d
A
&
15,

Universiteit

*dlied) Leiden
'Mﬁ The Netherlands

5
3
H oo
B
=
=)
@\
-3

o

Phenotypic screening with 3D cell-based assays
Booij, T.H.

Citation
Booij, T. H. (2017, December 20). Phenotypic screening with 3D cell-based assays. Retrieved
from https://hdl.handle.net/1887/59503

Version: Not Applicable (or Unknown)
Licence agreement concerning inclusion of doctoral thesis in the

Institutional Repository of the University of Leiden
Downloaded from: https://hdl.handle.net/1887/59503

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/59503

Cover Page

The following handle holds various files of this Leiden University dissertation:
http://hdl.handle.net/1887/59503

Author: Booij, T.H.
Title: Phenotypic screening with 3D cell-based assays
Issue Date: 2017-12-20


https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/59503
https://openaccess.leidenuniv.nl/handle/1887/1�

Phenotypic
screening with
3D cell-based

assays

dissertation
Tijmen Harmen Booij

Leiden Academic Centre for Drug Research | LACDR |
Leid T







Phenotypic screening
with 3D cell-based assays



Phenotypic screening with 3D cell-based assays
Tijmen Booij
September 2017

ISBN: 978-94-028-0871-1
© 2017, Tijmen Booij. All rights reserved. No part of this thesis may be reproduced or
transmitted in any form, by any means, electronic or mechanical, without prior written

permission from the author.

Design and lay-out by Studio Amy Guijt



Phenotypic screening
with 3D cell-based assays

Proefschrift

Ter verkrijging van de graad van Doctor aan de Universiteit Leiden,
op gezag van Rector Magnificus prof.mr. C.J.J.M. Stolker,
volgens besluit van het College voor Promoties
te verdedigen op woensdag 20 December 2017
klokke 10:00 uur

door

Tijmen Harmen Booij

Geboren te Den Helder, Nederland
in 1988



Promotor
Prof. Dr. Bob van de Water (Universiteit Leiden/LACDR)
Prof. Dr. Dorien J.M. Peters (Leids Universitair Medisch Centrum)

Co-promotor

Dr. Leo S. Price (Universiteit Leiden/OcellO B.V.)
Promotiecommissie

Prof. Dr. Hubertus Irth (Universiteit Leiden/LACDR) (voorzitter)
Prof. Dr. Joke A. Bouwstra (Universiteit Leiden/LACDR) (secretaris)

Overige leden

Prof. Dr. Ad P. [Jzerman (Universiteit Leiden/LACDR)

Prof. Dr. Huib Ovaa (Leids Universitair Medisch Centrum)
Prof. Dr. Roos Masereeuw (Universiteit Utrecht)

Prof. Dr. Paul Jennings (VU Amsterdam)

The investigations described in this thesis were performed at Division of Toxicology of
the Leiden Academic Centre for Drug Research, Leiden University, Leiden,

the Netherlands and at the Human Genetics department, Leiden University Medical
Center, Leiden, the Netherlands

This research was funded by the Dutch Technology Foundation STW (project 11823),
which is part of the Netherlands Organization for Scientific Research (NWO).



To my parents






INDEX

CHAPTER 1
General introduction

CHAPTER 2
Getting the most out of 3D cell based assays with high content
image analysis and phenotypic profiling

CHAPTER 3

Development of a 3D tissue culture-based high-content
screening platform that uses phenotypic profiling to
discriminate selective inhibitors of receptor tyrosine kinases

CHAPTER 4
High-throughput phenotypic screening of kinase inhibitors to
identify drug targets for polycystic kidney disease

CHAPTER 5
Phenotypic profiling of 3D-cultured micro-tissues to identify
selective inhibitors of cyst growth

CHAPTER 6
In vitro 3D phenotypic drug screen identifies celastrol as an
effective in vivo inhibitor of polycystic kidney disease

CHAPTER 7
General discussion and future perspectives

CHAPTER 8
Appendices

1

35

55

83

13

145

173

189






W ET IR

General introduction

Tijmen H. Booij




Challenges in drug research & development

Over the past decades, it has become clear that the increasing investments in pharma-
ceutical research and development (R&D) have not translated into an anticipated in-
crease in approved new drugs. With new drugs being discovered at a steady rate by the
pharmaceutical industry and the exponentially rising R&D costs, it is becoming more
difficult to obtain a return of R&D investments and to fund new research. It is possible
that the current R&D strategies are exhausted and that the only solution to this pro-
blem is a radical change towards more innovative strategies to improve success rates of
new drugs.* Additionally, when older patents of important blockbuster drugs expire, the
pharmaceutical industry will be required to address R&D productivity to remain viable.

As a brief summary of the steps in current drug discovery, novel drug candidates
are typically discovered after the identification of a new drug target. Drug targets are
often proteins that are aberrantly active or inactive in a pathophysiological process,
and modulation of these targets, or their signalling cascade, could therefore be used
to alleviate or reverse disease symptoms. Not surprisingly, the identification of new
drug targets typically requires many years of intensive study of disease-associated
cellular signalling pathways. After a disease target has been identified, potential drug
candidates that bind to the target protein, often many thousands, can be synthesised
and assayed on cell culture models for the disease. This pre-selection on cell culture
models is required in order to preselect a small number of molecules for in vivo efficacy
measurement and clinical development (figure 1).

This particular drug discovery workflow is target-based: it relies on known informa-
tion of disease targets.? A drawback associated with this strategy is the assumption
that modulation of a single protein target is sufficient for the alleviation of disease
symptoms: many diseases are much more complex than this and require a broader tar-
geting approach, which can for example be overcome by treatment with multiple drugs.
Another consequence of this target-driven drug discovery is that only the most potent
inhibitors or activators for certain potentially druggable targets will progress through
drug development. While these molecules may be curative for a certain disease, many
diseases do not require complete abolishing of one molecular target, but rather require
fine-tuning of multiple target proteins, which is often the most challenging to achieve.
Importantly, entirely abolishing a single disease target can also lead to drug side
effects. Antineoplastic drugs (chemotherapeutics) are an example of this: while these
drugs mostly interfere with cell division or promote programmed cell death and there-
by inhibit tumour growth, they can also have similar effects on healthy cells, with side
effects as a result.

In addition to the increasing R&D costs, high drug attrition rates pose a large
challenge. Most drugs initially introduced in the drug development pipeline will never
reach the clinical evaluation stage. However, even for drugs that enter clinical trials,
the average success rate is only around 11%.3 Because this phase in drug development
is associated with the highest costs, it is essential for the pharmaceutical industry to
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FIGURE 1 Schematic representation of the drug discovery pipeline resulting from the
identification of druggable targets.

ensure that new drugs do not fail during this phase, or after the clinical trials. How-
ever, many drugs that are introduced in clinical trials suffer from lack of efficacy or
toxicity that was not predicted.4 Additionally, the success rate of clinical trials highly
differs between therapeutic areas. For example, drugs for cardiovascular indications
have an approximate 20% chance of success, while this is only 8% for drugs targeting
diseases of the central nervous system.? These differences are likely, at least in part,
attributable to ourknowledge of the etiology of the disease, the complexity of the biology
andthe predictive value of disease models. Also afterdrug approval by the Food and Drug
Administration (FDA, USA) or European Medicines Agency (EMA, Europe), unexpect-
ed toxicity or lack of clinical benefit remains an important factor for drug withdrawal.3
Therefore, in order to make better and safer drugs and to achieve higher success rates
in the clinic, it is necessary that better drugs are pre-selected before these reach clini-
cal development.

Physiological relevance of 2D in vitro disease models to predict drug efficacy
In order to pre-select better drugs for clinical development, it is necessary to have a
more detailed look at the earlier stages of the R&D pipeline. After the identification of a
druggable target for a disease, potential drug candidates that modulate the activity of
the target can be developed, and can eventually be tested in a biological model.

When potential drug candidates are first investigated in cell-based biological models
(in vitro), generally their efficacy is assessed on two-dimensional (2D) cell culture
models, which are often named monolayers (figure 2). In such a cell culture system,
cells that are relevant to the investigated disease or process are cultured on culture
plastic in growth medium, supplemented with animal serum and often antibiotics.
These cell models are generally easy to maintain and cheap to use, the latter of which
is extremely important when testing many thousands of candidate molecules at once,
often referred to as high-throughput screening (HTS). However, in recent years it has
become increasingly clear that for many diseases, these monolayer cultures often fail
to predict drug efficacy in animal models (in vivo) or in clinical trials.

A large problem associated with this poor translation is that many drug candi-
dates that appear to be successful in such an in vitro model, fail in the later, more

13
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FIGURE 2 Cells cultured as a monolayer are poor simulators of human biology.

A) Schematic representation of cells cultured as a monolayer on culture plastic.
Red lines represent the cortical cytoskeleton and nuclei are shown as blue spheres.
B) Immunofluorescence image of 2D-cultured mIMCD3 cells (BD Pathway 855, 10x
objective). Red colour shows cytoskeleton (rhodamine-phalloidin) and blue colour shows
nuclei (Hoechst 33258).

expensive, drug development stages. Conversely, it is possible that potentially good
drugs fail to show desirable effects in monolayer cell cultures, causing these to be fil-
tered out and never progress into further development. A key concept in this problem is
that monolayer cultures cannot adequately recapitulate the complex conditions in the
body, since tissues are comprised of many cell types that interact within a three-dimen-
sional environment. Hence, the tissue architecture that is observed in the body cannot
be adequately recapitulated using monolayer cell culture models, since these fail to
reflect the tissue architecture and its relevance in various disease processes. This,
coupled to the implementation of the three R’s (reduction, refinement, replacement) to
reduce the use of animals in drug testing> means that more relevant in vitro evaluation
models are required to select better drugs.

In order to provide a background for the different disease areas described through-
out this dissertation, the following subchapters give a brief overview on two neoplastic
disorders, cancer and polycystic kidney disease (PKD), where tissue architecture is es-
sential for the pathophysiology and thereby providing a rationale for the development
of new in vitro disease models on which to test candidate drugs.

CANCER

Disease background

Cancer is a neoplastic disorder that is characterized by abnormal cell proliferation and
is among the most common causes of death worldwide.® The process by which healthy
cells can transform into cancer cells and form a tumour is a multistep process by which
cells need to acquire properties that confer a proliferative advantage, such as self-
stimulatory growth signals, insensitivity to anti-growth signals, the ability to evade
apoptosis and avoid immune destruction and the ability to induce angiogenesis. These
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FIGURE 3 Schematic representation of the metastatic cascade showing the processes
of invasion, intravasation and extravasation at a distant site to establish a metastasis.
Extracellular matrix, ECM; Circulating tumour cells, CTCs; cancer-associated fibroblast,
CAF; tumour-associated macrophage/M2-type macrophage, TAM. E (epithelial), EM1-3
(intermediate stages/partial EMT) and M (mesenchymal) represent different stages of
EMT. Figure based on Nieto et al, 2016.°

factors, amongst many more, contribute to the origin and growth of a primary tumour’8
and are generally the result of acquired mutations that confer a growth advantage.

Importantly, the main cause of cancer-related deaths generally is not the presence
of the primary tumour, but rather the metastasis of tumour cells to distant sites, where
the growth of tumours can interfere with normal organ function. In order for metastasis
to occur, tumour cells need to acquire migratory properties. These properties can then
allow the cells to escape from the primary tumour into the blood stream (or lymphatic
system), and eventually extravasate at a distant site. This metastatic cascade is illu-
strated in figure 3, and describes the process of invasion of tumour cells into the extra-
cellular matrix, the intravasation into the blood stream and eventual extravasation at
a distant site.? In general, the cause of this migratory phenotype is the loss of cell-cell
contacts and changes in cell-matrix contacts and the secretion of matrix-remodelling
enzymes. Collectively, this switch in cellular behaviour is often termed epithelial- to
mesenchymal transition (EMT). It is currently becoming clearer that the tumour extra-
cellular matrix**** and many immune cells*>*> play a role in carcinogenesis. Important-
ly, the causes of cancer are highly diverse, and range from genetic predisposition to
DNA damage to diet.*® Specific signalling pathways that are involved in this process are
therefore highly variable and also depend on the tumour type and its underlying mu-
tations. It is therefore not feasible and also not the scope of this chapter to discuss all
these properties in detail, and the reader is referred to other relevant literature.7 118
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Current therapeutic strategies and limitations

Surgery is often the first line of treatment against a primary tumour that has not yet
metastasized, sometimes supplemented with radiation- or chemotherapy, if required.
Whether this strategy is successful depends highly on the tumour type, its underly-
ing mutations and the tumour stage. For tumours that have already metastasized,
surgery on its own is often not sufficient to cure the patient, and it is therefore often
supplemented with radiation-, chemo- or immunotherapy. These additional therapies
generally function to inhibit tumour cell proliferation, taking advantage of the tumours’
defective DNA repair mechanisms, or to eradicate tumour cells by the immune system.
However, such therapies, with the possible exception of immunotherapy, usually have
side effects related to their effects on healthy cells. For example, the chemothera-
peutic drug cisplatin (cis- diamminedichloroplatinum(ll), CDDP) is a molecule that
intercalates directly into the tumour cells’ DNA,* thereby preventing cell division and
tumour growth. However, the use of this molecule is limited by its nephrotoxic effects,?°
which are, at least in part, attributable to active cisplatin uptake in the kidneys by high
affinity copper uptake protein 1 (Ctr1)* and organic cation transporter 0CT2 (SLC22A2),
causing the local increase in intracellular cisplatin concentrations that is responsible
for its nephrotoxic side effects. While molecules such as cisplatin can be effective at
preventing the growth of tumours and their metastases, many such molecules do not
effectively eradicate 100% of the tumour cells. Such drugs have mostly been developed
using 2D-cultured, immortalized (and rapidly proliferating), tumour cell lines, most
of which have retained little resemblance to the tumour they were originally derived
from. Critically, because tumours are comprised of more than one cell type, some cell
types are often unaffected by these proliferation-inhibiting drugs, which can in turn be
responsible for tumour re-growth and therapy resistance.

Another strategy to improve patient survival is to prevent cancer metastasis, by block-
ing processes such as angiogenesis, cancer cell invasion into the surrounding matrix,
intravasation or extravasation. Especially in this context, conventional 2D cell culture
models represent a poor representation of the in vivo situation, since they lack the
presence of extracellular matrix to model these processes. As one of the main topics of
this thesis, we describe the development of a more physiologically relevant cell culture
assay that can be used to study cancer cell invasion (the first step of the metastatic
cascade) and to test treatments to prevent this process.

POLYCYSTIC KIDNEY DISEASE

Genetic background

Polycystic kidney disease (PKD) is a genetic disorder in which fluid-filled cysts devel-
op in the kidneys (figure 4). In principal, these cysts develop in all segments of the
nephron,? the kidney’s smallest functional unit, but have been described to originate
more often from the collecting duct.?4 As more and more cysts develop and grow over
a patient’s lifetime, kidney function deteriorates to end-stage renal disease (ESRD),
the point where a patient requires kidney transplantation for survival. PKD exists as
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FIGURE 4 Pathology of polycystic kidney disease. Image provided by CDC/Dr. Edwin P.
Ewing, Jr., 1972.

an autosomal dominant (ADPKD) and autosomal recessive (ARPKD) form. ADPKD is the
most common form of the disease, which affects approximately 1 in 2500 people,? and
thereby also places a large burden on society. The autosomal recessive form is much less
prevalent (only approximately 1 in 20000 people®®), but has a more severe nature. This
specific form of PKD is often referred to as childhood PKD, because kidney function de-
clines much faster than in the autosomal dominant form. Approximately half of the new-
borns that survive the neonatal period will develop ESRD within the first decade of life.?”

In the case of ADPKD, a heterozygous genetic defect in either the PKD1 gene on chro-
mosome 16, or the PKD2 gene on chromosome 4, underlies cyst formation, although
the precise mechanism by which these mutations can cause the development of cysts
remains largely unknown. One hypothesis that supports the slow progression of ADPKD
is that heterozygous mutation of PKD1 or PKD2 is not sufficient to cause the formation
of cysts, and inactivation of the second allele during life is required. This is supported
by the finding that homozygous Pkd1 or Pkdz inactivation in mice is embryonic lethal.?®
Additionally, renal injury may be an important contributor® to initiate cyst formation, as
it is known that the presence of cysts can obstruct neighbouring tubules, likely leading
to a cystic snowball effect that aggravates the cyst formation.3°

PKD1 encodes the protein polycystin-1, which is a 467kDa transmembrane re-
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ceptor-like molecule thought to be involved in mechanosensing3 and cell-cell and
cell-matrix interactions.3? Moreover, this protein was recently identified as a receptor
for various WNT ligands.33 Polycystin-2 is a 110kDa polypeptide encoded by the PKD2
gene, and this protein is known as a non-selective cation channel that is permeable
to calcium ions.3 Polycystin-2 is often named transient receptor potential polycystic
2 (TRPP2). ADPKD as a result from mutations in PKD2 is generally milder, since cysts
develop later.? The polycystin proteins can bind to each other3® and form a functional
complex3738 which is thought to be involved in the translation of mechanical stimuli to
an influx of Ca* into the cell. This process is thought to be mediated by the localization
of this complex to the tubular cells primary cilium, an organelle protruding from the
cell membrane. However, the polycystin proteins localize also to different parts of the
cell, such as the endoplasmic reticulum and cell-cell and cell-matrix contacts,394* where
they likely perform different functions ranging from mechanotransduction to regulating
planar cell polarity (PCP).

For the autosomal recessive form of PKD, mutations in the PKHD1 gene are re-
sponsible for the early onset and rapid progression of cystic kidney disease. It is
estimated that such mutations are carried by approximately 1:70 people.?”42 The PKHD1
gene encodes for the protein fibrocystin, also known as polyductin. Fibrocystin is a recep-
tor-like protein for which ligands are currently unknown, and it can form a complex with
polycystin-2.43 Due to the lower prevalence of ARPKD, the following sections of this sub-
chapter will focus instead on ADPKD. For more insight into the mechanistic background of
ARPKD and its similarities with ADPKD, the reader is referred to other literature.?®

Signalling alterations in ADPKD

Inactivating mutations in the genes responsible for ADPKD result in dysregulated cellu-
lar signalling pathways, with reduced intracellular Ca?* levels as a central mediator. This
reduction of Ca?* can in turn activate calcium-inhibitable adenylyl cyclase (AC), to stim-
ulate 3’-5’-cyclic adenosine monophosphate (cAMP) production. Conversely, reduced
Ca** levels can also inhibit calcium-dependent phosphodiesterases (PDEs) to prevent
cAMP breakdown. Alternatively, abnormal activation of the vasopressin V2 receptor
(V2R) by antidiuretic hormone arginine vasopressin (AVP) can also drive the accumu-
lation of cAMP through the activation of AC. This mechanism, together with the alter-
ations in calcium homeostasis, has a central role in the pathophysiology of ADPKD.44

cAMP is an important second messenger, and the increased levels lead to many
changes in cellular signalling, including increased activity of B-Raf, ERK, mTOR and PI3K
pathways and of various proteins involved in the cell cycle and fluid transport (figure
5).447 Together, these changes lead to increased cell proliferation, dedifferentiation
and increased fluid secretion. These signalling alterations likely lead to the initiation
of cyst formation and the consequent expansion that eventually causes renal failure.

Current therapeutic strategies
Currently, treatment for polycystic kidney disease is mainly aimed at alleviating fre-
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FIGURE 5 Schematic representation of known signalling alterations in ADPKD. Figure
based on Torres et al, 2007 and Torres, 2010.4 *** Adenosine monophosphate (AMP),
5’AMP-activated protein kinase (AMPK), Adenylyl cyclase 6 (AC-VI), 3°,5’-cyclic AMP
(cAMP), cyclin-dependent kinase (CDK), cystic fibrosis transmembrane conductance
regulator (CFTR), endoplasmic reticulum (ER), epidermal growth factor receptor (EGFR),
extracellularregulated kinase (ERK), inositol triphosphate (IP3), insulin-like growth factor
1 receptor (IGF-1R), mammalian target of rapamycin (mTOR), mitogen-activated protein-
kinase/ERK kinase (MEK), phosphodiesterase (PDE), phospholipase ¢ (PLC), polycystin
1 (PC1), polycystin 2 (PC2), protein kinase A (PKA), somatostatin receptor (SSTR),
tuberin (TSC2), hamartin (TSC1), tyrosine kinase inhibitor (TKI), tumour necrosis factor
alpha (TNFa), TNF receptor (TNFR), vascular endothelial growth factor receptor (VEGFR),
vasopressin Vi receptor (ViR), vasopressin V2 receptor (V2R), V2R antagonist, (V2RA).

quent disease-associated symptoms such as hypertension,4¥° cyst infection,>* and
pain.s 5253 The patient will ultimately require renal transplantation, when the kidney
function has deteriorated to the point of ESRD. However, as kidneys for transplanta-
tion are not always available, there have been many efforts to find a medicinal treat-
ment to prevent disease progression. Due to the genetic background of the disease, it
is amenable that genetic screening to allow early detection of the disease combined
with pharmacological treatment that delays progression of the disease is sufficient to
allow for a lifetime without disease symptoms. However, due to the extensive pathway
deregulations in PKD (figure 5), the identification of effective drug treatments has been
problematic.

Currently, the only therapy approved in the EU to slow disease progression is tol-
vaptan (marketed under the name Jinarc). This V2R inhibitor slowed down increases
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in kidney volume and the decline in renal function in a recent Phase Il clinical trial.>
Blockade of the V2R prevents the binding of AVP to the receptor and prevents the con-
sequent activation of AC, thereby delaying the growth of cysts. However, treatment with
tolvaptan is also correlated with extensive side-effects that could limit patient compli-
ance. These side-effects are largely related to the pharmacological action of tolvaptan
and require patients to consume excessive amounts of water due to increased urine
production. In addition, even though liver injury as a result of tolvaptan treatment is
infrequent, patients receiving long-term tolvaptan treatment may be at risk of serious
irreversible liver injury.5s5” This illustrates that novel therapies are still needed.

In the past, there have been several clinical trials for mTOR inhibitors such as sirolim-
us (rapamycin) or everolimus. While mTOR inhibitors have often been proven effective
in in vivo PKD models,5®¢ there have also been conflicting results.®? In line with this,
the clinical trials that have been performed for such inhibitors, have failed to show a
clinical benefit.®3¢8 However, it is possible that renal targeting of mTOR inhibitors like
rapamycin can improve therapeutic response due to local increases in concentration.®

Other therapies currently undergoing clinical evaluation include somatostatin ana-
logues (ALADIN trial), niacinamide, epidermal growth factor (EGF) inhibitors, and trip-
tolide, (although a recent study with triptolide, NCTo0o801268, has been terminated
due to high patient drop-out). A more detailed overview of the clinical trials undertaken
for ADPKD has recently been published elsewhere.?

Limitations of 2D in vitro models

Even though 2D in vitro models for PKD have been useful to investigate signalling path-
ways, there are limits to their usefulness in evaluating the effects of potential therapeu-
tics. Principally, the main pathophysiological characteristic, the growth of cysts, cannot
be simulated in 2D, since a cyst is a three-dimensional structure. Very importantly,
when test molecules are provided to 2D-cultured monolayers, the cells will be exposed
to the test molecules on their apical side (figure 6A), whereas a closed cyst is more
likely to take up a test molecule through its basolateral side (figure 6B). These differ-
ences in administration route could in turn lead to differences in intracellular concen-
trations, depending on transporter localization differences between apical and basal
membranes.

Therefore, while the signalling pathways in PKD have often been investigated on 2D
cell culture models, pharmacological treatment evaluation for PKD has traditionally
been pursued in animal models, as treatment efficacy cannot adequately be measured
using 2D cell culture. With the desire to reduce animal experimentation in mind,> new,
more relevant, in vitro cell culture models for PKD need to be developed to facilitate
preclinical testing of potential drugs. The development of relevant in vitro assays for
PKD is therefore an important topic in this thesis.
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FIGURE 6 2D monolayers poorly recapitulate renal cysts. A) Schematic representation of
cell polarity when cells are cultured as a monolayer. Apical side of cells is in contact with
culture medium with test molecules. B) Schematic representation illustrating inverted
orientation of cysts cultured in hydrogels. Basolateral side is in contact with the culture
medium and test molecules.

3D cell culture models in drug discovery

In order to overcome problems traditionally associated with 2D cell cultures and to
improve physiological relevance of in vitro cell models, the past couple of decades
have witnessed the development of three-dimensional (3D) cell culture models. These
models were developed in order to better model disease biology and bridge the gap
between 2D in vitro models and the in vivo situation.”” A great example that cells, when
confined to a monolayer, display unnatural behaviour was proven when Bissell and
colleagues showed that non-cancerous breast epithelial cells developed similarly to
breast carcinoma cell lines when grown in 2D monolayers. However, when these cells
were grown in reconstituted basement membrane (BM), non-cancerous cells respond-
ed to the presence of the BM by growth arrest, lumen formation and correct cell polar-
ity, whereas the cancer cell lines were not growth-inhibited by the presence of BM.??
Since then, several groups have proven large differences between 2D- and 3D-cultured
cells, such as increased metabolic enzyme expression in liver cells which, may have
profound consequences for in vitro toxicity assessment.”374 Additionally, the growth
of tumour cells in 3D is known to enhance in vivo-like gene expression and structural
properties.7s78

3D cell culture models in drug screening

Over the years, many different technologies have been optimized to allow compound
screening on 3D cultured micro-tissues. Broadly, these techniques can be divided
into scaffold-free and scaffold-based technologies, while the first category is largely
comprised of multicellular tumour spheroids suspended in media, the second cate-
gory comprises all matrix-embedded models such as the models used throughout this
thesis.

Multicellular spheroids are clusters of cells that grow in suspension media. These
media do not provide a rigid extracellular matrix and the cells are forced to aggregate
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to a multicellular spheroid because cell-cell interactions dominate the cell-substrate
interactions.”?8° These cultures are known to be easy to prepare and provide physiolog-
ically relevant responses.® The cultures can be easily adapted in most labs, since there
are many commercially available solutions, such as the hanging-drop microtiter plate
(HDM) technology developed by InSphero AG. This technology can be readily scaled
up to 9682 and even 384 well plate formats.® Additionally, spheroids can be grown
in the ultra-low attachment g6-well or 384-well plates commercially available from
Corning as used here.® These 3D culture systems therefore have large potential in 3D
high-throughput screening. Drawbacks of using such systems is that cells are required
to produce their own extracellular matrix as they receive no support from the suspen-
sion media, and the limitation to the number of spheroids that are present in each well.
Additionally, such a spheroid model may not recapitulate some aspects of tissue biolo-
gy, since processes such as tubulogenesis, fibrosis and many more are not dependent
on spheroid formation in the body. As an upside, the presence of suspension media
rather than a gel makes it easier to collect 3D cultured cells for other techniques in mo-
lecular biology such as western blotting for the detection of proteins.

In contrast to the scaffold-free techniques, scaffold-embedded cell cultures are
often used to prepare 3D cultures. These scaffolds are discussed further in more detail
below, but mostly function to provide an extracellular matrix (ECM) to the cultured cells.
Advantages of these scaffold-embedded cell cultures are that they are generally com-
patible with regular 96- and 384 well plates, and that the morphology of the cultured
multicellular structures is not limited to the formation of spheroids. Additionally, the
scaffold can often be modified to accommodate different cell types and behaviour,
and multicellular structures can grow in all planes of the scaffold. While the increased
number of structures in each scaffold can be considered as an advantage, it also
poses new challenges for the analysis of results, as will be discussed in more detail in
chapter 2. However, due to the presence of a scaffold, which is often rich in proteins,
these 3D culture techniques are often not easily compatible with standard techniques
such as western blotting, nucleic acid (RNA/DNA) extraction or immunofluorescent
labelling.

