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Abstract

Senkowski, W. 2017. High-throughput screening using multicellular tumor spheroids to
reveal and exploit tumor-specific vulnerabilities. Digital Comprehensive Summaries of
Uppsala Dissertations from the Faculty of Medicine 1334. 50 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-554-9921-1.

High-throughput drug screening (HTS) in live cells is often a vital part of the preclinical
anticancer drug discovery process. So far, two-dimensional (2D) monolayer cell cultures have
been the most prevalent model in HTS endeavors. However, 2D cell cultures often fail to
recapitulate the complex microenvironments of in vivo tumors. Monolayer cultures are highly
proliferative and generally do not contain quiescent cells, thought to be one of the main reasons
for the anticancer therapy failure in clinic. Thus, there is a need for in vitro cellular models that
would increase predictive value of preclinical research results. The utilization of more complex
three-dimensional (3D) cell cultures, such as multicellular tumor spheroids (MCTS), which
contain both proliferating and quiescent cells, has therefore been proposed. However, difficult
handling and high costs still pose significant hurdles for application of MCTS for HTS.

In this work, we aimed to develop novel assays to apply MCTS for HTS and drug evaluation.
We also set out to identify cellular processes that could be targeted to selectively eradicate
quiescent cancer cells. In Paper I, we developed a novel MCTS-based HTS assay and found that
nutrient-deprived and hypoxic cancer cells are selectively vulnerable to treatment with inhibitors
of mitochondrial oxidative phosphorylation (OXPHOS). We also identified nitazoxanide, an
FDA-approved anthelmintic agent, to act as an OXPHOS inhibitor and to potentiate the effects
of standard chemotherapy in vivo. Subsequently, in Paper II we applied the high-throughput
gene-expression profiling method for MCTS-based drug screening. This led to discovery
that quiescent cells up-regulate the mevalonate pathway upon OXPHOS inhibition and that
the combination of OXPHOS inhibitors and mevalonate pathway inhibitors (statins) results
in synergistic toxicity in this cell population. In Paper III, we developed a novel spheroid-
based drug combination-screening platform and identified a set of molecules that synergize
with nitazoxanide to eradicate quiescent cancer cells. Finally, in Paper IV, we applied our
MCTS-based methods to evaluate the effects of phosphodiesterase (PDE) inhibitors in PDE3A-
expressing cell lines.

In summary, this work illustrates how MCTS-based HTS yields potential to reveal and exploit
previously unrecognized tumor-specific vulnerabilities. It also underscores the importance of
cell culture conditions in preclinical drug discovery endeavors.
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1. Introduction

1.1 Overview of current cancer treatment strategies

Cancer is a group of diseases that share a number of common traits. These
traits are commonly called “hallmarks” — a term coming from the two most-
cited publications in cancer research — “Hallmarks of Cancer” and “Hall-
marks of Cancer: The Next Generation” by Hanahan and Weinberg [1, 2].
As listed by Hanahan and Weinberg, cancers can be characterized by perpet-
ual and uncontrolled cellular proliferation (being a result of sustained pro-
growth and insensitiveness to tumor suppressor signaling, evading senes-
cence and cell death), deregulated cell metabolism, high genetic mutation
rate, avoiding destruction by immune system while maintaining pro-
inflammatory environment, generation of new blood vessels (angiogenesis)
and invasion to distant tissues (metastasis). All these traits render cancers
extremely variable and notoriously difficult to treat.

