfamily, containing six immunoglobulin-like domains and five fibronectin
type III repeats followed by a transmembrane region and a highly conserved cytoplasmic tail
[154-156]. Firstly, L1CAM was identified as a protein of the nervous system and during brain
development it was shown to play an important role in morphogenic events like neurite
outgrowth, fasciculation, adhesion and neuronal cell migration [157]. L1CAM is expressed in
human peripheral nerve bundles and in human kidneys, while it is absent in other human
tissues comprising heart, lung, colon, liver, thymus or testis [157, 158]. Additionally, L1CAM is
overexpressed in various types of human cancers, including ovarian and endometrial carcinoma,
colon cancer, melanoma and glioblastoma, and it usually correlates with advanced tumor stage
and poor prognosis [155, 156]. L1CAM expression in cancer supports motility and invasion,
promoting aggressive tumor growth and metastasis formation [156]. This protein exhibits static
and motility-promoting functions, eliciting different signaling pathways depending on the
binding partners; L1CAM homophilic interactions support static cell-cell binding while binding
of L1CAM to integrin induces motility and invasiveness [156]. The restricted expression of
L1CAM allowed the use of anti-L1CAM mAbs for OC targeted therapies. One of the most used
mAbs is chCE7, a chimeric IgG1 molecule that binds with high affinity to human L1CAM [158].
Previous work revealed that chCE7 binds near the RGD sequence in the sixth Ig-like domain of
human L1CAM, inhibiting its binding with integrin [159]. RIT using Cu-67 and the
radiolanthanides Lu-177 and Tb-161 demonstrated increased efficiency of antibody-based
L1CAM therapy in preclinical OC models [160-162]. The antigen-antibody complex usually
internalizes by endocytosis and the coupled metallic radionuclides are trapped in the cell [162,
163]. Therapeutic results for RIT in solid tumors (as adjuvant therapy after primary surgery
and/or chemotherapy) have been modest during recent years and the main obstacles include
low radiosensitivity, poor lymphatic drainage, limited diffusion of the antibody through tumor
mass, poor vascularization and lack of homogeneous targeting [164]. To overcome these
limitations, several new strategies including bioengineering development of different antibody
formats to improve tumor penetration, pre-targeting approaches, the use of alpha-particles or
Auger electron emitters, as well as dose fractionation, have been developed over the past years
[164]. Furthermore, RIT has been combined with other chemotherapeutics, including DNAdamaging agents (e.g., CDDP), microtubules-stabilizing agents (e.g., PTX) and protein kinase
inhibitors (PKIs) providing cellular radiosensitization effects [165, 166]. PTX enhances antiL1CAM RIT effectiveness, blocking cancer cells in the radiosensitive G2/M cell cycle phase. Our
group could recently demonstrate that in vivo combination therapy with 177Lu-DOTA-chCE7 and
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PTX significantly extended overall survival of ovarian tumor-bearing mice (55 days RIT+PTX vs.
18 days PTX and 29 days RIT) [165].
Different properties of alpha-particles and Auger electrons, including short path length and high
density of released energy in tissue, make them appropriate for targeted therapies against small
volume diseases such as metastases (< 1 cm diameter) and for eradicating radioresistant CSCs
[167]. The linear energy transfer (LET) refers to the energy released over the track length of the
radiation in biological tissues [168]. At equal absorbed dose, high-LET particles result in
relatively high deposition of energy in tumor cells, making this form of radiation more cytotoxic
than low-LET radiations (Figure 1.6) [169].

Figure 1.6 Cellular damages induced by different LET radiations. (A) Low-LET radiations produced by betaparticles induce individual DNA lesions that can be easily repaired by the DNA repair machinery. (B) Auger electrons
are released as a cascade close to cell membrane or DNA, producing clusters of lethal DNA lesions. (C) Alpha
radiations have high-LET and produce multiple damages along a linear track that are difficult to repair. Blue dots:
ionizations/excitations.

Most beta-particles emit low-LET radiations of 0.1-1 keV/μm, while alpha-particles have highLET values of 50-230 keV/μm and Auger electrons intermediate-LET of 4 to 26 keV/μm. [169,
170]. Low-LET of beta-particle emitters is due to intermediate energy (0.5-2.3 MeV) and long
range in biological tissues (0.5-12 mm), producing easily reparable sparse DNA lesions [169].
Additionally, beta-particles kill tumor cells surrounding target cells independently from antigen
expression, by the so-called “cross-fire” effect. Because of heterogeneous antigen expression
among tumor cells, cross-fire irradiation is suitable when not all tumor cells can be specifically
targeted by radiolabeled antibodies. However, the long path of these particles can also induce
bone marrow toxicity. In contrast, alpha-particles have high energy (5-9 MeV) and intermediate
path length (50-100 μm), restricting their effect to 5-10 cell diameters [169]. Auger electrons
have low energy (0.001-1 KeV) and subcellular nanometer range (< 1 μm)[169].
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These characteristics further minimize the non-specific irradiation of surrounding healthy
tissues. Most significantly, it allows to locally deliver high-absorbed doses and lethally damage
tumor cells, inducing densely localized DNA DSBs. Besides DNA damage, these short-range
electrons damage the cell membrane and elicit radiation-induced bystander effect [171]. For this
reason, alpha-particle and Auger electron-emitting nuclides are very attractive for
radioimmunotherapy (RIT) against therapy-resistant CSCs. Some RIT approaches for OC using
alpha-particle emitters showed their great potential to treat microresidual diseases in
preclinical models [140-142]. In 2017, Kasten et al. used the mAb 376.96, which recognizes the
B7-H3 epitope expressed on ovarian CSCs and on the bulk population, radiolabeled with Pb-212
to treat tumor-bearing mice. Mice treated with

212Pb-376.96,

alone or combined with CBT,

showed two to three times longer survival than control groups [172]. Recent outcomes from a
phase I clinical study indicated minimal toxicity of intraperitoneal (i.p) administration of 212PbTCMC-trastuzumab in patients with advanced OC [173].
Common knowledge about ovarian CSCs has made remarkable progress over the last years; still
there are many limitations and challenges related to disease complexity and current
experimental models. The inherent heterogeneity of OC provides therapeutic challenges and it is
further complicated by the acquired heterogeneity driven by microenvironmental and
therapeutic pressure. Definitely, clinical trials should consider the high heterogeneity regarding
CSC markers to select the proper patient cohort. Additionally, CSC frequency and content should
be monitored during clinical trials to assess therapy response. Considering the possibility of
bulk tumor cell reprogramming, an optimal therapeutic regimen should combine therapeutic
drugs showing wide cytotoxic effects on non-CSCs in combination and/or followed by a therapy
targeting resistant CSCs (Figure 1.7) [174]. To reach this goal, research needs to focus on the
identification of new and reliable signaling pathways that influence CSC maintenance,
differentiation, drug resistance, DNA damage repair and their plasticity.

31

Chapter 1 | Novel therapeutic strategies for ovarian cancer

Figure 1.7 Therapeutic relevance of cancer stem cells. Conventional cancer therapies mostly kill the tumor bulk
population, while therapy-resistant cancer stem cells (CSCs) survive and continue to proliferate, leading to tumor
recurrence. CSC-specific therapies need to be designed in order to precisely eradicate CSCs. Without self-renewing
CSCs to drive tumor progression, the tumor shrinks and regresses.
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1.5

Aims of the thesis

Ovarian cancer (OC) is driven by small populations of cells with stem cell-like properties, also
known as cancer stem cells (CSCs). These cells are very tumorigenic and therapy-resistant, likely
being the reason for treatment failure and disease recurrence. Previous work in our lab
proposed anti-L1CAM radioimmunotherapy (RIT) as a promising therapeutic option for OC,
demonstrating that the Auger electron-emitting radiolanthanide Tb-161 increased the
effectiveness of mAb chCE7-based RIT in a preclinical OC model. Our research focused on
evaluating L1 cell adhesion molecule (L1CAM) as CSC marker and as therapeutic target for RIT
against ovarian CSCs. This approach may bring a positive impact for all CSC-based tumors.
First, we investigated if the application of clinically relevant protein kinase inhibitors (PKIs)
offered a therapeutic possibility to improve anti-L1CAM

177Lu-RIT

against OC. Five PKIs were

selected based on their clinical significance (OC phase clinical trials I-II) and their impact on cell
cycle regulation.
We then evaluated the role of L1CAM in different ovarian progenitor cell populations. We
isolated different cell populations based on L1CAM and CD133 expression using fluorescentactivated cell sorting (FACS) and we assessed clonogenic property, sphere-forming capacity and
radioresistance in vitro along with tumorigenicity and self-renewal in vivo.
Finally, we asked if

161Tb-chCE7-RIT

could be used to specifically kill CSCs, taking advantage of

the higher amount of emitted Auger electrons compared to the clinical nuclide Lu-177. This
approach would represent a “proof-of principle” that Tb-161 can overcome CSC radioresistance.
We analyzed molecular and radiobiological effects induced by Auger electron RIT in vitro using
OC cell lines and their L1CAM+/CD133+ ovarian CSC population.
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2.1

Abstract

Background: Protein kinase inhibitors (PKIs) are currently tested in clinical studies (phase IIII) as an alternative strategy against (recurrent) ovarian cancer. Besides their anti-tumor
efficacy, several PKIs have also shown radiosensitizing effects when combined with external
beam radiation. Based on these results we asked if the addition of PKIs offers a therapeutic
opportunity to improve radioimmunotherapy against ovarian cancer. Five PKIs (alisertib,
MK1775, MK2206, saracatinib, temsirolimus) were chosen for cytotoxicity screenings based on
their current state of clinical trial for the treatment of ovarian cancer and their influence on cell
cycle regulation and DNA damage repair pathways. For our investigations, we combined
selected PKIs with 177Lu-labeled anti-L1CAM monoclonal antibody chCE7.
Methods: PKIs cytotoxicity was determined by cell colony-forming assays. A biomarker of DNA
double-strand breaks (γH2A.X) was analyzed by Western blot and fluorescence microscopy.
Flow cytometric measurements were performed to evaluate levels of apoptosis based on monoor combination treatments. The best combination was used for in vivo combination therapy
studies in nude mice with SKOV3ip and IGROV1 human ovarian cancer xenografts. Bonferroni
correction was used to determine statistical significance for multiple comparisons.
Results: The highest cytotoxicity against both cell lines was observed for MK1775 and alisertib.
Combinations including

177Lu-labeled

mAb chCE7 and MK1775 decreased

177Lu-DOTA-chCE7

IC60-values 14-fold, compared to 6-fold when the radioimmunoconjugate was combined with
alisertib. The most effective PKI MK1775 was further evaluated and demonstrated synergistic
effects in combination with

177Lu-DOTA-chCE7

against IGROV1 cells. Significantly higher

amounts of DSBs were detected in IGROV1 cells after combination (91%) compared to either
treatment alone (MK1775: 52%, RIC: 72%; p < 0.0125). Early-apoptosis was significantly
enhanced in IGROV1 cells, correlating with induced double-strand breaks (177Lu-DOTA-chCE7:
8%, MK1775: 28%,

177Lu-DOTA-chCE7

+ MK1775: 40%; p < 0.0125). Immunohistochemical

analysis of γH2A.X expression levels after therapy in SKOV3ip xenografts revealed a high
sensitivity of tumor cells to MK1775 and a high radioresistance. A prominent effect of tumor
growth inhibition of the RIT and of the combination therapy was observed in vivo in a late stage
IGROV1 xenograft model.
Conclusion: Our results warrant further evaluation of combination of MK1775 and
radioimmunotherapy.
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2.2

Background

Today, ovarian cancer (OC) represents the most severe gynecological cancer in women.
Approximately 75% of the affected patients are diagnosed with advanced-stage III or IV, since
diagnostic markers and clinical symptoms during early stages are mostly absent [10].
Cytoreductive surgery and paclitaxel-platinum chemotherapy represent the most efficient
therapy options for advanced OC. Despite good response rate towards chemotherapy (50–80%),
the major issue stays the rather high relapse rate in patients within 2 years, including
development of taxane- or platinum-resistant tumors [175, 176].
Modern chemotherapeutic agents like etoposide, gemcitabine, topotecan or PEGylated liposomal
doxorubicin are frequently used against recurrent OC, but unfortunately, with very limited
response rate between 15 and 30% [177-180].
Given the high relapse rate of recurrent platinum-resistant OC, the overall survival is still limited
(approx. 40%) [181]. Alternative screening and therapy strategies are urgently needed. New
targeted therapies have been investigated during the last couple of years with the goal to
increase overall survival and reduce side effects. Therefore, various monoclonal antibodies
(mAbs) have been studied as a targeted treatment alternative [182]. Unfortunately, mAb-based
mono- or combination therapies showed only limited clinical efficacy against advanced OC
despite promising pre-clinical results [183-186]. Many research groups focused on alternative
therapeutic strategies including several PKIs targeting different signaling pathways or the DNA
repair machinery of cancer cells. Besides their efficacy against (recurrent) OC, several protein
kinase inhibitors (PKIs) also revealed radiosensitizing effects when combined with ionizing
radiation (external beam radiation; EBRT) [187-189].
In previous studies we demonstrated the efficacy of anti-L1CAM radionuclide-labeled mAb
chCE7

(Lu-177,

Tb-161,

Cu-67)

as

monotreatment

or

when

combined

with

the

chemotherapeutic paclitaxel (PTX) against disseminated OC [160-162, 165]. Based on these
findings we explored a new approach, investigating the potential synergy between PKIs and
anti-L1CAM radioimmunotherapy (RIT) against OC. In this context, it is worth mentioning that
high expression of L1 cell adhesion molecule (L1CAM) in OC is associated with the rapid growth
of aggressive tumors and a poor prognosis for the patients [190]. L1CAM “is a major driver for
tumor cell invasion and motility” [156]. Five PKIs were chosen for initial cytotoxicity screenings
based on their current state of clinical studies (OC phase I-II clinical trials) and their potential
radiosensitizing characteristics.
Briefly, PKIs candidates were chosen as follows: Alisertib, an Aurora kinase A PKI, showed
modest results in a phase II clinical trial against platinum-resistant or refractory OC [191].
Additionally, a phase I clinical trial is ongoing for the therapy of recurrent OC in combination
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with the chemotherapeutic PTX (NCT01091428). Alisertib has shown to sensitize glioblastoma
cells against radiation in vitro [188].
MK1775, known as AZD1775, is an ATP-competitive inhibitor of Wee1 tyrosine kinase. Wee1 is
one of two kinases (Wee1 and Mik1) that catalyze inhibitory phosphorylation on the CDC2cyclin B complex [192, 193]. Inhibition of Wee1 abrogates the G2/M arrest and leads to
compelled progression to mitosis despite damaged DNA, resulting in mitotic catastrophe [194].
MK1775 is under investigation in different phase II clinical trials in combination with
gemcitabine, carboplatin (CBT) or PTX against OC (NCT02101775 and NCT02272790) and it has
previously shown radiosensitizing characteristics in vivo when combined with ionizing radiation
for the treatment of intrinsic potine gliomas [195]. Temsirolismus is a mTOR inhibitor which has
shown modest, but not sufficient, anti-tumor activity in a recent phase II clinical trial as
monotherapy against persistent/recurrent OC [196, 197]. A phase II clinical study testing
temsirolimus combined with bevacizumab has been completed but no study results have been
published yet (NCT01010126). The radiosensitizing abilities of temsirolismus were shown in
vivo in a glioblastoma model [198].
Saracatinib is an inhibitor of Src tyrosine kinase and it was investigated in a phase II clinical trial
in combination with PTX and CBT for advanced OC (NCT00610714). However, the results
remain to be published. Saracatinib revealed sensitizing effects towards ionizing radiation in a
lung cancer in vitro model [189].
MK2206 is a highly selective inhibitor of Akt kinase and it was tested in a phase II clinical trial
against platinum-resistant OC (NCT01283035) [199]. The study has been recently completed. In
addition, it was demonstrated that MK2206 can sensitize in vitro triple negative breast cancer
cells towards EBRT [200]. After initial in vitro screenings, we further investigated in vivo the
combination treatment of PKI MK1775 and 177Lu-labeled mAb chCE7. Two OC cell lines (IGROV1,
p53wt and SKOV3ip, p53del) were used for our studies.
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2.3

Materials and methods

2.3.1

Cell culture and antibody formats

L1CAM positive SKOV3ip cells were kindly provided by Peter Altevogt (German Cancer Research
Center, Heidelberg, Germany). Cells were established from ascitic fluid of a nu/nu mouse that
was previously injected with SKOV3 cells [201]. SKOV3ip cells were maintained in DMEM
medium at 37°C. IGROV1 cells were a kind gift of Dr. Cristina Müller (Center for
Radiopharmaceutical Sciences, Paul Scherrer Institute) and were maintained in RPMI 1640
medium at 37°C. Both cell media were supplemented with 10% FCS, 2 mM L-glutamine, 100
U/ml penicillin, 100 μg/ml streptomycin and 0.25 μg/ml fungizone (BioConcept, Allschwil,
Switzerland). The two cell lines were cultivated in a humidified atmosphere containing 5% CO2.
Cell lines were authenticated by short tandem repeat (STR) profiling (Department of Molecular
Medicine, Aarhus University Hospital, Denmark; DSMZ Authentication Service, Braunschweig,
Germany) and were mycoplasma free (Mycoplasma test kit, AppliChem GmbH, Darmstadt,
Germany). The cell lines did not require ethical approval. Chimeric monoclonal antibody mAb
chCE7 (human κ light chain and human γ1 heavy chain) is an IgG1-subtype. MAb chCE7 was
produced in HEK293 cell line and purified from cell culture supernatant using Protein-A
Sepharose column (GE Healthcare, Glattbrug, Switzerland) as previously described [202].

2.3.2

Ligand substitution and 177Lu antibody radiolabeling

For ligand substitution, molar excess of p-SCN-Bn-DOTA (Macrocyclics, Dallas, TX, USA) was
individually adapted to vary DOTA-to-mAb ratios for in vitro and in vivo experiments, as
described elsewhere [162]. Briefly, p-SCN-Bn-DOTA was mixed with mAb chCE7 in 0.1 mol/L
sodium phosphate buffer (pH 7.2). The pH was adjusted to pH 9–10 using a saturated Na3PO4
solution and was incubated overnight at 30°C with gentle shaking. Using a NAP-5 column (GE
Healthcare, Glattbrugg, Switzerland) ligand excess was removed and buffer was exchanged into
0.25 M CH3COONH4 (pH 5.5). Immunoconjugates were concentrated to 5 mg/ml and stored at
−80°C. The number of chelators coupled to the mAb was determined by mass spectroscopy
[161]. For radiolabeling, the radionuclide Lu-177 (ITG, Garching, Germany) was used one to
three days post-specified calibration date. In brief, 100–450 MBq of Lu-177 was added to 150 μg
immunoconjugate and incubated in 0.25 M CH3COONH4 buffer (pH 5.5) at 37 °C for 1 h. After
radiolabeling, EDTA was added to the reaction mixture (5 min) to a final concentration of 5 mM
to complex free Lu-177. Radiolabeled antibodies were purified via fast protein liquid
chromatography (FPLC) size exclusion chromatography on a Superose 12 column (GE
Healthcare, Glattbrugg, Switzerland) using PBS as eluent with a flow rate of 0.5 ml/min.
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Radioimmunoconjugates (RICs) were eluted with a retention time of 21 min [165]. The
immunoreactive fraction (IRF) of labeled antibody conjugates ranged from 60 to 83% [203].

2.3.3

In vitro cytotoxicity assays

In order to investigate the sensitivity of SKOV3ip and IGROV1 cells, selected PKIs (alisertib,
MK1775, MK2206, saracatinib, temsirolimus; all from Selleckchem, LuBioScience, Luzern,
Switzerland) were solved in DMSO and the accordant half-maximal inhibitory concentration
(IC50) was determined by adapted colony-forming assays [204]. Ovarian cancer cells were
seeded into 6-well plates with a density of 250 cells/well and incubated overnight at 37°C. After
adhesion, cells were washed with PBS and incubated with the relevant PKI concentrations
ranging from 0.1 to 1000 nM for 48 h at 37°C. Cells were washed with PBS and covered with
regular supplemented cell culture medium. Eleven to fourteen days post-plating, colonies were
washed with PBS, fixed and stained with crystal violet staining solution containing 0.05% crystal
violet, 1% formaldehyde and 1% MeOH for 15 min at RT. Colonies were washed twice with PBS
and manually counted ([204], adapted). Colonies containing more than 100 cells were
considered for counting. For combination experiments, cells were incubated with half of the
half-maximal inhibitory concentration (half IC50) of PKIs for 48 h at 37°C. One ml of 177Lu-DOTAchCE7 solution was added before, simultaneously, or post-PKI application in concentrations
ranging from 0.05 to 5 MBq/ml for 8 h at 37°C. The incubation medium was removed at the
indicated time points and cells were washed with PBS and incubated with regular supplemented
cell culture medium. Again, 11-14 days post-plating, colonies were washed with PBS, fixed,
stained and counted as described.

2.3.4

Western blot analysis

Cells were exposed to accordant mono- or combination treatments including IC50 of MK1775
(300 nM) for 48 h and/or 5 MBq/ml 177Lu-DOTA-chCE7 (5 ml) for 8 h. Cell lysates were subject
to SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred onto a PVDF
membrane (Immobilon, Merck, Schaffhausen, Switzerland) via a semi-dry blotting device (BioRad Laboratories AG, Reinach, Switzerland) and incubated with primary anti-CDC2 (1:1000) pCDC2 (Tyr-15; 1:1000) or -GADPH (1:1000) antibodies (Cell Signaling Technology, BioConcept,
Allschwill, Switzerland). Detection of proteins was performed with secondary anti-mouse IgG
HRP-linked antibody (1:2000, 30 min, RT; Cell Signaling Technology, BioConcept, Allschwill,
Switzerland) and ECL chemiluminescence kit (Perbio Science Switzerland S.A., Lausanne,
Switzerland). All antibody dilutions were prepared in TBST with 2% BSA and were incubated
overnight at 4°C. For the detection of histone phosphorylation, γH2A.X (Ser139), Abcam’s
histone extraction protocol was used. Briefly, cells were detached from plates and washed twice
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with ice-cold PBS containing 5 nM sodium butyrate to retain levels of histone acetylation.
Washed cells were resuspended and incubated for 10 min in TEB containing 0.5% triton-X 100
(v/v), 2 mM PMSF and 0.02% (w/v) NaN3. Suspended cells were centrifuged at 6500 x g for 10
min at 4°C, washed in half volume of TEB buffer, centrifuged again (6500 x g, 10 min, 4°C) and
incubated overnight at 4°C in 0.2 M HCl (75 μL) to extract histones. The next day, cells were
centrifuged as before and protein concentration of the supernatant was determined via
advanced protein assay reagent (Cytoskeleton, Inc., Denver, USA). Aliquots were stored at -20°C
and subjected to Western blot analysis as previously described.