ECM-mimicking scaffolds for 3D cell culturing

It is important to realise that the ECM that cells grow in are not ‘passive’, but highly
contribute to cellular signalling. Consequently, a large effort was directed to the de-
velopment of different ECM-mimics that simulate biological ECM properties.®%8 Cell be-
haviour in 3D cell systems can be influenced by different matrix types. Importantly, the
choice of matrix will depend on the cell type and aim of the study. In order to provide 3D
cultured cells with more physiologically relevant microenvironments, hydrogels com-
prise a highly convenient and highly popular material for 3D culturing. However, many
different types of hydrogel exist, and these gels can either be purely natural or syn-
thetic.®> % Natural hydrogels are derived from natural sources and thereby inherently
support cell viability and promote cellular signalling. As a disadvantage of this type of
natural gel, it is often impossible to completely define the matrix and due to their nat-
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ural background, they can also suffer from batch-to-batch variability, which can induce
biological variation in cultured cells.® The most popular types of natural gels include
agarose, collagen (often collagen type | derived from rat tail tendons), fibronectin, lami-
nin, silk fibroin, fibrin and matrigel,® the latter containing natural ECM components
and proteins.®° An advantage of these natural materials is that by altering the concen-
tration it is possible to alter the gel rigidity or pore size, making it easy to modify the
gel properties, which in turn alters cell behaviour.** Synthetic hydrogels, in contrast, are
comprised of non-natural molecules, which have the advantage that the chemical com-
position of the resulting gels is highly reproducible and very well-defined.® An example
of a synthetic hydrogel is poly-ethylene glycol (PEG), which can support cell viability.®>
9295 These gels, however, do not always have desirable biological properties and ge-
nerally lack important factors to support cell viability and in vivo-like cell growth. In
order to improve their biocompatibility, synthetic hydrogels may be readily altered to
incorporate, for example, relevant integrin-binding domains by incorporating ECM pro-
teins or relevant peptide sequences. In addition, it is possible to generate 3D matrices
using a combination of natural and synthetic polymers, and these can be designed to
resemble the natural ECM. For a more detailed review on the different synthetic and
natural hydrogels and their properties, the reader is referred elsewhere 858690

Towards more relevant screening assays

Even though the currently available 3D culturing techniques have greatly improved
physiological relevance of in vitro models, these models still have to be incorporated
for routine drug screening.?® Currently, the most common use of 3D cell culture assays
is to validate observations made in 2D cultured cells. This can range from the valida-
tion of certain signalling cascades to validating selected hits obtained from compound
screens. However, when validating hits from compound screens, it is possible that po-
tentially good molecules have been filtered out due to screening in 2D cell cultures. Itis
therefore important to use more physiologically relevant assays in (primary) compound
screening.

The main drawbacks for the incorporation of 3D cell culture assays in screening have
traditionally been that such assays are often much more expensive than their 2D coun-
terparts, making 3D assays unsuitable for large-scale compound screening. Addition-
ally, 3D assays can encompass more biological variation, sometimes making it harder
to obtain meaningful measurements. A solution to these problems has been provid-
ed by the adaptation of robotics for cell culture automation, and also the large-scale
production of scaffolds in which to culture cells. Aside from these technological draw-
backs, a case can be made against the use of transformed or immortalized cell lines in
3D assays. These immortalized cell lines are often used, also in this thesis, because
they are relatively cheap to use and have little variation between batches. While these
cells are therefore convenient for screening, it is important to mention that tissues are
not composed of a single cell type, and more physiological characteristics may be cap-
tured by using a different cell model. Additionally, immortalized cell lines have often
been passaged many times, which can change their (epi-)genetic and physiological
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characteristics.?7%8 Even though, in 3D cultures, these cell lines may display more in vi-
vo-like behaviour, the relevance to a functional organ may be improved by the incorpo-
ration of multiple (non-immortalized) cell types. On the other hand, for screening large
molecule libraries, this addition of multiple cell types may induce undesirable variation
into the model, making efficacy readouts less consistent.

In recent years, there also has been an increased interest in the use of tissue-
derived stem cells and induced pluripotent stem cells (iPSC) for drug screening. Indeed,
such cell types can be used to more accurately simulate organ function,?>*°* but often
also require extensive differentiation procedures, which means that they can be more
expensive to work with. Additionally, these cells often require fresh patient-tissue sup-
plies, meaning that they are not always readily available for screening and may also
vary more between different sources. However, such stem cells do open the door for
more personalized medicine, and it is possible that, eventually, these cell types will
become more popular than cultured cell lines.

Alongside the selection of the correct cell type, it is important to also select the
correct matrix to culture cells in, so that they can organize in a functional way to form
tissue-like structures. An interesting recent development has been the use of de-cellu-
larized organs, where the cells have been removed and the extracellular matrix can be
solubilized to form hydrogels. This approach has been applied for multiple organs,°?
such as colon,3 heart,* kidney,** liver,*® lung*®” and skin.*® In its current status how-
ever, it is not likely that this can be applied in routine screening purposes. Another
use for these de-cellularized organs can be found in organ replacement therapy, since
de-cellularized organs can potentially be re-seeded with a patient’s own cells to again
form functional organs.'®®

Aim and outline of this thesis

In chapter 2, we discuss, in addition to the importance of screening in biologically
relevant in vitro models, the importance of having a biologically relevant assay read-
out. As many groups that make use of 3D cultured cells still use relatively simple mea-
surements to assess compound efficacy, such as biochemical toxicity measurements,
or single phenotypic parameter readouts of 3D cultures, the complexity that is provided
inherently by 3D cultures can be exploited by the application of phenotypic profiling of
drug effects.

In chapter 3, we use a 3D cultured prostate cancer cell line to model tumour cell in-
vasion as a result of growth factor stimulation. As mentioned earlier in this chapter,
cancer cell invasion is one of the first steps that eventually leads to cancer metastasis.
This 3D culture model was scaled up for use with 384 well plates and automated liquid
handlers, so that many compounds could be screened simultaneously. This screening
platform was applied to measure the activity and selectivity of inhibitors of the c-Met
and epidermal growth factor (EGF) receptor (EGFR) tyrosine kinases. We could iden-
tify selective inhibitors of both c-Met and EGFR, and could also identify dual kinase
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inhibitors. These findings were subsequently confirmed after in vitro enzyme activity
measurements.

In chapter 4, we describe the development of a 3D cell culture-based high-through-
put screening platform for PKD. This screening platform was applied to screen a tyro-
sine kinase inhibitor library of 273 small molecules with pre-described targets, to iden-
tify new druggable targets for PKD. Using multiparametric phenotypic classification
of compound effects, we could discriminate desirable compound effects from poten-
tially toxic molecules. Using this strategy, we identified many molecules that targeted
kinases that are known to be involved in PKD, such as mTOR, CDK and Chk, but we
failed to identify PI3K inhibitors as effective molecules, even though this pathway is
known to be dysregulated in PKD. Additionally, we found targets that have not been
previously described in PKD, such as Syk. In this chapter, we show that using in vitro
models with high pathophysiological relevance coupled to phenotypic profiling can be
used to predict and validate molecular targets.

In chapter 5, we further applied the methodology developed in chapter g4 to
screen a kinase inhibitor library to investigate pathways involved in cystogenesis. We
discovered that most active molecules overlapped in target specificity with chapter 4.
However, in order to discriminate potentially non-specific molecules, we screened the
entire molecule library using a tumour cell invasion model. This strategy allowed us to
prioritize molecules that affected cystogenesis but not tumour cell phenotype.

In chapter 6, we applied the 3D cell culture model developed in chapter 4 to screen
a SPECTRUM compound library containing over 2320 molecules to find potentially new
therapeutics against PKD. We found that 81 of the 2320 molecules potently inhibited
cyst growth, and using multiparametric phenotypic measurements we excluded poten-
tially cytotoxic molecules. We selected two molecules, pyrvinium pamoate, an antihel-
mintic drug, and celastrol, a triterpenoid derived from Tripterygium Wilfordii, for in vivo
evaluation in an iKspCre-Pkd1*"**mouse model of PKD. In contradiction with the effects
observed in vitro, we did not observe beneficial effects of pyrvinium pamoate on kidney
volume and function. However, we discovered that cyst growth was markedly reduced
after treatment with celastrol. In addition, celastrol prevented the associated decline
in renal function and also ameliorated tissue fibrosis that normally accompanies cyst
growth.

Chapter 7 provides a general discussion to discuss the conclusions in this work and
the implications of the work presented in this thesis.
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Abstract

Introduction of more relevant cell models in early pre-clinical drug discovery, combined
with high-content imaging and automated analysis are expected to increase the quali-
ty of compounds progressing to pre-clinical stages in the drug development pipeline.
In this review we discuss the current switch to more relevant 3D cell culture models
and associated challenges for high-throughput screening and high content analysis. We
propose that overcoming these challenges will enable front-loading the drug discovery
pipeline with better biology, extracting the most from that biology and in general, im-
prove translation between in vitro and in vivo models. This is expected to reduce the
proportion of compounds that fail in vivo testing due to lack of efficacy or due to toxicity.
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Introduction

Declining drug success rates and increasing costs suggest that alternative strategies are
required in early drug discovery. Traditional drug discovery has favoured a target-based
approach where drugs were selected to manipulate a single molecular target. Since
good targets are often not identified or inhibition of single targets is often not sufficient
for effective therapy, phenotypic screening represents an alternative approach that has
proved successful in recent years.*3 Phenotypic drug screening techniques typically
combine simple single end-point measurements, such as cell viability, with 2D mono-
layer cultures of cell lines. Such pleiotropic endpoints limit their sensitivity and selec-
tivity for the most promising drugs.4 Furthermore, cells cultured as a monolayer often
respond differently to drugs compared to native tissues.>

Reasons underlying the aberrant responses of 2D cultured cell lines compared to tis-
sues include the grossly distorted architecture of cells stretched on rigid plastic, the
absence of natural ligands with which to attach to and the lack of multiple different
cell types found within a tissue that are typically closely intertwined to regulate cellu-
lar behaviour. These cellular interactions can dramatically influence cell differentiation
and signalling and thus the ability to accurately recapitulate the situation in the body.
For example, cancer cells grown as a monolayer have a deregulated cell cycle, often
doubling every 24 hours, while tumours in vivo typically show only a few percent of
actively cycling cells and only have a marginally higher rate of proliferation compared
to healthy tissue. As a result, cancer drugs selected on this basis often show adverse
effects in healthy tissues. These problems indicate that different, more biologically-
relevant strategies, will be more effective in developing successful medicines.

Three-dimensional cell culture models simulate aberrant tissue organization
in pathology

Over the last three decades or so, three-dimensional (3D) cell culture techniques have
been developed that have resulted in models that more accurately mimic physiological
and diseased states than their 2D counterparts.®* These have the potential to provide
a more physiologically relevant context for drug screening, as culturing cells in a 3D
environment allows the formation of complex multicellular micro-tissues or organoids
that display cell-cell and cell-matrix attachment that drive differentiation and normal
tissue function.2

The resulting biological complexity of these multicellular micro-tissues makes them
particularly well suited for phenotypic drug discovery. Traditional end-points, such as
proliferation and viability can be combined with 3D assays — either using biochemical
assays or specific fluorescent labels.?° But just as modern histopathology relies on a
diverse range of cell and tissue archtectural characteristics of patient material for de-
cision making, maximum leverage of the more complex biology of 3D-cultured tissues
can also be gained from analysis of diverse morphological characteristics. This can be
of particular value when aberrant tissue organization is directly associated with patho-
logy, for example, with neurodegenerative disorders,?2? tissue fibrosis,? cancer,?+%
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and ciliopathies such as polycystic kidney disease (PKD).252° In the context of these
diseases, 2D cultured cell lines fail profoundly to capture properties critically associ-
ated with the pathophysiology. The modelling of cystopathies is a particularly clear ex-
ample since cysts, such as those formed in the kidneys of PKD patients, are 3D struc-
tures that cannot be recapitulated in 2D cell cultures. Therefore, mechanistic studies
and compound efficacy testing can only effectively be studied in a 3D environment or
in vivo. Similarly, to evaluate tumour dysplasia and invasion, 2D cell cultures lack the
required physical environment. These and many other examples underscore the need
for the more disease-relevant 3D cell culture models (Figure 1).

Front-loading the early in vitro stages of drug discovery with more disease-relevant
biological models will inevitably increase the quality of molecules entering the pipe-
line.3° A more faithful in vitro representation of the pathways and processes in disease
in vivo will improve drug testing even with simple end-point measurements such as
cell viability. However, maximum potential of 3D cultured tissues can be realized by ex-
ploiting the phenotypic complexity with high-content endpoints.

3D cell culture models for high-throughput screening

Many different options to culture cells in 3D have emerged, each with specific limita-
tions and advantages for evaluation of compound effects.3*35> 3D culture techniques
often make use of immortalized cell lines due to ease of culturing and relative lack of
heterogeneity and, while convenient for high-throughput screens, these cells may not
accurately represent tissues, since these generally require the interaction of multiple
cell types for normal function. This problem may be circumvented by introduction of
co-cultures,’® as has been shown for different co-culture systems.3732 However, co-
culture systems also introduce an increased level of complexity to the culture system,
which can be undesirable for high-throughput screens. For example, cell ratios and cell
culture media require optimization to support growth of both co-cultured cell types to
obtain functional tissues.3® 38 It may only be worth considering this approach if the in-
teraction between the co-cultured cell types is of particular significance for the disease,
such as the interaction of fibroblasts and epithelial cells in fibrosis.44

Additional improvement of the relevance of cell models can be gained by the incor-
poration of primary cells obtained from specific tissues.’> However, as these can only
be passaged a few times before they cease proliferating, their capacity to develop into
functional tissues is limited. Furthermore, the cost, logistics and lack of prior character-
ization of patient tissues limits their suitability for in vitro testing.3

Induced pluripotent stem cells (iPSCs) are an attractive alternative to the direct use
of primary cells in screening, since iPSCs can be generated from virtually any adult cell
type reprogrammed with a combination of transcription factors (e.g. Octs, Sox2, Klfs
and c-Myc#?). The resulting pluripotent stem cells can be differentiated to generate a
desired tissue type. As a result, iPSC-derived tissues have been used to model a variety
of different diseases# such as cardiovascular, neurological* and hepatic4 disorders.
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FIGURE 1 3D cell cultures provide a more physiologically relevant context for drug
screening. A) Prostate Carcinoma (PC-3) cells cultured as 2D monolayer (top) or
embedded in 3D hydrogels (bottom) display differential morphology and response to
growth factors.”s Images in top panel obtained using wide-field BD pathway 855 with a
10x objective and images in bottom panel obtained using a Nikon Ti Eclipse confocal
microscope with 20x objective. B) mIMCD3 cells transduced with a short-hairpin
targeting Pkdi, deactivation of which is responsible for cyst growth in polycystic
kidney disease, cannot form cysts in 2D culture conditions (left panel, BD pathway 855
with 10x objective), whereas they can in 3D hydrogels (right panel, Nikon Ti Eclipse
confocal microscope with 20x objective). F-actin (rhodamine-phalloidin), red; Nuclei
(Hoechst 33258), blue.
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Although the popularity of using iPSC-derived tissues in high-throughput screens is
rapidly increasing, significant hurdles for routine use of iPSCs for this purpose are still
posed by extensive differentiation procedures that are required and also the possibility
of incomplete differentiation.4¢ In addition, slow growth4” and challenging culture con-
ditions can complicate screening procedures.“® Interestingly, because 3D culturing of
iPSC-derived tissues is known to facilitate rapid reprogramming,4 growing iPSC-derived
tissues in 3D assays may overcome some of these hurdles.

In the context of neoplastic disorders, an attractive possibility is the use of patient
derived xenograft (PDX) tumour material as a source of cells for 3D culture assays.>*
52 These tumours are typically well characterized genetically with respect to drug sen-
sitivity in vivo and the availability is not restricted as with primary patient tumour mate-
rial. Practically, dissociated tumour cells can be allowed to reform as tumour spheroids
in extracellular matrix hydrogels for the screening of small molecules and biologics
(figure 2). The use of PDX derived tumour material for in vitro tests also offers the pos-
sibility to subsequently test compounds in the autologous in vivo model. Such approa-
ches are expected to improve the concordance between in vitro and in vivo data al-
though to what extent remains to be established. Recent advances in tissue culture
technology have also enabled the generation of 3D organoid cultures of normal and
diseased tissues from stem cells derived from tissue biopsies. Studies on panels of pa-
tient derived organoids have shown that these can preserve the histology and genetic
profile of the primary tissue and maintain an additional level of physiological relevance
by forming more complex structures comprised of cells with different functions.?*53
While expansion of these tissue cultures is demanding compared to standard cell lines,
they can still be used for compound screening.s

Despite a number of successful studies showing the practical implementation of
3D cultures in routine screening,5*” adoption of these model systems in routine drug
discovery pipelines has been slow. Generally, high reagent costs and low-throughput
experimental procedures have long hampered the development of high-throughput
screening platforms, and as a result, 3D cultures have mostly been used for small-scale
experimentation and validation with single end-point measurements, rather than for
primary screens. Although several technical challenges remain, the appearance of a
wide range of new reagents, technologies and published methods have resulted in in-
creasing adoption of 3D cultures for compound screening and testing.

Matrix composition and automation

To provide a physiologically relevant context for 3D-cultured micro-tissues to develop
and interrogate the effects of compounds, a micro-environment is required that pro-
vides cells with mechanical and physical interactions that normally occur in vivo.®
For this purpose, scaffolds have been used that can mimic the extracellular matrix
(ECM).59¢* The most commonly used scaffolds include hydrogels, which can be natu-
ral, synthetic, or a combination.®? Natural hydrogels are animal-derived basement-
membrane (BM) extracts, which have fixed chemical and physical properties, but an un-
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FIGURE 2 3D cultures of patient-derived xenograft (PDX) material. PDX material from
different tumours can be cultured in 3D hydrogels to form complex micro-tissues
that can be used for compound screening in a physiologically- and patient-relevant
context. Actin cytoskeleton visualised with rhodamine-phalloidin. Image materials
provided by OcellO B.V. (Leiden, the Netherlands).

defined composition that varies between batches with unforeseen consequences. Ex-
amples of such natural hydrogels are collagen orthe laminin-rich extracts produced from
Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells (Matrigel). These gels contain
many endogenous factors that can support viability of cell cultures.®® Synthetic hy-
drogels, in contrast, are well-defined and can be readily modified and manufactured,
thereby overcoming many problems associated with natural hydrogels. However, syn-
thetic hydrogels often do not support cell growth since these lack endogenous factors
and first require remodelling to support cell adhesion and other cellular behaviour.%
In order to adequately recapitulate the natural microenvironment, these gels need to
present various different ligand types at different densities.®> Probably most critical is
the absence of functional laminin mimetics which are required to engage at multiple
sites on the laminin binding integrins® and subsequently drive differentiation.” Cells
that grow under conditions where integrin-mediated interactions with the extracellular
environment are compromised, such as in synthetic hydrogels, but also in hanging-drop,
suspension media, or ultra-low adhesion systems, fail to differentiate adequately or re-
quire extended culture periods to enable secretion of endogenous ECM proteins to support
differentiation.
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Automation of liquid handling for 3D culturing techniques is a more technical chal-
lenge that can hamper the adoption of 3D micro-tissues in primary high-throughput
screens. While liquid handling for suspension media and ultra-low attachment micro-
plates can be conveniently automated, this can be challenging for more viscous liquids
such as collagen- and Matrigel-containing hydrogels.®® The polymerization of these gels
is typically temperature sensitive, requiring extensive environment control to avoid pre-
mature polymerization and rapid liquid handling to avoid blocked pipette tips. While
automation of 3D culturing techniques can often be achieved for 96- or 384 well plates,
further miniaturization may be problematic due to pipetting of smaller volumes.®

Sample preparation

Additional challenges arise due to the environment in which cells are cultured. For ex-
ample, for the detection of fluorescent signals, or for absorption measurements, the cul-
ture matrix often interferes with measurement, and this can be especially important for
colorimetric measurements of cell viability or proliferation. Also, protein- or RNA/DNA
sample preparation techniques are often not compatible with the use of natural hydro-
gels that contain many endogenous factors, as the presence of matrix proteins can in-
terfere with antibody labelling of protein or purification and detection of RNA and DNA.

Alternatively, the specific composition of the matrix can interfere with free diffusion
of certain compounds, especially large molecules, such as antibodies, or molecules
that bind to ECM-proteins. For sample preparation, this means that standard proce-
dures for immunofluorescent labelling have to be modified to allow sufficient time for
diffusion of antibodies through the gel. Similarly, washing steps need to be prolonged
to allow excess antibody removal. Importantly, these properties of gels can also mimic
specific physiological processes, such as poorly perfused tissues.

Developments in 3D culture reagents and liquid handling technology will help to
overcome these challenges and the adoption of 3D cell cultures in high-throughput
screening, will inevitably continue to grow.

Phenotypic profiling of 3D-cultured micro-tissues

High throughput screens typically use single-endpoint measurements for hit selection,
such as cell viability or a single fluorescent reporter. This can compromise the quality
of the selected hits, since only a narrow view of the cellular response to a treatment is
reported. Automated microscopy and image analysis enables multiple features to be
measured and allows a better differentiation of biological responses. The greater mor-
phological complexity of tissues cultured in 3D make this type of high content analy-
sis particularly valuable, retrieving rich information that would be overlooked by single
end-point assays. The fluorescent reporters in 2D assays can also typically be incorpo-
rated in the 3D assays. Recent years have witnessed the development of (ultra-)high
content phenotypic screening and multiparametric analysis techniques that can fully
exploit the complex cellular response patterns to classify compound effects.”o74 While
currently used extensively for 2D cultured cells, high-content screening of 3D cell-based
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assays presents challenges for imaging, image analysis, computation and data storage
and also data visualisation.

Imaging of 3D-cultured micro-tissues

To analyse cellular phenotypes, fixed and stained cultures are typically imaged using
conventional wide-field or confocal fluorescence microscopy. Because single xy-
images taken from gel-embedded micro-tissues capture only a fraction of the objects in
a well (with the majority captured in a sub-optimum plane), to retrieve sufficient infor-
mation from 3D cultures it is necessary to capture a series of xy-images at fixed steps
in the vertical direction using automated microscopes,” to obtain a z-stack from each
well (Figure 3A). Although the entire well of a 384-well plate is typically captured with
a 4x objective, stepping up to a 10x lens to capture more (sub)cellular detail multiplies
the number of xy-fields and z-planes required to capture the same number of objects —
increasing the image capture time perhaps 10-fold. Using multiple fluorescent channels
similarly multiplies image capture time. Wide-field fluorescence imaging can speed up
image capture time compared to confocal imaging, but requires post-imaging deconvo-
lution to reduce out-of-focus signal.

Since 3D cultures in multi-well plates require the capture of multiple xy-images, often
with multiple image channels, data volumes can rise considerably. For example, a 384
well plate of 3D cultures imaged with a 4x lens can typically yield 50GB-100GB of image
data. Maximum focus or —intensity projection algorithms are available in several soft-
ware packages such as Image)® and CellProfiler’” and convert 3D image stacks to 2D
images, dramatically reducing data volume and the complexity of analysis (Figure 3A).
However, collapsing a 3D image stack to a single xy-image results in a significant cor-
ruption of architecture, mis-measurement of objects blended from different z-planes
and loss of the spatial association of objects between fluorescence channels, compro-
mising co-localisation measurements; analysis of intact 3D image stacks is necessary
to retain this phenotypic information (Figure 3B).7®79 2D cell cultures typically provide
thousands of cells for phenotypic analysis. 3D cultures, however, often only provide
one object (in the case of spheroids generated using the hanging-drop technology or
ultra-low attachment plates?°) or perhaps a hundred objects per well (cells embedded
in gel) for analysis. Low object numbers, coupled with heterogeneity of cell seeding and
growth, can be potentially problematic when measuring single-endpoints such as cell
viability. Multiparametric high-content analysis can overcome these problems by allow-
ing for normalization to object (spheroid) number and can additionally exploit hetero-
geneity to study the effect of treatments on specific cellular subpopulations.’87¢

While it is clear that adding a third dimension increases the image capture and
computational demands, including live-cell 3D imaging in a multi-well screen-
ing format pushes the demands beyond the capacity of the available technology.
However, such techniques could provide valuable information on tissue dynamics over
timein more relevant biological systems.® With advancesinimage analysis software and
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< FIGURE 3 Maximum-intensity projections can cause loss of phenotypic information
in 3D cultures. A) Schematic representation of 2D maximum-intensity projections
modified from Booij et al, 2016.75 Structures embedded in hydrogels are captured in
xy and z directions using automated microscopy and in-focus regions from all sections
are projected into a 2D reconstruction. B) 2D projections from 3D structures can cause
loss of important phenotypic characteristics. These images display human kidney
cyst-derived organoids, cultured in Matrigel and stained for F-actin (rhodamine-
phalloidin, red) and nuclei (Hoechst 33258, blue) and imaged on a Nikon Ti Eclipse
confocal microscope. Maximum-intensity projection performed with Image) software
prevents lumen and cell shape detection.

automated microscopy systems and the increases in computational power, live 3D
image capture is also expected to become accessible.

Image analysis and multiparametric end-points

Despite the availability of advanced image analysis tools through software such as
Image)7® and CellProfiler,”” the true phenotypic complexity of 3D-cultured micro-tissues
is often not exploited to its full extent.4 Although often requiring the use of high mag-
nification lenses and multiple z-planes when imaging, it is relatively straightforward
to capture single-cell-resolution images from cells cultured in a monolayer and apply
this in an automated high throughput format. However it is not yet feasible to achieve
this with 3D cultures — largely due to the inability of imager software to detect objects
‘on-the-fly’ and home in for high magnification image capture. However, this may be
compensated by the additional features that can be measured from multicellular or-
ganotypic structures using lower magnification lenses in a high-throughput format.

For many research questions, a simple parameter, such as spheroid size, may
be adequate to discriminate a treatment response. As an advantage of using only a
few parameters, readouts are generally simpler to interpret. But the use of a limited
number of parameters ignores an abundance of the information that can be extracted
from the 3D image stacks. We showed previously that the integration of multiple phe-
notypic descriptors can improve classification of compounds according to phenotypic
response.’® The analysis of high-dimensional data (often containing over 500 different
phenotypic measurements) requires the use of more advanced data processing and
visualisation software, such as KNIME, R and Spotfire. As a result of using hundreds of
phenotype-derived parameters, it can be difficult to extrapolate individual parameters
to biological observations.®* To integrate high-dimensional data and generate mean-
ingful visualisations, dimensionality-reduction methods such as principal components
analysis (PCA) can be useful. PCA linearly transforms high-dimensional data to a space
of fewer dimensions, while retaining most of the variance of the data. We have pre-
viously applied this dimensionality reduction technique to differentiate between c-Met
and epidermal growth factor receptor (EGFR)-specific inhibitors in a cancer cell invasion
assay’> and also, more recently, to identify new potentially drugable targets for PKD.%2
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FIGURE 4 Extracting the value of 3D-image stacks with multiparametric end-points.
A) Metformin, rapamycin, roscovitine and sorafenib inhibit forskolin-induced
(‘stimulated’) cyst growth and roscovitine and sorafenib would be classified as the
most potent inhibitors on the basis of single parameters (left to right: cyst size,
roundness, perimeter and distance of cyst wall to cyst centre). B) Three principal
components summarizing 84% of variance in the data show a desirable phenotypic
change (left panel, green arrow) from stimulated (empty circles [2.5uM forskolin-
exposed large cysts]) to unstimulated (black circles [solvent-exposed small cysts]) for
exposure to smM metformin + 2.5uM forskolin (purple) or 10nM rapamycin (green) +
(legend continues on next page)
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2.5uMforskolin. Theright panelshowsthatdespite efficacy of roscovitineand sorafenib
on the basis of single parameters as shown in A, multiparametric analysis reveals
additional phenotypic alterations (orange arrow).82 €) Two principal components
from figure B showing inhibitors for cyclin-dependent kinases (CDK), mammalian
target of rapamycin (mTOR), phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K),
human epidermal growth factor receptor 2 (HER2) and polo-like kinase (PLK1). Density
estimations in red and blue shown to emphasize the locations of 2.5uM forskolin-
stimulated and unstimulated controls, respectively). Grey arrow represents desirable
compound efficacy (from forskolin-stimulated control to unstimulated) and purple
arrow represents novel phenotypes that are observed after treatment with PLK1
inhibitors or high dose CDK inhibitors.

As an example of this approach, in figure 4A we show the efficacy of four control
molecules at inhibiting forskolin-induced cystogenesis.®? On the basis of single para-
meters such as cyst size and perimeter, all inhibitors show inhibition of cyst growth,
with roscovitine and sorafenib being most potent. However, if a PCA-based visualiza-
tion is used, such as shown in figure 4B, the inhibitory effects of metformin and rapa-
mycin can be discriminated from those of roscovitine and sorafenib, which induce a
novel phenotype indicative of toxicity (figure 4B). This type of approach can also be
useful in the classification of previously untested compounds (figure 4C).7375 82

The use of multiparametric end-points to profile compounds therefore represents an
opportunity to extract more information from primary 3D screens and exploit this phe-
notypic information to better discriminate promising compounds at the earliest stage
of the discovery process.

Conclusion and perspectives

We propose that inclusion of biologically relevant in vitro model systems early in
pre-clinical development will aid in selection of the best drugs, especially when these
model systems are coupled to multiparametric phenotypic analysis strategies. Based
on the progress in the development of tissue culture matrices, improvement of cell cul-
ture techniques and the incorporation of laboratory automation equipment over the
past decade, we anticipate a steep rise in the popularity of 3D cell culture techniques in
primary high-throughput screens, and also expect a move away from immortalized cell
lines in favour of more physiologically relevant iPSC-, PDX-, co-culture- and organoid
models, or even in vitro -generated and -cultured organs. It is likely that the current
switch from single cell lines to more challenging iPSC-, PDX-, co-culture- and organoid
models, or even in vitro -generated and -cultured organs, will also increase the demand
for high-content analysis methods due to increased tissue complexity that cannot be
exploited when using well-based measurements.
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With the increases in computational power and improvements in data storage, but
also now that better image analysis tools are available, we anticipate that morpholo-
gical analysis of 3D cell cultures will become more accessible and will eventually allow
object-based phenotypic analysis and classification, perhaps eventually also allowing
3D-volume analysis of multi-well plates, rather than analysis of image stacks.

