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A Farewell to Flat Biology — Three-dimensional Cell Culture Models in Cancer Drug Target
Identification and Validation

University of Turku, Institute of Biomedicine, Department of Cell Biology and Anatomy,
VTT Technical Research Centre of Finland, Turku, Finland

Annales Universitatis Turkuensis, Medica-Odontologica

ABSTRACT

Cells of epithelial origin, e.g. from breast and prostate cancers, effectively differentiate
into complex multicellular structures when cultured in three-dimensions (3D) instead of
conventional two-dimensional (2D) adherent surfaces. The spectrum of different organotypic
morphologies is highly dependent on the culture environment that can be either non-adherent
or scaffold-based. When embedded in physiological extracellular matrices (ECMs), such as
laminin-rich basement membrane extracts, normal epithelial cells differentiate into acinar
spheroids reminiscent of glandular ductal structures. Transformed cancer cells, in contrast,
typically fail to undergo acinar morphogenic patterns, forming poorly differentiated or invasive
multicellular structures. The 3D cancer spheroids are widely accepted to better recapitulate
various tumorigenic processes and drug responses. So far, however, 3D models have been
employed predominantly in the Academia, whereas the pharmaceutical industry has yet
to adopt a more widely and routine use. This is mainly due to poor characterisation of cell
models, lack of standardised workflows and high-throughput cell culture platforms, and the
availability of proper readout and quantification tools. In this thesis, a complete workflow
has been established entailing well-characterised 3D cell culture models for prostate cancer,
a standardised 3D cell culture routine based on high-throughput-ready platform, automated
image acquisition with concomitant morphometric image analysis, and data visualisation,
in order to enable large-scale high-content screens. Our integrated suite of software and
statistical analysis tools were optimised and validated using a comprehensive panel of prostate
cancer cell lines and 3D models. The tools quantify multiple key cancer-relevant morphological
features, ranging from cancer cell invasion through multicellular differentiation to growth, and
detect dynamic changes both in morphology and function, such as cell death and apoptosis,
in response to experimental perturbations including RNA interference and small molecule
inhibitors. Our panel of cell lines included many non-transformed and most currently available
classic prostate cancer cell lines, which were characterised for their morphogenetic properties
in 3D laminin-rich ECM. The phenotypes and gene expression profiles were evaluated
concerning their relevance for pre-clinical drug discovery, disease modelling and basic research.
In addition, a spontaneous model for invasive transformation was discovered, displaying a high-
degree of epithelial plasticity. This plasticity is mediated by an abundant bioactive serum lipid,
lysophosphatidic acid (LPA), and its receptor LPAR1. The invasive transformation was caused by
abrupt cytoskeletal rearrangement through impaired G protein alpha 12/13 and RhoA/ROCK,
and mediated by upregulated adenylyl cyclase/cyclic AMP (cAMP)/protein kinase A, and Rac/
PAK pathways. The spontaneous invasion model tangibly exemplifies the biological relevance
of organotypic cell culture models. Overall, this thesis work underlines the power of novel
morphometric screening tools in drug discovery.

Keywords: Image analysis, 3D culture, organotypic culture, morphometric analysis, pros-
tate cancer, drug discovery
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Jaahyvdiset petrimaljoille - Kolmiulotteiset solumallit syovan laakekehityksessa

Turun yliopisto, Biolddketieteen laitos, Solubiologia ja anatomia, Teknologian Tutkimuskes-
kus VTT, Turku