2.3.5

Fluorescence microscopy

Cells were seeded in an 8-well chamber system (Nunc Lab-Tek II Chamberslides, Thermo Fisher
Scientific, Reinach, Switzerland) with 1.5 x 104 cells per chamber and incubated overnight at
37°C. After adhesion, cells were treated with MK1775 (100 nM, 300 μl) for 48 h and/or 2.5
MBq/ml

177Lu-DOTA-chCE7

(300 μl) for 4 h. Cells were washed three times with PBS and

incubated for 15 min in PBS with 4% formaldehyde for fixation. Subsequently, cells were
washed and incubated with 0.2% permeabilization buffer containing 0.03 M NaCl, 0.3 mM
KH2PO4, 0.5 mM Na2HPO4 and 3% triton-X 100 diluted with PBS for 15 min at RT. Cells were
blocked in PBS with 1% BSA and 0.3% Tween-20 for 45 min and incubated overnight with the
primary anti-γH2A.X antibody (1:400, 4°C; Cell Signaling Technology, BioConcept, Allschwill,
Switzerland) diluted in blocking buffer. Cells were incubated with a reaction mixture containing
secondary FITC-conjugated antibody (1:300; Abcam, Cambridge, UK) and phalloidin (1:200; Cell
Signaling Technology, BioConcept, Allschwill, Switzerland) for 30 min at RT, washed three times
and stored at 4°C in the dark. Samples were imaged with a Leica SP5 confocal microscope (Leica
Microsystems, Switzerland) using a 50x, 0.5 NA dry objective. Fields were chosen at random
locations. γH2A.X foci were calculated as percentage of the total cells counted in each field.

2.3.6

Apoptosis analysis via flow cytometry

Cells were treated with 300 nM MK1775 for 48 h and/or 5 MBq/ml

177Lu-DOTA-chCE7

(5 ml)

for 8 h, detached, washed and subjected to apoptosis analysis by flow cytometry using an
AnnexinV-FITC/PI double staining. Cells were incubated for 15 min with an AnnexinV-FITC/PI
reaction mixture containing 10 mM HEPES/NaOH (pH 7.4), 140 mM NaCl, 5 mM CaCl2, as well as
20 μl of annexin V-FITC labeling reagent (Roche Diagnostics GmbH, Mannheim, Germany) and
20 μl PI solution (Flucka, Buchs, Switzerland). Labeled cells were transferred into a 96-well
plate, analyzed by flow cytometry and results were evaluated using FlowJo software (Tree Star,
Ashland, OR, USA, version 10).
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2.3.7

In vivo studies

All animal experiments were approved by the cantonal committee on animal experiments and
permitted by the responsible cantonal authorities (permission number 75666, Kanton Aargau).
The studies were conducted in compliance with the Swiss laws on animal protection. For tumor
growth, groups of 4-6 female CD1 nude mice (Charles River, Sulzfeld, Germany; 5 weeks old)
were injected subcutaneously (s.c.) with 5 x 106 IGROV1 cells (100 μl, in sterile PBS) into the
right flank. One week before RIT start, 200 μg of murine IgG2a (Sigma-Aldrich, Buchs,
Switzerland) were intraperitoneally (i.p.) injected to minimize unspecific binding to murine Fcɣ
and FcRn receptors. Nineteen days post-tumor cell inoculation (mean tumor volume: 362 ± 150
mm3; mean body weight: 24.8 ± 1.6 g), mice were treated with (a) 6 MBq (50% maximum
tolerated dose; MTD) [162], 25 μg, 100 μl

177Lu-DOTA-chCE7,

(b) 6 MBq

177Lu-DOTA-isotype

control antibody (25 μg, 100 μl) or (c) PBS into the tail vein. In some treatment groups, MK1775
(50 mg/kg, CliniSciences, Nanterre, France) was given in DMSO in 0.5% methylcellulose (SigmaAldrich, Buchs, Switzerland) in a 1:14 suspension [205] by oral gavage on three consecutive
days starting 48 h after RIT. The gavage needle was pre-coated with sucrose to reduce stress for
the mice [206]. For the in vivo assessment of DNA damage, nude mice (n=3) were s.c injected
with 5 x 106 SKOV3ip cells and 14 days later treated with 2 MBq of intravenously (i.v.)
administered

177Lu-DOTA-chCE7

alone or in combination with 50 mg/kg orally (p.o.)

administered MK1775 48 h after RICs. PKI doses were administered daily for three consecutive
days. Accordantly, controls received PBS. Six days post-therapy start, all animals were
euthanized. Subcutaneous xenografts were measured, removed and fixed in 4% neutral-buffered
formalin (Formafix, Hittnau, Switzerland) for 48 h. After fixation, tissues were trimmed,
dehydrated in graded alcohol and routinely paraffin wax embedded. Consecutive sections (3-5
μm thick) were prepared, mounted on glass slides and routinely stained with haematoxylin and
eosin (H&E) or subjected to immunohistochemical staining. A rabbit polyclonal antibody against
mouse phosphorylated γH2A.X histone antigen (Cell Signaling Technology, BioConcept,
Allschwill, Switzerland) was used to detect endogenous levels of γH2A.X when phosphorylated
on Ser139. Briefly, sections were deparaffinized in xylene rehydrated in decreasing
concentrations of ethanol and subjected to antigen retrieval using 10 mM Tris-EDTA buffer (pH
9.0) for 15 min at 98°C. This was followed by incubation for 15-18 h at 4°C with the primary
antisera (1:50 dilution in Dako antibody diluent, Dako-Agilent Technologies, Denmark). A
detection kit containing the secondary antibody and diaminobenzidinetetrahydrochloride (DAB)
as chromogen was subsequently applied according to the manufacturer’s instructions
(Peroxidase/DAB+ Rabbit/Mouse Kit; DAKO-Agilent Technologies, Denmark), followed by light
counterstain with hematoxylin. An attempt was made to quantify the number of γH2A.X positive
tumor cells. Slides were scanned using digital slide scanner NanoZoomer-XR C12000
43

Chapter 2 | Materials and methods

(Hamamatsu, Japan) and images (10 images per sample, 40x) were taken using NDP.view2
viewing software (Hamamatsu). Fields were selected just beneath the capsule of the xenografts,
avoiding areas exhibiting liquefactive necrosis. Cells immunostained for γH2A.X were calculated
as percentage of the total cells counted in each field.

2.3.8

Statystical analysis

Statistical analysis of apoptosis, fluorescence microscopy and histological data was performed
using student’s t-test (two-tailed, unpaired) with Bonferroni-correction. Statistical significance
was determined with p < 0.0125. In vitro data were analyzed via combination index calculations
(CI = (CA,x /ICx,A ) + (CB,x /ICx,B )). Thereby, concentrations required to produce a given effect were
determined for drug A (ICx,A) and drug B (ICx,B). CA,x and CB,x are the concentrations of A and B
contained in combination that provide the same effect. Synergy was determined for CI < 1,
additivity for CI = 1 and antagonism for CI > 1 [207].
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2.4

Results

2.4.1

Antibody radiolabeling and ligand substitution

In order to determine the DOTA-to-mAb (chCE7) ratio, mass spectroscopic analysis was
performed. Results showed that an average of 7.6 chelators was coupled to one intact antibody
molecule of the radioimmunoconjugates (RICs) used for the in vitro experiments. For the RICs
utilized in the in vivo study, an average of 2.7–3.1 chelators was coupled. Specific activity ranged
from 2000-2850 MBq/mg for RICs with 7.6 chelators and 240-560 MBq/mg for RICs with 2.7–
3.1 chelators. Lindmo method was used to prove the immunoreactive fraction (IRF) of
radiolabeled mAbs (60-83%).

2.4.2

Cytotoxicity of selected PKIs towards IGROV1 and SKOV3ip cells

First, we investigated the sensitivity of IGROV1 and SKOV3ip ovarian cancer (OC) cell lines
towards the selected protein kinase inhibitors (PKIs). Respective dose-response curves are
shown in Figure 2.1 and resulting IC50-values are summarised in Table 2.1. PKIs alisertib and
MK1775 showed IC50-values in the medium nanomolar range for both OC cell lines. Comparable
sensitivities of SKOV3ip cells were observed towards the PKIs temsirolimus and MK2206. In
comparison, IC50-values for temsirolimus and MK2206 against IGROV1 cells could only be
estimated within in the micromolar range, since highest applied PKI concentration of 1 μM was
not sufficient to reach IC50. No cytotoxicity was detected for both cell lines based on the
treatment with PKI saracatinib (Figure 2.1B).

Table 2.1 IC50-values for PKIs against IGROV1 and SKOV3ip cells.

Alisertib

MK1775

Temsirolimus

MK2206

Saracatinib

IGROV1

50 ± 3 nM

306 ± 4 nM

n.a.

n.a.

n.a.

SKOV3ip

158 ± 3 nM

133 ± 4 nM

120 ± 4 nM

131 ± 3 nM

n.a.

n.a.: not available
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Figure 2.1 IC50-values for (A) Alisertib, (B) Saracatinib, (C) MK1775, (D) Temsirolimus and (E) MK2206. IC50-values
were determined by colony-forming assays. IGROV1 and SKOV3ip cells were incubated for 48 h with accordant PKI
concentrations ranging from 0.1-1000 nM.
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2.4.3

MK1775 sensitizes IGROV1 cells towards treatment with 177Lu-DOTA
chCE7 in vitro

PKIs saracatinib, MK2206 and temsirolimus showed only limited cytotoxicities against both OC
cell lines and were, therefore, not considered for further investigations. Based on these results,
first in vitro combination experiments were performed using the PKIs alisertib and MK1775
combined with

177Lu-DOTA-chCE7.

Both PKIs demonstrated their ability to radiosensitize

IGROV1 cells by lowering the inhibitory concentration of 177Lu-labeled mAb chCE7 necessary to
reduce colony-forming ability to 60% of an untreated control (IC60). However, MK1775
decreased the IC60-value of

177Lu-DOTA-chCE7

15-fold compared to a 6-fold decrease observed

for the combination including PKI alisertib (Figure 2.2). In this experiment, the cells were
incubated with 177Lu-chCE7 for only 4 h instead of 8 h. Colony-forming ability was reduced by a
maximum of 60% in comparison to the untreated cells even with the highest amount of
radioactivity.

Figure 2.2 MK1775 showed most promising radiosensitizing effect in IGROV1 human ovarian cancer cells.
Combined treatment of 177Lu-DOTA-chCE7 (0.015-3.5 MBq/ml, 4 h). (A) Alisertib and (B) MK1775 were applied
simultaneously at half IC50.

Based on these findings, MK1775 demonstrated the most promising radiosensitizing effect and
it was further investigated. Following experiments included the examination of different
treatment sequences for combined applications of MK1775 and

177Lu-DOTA-chCE7

in IGROV1

cells. The most prominent effects in IGROV1 were achieved when MK1775 (half IC50) was added
simultaneously or post-RIC (Figure 2.3).
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Figure 2.3 Radiosensitivity of IGROV1 cells. The radiosensitivity was determined by colony-forming assays after
combined treatments with 177Lu-DOTA-chCE7 (range: 0.01-5.0 MBq/ml, 8 h) and MK1775 (applied simultaneously, 48
h post-, or 48 h pre-RIC with a concentration of half IC50).

The IC50-value of

177Lu-DOTA-chCE7

was thereby lowered from 1.4 MBq/ml to 0.8 MBq/ml

(simultaneous application), or down to 0.5 MBq/ml (MK1775 post-RIC). MK1775 pre-treated
cells showed no increased sensitivity towards the RIC but rather an increased IC50-value of 3.9
MBq/ml compared to 177Lu-DOTA-chCE7 alone. Combination index (CI) calculated as previously
described by Zhao et al. [207] was used to determine synergy (Figure 2.3). The additional
application of MK1775 (half IC50) after

177Lu-DOTA-chCE7

increased the cytotoxic effect of the

RIC in a synergistic manner (CI < 1). The IC50-value for radioresistance towards

177Lu-DOTA-

chCE7 was 4.7 MBq/ml for SKOV3ip cells (data not shown).

2.4.4

The combination of MK1775 and RIC increases the amount of
induced DNA DSBs compared to monotreatments in IGROV1 cells

In order to elucidate the molecular mechanisms behind the observed radiosensitizing effect of
the Wee1 kinase inhibitor MK1775 in IGROV1 cells, we investigated the phosphorylation status
of cyclin-dependent-kinase 1 (alias CDC2), which is phosphorylated by protein kinase (PK)
Wee1. Additionally, we correlated the phosphorylation of CDC2 (pCDC2) with the amount of
induced DNA DSBs by Western blot analysis.
It seemed that in IGROV1 cells the expression levels of CDC2 were similar, independent of RIC
and/or MK1775 application. Phosphorylation status of CDC2 (pCDC2) looked identical for
control and 177Lu-DOTA-chCE7 treated cells.
However, mono- or combined treatments containing MK1775 decreased the levels of pCDC2
compared to control or

177Lu-DOTA-chCE7

(Figure 2.4). Phosphorylation of histone H2A.X on

Ser139 (γH2A.X) was detected as an indicator for present DNA double-strand breaks (DSBs).
177Lu-DOTA-chCE7-treated

cells showed slightly higher amounts of γH2A.X compared to control

cells. The addition of MK1775 markedly increased the levels of present γH2A.X compared to
177Lu-DOTA-chCE7
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showed the highest level of γH2A.X, thus indicating the largest amount of induced DNA DSBs
compared to either treatment alone or the control (Figure 2.4).

Figure 2.4 Western blot analysis of CDC2, phosphorylated CDC2 and phosphorylation of H2A.X in IGROV1 cell
lysates. Cells were treated with either 5 MBq/ml 177Lu-DOTA-chCE7 for 8 h or 300 nM MK1775 for 48 h. For
combination treatment, cells were simultaneously incubated with both agents. After incubation (8 h), 177Lu-DOTAchCE7 was removed and MK1775 was further incubated until 48 h were reached. All cell lysates were collected
directly post-MK1775 treatment. Loading control: GADPH (glyceraldehyde 3-phosphate dehydrogenase).

Fluorescence microscopy studies were conducted to quantify γH2A.X levels. The induced γH2A.X
foci were counted and cells grouped depending on either no observed γH2A.X foci (Figure 2.5A),
count of foci per cell ≤ 5 (Figure 2.5B), count of foci per cell ≥ 6 (Figure 2.5C), or nondistinguishable γH2A.X foci (intensively positive; Figure 2.5D). All counts are summarized in
Table 2.2. Figure 2.5E shows all γH2A.X positive cells expressed as percent of total cell numbers
counted. Non-treated IGROV1 cells were positively tested for γH2A.X foci (52 ± 19%), indicating
that about half of IGROV1 cells have a basal level of existing of DNA DSBs. After treatment with a
low concentration of MK1775 (100 nM), IGROV1 showed comparable amounts of γH2A.X foci
(55 ± 2%). In contrast,

177Lu-DOTA-chCE7

application resulted in an increased number of 72 ±

1%. The highest amount of induced DNA DSBs was observed for the combination, demonstrating
91 ± 4% of IGROV1 cells being positive for γH2A.X foci. The total number of positive cells
thereby significantly increased compared to either monotreatment (vs. MK1775: p < 0.0125, vs.
177Lu-DOTA-chCE7:

p < 0.0125; Figure 2.5E).
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The number of cells showing ≤ 5 foci was similar for cells treated with

177Lu-labeled

mAb or

combination and the amount of cells showing ≥ 6 foci was comparable all in groups (Table 2.2).
Interestingly, upon combination of both agents, the number of intensively positive cells
significantly raised from 2 ± 1% (177Lu-DOTA-chCE7) and 5 ± 3% (MK1775) to 15 ± 7%. Based
on these numbers, the significant increase in overall positive cells for the combination is mostly
due to the higher amount of intensively positive cells.

Table 2.2 Quantification of γH2A.X foci in IGROV1 cells treated with either 100 nM MK1775 (48 h), 2.5 MBq
177Lu-DOTA-chCE7 (4 h), or both.

Untreated
control

MK1775
[300 nM]

177Lu-DOTA-chCE7

Negative cells

46 ± 16%

44 ± 1%

28 ± 1%

9 ± 4%

Count of foci
per cell ≤ 5

30 ± 8%

28 ± 3%

53 ± 2%

51 ± 6%

Count of foci
per cell ≥ 6

21 ± 12%

22 ± 4%

17 ± 2%

24 ± 2%

Intensively
positive cells

1 ± 2%

5 ± 3%

2 ± 1%

15 ± 7%

Results shown as percent of total cell count.
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Figure 2.5 Fluorescence microscopy of γH2A.X. IGROV1 cells were incubated with 2.5 MBq 177Lu-DOTA-chCE7 for
4 h or with 100 nM MK1775 for 48 h. For combination treatment, cells were simultaneously incubated with both
agents. After 4 h incubation, 177Lu-DOTA-chCE7 was removed and MK1775 was further incubated until 48 h were
reached. Cells were fixed and stained and γH2A.X foci were counted and cells grouped depending on (A) no observed,
(B) ≤ 5, (C) ≥ 6, or (D) non-distinguishable γH2A.X foci (intensively positive). (A-D) show examples of IGROV1 cells
with accordant numbers of γH2A.X foci. (E) summarizes all γH2A.X positive cells expressed in percent of total cell
numbers counted.
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2.4.5

The combination of MK1775 and RIC increases early-apoptosis
compared to monotreatments in IGROV1

To investigate if the induced DNA DSBs resulted in apoptosis/necrosis, flow cytometric analysis
was performed. Cells were either untreated (Figure 2.6A), or incubated with MK1775 (Figure
2.6B),

177Lu-DOTA-chCE7

(Figure 2.6C), or both (Figure 2.6D). AnnexinV-FITC/PI double

staining was used to distinguish between early- and late-apoptosis/necrosis.

Figure 2.6 Apoptosis/necrosis analysis of IGROV1 cells. Cells were double-stained with an AnnexinV-FITC/PI
solution to distinguish between early- or late-apoptosis/necrosis after (A) no treatment, (B) MK1775 (300 nM, 48 h),
(C) 177Lu-DOTA-chCE7 (5 MBq/ml, 8 h), or (D) combined treatment (after 8 h incubation 177Lu-DOTA-chCE7 was
removed and MK1775 was further incubated until 48 h were reached).

IGROV1 cells treated with

177Lu-DOTA-chCE7

demonstrated a doubling in early-apoptotic cells

compared to control cells (177Lu-DOTA-chCE7: 8 ± 2% vs. control: 4 ± 1%). The incubation with
300 nM (IC50) MK1775 showed elevated levels of cells being early-apoptotic (29 ± 10%). The
combination treatment resulted in a significant higher number of early-apoptotic IGROV1 cells
compared to 177Lu-DOTA-chCE7 alone (40 ± 4%, p > 0.0125), indicating that enhanced levels of
induced DSBs (Figure 2.6E) led to significantly increased early-apoptosis immediately after
combined treatment, but not significantly compared to MK1775 monotreatment (p > 0.0125).
The amount of late-apoptotic or necrotic cells did not vary significantly (Table 2.3).
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Table 2.3 Percentage of early- and late-apoptotic/necrotic IGROV1 cells after treatment with MK1775 and
177Lu-DOTA-chCE7.

Untreated
control

MK1775
[300 nM]

177Lu-DOTA-chCE7

[5.0 MBq/ml]

Combined
treatment

Early-apoptosis

4 ± 1%

29 ± 10%

8 ± 2%

40 ± 4%

Late-apoptosis/
necrosis

9 ± 2%

10 ± 2%

13 ± 2%

12 ± 1%

The data were generated from three independent flow cytometry experiments.

2.4.6

Immunohistology reveals significant higher levels of DNA DSBs in
SKOV3ip xenografts administered with MK1775 as a single agent or
in combination with 177Lu-DOTA-chCE7

Two in vivo experiments were performed in order to assess whether the promising results from
the in vitro work could be confirmed. First, we analyzed the immunohistochemical expression of
γH2A.X antigen in SKOV3ip xenograft after administration of MK1775 and 177Lu-DOTA-chCE7. A
generalized increase of γH2A.X expression (brown staining) was evident in the xenografts
exposed to MK1775 (used alone or in combination; Figure 2.7C and D), when compared to those
untreated (Figure 2.7A) or exposed to

177Lu-DOTA-chCE7

monotreatment (Figure 2.7B). A 10-

fold higher magnification clearly demonstrated a difference of γH2A.X expression levels in
controls (Figure 2.7E) and combination therapy-treated tumors (Figure 2.7F). These
observations were confirmed by γH2A.X foci count (Figure 2.7G), which was conducted
accordingly to the criteria applied to in vitro immunofluorescence experiments. Control tumors
and those that received

177Lu-DOTA-chCE7

showed identical levels of γH2A.X foci (177Lu-DOTA-

chCE7: 20 ± 7%, control: 21 ± 9%). In contrast, tumors treated with MK1775 or combination
therapy demonstrated similar but higher amounts of γH2A.X foci (MK1775: 41 ± 2, p < 0.0125;
combination: 42 ± 8%, p > 0.0125) compared to the RIT alone or control.
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Figure 2.7 γH2A.X expression in SKOV3ip xenografts. Mice either received (A) PBS, (B) 2 MBq 177Lu-DOTA-chCE7,
(C) 50 mg/kg MK1775 p.o. for three consecutive days, or (D) combined treatment of 177Lu-DOTA-chCE7 with 50
mg/kg MK1775 p.o. for three consecutive days starting 48 h post-RIT. 10-fold higher magnifications are shown for (E)
control tumors and (F) combination therapy tumor samples. γH2A.X foci were counted and cells grouped depending
on (1) no observed, (2) diffuse, (3) ≤ 5, (4) ≥ 6, or (5) non-distinguishable γH2A.X foci (intensively positive). (G)
summarizes counts of yH2A.X-expressing cells in percent of total cell count.
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2.4.7

RIT with 177Lu-DOTA-chCE7 and MK1775 reduces tumor growth in
an IGROV1 xenograft model

In a second in vivo study, we analyzed the tumor growth inhibition effect of

177Lu-DOTA-chCE7

RIT in combination with MK1775. We have previously shown that the use of 177Lu-labeled antiL1CAM antibody chCE7 for RIT of OC is suitable [161] and its combination with PTX improved
the therapeutic outcome [165]. For this study, we used an advanced tumor stage (mean tumor
volume: 362 ± 150 mm3, maximal tumor size ≤ 700 mm3) to investigate whether RIT in
combination with MK1775 is able to curb a late stage of the disease. We observed a fast increase
in tumor mass in control mice and in mice treated with MK1775, illustrating an unrestrained
tumor growth (Figure 2.8). In contrast, anti-L1CAM RIT alone or in combination with MK1775
markedly reduced tumor growth in comparison to control group (PBS) and MK1775-treated
mice. The unspecific

177Lu-labeled

control mAb in combination with MK1775 influenced the

tumor growth to a moderate extent (Figure 2.8). During therapy, no signs of distress or body
weight loss of the mice were observed. Statistical calculations were omitted because of the
modest sample size.