However, there currently is a high need to validate these technologies and to demon-
strate that using biologically relevant in vitro systems actually improves the efficiency
of early drug discovery. Rather than waiting to see sufficient evidence, a comparison of
the predictive value of 2D and 3D models for in vivo efficacy is required. Ideally such an
effort should include collections of molecules that have previously passed and failed
in pre-clinical and clinical studies to determine the phenotypic footprint of successful
medicines, and apply this knowledge in our search for more effective medicines.
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Abstract

3D tissue cultures provide a more physiologically relevant context for the screening of
compounds, compared to 2D cell cultures. Cells cultured in 3D hydrogels also show
complex phenotypes, increasing the scope for phenotypic profiling.

Here we describe a high-content screening platform that uses invasive human pros-
tate cancer cells cultured in 3D in standard 384-well assay plates to study the activity of
potential therapeutic small molecules and antibody biologics. Image analysis tools were
developed to process 3D image data to measure over 800 phenotypic parameters. Multi-
parametric analysis was used to evaluate the effect of compounds on tissue morphology.

We applied this screening platform to measure the activity and selectivity of inhibi-
tors of the c-Met and EGF receptor (EGFR) tyrosine kinases in 3D cultured prostate car-
cinoma cells. c-Met and EGFR activity was quantified based on the phenotypic profiles
induced by their respective ligands, HGF and EGF. The screening method was applied to
a novel collection of 80 putative inhibitors of c-Met and EGFR. Compounds were identi-
fied that induced phenotypic profiles indicative of selective inhibition of either c-Met,
EGFR or bispecific inhibition of both targets.

In conclusion, we describe a fully scalable high-content screening platform that uses

phenotypic profiling to discriminate selective and non-selective (off-target) inhibitors
in a physiologically relevant 3D cell culture setting.
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Introduction

While offering many practical advantages for cell based screening, cells grown on tissue
culture plastic lack normal cell-cell and cell-matrix interactions, resulting in deregula-
ted growth, dedifferentiation, disruption of other processes and a poor simulation of
the in vivo (patho-)physiology.* 3D cell culture methods have been developed that
enable a more in vivo like tissue architecture and are therefore expected to represent
a more physiologically relevant context for the evaluation of bioactive molecules.>* Al-
though gaining in popularity for small-scale analyses, 3D cultures have yet to be widely
adopted for screening. A number of factors account for this, although high throughput
3D imaging and the analysis of large and complex image data sets can represent the
most significant barrier to the implementation of high content 3D culture based screen-
ing.5 As a result, where 3D assays are used for screening, the most common end-point
measurements tend to be biochemical determinations of cell viability, with the loss of
potentially valuable phenotypic information.

Cells cultured in extracellular matrix (ECM) -containing hydrogels can generate
complex multicellular tissues, supporting a higher level of tissue organisation, such
as formation of ductal structures by epithelial cells and complex networks of invasive
tumour cells.®* These features may be relevant to the pathology of the disease being
studied and offer a context for screening for therapeutic molecules. Complex pheno-
types can also be exploited for compound profiling, allowing compounds that affect
different targets and therefore induce different phenotypes to be discriminated,
potentially providing additional information on the biological effects of compounds
that cannot be obtained from single end point measurements.

In many cultured cells, activation of receptor tyrosine kinases results in increased
proliferation and motility.” Cell motility has previously been used as a readout for high
throughput small molecule and siRNA screens for inhibitors of c-Met signalling.?>% In
3D culture, activation of c-Met can result in invasion of tumour cells into the surroun-
ding micro-environment,> a process which closely resembles the in vivo patho-
physiology. Similarly, activation of the EGF receptor is known to induce EMT and in-
vasion in various cancer types.’*7 As expected, selective inhibition of the receptor
tyrosine kinases inhibits the ligand induced effects. However, compounds that inhibit
multiple targets or are toxic may also inhibit ligand-induced effects. Here, we describe
a 384-well screening assay that uses automated high content analysis and profiling of
3D cultures of invasive prostate cancer tumour cells to identify selective inhibitors of
the c-Met and EGFR receptor tyrosine kinases.

MATERIALS AND METHODS
Cell lines
The human prostate adenocarcinoma cell line PC-3 was cultured in DMEM-F12 (Ham’s)

growth medium (GibcoTM Fisher Scientific, Landsmeer, Netherlands), supplement-
ed with 10% FBS (GibcoTM Fisher Scientific, Landsmeer, Netherlands), 1mM sodium
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pyruvate (GibcoTM Fisher Scientific, Landsmeer), 1.5g/L NaHCO3 (Merck, Schiphol-Rijk,
Netherlands), 0.1mM non-essential amino acids (GibcoTM Fisher Scientific, Landsmeer,
Netherlands) and sopg/mL gentamycin (Sigma Aldrich, Zwijndrecht, Netherlands). PC-3
cells were grown in 175cm2 tissue culture flasks (Corning, Amsterdam, Netherlands)
in culture medium as described above. Before reaching maximal density, cells were
washed with 1x PBS (Sigma Aldrich, Zwijndrecht, Netherlands) and trypsinized with 1x
Trypsin (GibcoTM Fisher Scientific, Landsmeer, Netherlands). Subsequently, medium
was added and cells were pelleted by centrifugation and resuspended in FBS with 10%
DMSO (Biosolve B.V., Netherlands) and stored in aliquots at -150°C.

3D invasion assay

PC-3 cells were cultured in 384-well plates (Greiner Bio-One B.V., Alphen aan den
Rijn, Netherlands) in 60%v/v growth factor-reduced Matrigel (>)9mg/mL) (Corning,
Amsterdam, Netherlands) which supported spheroid formation of the highly trans-
formed PC-3 cells and invasion upon addition of motogenic cytokines. To generate
gels, thawed cells were mixed with culture medium and growth factor-reduced Matrigel.
14.5uL of cell-gel mix was added to each well of a 384-well plate using a CyBi Selma
96/60 robotic liquid handler (Analytik Jena AG, Jena, Germany), at a final cell density
of 2000 cells per well. After polymerization at 37°C for 30 minutes, DMEM-F12 (Ham’s)
growth medium containing growth factors (HGF or EGF) and compounds were added
to the gel. The plate(s) were subsequently covered with a gas permeable adhesive
membrane (Thermo Scientific, Zwijndrecht, Netherlands). Compound exposures were
performed for 96 hours, after which gels were fixed with 3% formaldehyde (Sigma
Aldrich, Zwijndrecht, Netherlands), permeabilised with 0.2% Triton-X100 (Sigma Aldrich,
Zwijndrecht, Netherlands) and stained with o0.25uM rhodamine-phalloidin (Sigma
Aldrich, Zwijndrecht, Netherlands) and 0.1% Hoechst 33258 (Sigma Aldrich,
Zwijndrecht, Netherlands) in PBS at 4°C for 16 hours. After staining, plates were washed
in PBS and covered with a Greiner SilverSeal (Greiner Bio-One B.V., Alphen aan den
Rijn, Netherlands).

Compounds

Anti c-Met and non-targeting control Fab antibodies were generously provided by
Merus Biopharmaceuticals B.V. (Utrecht, The Netherlands). c-Met inhibitor ArQ-197
(Tivantinib) was synthesized by Janssen Pharmaceutica NV (Beerse, Belgium), follow-
ing the synthesis method published from ArQule, and subsequently sent to the authors
as a gift from Souichi Ogata (Janssen Oncology R&D). Results were confirmed using a
second source of ArQ-197 (SelleckChem/Bio-Connect B.V. Huissen, Netherlands). EGFR
inhibitor AG1478 was obtained from Santa Cruz (SC-200613, Bio-Connect B.V. Huissen,
Netherlands). PHA-665752 was a gift from Pfizer Inc. A collection of 8o compounds se-
lected to inhibit both EGFR and/or c-Met was generated by Vichem Chemie, Budapest,
Hungary (supplemental table 1).

Imaging
A BD Pathway 855 automated inverted fluorescence microscope (BD Biosciences)
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was used for automated imaging of 384-well plates (wide-field epifluorescence). This
microscope was used to image both Hoechst 33258 and rhodamine-phalloidin staining,
using a 4x Olympus objective, at focal planes spaced at intervals of soum throughout
the gel using Attovision software accompanying the microscope. The gel was imaged
through its entire depth (z-axis), requiring 25 images per well. Each image captured
approximately 75% of the area of the well.

Data Analysis

Ominer image analysis software (OcellO, Leiden, Netherlands) and KNIME
(https://www.knime.org) were used to extract in-focus information from the Z-stacks
generated by the BD Pathway 855 for both Hoechst 33258 (nuclei) and rhodamine-
phalloidin (F-actin) using maximum-intensity projections.®® For image processing,
a monochrome mask was created for both channels to define the regions of interest
(ROI’s). The in-focus images were used to quantify staining intensities and a set
of Hu moments and Gabor wavelet based features describing image intensity and
texture. The Hoechst 33258-derived monochrome mask was used to determine
number and area of nuclei and tumouroids. Additionally, a detailed set of parameters
was calculated to describe the shape of the rhodamine-phalloidin (F-actin) stained
objects.®® First, for principal components analysis, data were Z-score normalized to
the negative control treatment median to account for plate-to-plate differences. The
features derived from the image analysis and quantification steps were ranked based
on their ability to distinguish positive and negative controls (Z-prime) and the features
that showed greatest separation between control groups were retained (Z’>-1.0). The
median of treatment quadruplicates was used for a principal component analysis (PCA)
that combined correlated features into (uncorrelated) principal components. This
model was applied to all wells and summarized ~95% of all variation into principal
components. The distance between treatment and control groups was quantified as
a Z-score in principal component o (PCo), which retained 60% of the variation of the
data set. 2-dimensional density estimations and linear discriminant analysis (LDA)
were performed using the MASS package (http://www.stats.ox.ac.uk/pub/MASSz/)®
for R-studio 0.99.878 (https://www.rstudio.com/products/rstudio2/) with R 3.2.3
(https://www.r-project.org/). PCA was calculated in KNIME and principal component
plots were generated using ggplot2 (http://ggplot2.org/)?° with the scatterplot3D
package for R-Studio 0.99878 (https://cran.r-project.org/web/packages/scatterplot3d/
index.html).?* Other charts were generated using Graphpad Prism 6 software
(http://www.graphpad.com/scientific-software/prism/). Results are displayed as mean
+ standard deviation unless otherwise stated.

Western blot detection of receptor activation

Phosphorylation status of c-Met and EGFR in response to 2ong/mL HGF or 2ong/mL
EGF was evaluated by Western blot. Briefly, 105 PC-3 cells were grown per well in 12
well plates. After 24 hours, growth medium was replaced with starvation medium (with-
out serum and antibiotics) containing test compounds. After 24 hours of compound
exposure, growth factors (2ong/mL HGF/EGF) were added for 10 minutes. Protein was
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FIGURE 1 Receptor activation induces a quantifiable change in phenotype. A) Typical
images of unstimulated, HGF- and EGF-stimulated PC-3 cells taken using a Nikon Tl
Eclipse confocal microscope. Receptor activation induced a change in phenotype
characterized by invasion into the surrounding matrix. F-actin stained red, nuclei
stained blue. B) Phenotypic shift induced by HGF and EGF visualized using supervised
(unstimulated-stimulated) principal components analysis (PCA). PCo was scaled
between 0% (unstimulated) and 100% (stimulated). Individual data points shown, as
well as mean and standard deviations €) EGFand HGF cause a dose-dependent change
in phenotype. Phenotypic change is derived from PCo and scaled to % response as
shown in B. Results are shown as means with standard deviation.

isolated using RIPA lysis buffer (1%w/w deoxycholate, somM Tris pH7.5, 0.15M Nacl,
0.1% SDS, 1% NP-40, 2mM EDTA, 1% protease inhibitor cocktail (Sigma Aldrich,
Zwijndrecht, Netherlands)) and quantified using the standard BCA method accord-
ing to manufacturer’s instructions (Thermo Scientific, Zwijndrecht, Netherlands).
Western blot analysis was performed according to standard protocol using phospho-
c-Met (Tyr1234/1235) antibody (Cell Signaling, Cat#3077P) diluted 1:1000 in 5%BSA
in TBS-T or phospho-EGFR (Tyr1173) (Cell Signaling, Cat#4407) 1:1000 in 5% BSA in
TBS-T. Phospho-c-Met and Phospho-EGFR antibodies were detected using HRP conju-
gated anti-rabbit IgG secondary antibody (Jackson, 111-035-003) and ECL Plus reagent
(GE Healthcare Life Sciences, Eindhoven, The Netherlands, Cat#RPN2132). Detection
of antibody was performed using a LAS4000 scanner (GE Healthcare Life Sciences,
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Eindhoven, The Netherlands). Tubulin loading control was detected using an anti-
Tubulin antibody (Sigma-Aldrich, Zwijndrecht, Netherlands #T-9026) diluted 1:1000 in
5%BSA in TBS-T and an anti-mouse Alexa 647-linked 1gG (JacksonimmunoResearch,
Suffolk, UK #115-605-006). The Alexa 647 signal was detected directly using the
LASz4o000.

In vitro kinase activity measurement

EGFR enzyme activity was assayed in 384 microtiter plates (Corning 3676) at 3 com-
pound concentrations, in a total volume of 1oL by the Transcreener ADP2 FP method
(BellBrook Labs). Assay buffer contained 20mM HEPES pH7.5, 1mM DTT, 10mM MgClL,,
2mM MnCl, 0.01%vV/v NP4o. The final EGFR concentration was 7nM. Poly Glu-Tyr (4:1) /
Poly Glu-Tyr (4:1)/ was used as substrate at final concentration of 0.01mg/mL. The final
ATP concentration was at 7.52uM. The enzyme reaction was incubated for 60 minutes
and stopped by addition of 1ouL ADP detection mixture (1x). Measurements were per-
formed on a Tecan Infinite M1oooPro reader. c-Met enzyme activity was assayed in 384
microtiter plates (Corning 3676) at 3 compound concentrations, in total volume of 1oplL
by the Transcreener ADP2 FP method (BellBrook Labs). Assay buffer contained 20mM
HEPES pH7.5, 1mM DTT, 3mM MgCl, 3mM MnCl, 0.01%v/v Tweenz2o. The final c-Met
concentration was 8nM. Poly Ala-Glu-Lys-Tyr (6:2:5:1) was used as substrate at final
concentration of 0.25mg/ml. The final ATP concentration was at 9.6puM. The enzyme re-
action was incubated for 60 minutes and stopped by addition of 1ouL ADP detection
mixture (1x). Measurements were performed using a Tecan Infinite M1oooPro reader.

RESULTS

Quantification of complex phenotypic changes of prostate cancer cells cultured
in 3D in 384 well microplates.

We developed a 3D cell culture screening method for tumour cell invasion driven by
c-Met and EGFR. PC-3 cells were cultured in extracellular matrix (ECM) protein-rich hy-
drogels in 384-well plates in the presence or absence of c-Met/EGFR agonists and an-
tagonists. After fixation and staining with rhodamine-phalloidin to reveal the structure
of prostate cancer tumouroids and Hoechst 33258 to label nuclei, gels were imaged
in two fluorescence channels using a BD Pathway 855, collecting paired stacks of xy
images throughout the z-plane for each well. In-focus information from each image
was extracted and a single xy image projection was generated (supplemental figure 1).

In the absence of added c-Met or EGFR agonists, PC3 cells developed into spheroids
over a period of 4 days (figure 1A, upper panel). Treatment with the c-Met ligand (HGF)
or the EGFR ligand (EGF), induced a highly invasive phenotype (figure 1A, middle and
lower panels). To quantify these phenotypic changes in detail, Ominer and KNIME
software were used to identify and quantify different morphological features from the
2D projections of the cytoskeleton and nuclei-derived image stacks. To do this, a col-
lection of different image analysis algorithms was applied to derive measurements of
the shape and fluorescence intensity of individual tumouroids, and wavelets, Hu and
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FIGURE 2 c-Met-dependent phenotypic changes. A) Inhibition of HGF-induced invasion
in 3D-cultured PC-3 cells by function blocking c-Met Fab antibody 5D5 (Genentech),
and stimulation of invasion by the crosslinking and activating bivalent 1gG isoform.
PCAtrained on unstimulated and stimulated control, PCo shown and scaled as Z-score
to unstimulated control. Results are shown as means of quadruplicate wells and
standard deviations. B) 5D5 Fab (triangles) causes a shiftin phenotype from stimulated
(empty circles) back to unstimulated control (filled circles). Point size of markers for
Fab treatment increases with concentration (7 concentrations, range 0.316-316nM).
Individual datapoints are shown as a 3D scatterplot with PCo, PC1 and PC2.

Zernike moments as previously described.”® Supervised principal components analy-
sis (PCA) was used to reduce measurements from approximately 8oo phenotypic pa-
rameters to principal components (PC). EGF-treated and untreated PC3 cells were used
to train a profile to represent active and inactive EGFR inhibitors, respectively, which
was subsequently scaled to %-stimulation. Similarly, a separate supervised analysis
was performed which was trained with HGF-treated and untreated cells to separate
phenotypes representing active c-Met from unstimulated control phenotypes. The pri-
mary principal component (PCo) was plotted for both EGF- and HGF-induced pheno-
typic changes in order to visualise the responses (figure 1B). Both HGF and EGF induced
phenotypes of PC-3-derived tumouroids could be clearly discriminated from untreated
tissues. Many of the phenotypic features separating HGF- and EGF- induced changes
in phenotype from unstimulated controls describe shape, circularity and intensity. The
distance in phenotypic space along PCo to the unstimulated controls was presented
graphically as a function of EGF or HGF concentration (figure 1C).

Phenotypic profiling can be used to quantify c-Met activation and inactivation.

To test whether HGF-induced phenotypes could report c-Met activation, HGF was
added in the presence of the c-Met function blocking Fab antibody, Genentech 5D5 Fab
(Genentech). 5D5 antibody effectively inhibited the HGF-induced response (PCo, figure
2A), resulting in phenotypes that projected in a similar location to unstimulated con-
trols in phenotypic space (represented by three principal components), with an inhibi-
tion that was dose-dependent (figure 2A and 2B). The c-Met inhibitory antibody had no
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FIGURE 3 Discriminating on-target effects from off-target effects. A) HGF- (left panel)
and EGF-induced (right panel) phenotypes can be inhibited by small molecules
targeting c-Met and EGFR, respectively. Responses are shown as PCo, z-score
normalized to unstimulated. Values shown as means of quadruplicate wells with
standard deviation. B) PCA plot identifies novel phenotype introduced by ArQ-197
(triangles) at high doses. Individual data points are shown as a 3D scatterplot with
PCo, PC1 and PC2. Empty circles, stimulated controls; filled circles, unstimulated
controls. €) Representative images showing HGF and EGF induced invasion and
inhibition by small molecules. Maximum intensity projections of both image channels
shown. D Western blot of c-Met and EGFR phosphorylation in 2D-cultured PC-3 cells
exposed to EGF or HGF and inhibitors.

quantifiable effect on the PC-3 phenotype in the absence of HGF (figure 2A). In contrast,
treatment of PC-3 cells with a c-Met activating antibody, the bivalent IgG form of 5Ds,
which crosslinks c-Met, induced a phenotype which was indistinguishable from that in-
duced by HGF. Together these results confirm the c-Met dependency of the HGF-induced
phenotype and demonstrate that principal components can be used to quantify HGF-
induced phenotypic changes correlating with c-Met activation and inhibition.
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FIGURE 4 Identification of selective c-Met/EGFR inhibitors in a Vichem EGFR/c-Met
inhibiting compound library. A) Compound screen of 8o Vichem compounds tested
at 10, 3.16 and 1uM. Compounds were divided over triplicate plates and co-exposed
with either HGF (2ong/mL) or EGF (20ng/mL). PCA was trained on unstimulated and
stimulated controls separately for plates exposed to HGF or EGF, respectively, to obtain
(legend continues on next page)
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a principal component that could separate c-Met and EGFR responses. Data points
represent mean determinations from 3 wells. Controls are color-coded as indicated
in the legend. For stimulated (top middle) and unstimulated controls (bottom left),
a 2D-density estimation (contour lines) is shown. B) Representative 2D projected
images derived from the F-actin staining after 96 hours of compound treatment.
Except for AG1478, which was 3.16pM, shown treatment concentrations were 10uM.
Pictures were obtained using a BD Pathway 855 microscope (images trimmed to
300x300 pixels for presentation purposes). C) Cell count (viability) is a poor criterion
for selecting c-Met and EGFR inhibitors. Number of nuclei per well was %-normalized
to stimulated control (100%) and lowest detected cell count and 0%, top panel. The
top ranking 10% of compounds affecting cell count are colour-coded in red. Middle
and lower panel shows the same compounds ranked on efficacy on c-Met and EGFR
profiles (distance to unstimulated control). Mean values shown; each chart contains
compounds at three different concentrations.

Using phenotype to discriminate compounds based on target selectivity.

To determine whether the phenotypic assay can discriminate between selective c-Met
and EGF inhibitors, PC-3 cells were cultured in the presence of either HGF or EGF,
together with established small molecule and antibody inhibitors of their cognate re-
ceptors. As expected, the small molecule c-Met inhibitor PHA-6657522223 selectively in-
hibited the phenotype induced by HGF. In contrast, the EGFR inhibitor AG1478% had no
significant effect on the HGF-induced phenotype up to a concentration of 1pM (figure
3A and 3C, right panel). Conversely, AG1478 but not PHA-665752 inhibited the EGF-
induced phenotype (figure 3A and 3C, left panel). These findings suggest that residual
c-Met and EGFR activity does not contribute to the 3D phenotype under the conditions
used and that c-Met does not require EGFR for the ligand induced response and vice
versa. Interestingly, ArQ-197, which is reported to be a selective inhibitor of c-Met,>>
26 inhibited both the HGF and EGF-induced responses with a similar ICSO, suggesting a
more complex mechanism of action. At higher concentrations (>1pM), this compound
introduced a novel phenotype, shown by a shift away from the controls in a represen-
tation of phenotypic space (figure 3B).

To confirm that the interpretations based on phenotypic changes correlated with inhi-
bition of receptor kinase activity, we performed Western blot analysis for phosphorylat-
ed c-Met (Y1234/-5) and phosphorylated EGFR (Y1173) (figure 3D). Results showed that
PHA-665752 and the Genentech 5D5 Fab potently inhibited phosphorylation of c-Met,
but not EGFR phosphorylation. Conversely, AG1478 and cetuximab treatment inhibited
phosphorylation of EGFR, but not of c-Met. ArQ-197 did not show detectable inhibition
of EGFR (Y1173) or c-Met (Y1234/-5) phosphorylation under these conditions (figure
3D). Therefore, inhibition of phenotypes in 3D culture by c-Met and EGFR inhibitors cor-
relates with inhibition of the respective kinases.
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TABLE 1 Hit selection phenotypic screen

Vichem Compound-ID 1pM 3.16pM 10npM
VCC030450:22 EGFR EGFR EGFR
VCC048363:02 EGFR EGFR EGFR/cMet
VCC055393:01 EGFR/cMet EGFR/cMet EGFR/cMet
VCC109756:01 cMet cMet cMet
VCC155409:01 None None EGFR/cMet
VCC228833:01 None None

VCC285946:01 None cMet cMet
VCC376189:01 cMet cMet EGFR/cMet
VCC378728:01 None EGFR None
VCC407451:10 None EGFR EGFR
VCC415997:02 cMet cMet cMet
VCC429285:02 None None EGFR/cMet
VCC444414:01 cMet cMet cMet
VCC450892:17 cMet cMet cMet
VCC497510:01 cMet cMet EGFR/cMet
VCC502987:01 None None EGFR/cMet
VCC528301:01 None None EGFR/cMet
VCC656576:02 None None None
VCC716837:01 None None [Top 10% cell count |
VCC740005:11 None EGFR EGFR
VCC744093:03 None None None
VCC833029:24 None None EGFR
VCC868449:01 None None EGFR/cMet
VCC960450:01 cMet cMet cMet

TABLE 2 Enzyme activity measurement (percent inhibition)
EGFR EGFR EGFR c-Met c-Met c-Met
Vichem Compound-ID Inh (%) Inh (%) Inh (%) Inh (%) Inh (%) Inh (%)
10uM  1pM 0.IpM  10uM  1pM 0.1pM

VCC030450:22 101 99 97 4 2 0
VCC048363:02 101 100 97 1 -2 -1
VCC055393:01 99 100 100 3 3 -4
VCC109756:01 43 7 2 93 61 7
VCC155409:01 76 34 10 25 2 -2
VCC228833:01 16 1 0 4 0 -2
VCC285946:01 32 0 9 84 49 8
VCC376189:01 12 2 -2 83 56 9
VCC378728:01 85 41 8 72 16 0
VCC407451:10 93 92 73 7 0 -4
VCC415997:02 -11 -11 -7 95 71 14
VCC429285:02 3 2 0 6 -2 2
VCC444414:01 7 -4 -6 90 47 3
VCC450892:17 32 10 5 85 39 4
VCC497510:01 20 10 2 90 54 9
VCC502987:01 19 9 1 4 1 0
VCC528301:01 94 82 29 37 7 1
VCC656576:02 -2 -7 -13 0 -4 -4
VCC716837:01 48 10 1 41 6 0
VCC740005:11 105 102 93 11 1 3
VCC744093:03 77 25 3 27 -1 -1
VCC833029:24 97 90 37 -3 0 0
VCC868449:01 95 89 37 56 14 3
VCC960450:01 -11 -7 -10 87 50 11
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Taken together, these results show that measurement of ligand-induced phenotypic
changes can be used to discriminate and measure inhibition of c-Met and EGFR.

Using phenotypic profiles to identify novel selective c-Met and EGFR inhibitors
Using data obtained from c-Met and EGFR in vitro kinase assays, a collection of 80 puta-
tive single and dual specificity EGFR and c-Met inhibitors was compiled (supplemental
table 1), which included several well-characterized reference compounds. These were
screened in 3D-cultured PC-3 cells together with several published reference inhibitors
of c-Met and EGFR. All compounds were screened in 384-well plates at three concen-
trations (10uM, 3.16uM and 1pM) in triplicate plates in both EGF- and HGF-stimulated
conditions. Multiparametric analysis was performed as before, followed by Z-score nor-
malisation of each parameter to the plate median. Supervised principal components
analysis was used to condense phenotypic measurements to one phenotypic descrip-
tor (PCo), which was scaled to %-inhibition. PCA was found to perform superior to indi-
vidual features in separating out stimulated and unstimulated controls (supplemental
figure 2).

Figure 4A depicts the screening results combining the first principal component, PCo,
for both EGF- and HGF-induced phenotypic changes in a single plot. Inhibition of c-Met
is therefore represented by a decrease in the c-Met PCo value, from the growth fac-
tor-treated to growth factor-untreated controls. Compounds that induced such a shift
in the c-Met PCo included various established c-Met reference inhibitors that were in-
cluded in the screen, including the Genentech 5D5 Fab antibody, foretinib and lower
doses of PHA-665752. This confirmed that the phenotypic training using HGF treated
and untreated samples discriminated c-Met active and inactive conditions and was
able to select compounds that induced a c-Met inhibitory phenotypic profile. Selective
inhibition of the EGFR could be characterized by a horizontal shift to the left, from a pro-
file associated with EGF-stimulated phenotype to one associated with an unstimulated
phenotype. This region contained several EGFR reference inhibitors, including erlotinib,
gefitinib and AG1478 (at 1 and 3.16uM), which were included in the screen alongside
test compounds. Compounds that clustered together with the unstimulated controls
(figure 4A, bottom left quadrant) were predicted to have a dual inhibitory activity for
both c-Met and EGFR. The compounds clustering in this area included afatinib, and also
a number of previously untested compounds of the Vichem library. The class to which
each compound was attributed using this approach is shown in table 1 and supplemen-
tal table 2. By using another form of supervised clustering, linear discriminant analysis
(LDA), we could separate the highly similar EGF- and HGF-induced phenotypes into a
multidimensional plot (supplemental figure 3). However, this approach did not improve
classification of reference c-Met and EGFR inhibitor compounds.