Annales Universitatis Turkuensis, Medica-Odontologica

TIIVISTELMA

Epiteeliperdiset solut, mukaan lukien rinta- ja eturauhassydpasolut, erilaistuvat kolmiulot-
teisessa ympadristdssd monimuotoisiksi rakenteiksi, jotka poikkeavat suuresti perinteisista
kaksiulotteisilla alustoilla kasvatetuista soluviljelmista. Erilaisten morfologioiden kirjo organ-
otyyppisissa soluviljelmissa riippuu pitkalti kasvatusmenetelmasta, joka tyypillisesti on joko
solujen tarttumisen ehkaisyyn tai fyysiseen soluvéliaineverkostoon pohjautuva. Normaalit
epiteelisolut erilaistuvat laminiinipohjaisissa tyvikalvomatriiseissa rauhasenkaltaisiksi sferoi-
dirakenteiksi, kun taas transformoituneet solut eivat useimmiten suoriudu morfogeneettisista
prosesseista. Syopasolut muodostavat tyypillisesti heikosti erilaistuneita tai invasoivia raken-
teita, joiden ajatellaan kuvastavan sydvan kannalta oleellisia toimintoja sekd mallintavan syo-
pasolujen kliinisia ladkeainevasteita kaksiulotteisia soluviljelmiad paremmin. Tahdn mennessa
kolmiulotteisten solumallien laajempi kdytto on kuitenkin jaanyt Idhes yksinomaan akateemi-
sen tutkimuksen piiriin eikd ladketeollisuus ole 16ytanyt niille sopivaa kdyttoa. Teollisuuden
haluttomuus hyoédyntda kolmiulotteisia solumalleja selittyy suurelta osin silla, ettd kolmiulot-
teisia solumalleja ei ole karakterisoitu riittavdan huolellisesti. Lisdksi laboratoriorutiineiden
standardoinnin sekd asianmukaisten analyysi- ja kvantitaatiomenetelmien puute hidastavat
mallien kdyttoonottoa. Taman vaitoskirjatutkimuksen yhteydessa on kehitetty menetelmako-
konaisuus, joka soveltuu ladkkeiden solupohjaiseen tehoseulontaan kolmiulotteisessa tyvi-
kalvomatriisissa. Kokonaisuus rakentuu standardoidusta soluviljelyalustasta, automaattisesta
kuvantamisesta, seka kuva-analyysiin seka tilastolliseen analyysin ja visualisointiin kehitetyista
tyokaluista. Analyysimenetelmat optimoitiin kdyttamalla laajaa valikoimaa eturauhasperdisia
soluja. Kuva-analyysiohjelma kehitettiin kvantitoimaan useita keskeisia sydpaan liittyvid mor-
fologisia ja funktionaalisia ominaisuuksia, kuten syépasolujen invaasiota, monisoluista erilais-
tumista, syopasolujen kasvua ja solukuolemaa. Se on suunniteltu tunnistamaan ulkopuolisten
hairididen, kuten ladkekasittelyiden ja geenien hiljentdamisen, aiheuttamia dynaamisia muu-
toksia. Tyon yhteydessa tutkimme useiden klassisten epiteeli- ja sydpasolujen ominaisuuksia,
kuten morfologista kehityskaarta, fenotyyppia ja geeniekspressioprofiileita kolmiulotteisessa
tyvikalvomatriisissa. Solumalleja arvioitiin niiden prekliiniseen ladkekehitykseen, tautimal-
linnukseen ja perustutkimukseen soveltuvuuden perusteella. Karakterisoinnin yhteydessa
I6ysimme uuden metastabiilin solumallin syévan spontaanille invasiiviselle transformaatiol-
le. Tarkemmat tutkimukset osoittivat, ettd metastabiili fenotyyppi oli riippuvainen seerumin
lysofosfatidihappopitoisuudesta ja LPAR1 reseptorin aktiivisuudesta. Invasiivinen transfor-
maatio aiheutui Ga12/13 ja RhoA/ROCK signalointireitin heikentymisestd, mahdollisesti voi-
mistuneen AC/cAMP/PKA ja Rac/PAK signalointireittien vaikutuksesta. Invaasiomalli on hyva
esimerkki organotyyppisten solumallien biologisesta relevanssista. Tutkimus alleviivaa uusien
morfologiseen analyysiin perustuvien tehoseulontatytkalujen merkitystad uusien syopalaak-
keiden seulonnassa.

Avainsanat: Kuva-analyysi, 3D soluviljelma, organotyyppiset soluviljelméat, morfometrinen
analyysi, eturauhassy6pa, ladkekehitys
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ABBREVIATIONS

2D = two-dimensional

3D = three-dimensional

ADME = absorption, distribution, metabolism and excretion
ADT = androgen deprivation

AR = androgen receptor
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CAF = cancer-associated fibroblast
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CRPC = castration-resistant prostate cancer
DMSO = dimethyl sulphoxide
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EMA = European Medicines Agency

EMT = epithelial-to-mesenchymal transformation
ER = estrogen receptor

FDA = Food and Drug Administration

FISH = fluorescence in situ hybridization
GEMM = genetically engineered mouse model
GEF = guanine nucleotide exchange factor
GnRH = gonadotropin-releasing hormone
GPCR = G protein-coupled receptor