Figure 2.8 Therapeutic efficacy of anti-L1CAM Lu-177 RIT in combination with MK1775 in nude mice bearing
subcutaneous IGROV1 tumors. Tumor-bearing nude mice (n=4–6) were treated with 6 MBq (50% MTD) 177LuDOTA-chCE7, 6 MBq 177Lu-DOTA isotype control mAb, combination of both radiolabeled antibodies with MK1775
(given on three consecutive days, starting 48 h after RIT), MK1775 only or PBS only. Tumor growth curves were
stopped when the first tumor in a treatment group reached the end volume of 1500 mm3. The dashed line represents
a 2.5 increase in mean relative tumor volumes (± SD).

55

Chapter 2 | Discussion and conclusions

2.5

Discussion and conclusions

Initially, we investigated the cytotoxicity of five clinically relevant PKIs (MK1775, alisertib,
MK2206, temsirolimus and saracatinib; phase I-II clinical trials) against two OC cell lines
IGROV1 (p53wt) and SKOV3ip (p53del). PKIs MK1775 and alisertib demonstrated the highest
toxicity against both cell lines and were further examined for their ability to increase the efficacy
of

177Lu-labeled

mAb chCE7. Both PKIs led to a decreased IC60-value of the RIC, demonstrating

their ability to sensitize the p53wt cell line IGROV1 towards the
MK1775 was more efficient in combination with

177Lu-labled

177Lu-DOTA-chCE7

mAb. However,

compared to the PKI

alisertib. We therefore continued to investigate the influence of different treatment sequences of
combined MK1775 and

177Lu-DOTA-chCE7

applications in IGROV1 cells. The influence of p53

status for the sensitization to radiation induced by MK1775 is contradictory in the literature and
it is discussed in detail by Geenen and Schellens [208]. MK1775-based sensitization of tumor
cells towards DNA-damaging agents and EBRT, by abrogating the G2 cell cycle checkpoint and
inhibiting DNA repair, has been previously demonstrated in various cancer cell lines [194, 195,
209-211]. In our study, the simultaneous application of 177Lu-DOTA-chCE7 and PKI MK1775, as
well as a RIC pre-treatment, resulted in 2–3-fold lower IC50-values compared to

177Lu-DOTA-

chCE7 alone in IGROV1 cells. These results demonstrate the ability of MK1775 to sensitize
IGROV1 cells towards RICs. Thus, our observations are in line with previous findings for
combinations with EBRT [195, 211]. However, the addition of MK1775 prior the RIC showed no
increased efficacy compared to

177Lu-DOTA-chCE7

alone, pointing out the importance of

treatment sequence investigations. Previously, it has been shown that upon radiation-induced
DNA damages, the phosphorylation of CDC2 is maintained for 12 h in order to arrest the cell
cycle in the G2/M phase for DNA repair [212]. We observed an increased radiosensitivity of
IGROV1 cells when MK1775 was applied after or simultaneously with

177Lu-DOTA-chCE7,

suggesting that the abolishment of the already existing G2/M arrest and the inability to activate
and maintain the G2/M arrest are forcing cells with damaged DNA into cell death.
We examined the induction of DNA DSBs and apoptosis by mono- and combined treatments. The
level of histone H2A.X phosphorylation on Ser139 (γH2A.X) was measured since it well
correlates with the amount of existing DNA DSBs [213]. Western blot analysis revealed slightly
increased amounts of γH2A.X in

177Lu-DOTA-chCE7-treated

IGROV1 cells compared to control

cells. For EBRT it has been shown that radiation-induced DNA damages could be repaired within
12-24 h post-treatment [212]. However, since mAb chCE7 internalizes and deposits the
therapeutic radionuclide Lu-177 within the tumor cell, radiation exposure continues, leading to
increased amounts of present DSBs, even 40 h after 177Lu-DOTA-chCE7 removal.
Wee1 inhibitor MK1775 was shown to have multiple effects on tumor cells. First, replicative
stress based on inactivated CDC2 enhanced initiation of DNA replication, and thus shortage of
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nucleotides, and lowered replication fork speed [214]. Second, it was demonstrated that Wee1
also negatively regulates the Mus81-Eme1 endonuclease complex [215]. In turn, Wee1 inhibition
most likely leads to increased Mus81-Eme1 endonuclease activity, resulting in higher amounts
of DNA DSBs during DNA replication. In line with these studies, we observed enhanced levels of
γH2A.X in IGROV1 cells after MK1775 application compared to control or

177Lu-DOTA-chCE7

treatment. Furthermore, the combined administration of MK1775 and

177Lu-DOTA-chCE7

showed higher levels of γH2A.X in IGROV1 cells compared to MK1775 or

177Lu-labeled

mAb

alone. These observations indicate that Wee1 inhibition prevents the repair of irradiationinduced DNA DSBs. Additional evaluation of induced γH2A.X foci via immunofluorescence
confirmed previously obtained results, showing significantly increased amounts of γH2A.X
positive cells after combined application of MK1775 and

177Lu-DOTA-chCE7.

The synergistic

effect of MK1775 in combination with 177Lu-DOTA-chCE7 could be likely attributed to replicative
stress and increased DNA damage induced by Wee1 inhibition. Subsequent analysis of
apoptosis/necrosis was performed to further examine if the induced DNA DSBs resulted in
increased cell death. It has been shown in an osteosarcoma model that caspase activation upon
combination of MK1775 and EBRT was significantly enhanced compared to irradiated cells
[211]. In our investigation, AnnexinV/PI analysis of IGROV1 cells revealed a significantly
increased number of early-apoptotic cells for the combination of MK1775 with
chCE7 compared to

177Lu-DOTA-chCE7

177Lu-DOTA-

treatment alone. This result matches the previous

findings from PosthumaDeBoer et al. [211]. Furthermore, our results demonstrated a
correlation between the number of induced γH2A.X foci and increased early-apoptosis. SKOV3ip
cells showed a 3-fold higher IC50-value compared to IGROV1 cells against

177Lu-DOTA-chCE7.

This observation supports the results of previous experiments with EBRT, showing the highest
radioresistance for SKOV3 cells compared to other OC cell lines [216]. Cojoc et al. have recently
discussed several reasons for radioresistance [107]. Cancer cells exhibit multiple mechanisms to
avoid DNA damage upon radiation including (i) the regulation of the cell cycles status, (ii) an
improved DNA repair machinery and (iii) enhanced DNA protection against reactive oxygen
species (ROS) [107]. The occurrence of these mechanisms certainly varies between cell lines and
it is most likely more distinct in SKOV3ip than in IGROV1 cells.
Immunohistological analysis of SKOV3ip xenograft samples confirmed the in vitro results
showing high sensitivity against MK1775 and high radioresistance. The treatment with MK1775
for four days was enough to induce elevated levels of γH2A.X in comparison to control and
treatment group with 2 MBq

177Lu-DOTA-chCE7.

The combination therapy did not further

increase the numbers of positive cells for γH2A.X. This suggests that MK1775 executed its
toxicity in vivo, but the additional application of 2 MBq

177Lu-DOTA-chCE7

did not produce

further DNA DSBs.
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Increased therapeutic efficacy of EBRT in combination with MK1775 has been previously shown
by Sarcar and colleagues in a glioblastoma model [217]. Here, we demonstrated that the
combination of

177Lu-RIT

with MK1775 in a late stage OC model (IGROV1 xenograft) inhibited

tumor growth to a greater extent than the control groups. The difference between RIT alone and
the combination therapy was small and probably due to the modest group size. The influence of
177Lu-labeled

unspecific antibody in combination with MK1775 on tumor growth was moderate,

which is most likely due to a nonspecific accumulation of the mAb at the tumor site.
Inflammations are sites where unspecific accumulation of radiolabeled antibodies occurs [218].
The mice carried relatively big tumors at therapy start and inflammation is often associated with
tumor progression [219].
To our knowledge, this is the first time that RIT was combined with MK1775 and the results
were reported. MK1775 radiosensitizes OC cells and the combination with

177Lu-labeled

anti-

tumor antibody increased the efficacy of the treatment. Our results strongly support a further
development of a combination of MK1775 with RIT.
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3.1

Abstract

Background: Many solid tumors, including ovarian cancer, contain small populations of tumorinitiating cells, also known as cancer stem cells (CSCs). Overlapping cell populations displaying
expression of different cell surface markers (e.g., CD24, CD44, CD133 and ALDH activity) have
been characterized as ovarian CSCs. These cells usually show high resistance against
conventional cancer therapies and seem to be involved in metastasis formation and disease
relapse. L1 cell adhesion molecule (L1CAM) is a highly glycosylated type I transmembrane
protein that plays a role in the development of the nervous system and in several human
cancers. In cancer, L1CAM expression induces motile and an invasive phenotype, sustaining
aggressive tumor growth, metastatic process and chemoresistance. Recently, it was shown that
the co-expression of L1CAM and CD133 defines a glioma CSC population. However, whether this
molecule plays a role in ovarian CSCs was so far unknown.
Methods: Specific populations of cells expressing L1CAM alone or in combination with CD133
were isolated by fluorescence-activated cell sorting from three established ovarian cancer cell
lines. Plating efficiency and radioresistance were assessed by colony-forming assay. The
spherogenic capacity of the different cell populations was analyzed by in vitro 3D culture. To
assess the contribution of L1CAM expression in radioresistance, we generated two L1CAM
knockout ovarian cancer cell lines using the genome editing CRISPR-Cas9 technology.
Quantitative reverse transcription PCR was employed to analyze upregulation of stem cellrelated genes. Tumorigenicity and self-renewal capacity of different cell populations were
evaluated in vivo by limiting dilution assay and re-implantation experiment.
Results: L1CAM+/CD133+ cells displayed higher spherogenic and clonogenic properties in
comparison to L1CAM-/CD133- cells. Moreover, L1CAM+/CD133+ cells retained the highest
clonogenic capacity after irradiation, indicating high radioresistance of these cells. The double
positive cells showed higher tumor-initiating capacity, self-renewal and faster tumor growth in
nude mice when compared with other cell populations. Additionally, the expression of CSCspecific genes was upregulated in these cells. CRISPR-Cas9 deletion of L1CAM demonstrated that
L1CAM is involved in radioresistance and its expression correlates with epithelial-tomesenchymal transition phenotype.
Conclusion: Our results indicate that L1CAM, in combination with CD133, defines a new
population of ovarian tumor-initiating cells with the implication of targeting L1CAM as a novel
therapeutic approach for ovarian CSCs.
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3.2

Background

Ovarian cancer (OC) is the fifth most common type of cancer in females and one of the most
lethal gynecologic tumors [220]. Due to the absence of specific symptoms and efficient screening
methods, the majority of patients (approx. 75%) are diagnosed at an advanced stage of the
disease (FIGO stage III or IV), when metastases have already spread in the adjacent organs and
in the peritoneal cavity leading to poor prognosis [10]. Standard treatment for advanced OC
includes cytoreductive surgery in combination with platinum- and taxane-based chemotherapy.
Despite good response rate towards first-line chemotherapy (50-80%), most patients relapse
within 5 years developing therapy-resistant tumors with a median progression-free survival of
18 months [11, 176]. Over the last years, targeted-therapies including both antibodies and
specific tyrosine kinase inhibitors have been employed to treat OC, however the effects of these
therapies have been limited so far [221]. There is persuading evidence that OC contains distinct
subpopulations of cells with stem cell-like characteristics, termed cancer stem cells (CSCs) or
tumor-initiating cells, which are the cause of tumor development, therapy resistance, tumor
recurrence and metastasis formation [61]. These cells are not only able of self-renewal and
generation of well-differentiated progeny but are highly tumorigenic and show high resistance
to conventional cancer treatment regimens [63]. Radio- and chemoresistance is developing due
to intrinsic or acquired mechanisms like senescence, increased DNA-repair capacity,
overexpression of ATP-binding cassette (ABC) drug efflux transporters, activation of survival
pathways and intracellular scavenging of reactive oxygen species (ROS)[107].
Several cell surface and intracellular markers are essential for the identification and isolation of
CSCs. One of the most used CSC-specific markers is the pentaspan transmembrane glycoprotein
CD133, also called Prominin-1. CD133 was first identified as hematopoietic stem cell marker and
later described as CSC marker in OC and other solid tumors [67, 70]. In OC, CD133 expression
correlates with poor prognosis for patients [222].
L1 cell adhesion molecule (L1CAM) is a heavily glycosylated type I transmembrane protein with
a key role in the development of the nervous system and several human malignancies [155]. The
lack of expression in healthy tissues facilitated the use of anti-L1CAM monoclonal antibodies
(mAbs) for targeted OC therapies [162, 166]. This protein displays static and motility-promoting
function, controlling cell adhesion and driving migration during neural development [156].
L1CAM in cancer promotes motility and invasiveness, supporting aggressive tumor growth,
formation of metastases and chemoresistance and in many human cancers, like ovarian and
endometrial carcinoma, it frequently correlates with poor prognosis and advanced tumor stage
[155]. Bao and colleagues demonstrated that the expression of L1CAM and CD133 defines a CSC
population in glioma, suggesting L1CAM as a CSC-specific therapeutic target [223].
Even though the precise mechanisms of OC chemoresistance and metastasis formation remain to
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be elucidated, recent studies have highlighted a tight connection between epithelial-tomesenchymal transition (EMT) and CSCs in the context of drug resistance, tumor relapse and
metastasis of OC patients [224]. The activation of EMT induces cancer cells to gain migratory
and invasive properties throughout cancer progression. Metastatic tumor cells lose the
expression of epithelial markers, such as the cell adhesion molecule E-cadherin, and acquire a
mesenchymal phenotype defined by the expression of mesenchymal markers, including
vimentin, and the activation of EMT-inducing transcription factors [225, 226]. In several types of
cancers, including OC, EMT seems to be relevant for the acquisition and maintenance of stem
cell-like characteristics [227] and high levels of L1CAM have been associated with EMT [228].
In this study, we aimed to elucidate the role of L1CAM as marker for ovarian CSCs. Our results
suggest that L1CAM expression correlates with intermediate EMT phenotype and, in
combination with CD133, L1CAM defines a specific population of ovarian tumor-initiating cells
with increased radioresistance, enhanced spherogenic and clonogenic properties, high tumor
take rate, self-renewal capacity and fast tumor growth in vivo. L1CAM was found on all CD133+
OC cells and it is responsible for the radioresistance of these cells.
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3.3

Materials and methods

3.3.1

Cell culture

All ovarian cancer cell lines and HEK293T cells were cultivated in RPMI 1640 medium. The
media were supplemented with 10% FCS, 100 U/ml penicillin and 100 μg/ml streptomycin. All
cell lines were authenticated using short tandem repeat (STR) profiling and regularly tested for
the absence of mycoplasma. Patient-derived cells were cultivated for 3-4 passages in 1:1
DMEM/Ham’s F-12 supplemented with 10% FCS. Cell lines were maintained at 37°C in 95%
humidified atmosphere containing 5% CO2. Media and additives were obtained from SigmaAldrich (Buchs, Switzerland) if not otherwise specified. Ovarian cancer cell lines and patientderived cells were kindly provided by Viola Heinzelmann-Schwarz (ethical approval EKNZ 201701900).

3.3.2

Antibody formats and reagents

Chimeric monoclonal antibody chCE7 (human κ light chain and human γ 1 heavy chain) of the
IgG1-subtype specific for human L1CAM was produced in HEK293 cell line and purified from cell
culture supernatant using Protein-A Sepharose column (GE Healthcare, Glattbrug, Switzerland)
as previously described by Grünberg et al. [202]. An unspecific isotype-matched IgG was used as
a control for experiments. Primary antibodies E-Cadherin (#3195), Tubulin (#2148), claudin-1
(#13255) and secondary antibodies HRP-anti-rabbit IgG (#7074) and HRP-anti-mouse IgG
(#7076) were all obtained from Cell Signaling Technology (BioConcept Ltd, Allschwil,
Switzerland). Primary antibody GAPDH (#47724) and vimentin (#MA5-11883) secondary
antibody HRP-anti-human IgG (#W4038) were obtained from Santa Cruz Biotechnolgy
(Heidelberg, Germany), Invitrogen (Thermo Fisher Scientific, Reinach, Switzerland) and
Promega (Dübendorf, Switzerland), respectively. Human IgG isotype control (#02-7102) was
obtained from Invitrogen (Thermo Fisher Scientific, Reinach, Switzerland). Anti-human CD44PE (#130-110-293), CD24-PE (#130-095-953), CD133/1-PE (#130-113-108), CD326-PE (#130113-108) and mouse IgG1 (#130-092-212) antibodies were obtained from Miltenyi Biotec
(Bergisch Gladbach, Germany). Secondary antibody Dylight650 (#98593) was purchased from
Abcam (Cambridge, UK). Supplements for sphere-forming assay; B27 (#17504044) and bFGF
(#13256029) obtained from Gibco (Thermo Fisher Scientific, Reinach, Switzerland), rhEGF
(#G5021) obtained from Promega (Dübendorf, Switzerland) and rhInsulin (#5-79F00-G)
purchased from Amimed (BioConcept, Allschwill, Switzerland). Ultra-low attachment 24-well
plates (#CLS3473-24EA) were obtained from Corning Costar (Sigma-Aldrich, Buchs,
Switzerland).
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3.3.3

Flow cytometry

Cells were washed once with PBS, detached with Accutase (STEMCELL Technologies, Grenoble,
France) and adjusted to a final concentration of 2 x 105 cells/100 µl FACS Buffer (3% FCS in PBS)
in 96-well plates. All samples were examined on a Guava EasyCyte Flow Cytometer (Merck
Millipore, Schaffausen, Switzerland) or a CytoFLEX flow cytometer (Beckman Coulter, Indiana,
USA). Cells were decorated with anti-L1CAM monoclonal antibody chCE7 (50 ng/µl; Paul
Scherrer Institute, Villigen, Switzerland) or with purified human IgG1 specific isotype (50 ng/µl;
Invitrogen, Reinach, Switzerland) as negative control. Samples were incubated for 30 min in the
dark on a shaking platform. After incubation, the samples were washed three times with FACS
buffer. Thereafter the samples were stained with Dylight650-labeled secondary antibody antihuman IgG goat polyclonal antibody (1:100 dilution; Abcam, Cambridge, UK) in dark for 30 min
on a shaking platform. After incubation, the cells were washed three times with FACS buffer or
ALDEFLUOR assay buffer and resuspended in 100 µl of corresponding buffer. Alternatively, the
cells were stained with PE-labeled anti-CD24, -CD44, -CD133/1 and -CD326 antibodies
(dilutions according to manufacturer’s recommendation; Miltenyi Biotec, Bergisch Gladbach,
Germany) in dark for 30 minutes on a shaking platform. After incubation, the cells were washed
three times with FACS buffer and resuspended in 100 µL of corresponding buffer. An unspecific
isotype-matched IgG was used as a control for each experiment. ALDEFLUOR assay to detect
ALDH activity was performed according to the manufacturer’s instructions provided in the
Aldehyde Dehydrogenase–Based Cell Detection Kit (STEMCELL Technologies, Grenoble, France).

3.3.4

Fluorescence-activated cell sorting (FACS)

Cells were washed once with PBS, detached with Accutase (STEMCELL Technologies, Grenoble,
France) and adjusted to a final concentration of 10 x 106 cells. Cells were double stained with
anti-L1CAM monoclonal antibody chCE7 (50 ng/µl; Paul Scherrer Institute, Villigen,
Switzerland) and Dylight650-labeled antibody anti-human IgG Goat polyclonal secondary
antibody (1:100; Abcam, Cambridge, UK) in combination with phycoerythrin PE-labeled antiCD133/1 (dilution according to manufacturer’s recommendation; Miltenyi Biotec, Bergisch
Gladbach, Germany). Dead and apoptotic cells were separated from live cells using DAPI (BD
Bioscience). Matching isotype monoclonal antibodies human IgG (50 ng/µl; Invitrogen, Reinach,
Switzerland) and mouse IgG1 (dilution according to manufacturer’s recommendation; Miltenyi
Biotec, Bergisch Gladbach, Germany) were used as controls. All investigated cell lines were gated
individually to exclude cellular debris, followed by single-cell gating to remove dead cells and
doublets. Cells were analyzed for protein expression and sorted on a BD FACS Aria Cell Sorter
(BD Biosciences, San Jose CA, USA). Subsequently, the cells were plated for clonogenic,
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spherogenic and 2D radiation responsiveness assay (assays are described in details below). The
data were analyzed with FlowJo (Tree Star, Ashland, OR, USA, version 10).

3.3.5

Clonogenic assay

Cultured cells were seeded with a density of 500 cells/well in 6-well plates and incubated for
10-14 days at 37°C with 5% CO2. The cells were washed once with PBS and simultaneously fixed
and stained with 0.05% crystal violet (Sigma-Aldrich, Buchs, Switzerland) in 4%
paraformaldehyde. The plates were washed two times with water and dried at RT. Colonies with
a minimal size of at least 50 cells were manually counted and plating efficiency (PE) was
calculated as previously described [204].