Despite the substantial progress that has been made in the fight against can-
cer, it still remains one of the leading causes of death worldwide, with 8.2
million of cancer-related deaths in 2012 [3]. The most common modality of
cancer treatment is surgery (for solid tumors), often combined with chemo-
and radiotherapy [4]. The latter both target processes involved in cellular
growth and division. However, even though they have been successful to a
large extent, they are not sufficient to eradicate cancer in many patients [4,
5]. Because they do not act selectively on cancer cells, but also affect healthy
tissues, they yield serious side effects and dose-limiting toxicity. This is why
in recent years a number of novel drugs that are commonly known as “tar-
geted therapeutics” have emerged [5]. These molecules are designed to bind
to and inhibit specific proteins, responsible for cancer growth. These thera-
pies have also proven successful, but as of today, remain insufficient to fully
cure many patients [4, 5]. Finally, another group of strategies to battle cancer
have been designed to utilize patient’s immune system. These are called
immunotherapies. Immunotherapeutic drugs can be antibodies or immune
cells that specifically recognize cancer cells, thereby boosting immunologi-
cal response, or abrogate immunosuppressive signals sent by cancer cells [6,
7]. Immunotherapies have in recent years largely improved clinical out-
comes of cancer treatment[6-8]. However, even though the results have been
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Figure 1.1 Schematic representation of cancer cell subtypes clonal evolution.
Due to selective environmental pressures cancer cell clones undergo different
changes on the genetic level. As a result, metastatic cancer is a heterogeneous popu-
lation of various subclones, differently sensitive to therapy (Tx). From Greaves &
Maley (2012) [9]; RightsLink license no.: 3871271396693.

promising, current immunotherapeutic agents are often not enough to suc-
cessfully eradicate many types of cancer when used in mono- or combination
therapy [4, 7, 10].

The main reason why many therapies fail is inherent or acquired drug re-
sistance of cancer cells. This resistance stems from the fact that population
of cancer cells within a single tumor or hematological malignancy is very
heterogeneous [11, 12]. This heterogeneity is a result of a series of adapta-
tions (caused by de novo genetic events and by selective pressures in local
microenvironment) that different subpopulations of cancer cells undergo
during early stages of cancer development [9, 12, 13]. In other words, one
could say that the development of cancer is an evolutionary process. In the
end, the quickly progressing disease consists not of a single subtype of cells
that all carry the same set of genetic mutations, but rather multiple cell sub-
sets that have undergone various molecular adaptations at genetic and, con-
sequently, phenotypic level (Fig. 1.1) [9]. As a result, advanced tumors con-
sist of rapidly dividing cancer cells, slow-dividing cells, but also non-
proliferating quiescent cells (Fig. 1.2). These numerous adaptations render
cancer cells differently sensitive to therapies [9, 12, 14]. Because most ther-
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apies are targeted mainly at actively proliferating tumor cells (i.e. mecha-
nisms targeted by standard chemo- and radiotherapies, such as replication of
DNA) or at a single protein (aforementioned targeted therapies and immuno-
therapies), only some cancer cell subsets will respond while others will re-
main largely unaffected [9]. For this reason, in the recent years there has
been an increased interest in using in vitro models that would capture the
cancer heterogeneity already at the early stages of the anticancer drug devel-
opment process [15-17].

1.2 In vitro cancer models for drug discovery

For the past few decades, monolayer cell cultures — i.e. cells growing on flat
surfaces of laboratory vessels — have been used as the predominant cellular
in vitro cancer model at the early stages of drug discovery and development.
However, this type of cell culture does not reflect a complex in vivo micro-
environment of cancer, solid tumors in particular [16]. As demonstrated in
numerous reports, cellular response to treatment in vitro is often highly de-
pendent on the culture conditions used [18-21]. Thus, drugs identified as
potent and promising in monolayer-based investigation often fail in further
preclinical (i.e. in vivo testing in mouse models) or clinical stages of drug
development [22, 23]. This in turn is one of the major reasons for the widely
recognized problem of high failure rate of novel drug candidate molecules.
Due to this and other issues, nowadays the development of a new anticancer
agent lasts on average over 10 years and consumes resources exceeding 1, or
— according to most recent reports — even 1.5 billion US dollars [22, 24].

1.3 Drug discovery: high-throughput drug screening
(HTS)

In the pharmaceutical industry setup, high-throughput drug screening (HTS)
is often an early step of preclinical drug development. In HTS, thousands of
chemicals are evaluated and compared simultaneously based on performance
in predefined biological assay. HTS assays can be divided into two main
subgroups: target- and phenotype-based. In target-based assays, one looks
for molecules that specifically bind to and/or inhibit a known molecular tar-
get. These assays are often performed using only the target molecule, with-
out involvement of living cells [25]. In contrast, phenotype-based assays
always involve living cells. In these assays, one looks for molecules that
induce a phenotype of interest (i.e. cell apoptosis, cellular vesicle formation,
nuclear translocation of tagged protein etc.) instead of being focused on the
specified primary molecular target [26, 27].