HCS = high-content screen

HTS = high-throughput screen

IF = immunofluorescence

IHC = immunohistochemistry

IL = interleukin

IND = Investigational new drug

LPA = lysophosphatidic acid

LPP = lipid phosphate phosphatase

IrECM = laminin-rich ECM

miRNA = micro RNA

MET = mesenchymal-to-epithelial transformation



Abbreviations

MOA = mechanism of action

MLSMR = Molecular Libraries Small Molecule Repository
mMRNA = messenger RNA

NCE = new chemical entity

NIH = National Institutes for Health

NDA = new drug application

PrCa = prostate cancer

RISC = RNA-induced silencing complex
RNA = ribonucleic acid

RNAi = RNA interference

RTK = receptor tyrosine kinase

SAR = structure-activity relationship
ShRNA = short hairpin RNA

siRNA = small interfering RNA

SISH = silver-stained in situ hybridization
TMA = tissue microarray

TME = tumor microenvironment

uPA = urokinase plasminogen activator
WB = Western blot
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INTRODUCTION

Pharmaceutical companies live off the drug patents that are a product of years and years of
expensive research and development (R&D). Many blockbuster patents that used to generate
a wealth of revenue are about to expire. At the same time the drug development pipelines are
running dry of effective drugs, and the R&D costs are skyrocketing. The figures are clear: the
R&D expenditures have been steadily increasing by 13% per year since 1970, while the number
of yearly New Drug Applications (NDAs) has stagnated [Kola, Landis 2004, Lengauer, Diaz & Saha
2005]. This means a near tenfold decline in R&D productivity as measured by number of NDAs
per dollar spent on R&D [Lengauer, Diaz & Saha 2005].

The past decades have been more favourable for the Academia, mostly thanks to many
technological breakthroughs that have enabled several fundamental discoveries in human
biology and pathophysiology. In the field of oncology, the introduction of various “-omics”, or
the general concept of interdisciplinary study field known as systems biology, has essentially
turned the field inside out. The novel high-throughput technologies in translational (proteomics),
transcriptional (transcriptomics) and molecular biology (genomics, epigenetics), spawned
initially from the advancements in engineering, physics, chemistry and bio- and nanotechnology,
have now enabled a much more holistic perspective to the disease. Also drug discovery has
benefited from advanced laboratory automation, as it has enabled the screening of thousands
or even millions of chemical entities, or the simultaneous silencing of thousands of genes. The
laboratory technologies have been complemented by a new branch of information science,
bioinformatics, which has played a pivotal role in the management and interpretation of
unparalleled amounts of data. Together, these new technologies have added momentum to
cancer biology in a similar manner as DNA sequencing has improved zoological research. In
the past, taxonomy, or the classification of life forms, was based mostly on crude comparison
of physical features of organisms. This was by no means a precise or evidence-based method,
since similar environment may drive convergence in evolutionary development, and many
unrelated species living in similar habitats thus have acquired similar characteristics. As a
result of taxonomists starting to have a closer look at the genetic code, many of the taxonomic
trees, even those formerly thought to be rock solid, had to be rethought. Similarly in oncology,
malignancies have traditionally been grouped based on morphology and the site of origin. As
the knowledge of molecular intra- and inter-patient heterogeneity in tumors has accumulated,
it has become evident that neither morphology nor location should be the sole dictating factor
in categorization of malignancies anymore, nor, most importantly, should be the consequent
selection of an appropriate therapy [Bardelli et al. 2003, Lynch et al. 2004, Paez et al. 2004].

It has been envisioned that in the near future, each patient will become individually catalogued
by the type of genetic alterations in their cancer(s), and treated with specific medication or a set
of medications addressing one or several of the key alterations [Lengauer, Diaz & Saha 2005].
This is a rather ambitious goal and certainly requires a great deal of (ideally joint) effort from both
Academia and industry. In order to facilitate individual diagnosis, a vast spectrum of mutations
and other genetic alterations are now carefully charted among thousands of tumors. This is
already coming to fruition as new high-profile bio-banking programmes are emerging all around
the world to systematically collect specimens from malignancies of all types [Hewitt 2011]. These
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alterations can be identified by thorough mining of data from various genetic, transcriptional
and translational high-throughput technologies such as next-generation sequencing (e.g. mRNA,
ChIP and whole genome sequencing), mRNA microarrays, advanced HPLC systems coupled with
mass spectrometry, all combined with elaborate computational algorithms. To reliably classify
patients according to different molecular (not only histological) subtypes, robust yet simple and
cost-effective diagnostic tools have been developed. As part of the target identification process,
the functional/biological roles of gene alterations in cancer progression are being defined, and
appropriate next-generation in vitro and in vivo models are also being generated in parallel. Over
the last decade, transcriptional and translational profiling of the tumors has helped to pinpoint
the potential drivers versus bystanders of various cell signalling pathways, perturbed in each
tumor subtype. As most cancer proteins are predicted to be ineffective targets, cost-effective
experimental models are needed to rigorously evaluate and validate their potential, as well as
the efficacy of newly generated drugs specifically targeting them. Even an ineffective drug target
can be valuable in combination with other targets, old or new. New experimental models ideally
would facilitate the assessment of target synergisms that has to be tested both among the new
as well as the traditional lines of therapy.