3.3.6

Radiation responsiveness assay

Eighteen hours after plating, the cells were irradiated with doses of 2, 4 and 6 Gy using an
external beam (Gammacell 40 Exactor, Best Theratronics, Ontario, Canada). After 10-14 days of
culturing, the colonies were washed once with PBS and simultaneously fixed and stained with
0.05% crystal violet (Sigma-Aldrich, Buchs, Switzerland) in 4% paraformaldehyde. Colonies with
at least 50 cells were manually counted. The results of the assays were calculated as surviving
fraction:
SF =

!"#$%&' !"#"$%&'
!""#"# !"##$ • !"

3.3.7

• 100

Sphere-forming assay

After sorting, cells were suspended in 1 ml MEBM (Lonza-Cloetics, Basel, Switzerland)
supplemented with B27 (Gibco, Thermo Fisher Scientific, Reinach, Switzerland), 20 ng/ml rhEGF
(Promega, Dübendorf, Switzerland), 20 ng/ml bFGF (Gibco, Thermo Fisher Scientific, Reinach,
Switzerland), rhInsulin (Amimed, BioConcept, Allschwill, Switzerland), 100 U/ml penicillin and
100 µg/ml streptomycin. Cells were seeded in ultra-low attachment 24-well plates (Corning®
Costar, Sigma-Aldrich, Buchs, Switzerland) with a density of 1000 cells/ml. After 14 days,
spheres with a diameter of at least 50 nm were manually counted.

3.3.8

CRISPR-Cas9 mediated depletion of L1CAM

Single guided RNAs (sgRNA) targeting exon 2 of L1CAM were designed using the web tool of the
Zhang laboratory (http://crispr.mit.edu) [229]. SgRNA1 and sgRNA2 with scores of 85 and 90,
respectively, were selected for gene editing of the translation start site of L1CAM. Intended oligo
pairs encoding 20nt targeted sequences with overhangs (both 5’ and 3’) from BbsI restriction
site were ordered, annealed and finally cloned into pSpCas9(BB)-2A-GFP (PX458, Addgene,
#48138) via BsbI restriction site using T4-DNA ligase (Promega, Dübendorf, Switzerland).
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Constructs were transformed into DH5α E. coli strain and sequenced for the confirmation of
sgRNA insertion into PX458 by Sanger DNA sequencing using Primer human U6.
Oligonucoleotide name

Sequences (5’—3’)

Method

sgRNA1_Forward

caccgGAGGGGTTGCACTCATGAGT

CRISPR-Cas9

sgRNA1_Reverse

aaacACTCATGAGTGCAACCCCTCC

CRISPR-Cas9

sgRNA2_Forward

caccgTGTGGGGGGTGTTACCGTGA

CRISPR-Cas9

sgRNA2_Reverse

aaacTCACGGTAACACCCCCCACAC

CRISPR-Cas9

Human U6_Forward

GAGGGCCTATTTCCCATGATTCC

Cloning

3.3.9

Transfection and single-cell sorting

IGROV1 and SKOV3ip cell lines were grown in 6-well plate (3 x 105 – 5 x 105 cells/well) for 24 h
and transiently transfected using TransIT-X2® Dynamic Delivery System (Mirus, Madison, WI,
USA) and Viafect transfection reagent (Promega, Dübendorf, Switzerland) with 2.5 μg of sgRNA
encoded in pSpCas9(BB)-2A-GFP (PX458, Addgene, #48138) donor plasmid to generate
homozygous ΔL1CAM cells. 72 h after transfection cells were washed with PBS, harvested using
Accutase (STEMCELL Technologies, Grenoble, France) and resuspended in RPMI 1640
containing 10% FCS. Single-cell sorting was performed on a BD FACS Aria Cell Sorter (BD
Bioscience, San Jose CA, USA), sorting Cas9-active cell pools for single GFP+ cells into 96-well
flat-bottom plates with pre-warmed RPMI 1640 medium containing 10% FCS. The plates were
incubated up to three weeks, followed by transfer into 48-well plates and genomic DNA
extraction for genotyping PCR analysis of single cell clones.

3.3.10 Analysis of CRISPR-Cas9-targeted mutation of L1CAM
Selected clones were characterized to identify homozygous knockout by using three
independent PCR primer pairs. PCR was performed using 2x PCR Super Master Mix
(LuBioScience, Luzern, Switzerland), 300 nM primer, 100 ng genomic DNA (gDNA). PCR was
performed under the following conditions: 94°C for 2 min, then 34 cycles of 94°C for 20 sec,
59°C for 30 sec, 72°C for 2 min, finished with 1 cycle at 72°C for 5 min. Amplicons were
visualized on a 1% agarose gel. PCR products corresponding to genomic modifications were
purified and cloned into the pGEM-T Easy Vector System (Promega, Dübendorf, Switzerland)
according to the manufacturer’s protocol and sequenced using T7 primer by Sanger DNA
sequencing service from Microsynth AG (Switzerland).
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Oligonucoleotide name

Sequences (5’—3’)

Method

PCR_1,2_Forward (CR)

CACCTCAGCCTCCCAAACTA

Genotyping ΔL1CAM

PCR_1,3_Reverse (CR)

TGGTGTGTGTTTCCACCTGT

Genotyping ΔL1CAM

PCR_2,3_Reverse (WT)

TACCCAACGTCCTGGCTATC

Genotyping ΔL1CAM

T7_Forward

TAATACGACTCACTATAGGG

DNA Sequencing

3.3.11 L1CAM rescue and cloning of L1CAM constructs
To rescue L1CAM expression in ΔL1CAM cells, we utilized full-length L1CAM (pcDNA3-hL1,
Addgene, #89411) and we designed primers to amplify the L1CAM open reading frame adding
an HA-tag on the C-terminus. PCR was performed using ExpandTm High Fidelity PCR System
(Roche Switzerland), 300 nM forward and reverse primer, 100 ng gDNA, 10 mM dNTPs and
nuclease-free water under the following conditions: 94°C for 2 min followed by 10 cycles of 94°C
for 15 sec, 58°C for 30 sec, 68°C for 3 min, and 20 cycles of 94°C for 15 sec, 58°C for 30 sec, 68°C
for 1 min 30 sec finished with 1 cycle at 68°C for 7 min. Amplicons were visualized on 1%
agarose gel and purified by Wizard SV gel and PCR Clean-Up System (Promega, Dübendorf,
Switzerland) and sequenced using T7 primer by Sanger DNA sequencing service from
Microsynth AG (Switzerland). The desired L1CAM open reading frame was then introduced into
pUltra (Addgene, #24129) via NheI and XbaI cloning procedure for further lentiviral
transduction. All plasmids were partly sequenced using EGFP_F primer by Sanger DNA
sequencing from Microsynth AG (Switzerland).
Oligonucoleotide name

Sequences (5’—3’)

Method

L1CAM-HA__XbaI _Forward

GAATCTAGAATGGTCGTGGCGCTGCG

Cloning

L1CAM-HA_ NhEI _Reverse

CAAGCTAGCTTCTAGGGCCACGGCAG

Cloning

EGFP_Forward

CAACGAGAAGCGCGATC

DNA Sequencing

T7_Forward

TAATACGACTCACTATAGGG

DNA Sequencing
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3.3.12 Lentivirus production and transduction
HEK293T cells were cultured as described above. One day prior to transfection, 4 x 106 cells
were seeded in a T75 cm2 flask. Cells were transfected when they reached 70–80% confluence.
For each flask, 4 μg of plasmid pUltra (Addgene, #24129) encoding the genes of interest
(L1CAM-HA) and 2 μg of pMD2.G (Addgene, #12259) and 2 μg of pCMVR8.74 (Addgene,
#22036) were transfected using 24 μl of jetPEI reagent and 1 ml of 150 mM NaCl solution
(Polyplus-transfection, Chemie Brunschwig AG, Basel, Switzerland). Media was changed 24 h
after transfection. Virus supernatant was collected 48 h later and filtered with a 0.45 μm
polyvinylidene fluoride filter (Millipore), and stored at -80°C. IGROV1 ΔL1CAM were transduced
with 2 ml of pUltra lentiviral supernatant in T25 cm2 flask and selected after three passages by
GFP enrichment.

3.3.13 Quantitative reverse transcription PCR (RT-qPCR)
In order to extract total RNA for RT-qPCR, 1 x 105 cells were seeded in 6-well plates, grown to
70-80% confluence, then washed twice with sterile PBS before total RNA extraction with
ReliaPrep RNA Cell Miniprep System (Promega, Dübendorf, Switzerland). Total RNA was eluted
in 30 μl RNase-free water and the concentration measured using a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Reinach, Switzerland). A total of 1 μg of RNA was
reverse transcribed in a total volume of 20 μl using the iScript Reverse Transcription Supermix
for RT-qPCR (Bio-Rad Laboratories, Zurich, Switzerland). RT-qPCR was performed using L1CAM,
LIN28, OCT4, CXCR4, ABCG2, β-CATENIN, VIMENTIN, TGF-β1, NBS1, RAD50 and reference gene
GAPDH in 10 μl reaction containing 10 ng cDNA (initial total RNA), 200 nM forward and reverse
primers, nuclease free water and 1× GoTaq qPCR Master mix on a ViiA™ 7 Real-Time PCR
System (Applied Biosystems, Thermo Fisher Scientific, Reinach, Switzerland). RT-qPCR was
performed in triplicates and analyzed as previously described [230].
Oligonucoleotide name

Sequences (5’—3’)

Method

L1CAM_qPCR_Forward

CAGCCCGAGCGGTGG

RT-qPCR

L1CAM_qPCR_Reverse

ATCTGGATAAGCAGGCAGGG

RT-qPCR

LIN28_Forward

GAAGCGCAGATCAAAAGGAG

RT-qPCR

LIN28_Reverse

GCTGATGCTCTGGCAGAAGT

RT-qPCR

OCT4_Forward

CTTCGCAAGCCCTCATTTC

RT-qPCR

OCT4_Reverse

GAGAAGGCGAAATCCGAAG

RT-qPCR

ABCG2_Forward

CCAAAGACATTGATAAAGCCATAA

RT-qPCR

ABCG2_Reverse

CACGCCATAGCAATTCACC

RT-qPCR

CXCR4_Forward

GCCTTATCCTGCCTGGTATTGTC

RT-qPCR
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CXCR4_Reverse

GCGAAGAAAGCCAGGATGAGGAT

RT-qPCR

Vimentin_Forward

ACACCCTGCAATCTTTCAGACA

RT-qPCR

Vimentin _Reverse

GATTCCACTTTGCGTTCAAGGT

RT-qPCR

β-Catenin_Forward

AAAATGGCAGTGCGTTTAG

RT-qPCR

β-Catenin_Reverse

TTTGAAGGCAGTCTGTCGTA

RT-qPCR

TGF-β1_Forward

GCATTAGCTTGAAGCACTACAGGA

RT-qPCR

TGF-β1_Reverse

GCACAAGGCTCACATCTCATTATG

RT-qPCR

NBS1_Forward

AGACCAACTCCATCAGAAACTAC

RT-qPCR

NBS1_Reverse

AATGAGGGTGTAGCAGGT TG

RT-qPCR

RAD50_Forward

CGAAGTACCTATCGTGGACAAG

RT-qPCR

RAD50_Reverse

GATCGTCCTCGCATATCCAAG

RT-qPCR

GAPDH_Forward

AGCCACATCGCTCAGACAC

RT-qPCR

GAPDH_Reverse

GCCCAATACGACCAAATCC

RT-qPCR

3.3.14 MTT assay
To assess proliferation rate, cells were seeded at a density of 1500 cells/well in 96-well plates
and incubated for 24 h to 168 h. At each time point, MTT dye (Sigma-Aldrich, Buchs,
Switzerland) was added to a final concentration of 500 μg/mL and incubated for 3 h. After
removal of supernatant, 200 μl of DMSO were added to dissolve the crystals. Optical density (OD,
absorbance at 540 nm) was measured with a Synergy H1 Hybrid Reader (Biotek, Basel,
Switzerland). The measurement was performed in quadruplets.

3.3.15 Western blot
Whole cell lysates were obtained from sub-confluent cultures. Cells were lysed according to
standard laboratory protocols. The protein concentration of cell lysates was determined by BCA
Protein Assay Kit (Pierce, Perbio Science, Lausanne, Switzerland). Same amounts of protein (20
μg) were loaded and separated using SDS-PAGE, followed by blotting onto a polyvinylidene
difluoride membrane (Amersham Biosciences, Otelfingen, Switzerland). The membrane was
blocked with 5% (w/v) BSA (Sigma-Aldrich, Buchs, Switzerland) in TBST for 1 h and incubated
with primary monoclonal antibodies L1CAM (0.5 µg/µl), E-cadherin (1:1000), vimentin
(1:2000), claudin-1 (1:1000), α/β-tubulin (1:1000) and GAPDH (1:1000) diluted in 5% (w/v)
BSA in TBST overnight at 4°C. Afterwards, membranes were washed three times in TBST and
incubated with corresponding HRP-conjugated secondary antibodies (anti-rabbit, -mouse and human) in 5% BSA in TBST for 3 h at RT. After washing with TBST, detection was carried out
with the Super Signal West Dura Extended Duration Substrate (Life technologies, Thermo Fisher
Scientific, Reinach, Switzerland).
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3.3.16 Cell migration assay
Sub-confluent cells were counted and 8 x 104 to 1 x 105 cells were seeded with serum-free media
in 12-well plates into the upper chamber of each insert. Incubation at 37°C for 24 h allowed cells
to migrate to the chemo-attractant (growth medium containing 10% FCS). After incubation,
medium in the interior part of the insert was removed and the insert was dipped in 0.2% crystal
violet in 4% paraformaldehyde for 20 min. The insert was intensively washed and non-migrated
cells in the interior of the insert were removed using a cotton-tip swab. Five random areas of the
inserts were photographed with an Olympus IX81 microscope and cell count was performed.

3.3.17 Human xenograft model
Animals were housed at the Paul Scherrer Institute, Villigen and protocols were approved by the
cantonal committee on animal experiments and permitted by the responsible cantonal
authorities (permission number 75666/2c, Kanton Aargau). The studies were conducted in
compliance with the Swiss laws on animal protection.
Tumor cells were isolated by FACS based on L1CAM and CD133 expression, suspended in
PBS:ECM gel (1:1; Sigma-Aldrich, Buchs, Switzerland) and subcutaneously (s.c) implanted in
different dilutions (from 500 to 3500 cells) into the right and left flanks of CD1 nude mice
(Charles River, Sulzfeld, Germany, 5 weeks old). Animals were monitored for weight and tumor
growth twice a week for 5 months. Animals were euthanized when the tumors reached the end
volume of 1 cm3. Tumors were resected and a portion of each tumor was fixed in 4% formalin
for immunohistochemical analysis. Tumor volume was calculated using the (L x W2)/2 formula.
Statistical analysis of tumor growth curves was performed using two-way ANOVA. ELDA
(Extreme

Limiting

Dilution

Analysis)

was

performed

using

the

online

tool

http://bioinf.wehi.edu.au/software/elda/ [231]. For in vivo serial passaging, single-cell
suspensions were obtained using Dispase II (Sigma-Aldrich, Buchs, Switzerland) as previously
described [232] and used for re-injection into mice (500 and 1000 dilutions; 2 tumors per
mouse).

3.3.18 Immunohistochemistry
Biopsy samples of the tumors were immediately placed in 10% neutral buffered formalin for 24
h. Formalin-fixed, paraffin-embedded (FFPE) tissue sections (2 μm thickness) were mounted on
positively charged slides and dried overnight at 37°C. Drying was followed by the
deparaffinisation of the slides with four xylene baths for 5 min each using Tissue-Tek®Prisma®
and Film® (Sysmex, Horgen, Switzerland). For rehydration, a degressive alcohol serie using
100% ethanol, 95% ethanol, 70% ethanol, and distilled water was performed. Further antibody
specific protocols were used. For L1CAM immunohistochemical staining underwent an antigen73
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retrieval pretreatment after rehydration by placing the slides into EDTA-buffer (basic buffer pH
9.0) and then into a pressure cooker for 20 min at 98°C, followed by rinsing with distilled water.
Thereafter, all sections were placed in TBS wash-buffer 3006 (Dako, Carpinteria, CA, USA).
Staining was performed with Dako Autostainer (Agilent Technologies) using antibodies
obtained from Abcam (Cambridge, UK): L1CAM (#Ab208155; 1:500), E-cadherin (#Ab40772;
1:150) and from Dako (Carpinteria, CA, USA): vimentin (#M7020; 1:300). The antibodies were
diluted in dilution-buffer S2022 (Dako, Carpinteria, CA, USA). After incubation with primary
antibodies, the slides were rinsed with TBS wash-buffer and blocked with peroxidase
(peroxidase blocking buffer, Dako S2023) for 10 min at RT. Before removing the slides from
Dako Autostainer, they were rinsed with TBS and incubated with DAB Dako K3468 (Dako,
Carpinteria, CA, USA) for 10 min at RT. Next, the slides were rinsed with TBS and incubated with
EnVision™ + System HRP Rabbit Kit (Dako K4003) for 30 min at RT or incubated with Dako
Real™ Detection Kit (Dako K5001, K5003) for 15 min at RT. Before removing the slides from the
Autostainer, they were rinsed with TBS and incubated with DAB Dako K3468 (Dako, Carpinteria,
CA, USA) for 10 min at RT. After removing the slides from Dako Autostainer, they were rinsed
with distilled water and counterstained for 2 s in Hematoxylin (modified acc. to Gill II, Merck
KGaA, Darmstadt, Germany). Finally, the sections were rinsed with tap water, dehydrated in the
Prisma®machine (70% ethanol, 95% ethanol, 100% ethanol and xylene), and covered with
Tissue-Tek®-Film®. The immunohistochemical staining and H&E staining was investigated by a
board certified pathologist (C. Krudewig) for the expression of L1CAM in selected groups as well
as for the expression of E-cadherin and vimentin.

3.3.19 Statistical analysis
Statistical analysis was performed with GraphPad Prism 7 (GraphPad Software, Inc., La Jolla CA,
USA). All experiments were performed in triplicates. Spherogenic, clonogenic and migration
assays were analyzed by one-way ANOVA and student’s t-test (two-tailed, unpaired). P values of
< 0.05 were considered statistically significant (***p < 0.001, **p < 0.002, *p < 0.03). The
differences between cell survival curves were analyzed using the statistical package for the
social sciences (SPSS) v23 software as described by Franken and colleagues [204] by fitting the
data into the linear-quadratic formula S(D)/S(0) = exp (αD + βD2) using stratified linear
regression.
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3.4

Results

3.4.1

L1CAM+/CD133+ ovarian cancer cells show the highest clonogenic
and spherogenic properties as well as radioresistance

The expression of L1CAM in combination with CD133 defines a glioma CSC population [223]. So
far, it is unknown whether L1CAM plays a role in ovarian CSCs.
We investigated the clonogenic capacity, the clonogenic survival upon irradiation together with
the sphere-forming capacity of different OC cell populations defined by the expression of L1CAM
and CD133.
IGROV1 (p53wt) and SKOV3ip (p53del) cells were stained with fluorescent-labeled antibodies
and three different cancer cell populations (double positive: L1CAM+/CD133+, L1CAM+/CD133,
double negative: L1CAM-/CD133-) were isolated by FACS (Figure 3.1A). Of note, in all cell lines
no L1CAM-/CD133+ cell population was found.
In both cell lines the dual expression of L1CAM and CD133 demonstrated significantly increased
clonogenic and spherogenic capacities (Figure 3.1B and Figure 3.1C; ***p < 0.001) compared to
double negative cells. Additionally, the 2D radiobiological clonogenic survival assays revealed
the highest radioresistance of L1CAM+/CD133+ cell subset (Figure 3.1B and Figure 3.1C; **p <
0.002 for SKOV3ip).
In line with previous results [215], SKOV3ip cells formed dense and well-defined spheres while
IGROV1 cells built large and loose aggregates (Figure 3.1D). Similar results were obtained using
the high-grade serous OC cell line Kuramochi (data not shown). However, due to no
tumorigenicity in nude mice [233] we did not use this cell line for further in vivo experiments.
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Figure 3.1 Double positive L1CAM+/CD133+ cells display enhanced clonogenic and spherogenic properties
and radioresistance in IGROV1 and SKOV3ip cells. (A) Representative FACS pseudocolor dot plot of IGROV1 (left)
and SKOV3ip (right) cells. Gating was performed as exemplified, accordingly to isotype-matched IgG controls. (B)
Clonogenic capacity (left graph), spherogenic capacity (middle graph) and radiosensitivity (right graph) of IGROV1
cells FACS-sorted for L1CAM and CD133. Each experiment was repeated three times in triplicates and data are
expressed as means ± SD. One-way and two-way ANOVA; **p < 0.002 and ***p < 0.001. (C) Clonogenic capacity (left
graph), spherogenic capacity (middle graph) and radiation responsiveness (right graph) of SKOV3ip cells FACS-sorted
for L1CAM and CD133. Each experiment was repeated three times in triplicates and data are expressed as mean ± SD.
One-way and two-way ANOVA; **p < 0.002 and ***p < 0.001. (D) Representative images of 2D colonies and 3D spheres
of IGROV1 (left) and SKOV3ip (right) FACS-sorted cells.
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3.4.2