Representative images of 3D-cultured PC-3 cells treated with EGFR and c-Met in-
hibitors are presented in figure 4B and show a consistency between the automated
classification of compounds to a specific inhibitory class and the phenotype which
is induced in the presence of a specific growth factor. We compared the pheno-
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typic classification of compounds with measurements of EGFR or c-Met enzyme inhi-
bitory activity (table 2 and supplemental table 3). Phenotypic classification was found
to frequently overlap with biochemical measurements. Inhibition of c-Met activity in
enzymatic and phenotypic assays was closely correlated, with all compounds showing
greater than 40% inhibition in an enzymatic assay being inhibitory in the phenotypic
assay at the equivalent concentration. However, approximately half of the compounds
that were active in EGFR enzymatic assays were inactive in the cell based phenotypic
assays. Furthermore, several of the compounds that were inhibitory at the lowest doses
in the EGFR enzymatic assay, only showed activity in the corresponding phenotypic
assay at higher concentrations (e.g. VCC833029:24, VCC740005:11 and VCC407451:10),
indicating lower sensitivity of the phenotypic assay compared to the enzymatic assay.
Not all compounds that induced enzymatic inhibition of EGFR and/or c-Met could be
identified as inhibitors from our screening results, suggesting that enzymatic inhibition
does not directly translate to a phenotypic change under all conditions.

We then compared ranking of compounds based on phenotypic profiling with ranking
based on cell count. Cell count was determined by the number of nuclei counted per
well (one of the many features scored by the multiparametric analysis) and is a feature
that correlates closely with biochemical measurements of cell proliferation (not shown).
Using a ranking based on cell proliferation, inhibitors which were shown to potently in-
hibit the c-Met phenotype, including Genentech 5D5 Fab, did not score in the top 10%
inhibitors of proliferation (Figure 4C and supplemental figure 4). Consistent with the
profiling results in figure 4A, when compounds were ranked based on the difference
of their phenotypic profiles to unstimulated controls (measured along PCo), a strong
enrichment of c-Met and EGFR inhibitors was observed in the top 10% of ranked com-
pounds in the presence of HGF and EGF respectively (supplemental figure 4). The most
potent inhibitors of proliferation were found to perform poorly when ranked based on
their phenotypic profiles (figure 4C). An analysis of the images from 3D cultures treated
with these compounds showed that spheroid formation was disrupted, consistent with
cytotoxicity of these compounds.

Discussion

Because tumour cells exist in a 3D extracellular matrix-rich environment, 3D matrix-
embedded cell cultures provide a more physiologically relevant context in which to
perform compound screening.?“ The increased complexity of 3D cultures also offers in-
creased potential for phenotypic profiling.?2 We developed a fully scalable 3D tissue
culture-based high-content screening platform that uses phenotypic profiling of cul-
tured tumouroids derived from a prostate cancer cell line. This screening platform was
used to identify several selective inhibitors for c-Met and EGFR, which represent im-
portant targets in many cancers and are known to be able to stimulate survival and
invasive growth of tumours.>7 We show that activation of c-Met with its ligand, HGF,
induced a dose-dependent reorganisation of PC-3 spheroids characterized by invasion
of cells into the surrounding matrix. A similar change in phenotype was induced by the
addition of EGF to the PC-3 cells. These phenotypic changes were not observed in 2D
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monolayers. Ultra-high content multiparametric analysis allowed a clear discrimination
of the phenotypes associated with active and inactive c-Met and EGFR, which could be
quantified using a single PCA measurement. This approach allowed us to discriminate
inhibitors of c-Met and EGFR and also putative bi-selective inhibitors of these receptor
tyrosine kinases. The method also enabled non-selective compounds to be discrimi-
nated since they induced phenotypes that failed to match those induced by selective
inhibition of c-Met or EGFR. The screening results were cross-validated with an in vitro
measurement of enzyme activity, and were found to largely correlate. Some compounds
that inhibited EGFR or c-Met in the biochemical measurement were not identified by
our phenotypic screen as inhibitors for these pathways, indicating that inhibition of
purified enzyme does not always correlate with inhibition of the target enzyme in cells.
These differences may be explained by poor compound stability over multiple days in
aqueous solution (medium) or poor membrane permeability, resulting in lower cyto-
plasmic concentrations. It is also possible that these compounds induce mild pheno-
typic changes that are below the threshold of the phenotypic assay. A number of com-
pounds were found to induce phenotypic changes in the EGFR and/or c-Met profiles,
even though these failed to induce inhibition of either EGFR or c-Met activity. A possible
explanation for this finding is that these molecules induced off-target phenotypic ef-
fects that could not be discriminated from inhibition of c-Met and EGFR.

Improvements in 3D cell culture reagents, methods and automated microscopes that
can capture 3D image data is making screening in 3D more accessible, including more
complex models such as co-cultures.>3° Here we describe how high content analysis
can maximise the information that can be extracted from the more complex phenotypes
obtained in 3D cell culture. These include disease-relevant features, such as tumour
cell invasion, but also a multitude of other features that can be exploited for profiling
purposes. Thus, in addition to screening for inhibition of a disease phenotype, target
based screening can be performed. Traditionally, receptor activation has been meas-
ured using biochemical methods. While sensitive, these methods do not discriminate
non-selective inhibition of the target. An advantage of the multiparametric profiling
approach described here is that in addition to detecting inhibition of the c-Met and
EGFR, off-target effects can also be detected if the off-targets have an impact on tissue
phenotype.

Our method was used to determine inhibitory activity of both small molecules and
antibodies. We applied the method to both c-Met and EGFR but, in principle, it can be
applied to any target if a cell line can be identified in which the activity of the target
influences cell phenotype. Combining the advantages of physiological relevance and
phenotypic complexity, phenotypic screening and profiling with 3D cell cultures has the
potential to improve the quality of hits from screens and make previously challenging
targets more accessible, potentially leading to a higher success rate of molecules in
clinical trials.
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SUPPLEMENTAL MATERIALS

A

Nuclei

F-actin

SUPPLEMENTAL FIGURE 1 3D cell culture based screening platform pipeline. A) PC-3
cells were cultured in 384 well plate format embedded in ECM-protein hydrogels.
Compound treatment was performed for 96 hours, after which the 3D cultures were
stained for F-actin and nuclei. Images were obtained for both channels at different
z-planesin the gel using a BD Pathway 855 imager. In-focus information of all Z-stacks
was extracted by means of a 2D maximum intensity projection. B) Binary black and
white masks were generated to define the segmented objects and were used for shape
measurements. Fluorescence intensity parameters were obtained from the segmented
regions of the original micrograph projection.
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SUPPLEMENTAL FIGURE 2 Performance of individual phenotypic parameters to identify
selective c-Met or EGFR inhibitors. A) Z-score normalized roundness and number
of nuclei of tumouroids shown for EGF stimulated condition. B) Z-score normalized
roundness and number of nuclei of tumouroids shown for HGF stimulated condition.
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SUPPLEMENTAL FIGURE 3 EGF-and HGF-induced phenotypes are both characterized
by invasion into the ECM, but can be differentiated using linear discriminant analysis
(LDA). LDA training was performed using KNIME and RStudio (MASS package). Linear
correlation filter was applied to all parameters (R*0.85) prior to training LDA on EGF,
HGF and unstimulated groups, in order to filter out the most highly collinear variables.
Approximately 250 phenotypic descriptors are required to separate both phenotypes.
LDA was subsequently applied to the complete dataset. Individual data points for EGF,
HGF and unstimulated shown. Mean data shown for AG1478, Genentech 5D5 Fab and
PHA-665752.
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SUPPLEMENTAL TABLE 1Vichem compound information

Compound ID References Core structure

VCC613596:10 WO 2009104027 Al benzothieno|2,3-d]pyrimidine
VCC740005:11 Cancer Res, Vol.65 Nr., 379-382, 2005. quinazoline
VCC075648:03 J. Med. Chem., 1999, 42, 5120-5130, Cancer Research (2003), 63(17), 5462-  indol-2-one

5469

VCC884444:01 unpublished indol-2-one

VCC502987:01 unpublished indol-2-one

VCC703724:02 unpublished indol-2-one

VCC458127:03 Bioorg. Med. Chem.Lett. 2001,11,2867-2870 4-(1H-imidazol-5-yl)pyrimidine

VCC996608:06 Current Medicinal Chemistry (2014), 21(17), 1938-1955. quinoline

VCC285946:01 Molecular Cancer Ther (2009), 8(12), 3181-3190. [1,2,4]triazolo[4,3-b]pyridazine

VCC131028:02 unpublished quinoline

VCC999628:01 unpublished quinoline

VCC967844:01 ACS Medicinal Chemistry Letters (2014), 5(4), 298-303. quinoline

VCC395122:01 ACS Medicinal Chemistry Letters (2014), 5(4), 298-303. quinoline

VCC868449:01 ACS Medicinal Chemistry Letters (2014), 5(4), 298-303. quinoline

VCC048363:02 Clinical Cancer Research 2009, 15, 5040, Cancer Res 2007;67(24):11924-32 quinazoline

VCC716837:01 ACS Medicinal Chemistry Letters (2014), 5(4), 298-303. quinoline

VCC378728:01 ACS Medicinal Chemistry Letters (2014), 5(4), 298-303. quinoline

VCC325112:01 ACS Medicinal Chemistry Letters (2014), 5(4), 298-303. quinoline

VCC497510:01 ACS Medicinal Chemistry Letters (2014), 5(4), 298-303. quinoline

VCC960450:01 Clin Cancer Res. 2010 Dec 15;16(24):5936-41. quinoline

VCC528301:01 ACS Medicinal Chemistry Letters (2014), 5(4), 298-303. quinoline

VCC466812:01 ACS Medicinal Chemistry Letters (2014), 5(4), 298-303. quinoline

VCC590177:01 unpublished quinoline

VCC979277:01 Preparation of benzopyrrolidone derivatives for use as GRKS modulators WO  indol-2-one
2015022437 Al

(table continues on next page)
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VCC443915:01 Preparation of benzopyrrolidone derivatives for use as GRKS modulators WO  indol-2-one
2015022437 Al

VCC228833:01 Preparation of benzopyrrolidone derivatives for use as GRKS5 modulators WO  indol-2-one
2015022437 Al

VCC804481:01 Preparation of benzopyrrolidone derivatives for use as GRKS modulators WO  indol-2-one
2015022437 Al

VCC744093:03 Preparation of benzopyrrolidone derivatives for use as GRK5 modulators WO  indol-2-one
2015022437 Al

VCC353749:01 Preparation of benzopyrrolidone derivatives for use as GRKS5 modulators WO  indol-2-one
2015022437 Al

VCC415997:02 WO 2008102870 Al 4-phenoxypyridine

VCC429285:02 Preparation of benzopyrrolidone derivatives for use as GRKS5 modulators WO  indol-2-one
2015022437 Al

VCC290183:01 Preparation of benzopyrrolidone derivatives for use as GRKS5 modulators WO  indol-2-one
2015022437 Al

VCC346202:02 Preparation of benzopyrrolidone derivatives for use as GRKS5 modulators WO  indol-2-one
2015022437 A1

VCC180368:02 unpublished quinoline

VCC898902:01 unpublished 4-phenoxypyridine

VCC656576:02 unpublished 4-phenoxypyridine

VCC132459:01 unpublished 4-phenoxypyridine

VCC581800:03 unpublished quinoline

VCC650454:03 Preparation of benzopyrrolidone derivatives for use as GRKS5 modulators WO  indol-2-one
2015022437 Al

~
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SUPPLEMENTAL TABLE 2 Hit selection phenotypic screen

Vichem ID 1 3.16 uM 10 pM

VCC031393:01 Top 10% cell count None cMet

VCC048363:02 EGFR EGFR EGFR/cMet

VCC055393:01 EGFR/cMet EGFR/cMet EGFR/cMet

VCC075648:03 None None None

VCC109756:01 cMet cMet cMet

VCC132459:01 None None None

VCC180368:02 None None None

VCC227946:01 None None EGFR/cMet

CC232089:02 None None Top 10% cell count

VCC260084:01 None None None

VCC290183:01 None None None

VCC323972:01 None None None

VCC346202:02 Top 10% cell count Top 10% cell count Top 10% cell count

VCC365775:01 None None cMet

VCC372550:01 None None None

VCC378728:01 None EGFR None

'VCC398520:05 None None None

VCC415997:02 cMet cMet cMet

CC443915:01 Top 10% cell count None cMet

VCC444508:05 None None Top 10% cell count

VCC458127:03 None None EGFR/cMet

VCC466812:01 None None None

VCC497510:01 cMet cMet EGFR/cMet

VCC528301:01 None None EGFR/cMet

VCC581800:03 cMet cMet cMet

VCC613596:10 None None None

VCC650454:03 Top 10% cell count Top 10% cell count Top 10% cell count

VCC656576:02 None None None

VCC692601:01 None None None

VCC716837:01 None None Top 10% cell count

VCC740005:11 None EGFR EGFR

VCC744093:03 None Top 10% cell count EGFR/cMet

CC804481:01 None None Top 10% cell count

VCC868449:01 None None EGFR/cMet

VCC884444:01 None None Top 10% cell count

VCC912492:07 None None None

VC(C935482:01 None None None

VCC960450:01 cMet cMet cMet

VCC979277:01 None None EGFR/cMet

VCC999628:01 None None None
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SUPPLEMENTAL TABLE 3 Enzyme activity measurement (% inhibition)

Vichem Compound-ID
VCC030450:22
VCC031393:01
VCC034014:01
VCC048363:02
VCC051013:02
VCC055393:01
VCC055876:02
VCC075648:03
VCC098211:02
VCC109756:01
VCC131028:02
VCC132459:01
VCC155409:01
VCC180368:02
VCC221701:01
VCC227946:01
VCC228833:01
VCC232089:02
VCC239215:01
VCC260084:01
VCC285946:01
VCC290183:01
VCC317779:01
VCC323972:01
VCC325112:01
VCC346202:02
VCC353749:01
VCC365775:01
VCC370686:02
VCC372550:01
VCC376189:01
VCC378728:01
VCC395122:01
VCC398520:05
VCC407451:10
VCC415997:02
VCC429285:02
VCC443915:01
VCC444414:01
VCC444508:05
VCC450892:17
VCC458127:03
VCC461663:01
VCC466812:01
VCC475979:01
VCC497510:01
VCC502987:01
VCC528301:01
VCC563740:02
VCCS81800:03
VCC590177:01
VCC613596:10
VCC617235:01
VCC650454:03
VCC656237:01
VCC656576:02
VCC685240:01
VCC692601:01
VCCT03724:02
VCCT16837:01
VCCT33981:01
VCCT40005:11
VCCT44093:03
VCCT78672:01
VCC804481:01
VCC833029:24
VCC868449:01
VCC883733:01
VCC884444:01
VCC898902:01
VCC912492:07
VCC930986:01
VCC935482:01
VCC957400:02
VCC960450:01
VCC967844:01
VCC979277:01
VCC996608:06
VCC999628:01
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EGFR Inh (%) 10aM

EGFR Inh (%) 1nM

EGFR Inh (%) 0.1pM

-Met Inh (%) 10uM

c-Met Inh (%) 1M

c-Met Inh (%) 0.1uM
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Abstract

Polycystic kidney disease (PKD) is a prevalent disorder characterized by renal cysts
that lead to kidney failure. Various signaling pathways have been targeted to stop
disease progression, but most interventions still focus on alleviating PKD associated
symptoms. The mechanistic complexity of the disease, as well as the lack of functional
in vitro assays for compound testing, has made drug discovery for PKD challenging.

To identify modulators of polycystic kidney disease, Pkd1’ kidney tubule epithelial
cells were applied to a scalable and automated 3D cyst culture model for compound
screening, followed by phenotypic profiling to determine compound efficacy. We used
this screening platform to screen a library of 273 kinase inhibitors to probe various sig-
naling pathways involved in cyst growth. We show that inhibition of several targets,
including aurora kinase, CDK, Chk, IGF-1R, Syk, mTOR, but, surprisingly, not PI3K,
prevented forskolin-induced cyst swelling. Additionally, we show that multiparametric
phenotypic classification discriminated potentially undesirable (i.e. cytotoxic) com-
pounds from molecules inducing the desired phenotypic change, greatly facilitating hit
selection and validation.

Our findings show that a pathophysiological relevant 3D cyst-culture model of

PKD coupled to phenotypic profiling can be used to identify potentially therapeutic
compounds and predict and validate molecular targets for PKD.
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Introduction

Polycystic kidney disease (PKD) is an inherited genetic disorder that is characterized by
the formation of renal cysts that block normal tubular function and thereby cause a pro-
gressive decline in kidney function with age, typically leading to end-stage renal disease
(ESRD) by the 6™ decade of life. This prevalent disorder occurs in approximately 1:2500
people* and, in addition to its detrimental effects on kidney function, also affects other
organs such as the liver.?

The most prevalent form of PKD, autosomal dominant polycystic kidney disease
(ADPKD) is in most cases caused by mutations in the PKD1 gene or, less commonly, in
PKDz. PKD1 encodes polycystin-1, which is a receptor-like protein thought to be a recep-
tor for various WNT ligands3. PKD2 encodes polycystin-2, which is a known ion-channel
with some selectivity for calcium ions. Together polycystin-1 and polycystin-2 can func-
tion as a complex which is thought to be involved in mechanotransduction of urine flow*
due to its localization in the cells’ primary cilium.5 The polycystin proteins also localize to
other areas of the cell, including the plasma membrane#® and the endoplasmic reticulum
(ER).4

Loss-of-function mutations in either PKD1 or PKD2 or reduced levels of functional pro-
tein are causative for cyst formation,” but the mechanisms behind this process are still
poorly understood. Dysfunction of the polycystin proteins leads to a reduction in intra-
cellular calcium levels and a consequent rise in intracellular cyclic adenosine mono-
phosphate (cAMP) levels due to the activation of calcium-inhibitable adenylyl cyclase 6
(AC6) and reduced activity of the calcium-dependent cAMP-dependent phosphodiester-
ases (PDE1/4c)®. This increase in cAMP, in turn, leads to alterations in cell proliferation,
apoptosis, cell-cell and cell-matrix interactions and cell polarity.® These events are known
contributors to cyst initiation and cyst growth progression.

The mechanistic complexity of this disease has made it particularly difficult to de-
velop effective medicines. As of yet, the only EMA-approved therapy in Europe for ADPKD
is Jinarc (Tolvaptan), which is a vasopressin-2 receptor antagonist, consequently requir-
ing the patients to consume large quantities of water due to increased urine production.®

In addition to the complexity of the disease, the lack of appropriate in vitro assays to
determine drug efficacy is a likely factor underlying the limited choice of therapies avai-
lable. Traditionally, cells cultured as monolayers have been used to determine drug effi-
cacy and toxicity, but such in vitro systems cannot be used to adequately recapitulate the
pathophysiology of ADPKD, since cysts cannot form in a two-dimensional environment.
In contrast, three-dimensional (3D) culture techniques have been developed over the
past decade to address these issues and to bridge the gap between 2D monolayers and
animal models. Traditionally these techniques have been generally associated with high
costs and low reproducibility and scalability, but due to their physiological relevance 3D
phenotypic screening techniques have become a fundamental research tool in many
fields, including cancer research.
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In order to identify effective molecules and therapeutic targets in a more physiologi-
cally relevant model, we have developed a high-content and high-throughput screening
platform that uses 3D-cultured cysts and used this to screen a kinase inhibitor library
with known molecular targets. This allowed us to relate compound efficacy to molecular
targets potentially involved in cyst growth.

MATERIALS AND METHODS

Generation and Cloning of Cell Lines

To generate cells with reduced Pkd1 gene expression, wild-type mouse inner medullary
collecting duct (mIMCD3, ATCC® CRL-2123™) cells were transduced with a lentivirus
containing a short-hairpin against Pkdi1. Lentiviral constructs expressing shRNAs tar-
geting Pkd1 (TRCNoooo0072084, 085, 086 and 087) and a non-targeting control con-
struct (SHCo02) were obtained from the Sigma MISSION shRNA library (Sigma-Aldrich,
Zwijndrecht, Netherlands). Production of lentiviruses by transfection into 293T cells has
been described earlier.’? Cells were selected using puromycin. Reduced Pkd1 expres-
sion, approximately 60%, was confirmed by qPCR (supplemental figure 1A, mIMCD3
shPkd1) and cell line transduced with construct TRCNooooo72084 was selected for
our studies. This cell line was used for the majority of the experiments described here.
In addition, Pkd1 knockout mIMCD3 cell lines were generated (supplemental figure 2)
using the dimeric CRISPR RNA-guided Fokl nucleases (RFN) method® in mIMCD3 cells.
In short, the RFNs for Pkd1 exon 15 were selected using ZiFiT (http://zifit.partners.org/
ZiFiT/Disclaimer.aspx) and cloned into vector pSQT1313neo as described previously
(http://zifit.partners.org/ZiFiT/Program_use.aspx#_CRISPR_RFNs) (supplemental table
1). In the pSQT1313neo construct we replaced the ampicillin gene of pSQT1313, by the
kanamycin/neomycin resistance cassette of pEGFP-N1 (Clontech) in this construct, to
facilitate G418 selection of clones that have taken up pSQT1313neoRFN and enrich for
clones that carry a Pkd1 exon1s deletion (pSQT1313 obtained from Addgene). One clone
with the correct sequence was selected and co-transfected with pSQT1601 (Addgene)
the plasmid expressing the Csy4 and dCasg-Fokl fusion proteins. mIMCD3 cells were
grown to 80% confluency in a 9cm petri dish and transfected with 2pg Pkd1ex15RFN
and 8ug pSQT1601 DNA using Lipofectamin 2000 (Invitrogen). G418 (0.5mg/ml) selec-
tion was applied after 48 hours. After 7 days, cells were re-plated at a density of ~50
cells per 9gcm plate. Single colonies were picked and analyzed using PCR with prim-
ers flanking the RFN target sites (supplemental table 2). PCR products were digest-
ed with restriction-endonuclease Pvull, which cuts between the Pkdiexi5RFN target
sites. From clones that showed undigested PCR products, demonstrating a deletion of
the Pvull restriction site on both alleles, the PCR products were subcloned using the
TOPO® cloning kit (Invitrogen). Fifteen subclones were analyzed by Sanger sequenc-
ing. The sequences for clone 5E4 revealed a 25bp out of frame deletion on one allele
and an 295bp out of frame deletion for the other allele. These cells will be denoted as
mIMRFNPKD 5E4 throughout this publication.
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Maintenance of Cell Lines

All mIMCD3 cell lines were cultured in 175-cm2 culture flasks at 37°Cin an environment
of 5% CO2 in DMEM/F12 (Ham’s) culture medium (D8062, Sigma Aldrich, Zwijndrecht,
Netherlands), supplemented with 10% fetal bovine serum (FBS, Gibco Fisher Scientific,
Landsmeer, Netherlands), Glutamax and penicillin/streptomycin. Before maximal
cell density was reached, cells were washed with 1x PBS (Sigma Aldrich, Zwijndrecht,
Netherlands) and trypsinized with 1x Trypsin (Gibco Fisher Scientific, Landsmeer,
Netherlands). Medium was subsequently added and cells were pelleted by centri-
fugation for 5 minutes at 15oorpm. The cell pellet was resuspended in FBS with 10%
DMSO (Biosolve B.V., Valkenswaard, Netherlands) and frozen in aliquots to -150°C.

3D Cyst Assay

For the primary screen of the SelleckChem library (Munich, Germany), cryopreserved
mIMCD3 cells were quick-thawed using a 37°C water bath and immediately added to
Cyst-Gel (OcellO, Leiden, The Netherlands). For all subsequent experiments, including
the validation screen, we modified this procedure to allow cryopreserved cells to reco-
ver in 2D culture for 72 hours prior to use in the 3D assay, which resulted in improved
cyst homogeneity and overall assay performance. For all subsequent experiments
therefore, cryopreserved mIMCD3 cells were quick-thawed in a 37°C water bath and
added to 175cm? culture flasks and cultured for 72 hours at 37°C in an environment of
5% CO, prior to initiation of the cyst assay. After 24 hours, medium was refreshed and
after 72 hours the monolayer was washed with 1x PBS (Sigma Aldrich, Zwijndrecht,
Netherlands) and cells were trypsinized using 1x Trypsin (Gibco Fisher Scientific,
Landsmeer, Netherlands) and mixed with Cyst-Gel (OcellO, Leiden, The
Netherlands). 14.5mL of cell-gel mix was pipetted to 384-well plates (Greiner mClear,
Greiner Bio-One B.V., Alphen aan den Rijn, Netherlands) using a CyBi Selma 96/60 ro-
botic liquid dispenser (Analyik Jena AG, Jena, Germany). Gel-cell mix was plated at a
final cell density of 2175 cells per well. After gel polymerization at 37°C for 30 minutes,
33.5mL medium was added to each well. Cells were grown in gel for 72 hours (in order
to initiate lumen formation prior to compound exposures), after which the cells were co-
exposed with forskolin (Coleus Forskohlii, Calbiochem, Millipore BV, Amsterdam,
Netherlands) and molecules to be tested alongside positive controls using the CyBi Selma
96/60 or a BioMek FXP (Beckman Coulter B.V., Woerden, Netherlands). After 72 hours,
cultures were fixed with 4% formaldehyde (Sigma Aldrich, Zwijndrecht, Netherlands)
and simultaneously permeabilized with 0.2% Triton-X100 (Sigma Aldrich, Zwijndrecht,
Netherlands) and stained with o0.25mM rhodamine-phalloidin (Sigma Aldrich,
Zwijndrecht, Netherlands) and 0.1% Hoechst 33258 (Sigma Aldrich, Zwijndrecht, Nether-
lands) in 1x PBS for 12 hours at 4°C, protected from light. After fixation and staining, plates
were washed in 1x PBS for 12-24 hours, after which plates were sealed with a Greiner
SilverSeal (Greiner Bio-One B.V., Alphen aan den Rijn, Netherlands) and stored at 4°C
prior to imaging (screening procedure illustrated in figure 1).

Compounds
A kinase inhibitor library containing 273 compounds (L1200) was obtained from
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FIGURE 1 3D high-content screening platform that uses mIMCD3 cysts grown in
hydrogels as an in vitro model for polycystic kidney disease. A) mIMCD3 shPkd1
cells grown on culture plastic cannot recapitulate cystic structures (left panel); in
contrast, mIMCD3 shPkd1 cells can form cysts when grown in a 3D microenvironment
(right panel). B) 3D high-content screening platform that uses mIMCD3 shPkd1 or
mIMRFNPKD 5E4 cysts to determine compound efficacy.

SelleckChem (Munich, Germany), with compounds pre-dissolved to 1omM in DMSO.
Analytical grade DMSO was obtained from Biosolve B.V. (Valkenswaard, Netherlands).
Rapamycin, roscovitine, sorafenib tosylate, torin 1 and buparlisib (NVP-BKM-120) were
purchased from SelleckChem (Munich, Germany) through distributor Bio-Connect B.V.
(Huissen, Netherlands). Metformin HCl was obtained from Sigma Aldrich (Zwijndrecht,
Netherlands).

Fluorescence Microscopy

Hoechst 33258 and rhodamine-phalloidin — stained cysts in 384-well plates were imaged
using a BD Pathway 855 (BD Biosciences, Breda, Netherlands) automated inverted
wide-field microscope using a 4x Olympus objective. Images were obtained using BD
Attovision software (BD Biosciences, Breda, Netherlands) accompanying the microscope,
which was used to image focal planes throughout the gel at intervals of soum. The gel
was imaged through its entire depth (z-axis), requiring around 25 images per well; each
image captured approximately 75% of the well area (supplemental figure 3A). High-
resolution confocal images were made using a 20x objective on a Nikon Ti Eclipse confo-
cal laser microscope (lasers 561 and 408nm). Confocal images were exported using NIS
Elements Viewer (Nikon Instruments Europe B.V., Amsterdam, Netherlands).

88



Image — and Data Analysis

Images obtained with the BD Pathway 855 imager were processed through Ominer
software (OcellO B.V., Leiden, Netherlands) integrated in KNIME Analytics Platform
(Konstanz, Germany, http://www.knime.org/). This software allowed the quantification
of images derived from both rhodamine-phalloidin (F-actin) and Hoechst 33258 (nuclei)
image channels. This procedure is schematically represented in supplemental figure
3B. For the rhodamine-phalloidin image channel, a monochrome mask was genera-
ted for all of the individual images taken along the z-axis of the gel to define regions
of interest (ROIs). This approach allowed us to quantify individual cysts — even
those vertically overlapping that would otherwise have been detected as one object.
These monochrome masks were used to derive shape- and size- related phenotypic
descriptors of each cyst. Cyst size was derived from these monochrome masks as
an area measurement of the number of pixels occupied per cyst (with approximately
100-150 cysts in each well, supplemental figure 4). The actin-dense region at the
boundary of all cysts was quantified separately, so that the thickness- and shape
of the cyst wall could be related to the total cyst size. Finally, to derive staining
intensity-related quantifications, a maximum intensity projection of the original image
stack was generated. For the Hoechst 33258 image channel, the spatial resolution
upon imaging with the BD Pathway 855 was not high enough to accurately measure
the shape of individual nuclei. Therefore, nuclei image stacks were immediately
processed to a maximum intensity projection and processed as described earlier.s
All phenotypic descriptors were subsequently z-score normalized to plate medians
and thereafter z-scored to unstimulated control median or scaled to percent
inhibition (unstimulated control median to 100%, forskolin-stimulated control
median to 0%) using KNIME. For multiparametric phenotypic analysis, phenotypic
descriptors were ranked based on Z-prime values »1.0 between stimulated (2.5uM
forskolin) and 10nM rapamycin-treated, forskolin-exposed control conditions for all
cysts. Supplemental table 3 provides an overview of included phenotypic features.
Selected phenotypic features were used for principal components analysis to
condense phenotypic information to three principal components (PCo, PC1 and
PC2), together comprising 84% of the variation in the dataset. Principal components
were exported from KNIME and visualized as a 3D scatterplot generated using
the Scatterplot3D package (https://CRAN.R-project.org/package=scatterplot3d)
for Rstudio 0.99.878 (https://www.rstudio.com/products/rstudio2) with R3.2.3
(https://www.r-project.org/). Other charts were made using the ggplot2
(http://ggplot2.org) package for R-Studio 0.99.878 with R3.2.3 or with Graphpad Prism
7 (Graphpad Software, La Jolla, California, USA).