Decades of research have shown that the number of potential druggable targets in oncology
is immense. In the world of individualized diagnosis and personalized therapies, that number
is unlikely to be any lower, quite on the contrary. However, most drug candidates are either
downright ineffective or the targets prove not to be as essential for cancer progression (and
treatment) as expected, rendering the overall effect on survival negligible. New drug targets,
emerging with the help of systems biology technologies, results in more candidates in the
pipeline, but consequently resulting also in more failures. Failures essentially equal financial
losses and, for society, precious time and money wasted in the fight against cancer. The dilemma
essentially emerges from two contradicting facts: the industry desperately needs better more
effective targets and lead compounds. At the same time, unnecessary and unsuccessful, costly
clinical trials have to be avoided. Clinical trials, in particular phase Il and Ill, represent the stages
of drug development that consume most of the resources, time and costs. If you have to fail —
ideally fail at the earliest possible time point. The sooner a target or drug can be eliminated from
the pipeline, the better. It is fairly difficult to estimate the attrition rates as most pharmaceutical
companies consider such information sensitive and do not wish to disclose accurate figures. One
of the most detailed estimates has been presented by Kola and Landis [Kola, Landis 2004] for
the period of 1991-2000 including the ten largest pharma companies in the United States and
Europe. 38% of the drugs taken in the clinical patient trials dropped out in Phase | (safety and
blood levels), 60% of those still remaining failed in Phase Il (basic efficacy), 40% of the remaining
candidates failed in Phase Ill, and 23% of the ones that made it through all the clinical phases
failed to be approved by the FDA. All this translates to an average of 11% success rate from
starting in the clinic, in all therapeutic areas. In oncology, the success rate is even lower, around
5%, most drugs failing in Phase Il and Ill. The more recent figures for FDA approved new chemical
entities attest to the modest attrition rates: in the year 2011 US FDA approved only 34 new
drugs, seven of which were indicated as lifesaving cancer drugs (http://newdrugs.wordpress.
com/2011/12/07/fda-approvals-2011/). Major causes of attrition in the clinic have generally
been lack of efficacy and safety, the lack of efficacy being especially an issue in therapeutic areas
in which animal models of efficacy are notoriously unpredictive, such as oncology and central
nervous system diseases [Booth, Glassman 2003, Kola, Landis 2004]. Current situation puts an
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immense pressure on target validation technologies, methods and models used at pre-clinical
drug discovery stage. The risk of failure, or in other words, letting any drug slip through the pre-
clinical filters, increases the stringency requirements for reproducibility and predictability. At
the same time, the expenditure for pre-clinical experiments has to be acceptably low enough, to
allow as many candidates to be tested in parallel or in combination, as possible.

The most interesting targets have ideally been identified in patient series. To further validate and
test the applicability of these targets, quick and inexpensive laboratory models, whether in vitro
or in vivo, are needed. Most importantly, the models used for validation need to directly address
the postulated biological function of the target. All perturbations (small molecule inhibitors,
siRNAs, biological like therapeutic antibodies) directed against the target protein should be
readable as a change in the model’s regular mode of operation. The classic Hallmarks of Cancer,
a list originally introduced by Hanahan and Weinberg in 2000 [Hanahan, Weinberg 2000] and
later updated in 2011 [Hanahan, Weinberg 2011], represents an array of biological mechanisms
cancer cells use in order to survive, expand and spread through the human body. The most
interesting newly identified targets will ideally fall into one of the ten main functional categories
or hallmarks. Some of these are readily addressed by standard in vitro models (enabling
replicative immortality, proliferation, deregulating cellular energetics, resisting cell death,
genome instability and mutation). Others require much more complex in vivo animal models
(angiogenesis, activation of invasion and metastasis), and yet others are currently yet beyond the
limits and capability of standard animal experimentation (e.g. tumor-promoting inflammation,
systemic metastasis and tumor dormancy). Furthermore, it has become increasingly evident that
in order for a therapy to defeat cancer, it must address more than a single hallmark. Knowing the
exact biological role of each drug target helps to construct a combinatorial therapy consisting
of drugs targeting not only the right genetic alterations in an individual tumor, but also the right
combinations (e.g. anti-proliferation together with anti-angiogenesis).