L1CAM triggers radioresistance in L1CAM+/CD133+ population

To analyze which role L1CAM plays in the double positive cells, we generated the L1CAM/CD133+ cell population (missing in all wild type cell lines) by means of the genome editing
technology CRISPR-Cas9 (Figure 3.2).
Homozygously deleted ∆L1CAM cells harboring a 1551bp deletion were initially identified by
genotyping PCR (Figure 3.3A) and subsequently L1CAM expression was further evaluated by
flow cytometry (Figure 3.3B and Figure 3.4C) and Western blot (Figure 3.3D).
First, we assessed the contribution of L1CAM on radioresistance in ovarian CSCs. IGROV1 and
SKOV3ip ∆L1CAM cell lines were used to isolate L1CAM-/CD133+ population by FACS (Figure
3.3A). FACS analysis revealed an increase of CD133 expression upon L1CAM deletion in IGROV1
cells (IGROV1 wild type 4.9% vs. IGROV1 ∆L1CAM 14%; Figure 3.1A and Figure 3.3A).
Two L1CAM negative cell populations (L1CAM-/CD133+ and L1CAM-/CD133-) isolated from
∆L1CAM IGROV1 and SKOV3ip cells displayed significantly reduced plating-efficiency (***p <
0.001), sphere-forming capacity (***p < 0.001) along with radioresistance, in comparison to the
double positive cells (Figure 3.3B-Figure 3.3D).
The results indicate that the expression of CD133 alone is not sufficient to confer radioresistance
and that L1CAM expression is mainly responsible for radioresistance in the double positive
population.
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Figure 3.2 Generation of stable and site-specific L1CAM mutant ovarian cancer cell lines using CRISPR-Cas9
technology. (A) General strategy used to delete a genomic locus at the translation start site of the L1CAM gene
(∆L1CAM) using two sgRNAs. (B) Single cell sorting strategy after transient transfection of sgRNA CRISPR-Cas9
constructs. Cancer cell lines were transfected with equal amount of PX458 incorporating two different L1CAM-specific
sgRNA in addition to Cas9 and GFP. Single-cell sorting was performed 48 h after transfection as exemplified for
SKOV3ip cells. (C) Representative Sanger DNA sequencing of ∆L1CAM clones confirming 1151bp deletion and Sanger
DNA sequencing results for selected clones at the Cas9-targeted region showing deletion of L1CAM open reading
frame (ORF). (D) Sanger DNA sequencing results for validation of possible off-target effects by the two sgRNAs used
for genome-editing. No off-target effects were observed at the predicted genomic loci B3GLCT and PCDH7.
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Figure 3.3 L1CAM triggers radioresistance in L1CAM+/CD133+ IGROV1 and SKOV3ip cells. (A) Representative
FACS pseudocolor dot plot of IGROV1 ∆L1CAM (left) and SKOV3ip ∆L1CAM (right) cells. Gating was performed as
exemplified, accordingly to isotype-matched IgG controls. (B) Clonogenic capacity (left graph), spherogenic capacity
(middle graph) and radiosensitivity (right graph) of IGROV1 wild type and ∆L1CAM cells FACS-sorted for L1CAM and
CD133. Each experiment was repeated three times in triplicates and data are expressed as means ± SD. One-way and
two-way ANOVA; ***p < 0.001. (C) Clonogenic capacity (left graph), spherogenic capacity (middle graph) and
radiation responsiveness (right graph) of SKOV3ip wild type and ∆L1CAM cells FACS-sorted for L1CAM and CD133.
Each experiment was repeated three times in triplicates and data are expressed as mean ± SD. One-way and two-way
ANOVA; ***p < 0.001. (D) Representative images of 2D colonies of IGROV1 ∆L1CAM (left) and SKOV3ip ∆L1CAM (right)
FACS-sorted cells.
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Figure 3.4 Evaluation of CRISPR-Cas9 genome edited IGROV1 and SKOV3ip clones for depletion of L1CAM. (A)
Selected single-cell clones were assayed by three genotyping PCRs (1: Deletion PCR; 2370 bp (wild type L1CAM) and
819 bp (deletion band), 2: Wild type-specific PCR; 1163 bp and 3: Inversion PCR; 1200 bp). (B) Loss of L1CAM
expression in ∆L1CAM cells assessed by flow cytometry (C) Corresponding flow cytometry results shown as
representative dot plots for validation of L1CAM expression in IGROV1 wild type (WT), ΔL1CAM and ΔL1CAM rescue
cells. (D) Corresponding Western blot results for validation of L1CAM expression in IGROV1 WT, ΔL1CAM and
ΔL1CAM rescue cells. GAPDH was used as loading control.
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IGROV1 and SKOV3ip ∆L1CAM cells showed significantly decreased clonogenic (***p < 0.001)
and spherogenic properties (***p < 0.001) as well as radioresistance in comparison to the bulk
population of wild type cells (Figure 3.5A-Figure 3.5D).

Figure 3.5 IGROV1 and SKOV3ip ∆L1CAM cells showed reduced clonogenic property, spherogenic capacity and
radioresistance in comparison to wild type cells. (A) Clonogenic capacity (left graph), spherogenic capacity
(middle graph) and radiation responsiveness (right graph) of IGROV1 wild type and ∆L1CAM cells. Each experiment
was repeated three times in triplicates and data are expressed as means ± SD. Student’s t-test (two-tailed, unpaired);
***p < 0.001. (B) Clonogenic capacity (left graph), spherogenic capacity (middle graph) and radiation responsiveness
(right graph) of SKOV3ip wild type and ∆L1CAM cells. Each experiment was repeated three times in triplicates and
data are expressed as means ± SD. Student’s t-test (two-tailed, unpaired); ***p < 0.001. Representative pictures of 2D
colonies and 3D spheres of IGROV1 wild type and ∆L1CAM cells. (C) Representative pictures of 2D colonies and 3D
spheres of IGROV1 wild type and ∆L1CAM cells. (D) Representative pictures of 2D colonies and 3D spheres of SKOV3ip
wild type and ∆L1CAM cells.
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Additionally, ∆L1CAM cells exhibited reduced proliferation rate and reduced migration property
when compared with wild type cells (Figure 3.6A-Figure 3.6D). Thus, L1CAM contributed to a
more stem cell-like phenotype.

Figure 3.6 IGROV1 and SKOV3ip ∆L1CAM cells showed reduced proliferation rate and migration ability in
comparison to wild type cells. After seeding, IGROV1 (A) and SKOV3ip (B) wild type and ∆L1CAM cells were treated
with MTT for five consecutive days. Absorbance was measured at 540 nm. Error bars indicate SD. Two-way ANOVA;
***p < 0.001. Statistical plots and representative pictures of migration assays for IGROV1 (C) and SKOV3ip (D) wild
type and ∆L1CAM cells. Following 24 h incubation, cells able to migrate through the insert were counted in five
random fields. Each experiment was repeated three times in triplicates and data are expressed as means ± SD.
Student’s t-test (two-tailed, unpaired); ***p < 0.001.
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To confirm our results, we restored L1CAM expression in ∆L1CAM IGROV1 cells by reexpression of full-length L1CAM using lentiviral transduction. (Figure 3.4C and Figure 3.4D).
Here, re-expression of L1CAM in ∆L1CAM cells partially rescued these phenotypes (Figure 3.7).

Figure 3.7 Constitutive L1CAM re-expression in IGROV1 ∆L1CAM cells partially restored clonogenic property,
spherogenic capacity, radioresistance, migration ability and proliferation as compared to wild type cells. (A)
Clonogenic capacity (left graph), spherogenic capacity (middle graph) and radiation responsiveness (right graph) of
IGROV1 wild type, ∆L1CAM and ∆L1CAM rescue cells. Each experiment was repeated three times in triplicates and
data are expressed as means ± SD. One-way ANOVA; ***p < 0.001. (B) Representative pictures of 2D colonies and 3D
spheres. (C) After seeding, IGROV1 wild type, ∆L1CAM and ∆L1CAM rescue cells were treated with MTT for five
consecutive days. Absorbance was measured at 540 nm. Error bars indicate SD. Two-way ANOVA; ***p < 0.001. (D)
Statistical plots and representative pictures of migration assays for IGROV1 wild type, ∆L1CAM and ∆L1CAM rescue
cells. Following 24 h incubation, cells able to migrate through the insert were counted in five random fields. One-way
ANOVA; ***p < 0.001.
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3.4.3

L1CAM+/CD133+ cells have higher tumor take rate, fast tumor
growth and self-renewal capacity in vivo

One of the key properties of CSCs is their ability to form tumors at very high dilutions. In vivo
limiting dilution assay (LDA) is a standard technique utilized to estimate the frequency of CSCs
in immunocompromised mice [234]. Tumor-initiating capacity of different dilutions of SKOV3ip
and IGROV1 cells sorted by FACS for L1CAM and CD133 expression was assessed in CD1 nude
mice (Table 3.1).

IGROV1

SKOV3ip

Table 3.1 Tumor take rate of SKOV3ip and IGROV1 FACS-sorted cells in nude mice.

DPOS

L1CAM+/CD133-

DNEG

Bulk

Dilution 1
(500 cells)

2/3 (73-101)

2/6* (66-108)

0/6*

1/6* (59)

Dilution 2
(1000 cells)

3/3 (31-59)

0/6*

0/6*

0/6*

Dilution 3
(3500 cells)

1/3 (44)

0/6*

0/6*

1/6* (59)

Dilution 1
(500 cells)

6/6 (29-79)

4/6 (36-82)

4/6 (36-79)

4/6 (43-149)

Dilution 2
(1000 cells)

5/6 (36-64)

5/6 (36-124)

4/6 (50-57)

2/6 (33-85)

Dilution 3
(3500 cells)

6/6 (29)

4/6 (36-49)

5/6 (71-96)

4/6 (33-64)

Tumor initiation assay in CD1 nude mice (n=3) was performed with SKO3ip and IGROV1 cells FACS-sorted for L1CAM
and CD133. The bulk population of wild type cells was used as control. Different dilutions of cells (500, 1000 and 3500
cells) were subcutaneously injected into the mice. Tumor take rate was determined as number of mice with palpable
tumors at day 153 (SKOV3ip) and 155 (IGROV1). DPOS: L1CAM+/CD133+, DNEG: L1CAM-/CD133. *The numbers
indicate how many tumors were formed out of the injected ones. The numbers in parenthesis indicate tumor latency
in days.

SKOV3ip L1CAM+/CD133+ cells showed the highest tumor take rate in comparison to all other
cell populations. Instead, L1CAM-/CD133- cells were not able to form tumors at any dilutions.
Using the ELDA (Extreme Limiting Dilution Analysis) software we estimated that the cancer cellinitiating frequency of double positive cells (1/1756) was eight times higher in comparison to
the one of L1CAM+/CD133- (1/14749) and eight times higher than SKOV3ip wild type cells
(1/13963).
In contrast, in IGROV1 cells, the double negative cell population displayed high tumorigenicity
and long tumor latency (Figure 3.8). Tumors appeared with median latencies of 36 days
(L1CAM+/CD133+), 50 days (L1CAM+/CD133-), 57 days (L1CAM-/CD133+) and 52 days
(IGROV1 wild type bulk).
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Figure 3.8 IGROV1 L1CAM+/CD133+ population showed shorter tumor latency in vivo. CD1 nude mice (n=3)
were palpated weekly to detect subcutaneous tumor growth. The graph shows the number of days to tumor detection
versus the percentage of tumor-free mice for each group. Tumors appeared with median latencies of 36 days
(L1CAM+/CD133+), 50 days (L1CAM+/CD133-), 57 days (L1CAM-/CD133-) and 52 days (IGROV1 bulk).

ELDA analysis revealed that the cancer cell-initiating frequency of double positive cells (1/316)
was four times higher in comparison to the one of L1CAM+/CD133- (1/1245), three times
higher than double negative (1/1056) and six times higher than IGROV1 wild type cells
(1/1881).
After re-analysis of IGROV1 sorted cells, we observed a cell population purity of approximately
60% (Figure 3.9), demonstrating some cross-contamination with other cell populations. We
decided to perform a re-implantation experiment to confirm long-term self-renewal capacity of
double positive cells, which is a major feature of CSCs as they are capable of recapitulating the
original tumor composition when transplanted several times into animals [235].
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Xenograft-derived tumors formed by IGROV1 FACS-sorted cells (Table 3.1) were collected and
cancer cells were enzymatically dissociated with Dispase II and re-injected into a new set of
mice. Flow cytometric analysis of the dissociated cells before re-injection (Table 3.2)
demonstrated that L1CAM-/CD133- cells have a quite stable phenotype (L1CAM: 9.1 ± 1.1%,
L1CAM+CD133: 0.9 ± 0.8%). In contrast, L1CAM+/CD133+ cells were able to recapitulate the
original cell population compositions (L1CAM: 61.7 ± 1.6%, L1CAM+CD133: 13.3 ± 2.1%).

Figure 3.9 Re-analysis of IGROV1 cells isolated by FACS for in vivo limiting dilution assay (LDA). After FACS, 600
cells derived from the corresponding populations (L1CAM+: L1CAM+/CD133-; DNEG: L1CAM-/CD133-; DPOS:
L1CAM+/CD133+) were re-analyzed by flow cytometry for L1CAM and CD133 purity before re-injection into nude
mice. Gating was performed as exemplified, accordingly to isotype-matched IgG controls.
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Table 3.2 Expression of putative cancer stem cell markers of IGROV1-derived tumor cells before re-injection
into nude mice.

DNEG
(n=3)
DPOS
(n=2)
L1CAM+
(n=2)
Control
(n=2)

L1CAM
[%]

CD133
[%]

L1CAM+CD133
[%]

CD24
[%]

CD44
[%]

CD326
[%]

9.1 ± 1.1

1.5 ± 1.1

0.9 ± 0.8

91.4 ± 6.6

59.2 ± 16.9

43.7 ± 40.6

61.7 ± 1.6

14.6 ± 4.9

13.3 ± 2.1

95.2 ± 5.3

98.4 ± 1.8

4.7 ± 0.9

69.7 ± 12.4

2.0 ± 2.6

2.1 ± 1.5

98.7 ± 0.2

97.6 ± 0.6

13.8 ± 6.4

65.1 ± 1.6

0.6 ± 0.4

0.8 ± 0.6

96.8 ± 2.8

91.2 ± 9.9

11.4 ± 8.9

For in vivo serial passaging experiment, tumors were collected from CD1 nude mice previously inoculated with sorted
IGROV1 cells and single-cell suspensions were obtained using Dispase II. The expression of different cell surface
markers was analyzed by flow cytometry before re-injection into CD1 nude mice. The numbers indicate the
percentage of antigen-expressing cells in the sample population ± SD of different experiments.

We observed that only double positive cells were able to regenerate tumors when re-injected in
the second round of xenograft, indicating self-renewal property of this cell population (Table
3.3; eight formed tumors out of eight injected).

Table 3.3 L1CAM+/CD133+ IGROV1 cells showed self-renewal in vivo.

IGROV1
L1CAM+/CD133+

L1CAM+/CD133-

L1CAM-/CD133-

Bulk

8/8

0/8

0/4

0/4

Tumor re-implantation assay was performed with cancer cells isolated from FACS-sorted IGROV1 induced tumors.
Cancer cells were enzymatically dissociated and two dilutions of cells (500 and 1000 cells) were subcutaneously
injected into CD1 nude mice (n=2-4). Tumor take rate was determined as number of mice with palpable tumors at day
152.

To isolate pure L1CAM negative populations, we FACS-sorted ∆L1CAM IGROV1 cells for double
negative, L1CAM-/CD133+ and bulk populations. The IGROV1 wild type cell line was also sorted
into double positive, L1CAM+/CD133- cells and bulk populations. Five hundred sorted IGROV1
∆L1CAM bulk cells formed fewer tumors (4/12) and had longer median tumor latency (58-86
days) in comparison to IGROV1 wild type bulk cells (12/12, 40-89 days; Table 3.4).
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Table 3.4 Tumor-initiating capacity of L1CAM/CD133 cell populations isolated from IGROV1 wild type and
ΔL1CAM cell lines.

Cell population

Tumor take

Tumor latency (days)

L1CAM+/CD133+ (WT)

11/12

22-74

L1CAM+/CD133- (WT)

12/12

32-74

IGROV1 bulk (WT)

12/12

40-89

L1CAM-/CD133+ (ΔL1CAM)

7/12

36-107

L1CAM-/CD133- (ΔL1CAM)

7/12

51-86

IGROV1 bulk (ΔL1CAM)

4/12

58-86

Tumor initiation assay in CD1 nude mice (n=6, 2 tumors per mouse) was performed with wild type and ΔL1CAM
IGROV1 cells isolated by FACS based on L1CAM and CD133 expression. Five hundred cells were subcutaneously
injected into CD1 nude mice. Tumor take rate was determined as number of mice with palpable tumors at day 153.

The results demonstrated that IGROV1 L1CAM-/CD133- cells are still able to form tumors in
mice (7/12) but had a significantly slower tumor growth rate and longer latency time in
comparison to L1CAM+/CD133+ population (Figure 3.10).

Figure 3.10 L1CAM+/CD133+ IGROV1 cells showed faster tumor growth in vivo. Tumor initiation assay was
performed with ovarian cancer wild type and ∆L1CAM IGROV1 cells isolated by FACS based on L1CAM and CD133
expression. Five hundred cells were subcutaneously injected into CD1 nude mice (n=6). Tumor volume was measured
once a week and the average tumor volume per group ± SEM was calculated. Statistical significance was determined
using two-way ANOVA comparing groups on day 58; ***p < 0.001.
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As shown in Figure 3.11, tumors appeared with median latencies of 40 days (L1CAM+/CD133+
and L1CAM+/CD133-), 47 days (IGROV1 wild type), 86 days (L1CAM-/CD133+), 64 days
(L1CAM-/CD133-) and 78 days (IGROV1 ∆L1CAM).

Figure 3.11 IGROV1 L1CAM-/CD133- cells showed significantly longer tumor latency in vivo compared to
L1CAM+/CD133+ population. CD1 nude mice (n=6) were palpated weekly to detect subcutaneous tumor growth.
The graph shows the number of days to tumor detection versus the percentage of tumor-free mice for each group.
Tumors appeared with median latencies of 40 days (L1CAM+/CD133+ and L1CAM+/CD133-), 47 days (IGROV1 WT),
86 days (L1CAM-/CD133+), 64 days (L1CAM-/CD133-) and 78 days (IGROV1 ∆L1CAM).
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3.4.4

L1CAM expression coincides with epithelial and intermediate EMT
phenotypes in ovarian cancer cell lines

During cancer progression, the phenotypic transition from well-differentiated epithelial into a
mesenchymal-like state enables cancer cells to spread and to metastasize. The activation of EMT
allows cancer cells to obtain migratory and invasive properties [225]. Growing indications
support the association between EMT and cancer stemness [236].
Therefore, we evaluated by flow cytometry and Western blot the protein expression of L1CAM,
vimentin (Vim) as mesenchymal marker and E-cadherin as epithelial marker in 14 OC cell lines
(Table 3.5 and Figure 3.12). The OC cell lines used for this screen have been previously classified
based on EMT phenotype [237]. With the exceptions of BG1 and OVCAR5, L1CAM was highly
expressed (>50%) in all OC cell lines with epithelial (E-cadherin+, Vim-) and intermediate EMT
phenotype (E-cadherin+/-, Vim+/-; Table 3.5). In contrast, cell lines with a purely mesenchymal
phenotype (E-cadherin-, Vim+) displayed very low or no L1CAM expression.

Table 3.5 L1CAM expression correlated with epithelial and intermediate EMT phenotype in ovarian cancer
cell lines.

Cell line

L1CAM [%]

EMT class

E-cadherin

Vimentin

OVCAR4

98.2 ± 1.8

E

+++

-

OVCAR5

19.8 ± 4.2

E

+++

-

CAOV3

99.3 ± 1

E

++

-

OVSAHO

98.6 ± 1.2

E

+++

-

BG1

9.1 ± 5.3

E

++

+

OAW42

98.9 ± 1.1

IE

++

+

IGROV1

99.9 ± 0.1

IE

++

+

SKOV3ip

88.2 ± 0.1

IE

++

+

OVCAR8

91.4 ± 8.5

IM

-

n.d.

Kuramochi

81 ± 5.4

IM

+

++

EFO27

98.6 ± 1.4

M

-

++

A2780

0.3 ± 0.1

M

-

++

TYK-nu

0.8 ± 0.3

M

-

++

TOV112D

2.3 ± 0.8

M

-

++

The expression of L1CAM was analyzed by flow cytometry in a large panel of ovarian cancer cell lines. The numbers
indicate the percentage of antigen-expressing cells in the sample population ± SD of three independent experiments.
EMT: epithelial-mesenchymal transition; E: epithelial phenotype; IE: intermediate epithelial phenotype; IM:
intermediate mesenchymal phenotype; M: mesenchymal phenotype, n.d.: not defined.
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Figure 3.12 L1CAM expression in a panel of ovarian cancer cell lines classified based on EMT phenotype. (A)
Representative flow cytometric analysis of L1CAM expression in 12 ovarian cancer cell lines shown as pseudocolor
dot plots. Gating was performed as exemplified, accordingly to isotype-matched IgG controls. The numbers indicate
the percentage of antigen-expressing cells in the sample population. (B) Western blot data for L1CAM, E-cadherin and
vimentin expression in 14 ovarian cancer cell lines. E: epithelial; IE: intermediate epithelial; IM: intermediate
mesenchymal; M: mesenchymal. GAPDH was used as loading control.
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The expression of several putative CSC markers (L1CAM, CD133, CD24, CD44, CD326 and ALDH)
in the two ∆L1CAM cell lines (Table 3.6) revealed that the loss of L1CAM shifted the cells to a
more mesenchymal-like state characterized by loss of E-cadherin and claudin-1, general
markers for epithelial cells (Figure 3.13A). In addition, ∆L1CAM IGROV1 cells displayed a
reduction of epithelial cell adhesion molecule CD326 (EpCAM) expression (wild type: 60.9 ±
1.9% vs. ∆L1CAM: 2.0 ± 1.0%; Table 3.6).

Table 3.6 Expression of several putative cancer stem cell markers in wild type and ΔL1CAM IGROV1 and
SKOV3ip cell lines.

Cell line

L1CAM
[%]

CD133
[%]

CD24
[%]

CD44
[%]

CD326
[%]

ALDH
[%]

SKOV3ip
WT

99.6 ± 0.5

2.0 ± 1.8

100 ± 0.05

100 ± 0.05

99.9 ± 0.2

0.4 ± 0.3

SKOV3ip
ΔL1CAM

0.4 ± 0.3

0.5 ± 0.4

99.5 ± 0.6

100 ± 0.05

99.9 ± 0.05

3.8 ± 1.5

IGROV1
WT

99.9 ± 0.1

9.8 ± 0.4

99.9 ± 0.1

99.9 ± 0.05

60.9 ± 1.9

29.5 ± 0..5

IGROV1
ΔL1CAM

0.8 ± 0.4

27.5 ± 2.0

99.9 ± 0.1

99.0 ± 1.1

2.0 ± 1.0

75.4 ± 2.4

The expression of different cell surface markers was analyzed by flow cytometry. The numbers indicate the
percentage of antigen-expressing cells in the sample population ± SD of three independent experiments.