13
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Figure 1.2 Tumor heterogeneity. This colorectal cancer section was stained for
expression of Ki67 protein (marker of cellular proliferation). Positively stained
(brown, red arrows) cells are actively proliferating while negatively stained (blue,
red circles) are quiescent. Source: Human Protein Atlas (www.proteinatlas.org).

1.4 Drug repositioning

As mentioned above, the majority of candidate drugs identified in preclinical
investigation fail at various stages of clinical trials, generating immense
costs for the drug development industry and the society [23]. Thus, the con-
cept of drug 'repositioning’ (or ‘repurposing’) has been gaining a lot of atten-
tion in the recent years. Drug repositioning is utilizing known molecules
with documented clinical use (e.g. approved drugs, but also those that were
discontinued or withdrawn from the market) for new indications [28]. It is an
attractive approach in drug development, because much of the safety and
toxicity data of investigated compounds already exist. This can substantially
reduce clinical trial-related costs and considerably shorten the time needed
for the approval of the drug for a new indication [28]. Thus, multiple librar-
ies containing thousands of compounds with clinical history have been gen-
erated, in order to incorporate the drug repurposing approach already at the
HTS step of drug discovery.
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1.5 Multicellular tumor spheroids for HTS

Monolayer cell cultures have been the predominant models in HTS. Howev-
er, as described above, they do not mimic the complex conditions present in
solid tumors in vivo. For instance, in monolayer cultures virtually all cells
actively proliferate. In contrast, tumors in vivo comprise both proliferating
and non-dividing (quiescent) cells (Fig. 1.2) — a result of chaotic vasculature
within tumors and inequality in access to nutrients and oxygen [12]. The
quiescent, non-proliferative cells persist in areas far from blood vessels,
where glucose and oxygen are scarce [29]. Because they are non-dividing,
they are often resistant to standard anti-proliferative therapy and are, at least
partially, responsible for relapse of the disease [12, 29-31]. Moreover, due to
their localization in deep tumor parenchyma, many drugs are not able to
reach those cells [30]. For these reasons, 3D cell culture models, which
comprise both proliferative and quiescent cells, have been suggested as more
suitable for HTS [17, 32, 33]. The multicellular tumor spheroid (MCTS), a
round-shaped microtissue consisting of tens of thousands cells, is one such
model. In MCTS, one can observe gradients of glucose, lactate and oxygen,
which result in genetic and phenotypic changes similar to those observed in
in vivo tumors (Fig. 1.3) [15, 16, 32, 34-36]. Moreover, because of their tis-
sue-like structure, MCTS facilitate the evaluation of penetrative properties of
compounds under investigation [37]. MCTS have been used in cancer re-
search since 1970’s and until today there have been multiple spheroid for-
mation methods developed [15, 19, 21, 38-42]. However, for HTS one
would need to obtain thousands of identical spheroids of well-characterized
phenotype and, preferably, in at least 384-well microplate format. Because
of these reasons and the model complexity, utilization of MCTS for HTS has
been limited for decades.

1.6 Targeting quiescent cancer cells

As demonstrated before by numerous research endeavors, compounds that
are active against monolayer cell cultures often do not perform very well in
spheroid-based assays [19, 21, 38]. Moreover, compounds identified in
monolayer-based screens are different from those found in 3D-based investi-
gation [19]. This suggests that 3D cell cultures are not only more resistant to
treatment, but also that it is possible to find compounds preferentially toxic
to cells in 3D environment. Thus, since 3D cell cultures comprise non-
dividing, quiescent cells, their application for HTS could make it possible to
identify drugs targeting these cell populations. This in turn could result in
identification of novel drug combinations for the treatment of solid tumors.