Traditionally, two general classes of experimental models have been used in basic cancer research
and pre-clinical drug development. These are mainly used to test target feasibility, drug safety
and perform initial rounds of iterative screening with the most promising lead compounds: in
vitro cell lines and in vivo animal models. Cell lines extracted from living tumors have been utilized
since the 1950’s. There are thousands of cancer cell lines available, originating from almost
all organs known to bear malignancies. In addition, there are numerous standardized assays
developed to assess many key cellular functions, such as apoptosis/cell death, migration, invasion
through biological barriers etc. Animal experiments are typically performed based on murine
models either as different forms of tumor “xenograft” cell transplantations, or using transgenic
animals programmed to develop tumors spontaneously with varying organic specificity. Both
cell and animal models have their pros and cons, cost and time generally favouring the first
and predictability to human disease the latter. Nevertheless, predictive power even of animal
experiments is insufficient to avoid complete failures of efficacy in clinical trials. Considering
the hallmarks of cancer [Hanahan, Weinberg 2011], half of the listed cancer mechanisms can
be effectively simulated with in vitro cell lines, usually those related to the faith of individual
cells. The remainder are beyond assessment with traditional cell cultures, relate to behaviour
of multicellular tissues, and expectedly cell lines do not predict the outcome in patients very
well. The more complex functions that require the heterotypic interplay between multiple cell
types (activation of invasion by tumor-stroma interactions, tumor promoting inflammation,
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angiogenesis) or entire organ systems (metastasis via systemic circulation, neovascularization)
or even a whole organism (avoiding immune destruction, formation of distant metastases)
need to be addressed by much more elaborate models, usually animal models. However, even
with animal models do not faithfully mimic for example immune avoidance, as most of the
mouse strains utilized in cancer cell transplantation experiments are immune-deficient. To list
additional drawbacks of animal models: they are time-consuming, often exceedingly expensive,
ethically challenging and not favoured by large portions of the populace or the law-makers. Most
importantly: the same decades-old in vitro cell lines used in reductionist, artificial monolayer
cultures on plastic surfaces, are routinely utilized for xenotransplantation experiments. Again the
industry is facing a dilemma: how to select an informative model that reproducibly reflects the
function of the drug target and simultaneously predicts the performance of the drug candidate
in a living organism (patient) reliably? How can these ex vivo models be at the same time fast
(high throughput) and cost-effective, to allow multiple iterative rounds of lead compound
prioritization?

Novel, more representative in vitro models have recently emerged to answer the industry’s
increasing demand for more predictive experimental systems, falling in between the area of
over-simplistic monolayer cell cultures, and time-consuming animal experimentation. Already
the mere addition of a third physical dimension in the form of biologically relevant extracellular
matrix (ECM), to mimic the complexity of the tumor microenvironment (TME), represents a key
step towards generating better models that recapitulate many cellular and multicellular processes
previously observed only in living tissues. Certain ECM substrates promote the formation of
multicellular structures that closely resemble tissues and even small organs (organoids). Cells of
glandular origin, e.g. from prostate, breast, thyroid or salivary glands, engage in differentiation
processes and form hollow spheres, tubular ducts, or both [Akerfelt, Hirma & Nees 2011].

Cancer cells, however, typically fail to undergo a complete normal differentiation process.
Instead, they display a wide spectrum of differentiation defects or even pronounced cancer
hallmarks, such as high invasive potential, hyperproliferation, and resistance to antimitotic or
pro-apoptotic chemotherapeutics. Nevertheless, some prostate cancer (PrCa) cells display very
strong epithelial plasticity when cultured in laminin-rich ECM, allowing them to actively shuttle
between overtly invasive and differentiated states [Harma et al. 2010, Harma et al. 2011]. This
phenomenon is possibly linked to the formation of metastases, and may mimic the plasticity of
tumor cells that allows them to cross epithelial barriers (extravasation, intravasation), survive
in blood stream and alien tissues, and eventually form distant metastases. This dynamics is not
straightforward to address by conventional cell cultures or animals. When complemented by
additional cell types, three-dimensional cultures become even more organotypic and mimic
the genuine tumor microenvironment. These co-culture models can be used to assay e.g.
angiogenesis and tumor-stroma interplay.