In line, immunohistochemical analysis of xenograft-derived IGROV1 tumors revealed an increase
of vimentin expression in ∆L1CAM tumors compared to wild type tissues (wild type: 20-30% vs.
∆L1CAM: 60%; Figure 3.13B). Additionally, tumors derived from IGROV1 wild type cells showed
constant internalization of E-cadherin in contrast to those derived from IGROV1 ∆L1CAM cells,
where E-cadherin was expressed membrane-associated (Figure 3.13B).
We also analyzed the expression of selected putative CSC markers (L1CAM, CD133, CD24, CD44,
CD326 and ALDH) in all human OC cell lines (Table 3.7). With the exceptions of OVCAR4 and
OAW42 cells, CD133 and its co-expression with L1CAM were present as small subpopulations of
cells in the majority of tested cell lines. All cell lines expressed very high levels (>50%) of at least
one of these putative cancer stem cell markers.
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Figure 3.13 The loss of L1CAM shifted the cells towards a more mesenchymal-like state characterized by loss
of E-cadherin and claudin-1. (A) Western blot data showing loss of E-cadherin and claudin-1 expression in ΔL1CAM
IGROV1 and SKOV3ip cells. GAPDH was used as loading control. (B) Immunohistochemistry of IGROV1 wild type (WT)
and IGROV1 ∆L1CAM tumors for L1CAM, E-cadherin and vimentin. Magnification x10 (IGROV1 WT) and x20 (IGROV1
∆L1CAM).
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Table 3.7 Expression of putative cancer stem cell markers in ovarian cancer cell lines.

Cell line

L1CAM [%]

CD133 [%]

L1CAM+CD133 [%]

CD24 [%]

CD44 [%]

CD326 [%]

ALDH [%]

OVCAR4

98.2 ± 1.8

95.1 ± 3.5

93.5 ± 2

98.3 ± 2.8

98 ± 1.7

99.6 ± 0.6

0.2 ± 0.3

OVCAR5

19.8 ± 4.2

5.2 ± 1.2

0.6 ± 0.5

93.2 ± 11

98 ± 3.4

94.6 ± 9.2

39.4 ± 22

CAOV3

99.3 ± 1

8.9 ± 2.4

8.6 ± 2.4

100 ± 0.05

100

100

0.7 ± 0.6

OVSAHO

98.6 ± 1.2

1.4 ± 0.6

1.4 ± 0.6

99.5 ± 0.05

31.9 ± 1.8

99.9 ± 0.05

8.9 ± 7.8

BG1

9.1 ± 5.3

3.5 ± 1.3

1.5 ± 1.4

92.2 ± 6.2

97.4 ± 3.6

99.9 ± 0.1

8.4 ± 5.6

OAW42

98.9 ± 1.1

98.7 ± 0.8

98.1 ± 0.9

99 ± 0.7

98.2 ± 1.8

98.8 ± 0.8

0.06 ± 0.042

IGROV1

99.9 ± 0.1

9.8 ± 0.4

9.8 ± 0.4

99.9 ± 0.1

99.9 ± 0.05

60.9 ± 1.9

29.5 ± 0.47

SKOV3ip

88.2 ± 0.1

1.3 ± 0.5

0.07 ± 0.04

98.4 ± 1.3

98.7 ± 1.7

95.9 ± 4.9

4.22 ± 2.0

OVCAR8

91.4 ± 8.5

2.4 ± 2.6

2.1 ± 2.6

97.8 ± 3.7

97.7 ± 3.9

94.6 ± 9.2

0.7 ± 0.5

Kuramochi

81 ± 5.4

1 ± 0.3

0.8 ± 0.3

99.6 ± 0.4

88.1 ± 5.9

61.7 ± 2.3

3 ± 2.9

EFO27

98.6 ± 1.4

1.2 ± 0.6

1.2 ± 0.6

96.2 ± 6.3

100

92.9 ± 1.9

5.5 ± 4.1

A2780

0.3 ± 0.1

0.5 ± 0.4

0.01 ± 0.01

50.9 ± 8.5

0.3 ± 0.2

4.9 ± 4.7

19.1 ± 1.4

TYK-nu

0.8 ± 0.3

0.7 ± 0.5

0.3 ± 0.2

6.1 ± 2.2

94.8 ± 2.8

0.15 ± 0.02

0.9 ± 0.9

TOV112D

2.3 ± 0.8

1.2 ± 0.2

0.4 ± 0.6

23.6 ± 4.6

0.5 ± 0.3

3.3 ± 1.7

5.2 ± 0.3

The expression of different cell surface markers was analyzed by flow cytometry. The numbers indicate the percentage of antigen-expressing cells in the sample population ± SD of three
independent experiments.
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3.4.5

L1CAM regulates the expression of stemness and EMT-associated
genes

For a better understanding of the potential molecular mechanisms behind the role of L1CAM in
CSC-like traits of ovarian CSCs, we tested the expression of several stem cell- and EMT-related
genes known to be upregulated in CSC populations of OC and other cancer types [238].
Validation by RT-qPCR (Figure 3.14) indicated that the mRNA levels of LIN28, OCT4, CXCR4,
ABCG2, β-catenin, vimentin and TGF-β1 were higher expressed in the L1CAM+/CD133+ cell
population derived from IGROV1 and SKOV3ip, indicating aggressive and stem cell-like
properties of these cells. High expression of NBS1 and RAD50 was observed in IGROV1 but not
in SKOV3ip cells. The critical role of these two proteins in activating early cell cycle checkpoint
and starting DNA repair in response to radiation suggests high radioresistance of this cell
population.

Figure 3.14 The expression of some stem cell- and EMT-related genes is upregulated in IGROV1 and SKOV3ip
L1CAM+/CD133+ cells. FACS-sorted IGROV1 (left graph) and SKOV3ip (right graph) cell populations were analyzed
for the expression of genes related to stemness and EMT transition. Data are expressed as relative mRNA expression
(2-ΔΔCT) of reported genes as compared with double negative cells (dashed line). The experiment was repeated three
times in triplicates and data are expressed as means ± SD.
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3.4.6

Human ovarian cancer ascites samples and ovarian cancer cell lines
display heterogeneous expression of different cell-surface markers

In order to translate our in vitro and in vivo data into the human situation, we analyzed by flow
cytometry a total of 12 advanced stage OC patient ascites-derived cells for the expression of
L1CAM, CD133, L1CAM+CD133, CD24, CD44, CD326 and ALDH (Table 3.8; representative flow
cytometry in Figure 3.15).

Table 3.8 Human cancer cells derived from ovarian cancer patients’ ascites and ovarian cancer cell lines
showed heterogeneous expression of different putative cancer stem cell markers.

Patient
Nr.
1
2
3
4
5
6
7
8
9
10
11
12

L1CAM
[%]

CD133
[%]

L1CAM+CD133
[%]

CD24
[%]

CD44
[%]

CD326
[%]

ALDH
[%]

FIGO
stage

9.2

0.4

0.2

1.3

99.7

0.6

31.8

IV

21.5

0.6

0.5

34.1

99.8

7.6

43.4

III

2.1

0.2

0.1

7

99.8

0.3

42.2

III

94.9

97

93.6

99.9

100

99.9

0

III

31.1
15.9

1.2
0.6

0.8
0.5

98.7
51

99.9
97

10.43
10.8

43.6
0

III
III

34.3

1.8

1.5

81

96.5

5.2

3.4

III

16.7

1.4

1.3

58.5

99.4

2.4

28.8

IV

27.6
5.3

0.7
0.4

0.7
0.1

91.8
10.7

99.8
99.3

18.1
1.1

21.9
0

IV
III

25.4

1.1

1

16.7

99.2

0.1

0

III

9.7

0

0

0.7

93.9

0.1

30.1

IV

The expression of putative CSC markers was analyzed by flow cytometry. FIGO stage for each ovarian cancer patients’
ascites is provided. The numbers indicate the percentage of antigen expressing-cells in the sample population ± SD of
three independent experiments. Due to the limited number of cells, the marker expression was measured only once.

We found detectable L1CAM expression in all ascites specimens with different numbers of
antigen-expressing cells (2.1% to 94.9%). Similar to the flow cytometric screening of OC cell
lines, we observed generally high percentage (>94%) of CD44-expressing cells in all ascitesderived cells tested. With the exception of patient nr. 4, the expression of CD133 alone and in
combination with L1CAM was quite low in all tested ascites (CD133: 0% to 1.8%,
L1CAM+/CD133+: 0% to 1.5%). The expression of the other markers (CD24, CD36 and ALDH)
was highly heterogeneous among patients.
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Figure 3.15 The expression of putative cancer stem cell markers in human ovarian cancer ascites samples was
heterogeneous. Representative flow cytometry expression for putative CSC marker of three ascites samples (patient
nr. 4, patient nr. 6 and patient nr. 7) shown as pseudocolor dot plots. Gating was performed as exemplified,
accordingly to isotype-matched IgG controls. The numbers indicate the percentage of antigen-expressing cells in the
sample population.

Clinicopathological data of patients including age, type of therapy received, diagnose, tumor
histotype, tumor grade and FIGO stage classification are shown in Table 3.9.

Table 3.9 Clinicopathological data of ovarian cancer patients.

Patient
Nr.
1
2
3
4
5
6
7
8
9
10
11
12

Age

Primary/Neoadjuvant

Diagnose

Histotype

Grade

FIGO
stage

67

Neo-adjuvant

Ovarian

Serous

3

IV

76

Primary

Ovarian

Serous

3

III

46

Primary

Ovarian

Serous

3

III

54

Primary

Ovarian

Mixed

3

III

69
71

Primary
Primary

Ovarian
Ovarian

Clear cell
Serous

3
3

III
III

78

Neo-adjuvant

Tubal

Serous

3

III

45

Primary

Tubal

Serous

3

IV

70

Primary

Ovarian

Serous

3

IV

48
58

Primary
Primary

Tubal
Tubal

Serous
Serous

3
3

III
III

78

Primary

Ovarian

Serous

3

IV

97

Chapter 3 | Discussion and conclusions

3.5

Discussion and conclusions

Cancer stem cells (CSCs) are known to have high clonogenic capacity and to be chemo- and
radioresistant towards standard cancer therapies. It is now clear that in the same type of tumor,
there are different populations of CSCs defined by different combinations of markers and since
none of the existing CSC markers are solely expressed in cancer tissues, it is important to employ
combinations of markers to specifically detect CSCs.
In the present study, we identify L1CAM, in combination with CD133, as a new ovarian CSC
marker. The co-expression of L1CAM and CD133 has been shown to define a CSC population in
glioma and to be a CSC-specific therapeutic target [223]. We could demonstrate in three OC cell
lines (IGROV1, SKOV3ip, and high-grade serous Kuramochi) that a cell population expressing
both L1CAM and CD133 has higher clonogenic and spherogenic capacities and is more resistant
to ionizing radiation. Tumor spheres contain large amount of cells with CSC-like characteristics
like the upregulation of stemness-related genes, self-renewal, high proliferation and
differentiation potential and increased ALDH activity [85]. For this reason, spheres display
highly aggressive phenotype in growth, migration and invasion and have high resistance to
chemotherapeutic drugs in vitro [88]. There are also data demonstrating that sphere-forming
cells found in patients’ ascites are tumorigenic in vivo and, therefore, could play a role in
metastatic disease [239].
Since in all three wild type cell lines we could not find the L1CAM-/CD133+ cell population, we
decided to create two L1CAM knockout cell lines using the innovative genome-editing tool
CRISPR-Cas9. L1CAM was deleted in IGROV1 and SKOV3ip cells. The L1CAM knockout cells
displayed reduced radioresistance, plating-efficiency, sphere-forming capacity and proliferation
rate in comparison to the parental cell lines. We also observed that the expression of CD133
alone was not sufficient to confer radioresistance. This finding suggests that L1CAM is mainly
responsible for radioresistance in L1CAM+/CD133+ cells.
Earlier work revealed that L1CAM controls radioresistance in glioblastoma stem cells by
upregulating the expression of NBS1, a key factor of the MRE11-RAD50-NBS1 (MRN) complex
that triggers ataxia telangiectasia mutated (ATM) kinase and early checkpoint activation [240].
This observation is in line with our findings, which indicate that NBS1 and RAD50 are
upregulated in IGROV1 L1CAM+/CD133+ and L1CAM+/CD133- cells, suggesting that this
signaling pathway may be involved in CSC radioresistance.
Consistent with the CSC hypothesis, the dual expression of L1CAM and CD133 is present as a
small percentage in the majority of OC cells. We provided in vivo evidence, that small
L1CAM+/CD133+ cell populations are capable of tumor initiation with fast tumor growth.
Importantly, when isolated and re-injected into mice, these cells were able to form tumors with
the same original tumor cell composition. We detected tumor growth of L1CAM-/CD13398
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IGROV1 tumor cells and this observation may be explained by (i) the existence of additional
tumor-initiating populations defined by different markers or (ii) cross-contamination with other
cell populations that can occur during FACS procedure.
Epithelial-to-mesenchymal transition (EMT) was described to be regulated by multiple signals
and to be involved in cancer progression, tumor recurrence, metastatic process and
chemoresistance. In OC, the EMT program has been associated with a high invasion phenotype
in the peritoneal cavity [241]. Our results demonstrated that L1CAM expression correlates with
intermediate EMT phenotype, stem cell-like state and radioresistance. The loss of L1CAM in
IGROV1

∆L1CAM

cells

shifted

the

cells

to

a

more

mesenchymal

phenotype.

Immunohistochemistry results showed that L1CAM expression was associated with
internalization of E-cadherin, which has been described in EMT transition. Many tumor cells lose
epithelial phenotype through protein internalization, leading to an intermediate EMT phenotype
[242]. Our results also revealed that CD133 expression was increased in IGROV1 ∆L1CAM cells.
In lung adenocarcinoma, elevated expression of CD133 is a signature marker of EMT [243].
Recent studies have drawn attention to the association between EMT and CSC formation,
indicating that stem cell-like properties emerge during progression of EMT and stemness seems
to be important to regulate the invasive potential [244]. Many CSCs isolated from carcinomas
possess typical characteristics of cells that have undergone EMT [245]. Remarkably, a recent
publication revealed that antibody therapy against human L1CAM in a transgenic mouse model
induced EMT [246]. Lupia and colleagues lately showed that the expression of CD73 promoted
stemness and EMT in ovarian CSCs [247].
In 2011, Strauss et al. identified subpopulations of cells in an intermediate EMT hybrid stage, i.e.,
cells that retain the expression of epithelial markers like cell-adhesion molecules, but start to
gain migratory and invasive properties, switching to mesenchymal expression [143]. These data
illustrate that these cells have self-renewal capacity and, under some conditions, are able to
differentiate into different lineages. These findings suggest that cells in an “intermediate state”
may be more flexible in regulating cell invasion and stem cell-like properties.
To find an additional link between L1CAM expression and stemness, we tested the expression of
several CSC- and EMT-related genes known to be upregulated in ovarian CSC populations. We
selected LIN28 and OCT4, which are transcription factors involved in self-renewal and
pluripotency in embryonic stem cells. The co-expression of LIN28 and OCT4 has been associated
with ovarian CSCs [104]. CXCR4 is chemokine receptor involved in survival and proliferation
[248]. ABCG2 is an ATP-binding cassette (ABC) transporter and its expression correlates with
cisplatin (CDDP) and paclitaxel (PTX) resistance in several OC cell lines and it has been used to
identify CSCs [249]. The canonical Wnt/β-catenin signaling pathway is involved in modulating
self-renewal in normal tissues but in OC it plays a role in sustaining stem cells and
chemoresistance [250]. Previous work demonstrated that L1CAM is regulated by the Wnt/β99
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catenin signaling pathway and nuclear β-catenin co-localizes with L1CAM in tumor sections
[155]. Vimentin is often employed as a marker for mesenchymal cells or cells undergoing EMT
during normal development and metastatic spread but it was also found to be a marker of poor
chemoresponse in metastatic OC [251]. TGF-β1 acts as a potent driver of cancer progression
through the induction of EMT [140]. Considering the interplay between EMT and stemness, TGFβ1 signaling pathway has been linked to the induction of ovarian CSCs [139]. In breast and
pancreatic cancer, TGF-β1 was shown to induce an EMT-like phenotype and L1CAM expression
[228]. We observed that all these genes are overexpressed in the L1CAM+/CD133+ cell
population derived from IGROV1 and SKOV3ip, indicating aggressive and stem cell-like
properties of these cells. Our results suggest that L1CAM orchestrate ovarian CSC function
through the expression of genes that play a key role in stemness and EMT. Targeting ovarian
CSCs with anti-L1CAM antibody offers a new strategy for CSC therapy. In particular, because
L1CAM is expressed in all CD133+ ovarian CSCs and, so far, L1CAM has not been described in
normal stem cells.
Our group and others already demonstrated that L1CAM is a promising target molecule for
antibody-based therapy [161, 162, 165, 166]. We are now focusing our research on the
establishment of effective anti-L1CAM treatment modalities to eradicate ovarian CSCs.
Furthermore, the characterization of additional L1CAM knockout cell lines, the analysis of
potential co-expression of L1CAM and CSC markers in a large numbers of OC patients’ samples,
as well as the combination of L1CAM-targeted treatment with radiotherapy in OC xenograft
models are warranted to further validate our findings.
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4.1

Abstract

Background: Ovarian cancer patients usually show good response rate to initial therapy,
nevertheless the majority of them relapse within few years developing therapy-resistant
tumors. In the last years it became evident that disease relapse depends on small populations of
cancer stem cells (CSCs), which are typically resistant towards conventional anti-cancer
treatments. Until now, no effective therapy to eradicate CSCs and to treat the disease is available.
Because of high-linear energy transfer, radioimmunotherapy using alpha- or Auger emitters may
offer a new therapeutic approach for CSCs. Based on these findings we investigated if the
radiolanthanide Tb-161 provides a therapeutic opportunity to overcome CSC radioresistance.
For our study, we compared the in vitro radiobiological effects induced by

177Lu-

and

161Tb-

labeled anti-L1CAM monoclonal antibody chCE7 in two ovarian cancer cell lines (IGROV1 and
SKOV3ip) and in their double positive CSC population defined by L1CAM and CD133 expression.
Methods: 177Lu-DOTA chCE7 and 161Tb-DOTA-chCE7 cytotoxicity was determined by cell colonyforming assays. Radiation-induced biological bystander effect was assessed by medium transfer
assay. Flow cytometric measurement was performed to evaluate levels of apoptosis, reactive
oxygen species and DNA double-strand breaks (γH2A.X).
Results: Ovarian cancer cells treated with 161Tb-DOTA-chCE7 showed significantly reduced cell
survival (*p < 0.03) compared to treatment with 177Lu-DOTA-chCE7. In IGROV1, the IC50-value of
161Tb-DOTA-chCE7

was 5.7-fold lower than the IC50-value of

177Lu-DOTA-chCE7,

indicating

superior toxicity of Tb-161. A clear trend suggested that radiation-induced bystander effect
could significantly contribute to the increased radiotoxicity of Tb-161. The detected amount of
reactive oxygen species in SKOV3ip cells was significantly increased (*p < 0.03) in cells treated
with

161Tb-DOTA-chCE7.

Flow cytometric analysis revealed that incubation of cells with

161Tb-

DOTA-chCE7 enhanced the amount of induced DNA double-strand breaks, which correlates with
early-apoptosis and late-apoptosis/necrosis. Preliminary in vitro experiments with ovarian CSCs
suggested that Tb-161 is a good candidate to eradicate CSCs.
Conclusion: Our results indicate anti-L1CAM radioimmunotherapy with Tb-161 as a promising
strategy to kill and eradicate radioresistant ovarian CSCs.
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4.2

Background

Ovarian cancer (OC) is a very lethal gynecological disease because of advanced-stage diagnosis
due to the absence of effective screening strategies. Although good clinical response to primary
cytoreductive surgery and standard adjuvant chemotherapy, most patients relapse within the
first 2 years after diagnosis [252]. The reason behind relapse seems to be associated to the
presence of therapy-resistant cancer stem cells (CSCs), which cannot be eradicated with
conventional cancer treatments. So far, targeted therapies including the use of radiolabeled
antibodies for advanced OC after cytoreductive surgery and conventional chemotherapy, have
shown only limited efficacy in patients [253]. In a phase III clinical trial, a cohort of 447 patients
in clinical remission received intraperitoneal (i.p.) administration of

90Y-labeled

anti-MUC1

monoclonal antibody HMFG-1 combined with standard treatment or standard treatment alone
[254]. The study demonstrated that the delivery of radiolabeled antibody did not prolong
survival or relapse interval, possibly due to the choice of an unsuitable radionuclide to irradiate
small tumor nodules. Y-90 is a high-energy beta-particle emitter with a particle range of several
millimeters and low-linear energy transfer (low-LET) [169]. Because of the long range of these
beta-particles, this nuclide can also kill non-targeted tumor cells with the so-called “crossfire”
effect, making the use of this nuclide appropriate to treat large metastases.
For this reason, radioimmunotherapy (RIT) using Auger and conversion electrons (referred as
Auger electrons) producing intermediate-linear energy transfer (intermediate-LET) seems to be
a new option for minimal residual diseases. Lu-177 is a medium-energy beta-particle emitter,
routinely used for targeted radionuclide therapy of several malignancies, including prostate
cancer and neuroendocrine tumors [255]. Tb-161 has similar chemical and radiological
properties to the clinically relevant nuclide Lu-177 (Table 4.1).
Both nuclides are radiolanthanides with a half-life of almost seven days (Lu-177 t1/2 = 6.6 d and
Tb-161 t1/2 = 6.9 d), which is ideal for radiotherapeutic application of antibodies. Additionally,
both nuclides have similar chemistry that can be employed for radiolabeling. One of the best
chelators for Lu-177 and Tb-161 is the octadentate chelator 1,4,7,10-tetraazacyclododecane1,4,7,10-tetraacetic acid (DOTA), which displays a preference for di- and trivalent ions [256].
Both radionuclides emit low-energy photons suitable for gamma camera imaging, at least in
mouse xenograft models, and have similar β- energy (Lu-177 Eβ- mean = 134 keV and Tb-161 Eβmean =

154 keV). However, Tb-161 emits not only β- particles but also 16 times more low-energy,

short-range Auger electrons per decay (3-50 keV) than Lu-177.
Auger electrons kill the cells by damaging the cell membrane or by internalizing into the cell,
where they induce DNA damage and the formation of reactive oxygen species (ROS) [257]. ROS
are produced by the radiolysis of water and they can damage cell organelles, lipids, proteins and
DNA [258]. Furthermore, Auger electrons can kill tumor cells by the bystander effect, a
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phenomenon by which irradiated cells release signaling factors to neighbor non-irradiated cells,
causing cell death [259].
Table 4.1 Comparison of decay properties and energies of Lu-177 and Tb-161.