Assessment of Synergy

The Bliss-independence model* was used to assess potential synergistic effects.
This model assumes that the effects of a certain drug are independent of those of the
other drug. To apply this method, inhibition of cyst growth was scaled between o (no
inhibition) and 1 (maximum effect). The model is given in the formula E=E +E ~EE,,
where E is the predicted combined compound response based on the individual effect
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of two compounds (£, -torin 1 and E,-buparlisib). This method compares the observed
combination response with the predicted combined compound response E into a com-
bination index (C/=(E,+E,~E,E)/E,). The combination is declared synergistic if the
observed effect is larger than the predicted combined response, or antagonistic if the
observed response is smaller than the predicted response.

Statistical Calculations

Unless otherwise stated in figure legends, figures represent mean and standard devi-
ations (SD). All statistical calculations were performed in Graphpad Prism 7. Z’-factor
calculations were performed after correction for number of replicates to reflect assay
robustness:”

3SDmax 3SDpmin
AVG —)—-(AVGpint———
Z'factor = (4Vmax= ) (4V min+—72%) (EQUATION 1)”

AVGmax—AVGmin

In equation 1, AVG is mean and SD standard deviation of stimulated (max) or unstimu-
lated (min) control groups, and n is the number of technical replicates.

RESULTS

mIMCD3 cells form cysts in 3D hydrogels and addition of forskolin induced

cyst swelling

To identify modulators of cyst growth, we developed an automation-compatible 3D cyst
growth assay, in which cyst swelling is driven by forskolin over a period of 72 hours.
mIMCD3 cells with a short hairpin-mediated knockdown of Pkd1 were cultured in ex-
tracellular matrix-based hydrogels in 384-well plates and formed cystic structures by
day 3, whereas cysts could not form in 2D monolayer cultures (figure 1A). Cysts were
exposed to solvent (0.2% DMSO, unstimulated) in culture medium or 2.5mM forskolin
(stimulated) and responded to exposure to forskolin by increased cyst swelling (figure
1B and 2A). Cyst size was measured by quantifying object area from all individual
cysts. Mean cyst area and standard deviation of 8 replicates is shown as a function of
forskolin concentration and presented as z-score relative to unstimulated control
median (figure 2B). It should be noted that this forskolin-driven cyst growth is an
intrinsic characteristic of mIMCD3 cells, and is not dependent on the presence of
polycystin-1 (supplemental figure 1B-C). Co-exposure with forskolin and rapamy-
cin (inhibitor of mammalian target of rapamycin, mTOR), roscovitine (inhibitor of
cyclin-dependent kinases; Cdc2, CDK2, CDK5'®), NVP-BEZ-235 (a dual inhibitor of mTOR/
PI3K®* that potentially also inhibits ATM and ATR at high concentrations?°) or sorafenib
(sorafenib tosylate, a multikinase inhibitor targeting B-Raf and Raf-1*%) prevented the
increase of cyst swelling induced by forskolin (figure 2C and 2D). The increase in cyst
growth by forskolin and consequent blockade of this increase by control compounds
was also observed in Pkd1 knock-out cells (mIMRFNPKD 5E4), as illustrated by three
independent experiments presented in supplemental figure 5.
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FIGURE 2 mIMCD3 shPkd: cyst growth can be enhanced with forskolin and this
increase can be prevented with positive control compounds rapamycin, sorafenib,
roscovitine and NVP-BEZ-235. A) high-resolution images obtained from an unexposed
(DMSO 0.2%, top panel) and a forskolin-treated (bottom panel) cyst. B) Using Ominer
analysis tools, cyst size could be expressed as a function of forskolin concentration.
Data points represent means +SD of 8 replicate wells (technical replicates). C)
Representative images of control compounds after co-exposure with forskolin,
including unstimulated (DMSO 0.2%) control. D) Quantification of average cyst size
from C. Whiskers represent min to max. Rapamycin, roscovitine, sorafenib and NVP-
BEZ-235 tested in quadruplicate (technical replicates), unstimulated (n=16 replicate
wells) and stimulated (n=8 replicate wells). These experiments have been performed
independently more than three times (supplemental figures 1B-C and 5A-C also show
the performance of control molecules in biological replicates).

Identification of modulators of cyst growth

Having established that inhibitors targeting pathways known to be important in cyst
growth can also prevent cyst swelling in our model, we screened a library of 273 kinase
inhibitors (SelleckChem-L1200) with described molecular targets. Therefore, in addi-
tion to potentially providing therapeutically interesting molecules, the selected hits
could also be used to relate compound efficacy to the cellular signaling pathways that
may be involved. mIMCD3 shPkd1 cells were cultured in 3D hydrogels in 384-well plates
in which they formed cysts over a period of 72 hours. Subsequently, we co-exposed
cysts with 2.5smM forskolin and kinase inhibitors from the SelleckChem compound
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FIGURE 3 SelleckChem kinase inhibitor library screen. Kinase inhibitors were
screened in quadruplicate (technical replicates) at 1uM and o.1pM, in the presence
of 2.5uM forskolin to stimulate cyst growth (procedure shown in figure 1). Data were
z-score normalized to the plate median and subsequently to the unstimulated control
median (unstimulated control, black striped line). Cyst growth induction by forskolin
is presented by a red striped line. Compound effects are represented by means of
quadruplicate wells of two tested concentrations. Top 15 hit molecules presented in
right cutout. The replicate-adjusted Z’-factor for this primary screen reached -0.93
between stimulated- and unstimulated control conditions.

library in quadruplicate wells at 0.1 and 1mM for 72 hours, as illustrated in figure 1B.
Cysts were then fixed and stained and imaged using the BD pathway 855 imager. Image
data was processed and quantified with Ominer software and cyst size was z-score nor-
malized to the unstimulated control median. Screening results are presented in figure
3. Forskolin induced cyst swelling and various kinase inhibitors inhibited this effect at
0.1 and/or 1tmM (figure 3). In this initial screen, we calculated an average Z’-factor of
—-0.93 between unstimulated and stimulated controls. This weak Z’-factor appeared to
be largely due to high variation between technical replicates within the stimulated con-
trol group, associated with a variable proportion of poorly expanding cysts in each well.
We attributed this to sub-optimal cell health as a result of the use of cryopreserved
cells in the assay, since introducing a 3-day recovery period after thawing of cryopre-
served cells, improved the Z’-factor to +0.36 in the validation screen. In the primary
screen, active molecules were selected based on a reduction of cyst size relative to
the stimulated control (red striped line) to a z-score for cyst size <o (equal to or smaller
than unstimulated control median) at either 0.1 or 1uM. Inhibitors selected using this
threshold included many inhibitors targeting mTOR, Aurora A Kinase, CDK, IGF-1R, and
dual mTOR/PI3K inhibitors. For identified active molecules we obtained their respective
molecular target and we validated the efficacy only of compounds with the highest af-
finity for these targets (shown in supplemental table 4), at six concentrations, decrea-
sing from 1 or 0.1mM (depending on the efficacy of the molecule in the primary screen)
(figure 4A). For visualization of compound effects as a function of dose, mean cyst size
of quadruplicate wells was scaled to percent inhibition of forskolin-induced cyst swell-
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ing and this inhibition was presented graphically as a heat map from yellow (no inhibi-
tion) to dark blue (potent inhibition) (figure 4A). Our validation screen showed that the
activity of most of the active compounds identified in the primary compound screen
could be confirmed. Statistical significance was calculated using one-way ANOVA and
correlated with statistical significance of the primary screen. Statistical significance
was found to overlap for 58% of selected molecules (supplemental table 5). Dose-
response curves for several of the compounds presented in figure 4A have been in-
cluded in supplemental figure 6A-H to illustrate variation in efficacy between technical
replicates. Multiparametric phenotypic analysis using principal components revealed
that different compounds with different molecular targets induced novel phenotypes
(figure 4B). Forskolin (empty circles) induced a phenotypic change characterized by an
increase in cyst swelling, which, after principal components analysis revealed a shift in
PCo and PC2. Co-exposure with either rapamycin (green) or metformin (blue) induced a
phenotype indistinguishable from unstimulated controls (black). In contrast, exposure
of forskolin-stimulated cysts to CDK inhibitor roscovitine (red) or B-Raf/Raf-1 inhibitor
sorafenib (orange) caused this phenotypic change to overshoot, causing a novel phe-
notype (figures 4B, 4D). We further observed that, while roscovitine and sorafenib in-
hibited cyst growth similarly to rapamycin and metformin, they also appeared to have
an effect on nuclei counts (supplemental figure 7), which potentially is an indication of
growth inhibition or cytotoxicity related to the concentration of these inhibitors and/
or due to their mechanism of action. Using this same projection model that identified
the novel phenotypes of roscovitine and sorafenib, we plotted compounds targeting
different kinases in the same chart (figure 4C). Indeed, other CDK inhibitors (green)
such as dinaciclib were found to cluster in the same region of the PCA plot with rosco-
vitine (figure 4B and 4C compared). In addition to the phenotype induced by dinaciclib,
DNA-PK inhibitor PIK-75 (red) also induced a novel phenotype characterized by low cell
count (figure 4C and 4D). Although this inhibitor would classify as a potent inhibitor of
cyst growth based on cyst size (figure 4A), this molecule induced a phenotypic change
that was very different to that of the unstimulated control (black). The novel pheno-
types induced by dinaciclib and PIK-75 may be potentially undesirable and appear to be
characterized by lower number of viable cells as shown in figure 4D.

mTOR inhibitors, but not PI3K inhibitors, block forskolin-induced cyst swelling

Based on our kinase inhibitor screen described in figure 3, we discovered that almost
all mTOR inhibitors showed inhibitory activity on cyst growth, but most PI3K inhibitors
showed at most only mild inhibition, which was unexpected in view of the expected
role of PI3K in PKD?224, This was confirmed using PCA based visualization and showed
that mTOR inhibitors blocked the forskolin-induced phenotype, whereas PI3K inhibitors
had no effect (figure 5A). We therefore re-tested a collection of 40 inhibitors that were
annotated as mTOR and PI3K inhibitors from the SelleckChem library, and also tested
a panel of 7 dual PI3K/mTOR inhibitors at concentrations up to 0.1uM (figure 5B-D).
Cyst size was measured and scaled to percent inhibition, denoted by a color scale from
yellow (inactive) to dark blue (potent inhibition). Most mTOR inhibitors, and most no-
tably torin 1 and -2, showed potent inhibitory activity (figure 5B), whereas most PI3K
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effects. A) Validation of compounds from each target identified in figure 3. Mean
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is depicted by a color scale from yellow (no inhibition of forskolin-induced cyst
growth) to blue (complete inhibition of forskolin-induced cyst growth). Standard
deviations are notincluded in this plot; for reference purposes several dose curves are
included in supplemental figure 6. A mean Z’-factor of +0.36 between stimulated- and
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(PCA) analysis (PCA plot summarizes 84% of variation in the entire dataset) identifies
different compound clusters as shown by the contour plots. Forskolin-stimulated
controls (large cysts) represented as empty circles, unstimulated controls (small
cysts) represented as black dots. Data points represent single wells. €) PCA plot
summarizing 84% of variation in the entire dataset. Trajectories of different compound
(legend continues on next page)
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types are indicated by arrows (mTOR inhibitors — blue, CDK inhibitors — green,
DNA-PK inhibitors — red, aurora kinase inhibitors — orange). Data points represent
single wells, point size correlates with molecule concentration (legend omitted for
presentation purposes). D) Representative images from conditions shown as in A-C.
Novel phenotypes identified in figure B and C are illustrated by images of 10onM
dinaciclib and 1pM PIK-75.

inhibitors had low efficacy (figure 5C). We noted that the very few PI3K inhibitors that
were effective at inhibiting cyst growth, may also have activity against mTOR (e.g. NVP-
BGT2262). Most of the dual PI3K/mTOR inhibitors tested, showed potent inhibition of
forskolin-induced cyst growth (figure 5D). We therefore considered whether PI3K, which
is aberrantly active in PKD,?23 was not involved in cyst growth in our model, or whe-
ther the PI3K inhibition could exert synergistic effects together with mTOR inhibitors. To
test this, we selected one mTOR inhibitor, torin 12¢ that displayed potent activity in our
previous screens and has a 1000-fold selectivity for mTOR over PI3K*” (supplemental
table 4). Similarly, we selected a PI3K inhibitor, NVP-BKM120 (buparlisib), with reduced
potency against mTOR?® (supplemental table 4). Figure 5E shows that while both mole-
cules show inhibition of cyst growth at high concentrations, torin 1 is a potent inhibitor
at its IC50 concentration, whereas buparlisib shows little activity, except at higher con-
centrations when it may also inhibit mTOR signaling.?® Furthermore, when combined,
these mTOR and PI3K inhibitors did not cause synergistic potentiation of cyst growth
inhibition, as illustrated in figure 5E and supplemental figure 8, upon comparison with
the predicted combined response. Based on the performed separate experiments with
buparlisib and torin 1, an expected additive effect could be derived (supplemental
figure 8B). Subsequently, the observed combined effect under combined exposure (e.g.
0.00316uM torin 1 and 0.1uM buparlisib) was less than this predicted effect (supple-
mental figure 8C). This discrepancy is reflected by a combination index (C/)>1 (supple-
mental figure 8D). Together, these findings indicate that mTOR, but not PI3K plays a role
in driving forskolin-induced cyst swelling in this model.

Discussion

To evaluate potential targets and therapeutic modulators of polycystic kidney disease,
we developed a fully-scalable high-content screening platform that uses 3D cultured
cysts to quantify the effects of compounds on cyst growth. We applied this model to
screen a kinase inhibitor library (SelleckChem L1200) with pre-described targets. While
many small molecule kinase inhibitors often do not have one single molecular target,
but rather target a range of kinases, we used this information to investigate the im-
portance of several signaling cascades in our assay. For example, we identified many
mTOR inhibitors amongst the most active compounds. The importance of mTOR in
PKD has been extensively described,3°3 so identification of mTOR inhibitors in our se-
lected hits was therefore unsurprising, but confirmative of the validity of the screen.
Additionally, we also identified several molecules that targeted CDK, Chk and Aurora
A kinase. Since these molecules all target kinases that are important in cell cycle
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FIGURE 5 mTOR inhibitors but not PI3K inhibitors prevent forskolin-induced cyst
swelling. A) PCA plot comprising 84% of variation in the entire dataset. mTOR
inhibitors (red circles) cluster together with unstimulated control (black dots) whereas
PI3K inhibitors (blue circles) cluster with the stimulated condition (empty circles).
Data points represent single wells, inhibitor point size correlates with molecule
concentration (legend omitted for presentation purposes). B) Validation of mTOR
inhibitors at concentrations 6nM to 100nM. Cyst growth inhibition displayed by a color
gradient ranging from yellow (no inhibition) to blue (inhibition). The color represents
the mean value of triplicate wells (technical replicates; mean Z’-factor over 8 plates of
0.28 between stimulated- and unstimulated control conditions, also for figures C and
D). €) Validation of PI3K inhibitors; color scale as in B. D) Validation of dual

(legend continues on next page)
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PI3K/mTOR inhibitors; color scale as in B. E) Combination of mTOR inhibitor torin 1 with
PI3K inhibitor buparlisib (NVP-BKM120) to assess synergy, in mIMRFNPKD 5E4 cells.
Values represent mean +SD of quadruplicate wells (technical replicates; Z’-factor of
+0.64 between stimulated- and unstimulated control conditions)

progression, it is possible that these molecules block forskolin-induced cyst swelling
by limiting proliferation or other growth-limiting effects that are potentially undesirable
from a treatment perspective. Indeed, phenotypic analysis showed that especially CDK
(e.g. CDK 1, -2, -5 and -9 inhibitor dinaciclib) and DNA-PK (e.g. DNA-PK and PI3K inhi-
bitor PIK-75) inhibitors induced a novel phenotypic change, characterized by cyst sizes
smaller than unstimulated control cysts and loss of cyst integrity, that could indicate a
toxic effect, rather than only affecting the size of the cysts. Due to the function of CDKs
in regulating the cell cycle and the function of DNA-PKin DNA-damage repair,3* the iden-
tification of these growth-inhibitory effects is unsurprising. Hence, these molecules are
probably not desirable for prolonged therapeutic use in asymptomatic patients.

Consistent with previous reports, we identified several inhibitors for IGF-1R with
potent inhibitory effects on cyst swelling. Some of these are also reported to have
activity against the insulin receptor at the concentrations that we used, such as lin-
sitinib, which inhibits IGF-1R with an IC50 of 35nM34 and the insulin receptor (IR) at 75nM.
Additional studies, for example using function-blocking antibodies, are required to
determine whether combined action on IGR-1R and IR are responsible for the observed
effect, rather than sole inhibition of IGF-1R.

The c-Met inhibitor ArQ-197 also showed potent inhibitory activity in our assay, al-
though other c-Met inhibitors, such as PHA-665752 and SGX-523 were inactive in the
assay. This suggests that ArQ-197 may induce growth inhibitory effects independently
of its effects on the c-Met receptor tyrosine kinase, which is consistent with our previ-
ous observations.” Our observation that cyst growth was reduced by IKK-a/f inhibitors
suggests an involvement of the NFkB pathway, as previously described.?> Additional-
ly, our results hint at the involvement of spleen tyrosine kinase (Syk), which, to our
knowledge, has not previously been linked to PKD. Syk may represent an interesting
target for various renal diseases.>® However, R788 (fostamatinib) and its active meta-
bolite R406 may also inhibit fms-like tyrosine kinase 3 (Flt3) at the tested concentra-
tions, so their inhibitory activity may not be solely due to inhibition of Syk (supplemen-
tal table 4, also quizartinib, an inhibitor of Flt3 displays inhibitory activity as shown in
figure 4A). Interestingly, EGFR (epidermal growth factor receptor, ErbB-1) has previously
been described for its involvement in cyst growth3, however, inhibitors for EGFR were
not identified as hits in our screen. This may be due to the absence of added EGFR-
ligands in the 3D cyst cultures. Interestingly, our screen did identify several HER2
(ErbB-2) inhibitors that reduced cyst swelling. HER2 was identified as a potential target
in PKD over 10 years ago, but has received little attention since.3®
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Many mTOR inhibitors were selected as hits but, to our surprise, PI3K inhibitors were
not, even though this has been described as a pathway involved in cyst growth.z24
We therefore tested a larger panel of inhibitors for both protein targets and found that
indeed, while mTOR inhibitors showed potent efficacy, PI3K inhibitors generally lacked
inhibitory activity. We also showed a lack of synergy between PI3Kand mTOR inhibitors
buparlisib and torin 1, indicating that PI3K does not play a role in cyst growth in this in
vitro assay for cyst growth. However, our results do not exclude a role for PI3K in PKD
patients, where cyst growth is driven by mutations in the PKD1 or PKD2 gene. For in-
stance, PI3K could play a role in different phases of the disease. Furthermore, PI3K may
play a more important role in the PKHD1-mediated recessive form of PKD.??

In conclusion, we have developed a high throughput-compatible 3D cell culture-
based screening platform to identify molecules that affect cystogenesis. We have used
this platform to identify molecular targets involved in cyst swelling and have identified
several known- and novel pathways to be involved in cyst growth in our model. Addi-
tionally, we used multiparametric analysis to discriminate compounds that effectively
inhibited cyst growth from compounds that inhibited through potentially toxic effects.
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SUPPLEMENTAL MATERIALS

SUPPLEMENTAL TABLE 1 RFNs for Pkd1 exon 15

Sequence Name Target site 1 Target site 2

RFNmPKDlex15g | AGCAGGATTTCAAAGTGGAC CTTACTTTCCGACTTCAGGT

SUPPLEMENTAL TABLE 2 Primers flanking RFN target sites

Primer name Primer sequence
PKD1ex15F2 CACAGTAGAGGAACCCATTGTGA
PKD1ex15R2 CACACCACCCAGTTCATTAAAGG

SUPPLEMENTAL TABLE 3 Phenotypic features incorporated in the PCA

Feature Image Ch l
area (Rhodamine) Cytoskeleton
average_length_of _branches (Rhodamine) Cytoskeleton
avg_wall_to_outline_center_dist (Rhodamine) Cytoskeleton
equivdiameter (Rhodamine) Cytoskeleton
feret (Rhodamine) Cytoskeleton
major_Axis (Rhodamine) Cytoskeleton
maximum_length_of branches (Rhodamine) Cytoskeleton
minFeret (Rhodamine) Cytoskeleton
minor_Axis (Rhodamine) Cytoskeleton
nNumber_of connection_points (Rhodamine) Cytoskeleton
ber_of_branches (Rhodamine) Cytoskeleton
number_of_end_points (Rhodamine) Cytoskeleton
perimeter (Rhodamine) Cytoskeleton
ratio_Area_BoundingBox_Area (Rhodamine) Cytoskeleton
wall_count (Rhodamine) Cytoskeleton
zernike_order_0_0 (Rhodamine) Cytoskeleton
zernike_order_1_1 (Rhodamine) Cytoskeleton
zernike_order_2_0 (Rhodamine) Cytoskeleton
zernike_order_2_2 (Rhodamine) Cytoskeleton
zernike_order_3_3 (Rhodamine) Cytoskeleton
zernike_order_4_2 (Rhodamine) Cytoskeleton
zernike_order_5_1 (Rhodamine) Cytoskeleton
zernike_order_5_3 (Rhodamine) Cytoskeleton
zernike_order_5_5 (Rhodamine) Cytoskeleton
zernike_order_6_0 (Rhodamine) Cytoskeleton
zernike_order_6_2 (Rhodamine) Cytoskeleton
zernike_order_6_4 (Rhodamine) Cytoskeleton
zernike_order_6_6 (Rhodamine) Cytoskeleton
zernike_order_7_1 (Rhodamine) Cytoskeleton
zernike_order_7_7 (Rhodamine) Cytoskeleton
zernike_order_8 0 (Rhodamine) Cytoskeleton
zernike_order_8_2 (Rhodamine) Cytoskeleton
zernike_order_8_4 (Rhodamine) Cytoskeleton
zernike_order_8_6 (Rhodamine) Cytoskeleton
zernike_order_8_8 (Rhodamine) Cytoskeleton
zernike_order_9_1 (Rhodamine) Cytoskeleton
zernike_order_9 7 (Rhodamine) Cytoskeleton
zernike_order_9_9 (Rhodamine) Cytoskeleton
avg_child_to_par_center_dist (Hoechst) Nucleus
axis_Ratio_Minor_Major (Hoechst) Nucleus
child_count (Hoechst) Nucleus
eccentricity (Hoechst) Nucleus
hu_order_1 (Hoechst) Nucleus
roundness (Hoechst) Nucleus
zernike_order_2_2 (Hoechst) Nucleus
zernike_order_9_3 (Hoechst) Nucleus
zernike_order_9_5 (Hoechst) Nucleus
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SUPPLEMENTAL TABLE 4 Validation screen molecule information

MOLECULES TARGET BRIEF DESCRIPTION
INFORMATION (INFORMATION DERIVED FROM WWW.SELLECKCHEM.COM)

AG-1024 IGFIR, IR Inhibitor of IGF1R/IR autophosphorylation with 7uM and 57uM, respectively.

ARQ 197 (TIVANTINIB) c-Met non-ATP competitive c-Met inhibitor with Ki 0.355uM

ARRY-380 HER?2, EGFR Inhibitor of HER2 (IC50 8nM) and EGFR (IC50 4u:M)

AT7867 AKT, P70 S6 kinase 1C50 in cell free assays: Akt2 (17nM), PKA (20nM) Aktl (32nM), Akt3 (47nM), p70
S6K (85nM), RSK1 (>100nM)

AZD7762 CHK1, CHK2 IC50 in cell free assays: Chk1 (5nM), Chk2 (<10nM). Less potent against CAM, Yes,
Fyn, Lyn, Hck and Lck.

BI 2536 PLK1 IC50 in cell free assays: PLK1 (0.83nM), PLK2 (3.5nM), PLK3 (9nM). Molecule also
targets PI3K and Met >2uM.

BI6727 (VOLASERTIB) PLK1 1C50 in cell free assays: PLK1 (0.87nM)

BUPARLISIB (NVP- PI3K (p110a/B/5/y) IC50 in cell free assays: pl110a (52nM) pl10B (166nM) p1103 (116nM) pl110y

BKM120) (262nM)

CCT137690 Aurora A, Aurora B, Aurora C IC50: Aurora A (15nM), Aurora C (19nM), Aurora B (25nM)

CHIR-124 CHK1 IC50 in cell free assays: Chkl (0.3nM), FLT3 (5.8nM), PDGFR (6.6nM), GSK-3
(23.3nM), Fyn (98.8nM). Also targets PKA, PKCy, LCK, CDK2, VEGFRI, Cdc2,
VEGFR2, PKCB2, PKCa, Chk2 <l1uM.

CRENOLANIB (CP- PDGFR-a, PDGFRp Kd in CHO cells: PDGFRa (2.1nM), PDGFR (3.2nM)

868596)

DINACICLIB CDK2, CDK5, CDK1, CDK9 IC50 in cell free assays: CDK2 (1nM), CDKS5 (InM), CDK1 (3nM), CDK9 (4nM).

(SCH727965) Also blocks thymidine DNA incorporation.

EVEROLIMUS mTOR IC50 in cell free assays: mTOR (FKBP12) (1.6-2.4nM)

(RAD001)

GSK1904529A IGFIR, IR IC50 in cell free as: IR (25nM), IGFIR (27nM), B-Raf (>2uM) and others at
higher concentrations.

GSK461364 PLK1 Ki in cell free assay: PLK1 (2.2nM)

HESPERADIN Aurora B 1C50 in cell free assays TDAUK1 (40nM), Aurora B (250nM)

HMN-214 PLK1 Prodrug of HMN-176. Little in vitro data is available but causes cytotoxic effects in
nM-range.

IMD 0354 IKK-B Affects NFKB nuclear translocation >0.5uM.

KX2-391 Src Growth inhibition in cancer cell lines GI 9-60nM.

LDN193189 ALK2, ALK3 Inhibits transcriptional activity of ALK2 (5nM) and ALK3 (30nM) receptors in cell-

LINSITINIB (0SI-906)
LY2603618 (IC-83)
MUBRITINIB (TAK 165)
NU7441 (KU-57788)
NVP-ADW742
ON-01910

0SU-03012

PD 0332991 (PALBOCIC
LIB) HCL

PD173074

PIK-75

PIK-90

QUIZARTINIB (AC220)
R406

R406(FREE BASE)

R788 (FOSTAMATINIB)
RY35788
(FOSTAMATINIB
DISODIUM, R788
DISODIUM)
THIAZOVIVIN
TORIN-1

TPCA-1

TWS119
TYRPHOSTIN AG 879
(AG 879)
VANDETANIB
(ZACTIMA)

WP1130

WYE-125132
WZ3146

WZ8040
ZSTK474

IGFIR, IR
CHK1

HER2
DNA-PK
IGFIR

PLK1

PDK-1
CDK4, CDK6

FGFR1, VEGFR2
DNA-PK, PI3K (p110 a, B, y and 5)

PI3K (p110 o, B, y and 8)

FLT3
Syk
Syk
Syk
Syk

ROCK
mTOR (mTORC1/2)

IKK-, IKK-a

GSK-3p

HER2

VEGFR, EGFR

Deubiquitinase (USPS5, UCH-LI,
USP9x, USP14, and UCH37) and
Ber/Abl, JAK2, STAT

mTOR

EGFR

EGFR

PI3K (p110 o, B, y and 8)

based assays.

Inhibits IR (75nM) and IGRIR (35nM) in cell-free assays.

Inhibits CHK1 (IC50 7nM) in vitro.

HER? inhibitor with IC50 of 6nM in BT-474 cells.

Inhibits DNA-PK with IC50 14nM, mTOR at 1.7uM and PI3K at 5uM
Inhibits IGFIR with IC50 170nM

Inhibits PLK1 with IC50 9nM in cell-free assays.

IC50 5uM, derivative of celecoxib.