With the dramatic increase in computational power and advances in microscope automation,
it is now possible to assess many experiments simultaneously (high-throughput screening,
HTS) but also to look at individual experiments in much more detail (high-content screening,
HCS). Traditionally, cell-based HTS relies on the measurement of simple cellular functions
(e.g. proliferation, metabolic activity, viability versus apoptosis). This is routinely achieved via
relatively complex, often indirect and artefact-prone assays. The read-out typically is fluorometric
or luminometric, and requires lysis of cells (i.e. destruction of samples). Such assays are strictly
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non-dynamic and measure only a single end-point. An interesting current trend, however, is to
take measures from all cells individually, combining automated microscopy and sophisticated
image analysis tools. This basically means that data points from a single experimental sample
may increase into thousands or more. Up to date, statistical tools have been mainly required
to filter background noise and assist in mining the relevant information. In HCS, size and
morphology of the cells is quantified to detect changes in the cellular phenotypes, caused by
experimental perturbations such as drug/inhibitor exposure or gene silencing. This information
content may be further increased by combining multiple assays. For example, apoptosis/
necrosis and viability status can be quantified simultaneously together with cell morphology,
using simple live cell and realtime reagents. So far, however, HTS/HCS tools were available
mainly for conventional monolayer cell cultures. Currently, no robust methods exist that fully
harvest the more informative organotypic cell cultures in high-throughput target identification
and validation. There is a lack of both standardized analysis tools and convenient low cost cell
culture platforms, suitable for experimentation with tens or hundreds of organotypic samples
at the time.

In this thesis, a comprehensive laboratory work flow is presented for the simplified utilization
of organotypic cell models in pre-clinical drug discovery, target identification and validation.
This workflow is complemented by a set of novel microscopy-based analysis tools, optimized to
detect and quantitate dynamic morphological responses in three-dimensional culture.
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REVIEW OF THE LITERATURE

The modern drug discovery pipeline

The drug discovery process is divided in five distinct phases: basic research (target identification),
lead discovery and optimization, preclinical development, clinical development, and eventually
drug registration: filing for approval (Figure 1). The drug target is identified and selected in basic
research, often initiated by academia and followed up by pharmaceutical or biotech companies.
After this, a lead drug is selected for further preclinical development. Ideally, the preclinical
studies end up in a solid drug candidate, for which the company applies a status of investigational
new drug (IND), a chemical entity that can enter clinical patient trials. After an average of six
years of successful clinical investigations, typically comprised of 3-4 phases of increasingly
large clinical trials, the drug may be registered and filed as a new drug application (NDA). Both
IND’s and NDA’s are reviewed and approved by medicinal agencies, such as the Food and Drug
Administration (FDA) in the United States and European Medicines Agency (EMA) in the European
Union. These agencies evaluate safety, risks and clear medical benefits of the pharmaceutical
entity, prior to approving it for sales and marketing. The whole process in average takes 12-15
years, with expenditures in excess of one billion US dollars [Hughes et al. 2011] per drug. As
most resources, both money- and time-wise, are spent on clinical trials, preclinical validation
work needs to be thorough, and the evidence produced has to be predictive and tenable.
The preclinical drug discovery itself can be further divided into distinct phases: initial target
identification and validation, assay development, high-throughput screening, hit identification,
hit-to-lead development and lead optimization and finally the selection of candidate molecules
for further clinical development (summarised in Figure 2) [Hughes et al. 2011].

Years 3 1 6 15
Basic Research Lead Discovery PreclinSy Clinical Development FDA Filing
Development
Target .
Candidate -
identification and . IND filing NDA filing
. selection
selection

Figure 1. Drug discovery process from target ID and validation through to filing of a compound and the
approximate timescale for these processes (adapted from Hughes et al. 2011).

Target identification

A biological target is usually a protein or a protein-protein-interaction, rarely a gene or an RNA,
whose activity can be modified by an external stimulus. It needs to be efficacious, safe, meet clinical
and commercial needs and, above all, it should be “druggable” [Hughes et al. 2011]. A druggable
target has to be accessible for putative drugs such as a small molecule or larger biological (e.g.
function-blocking antibodies). Most commonly druggable targets are proteins such as enzymes,
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ion channels, G-protein coupled receptors, and many other receptors whose behaviour can be
modulated by external stimuli. The stimulus may be a small molecule that blocks the active site of
a receptor or inhibits binding of the native ligand. The biological response elicited may be specific
activation or inactivation of the target. The terminology depends on the nature of the target: an
obstructive effect is referred to as enzyme inhibition, ion channel blockade, or receptor antagonism.
More than 50% of the known drug targets are G protein-coupled receptors (GPCRs). The second
largest group, especially interesting for novel targeted therapies, consists of protein kinases. Another
traditionally significant group, frequently targeted in prostate and breast cancer treatment, are the
nuclear hormone receptors, such as androgen receptor (AR) and estrogen receptor (ER).