β-

Lu-177
6.6 d
134 keV (100%)
54 keV (4%)
113 keV (6%)
208 keV (10%)
3-50 keV (14%)

Half-life
energy average (intensity)

Energy photons (intensity)
Energy Auger electrons (intensity)

Tb-161
6.9 d
154 keV (101%)
45 keV (18%)
49 keV (17%)
75 keV (10%)
3–50 keV (224%)

Data from: National Nuclear Data Centre Brookhaven National Laboratory.

High quantities of Tb-161 with high specific activity and chemical purity suitable for therapeutic
applications can be produced by irradiation of enriched Gd-160 target [260]. Different
preclinical studies illustrated the therapeutic superiority of Tb-161 compared to Lu-177 in
inhibiting tumor growth in vivo [162, 261]. In a comparative study, Grünberg et al. could
demonstrate that anti-L1CAM RIT with
inhibition compared to

161Tb-DOTA-chCE7

177Lu-DOTA-chCE7

was more effective in tumor growth

[162, 262]. Another preclinical study revealed that

the emission of high quantities of Auger electrons of Tb-161 did not increase renal damage and
toxicity compared to Lu-177 [263]. Recently, Hindié and colleagues used the Monte Carlo code
CELLDOSE theoretical calculation to evaluate electron dose distribution and they showed that
Tb-161 delivers higher doses (44.5 Gy and 24.5 Gy, respectively) than Lu-177 (24.5 Gy and 3.92
Gy) and In-111 (38.9 Gy and 22.8 Gy) in 10 μm and 100 μm spheres [264]. In comparison to In111, which also emits Auger electrons, Tb-161 has the advantage of emitting fewer photons used
for gamma camera imaging but dangerous for patients.
These properties and findings suggest that Tb-161 is an ideal candidate to kill radioresistant
CSCs. In this project, we addressed the question if the in vitro cytotoxicity of 161Tb-DOTA-chCE7
against ovarian CSCs is superior to 177Lu-DOTA-chCE7.
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4.3

Materials and methods

4.3.1

Cell culture and antibody formats

IGROV1 and SKOV3ip ovarian cancer cell lines and HEK293 cells were cultured in RPMI 1640
medium supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin
and 100 µg/ml streptomycin. The cells were maintained at 37°C in 95% humidified atmosphere
containing 5% CO2. All media and additives were obtained from BioConcept (Allschwil,
Switzerland) if not otherwise specified. IGROV1 cancer stem cells were isolated based on L1CAM
and CD133 expression by fluorescence-activated cell sorting (FACS) as described in Chapter 3,
section 3.3.4. Chimeric monoclonal antibody chCE7 (human κ light chain and human γ 1 heavy
chain) of the IgG1-subtype specific for L1CAM was produced in HEK293 cell line and purified
from cell culture supernatant using Protein-A Sepharose column (GE Healthcare, Glattbrug,
Switzerland) as previously described [202]. An unspecific isotype-matched IgG was used as a
control.

4.3.2

Ligand substitution and antibody radiolabeling

The required amount of protein solution (final concentration: 4 mg/ml) was incubated at RT for
30 min with 0.25 M ammonium acetate (pH 5.5) containing 50 mM EDTA. The solution was
diluted to 5 ml with 0.1 M boric acid (pH 9-10) and centrifuged at 3500 x g for 15-30 min to
reduce the volume by a factor 2-3. Dilution with boric acid and centrifugation steps were
repeated two to three times. Thereafter, the absorbance of the samples was measured at 280 nm
in a UV spectrophotometer. The amount of p-SCN-Bn-DOTA (Macrocyclis, Dallas, TX, USA) was
calculated and adjusted individually for each antibody to give a 30-fold molar excess over the
amount of protein. The mixture of antibody and chelator was incubated for 16 h at RT. The
ligand excess was removed and buffer was exchanged into 0.25 M ammonium acetate using
Vivaspin 6 column (Sartorius AG, Tagelswangen, Switzerland). The mixture was diluted to 5 ml
with 0.25 M ammonium acetate (pH 5.5) and centrifuged at 3500 x g for 15 min. Dilution and
centrifugation steps were repeated three to four times and the solution was concentrated to
about 0.5 ml end volume (final concentration: 4 mg/ml). Immunoconjugates were stored at 80°C. The average number of coupled chelators per mAb was calculated by mass spectrometry
as previously described [161]. Lu-177 (ITG, Garching, Germany) and Tb-161 (PSI, Villigen,
Switzerland) were used for radiolabeling 1-3 days post-specified calibration date. The reaction
mixture containing the immunoconjugate and radioactivity (1.2 MBq/µg mAb) was incubated in
0.25 M ammonium acetate buffer (pH 5.5) for 1 h at 37°C. After incubation, the mixture was
incubated for 10-15 min with EDTA to a final concentration of 5 mM, in order to complex free
radiometals. Radiochemical purity controls were performed by size exclusion high-performance
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liquid chromatography (HPLC). HPLC analyses were performed using a Biosep-SEC-s3000 sizeexclusion column 7.8 × 300 mm (Phenomenex, Schlieren, Switzerland), pre-equilibrated with
filtrated PBS and the mobile phase was set to a flow rate of 0.75 ml/min. The column eluent was
passed through a UV detector (detection wavelength 280 nm and 220 nm) followed by a
radioactivity detector. The immunoreactive fraction (IRF) of radioimmunoconjugates (RICs) was
analyzed using a modified Lindmo method [203] with one cell concentration of 70 x 106 cells/ml.

4.3.3

In vitro cytotoxicity assay

Ovarian cancer cells were seeded with a density of 250 cells/well in 6-well plates and incubated
over night at 37°C. After adhesion, cells were washed with PBS and incubated with 1 ml

177Lu-

DOTA-chCE7 or 161Tb-DOTA-chCE7 with concentrations ranging from 0.1 to 5 MBq/ml for 12 h
at 37°C. Control cells were treated with equivalent concentrations of cold DOTA-chCE7 antibody.
After incubation, cells were washed with PBS, covered with regular supplemented cell culture
medium and incubated at 37°C in 95% humidified atmosphere containing 5% CO2 for 10-14
days. Colonies were washed with PBS, fixed with 4% formalin and stained with 0.05% crystal
violet. Colonies with a minimal size of 50 cells were counted and plating efficiency (PE) was
calculated as previously described [204]. The IC50-values were determined by fitting the data
with non-linear regression using the least-squares fit of GraphPad Prism 7 (GraphPad Software,
Inc., La Jolla CA, USA).

4.3.4

Medium transfer assay (MTA)

Ovarian cancer cells were seeded with a density of 2 x 105 cells in T25 cm2 flasks 24 h before
treatment. Cells were treated with 3 ml of 5 MBq/ml

177Lu-DOTA-chCE7

or

161Tb-DOTA-chCE7

for 12 h. The day of irradiation, cells were washed with PBS and medium was replaced with 3 ml
fresh regular supplemented cell culture medium. Cells were treated with 3 ml of 5 MBq/ml of
177Lu-DOTA-chCE7

or

161Tb-DOTA-chCE7

for 12 h. Control cells were treated with equivalent

concentrations of cold DOTA-chCE7 antibody. After 12 h, the supernatant was collected and
centrifuged at max. speed for 10 min and transferred to fresh non-irradiated cells (direct effect).
Cells were washed twice with PBS, fresh regular supplemented cell culture medium was added
and cells were incubated 1-2 h at 37°C in 95% humidified atmosphere containing 5% CO2 to
accumulate bystander factors. Irradiated conditioned medium (ICM) was collected, centrifuged
at max. speed for 10 min and transferred to fresh non-irradiated cells (bystander effect). All
fresh non-irradiated cells were seeded with a density of 250 cells/well in 6-well plates 24 h
prior ICM treatment. Cells were grown for 10-12 days at 37°C in 95% humidified atmosphere
containing 5% CO2 and colonies were fixed, stained and counted as described in section 4.3.3.
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4.3.5

Double-strand break (DSB) analysis by flow cytometry

Ovarian cancer cells were seeded with a density of 1 x 106 cells in 6-well plates 24 h before
treatment. Cells were treated with 3 ml of 5 MBq/ml

177Lu-DOTA-chCE7

or

161Tb-DOTA-chCE7

for 48 h and 72 h, detached with Accutase (STEMCELL Technologies, Grenoble, France), washed
twice with PBS and subjected to DSB analysis by flow cytometry. Control cells were treated with
equivalent concentrations of cold DOTA-chCE7 antibody. Cells were first fixed with 4%
formaldehyde for 15 min at RT and subsequently permeabilized with ice-cold methanol (90%
final concentration). Cells were stained using an anti-γH2A.X antibody (phospho-S39, 1:100, Cell
Signaling Technology, BioConcept Ltd, Allschwill, Switzerland) and a secondary FITC-conjugated
antibody (1:1000; Abcam, Cambridge, UK). Labeled cells were transferred into a 96-well plate
and all samples were examined on a Guava EasyCyte Flow Cytometer (Merck Millipore,
Schaffausen, Switzerland). The results were evaluated using FlowJo software (Tree Star,
Ashland, OR, USA, version 10).

4.3.6

Reactive oxygen species (ROS) analysis by flow cytometry

Ovarian cancer cells were seeded with a density of 1 x 106 cells in 6-well plates 24 h before
treatment. Cells were treated with 3 ml of 5 MBq/ml

177Lu-DOTA-chCE7

or

161Tb-DOTA-chCE7

for 2 h, detached with Accutase (STEMCELL Technologies, Grenoble, France) and washed twice
with PBS. Cells were subjected to ROS analysis using ROS CellRox green flow cytometry assay kit
(Gibco, Thermo Fisher Scientific, Reinach, Switzerland), according to manufacturer’s
instructions. Control cells were treated with equivalent concentrations of cold DOTA-chCE7
antibody. After staining, the cells were transferred into a 96-well plate and were examined on a
Guava EasyCyte Flow Cytometer (Merck Millipore, Schaffausen, Switzerland). The results were
evaluated using FlowJo software (Tree Star, Ashland, OR, USA, version 10).

4.3.7

Apoptosis assay

Ovarian cancer cells were seeded with a density of 1 x 106 cells in 6-well plates 24 h before
treatment. Cells were treated with 3 ml of 5 MBq/ml

177Lu-DOTA-chCE7

or

161Tb-DOTA-chCE7

for 48 h and 72 h, detached with Accutase (STEMCELL Technologies, Grenoble, France) and
washed twice with PBS. Cells were subjected to apoptosis analysis using Guava Nexin Reagent
(Merck Millipore, Schaffausen, Switzerland) according to manufacturer’s instructions. Control
cells were treated with equivalent concentrations of cold DOTA-chCE7 antibody. After staining,
the cells were transferred into a 96-well plate and were examined on a Guava EasyCyte Flow
Cytometer (Merck Millipore, Schaffausen, Switzerland). The results were evaluated using FlowJo
software (Tree Star, Ashland, OR, USA, version 10).
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4.3.8

Statistical analysis

Statistical analysis was performed with GraphPad Prism 7 (GraphPad Software, Inc., La Jolla CA,
USA). The IC50-values were determined by fitting the data with non-linear regression using the
least-squares fit of GraphPad Prism. Significance of IC50-values was assessed using two-way
ANOVA with the Holm-Sidak correction. ROS, MTA, Nexin and DSB assays were analyzed by twoway ANOVA. P values of < 0.05 were considered statistically significant (***p < 0.001, **p <
0.002, *p < 0.03).
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4.4

Results

4.4.1

Antibody radiolabeling and ligand substitution

The DOTA-to-mAb (chCE7) ratio was calculated by mass spectroscopic analysis. The results
demonstrated that an average of 5.7 chelators were coupled to one intact antibody molecule on
the radioimmunoconjugates (RICs) utilized for the in vitro experiments. Specific activity of RICs
ranged from 1000-1300 MBq/mg. Immunoreactive fraction (IRF) of radiolabeled mAbs ranged
from 58-72%.

4.4.2

Cytotoxicity of 177Lu-DOTA-chCE7 and
SKOV3ip and IGROV1 cells

161Tb-DOTA-chCE7

against

We first examined the sensitivity of IGROV1 and SKOV3ip cell lines to treatment with

177Lu-

DOTA-chCE7 and 161Tb-DOTA-chCE7. Corresponding dose-response curves are shown in Figure
4.1. For IGROV1, the IC50-value of 161Tb-DOTA-chCE7 was significantly lower (5.7-fold) than the
IC50-value of

177Lu-DOTA-chCE7

(161Tb-DOTA-chCE7: 0.07 MBq/ml vs.

MBq/ml; ***p < 0.001), indicating superior cancer cell toxicity of
SKOV3ip, the IC50-value of
IC50-value of

161Tb-DOTA-chCE7

177Lu-DOTA-chCE7

177Lu-DOTA-chCE7:
161Tb-DOTA-chCE7.

0.4
For

was estimated to be 3.9 MBq/ml. In contrast, the

for SKOV3ip cells could not be estimated, since the highest

applied concentration of 5 MBq/ml was not sufficient to reach IC50.

Figure 4.1 Radiosensitivity of IGROV1 and SKOV3ip cells. The IC50-values were assessed by colony-forming assay
in IGROV1 (A) and SKOV3ip (B) after treatment with 177Lu-DOTA-chCE7 or 161Tb-DOTA-chCE7 (n=3, concentration
range 0.1–5.0 MBq/ml for 12 h).
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We

then

performed

a

preliminary

IC50-experiment

with

IGROV1

double

positive

(L1CAM+/CD133+) cancer stem cells (CSCs) and their double negative counterpart (L1CAM/CD133-). For double positive cells, the IC50-value of
than the IC50-value of

177Lu-DOTA-chCE7

161Tb-DOTA-chCE7

was lower (2.6-fold)

(161Tb-DOTA-chCE7: 0.05 MBq/ml vs.

177Lu-DOTA-

chCE7: 0.13 MBq/ml; Figure 4.2). For double negative cells, no IC50-values could be calculated
since the second lowest applied concentrations of

161Tb-DOTA-chCE7

and

177Lu-DOTA-chCE7

(0.5 MBq/ml) were sufficient to induce cell death (data not shown).

Figure 4.2 Radiosensitivity of IGROV1 L1CAM+/CD133+ cells. The IC50-values were assessed by colony-forming
assays after treatment with 177Lu-DOTA-chCE7 or 161Tb-DOTA-chCE7 (n=1, concentration range 0.1–5.0 MBq/ml for
12 h).
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4.4.3

Treatment with 161Tb-DOTA-chCE7 enhances the formation of ROS in
SKOV3ip cells

It is now clear that Auger electrons induce not only direct DNA damage, but also the production
of reactive oxygen species (ROS) which, in turn, promote cellular damage. We examined whether
radiation-induced non-targeted effects contribute to the cytotoxic effects of

177Lu-DOTA-chCE7

and 161Tb-DOTA-chCE7 treatments (Figure 4.3). In SKOV3ip cells, the application of 161Tb-DOTAchCE7 significantly enhanced the formation of ROS compared to
DOTA-chCE7: 2.5 ± 1.1% vs.

177Lu-DOTA-chCE7:

difference in ROS production between

177Lu-DOTA-chCE7

(161Tb-

1.1 ± 0.6%; *p < 0.03). We observed no

161Tb-DOTA-chCE7

and

177Lu-DOTA-chCE7

treatments in

IGROV1 cells.

Figure 4.3 Flow cytometric analysis of ROS production in IGROV1 and SKOV3ip cells. Cells were treated with
177Lu-DOTA-chCE7 or 161Tb-DOTA-chCE7 (5 MBq/ml, 2 h). Untreated cells were used as a control. Each experiment
was repeated three times (n=3) and data are expressed as mean ± SD. Statistical significance was determined using
two-way ANOVA; *p < 0.03 and ***p < 0.001.
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Preliminary ROS analysis with IGROV1 CSCs and their double negative counterpart
demonstrated a pattern of higher ROS production in cells treated with
compared to

177Lu-labeled

161Tb-DOTA-chCE7

antibody (Figure 4.4). Double negative cells produced a detectably

higher amount of ROS when compared with L1CAM+/CD133+ cells, suggesting high sensitivity
toward radiation.

Figure 4.4 Flow cytometric analysis of ROS production in IGROV1 L1CAM+/CD133+ and L1CAM-/CD133- cells.
Cells were treated with 177Lu-DOTA-chCE7 or 161Tb-DOTA-chCE7 (5 MBq/ml, 2 h). Untreated cells were used as a
control. The experiment was performed once (n=1).
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4.4.4

Treatment with 161Tb-DOTA-chCE7
biological bystander effect

elicits

radiation-induced

Recent studies have demonstrated that indirect effects caused by Auger electron emitters, such
as radiation-induced bystander effect, could significantly contribute to treatment efficacy.
Bystander effect induces cytotoxicity in close non-irradiated cells through the release of signals
from irradiated cells that can eventually lead to cell death. Our aim was to compare the impact of
bystander cell killing by 177Lu-DOTA-chCE7 and 161Tb-DOTA-chCE7 in IGROV1 and SKOV3ip cell
lines using medium transfer assay (MTA). In both cell lines, the treatment with irradiated
culture medium (ICM) from donor cells incubated with

161Tb-DOTA-chCE7

induce cell killing in recipient cells compared to ICM collected from

did not significantly

177Lu-DOTA-chCE7

donor

cells, even though a clear trend in this direction could be observed (Figure 4.5). In contrast,
treatment with
compared to

161Tb-DOTA-chCE7

177Lu-DOTA-chCE7

in SKOV3ip significantly reduced clonogenic survival

(direct effect -

161Tb-DOTA-chCE7:

15 ± 12% vs.

177Lu-DOTA-

chCE7: 50 ± 23%; *p < 0.03).

Figure 4.5 Clonogenic cell survival of IGROV1 and SKOV3ip cells after medium transfer assay. Cell survival was
assessed after exposure of IGROV1 (A) and SKOV3ip (B) cells with 5 MBq/ml 177Lu-DOTA-chCE7 or 161Tb-DOTAchCE7 for 12 h (direct effect) or after incubation with irradiated culture medium (ICM), in which respective donor
cells have been cultured for 2 h after treatment with with 5 MBq/ml 177Lu-DOTA-chCE7 or 161Tb-DOTA-chCE7 for 12 h
(bystander effect). The survival fraction was calculated based on control cells. Each experiment was repeated three
times (n=3) and data are expressed as mean ± SD. Statistical significance was determined using two-way ANOVA; *p <
0.03.
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Preliminary MTA with IGROV1 L1CAM+/CD133+ and L1CAM-/CD133- cells revealed a similar
pattern of superior bystander cell killing induced by 161Tb-DOTA-chCE7 treatment (Figure 4.6).

Figure 4.6 Clonogenic cell survival of IGROV1 L1CAM+/CD133+ and L1CAM-/CD133- cells after medium
transfer assay. Cell survival was assessed after incubation of IGROV1 L1CAM+/CD133+ (A) and L1CAM-/CD133- (B)
cells with irradiated culture medium (ICM) in which respective donor cells have been cultured for 2 h after treatment
with with 5 MBq/ml 177Lu-DOTA-chCE7 or 161Tb-DOTA-chCE7 for 12 h (bystander effect). The survival fraction was
calculated based on control cells. The experiment was performed once (n=1).
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4.4.5

Treatment with
DSBs

161Tb-DOTA-chCE7

increases the amount of DNA

The most harmful cellular cytotoxicity induced by radiation is DNA double-strand break (DSB).
To examine if treatment with

161Tb-DOTA-chCE7

and

177Lu-DOTA-chCE7

induced DSBs, we

performed flow cytometry using IGROV1 and SKOV3ip cells treated with the RICs for 48 h and
72 h. Induction of DSB damage was measured using a FITC-labeled antibody against
phosphorylated histone H2A.X on Ser139 (γH2A.X), a marker for DNA DSBs (Figure 4.7).

Figure 4.7 Flow cytometric detection of γH2A.X. Representative pseudocolor dot plots of IGROV1 and SKOV3ip
cells treated with 5 MBq/ml 177Lu-DOTA-chCE7 or 161Tb-DOTA-chCE7 for 48 h and 72 h. DNA DSB damage was
measured using a FITC anti-gamma H2A.X (phosphorylation on S139) antibody. Untreated cells were used for gating.

As shown in Figure 4.8, 161Tb-DOTA-chCE7 IGROV1-treated cells displayed a significantly higher
amount of DNA DSBs compared to control cells at 48 h (161Tb-DOTA-chCE7: 34 ± 15% vs.
control: 8 ± 1%; **p < 0.002) and 72 h (161Tb-DOTA-chCE7: 30 ± 10% vs control: 8 ± 4%; *p <
0.03). The incubation of IGROV1 cells with 161Tb-DOTA-chCE7 for 48 h induced more DSBs than
177Lu-DOTA-chCE7

(161Tb-DOTA-chCE7: 30 ± 10% vs.

177Lu-DOTA-chCE7:

11 ± 1%; *p < 0.03),

demonstrating superior cytotoxicity of Tb-161. In SKOV3ip cells, 48 h treatment with

161Tb-

DOTA-chCE7 enhanced the formation of DSBs compared to control cells (161Tb-DOTA-chCE7: 22
± 6% vs. control: 5 ± 2%). Treatment with RICs at earliest time points indicated a trend, but not
a significant difference, between 161Tb-DOTA-chCE7 and 177Lu-DOTA-chCE7 treatments.
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Figure 4.8 Quantification of DNA DSBs induced by 177Lu-DOTA-chCE7 and 161Tb-DOTA-chCE7 in IGROV1 and
SKOV3ip cells. IGROV1 (A) and SKOV3ip (B) cells were treated with 5 MBq/ml 177Lu-DOTA-chCE7 or 161Tb-DOTAchCE7 for 48 h and 72 h. DNA DSB damage was measured by phosphorylation of histone H2A.X at Ser139 (γH2A.X)
with flow cytometry. Data are expressed as percentage of cells with detectable DSBs (mean ± SD). Each experiment
was repeated three times (n=3). Statistical significance was determined using two-way ANOVA; *p < 0.03 and **p <
0.002.