IC50 in cell free assays: CDK4/CyclinD3 (9nM), CDK4/CyclinD1
CDK6/CyclinD2 (15nM)

1C50 in cell free assays: FGFR1 (25nM), VEGFR2 (100-200nM), ¢-Src (19.8uM)
IC50 in cell free assays: DNA-PK (2nM), p110a (5.8nM), pl10p (1.3uM), p110y
(76nM), p1103 (0.51uM)

IC50 in cell free assays: pl10a (11nM), pl110B (350nM), pl10y (18nM), pl1108
(58nM)

1C50 in cell lines: FLT3 (IDT) (1.1nM), FLT3 (WT) (4.2nM). Kd for FLT3 1.6nM.
Inhibits Syk with IC50 41nM in cell free assays. Also inhibits FLT3.

Inhibits Syk with IC50 41nM in cell free assays. Also inhibits FLT3.

Prodrug of R406, Syk inhibitor with IC50 of 41nM

Prodrug of R406, Syk inhibitor with IC50 of 41nM

(11nM),

Inhibits ROCK in low micromolar range.

1C50 of 2nM/10nM for mTORC1/2, respectively. 1000-fold selectivity for mTOR over
PI3K.

In a cell free assay, TPCA-1 inhibits IKK-B with an IC50 of 17.9nM, IC50 against
IKK-a 400nM, and JNK3 3600nM.

IC50 in cell free assays: GSK-3B (30nM)

Inhibits HER2 with an IC50 of 1.0uM

Inhibits VEGFR2 in cell free assays with an IC50 of 40nM. Also inhibits VEGFR3 and
EGFR with IC50 110nM and 500nM.
Degrasyn is a deubiquitinase that also inhibits Ber/Abl at 1.8uM

Potent mTOR inhibitor with an IC50 of 0.19nM. Highly selective over PI3Ks.
Mutant-selective EGFR inhibitor with IC50 2-14nM. <100-fold less potent against WT
EGFR.

Mutant-selective irreversible EGFR inhibitor. <100 fold less potent against WT EGFR
IC50 in cell free assays: p110a (16nM), p110p (44nM), p110y (49nM), p1103 (4.6nM)
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SUPPLEMENTAL TABLE 5 Statistical significance of selected hits

ONE WAY ANOVA WITH DUNNETT'S

MULTIPLE COMPARISON TEST (P<0.05)*

COMPOUND Conc. (uM) Primary Screen Validation Screen Correlates

AG-1024 1 0.9995 0.9915 Yes
ARQ 197 1 0.0004 0.0001 Yes
ARRY-380 1 0.999 0.9991 Yes
AT7867 0.1 0.1666 0.9913 Yes
AZD7762 0.1 0.0004 0.9996 No
BI 2536 0.1 0.0001 0.0001 Yes
BI6727 0.1 0.0458 0.9803 No
CCT137690 0.1 0.0001 0.9986 No
CHIR-124 0.1 0.0001 0.0001 Yes
CRENOLANIB 1 0.0008 0.0686 No
DINACICLIB 0.1 0.0001 0.0001 Yes
EVEROLIMUS 0.1 0.0001 0.0001 Yes
GSK1904529A 1 0.4917 0.0147 No
GSK461364 0.1 0.0058 0.898 No
HESPERADIN 1 0.0001 0.0001 Yes
HMN-214 0.1 0.0001 0.9995 No
IMD 0354 1 0.0001 0.0001 Yes
KX2-391 0.1 0.0057 0.0001 Yes
LDN193189 1 0.0001 0.9991 No
LINSITINIB 1 0.0001 0.0001 Yes
LY2603618 0.1 0.0011 0.9991 No
MUBRITINIB 0.1 0.024 0.0007 Yes
NU7441 0.1 0.0002 0.9835 No
NVP-ADW742 0.1 0.0001 0.9985 No
ON-01910 1 0.0001 0.0001 Yes
OSU-03012 1 0.0001 0.9997 No
PD 0332991 1 0.0001 0.0145 Yes
PD173074 1 0.9995 0.87 Yes
PIK-75 1 0.0001 0.0001 Yes
PIK-90 1 0.1057 0.1812 Yes
QUIZARTINIB 1 0.0186 0.0086 Yes
R406 1 0.0067 0.0125 Yes

R406 (FREE

BASE) 0.1 0.0001 0.3736 No
R788 1 0.0193 0.0001 Yes
R935788 1 0.3575 0.0001 No
THIAZOVIVIN 1 0.603 0.9994 Yes
TPCA-1 1 0.0002 0.8242 No
TWS119 1 0.9808 0.9996 Yes
TYRPHOSTIN
AG 879 1 0.9981 0.007 No
VANDETANIB 1 0.1431 0.3565 Yes
WP1130 1 0.0001 0.0943 Yes

WYE-125132 0.1 0.0001 0.0001 Yes
WZ3146 0.1 0.0001 0.592 No
WZ8040 0.1 0.0001 0.6997 No
ZSTK474 1 0.0001 0.4663 No

*Statistical significance was assessed compared to forskolin-stimulated controls using ordinary one-way
ANOVA with Dunnett’s multiple comparison test. Differences were considere significantly different for

adjusted P<0.05.
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SUPPLEMENTAL FIGURE 1 Pkd1 expression is reduced in mIMCD3 shPkd1 cells. A) gPCR
showing reduced expression of Pkd1 using the 222 method (means + SD of triplicates).
gPCR was performed three times. B and €) Control conditions in both mIMCD3 wt and
mIMCD3 shPkd1 cells. Cyst growth depicted by cyst size z-scored to unstimulated
control (DMSO 0.2%, grey circles) median (dotted black line at y=0). Induction of cyst
growth by forskolin demonstrated by red squares. Individual datapoints and mean +
SD shown.
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A

mIMCD3 clone 5E4

Gtcagagtcacagety

g tggacteagteaaty gttgaagtggccataca
ggTgcctatgogtggectgagtateagaaccagtagecagatageatettttggcagety
getccactctacecttetggoatcagetggetoaacytaccaatgtgact tagtgctggace
zgtgagagt agtacattoctgtocgettetecacagetggoagttt
¢ geagetcaatgcttocaak cagttoggtcteageocatqtacaacctoacag

tagaggaac tgggccagcageasgutggtggcgcctagora
ceagtee ctogetetse Lcttactttccqaﬂ
cotgaagty £

Clone 5E4 primerset 1 (wt: 124bp, ko: 99bp)

F: CCATTGTGAACCTGATGCTG

R: ACAGACCCACCAACCTGAAG

Clone 5E4 primerset 2 (wt: 128bp, ko: no band)
F:

R: CTGCCAGCAGGATTTCAAAG

C

200bp

100bp

mIMCD3 clone 31

cqtatgg gtactgectygtgtggatgtyagegaccocagetgtogt g acct
qtgggecactactgettigigtttytogttteatttgaggacacaceattqgcacyyageatecaggecaataty
acagtggetact toazggtggcteatacoayy tq
ghget cetatgaccotaattiagaggatogtoat: ggcc
tgegtogettcascacagagty gegtgetasactt a9

\Slart of exon 16

Clone 31 primerset 1 (wt: 133bp, ko:123bp)
F: GAGCGTCTGGTACCCATCAT
R: AATGGAAGTTGAGCGGTGTC

Clone 31 primerset 2 (wt: 145bp, ko: no band)
F:
R: GTCCTGCGTGTCTGACCATA

1. mIMCD3 wt A. Clone 5E4 primerset 1
2. mIMCD3 clone S5E4 B. Clone 5E4 primerset 2
3. mIMCD3 clone 31 C. Clone 31 primerset 1
4. -RT D. Clone 31 primerset 2

SUPPLEMENTAL FIGURE 2 Generation of Pkd1 knockout cell lines. A and B) primer
sets for both 5E4 and 31 clones for PCR depicted in C. €) PCR revealing deletion in
Pkd1 gene in clone 5E4 and clone 31. Clone 5E4 was selected due to improved growth

characteristics.
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SUPPLEMENTAL FIGURE 3 Schematic representation of image analysis procedure. A)
Images are captured at soum intervals throughout the z-axis of the gel and objects are
extracted from each image plane and individually quantified. B) Image stacks (cutouts
shown) of approximately 25 images perwell from both cytoskeleton and nucleus image
channels are processed to binary masks for quantification of phenotypic descriptors.
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SUPPLEMENTAL FIGURE 4 Forskolin-treatment increases cyst growth. A) Density
plot of validation screen showing non-normalized cyst size from all six plates in the
validation for unstimulated (0.2% DMSO0) and stimulated (2.5uM forksolin) conditions.
B) Increased cyst growth after forskolin treatment is highly similar over different
plates. €) As in A, but showing the number of cysts per well. D) As in B, number of
cysts perwell is similar among the six plates.
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SUPPLEMENTAL FIGURE 5 Forskolin-induced mIMRFNPKD 5E4 cyst growth is inhibited
by rapamycin, roscovitine and sorafenib in three independent experiments (A,B,C).
Individual wells shown as orange circles. Box plot whiskers represent min to max.

108



A Dinaciclib

% Inhibition of cyst growth

o % &
& g - 2
0.01 0.032 0.1

Concentration (uM)

C Hesperadin
E 50
g .
i
&
: ¢
e T i]
£ ol A !
=
5
# 150
0 0.1 0.32 1
Concentration (uM)
E CHIR-124

% Inhibition of cyst growth

150

0 0.01 0.032 041

Concentration (uM)

G Mubritinib

% Inhibition of cyst growth

150
0 0.01 0.032 041

Concentration (uM)

% Inhibition of cyst growth % Inhibition of cyst growth % Inhibition of cyst growth

% Inhibition of cyst growth

Everolimus
50
l O
...................... SO SO S
150
0 0.01 0.032 0.1
Concentration (pM)
PIK-75
-50
50
00 oo N
o 0.1 0.32 1
Concentration (uM)
Linsitinib
-50
50 b o
P2 o
o 0.1 0.32 1

100

Concentration (uM)

Crenolanib

150

0 0.1 0.32 1
Concentration (pM)

SUPPLEMENTAL FIGURE 6 Concentration- cyst growth inhibition curves of data
presented in main figure 4A. Black circles represent mean values of three wells
(technical replicates) and error bars represent SD to illustrate intra-experimental
variation. In case when error bars are not visible, the SD is smaller than the symbol
height. A) Dinaciclib, B) Everolimus, €) Hesperadin, D) PIK-75, E) CHIR-124, F) Linsitinib,

G) Mubritinib, H) Crenolanib.
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SUPPLEMENTAL FIGURE 7 Roscovitine and sorafenib may affect cyst phenotype by
reducing cell number. This data is derived from the validation screen as depicted
in figure 4 and supplemental figure 4. A) Density plot as in supplemental figure 4
showing that smM metformin and 10nM rapamycin (pink and yellow) slow forskolin-
induced cyst growth compared to stimulated (2.5pM forskolin, blue) condition. B)
Roscovitine (31.6uM, pink) and sorafenib (10pM, yellow) slow forskolin-induced
cyst growth compared to stimulated (2.5uM forskolin, blue) condition. €) Metformin
and rapamycin do not cause a reduction in the number of nuclei (as derived from a
maximum intensity projection of a 3D image stack) relative to unstimulated (0.2%
DMSO vehicle, purple) control. D) Roscovitine (pink) and sorafenib (yellow) lower the
numberof nuclei (as derived from a maximum intensity projection of a 3D image stack)
relative to the unstimulated condition (0.2% DMSO vehicle, purple).
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SUPPLEMENTAL FIGURE 8 Assessment of synergistic effects of mTOR inhibitor torin
1 and PI3K inhibitor buparlisib (NVP-BKM-120) in mIMRFNPKD 5E4 cells. When
combined, these inhibitors do not cause synergistic potentiation of cyst growth
inhibition. A) Experimental measurement of inhibition of forskolin-induced cyst growth
by buparlisib and torin 1 scaled between o (no inhibition) and 1 (max inhibition). Data
presented represent means + SD of four wells (technical replicates). In case when error
bars are not visible, the SD is smaller than the symbol height. B) Predicted inhibitory
activity of combinations of torin 1 and buparlisib, scaled between o (no inhibition) and
1 (max inhibition). This prediction used the formula E=EA+EB-EAEB where EA is the
effect of torin 1 and EB is the effect of buparlisib €) Experimental measurement cyst
growth inhibition by combinations of buparlisib and torin 1. Response scaled between
o (no inhibition) and 1 (max inhibition). Data presented represent means + SD of four
wells (technical replicates). In case when error bars are not visible, the SD is smaller
than the symbol height. D) Combination index Cl was defined by dividing the predicted
response E with the observed response of combinatory therapy EAB. A Cl«1 indicates
synergistic effects, a Ch1 indicates antagonistic effects, in contrast to an expected
additive effect when Cl=1. The observed effect of some conditions (e.g. 0.00316puM
torin 1 and 0.1pM buparlisib) in C was mildly less potent than the effects predicted
in B, causing Cl>1. For other combinations, Cl was 1, indicating only additive effects.
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Abstract

Polycystic kidney disease is a relatively frequent monogenetic disorder characterized
by the formation of renal cysts that progressively disrupt renal function until the point
that patients require dialysis or renal transplantation therapy for survival. Therapeutic
options to slow down disease progression are limited, which is partly due to our limited
knowledge of the mechanisms contributing to cystogenesis. Additionally, lack of relevant
in vitro disease models to study cystogenesis has hampered progression in this area.

Here we used a 3D cyst culture screening platform to assess the efficacy of a library of
kinase inhibitors with described target specificities. Using phenotypic characterisation,
compounds were classified according to phenotypic changes induced by compound in-
tervention, to eliminate potentially cytotoxic compounds. Inhibitor efficacy was related
to known molecular targets. Furthermore, to enrich for compounds that specifically in-
hibited cyst growth, a negative selection was performed in a model for 3D tumour cell
invasion.

22 cyst growth inhibitors were retained that could selectively prevent cyst growth
without affecting tumour cell morphology. The selected hit compounds targeted, among
others, CDK1-9, GSK3, IGF1R/Akt1 and PI3K/Akt1. These results present an opportunity
to further investigate therapeutic intervention directed against these targets.
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Introduction

Cystogenesis is a process where cells develop into cysts, cell-enclosed cavities,
(generally) filled with liquid. While the occurrence of small numbers of individual cysts
may not necessarily cause health problems, development and growth of large numbers
of cysts can have severe consequences and can be the result of underlying genetic
mutations that predispose for cystic disorders. A relatively common cystic disorder is
polycystic kidney disease (PKD). This disorder affects approximately 1:2500 people?
that eventually develop renal failure and require dialysis or a kidney transplant for sur-
vival.? This slow-developing disease, caused by mutations in the PKD1 or PKD2 gene,3 is
notoriously difficult to treat medicinally, due to the plethora of dysregulated cellular
signalling pathways.3* The only currently approved therapy in the EU, tolvaptan, slows
down cystogenesis but is also known to have side effects both related®® and unrela-
tedo" to its mechanism of action.

A traditional problem associated with this type of disease, where tissue architec-
ture plays a critical role in the pathology, is that conventional two-dimensional (2D) in
vitro cell monolayers do not provide an adequate context to study drug efficacy. Hence,
drugs have generally been tested in animal models that were genetically altered to sim-
ulate the pathophysiology.*>* However, while such models have improved relevance
to the human disease, they cannot be used to assess the efficacy of large quantities of
compounds. To bridge this gap between traditional in vitro and in vivo disease models,
more advanced in vitro cell culture techniques, in which cells are cultured as three-
dimensional (3D) micro-tissues, have been developed in recent years.s*® Unfortunate-
ly, despite clear benefits of these 3D cell culture models,™ 2° these are still not used
routinely for large-scale drug testing.?* Another area where these more advanced in
vitro cell culture models may be essential is the prediction of toxicity of new drugs.2?
Unexpected toxicity is a major problem in drug development resulting in a high level of
pre-clinical and clinical failure.?>? Especially for chronic disorders such as PKD, where
patients require life-long treatment, it is critical that new drugs have a very favourable
safety profile. Screening drugs in more advanced and physiologically relevant biolo-
gical models will reduce pre-clinical failures and may help introduce safer drugs to the
market.?®

To find potential new safe therapeutics for PKD and to unravel mechanisms of cyst
growth, we screened a library of 428 kinase inhibitors with well-defined target spe-
cificity in an in vitro assay for cyst development. We subsequently selected drugs
that showed a desirable efficacy and safety profile in this in vitro model, and coun-
ter-screened these compounds using a 3D tumour cell invasion assay in order to select
compounds that specifically inhibited cyst growth. Additionally, we investigated the
target specificities of the selected compounds, identifying cyclin-dependent kinases
(CDKs), glycogen synthase kinase 3 (GSK3)-a/f, insulin-like growth factor 1 receptor
(IGF1R), human epidermal growth factor receptor 2 (HER2), and Akt1 as potential targets
for therapeutic intervention.
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MATERIALS AND METHODS

Cell Lines

For 3D cyst assays and 2D ATPlite viability measurements (discussed below), mouse
inner medullary collecting duct (mIMCD3 ATCC® CRL-2123™) cells harbouring a de-
letion of the Pkd1 gene were generated using the dimeric CRISPR RNA-guided Fokl
nucleases (RFN) method? as previously described.?® These cells are referred to as
mIMRFNPKD 5E4 throughout this article. This cell line was maintained in 175cm? cul-
ture flasks at 37°C +5% CO2 in DMEM/F12 Ham’s culture medium (D8062, Sigma-
Aldrich, Zwijndrecht, Netherlands), supplemented with 10% fetal bovine serum (FBS,
Gibco™, ThermoFisher Scientific, Landsmeer, Netherlands), glutamax and penicillin/
streptomycin. Before cells reached maximum density, the monolayer was washed with
1x PBS (Sigma-Aldrich, Zwijndrecht, Netherlands) and subsequently trypsinized with 1x
Trypsin (Gibco™, ThermoFisher Scientific, Landsmeer, Netherlands). Cells were col-
lected in culture medium and pelleted by centrifugation. Cell pellets were resuspend-
ed in FBS containing 10% dimethyl sulfoxide (DMSO, Biosolve B.V., Valkenswaard,
Netherlands) for cryopreservation at -150°C.

For tumour cell invasion assays, we used the 4T1 murine breast cancer cell line
(ATCC® CRL-2539™). 4T1 cells were maintained in RPMI-1640 culture medium sup-
plemented with 10% FBS and 2s5ug/mL penicillin and streptomycin (Invitrogen™,
ThermoFisher Scientific) according to standard procedure. Cells were cryopreserved at
-150°C similarly to mIMRFNPKD 5E4 cells in cryopreservation medium (above).

3D cyst culture assay

The 3D cyst assay was performed as previously described.?® Briefly, frozen mIMRFN-
PKD 5E4 cells were quick-thawed and cultured in 175cm? flasks 72 hours prior to star-
ting the cyst assay. Growth medium was exchanged after 24 hours and after 72 hours
the monolayer was trypsinized according to the procedure described above and the
cells were mixed in cold Cyst-Gel (OcellO B.V., Leiden, Netherlands) and plated in 384
well plates, 14.5ul/well, (Greiner uClear, Greiner Bio-One B.V., Alphen aan den Rijn,
Netherlands) using a CyBi Selma 96/60 robotic liquid handler (Analyik Jena AG, Jena,
Germany). After gel polymerization at 37°C for 30 minutes, 33.5L culture medium was
added to each well and small cysts were allowed to develop for a period of 96 hours
at 37°C (5% CO,), after which cells were co-exposed with forskolin (Coleus Forskohlii,
Calbiochem, Millipore BV, Amsterdam, Netherlands, an activator of adenylyl cyclases
to enhance intracellular 3’,5’-cyclic adenosine monophosphate (cAMP) levels, which
is a known mediator of cyst growth), and test compounds using a CyBi Selma 96/60
liquid handler. After 72 hours of compound exposures, plates were fixed and stained
using a solution of 3% formaldehyde (Sigma-Aldrich, Zwijndrecht, Netherlands), 0.2%
Triton X-100 (Sigma-Aldrich, Zwijndrecht, Netherlands), 0.25uM rhodamine-phalloidin
(Sigma-Aldrich, Zwijndrecht, Netherlands) and 0.1% Hoechst 33258 (Sigma-Aldrich,
Zwijndrecht, Netherlands) in 1x PBS for at least 12 hours at 4°C. Subsequently, plates
were washed in 1x PBS for 12-24 hours, before sealing with a Greiner SilverSeal (Greiner
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Bio-One B.V., Alphen aan den Rijn, Netherlands). The plates were stored at 4°C prior to
imaging.

3D 471 cell invasion assay

Frozen 4T1 cells were quick-thawed to 37°C and subsequently mixed with a hydrogel
mix consisting of Matrigel (BD Biosciences, Breda, Netherlands) and collagen-l (BD
Biosciences, Breda, Netherlands) and 14.5uL was transferred to each well of a 384 well
plate (Greiner uClear, Greiner Bio-One B.V., Alphen aan den Rijn, Netherlands), using
the CyBi Selma 96/60 robotic liquid handler (Analyik Jena AG, Jena, Germany), as pre-
viously described.? After gel polymerization at 37°C for 30 minutes, 39.5uL RPMI-1640
culture medium (as described above for 4T1 cell maintenance) was added to all wells.
Compound exposures were performed immediately using the CyBi Selma 96/60 robotic
liquid handler (Analyik Jena AG, Jena, Germany). Cells were subsequently cultured at
37°C (5% CO.) or 48 hours, prior to fixing and staining as described above for the 3D
cyst culture assay.

ATPlite assay

Measurement of cell viability was performed using PerkinElmer’s 1-step ATPlite kit
(PerkinElmer Nederland B.V., Groningen, Netherlands) according to manufacturer’s in-
structions in 384 well plates. Briefly, mIMRFNPKD 5E4 cells were seeded in 384 well
plates 48 hours prior to compound treatments at a final cell density of 1000c/well. After
compound exposure, the total volume in each well was kept at 25pL. After 48 hours,
25ul ATPlite reagent was added to all wells and the plates were shaken at 7oorpm
using an orbital plate shaker. Luminescence readout was performed using a FLUOstar
OPTIMA microplate reader (BMG Labtech, Isogen Life Science, De Meern, Netherlands).
Luminescence readout was scaled between controls without cells (0%) and solvent
condition (100%) using NPI-normalization in KNIME Analytics Platform (KNIME 3.1.2,
Konstanz, Germany, http://www.knime.org/ for Microsoft Windows 7).

Compounds

The kinase inhibitor library (Chemical Validation Library, CVL), with compounds pre-
dissolved in DMSO, was developed by Vichem Chemie Research Ltd. (Budapest,
Hungary).3°3' Rapamycin, roscovitine, entinostat, dasatinib and sorafenib tosylate were
obtained from SelleckChem (Munich, Germany). IBMX (3-isobutyl-1-methylxanthine)
was obtained from Cayman Chemical (Sanbio B.V. Uden, Netherlands). 8-Br-cAMP was
obtained from Santa Cruz Biotechnology Inc. (Heidelberg, Germany) and Prostaglandin
E1 was obtained from Sigma-Aldrich (Zwijndrecht, Netherlands).

Fluorescence Microscopy

3D micro-tissues were stained with Hoechst 33258 and rhodamine-phalloidin as
described above and subsequently imaged using a BD Pathway 855 (BD Biosciences,
Breda, Netherlands) automated inverted wide-field microscope using a 4x Olympus
objective and accompanying BD Attovision software (BD Biosciences, Breda,
Netherlands), or an ImageXpress Micro XLS wide field high-content analysis system
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(Molecular Devices, Sunnyvale, CA, USA), equipped with a 4x objective. Images were
captured in the z-plane at intervals of soum. The gel was imaged through its entire depth
(z-axis), requiring around 25 images per well per fluorescence channel.

Image analysis and Image Processing

For mIMRFNPKD 5E4 cyst cultures, image stacks were analysed and phenotypes were
quantified using Ominer software (OcellO B.V., Leiden, Netherlands) integrated in KNIME
Analytics Platform (KNIME 3.1.2, Konstanz, Germany, http://www.knime.org/ for Microsoft
Windows 7). This software was used to extract 450 phenotypic measurements of cystic
structures as described previously.?® The phenotypic measurements were subsequently
Z-score normalized (to unstimulated control) or NPI-normalized using KNIME software (be-
tween unstimulated control, 100%, and forskolin-stimulated controls, 0%) for presentation
purposes. Principal component analysis (PCA) was trained on stimulated and unstimulated
control groups, and phenotypic features with Z’>0.5 between these groups were retained
for PCA training. The trained PCA was subsequently applied over the test data, retaining 3
principal components that preserved 98% of the information. Afterwards, these principal
components were used to train clusters based on the K Nearest Neighbour algorithm (k-NN)
(3 neighbours to consider) on unstimulated, forskolin-stimulated and staurosporin-treated
control groups. The trained classifier was subsequently applied over the test data to classify
phenotypic similarities between test compounds and control conditions.

For 4T1 cell tumouroids, Ominer software was used to generate maximum-intensity
projections of both Hoechst-33258 and Rhodamine-Phalloidin-derived signals. Pheno-
typic changes were subsequently quantified using Ominer software as described
previously>?. The phenotypic measurements were subsequently stored as spread-
sheets. Using KNIME Analytics Platform version 3.3.1 for Mac OS X El Capitan, all phenotypic
measurements were subsequently Z-score normalized to solvent control (0.1% DMSO).
PCA was trained on control conditions (untreated, solvent control, dasatinib, entinostat,
excluding several texture- and image moment-related phenotypic parameters: Gabor
Wavelets, Zernike Moments and Hu Moments). From the resulting PCA model, 3 principal
components (retaining 74% variation) were retained and used for phenotypic classification
using k-NN classification integrated in KNIME. The classification algorithm was trained
on control conditions (untreated, solvent control, dasatinib, entinostat, sorafenib) using
standard settings (3 neighbours to consider) and subsequently applied to classify the test
compounds.

Percent-inhibition of cyst growth or viability and classification results are present-
ed using heatmap plots where class or magnitude of inhibition is presented as a
colour scale. These plots were generated for presentation purposes of large datasets,
using the ggplot2 (http://ggplot2.org) package for Rstudio v1.0.136 for Mac OS X El
Capitan (https://www.rstudio.com/products/rstudio) with R version 3.3.2 for Mac OS X El
Capitan (https://www.r-project.org/). PCA plots were also made using the ggplot2 pack-
age. All other plots were generated using Graphpad Prism 7 (Graphpad Software, La Jolla,
California, USA).
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RESULTS

Cyst growth can be stimulated by cAMP-enhancing agents and blocked by known
cyst growth inhibitors

To identify selective inhibitors of cystogenesis, we followed the workflow presented in
supplemental figure 1. First, we further characterized a previously developed model for
PKD, to determine whether cyst swelling could be induced by known enhancers and
whether this could be inhibited by known inhibitors of cyst growth. We investigated
whether cyst growth could be increased by exposure of cysts to forskolin at different
concentrations in the absence or presence of an inhibitor of cAMP breakdown, IBMX
(3-isobutyl-1-methylxanthine) (figure 1A, left panel). Cyst growth was enhanced relative
to solvent control (represented by a dotted line), and was not altered due to the in-
fluence of IBMX. Similarly, a membrane-permeable cAMP analogue, 8-Br-cAMP, could
enhance cyst swelling on its own, but was much more potent when used in combina-
tion with 10o0uM IBMX (figure 1A, middle panel). Prostaglandin E1 can indirectly acti-
vate adenylyl cyclases through the prostaglandin receptor, and this also enhanced cyst
growth alone and more strongly in combination with IBMX (figure 1A, right panel). For
all endpoint conditions, representative images are presented in figure 1B. Cyst swelling
induced by forskolin could, in contrast, be inhibited by the actions of compounds that
are known to affect pathways involved in cyst growth, such as rapamycin (inhibitor of
mammalian target of rapamycin, mTOR?338), roscovitine (inhibitor of cyclin-dependent
kinases; CDK1, CDK2, CDKs, CDK7 and CDKg394?) or sorafenib (sorafenib tosylate, vas-
cular endothelial growth factor receptor (VEGFR)/Raf4345) (figure 1C and D).