15
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Figure 1.3 Schematic representation of various gradients within MCTS.
Demonstrated are glucose and ATP distribution, oxygen pressure, lactate gradient,
cellular proliferation (proliferating S-phase cells in the outer layers of the spheroid),
internal hypoxia and DNA damage accumulation. From Hirschhaeuser et al. (2010)
[32]; RightsLink license no.: 3871290933152.
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. Aims

To develop tools and assays that utilize MCTS for HTS (Paper I and II);
To apply these assays for MCTS-based evaluation of experimental mol-
ecules (Papers I — 1V)

To identify compounds with preferential activity towards quiescent,
nutrient- and oxygen-deprived cancer cells (Papers I — III);

To identify novel drug targets in these cell populations (Papers [ — IV);
To find new candidate drug combinations for potential use in solid tu-
mors (Papers I-111).
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3. Methods

3.1 Drugs and libraries

For the spheroid-based screen in Paper I, we used the Pharmakon 1600 Ii-
brary, a collection of 1600 clinically relevant compounds (i.e. FDA-
approved drugs for various indications or candidate compounds that have
reached clinical trials stage). In Paper II, we chose a panel of 22 drugs, 10 of
which were inhibitors of mitochondrial oxidative phosphorylation
(OXPHOS). The remaining 12 were standard cytotoxic compounds, kinase
inhibitors and spheroid-relevant compounds (some of the most interesting
hits from the screen in Paper I). For the screen in Paper III, we used the
Pharmacologically Active Compound Library, which contains 1650 mole-
cules with previously reported biological activity (both approved drugs and
experimental compounds). In Paper IV, we evaluated previously known
inhibitors of phosphodiesterases (PDE) alongside standard chemotherapeutic
agents.

3.2 Cell lines

In this work we have used a range of spheroid-forming cell lines, obtained
from different vendors. Our initial spheroid-based screen of Pharmakon
1600 library (Paper I) was performed using HCT116 GFP, a colorectal can-
cer cell line constitutively expressing green fluorescent protein (GFP), indis-
pensible for our spheroid viability assay (see further). The 2D-based counter-
screen was performed with the version of the cell line without GFP expres-
sion. Follow-up experiments in Paper I involved HT-29 GFP cells, also a
colorectal cancer cell line. In Paper II, besides HCT116 GFP and HT-29
GFP, we also used A549 GFP, a lung cancer cell line. In Paper 111, we used
HCT116 GFP and HT-29 GFP. In Paper IV, we used multiple cell lines,
chosen for the experiments based on their expression levels of PDE3A. We
also used primary cells from tumors of cancer patients. For more detailed
information on the cell line origin and standard culture procedures, please
see the individual papers.

18



Ki-67

Figure 3.1 HCT116 GFP spheroids stained (see 3.4 Immunological staining) for
Ki67 (marker of proliferation) expression. Phase-contrast microphotographs of P-
(left) and Q-MCTS (right) 7 days after cell seeding. In P-MCTS a large number of
positively stained (proliferating) cells can be observed. In contrast, most cells within
Q-MCTS are quiescent. Scale bar, 200 pum.

3.3 Cellular in vitro models

3.3.1 Monolayer

Cells that are grown in a single layer, in flat-bottom, cell culture-treated 384-
well plates.

3.3.2 P-MCTS (‘proliferative spheroids’)

Most commonly used spheroid model. Cells are grown in 384-well Ultra-
Low Attachment plates (U-bottom wells are covered with a layer of hydrogel
that prevents cell attachment to the well bottom) as spheroids for 7 days
before drug addition. The culturing medium is exchanged on days 4 and 7 of
the culture, which results in maintaining high proliferation rates within sphe-
roids (Fig. 3.1).

3.3.3 Q-MCTS (‘quiescent spheroids’)

Cells are grown as spheroids in 384-well Ultra-Low Attachment plates for 7
days before drug addition and without medium change. This results in low
glucose concentration and pH of the culturing medium on day 7 of the cul-
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ture, at values similar to those observed within deep in vivo tumor paren-
chyma [43, 44]. Cellular proliferation rate within Q-MCTS is low (Fig. 3.1).

3.4 Immunohistochemical staining

In order to visualize various phenotypic characteristics (i.e. the extent of
cellular proliferation, hypoxia etc.) spheroids were preserved in formalin,
embedded in paraffin, sectioned and stained using suitable antibodies (for
details, see following papers). They were counter-stained with hematoxylin
and eosin and photographed using a phase-contrast microscope with a CCD
camera.