Preliminary analysis with IGROV1 ovarian CSCs showed no difference between
chCE7 and

177Lu-DOTA-chCE7

161Tb-DOTA-

treatments for the amount of DSBs induced after 48 h (Figure

4.9). At 72 h time point, the treatment with 177Lu-labeled RIC slightly enhanced the formation of
DSBs compared to treatment with

161Tb-labeled

antibody. In contrast, double negative cells

demonstrated a trend of higher 161Tb-DOTA-chCE7 toxicity. However, untreated double negative
cells showed a high basal level of DSBs.
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Figure 4.9 Quantification of DNA DSBs induced by 177Lu-DOTA-chCE7 and 161Tb-DOTA-chCE7 in IGROV1
L1CAM+/CD133+ and L1CAM-/CD133- cells. IGROV1 L1CAM+/CD133+ (A) and IGROV1 L1CAM-/CD133- (B) cells
were treated with 5 MBq/ml 177Lu-DOTA-chCE7 or 161Tb-DOTA-chCE7 for 48 h and 72 h. DNA DSB damage was
measured by phosphorylation of histone H2A.X at Ser139 (γH2A.X) with flow cytometry. Data are expressed as
percentage of cells with detectable DSBs. The experiment was performed once (n=1).
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4.4.6

Treatment with
necrosis

161Tb-DOTA-chCE7

enhances early-apoptosis and

We decided to perform flow cytometric analysis in order to investigate if the induced DNA DSBs
resulted in apoptosis and/or necrosis. Cells were incubated with

177Lu-DOTA-chCE7

or

161Tb-

DOTA-chCE7 for 48 h and 72 h. AnnexinV-PE/7-AAD double staining was applied to discriminate
between early- and late-apoptosis/necrosis (Figure 4.10).

Figure 4.10 Flow cytometric apoptosis/necrosis analysis. Representative pseudocolor dot plots of IGROV1
(upper plots) and SKOV3ip (lower plots) cells treated with 5 MBq/ml 177Lu-DOTA-chCE7 or 161Tb-DOTA-chCE7 for 48
h and 72 h. Cells were double-stained with an AnnexinV-PE/7-AAD solution to differentiate between early- or lateapoptosis/necrosis. Untreated cells were used for gating.
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In both cell lines, we detected an increase of early- and late-apoptosis/necrosis after incubation
with

161Tb-DOTA-chCE7

for 48 h and 72 h (Figure 4.11). These results are in line with the

enhanced formation of DNA DSBs induced by 161Tb-DOTA-chCE7 observed at the respective time
points (Figure 4.8).

Figure 4.11 Quantification of apoptosis/necrosis induced by 177Lu-DOTA-chCE7 and 161Tb-DOTA-chCE7 in
IGROV1 and SKOV3ip cells. IGROV1 (A) and SKOV3ip (B) cells were double-stained with an AnnexinV-PE/7-AAD
solution. Flow cytometric analysis was performed to differentiate between early- or late-apoptosis/necrosis after
treatment with 177Lu-DOTA-chCE7 or 161Tb-DOTA-chCE7 for 48 h and 72 h. Data are expressed as percentage of earlyand late-apoptotic/necrotic cells (mean ± SD). Each experiment was repeated three times (n=3). Statistical
significance was determined using two-way ANOVA.

Preliminary results in IGROV1 L1CAM+/CD133+ CSCs indicated high early-apoptosis in cells
treated with

161Tb-DOTA-chCE7

161Tb-DOTA-chCE7

for 48 h (Figure 4.12). In double negative cells, treatment with

increased the amount of late-apoptotic/necrotic cells for both time points

(48 h and 72h). These results correlate with the enhanced formation of DNA DSBs induced by
161Tb-DOTA-chCE7
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Figure 4.12 Quantification of apoptosis/necrosis induced by 177Lu-DOTA-chCE7 and 161Tb-DOTA-chCE7 in
IGROV1 L1CAM+/CD133+ and L1CAM-/CD133- cells. IGROV1 L1CAM+/CD133+ (A) and IGROV1 L1CAM-/CD133(B) cells were double-stained with an AnnexinV-PE/7-AAD solution. Flow cytometric analysis was performed to
differentiate between early- or late-apoptosis/necrosis after treatment with 177Lu-DOTA-chCE7 or 161Tb-DOTA-chCE7
for 48 h and 72 h. The data are expressed as percentage of early- and late-apoptotic/necrotic cells. The experiment
was performed once (n=1).
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4.5

Discussion and conclusions

Despite several attempts in the past years to improve RIT of solid tumors, there is still no
effective treatment for primary and disseminated tumor disease available. Failure of RIT could
be related to several factors, including poor blood flow, high interstitial pressure, heterogeneous
antigen expression and the wrong choice of radionuclide to eradicate remaining tumor nodules
after surgery [253]. Nevertheless, there are growing indications demonstrating that the reason
why cancer patients are not cured by existing standard treatments is the presence of small
populations of CSCs, which are typically resistant to conventional therapy regimens. Because of
some favorable characteristics, such as intermediate-LET, antibody-based targeted therapy of
CSCs using Auger electron emitters may be a new promising therapeutic option.
Previously we have shown that anti-L1CAM

161Tb-RIT

is more effective than

177Lu-RIT

preclinical OC xenograft mouse model [162]. The reason for increased efficacy of

in a

161Tb-labeled

mAb chCE7 cannot be explained by similar β- energy emission (Lu-177 Eβ-mean = 134 keV and Tb161 Eβ-mean = 154 keV), but rather by the 16-fold higher emission of Auger electrons of Tb-161
(3-50 keV). The highest cytotoxic effect of these low-energy short-range electrons is reached
when the nuclide is bound to the cell membrane or internalized into the target cell [265]. Once
internalized, high amount of energy is released inside the tumor cell, resulting in direct DNA
ionization or ionization of water molecules, which generates ROS causing secondary DNA
damage [171, 266]. More than half of Auger electrons emitted by Tb-161 have energy higher
than 16 keV, and therefore the nucleus localization of this nuclide is not strictly necessary to
induce cell death.
Considering Tb-161 properties, in our study we investigated if this radioisotope is an ideal
candidate to kill highly radioresistant. IGROV1 and SKOV3ip cells treated with

161Tb-labeled

chCE7 showed significantly reduced cell survival in vitro compared to treatment with
labeled variant. For IGROV1, the IC50-value of

161Tb-DOTA-chCE7

177Lu-

was 5.7-fold lower than the

IC50-value of 177Lu-DOTA-chCE7, indicating better cell killing property of Tb-161. The IC50-value
for

177Lu-DOTA-chCE7

in SKOV3ip cells could not be assessed, since the highest applied

concentration was not high enough to reach IC50. This outcome fits with previous data
demonstrating superior radioresistance of SKOV3 cells when compared with other OC cell lines
[216].
Preliminary in vitro experiments with IGROV1 cancer stem cells (CSCs) defined by the
expression of L1CAM and CD133 (L1CAM+/CD133+) and their corresponding double negative
population (L1CAM-/CD133-), showed comparable results to IGROV1 wild type cell line. Even
though CSCs are known to be highly radioresistant, both IC50-values were lower than the values
obtained for wild type cells. To verify and validate these results the experiment should be
repeated. All double negative cells died after treatment with the second lowest concentrations of
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161Tb-mAb

and

177Lu-mAb,

possibly because of high radiation sensitivity caused by the loss of

L1CAM [240]. For this reason, this experiment will be performed using a lower concentration
range to allow IC50 estimation.
Non-targeted effects induced by targeted radionuclide therapy with Auger electron emitters
include the bystander effect and the generation of ROS [267]. These effects can be detected in
cells that are not directly targeted by the radionuclide but are closely located to irradiated cells.
The inhibitory bystander response in non-irradiated cells is mediated by released factors and
results in events such as apoptosis, DNA damage, mutations and increase of ROS production
[267]. A significant reduction in clonogenic survival was detected in IGROV1 and SKOV3ip cells
treated with

161Tb-labeled

chCE7 compared to

177Lu-labeled

antibody. A greater decrease in

tumor cell growth was observed when cells were cultured in the supernatant obtained from
cells irradiated with 161Tb-DOTA-chCE7, demonstrating the release of bystander cytotoxins. The
same trend was observed for IGROV1 CSCs and their double negative population.
Flow cytometric analysis of ROS revealed a significantly higher formation of ROS in SKOV3ip
cells treated with

161Tb-DOTA-chCE7,

indicating that this effect may play a role in Tb-161

cytotoxicity. In IGROV1, we found no difference in ROS between cells treated with

161Tb-DOTA-

chCE7 and 177Lu-DOTA-chCE7, proposing an enhanced production of ROS scavenging-molecules
(e.g., glutathione, peroxidase, catalase, superoxide dismutase) in IGROV1 cells [107]. Preliminary
data obtained with IGROV1 L1CAM+/CD133+ and L1CAM-/CD133- cells confirmed the pattern
of

161Tb-labeled

antibody to induce higher amounts of ROS. Additionally, double negative cells

produced a higher amount of ROS than L1CAM+/CD133+ cells, probably related to low
radioresistance. Overall, these results illustrate that the superior biological toxicity of
DOTA-chCE7 over

177Lu-DOTA-chCE7

161Tb-

is mainly due to targeted effects but non-targeted

processes may contribute to cell death.
Behr and colleagues demonstrated in vivo that, at equitoxic doses, the therapeutic effectiveness
of internalizing mAbs labeled with Auger electron emitters, like I-125 or In-111, is better than
the one of internalizing mAbs labeled with beta-particle emitters [268]. The most lethal form of
DNA damage induced by targeted radionuclide therapy is DNA double-strand break (DSB). The
ability of some Auger electron-emitting nuclides to induce DSBs has been widely investigated
[171]. In response to DSB formation, the histone H2A.X becomes phosphorylated on Ser139
(γH2A.X), activating and modulating DNA damage response (DDR). We used a fluorescentlabeled antibody against γH2A.X for flow cytometric analysis, which revealed that incubation of
IGROV1 and SKOV3ip cells with

161Tb-DOTA-chCE7

enhanced the formation of DNA DSBs.

Preliminary results with ovarian CSCs revealed no difference in the amount of generated DSBs.
In contrast, the same experiment with double negative cells demonstrated superior toxicity of
161Tb-DOTA-chCE7.

Considering high radioresistance of CSCs, future experiments will be

performed with increased activity of radiolabeled antibodies. However, it is important to
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mention that even if phosphorylated H2AX is generally described as specific DSB marker, recent
evidence indicated that γH2AX could also be induced by non-DSB conditions including
replicative stress, starvation and UV radiation [269, 270]. Upcoming experiments should include
more sensitive and specific methods to assess DSB formation including DNA fractionation
methods, such as the comet assay and pulsed-field gel electrophoresis. Next, we investigated by
apoptosis/necrosis analysis with AnnexinV-PE/7-AAD double staining if the induced DNA DSBs
resulted in cellular death. This experiment revealed an increase of early-apoptotic and necrotic
cells after incubation with 161Tb-DOTA-chCE7. Urashima and colleagues could demonstrate that
the exposure of human tumor cells to Auger electrons induced DNA fragmentation, an hallmark
of apoptosis, which resulted from the accumulation of DNA DSBs [271]. Our findings support
this observation, indicating a connection between the amount of induced γH2A.X foci and the
number of early-apoptotic cells. The same pattern was detected in a preliminary experiment
with IGROV1 L1CAM+/CD133+ and L1CAM-/CD133- cells.
Overall, our results strongly support a further investigation of Tb-161, which demonstrated
superior cellular cytotoxicity compared to the clinically used radionuclide Lu-177, as
therapeutic strategy for targeting CSCs.
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The scientific work presented in this thesis demonstrated that L1CAM defines a new ovarian
cancer stem cell (CSC) population and that anti-L1CAM radioimmunotherapy (RIT) with Tb-161
may offer a novel therapeutic approach against ovarian cancer (OC) and its L1CAM positive CSC
population. Additionally, the combination of protein kinase inhibitors (PKIs) with RIT seems to
be a valuable therapeutic strategy to radiosensitize cancer cells.
In a first step, we tested five clinically relevant PKIs for their capability to radiosensitize OC cells
towards anti-L1CAM

177Lu-RIT.

The PKI MK1775 demonstrated the highest effectiveness in an

initial in vitro cytotoxicity screening and in subsequent combination assays. We could show that
MK1775 is able to radiosensitize IGROV1 cells as the combination of MK1775 and

177Lu-DOTA-

chCE7 resulted in enhanced DNA double-strand break (DSB) formation and, consequently, in an
increased number of early-apoptotic and necrotic cells compared to single treatments. MK1775
abrogates the G2/M DNA damage checkpoint and cells enter mitosis without repairing DNA.
Immunohistological analysis of SKOV3ip xenografts confirmed the high radioresistance of this
cell line [216] and its high sensitivity to MK1775. Overall, MK1775 demonstrated the ability to
sensitize OC cells towards

177Lu-labeled

mAb chCE7 and its combination with RIT offers a

promising therapeutic strategy against OC. The application of MK1775 could be potentially
combined with external beam radiotherapy (EBRT) to enhance therapeutic efficacy, since
previous studies revealed the ability of MK1775 to radiosensitizes p53-defective human cancer
cells [272].
Growing evidence is supporting the idea that therapy failure and disease recurrence in OC
patients are mainly due to the presence of small populations of CSCs. We could show that
L1CAM, in combination with CD133, defines a new ovarian CSC population with increased
clonogenic and spherogenic properties along with enhanced radioresistance. CRISPR-Cas9mediated deletion of L1CAM in IGROV1 and SKOV3ip cell lines revealed that the expression of
L1CAM is involved in the regulation of all these phenotypes, including proliferation rate and
migration ability. We also demonstrated that the expression of some CSC-specific genes is
upregulated in this double positive cell population (L1CAM+/CD133+). In vivo these cells
displayed high tumor-initiating capacity, long-term self-renewal property and fast tumor
growth, which are common features of CSCs. Furthermore, we found expression signatures
associated with epithelial-to-mesenchymal transition (EMT) phenotype in L1CAM deleted cells,
indicating that L1CAM expression correlates with epithelial and intermediate EMT phenotype.
Many studies over the past years highlighted a link between the acquisition of stemness and
EMT [273, 274]. During EMT progression, non-CSCs have been shown to be able to dedifferentiate into CSCs and to acquire stem-cell like properties, indicating high plasticity of these
129

Conclusions and outlook

cells and bidirectional conversion among the two states [136]. These observations suggest how
an effective therapy strategy should possibly combine treatments targeting the bulk population
of non-CSCs with CSC-specific treatments.
Our findings demonstrated that L1CAM is a suitable CSC marker for several reasons: (i) L1CAM
is not expressed in normal stem cells and antibody-based therapy would not induce cellular
toxicity, (ii) all CD133 positive cells express L1CAM and, therefore, using an antibody against
L1CAM would target and kill all CD133+ cells without affecting healthy hematopoietic stem cells
which express CD133 and (iii) L1CAM is also overexpressed in the bulk population of cancer
cells, which allows to target both OC and ovarian CSCs. Even though preclinical studies indicated
that CSC-specific therapies are very promising, so far only few drugs reached clinical trials and
showed good results [275]. The reason for this low efficacy is due to the design of most of these
studies lacking robust CSC targeting strategies and the fact that CSCs can evade treatments by
many resistance mechanisms, including the protection provided from the CSC niche [132, 275].
The design of future successful therapies should increase the specificity and efficiency of
targeting CSCs, avoiding toxicity in normal tissue stem cells. Our study has raised the question
whether L1CAM defines CSC populations in other tumor types. The discovery that L1CAM is a
more general CSC marker in solid tumors could improve the therapeutic outcome of all CSCbased diseases, significantly extending patients’ survival rate.
Because of their suitable properties, such as intermediate linear energy transfer (LET), Auger
electron emitters offer the possibility to overcome CSC radioresistance. First in vitro
experiments proved the superior cytotoxicity of
chCE7. OC cells treated with

161Tb-labeled

compared to the treatment with

161Tb-DOTA-chCE7

compared to

177Lu-DOTA-

antibody showed significantly reduced cell survival

177Lu-labeled

counterpart and we observed that radiation-

induced bystander effect may significantly contribute to the higher cytotoxicity of Tb-161. Flow
cytometric analysis revealed that the incubation of cells with

161Tb-DOTA-chCE7

enhanced the

production of reactive oxygen species (ROS) and increased the amount of induced DNA doublestrand breaks (DSBs), which correlates with early-apoptosis and necrosis. The higher emission
of Auger and conversion electrons is likely the reason for enhanced radiotoxicity of Tb-161,
compared to the clinically relevant radionuclide Lu-177. In summary, our results suggest that
antibody-based targeted therapy of CSCs using Auger electron emitters is a new promising
therapeutic option for CSC-derived tumors. Next experiments are planned to show the proof of
concept that Tb-161 is a suitable nuclide to eradicate L1CAM+/CD133+ CSCs in vivo. Future
experiments may introduce the use of pure Auger electron emitters, such as Er-165, for antiL1CAM RIT. However, the short half-life of Er-165 (t1/2 = 10.4 h, decay energy = 376 keV, EC =
100%) is not suitable for therapeutic intervention with antibodies and it could be used only in
combination with a pre-targeting strategy. Additionally, the “single-cell” dosimetry of pure
Auger emitters is difficult and it should take in account the indirect bystander effect, which
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contributes to a higher radiobiological response than the one predicted by dosimetric
calculations alone [276, 277]. Another promising approach to overcome CSC radioresistance
would be targeted alpha therapy (TAT) using Ac-225. The alpha particle-emitter Ac-225
deposits high energy in a short range (60-90 μm, few cell diameters) and it has an appropriate
half-life for antibodies (t1/2 = 10 d, Eαmean= 6595 keV).
There are still several questions to address in the future. Upcoming experiments should include
the investigation of additional ovarian CSC populations expressing L1CAM in combination with
other markers (e.g., CD117). Then, it would be essential to discover which of these ovarian CSC
populations are predominantly expressed in patient-derived tumor samples and to find a
correlation with tumor stage and grade. The use of these biomarkers will help to select
personalized patient therapy and to monitor therapy response.
Furthermore, the specific mechanisms leading to radioresistance induced by L1CAM expression
still need to be elucidated. For this purpose, our L1CAM knockout cell lines should be employed
to identify regulators of radioresistance, for example using proteomic analysis. The
identification of signaling pathways associated with radioresistance would provide potential
therapeutic targets to overcome CSC therapy resistance.
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Abbreviations
ABC

ATP-binding cassette

ALDH

Aldehyde dehydrogenase

AML

Acute myelogenous leukemia

ATM

Ataxia telangiectasia-mutated

ATR

ATM-Rad3-related

BSA

Bovine serum albumin

Cas9

CRISPR associated protein 9

CBT

Carboplatin

CCL2

Chemokine (C-C motif) ligand 2

CDDP

Cisplatin

cDNA

Complementary DNA

CE

Clonal evolution

Chk

Checkpoint kinase

CI

Combination index

CRISPR

Clustered regularly interspaced short palindromic repeats

CSC

Cancer stem cell

CXCL12

Chemokine (C-X-C motif) ligand 12

CXCR4

Chemokine (C-X-C motif) receptor type 4

DAB

3,3'-Diaminobenzidine

DDR

DNA damage response

DMEM

Dulbecco's modified eagle medium

DMSO

Dimethyl sulfoxide

DOTA

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid

DSB

Double-strand break

EBRT

External beam radiation therapy

ECM

Extracellular matrix

EDTA

Ethylenediaminetetraacetic acid

EGF

Epidermal growth factor

ELDA

Extreme limiting dilution analysis

EMA

European Medicines Agency

EMT

Epithelial-to-mesenchymal transition

EOC

Epithelial ovarian cancer

EpCAM

Epithelial cell adhesion molecule
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FACS

Fluorescence-activated cell sorting

FAK

Focal adhesion kinase

FCS

Fetal calf serum

FDA

Food and Drug Administration

FFPE

Formalin-fixed, paraffin-embedded

FGF

Fibroblast growth factor

FIGO

International Federation of Gynecology and Obstetrics

FITC

Fluorescein isothiocyanate

FPLC

Fast protein liquid chromatography

gDNA

Genomic DNA

GFP

Green fluorescent protein

H&E

Hematoxylin and eosin

HEPES

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HGSC

High-grade serous carcinoma

HIF

Hypoxia-inducible factor

HPLC

High-performance liquid chromatography

HR

Homologous recombination

HRP

Horseradish peroxidase

IC50

Half-maximal inhibitory concentration

ICM

Irradiated cell conditioned medium

IgG

Immunoglobulin G

IL-6

Interleukin 6

IL-8

Interleukin 8

IRF

Immunoreactive fraction

i.p.

Intraperitoneal

i.v.

Intravenous

LDA

Limiting dilution assay

LET

Linear energy transfer

LGSC

Low-grade serous carcinoma

L1CAM

L1 cell adhesion molecule

mAb

Monoclonal antibody

MET

Mesenchymal-to-epithelial transition

MMP

Matrix metalloproteinase

MTD

Maximum tolerated dose

MTA

Medium transfer assay

MTT

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
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NCT

National Clinical Trial

NHEJ

Non-homologous end joining

n.a.

Not available

n.d.

Not defined

OC

Ovarian carcinoma/ ovarian cancer

OD

Optical density

PARP

Poly (ADP-ribose) polymerase

PARPi

Poly (ADP-ribose) polymerase inhibitor

PBS

Phosphate-buffered saline

PCR

Polymerase chain reaction

PDGF

Platelet-derived growth factor

PE

Phycoerythrin

PE

Plating efficiency

PI

Propidium iodide

PK

Protein kinase

PKI

Protein kinase inhibitor

PMSF

Phenylmethylsulfonyl fluoride

PTX

Paclitaxel

PVDF

Polyvinylidene difluoride

p.i.

Post-injection

p.o.

Per os/orally

sgRNA

Single-guide RNA

shRNA

Short hairpin RNA

SP

Side population

SSB

Single-strand break

RIC

Radioimmunoconjugate

RIT

Radioimmunotherapy

ROS

Reactive oxygen species

RPMI

Roswell Park Memorial Institute medium

RT

Room temperature

RT-qPCR

Quantitative reverse transcription PCR

SD

Standard deviation

SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEM

Standard error of the mean

STR

Short tandem repeat

s.c.

Subcutaneous
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TAM

Tumor-associated macrophage

TAT

Targeted alpha therapy

TBST

Tris-Buffered Saline with Tween 20

TEB

Triton extraction buffer

TF

Transcription factor

TGF-β1

Transforming growth factor-beta 1

TGM2

Tissue transglutaminase 2

TK

Tyrosine kinase

TKi

Tyrosine kinase inhibitor

TNFα

Tumor necrosis factor-alpha

VEGF

Vascular endothelial growth factor

WHO

World Health Organization
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