High-throughput screening of kinase inhibitors identifies inhibitors of
forskolin-induced cyst growth

To identify new cyst growth inhibitors and associated molecular targets, we tested a
kinase inhibitor library containing 428 kinase inhibitors with varying target specifici-
ty for effects on cyst growth. A heat map presenting the known target specificity is in-
cluded as supplemental figure 2. All compounds were screened at a concentration of
1uM, in triplicate wells, in the presence of 2.5uM forskolin and subsequently ranked
according to their inhibitory potential of cyst growth, as measured by cyst area (figure
2A, 100% inhibition corresponds with unstimulated control and 0% inhibition corre-
sponds with 2.5uM forskolin without test compound). Hit compounds were selected
that showed 250% inhibition of cyst growth for the median of triplicate wells, as visual-
ized in figure 2A by the green shade. The selected 99 compounds were re-screened at
1uM, 100nM and 10nM in triplicate and cyst growth was scaled between 100% inhibi-
tion (unstimulated controls) and 0% inhibition (2.5uM forskolin only). DMSO (solvent)
was kept at a constant 0.2% throughout all dilutions. The median inhibitory potency of
triplicate wells of all compounds is shown in figure 2C as a heatmap, where the colour
scale from yellow (no inhibition) to red (strong inhibition of cyst growth) represents the
inhibitory potential. Subsequently, 9 of the 99 hits in this secondary screen were reject-
ed as false positives as they failed to inhibit cyst growth by >50% at 1uM (the cut-off in
the primary screen, figure 2C, excluded compounds from B shown in red).
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FIGURE 1 Cystogenesis in a 3D-culture assay can be enhanced by cAMP-stimulating
agents and inhibited by known inhibitors of cyst growth. A) Cystogenesis as measured
by cyst size (area) is enhanced as a result of stimulation with forskolin, 8-Br-cAMP
or prostaglandin E1 compared to DMSO control, either in the absence of or in the
presence of 100pM IBMX (3-isobutyl-1-methylxanthine). Data points represent mean
+ SD of quadruplicate wells. B) Representative images taken with the BD Pathway
855 imager, Filamentous actin (rhodamine-phalloidin) shown. Top panel represents
condition without IBMX and bottom panel represents condition with 10opM IBMX. C)
Known inhibitors of cyst growth prevent forskolin-induced cyst growth in mIMRFNPKD
5E4 cells. Bars represent means + SD of 24 replicate wells. D) Representative images
taken with the BD Pathway 855 imager from C). Images in B and D are 700x550px cut-
out with enhanced contrast and brightness shown for presentation purposes.
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Multiparametric phenotypic analysis of cysts can discriminate between effective,
ineffective and potentially toxic effects

Itis not possible to exclude potentially toxic compounds by solely using a measurement
of cyst size. Since phenotypic analysis can visualise diverse phenotypic changes as a
result of compound treatment, including those that may be associated with toxicity, a
principal components analysis was trained using known control compounds and ap-
plied over the validation screen data. Showing the first two principal components, the
different control groups can be discriminated clearly (figure 3A). Interestingly, but quite
unsurprisingly, 250nM staurosporin (which was included as a positive control for tox-
icity) induced a phenotypic change different from all other tested control compounds.
We subsequently used this information with the K-nearest neighbour algorithm to clas-
sify compound effects according to phenotypic similarity with positive- and negative
control conditions. We defined three classes: (i) forskolin-stimulated-like compounds,
where the phenotype is similar to the condition without compound added; (ii) similar
to positive control compounds, where the phenotype is similar to unstimulated con-
trols or rapamycin/roscovitine/sorafenib-treated cysts and where we expect effective
and non-toxic compounds; and, (iii) staurosporin-like phenotypes, where we expected
most potentially cytotoxic compounds (figure 3B). As all compounds were tested in trip-
licate, a compound was assigned to a certain class when at least 2/3 replicates were
present in that class; this information was subsequently used to generate figure 3C,
where the colours represent phenotypic classification. Of interest, compound VCC41
was revealed to be staurosporin, which was included as an internal control compound
in the compound library. This internal control was not used to train the classification
algorithm, but still classified as ‘staurosporin-like’ at all tested concentrations, illus-
trating the robustness of this classification.

In order to reveal potential effects on cell viability, the compounds were tested in pa-
rallel in 2D-cultured mIMRFNPKD 5E4 cells, and viability was assessed using standard
ATPlite assay. This showed that compounds classified as inducing a staurosporin-like
phenotypic change also often inhibit viability of 2D cultured cells (figure 3D and sup-
plemental figure 3).

Compounds inducing similar phenotypic changes as staurosporin were considered
toxic and excluded from further analysis. Since all compounds may induce toxicity at
high doses, compounds that inhibited cyst growth at least two lower concentrations
without classifying as ‘staurosporin-like’ were not excluded from further analysis. A
few compounds that had previously shown only mild activity at inhibiting cyst growth
(«60% inhibition, figure 2B) and also classified as ‘similar to forskolin-treated’ at all
tested concentrations in figure 3C (e.g. VCC16, -84), were excluded due to a lack of po-
tency, resulting in 49 compounds remaining (figure 4A-C). While these compounds did
not affect phenotypic changes characteristic of cytotoxicity in 3D, cell viability of 2D-
cultured mIMRFNPKD 5E4 cells was influenced as measured by ATPlite assay (figure 4B).
Because many of the molecules in this kinase library targeted multiple kinases (figure
4C), it is challenging to link 2D cell viability to molecular targets — although some
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FIGURE 2 Screening a kinase inhibitor library identified inhibitors of cystogenesis. A)
428 compounds screened at 1M concentration in triplicate in the presence of 2.5uM
forskolin, alongside control compounds. Unstimulated control condition (0.2% DMSO,
n=398) represents 100% cyst growth inhibition and is visualised by a white circle at
100% inhibition. Stimulated controls (2.5uM forskolin, n=500) represent 0% inhibition
of cyst growth and are visualised by a green circle at 0% inhibition. Positive control
compounds that are known to inhibit cyst growth are presented by enlarged circles
in purple (roscovitine, n=24), blue (sorafenib, n=24) and red (rapamycin, n=24). All
other data points represent median percent inhibition of triplicate wells + MAD. Green
shaded area contains selected hits (triplicate median 250% inhibition).

(legend continues on next page)

122



B) 99 selected cyst growth inhibitors rescreened at 1uM, 10onM and 1onM in triplicate.
Median cyst growth inhibitory activity of triplicate wells is presented as a heatmap
with colour scale from light yellow (no inhibition) to bright red (strong inhibition).
Percent inhibition of cyst growth is included as numeric value in the heatmap plot. C)
Comparison of compound activity between primary screen and validation screen at
1M concentration. 9 compounds failed to show sufficient activity (250% inhibition)
and were therefore excluded from further analysis. Data points represent median
values of primary- and validation screen. Horizontal error bars represent MAD from
primary screen and vertical error bars represent MAD from validation screen. Included
compounds shown as green circles; compounds excluded shown as red circles.

molecules (e.g. VCC50) that cause a reduction of cell viability also target a wider range
of different kinases. Since the 3D cyst assay did not indicate potential cytotoxic effects
of these molecules, we reasoned that these effects may be specific to 2D-cultured cells
and therefore decided to use a different 3D assay for the prioritization of compounds.

Counter-screening with 3D-cultured 4T1 breast cancer cells to select selective
inhibitors of cystogenesis

To discriminate compounds that have an effect on cyst swelling from more gene-
ral processes that may affect cyst size, such as proliferation and cell adhesion, we
also screened the same kinase inhibitor library on a 3D cancer cell invasion model.?
Compounds that inhibited cyst swelling but did not induce changes in the morphology
of 4T1 breast cancer cells cultured in 3D (which do not form cystic structures), were
classified as inhibitors of cyst growth independent of more general cellular processes.

Figure 5A shows representative images of 3D-cultured 4T1 cells under control condi-
tions. Consistent with previous results,* unstimulated and solvent control conditions
revealed small clumps of 4T1 cells expressing (‘invasive’) branching morphology. In
contrast, dasatinib-treated 4T1 cells failed to invade into the surrounding matrix and
formed round multicellular spheroids. Sorafenib and entinostat similarly prevented
branching morphogenesis, but probably inhibited the growth rate of these spheroidal
clumps as judged by reduced structure size.

Analogous to the multiparametric classification approach followed for mIMRFNP-
KD 5E4-based analysis, we trained a PCA on 4T1 control phenotypes (first two princi-
pal components shown in figure 5B, showing all data points), and subsequently used
the K-nearest neighbour algorithm to classify all data points according to the control
classes. The trained cluster algorithm was subsequently applied over the Vichem com-
pounds as shown in figure 5C (circles represent median of quadruplicate wells). This
showed that a large proportion of the screened compounds affected 4T1 phenotypes.
From these compounds, we further analysed those that were previously identified as
inhibitors of cystogenesis as shown in figure 4A. The classification of these compounds
according to efficacy on 4T1 cells is presented in figure 5D, and the corresponding PCA
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subsequently applied to the full dataset. Phenotypic space separates unstimulated
(purple) and other positive control compounds (rapamycin, roscovitine, sorafenib)
from stimulated (red) controls. Circles represent individual wells. First two principal
components shown B) K nearest neighbour classification using the first three principal
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components discriminates effective (green), ineffective (white), and cytotoxic (black)
compounds. Circles represent individual wells. First two principal components shown
for presentation purposes. €) Heat map showing classification of compounds when
>2/3 replicates belong to that class. Black colour represents cytotoxic compounds,
green represents efficacy and light grey colour represents inactive. D) ATPlite
measurement of 2D-cultured mIMRFNPKD 5E4 cells after compound classification.
Staurosporin-like data points more often inhibit viability.

plot is shown as figure 5E. Several of the inhibitors of cystogenesis that were identified
using mIMRFNPKD 5E4 cells also apparently affected 4T1 cell morphology. Therefore,
in order to select solely compounds that affected cystogenesis but not 4T1 phenotype,
we selected for compounds that could inhibit cystogenesis at concentrations where
4T1 phenotype was unaffected. This stringent selection resulted in 22 compounds that
potently inhibited cyst growth, but did not affect the phenotype of 4T1 cells in 3D. Al-
though many of these compounds did not have targets described with 1C50’s below
micromolar range, six inhibitors targeted various CDKs, whereas others dual-targeted
Akt1/ IGF1R, phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/Akt1 or GSK3-
alpha/beta and CDKs (Table 1).

Prioritization of selected compounds using 2D cell viability measurements

Since the compounds that were selected to solely inhibit cyst growth, but not change
4T1 phenotypes may still inhibit 2D cell viability, we plotted dose curves of cyst growth
and 2D viability for all selected compounds (supplemental figure 4). Thereafter, we
made a selection of compounds for which target information was known and that did
not lower 2D cell viability below 50% of control. Figure 6A shows images of mIMRFNP-
KD 5E4 cysts under control conditions (upper panel) and exposed to test compounds
at three concentrations (lower panel). Since these compounds were selected on the
condition that 4T1 morphology was not influenced, we provide image data of com-
pound-treated and solvent-treated 4T1 cells in figure 6B. Under solvent conditions, 4T1
cell clumps displayed invasive branching morphology, which was not altered after ex-
posure to VCCos3, -18, -23, -55, -73 and -91 at any of the concentrations shown here.
VCCs5 affected 4T1 morphology at concentrations above 10o0nM, which was indeed
consistent with our phenotypic classification shown in figure sE. Similarly, VCC73 inhi-
bited cyst growth without affecting 4T1 morphology at 10nM, but affected both 2D cell
viability and 4T1 morphology at concentrations =100nM.

Discussion and conclusions

To find selective inhibitors of cyst growth and relate compound efficacy to molecular
targets, we screened a kinase inhibitor library using a screening platform that uses
mIMRFNPKD 5E4 cells as a model of cystogenesis.?® Cyst growth could be enhanced
by exposure of these cells to cAMP-enhancing compounds such as forskolin and
prostaglandin E1. In addition, cyst growth could be enhanced by membrane permeable
8-Br-cAMP, indicating that the increase in cyst growth is indeed due to increased levels
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compounds shown in A. plC5o shown as colour scale from yellow (uM 1C50) to red
(snM IC50). Unknown target specificity represented by grey background colour. IC50
values »1uM excluded from this list and presented as grey colour.

of intracellular cAMP, in line with previous findings.4¢ As expected, inhibitors that dis-
rupted pathways important in PKD, such as mammalian target of rapamycin (mTOR)3+
38 (rapamycin), CDKs394* (roscovitine) and vascular endothelial growth factor receptor
(VEGFR)/Raf#45 (sorafenib), also inhibited cyst growth in our model, consistent with our
previous observations.?® After assay characterisation, we screened a kinase inhibitor
library of 428 compounds to identify cyst growth inhibitors and relate activity to mole-
cular targets. From our screen, we selected 99 cyst growth-inhibiting compounds that
were re-screened at three concentrations, confirming the efficacy of 90/99 compounds.
The identification of such a large number of effective cyst growth inhibitors was not
entirely surprising, since many compounds in the library were either multikinase inhibi-
tors and/or inhibitors of various CDKs at the tested concentrations and had overlapping
kinases among their targets.

In order to exclude potentially cytotoxic compounds, we further analysed the phe-
notypic changes that occurred in mIMRFNPKD 5E4 cysts after compound exposure.
Staurosporin is a known inducer of cell death by apoptosis# due to its inhibition of
multiple kinases,“® and was therefore included as a positive control for cytotoxicity in
our screen, since we reasoned that compounds similar to staurosporin are unlikely to
become a drug for PKD. We could therefore classify the phenotypic changes as ‘stau-
rosporin-like’, ‘similar to positive control’ or as ‘similar to forskolin-treated’. Many com-
pounds classifying as ‘staurosporin-like’ also lowered cell viability in 2D culture, sup-
porting this toxic classification. Upon prioritisation of compounds that did not induce
phenotypic changes associated with staurosporin-like toxicity, we noticed that many of
the selected compounds inhibit targets that were previously considered to play a role in
cystogenesis. For example, VCC31 inhibited HER2, which was previously implicated in
PKD“ as well as epidermal growth factor receptor (EGFR)5° at the tested concentrations,
and VCCss inhibited the IGF1R, a target previously identified as potential mediator of
cyst growths52 and Akt1. To our surprise, many multikinase inhibitors such as VCCo6,
-24, -28, -72, or -50 also showed potent efficacy at inhibiting cyst growth, while not
causing detectable cytotoxicity in our 3D cyst assay.

Because we used staurosporin as a model compound for cytotoxicity, our pheno-
typic classification of cytotoxicity is limited to the morphological characteristics we
observed of staurosporin-treated cysts. We cannot exclude the possibility that cellular
toxicity is exerted through multiple different phenotypic changes, and it is therefore
unclear how this classification would perform in the identification of toxic compounds
that have a different mechanism of general toxicity compared to staurosporin (e.g. in-
hibiting survival signalling). This may explain our observation that some compounds
impaired viability of 2D-cultured cells, while no toxicity was observed in 3D-cultured
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purposes. Circles represent median values of quadruplicate wells. D) Heatmap plot
with classification of compounds shown in figure 4A. E) PCA plot as in figure C, but
showing only molecules presented in figure D (molecules that inhibited cyst growth
in our PKD assay). Circles represent median of quadruplicate wells and circle size

corresponds to concentration.

TABLE 1 Hit compounds inhibiting cystogenesis but not affecting tumour cell invasion:

described targets with plC50%6.0

VCCID Target 1 Target 2 Target 3  Target4 Target5 Target 6 Target 7
(pIC50) (pIC50) (pIC50)  (pIC50)  (pIC50) (pIC50) (pIC50)
veeol - - - - - - -
VCCo3 GSK3- GSK3-beta  CDKS5 CDK2 CDK1 PAK4 )
alpha (8.4) 8.4) (7.4) (6.8) (6.44) (6.01)
Veeos - - - - - - -
VCcCi3 - - - - - - -
VCCls CDK4 CDKS5 CDK6 CDK2 CDK1 PDGFR- CDK3
(7.73) (7.59) (7.36) (6.73) (6.63) beta (6.5) (6.44)
Vce20 - - - - - - -
VCC22 PIK3CA PIK3CD  PIK3CB Aktl PIK3CG PI3KC2B )
(8.52) (8.52) (7.48) (7.44) (7.12) 6.17)
CDK4 CDK9
Vees o g e (6.63) - - - -
Vce29 - - - - - - -
Veeso - - - - - - -
VCcC3s3 - - - - - - -
Veess - - - - - - -
Veesi - - - - - - -
IGFIR Aktl
reess (8.3) (7.66) ) ) ) )
VCcee7 - - - - - - -
VCCT3 CDK4 CDK2 FGFR1 CDK1 PknB ) )
8.4) (7.76) (7.29) (7.1) 6.4)
Vce79 - - - - - - -
rees2 - - - - - - -
VCCss CDK5 CDK2 CDK9 CDK4 CDK1 ) )
(7.74) (7.28) (7.28) (7.17) (6.31)
reevo - - - - - - -
CDK4 CDK6 CDK2 CDKS5
reeol (7.96) (7.26) (6.31) (6.21) ) ) )
veeys - - = = . - -
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cysts (e.g. VCCs0) — although this could also be explained by the large differences be-
tween 3D- and 2D cell cultures.’>” Another limitation associated with the classification
of cytotoxicity according to staurosporin-treated cysts, as we performed here, is that
we only assessed cytotoxicity on one cell type. Because tissues in the human body are
constructed of a tightly regulated functional network of many different cell types and
surrounding matrix, it is unclear how our observations relate to the organ toxicity that
often causes drug withdrawal. An interesting approach to mapping these phenotypic
effects of different toxic chemicals across different cell types, would be to compose a
compound library containing compounds with various different mechanisms of cellu-
lar toxicity (such as inhibitors of cell cycle progression, inhibitors of survival signalling
pathways, DNA-damaging agents or chemicals interfering with energy metabolism).
This would enable the classification of the resulting phenotypic changes across multi-
ple cell types (e.g. hepatocytes, cardiomyocytes, endothelial cells, or even co-cultures).
Such an effort could potentially alleviate the requirement of performing viability mea-
surements in 2D-cultured cells in parallel. Additionally, mapping the phenotypic alter-
ations that occur from different cytotoxic compounds could contribute to classification
of (cytotoxic) compounds in compound libraries other than the screened kinase inhibi-
tor library, and help in the pre-selection of better drugs.

To filter out compounds that may affect other processes than cyst swelling, we
therefore performed a counter-screen of the same compound library in a 4T1-cell
based tumour invasion assay. This allowed us to prioritise compounds that affected
mIMRFNPKD 5E4 cyst growth, but not 4T1 growth and invasion. Importantly, activity of
a compound on 4T1 growth and invasion does not necessarily exclude the potential
for it to be useful as a treatment against PKD, as cyst growth is also, at least in part,
the result of increased proliferation and changes in cell polarity.53 As a result of this
stringent prioritization on 4T1 morphology, we selected 22 compounds that interfered
solely with forskolin-induced cyst swelling, but not with 4T1 morphology, although
potential false-negatives in our 4T1 counter screen were not taken into consideration.
Interestingly, this selection caused exclusion of compounds VCCo6, -24, -28, -72 and
-50, that were mentioned above as multikinase inhibitors. It is likely that these com-
pounds affected both cystogenesis and 4T1 morphology due to their ability to affect
multiple kinases and pathways.

Out of the 22 compounds that were classified as selective cyst growth inhibitors,
molecular targets and IC50 values were pre-determined only for 8 compounds (Table
1). An interesting observation is that many of these compounds inhibited various
cyclin-depended kinases (CDKs), such as VCCo3, -18, -23, -73, -86 and VCC91, which
is also corresponds with our previous results.?® These compounds generally inhibit-
ed CDKs involved in transition through the different phases of the cell-division cycle
(CDK1, CDK2, CDK4 and CDK®), or in the case of VCC23 and VCC86, also inhibit CDK9,
which can phosphorylate RNA polymerase I, thereby modulating transcription.s Ad-
ditionally, inhibitory activity towards CDKs (VCCo3, -18, -86 and -91) may be of par-
ticular interest in PKD due to its involvement in regulating ciliary length and cystic
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FIGURE 6 Several compounds inhibit cystogenesis without affecting 4T1 phenotype.
A) Representative images of control conditions (upper panel) and VCCos, VCC18,
VCC23, VCCs5, VCC73 and VCCo1 in three different concentrations (lower panel).
Images were taken using an ImageXpress Micro XLS imager. 600x450px cut-out shown
of cytoskeleton images. Contrast and brightness are enhanced for presentation
purposes. B) Representative images of 4T1 phenotype after exposure to compounds
from A. Images taken with a BD Pathway 855 imager. Cytoskeleton shown and contrast
and brightness increased for presentation purposes.
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disease progression.> Likewise, CDK inhibitors such as roscovitine and CR8 have been
assessed for efficacy in PKD models on several occasions,4># these tests have not cul-
minated in clinical trials due to safety with these anticancer drugs for long-term treat-
ment of PKD.5*% |t is also important to note that while many CDK inhibitors were found
to be active without causing obvious toxicity in this assay, many other CDK inhibitors
were excluded on the basis of toxicity and/or effects on 4T1 cells. Because cell pro-
liferation is an important contributor to cyst growth, inhibition of CDKs for the treatment
of PKD may be attractive if, for example, renal targeting can be achieved, if the dosage
required to prevent cyst swelling is not associated with side effects, or if more selective
CDK inhibitors can be used against CDKs directly implicated in the signalling of poly-
cystin proteins or cystic disease (such as CDK25® or CDK555). In addition to CDKs, some
compounds also targeted fibroblast growth factor receptor 1 (FGFR1, VCC73) or platelet-
derived growth factor receptor-beta (PDGFR-beta, VCC18) which are potentially involved
in deciliation and could therefore have relevance to cyst formation,>¢ although it is
currently uncertain if these receptors are expressed in mIMRFNPKD 5E4 cells. However,
because these two compounds also potently inhibited various CDKs, it is more likely
that the observed effects of these compounds were exerted through CDKs, rather than
through FGFR1 or PDGFR-beta. Similarly, VCCo3, in addition to targeting several CDKs,
is also known to inhibit GSK3a./B. GSK3p has been described to be involved in ciliary
maintenance,® although GSK3-targeted therapy is also likely to affect multiple tissues
and may have side effects in different organs.?

Interestingly, we found one molecule (VCCss) that inhibited both IGF1R and Akti.
The involvement of IGF1R in cystogenesis was previously reported®® and is also in line
with our previous findings.3> However, we also observed potent inhibitory activity in
the micromolar range of one PI3K/Akt inhibitor, VCC22, which contradicts our previous
findings where we screened a panel of PI3K inhibitors and failed to observe a potent
effect.?® Because VCC22 has a high affinity for Akt1 (pICso of 7.44), a potential explana-
tion for its efficacy is that the observed effects of this compound are mediated through
Akt-mTOR, rather than through PI3K. An additional interesting finding was that many
compounds inhibiting targets previously implicated in PKD, such as the vascular en-
dothelial growth factor receptor (VEGFR),% EGFR%° and Aurora A kinase,%¢ were not se-
lected as selective inhibitors of cyst growth, since these inhibitors often also influenced
4T1 cell morphology or lacked efficacy altogether. While currently the compounds that
were identified as selective cyst growth inhibitors in our assays do not reveal new tar-
gets to modulate cyst growth, full characterisation of the compounds with undescribed
target specificity could elucidate the mechanistic effects that reduced cyst growth.

Because the 22 compounds we described were identified using a PKD assay that uses
a murine cell line (MIMRFNPKD 5E4), it is necessary to validate the efficacy of these
molecules in a human PKD model. A possibility for this validation is to use a human
kidney cell line, although ideally this should be performed using primary human cystic
tissue. Such an effort could be used to exclude the possibility that the identified
molecules show preferential inhibition in murine cell lines and account for differences
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in receptor specificity between murine and human cells.

In conclusion, by testing a kinase inhibitor library using phenotypic screening on
3D-cultured cysts we identified inhibitors of cyst growth, that could be classified ac-
cording to their predicted toxic effects. Upon counter-selection in a second 3D cell cul-
ture model using 4T1 tumour cells, selective inhibitors of cyst growth could be identified
based on lack of activity towards 4T1 cells. These compounds are known to target CDKs,
IGF1R and others, and future research should focus on the elucidation of the mecha-
nism of action of those compounds where target specificity is currently unknown, in
order to potentially identify new modulators of cystogenesis.
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(428 molecules, 1uM) (fig 2A)
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Hit selection >50% inhibition of cyst growth
(99 molecules) (fig 2A)

[Validation Screen (1pM, 100nM, 10 nM) (fig 2)]

Hit selection >50% inhibition of cyst growth
(90 molecules) (fig 2B & C)

L 2
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(22/3 replicates belong to class) (fig 3 & 4):

« Compound works at at least one
concentration

« If the compound induces a cytotoxic
phenotype at high concentration, it is
effective at two lower concentrations

L 2

Selection of molecules that are effective and
non-staurosporin-like in mIMRFNPKD 5E4
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L 2

Molecular targets (Table 1)

SUPPLEMENTAL FIGURE 1 Data analysis workflow with references to main figures.
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represented by a yellow to red colour scale.
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< SUPPLEMENTAL FIGURE 4 Dose curves for inhibition of cyst growth and 2D cell
viability for all compounds presented in figure 5G. Data points represent median =
MAD of triplicate wells. In case error bars are not visible, the MAD is smaller than the
point size.
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Abstract

Polycystic kidney disease (PKD) is a prevalent genetic disorder, characterized by
the formation of kidney cysts that progressively lead to kidney failure. The currently
available drug tolvaptan is not well tolerated by all patients and there remains a strong
need for alternative treatments. The signaling rewiring in PKD that drives cyst formation
is highly complex and not fully understood. As a consequence, the effects of drugs are
sometimes difficult to predict. We previously established a high throughput microscopy
phenotypic screening method for quantitative assessment of renal cyst growth. Here
we applied this 3D cyst growth phenotypic assay and screened 2320 small drug-like
molecules, including approved drugs. We identified 81 active molecules that inhibit
cyst growth. Multi-parametric phenotypic profiling of the effects on 3D cultured cysts
discriminated molecules that showed preferred pharmacological effects above genuine
toxicological properties. Celastrol, a triterpenoid from Tripterygium Wilfordii, was iden-
tified as a potent inhibitor of cyst growth in vitro. In an in vivo iKspCre-Pkd1'°*'**mouse
model for PKD, celastrol inhibited the growth of renal cysts and maintained kidney
function.
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Introduction

Autosomal Dominant Polycystic kidney disease (ADPKD) affects approximately 1 in 2500*
people that will develop renal failure as a result of progressive growth of renal cysts that
interfere with normal kidney function. The disease is caused by mutations in the PKD1-
or PKD2 genes that encode polycystin-1 or polycystin-2, respectively.? These proteins
are expressed in several cellular compartments and form multimeric protein complex-
es, that modulate several signaling pathways, which in concert control essential cellular
functions such as proliferation, apoptosis, cell adhesion and differentiation. However,
how mutations in the PKD genes drive the development of renal cysts is still not fully un-
derstood. In addition, we know little about how the signaling pathways involved in dri-
ving renal cyst growth, are interconnected and how they contribute to this process. As
a consequence, it is also poorly understood how certain compounds that are under in-
vestigation for their therapeutic potential, exert their ‘cyst-reducing’ properties and why
certain therapies become less effective at the more progressive stages. Currently only
one drug, tolvaptan (Jinarc), is marketed for the treatment of PKD. This drug has massive
diuresis as a side-effect, which may limit compliance of otherwise asymptomatic pa-
tients.3 Because PKD patients require therapy for many decades, it is critical to improve
the ba-lance between side-effects and preventing cyst growth. A possibility to achieve
this goal is by combination therapy with multiple effective drugs, allowing for dose reduc-
tion, or the identification of more effective drugs with fewer side effects.

Results and discussion

To identify new drug candidates that prevent cyst growth, we developed a 3D cyst cul-
ture-based high-throughput screening platform, which can be used to screen large
libraries of molecules for the identification of cyst-inhibiting compounds.4 This 3D
assay uses phenotypic profiling of cysts as a measure of compound efficacy. Pheno-
typic screening can enable the identification of effective molecules irrespective of their
mechanism of action and without a comprehensive understanding of the pathophysiol-
ogy and can be effective at identifying first-in-class treatments.> Here, we screened the
SPECTRUM library, containing 2320 molecules including kinase inhibitors, natural mol-
ecules and FDA-approved drugs. We cultured epithelial cysts from mIMCD3 cells with
short hairpin-mediated reduced Pkd1 expression (mIMCD3 shPkd1) in 384-well plates
in protein hydrogels. Following exposure to forskolin, to induce cyclic adenosine mo-
nophosphate (CAMP) production by adenylyl cyclase and subsequent cyst swelling, we
co-exposed the cysts to control compounds or test compounds of the SPECTRUM library
at 1uM (supplemental figure 1). After imaging and calculating cyst size using pheno-
typic measurement, we ranked the molecules on their potency to inhibit cyst growth as
presented in figure 1A, top panel. As criterion for hit selection, molecules were selected
that were at least one standard deviation below the stimulated control condition (2.5uM
forskolin). As a result, 81 cyst-inhibiting hits were identified (figure 1A, bottom panel).
All hits were re-screened at six concentrations in triplicate wells using RNA-guided Fok/
nuclease-mediated® Pkdi-knockout cells (mIMCD3 Pkd1”). (Supplemental figure 2A-B),
confirming the activity of 66.6% of the molecules (54 molecules with cyst growth inhi-
bition »50% at 1uM).
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FIGURE 1 Screening a small-molecule library to identify inhibitors of cyst growth.
A) 2320 molecules were ranked according to inhibitory effect on cyst growth on
mIMCD3 shPkd1 cysts (z-score normalized to plate median). Molecules inhibiting
cyst growth relative to forskolin-stimulated control (“Stimulated”) included positive
control molecules, as indicated by colored circles in the enlarged cut-out. For control
molecules, error bars represent standard deviations (SD). For all other molecules,
error bars represent Y2*difference between two replicate wells. B) Many molecules
contained in the library have an antibacterial or antineoplastic mechanism of action.
Since for some natural molecules the mechanism of activity is not elucidated, the
bioactivity is listed as “unknown”. €) The selected 81 cyst growth-inhibiting hits
were markedly enriched in antineoplastic, anti-infective and antihelmintic molecules,
compared to figure B.