The hypothesis that interfering with a certain cell signalling pathway results in a therapeutic effect
is often initiated by Academia. In the past, targets were disclosed one by one, essentially through
basic research, as most researchers were concentrating on singular cellular functions and signalling
pathways. In the post-genomic era (beyond 2001), systems biology facilitated by advances in
laboratory automation and information technology, has enabled the effective identification of
multiple targets through systematic mining of extensive biomedical databanks. These data now
consist of a variety of sources such as publications and patent applications, large-scale, genome-
wide mRNA expression and proteomics data, genetic phenotyping (genome-wide linkage analyses),
or compound profiling [Yang, Adelstein & Kassis 2012]. The most widely used identification
approaches use transcriptomics and proteomics databases, to examine the correlation of mRNA/
protein expression and disease states and to determine their target potential. Moreover, recent
advances in whole genome sequencing allow a functional examination of genetic associations,
for example a link between genetic alterations (e.g. specific mutations and gene fusions) and the
phenotypic disease. These bioinformatic (or chemoinformatic) approaches not only generate
endless lists of novel potential targets, but they also help to filter out those unlikely to result in
viable drugs, and thus represent a huge asset in drug or drug target selection and prioritization.

The use of in vitro cell models as a source for drug targets has also been accelerated by systems
biology and high-throughput techniques. Genome-wide mRNA expression analysis and protein
expression profiling have helped to pinpoint potential druggable targets in specific cellular
functions. Whole-genome RNAi screens and small molecule screens, on their own right,
represent an unsupervised, open or “shot in the dark” method: all genes and proteins are
blindly modulated one by one, and the outcome (cell number, apoptosis, metabolic activity,
motility) is quantified using biochemical or microscopy-based methods. In fact, robust high-
throughput screening (HTS) assays, even uncharted chemical libraries comprised of thousands
to hundreds of thousands of small molecules, can be effectively screened to identify promising
new drug targets. Furthermore, old (previously FDA-approved) pharmaceutical entities have
been successfully screened for new indications [Gupta et al. 2009, lljin et al. 2009] (a.k.a. drug
repositioning). The use of generic drugs saves valuable resources, as target specificity and drug
safety have already been established beforehand. Also phage-display antibody libraries have
been successfully utilized in screens, aiming to identify surface antigens that are (in the ideal
case) exclusively present on cancer cells [Kurosawa et al. 2008].

Target validation

Targets can be divided in new and established targets. For established targets, there is generally
good scientific understanding, typically supported by a noteworthy publication history. New
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targets are usually recently discovered proteins or proteins whose function was only recently
elucidated through basic research. Ideally, core functions of an established target are widely
known in normal physiology and human pathology. Established targets also include such
that have previously gone through drug discovery processes, however possibly in an entirely
different context. This background information may provide valuable information related to
the feasibility to develop small molecular therapeutics against the target, and can significantly
promote and speed up licensing opportunities as well as freedom-to-operate indicators with
respect to small-molecule therapeutic candidates. In general, the more background information
exists for a target, the less investment and effort are expected to be required to develop a
therapeutic means. This process is called target validation in every day pharmaceutical industry
parlance. Modern validation techniques range from in vitro tools, whole animal models, to the
modulation of targets in disease patients (by siRNAs or miRNAs). Typically, the process includes
all of them.

Target identification Target validation Compound screening
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Figure 2. An overview of a typical drug discovery process (adapted from Hughes et al. 2011).
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Target silencing through antisense technology and RNAi

A number of in vitro technologies can be applied in drug (target) validation. Usually, the
investigative techniquesaimto obstructthe normal physiologicalfunction of the target by attacking
it on the DNA/gene, messenger RNA (mRNA), or the protein level. Oligonucleotides represent a
class of synthetic agents that have been utilized to inhibit gene expression on the mRNA level. In
principle, oligonucleotides can be designed to recognize any mRNA target sequence, and block
protein translation in a process called gene silencing. Antisense oligonucleotides (ASOs) and RNA
interference (RNAI) are both designed to target mRNA. Antisense technology was used to alter
the expression specific genes by hybridizing a single-stranded antisense oligonucleotide to its
unique mRNA sequence. Despite fairly good results in cell culture, the technology has proven to
be of limited use compared to RNAI, mostly because of the stability issues related to the single-
stranded oligonucleotide [Watts, Corey 2012]. Also, the delivery of antisense oligonucleotides
into target cells or the cell nucleus is problematic [llag et al. 2002]. RNAi technology relies
on small interfering RNA molecules (siRNA), delivered as much more stable double-stranded
oligonucleotides [Watts, Corey 2012]. After a duplex RNA is introduced (delivered) into the
cytoplasm one way or another, it binds the protein machinery of the RNA-induced silencing
complex (RISC) [Siomi, Siomi 2009]. The endonucleases included in RISC, primary active
components of the complex, are the argonaute proteins. Argonaute endonucleases cleave the
target mRNA strand complementary to the bound siRNA. RNAi was first described in mammalian
cell culture in 2001 [Elbashir et al. 2001]. In nature, RNAi together with endogenously expressed
micro RNAs (miRNA), close relatives of siRNA oligonucleotides, represent a vital part of gene
regulation in many biological processes, such as the immune response to viruses and other
foreign intruders, or self-propagation of transposons in plants [Stram, Kuzntzova 2006]. RNAi
and miRNAs are also heavily involved fine-tuning the regulation of genes in development and
morphogenesis [Carrington, Ambros 2003]. Since the original publication in 2001 [Elbashir et al.
2001], siRNAs have been extensively utilized in experimental studies, aimed at examining gene
functions. These days, siRNAs can be readily designed and synthesized to silence any gene or
even gene fragment (exon) in the human genome. Comprehensive genome-wide and validated
siRNA libraries are commercially available from a number of companies. Additionally, custom-
designed libraries may target only the druggable genes (e.g. kinases, receptors). Synthetic RNAs
used for gene silencing are duplexes, typically between 19-22 basepair long. Duplexes greater
than 30 bp in length, bear the risk of provoking a strong interferon response in cells, while too
short nucleotides suffer from instability. While ASOs continue to be used for gene silencing, the
robust nature of siRNAs and the relative ease of identifying active siRNAs have made them the
silencing tool of choice for many laboratories.