3.5 Drug tests and screening

All drugs were prepared as high-concentration stock solutions, using DMSO
as solvent, unless specified otherwise. All drugs and libraries were added to
experimental plates using Echo Liquid Handler 550 (Labcyte), an acoustic
liquid dispenser, allowing precise and rapid liquid transfer (with precision to
2.5 nL). The final solvent concentration did not exceed 1% (mostly kept
below 0.5%).

3.6 Cell proliferation and viability assays

3.6.1 Fluorometric microculture cytotoxicity assay (FMCA)

Used for measuring cellular proliferation based on a number of cells with
intact cell membrane. This was the primary assay used for monolayer cell
culture viability tests in Papers I and IV. In FMCA, fluorescein diacetate
(FDA) is added to experimental wells, where cells with intact cell membrane
perform enzymatic hydrolysis of FDA. Then, the fluorescence intensity of
fluorescein is measured in each well using an automatic plate reader and cell
number is determined based on the fluorescent intensity, as compared with
untreated control [45].

3.6.2 Spheroid GFP fluorescence intensity assay

Primary spheroid viability assay used in Papers I — III. Spheroids formed
from GFP-expressing cell lines are treated with experimental compounds
and then the mean spheroid GFP fluorescence intensity is measured in each
spheroid using an automated fluorescence microscope, ArrayScan VTI Reader

20
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Figure 3.2 Overview of the GFP-based spheroid viability assay. (a) Fluorescence
microphotographs of untreated (control; top) and drug-treated (bottom) spheroids.
The treated spheroid has lost its GFP fluorescence. Both images were acquired using
identical settings. (b) Composite image of the whole 384-well spheroid microplate
containing both control and drug-treated spheroids. Image acquisition settings were
identical in each well. (¢) Mean spheroid GFP fluorescence intensity (quantified
values) of each of the spheroids from the plate presented in (b). Z-factor of 0.79,
calculated according to Zhang et al., indicates an excellent reproducibility of the
assay and its full suitability for HTS applications [46].

(Cellomics Inc). As demonstrated before [21] and in Fig. 3.2, the assay is
well-suited for the application in HTS.

3.6.3 TOXS assay (resazurin-based)

Used as a secondary viability assay for spheroid-based HTS in Paper I.
TOXS8 assay measures metabolic activity of cells. In TOXS8, resazurin solu-
tion is added to drug-treated spheroids. Metabolically active cells reduce
resazurin to resorufin, which is strongly fluorescent (red). Then, fluores-
cence is measured using the automatic plate reader and spheroid viability is
determined (compared with fluorescence of untreated control wells). The
TOXS8 and GFP-based assays show high degree of concordance (see Paper
I). Importantly, the TOXS8 assay makes it possible to evaluate compounds
that are fluorescent in the GFP spectrum and interfere with the GFP-based
readout.

3.6.4 Spheroid-based clonogenic assay

Used as a final viability assay in Papers I — III. Directly determines the po-
tential of cells from spheroids to resume growth. Following drug treatment,
spheroids are dispersed into single-cell suspensions. Then, cells are seeded
in the fresh medium into 6-well culture-treated plates and left for re-growth
for 10 days. Subsequently, colonies are fixed and stained using Giemsa dye.
The treatment effects can be determined by comparing the number of colo-
nies formed by treated cells with untreated controls. For schematic represen-
tation of the protocol, see Figure 3.3.
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Figure 3.3 Schematic representation of the spheroid-based clonogenic assay
protocol
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3.6.5 CellTiter-Glo 3D

Used as a viability assay for spheroid experiments in Paper IV. CellTiter-Glo
3D determines number of viable cells based on the total amount of ATP
present in the culture. In CellTiter-Glo 3D, which is a version of the assay
designed to use in 3D cell cultures, drug-treated spheroids are first disrupted
and then cells are lysed using CellTiter-Glo 3D solution. Subsequently, lu-
minescence intensity, proportional to ATP concentration, is measured in
each well using microplate reader. The percentage of metabolically active
(‘viable’) cells is calculated based on the luminescence measurement, com-
pared with untreated control.

3.7 Mitochondrial activity measurements

The following methods were used in Paper I to assess the effects of the HTS
hit compounds on mitochondria:

3.7.1 Oxygen consumption rate (OCR) measurements

Oxygen consumption rat