Oligonucleotide delivery methods

The most common method for promoting cellular uptake of oligonucleotides involves mixing
cationic lipids with negatively charged nucleic acids [Watts, Corey 2012]. The long hydrophobic
chains of liposomes and the positively charged head group allow the formation of nano-sized
complexes (micelles, nanoparticles) in which the negatively charged nucleotides are readily
encapsulated. These liposomal complexes offer sufficient protection to oligonucleotides from
enzymatic degradation, and allow efficient endocytosis by the cell. Once the lipid-nucleic acid
complex has crossed the cell membrane, the active oligonucleotide cargo is partly released into
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the cytoplasm. Many cationic lipids are commercially available. In recent years, synthetic cationic
polymer-based nanoparticles were developed to enhance transfection efficiency and reduce
cytotoxicity, compared to classic liposomes [Aigner 2006b]. For example, polyethylenimine (PEI)
complexation now represents a very promising method for siRNA delivery, and seems to work
both in vitro and in vivo [Aigner 2006a, Aigner 2006b, Boussif et al. 1995]. PEIs form non-covalent
complexes with DNA and are efficiently taken up by cells through endocytosis. As a result of its pH
buffering properties the complexes induce bursting of endosomes and release of active siRNA in
the cytoplasm [Aigner 2006b]. The properties of PEIs have been further improved to increase the
fusion with cell membrane and entry into the cell, enhanced release of siRNA molecules inside the
cell and reduced intracellular degradation of siRNA-nanoparticle complexes [Dalby et al. 2004].
Electroporation is an old but still commonly applied and extremely effective method [Bergan et al.
1996]. The cells are exposed to a brief but powerful electric pulse during which the membrane lipid
molecules reorient and undergo thermal phase transitions due to heating. This results in temporary
creation of hydrophilic pores. The transient loss of the semipermeability of cell membranes leads
to escape of intracellular contents, such as ions and metabolites, and simultaneous uptake of
drugs, molecular probes, or nucleic acids. Electroporation is a very reliable method and tends to
also work with hard-to-transfect cells, such as primary and suspension cells, in contrary to cationic
lipid-based delivery systems. However, due to massive perturbations in the integrity of the cell
membrane, electroporation may induce high cell mortality [Tsong 1991]. In addition to cationic
vehicles, siRNA can also be conjugated to a hydrophobic moiety, such as cholesterol. Cholesterol-
conjugated nucleic acids are readily taken up by cells, and have a huge pharmacological potential.
Other effective and less cytotoxic methods include the addition of certain cationic cell-penetrating
peptides, such as MPG, transportan or penetratin, to the siRNA using covalent or electrostatic
interactions [Zhang et al. 2006]. Recent studies have shown that active ASOs can freely enter some
cell lines even without lipid addition [Stein et al. 2010, Zhang et al. 2011]. This method would
facilitate the transfection of cell lines that are not compatible with lipid-mediated transfection or
that are too vulnerable for electroporation. Also the protocol is simplified and off-target effects
are less likely to occur as the lipid toxicity is avoided. Higher concentrations of ASO, however, are
needed relative to the amounts used in lipid-mediated transfections [Watts, Corey 2012].

Target overexpression

The quantity, b