To get more insight into the molecules that were active in our screen, we listed the
molecules according to their bioactivities described in the manufacturer’s datasheet.
It is important to note that some molecules do not belong exclusively to one class and
may have dual bioactivities. An evaluation of the 81 hits revealed that the largest group
of selected hits were molecules known to have an antineoplastic mechanism of action
(25.9% of our hits compared to 4.9% of the library) (figure 1B-C).

Since most ADPKD patients will need drug treatment for decades, antineoplastic
drugs are unlikely to become therapeutic candidates. Therefore, we applied linear dis-
criminant analysis (LDA) on measured phenotypic parameters (with correlation <0.85),
to discriminate known toxic molecules from stimulated- and unstimulated controls.
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This strategy allowed us to separate most antineoplastic molecules from molecules
with a different mode of action. (supplemental figure 3A-B). For all molecules we deter-
mined the proximity in feature space to the unstimulated control group as a measure
of desirable efficacy. Supplemental figure 3C presents this distance as a color scale
from yellow to blue. While most anti-infective and anthelmintic retained their favorable
activity (distance <50 at 1uM), most antineoplastic molecules remained distant from the
favorable (and small) control cysts phenotype.

Based on these results, we found that celastrol (figure 2A), a triterpenoid extracted
from Tripterygium Wilfordii,” and pyrvinium pamoate, an anthelmintic drug® and WNT
inhibitor® (supplemental figure 4A), were very potent at inhibiting cyst growth in vitro.
Celastrol appeared to induce phenotypes associated with toxicity only at high con-
centrations (2316nM), and potently inhibited forskolin-induced cyst growth at 100nM
(figure 2B-C). Pyrvinium pamoate showed no indication of toxicity even at high con-
centrations (supplemental figure 4B). Interestingly, we also discovered that seve-
ral closely-related structural analogues of celastrol displayed a similar activity profile
(supplemental figure 5A-B).

To investigate whether the inhibition shown by celastrol was dependent on cAMP in-
duction by forskolin, we assessed whether it could inhibit cyst growth in the absence
of forskolin. While more variation within wells was observed within this long-duration
assay (attributable to the necessity to refresh compounds and culture media), we ob-
served activity of celastrol at 100nM, but not 10nM, compared to solvent control (figure
2D).

To investigate whether the findings in vitro could be translated to a response in vivo,
we tested both celastrol and pyrvinium pamoate in a iKspCre-Pkd1'>“'™ mouse model,
where tamoxifen was used to inactivate the Pkd1 gene at postnatal day (P) 10 and
P11, to induce rapid cyst formation.®** Treatment with pyrvinium pamoate from P13
appeared to be toxic at 1img/kg/day, and lower dosages did not affect PKD progres-
sion in this model (supplemental figure 4C, 4D). We therefore did not further pursue
this compound as a possible candidate for PKD treatment. By contrast, celastrol treat-
ment inhibited PKD progression in two separate experiments. The effects of celastrol
were first measured at 1mg/kg/day (7 mice) from P13-P27, and, even though changes
in bodyweight were observed initially, between P13 and P18, celastrol appeared to be
well tolerated. In a subsequent independent experiment, we observed similar effects of
celastrol at o0.5mg/kg/day (8 mice) but not at 0.2mg/kg/day (8 mice) (supplemental
figure 6A). The reduction in body weight may be related to celastrol’s reported role as a
leptin sensitizer,*> and, while this finding may introduce bias (food restriction is known
to ameliorate cystogenesis in patients), we consider it unlikely that anti-obesity
effects would explain such profound effects in vivo and particularly not efficacy in vitro.
In line with the in vitro findings, celastrol strongly protected kidney function, while
lowering cyst burden (figure 3A-C and supplemental figure 6B-E) and PKD-associated
fibrosis (figure 3D-E) at 0.5 and 1.0mg/kg/day, but not at 0.2mg/kg/day.

149




100)- =
A B 5 _
lo 2 s .
._; |2 100 » @ Toxic molecules
= £ S
£ 50 < 07,
o : \e @ Celastrol
5 o Celastrol ; 5 8@ ° Ra;?é‘mr?c-.n
poa] 2 =0 v ° g.&ra:ggub rin
% w 2 > Celastrol,’ o P
(&) = 7 » ® Stimulated
§- of- g = x ® Unstimulated
= a 3
5 0 o Sk
L= & )
50 = Stimulated Unstimulated

0.01 00316 0.1 0.316 1 ] %0 100

Concentration (uM) Linear Discriminant 1 (% Efficacy)
Stimulated Celastrol

(2.5puM forskolin) 10nM 100nM 316nM

e
=
s
©
£
-
@
E
E
7]
=}
=]
£
o
D Solvent control Celastrol
0.2% DMSO 0.2% DMSO 10nM 100nM
c
b-]
5
m
E—
o
@
&
E
o
°
<]
F=
4

FIGURE 2 Celastrol inhibits cyst growth dose-dependently. A) Celastrol inhibits
mIMCD3 Pkdi-/- cyst growth. At the highest concentrations (316 and 100o0nM) cyst
size is lower than unstimulated control, possibly corresponding to effects shown in
B in linear discriminant 2. These experiments were repeated at least three times. B)
LDA plot showing efficacy (linear discriminant 1) and toxicity (linear discriminant 2) of
celastrol using multiparametric phenotypic measurements on mIMCD3 Pkd1-/- cysts.
At the left (ringed in blue) the forskolin stimulated large cysts. At the right (ringed in
black) the unstimulated small cysts. Larger dot sizes correspond to higher compound
concentrations. Celastrol (red dots) is only toxic at the highest concentration. C)
Representative images of 3D-cultured mIMCD3 Pkdi-/- cysts (cytoskeleton, F-actin)
co-exposed with 2.5uM forskolin and celastrol at different concentrations, or vehicle
control (stimulated, 2.5uM forskolin). sooxsoopx cut-out of images taken with the
ImageXpress Micro XLS imager shown for presentation purposes. D) Long-term
exposure with celastrol shows inhibition of spontaneous cyst growth over 13 days.
1000x1000px cutout of (cytoskeleton, F-actin) images taken with the BD Pathway
855 imager. Brightness and contrast of all images were enhanced for presentation
purposes.
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FIGURE 3 Celastrol inhibits cyst growth in vivo in iKspCre-Pkd1'*'>* mice and prevents
decline of kidney function. The results presented here combined two independent
experiments, where celastrol was first tested at 1mg/kg/day and later at 0.2 and
0.5mg/kg/day because the vehicle controls were highly similar. A) Two-kidney weight
as percentage of bodyweight of vehicle-treated or celastrol-treated mice at postnatal
day 27. Data shown represent means +SD and individual data points for all mice.
Vehicle treated (n=16), celastrol 0.2mg/kg (n=7), 0.5mg/kg (n=8) and 1.omg/kg (n=7).
B) Blood urea nitrogen (BUN/Urea) given in mmol/L for vehicle- or celastrol-treated
mice as a measurement of kidney function plotted against cystic index, indicating in
vivo cyst size (disease severity) measured in P27 kidneys after vehicle or celastrol
treatment. Vehicle treated (n=16), celastrol o.2mg/kg (h=7), o.smg/kg (n=8) and
1.omg/kg (n=7). €) Representative images of renal histology of P27 kidneys showing
renal cysts are reduced after celastrol treatment for 0.5 and 1.omg/kg treatment
groups, compared to vehicle. Additional tissue sections are presented in supplemental
figure 6 to illustrate experimental variation. D) Fibrotic index as measured by intensity
of Sirius Red signal (normalized to vehicle control) for vehicle-treated (n=16), 0.2mg/
kg/day celastrol-treated (n=7), 0.5mg/kg/day celastrol-treated (n=7) and 1.omg/kg/
day celastrol-treated (n=7) mice. E) Representative Sirius Red-stained sections of P27
kidneys of celastrol treated (0.2, 0.5 and 1.0mg/kg/day) compared to vehicle-treated.
Statistical significance was assessed with ordinary one-way ANOVA with Dunnett’s
multiple comparisons test. *p<o.05, **p<0.01, ***p<0.001.
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FIGURE 4 Celastrol does not affect known PKD-associated signaling. A selection of
PKD-associated pathways has been analyzed. A) Representative images of sections
of 3D-cultured mIMCD3 Pkd1-/- cysts, treated with solvent (DMSO), celastrol or
rapamycin and stained for pS6 (mTOR activity), pCREB and pSTAT3 after fixation.
(legend continues on next page)
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B) Tissue sections after staining for pS6, pCREB and pSTAT3 of vehicle-treated and
celastrol-treated mice (1mg/kg/day shown). Images were made in areas were cystic
and non-cystic tissue was present, to minimize bias of differential signaling associated
with cystic versus non-cystic tissue (not related to celastrol treatment).

Celastrol has been investigated for other indications where it has shown promising
responses, such as inflammatory disorders, cancer and obesity.’> 4® However, the
mechanism by which celastrol may affect cyst growth is unclear and we therefore in-
vestigated its effects on known PKD-associated signaling (pCREB, pS6, pSTAT3). Both,
in 3D cyst cultures (figure 4A) and tissue sections (figure 4B), we found no effects of
celastrol treatment on these targets. A variety of studies suggested a large number of
signaling pathways that may be affected by celastrol including HSPgo/Cdc377*® and
NFkB® (for a literature overview see supplemental table 2). We therefore consider it
likely that celastrol affects cystogenesis by a multi-target mechanism. This idea was fur-
ther supported by recent research by Zhou et al, where 66 celastrol-binding proteins
were identified, which function in various different processes, including (redox-) me-
tabolism and the ubiquitin proteasome pathway.?° This multi-target mechanism may
be the result of interactions of celastrol (and other triterpenoids) with thiol groups in
many proteins.2>? Interestingly, similar Michael acceptor properties have been repor-
ted for curcumin,? a molecule that also delays cystogenesis in mice.? Because these
molecules may have different affinity towards different thiol residues, it is possible
that they affect other proteins and pathways as a result of concentration changes.?
Celastrol is also known to have antioxidant activity,?s and may therefore reduce kidney
damage by induction of cytoprotective genes, as reported for curcumin,?® which can in
turn ameliorate cystogenesis.?»

Conclusions

In conclusion, using phenotypic screening, we have identified celastrol as a potent in-
hibitor of cyst growth. We confirmed the efficacy of celastrol in a juvenile PKD model
where it potently protected kidney function and lowered cyst burden. The phenotypic
screening approach allowed for the identification of this molecule without knowing its
mechanism of action, which is likely not specific for one target. Celastrol may prove to
be an interesting treatment option for PKD, provided that it has a desirable safety- and
efficacy profile.

CONCISE METHODS

3D cyst culture procedure

Cyst culture and screening was performed as described previously.4 Briefly, cryo-
preserved mIMCD3 shPkd1 or mIMCD3 Pkd1/- cells were quick-thawed and grown in
culture medium (DMEM/F12 Ham’s, supplemented with FBS and antibiotics) for 72
hours. Cells were trypsinized and mixed with Cyst-Gel (OcellO) and plated in 384 well
plates (Greiner Bio-One). After addition of culture medium, cysts were allowed to form
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during 72 hours (shPkd1) or 96 hours (Pkd1’") and subsequently exposed to forskolin
(Calbiochem) andtestcompoundsfor72 hours. Cystswere thereafterfixed and simultane-
ously stained for F-actin and nuclei for12-24 hours at 4°C. After washing in 1x PBS (Sigma
Aldrich) for 24 hours, plates were imaged using either a BD Pathway 855 microscope (BD
Bioscience) or ImageXpress Micro XLS (Molecular Devices), with a 4x objective.

Image- and data analysis

Image stacks for each well were analyzed and phenotypes were quantified using Ominer
software (OcellO) integrated in KNIME Analytics Platform (http://www.knime.org)
(supplemental figure 1A, C). 450 phenotypic measurements were z-score normalized
to plate median or normalized to percent of control. Linear discriminant analysis
(LDA) was performed using the 83 least correlating phenotypic parameters (Pearson
product-moment correlation coefficient <0.85). LDA was trained on unstimulated
(solvent), stimulated (forskolin-treated) and known cytotoxic molecules (daunorubicin,
doxorubicin, staurosporin, gambogic acid, epirubicin, at 1uM) and the trained model
was applied to all data. The two resulting linear discriminants were scaled and a small
absolute distance (<50) to the unstimulated control group was considered as desirable
efficacy.

Compounds

A molecule library containing 2320 compounds (SPECTRUM 2320) was obtained from
MicroSource Discovery Systems. Compounds were pre-dissolved to 1omM in DMSO
(Biosolve) and final DMSO content was kept constant at a well-tolerated 0.2%v/v for all
in vitro experiments. Celastrol was derived from this library and performed equally well
compared to celastrol obtained from another source (Sigma Aldrich).

Animal procedures

The local animal experimental committee of the Leiden University Medical Center
(LUMC) and the Commission Biotechnology in Animals of the Dutch Ministry of
Agriculture approved all animal experiments performed. Kidney specific, tamoxifen-
inducible Cre-Pkd1lox mice (iKspCre-Pkd1'°+'®) 3° received 15mg/kg Tamoxifen at post-
natal day 10 and 11 to inactivate Pkdz1 to cause rapid cyst formation. Mice received i.p.
injections of celastrol, pyrvinium pamoate or vehicle (5% DMSO + 10% Kolliphor EL in
PBS) between P13 and P27. Mice were euthanized at P27 after blood sample collection
to measure blood urea levels using Reflotron Technology. Kidneys were halved and
snap frozen or embedded in paraffin. Image scans of Periodic acid-Schiff (PAS) stained
kidney sections were analyzed by an investigator blinded to the treatment. The fibrotic
index was calculated as done previously on the basis of Sirius Red staining.™

Statistical analysis

Statistical analyses were performed in Graphpad Prism 7 software using ANOVA with
Dunnett’s multiple comparison’s test unless otherwise stated. Results were considered
statistically significant for p<o.os5.
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Detailed descriptions of the experimental procedures are included as
supplemental methods.
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SUPPLEMENTAL METHODS

Cell lines and maintenance

mIMCD3 shPkd1 cells, with a short-hairpin mediated knockdown of Pkd1, and mIMCD3
Pkd1’, an RNA-guided Fokl nuclease-mediated Pkd1 knockout cell line (mIMRFNPKD
clone 5E4), were generated previously* and maintained in DMEM/F12 (Ham’s) culture
medium (D8062, Sigma Aldrich, Zwijndrecht, Netherlands), supplemented with
10% fetal bovine serum (FBS, obtained from Gibco Fisher Scientific, Landsmeer,
Netherlands), glutamax and penicillin/streptomycin in 175cm? culture flasks (Corning).
Before reaching maximal confluence, the monolayers were washed with 1x PBS (Sigma
Aldrich, Zwijndrecht, Netherlands) and subsequently trypsinized with 1x Trypsin
(Gibco Fisher Scientific, Landsmeer, Netherlands) and subsequently passaged to a
new culture flask. Cell passage numbers were kept below 20 for all experiments. For
cryopreservation, trypsinized cells were pelleted by centrifugation at 1soorpm for 5
minutes and the cell pellet was subsequently mixed with freezing medium consisting of
90% FBS and 10% DMSO (Biosolve B.V., Valkenswaard, Netherlands) at a concentration
of 9*10° cells per mL and subsequently slow-frozen to -150°C.

3D cyst culture procedure

mIMCD3 shPkd1 or mIMCD3 Pkd1’- cells were quick-thawed and cultured in 175¢m? cul-
ture flasks 72 hours prior to initiation of the 3D cultures. 3D cyst cultures were prepared
as described previously.® Briefly, cells were trypsinized and subsequently pelleted by
centrifugation. The cell pellet was mixed with Cyst-Gel (OcellO B.V. Leiden, Netherlands)
at a cell density of 3*10° cells per mL. Using a CyBi Selma 96 automated liquid handler
(Analytik Jena AG, Jena, Germany), cell-gel mix was transferred to Greiner pClear 384
well plates (Greiner Bio-One B.V. Alphen aan den Rijn, Netherlands), 14.5uL per well,
at a final cell density of 2175 cells per well. After 30 minutes of gel polymerization at
37°C, 33.5ul culture medium was added and cells were grown for 72 hours (mIMCD3
shPkd1 cells) or 96 hours (mIMCD3 Pkd1") at 37°C (5% CO) to initiate lumen forma-
tion, prior to compound exposures. Subsequently, cells were co-exposed with 2.5uM
forskolin (Coleus forskohlii, Calbiochem, Millipore B.V., Amsterdam, Netherlands),
to enhance cyst swelling due to the activation of adenylyl cyclase to produce cAMP,
and compounds, using either the CyBi Selma 96 (for smaller scale experiments), or,
to screen compound libraries, a BioMek FXP (Beckman Coulter B.V., Woerden, Nether-
lands) equipped with a 96-tip pipetting head. After 72 hours of compound exposures,
plates were fixed with 4% formaldehyde (Sigma Aldrich, Zwijndrecht, Netherlands), per-
meabilized with Triton X-100 (Sigma Aldrich, Zwijndrecht, Netherlands) and stained
with rhodamine-phalloidin (Sigma Aldrich, Zwijndrecht, Netherlands) and Hoechst
33258 (Sigma Aldrich, Zwijndrecht, Netherlands) for cytoskeleton and nuclei, respec-
tively, for 12 to 24 hours at 4°C. After fixation and staining, plates were washed with
1x PBS for 24 hours and sealed with an aluminium plate seal (Greiner Bio-One B.\V.
Alphen aan den Rijn, Netherlands) and subsequently stored at 4°C prior to imaging (the
screening procedure is schematically presented in supplemental figure 1).
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Long-term 3D cyst culture procedure without forskolin

3D cyst cultures of mIMCD3 Pkd1’- cells were prepared as described in the previous
section. 33.5uL of culture medium was added to the prepared cultures, and cells were
allowed to form cysts for 96 hours prior to compound exposures. 3D cultured cysts were
exposed to 100nM celastrol or solvent (0.1% DMSO) in a final volume of 6opL. After 96
hours, 30opuL medium/compound mix was aspirated using a CyBi Selma 96, and 18puL
fresh medium and 2x 6pL fresh compound was added. After 96 hours, the cysts were
fixed with 4% formaldehyde and further processed as described above.

Compounds

A (SPECTRUM) compound library with 2320 molecules was obtained from MicroSource
(MicroSource Discovery Systems, Inc., Gaylordsville, Connecticut, USA). Compounds
were pre-dissolved to 1omM in DMSO. Analytical grade DMSO was obtained from
Biosolve B.V. (Valkenswaard, Netherlands). Rapamycin, sorafenib tosylate, roscovitine
and NVP-BEZ-235 were obtained from SelleckChem (Munich, Germany). Metformin
HCl was obtained from Sigma Aldrich (Zwijndrecht, Netherlands). Celastrol was ob-
tained from two different sources (MicroSource Discovery Systems, Inc., Gaylordsville,
Connecticut, USA for the primary screen and Sigma Aldrich, Zwijndrecht, Netherlands
for further validation experiments and animal experiments). Both sources performed
equally well in terms of cyst growth inhibition in vitro (not shown).

Fluorescence microscopy

384 well plates of the SPECTRUM screen were imaged using an automated (wide-field)
BD Pathway 855 imager (BD Biosciences, Breda, Netherlands) with a 4x Olympus objec-
tive, coupled to a Twister Il robotic arm, as described previously?. Subsequent experi-
ments were imaged using an ImageXpress Micro XLS wide field high-content analysis
system (Molecular Devices, Sunnyvale, CA, USA) with a 4x objective. xy-images were
made in the z-direction for each well, requiring approximately 25 images for each well.
Images captured with the BD pathway microscope captured approximately 70% of each
well, whereas images made with the ImageXpress imager could capture the entire well.

Image- and data analysis

Image stacks for each well were analysed and phenotypes were quantified as
described previously,® using Ominer software integrated in KNIME Analytics Platform
(KNIME version 3.1.2, Konstanz, Germany, http://www.knime.org/). 450 phenotypic
measurements were z-score normalized to plate median, or normalized to percent
of control (100% corresponding with forskolin-stimulated control median and 0%
with unstimulated/vehicle control median). For heatmap plots of efficacy, data was
scaled between 0% inhibition of cyst growth (forskolin-stimulated control median)
and 100% inhibition (unstimulated control median) for presentation purposes. Linear
discriminant analysis (LDA) for the validation screen was performed using an R script
(https://www.r-project.org/) integrated in KNIME. In order to remove most highly
correlating phenotypic parameters prior to training the LDA, we applied a correlation
filter (Pearson product-moment correlation coefficient <0.85 or »-0.85) to all 450
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phenotypic parameters to filter out the 367 most highly correlating parameters. The
LDA model was subsequently trained based on unstimulated control (solvent, 0.2%
DMSO), stimulated control (2.5uM forskolin) and known cytotoxic molecules in the
library (epirubicin, doxorubicin, daunorubicin, staurosporin and gambogic acid, at 1uM
concentration) and thereafter applied to all data, yielding two linear discriminants,
linear discriminant 1 (LD1) and linear discriminant 2 (LD2). Linear discriminants
were thereafter scaled from o to 100% (labelled % efficacy and % toxicity for LD1
and LD2, respectively, for presentation purposes). The phenotypic descriptors and
their coefficients that were included in the linear discriminants are presented in
supplemental table 1 (top 10 ranked features only). While LD1 strongly separated
unstimulated (0.2% DMSO) controls from stimulated controls (2.5puM forskolin), LD2
exclusively discriminated (un)stimulated conditions from known toxic molecules. The
absolute distance to the unstimulated control group for all data points was calculated
based on these scaled linear discriminants and presented as a heatmap plot using
the ggplot2 package (http://ggplot2.org) for Rstudio 0.99.878 (https://www.rstudio.
com/products/rstudio2) with R3.2.3 (https://www.r-project.org/). S-curve plots were
made using the ggplot2 package. 3D scatterplots presented in the supplemental
figures were generated with the Scatterplot3D package (https://CRAN.R-project.org/
package=scatterplot3d)® in R3.2.3. Density plots were generated with ggplot2 for R
and other charts were generated with Graphpad Prism 7 (Graphpad Software, La Jolla,
California, USA).

Animal procedures

The local animal experimental committee of the Leiden University Medical Center
(LUMC) and the Commission Biotechnology in Animals of the Dutch Ministry of
Agriculture approved all animal experiments performed.

To assess the efficacy of celastrol in vivo we used kidney-specific, tamoxifen—
inducible Cre-Pkdilox mice (iKspCre-Pkd1'*+').45 To inactivate the Pkd1 gene, mice re-
ceived 15mg/kg Tamoxifen (in 1% ethanol in sunflower oil, dissolved by sonication) by
oral gavage at post-natal day (P)10 and P11. From P13-P27, mice received intraperitoneal
injections (i.p.) of either celastrol, pyrvinium pamoate (PP) or vehicle (5% DMSO + 10%
Kolliphor EL in phosphate buffered saline). After the last injection at P27, blood sam-
ples were collected from the tail vein to assess the Blood Urea levels using Reflotron
Technology and then the mice were euthanized by cervical dislocation. Kidneys were
cut in halves and either snap frozen in liquid nitrogen or fixed in buffered 4% formal-
dehyde solution for embedding in paraffin. Total image scans of Periodic acid-Schiff
(PAS) stained kidney sections (4um) were processed semi-automatically using Photo-
shop software by an investigator who was blinded to the treatment, as done previous-
ly.¢ Briefly, a specifically designed colour palette was used for all images to remove all
pixels from the lumens/cysts, leaving only the pixels of the actual tissue. From these
numbers, the percentage of ‘cystic’ pixels versus total number of pixels was calculated
and defined as the cystic index.
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Fibrotic Index

The fibrotic index was calculated as done previously on the basis of Sirius Red
staining.® Briefly, tissue sections were stained after deparaffinization with 0.2% phos-
phomolybdic acid for 1 minute and 0.1% Sirius Red (in picric acid) for 9o minutes. This
was followed by saturated picric acid and subsequently by ethanol/xylol washstep.
Adobe Photoshop (Adobe Systems, Inc. San Jose, California, USA) was used for the
quantification of Sirius Red.

Immunohistochemistry on 3D cyst cultures and tissue sections.

Samples were subjected by O/N Formaldehyde fixation (in buffered 4% Formaldehyde
solution) and embedded in paraffin. For immunohistochemical analysis, 4mM sections
were deparaffinised and subjected to heat-mediated antigen retrieval (1omM/1mMTris/
EDTA) [pH 9.0] for anti-p (Tyrzos) STAT3 [no. 9145; Cell Signaling Technology], and 10
mM citrate buffer [pH 6.0] for antiphospho-CREB [Ser133], and anti-phospho-ribo-
somal protein S6 (Ser240/244) from Cell Signaling Technology (no’s. 9198, and 2215
respectively).

Sections were blocked with 0.1% H202 for 20 min for endogenous peroxidase
activity and preincubated for 1 h with 5% normal goat serum in 1% BSA in PBS. Next, the
sections were incubated O/N with anti-pSTAT3 (1:75), anti-p-rpSé (1:100) or anti-pCREB
(1:800). After incubation with rabbit Envision horseradish peroxidase (no. K4011;Dako)
or rabbit anti-goat horseradish peroxidase (1:100; no. Po449;Dako), immune reactions
were revealed using diaminobenzidine as a chromogen, counterstained with hema-
toxylin, dehydrated, and mounted.

Statistical Analysis

Statistical analyses were performed in Graphpad Prism 7 software, using one-way
ANOVA coupled to Dunnett’s multiple comparison’s adjustment unless otherwise
stated. Results were considered statistically significant with p<o.os, and this is further
annotated in figure legends.
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SUPPLEMENTAL MATERIALS

SUPPLEMENTAL TABLE 1 Parameter contributions to LDA

LDA feature coefficients (top 10 negatively ranked)

LD1

LD2

Feature Name

Interpretation

Feature Name

Interpretation

nc.Mean(zernike_order_1_1).meas

actin.Mean(lumen_avg_width).struct.me
as
actin.Sum(area).meas

actin.Mean(zernike_order_2_2).meas
actin.Mean(axis_Ratio_Minor_Major).m
eas

nc.Sum(area).meas

actin.Mean(eccentricity).meas
org.Count*(area).meas
nc.Mean(child_parent_size_ratio).corr.m
cas

nc.SD(maximum_intensity).meas

(lumen size)

(cyst wall size)

(cyst wall shape related)
(nuclear size)

(cyst wall shape related)
(number of cysts)
(nuclear size relative to
cyst)

nc.Mean(std_child_to_par_center_di
st).corr.meas
actin.Mean(lumen_avg_width).struct
.meas
nc.Mean(avg_child_to_par_boundar
y_dist).corr.meas
actin.SD(child_count).corr.meas
actin.Mean(zernike_order_2_2).mea

s
org.SD(axis_Ratio_Minor_Major).m
eas

nc.SD(number of branches).meas
actin.Mean(eccentricity).meas
nc.Sum(area).meas

nc.Mean(solidity).meas

LDA feature coefficients (top 10 positively ranked)

(related to position of
nuclei)
(lumen size)

(related to position of
nuclei)

(cyst shape related)

(cyst wall shape related)
(nuclear size)

(nuclear roundness)

nc.Mean(maximum_intensity).meas

org.Mean(number_of single_junction_
points).meas
nc.Mean(avg_child_to_par_boundary_di
st).corr.meas

nc.Mean(number_of end_points).meas
nc.Mean(hu_order_1).meas
actin.Mean(std_intensity).meas

nc.SD(zernike_order 8_2).meas
actin.SD(eccentricity).meas
nc.SD(ratio_Area_BoundingBox Area).
meas

org.Mean(feret).meas

(staining intensity of
nuclei)

(related to position of
nuclei)

(actin intensity related)

(cyst wall shape related)
(nuclear shape related)

(cyst shape related)

nc.Mean(hu_order_1).meas
actin.SD(eccentricity).meas

org.Mean(axis_Ratio_Minor_Major)
.meas
nc.SD(maximum_intensity).meas
nc.SD(zernike_order_8_2).meas
actin.SD(child_parent_size_ratio).co
r.meas
actin.Mean(std_intensity).meas
org.Mean(feret).meas
actin.Sum(area).meas

nc.Mean(zernike_order_1_1).meas

(cyst wall shape related)
(cyst shape related)
(nuclear intensity)
(related to thickness of
cyst wall)

(actin intensity related)

(cyst wall size)

163




SUPPLEMENTAL TABLE 2 Pathways affected by celastrol

Pathways/Targets Context Pubmed ID DOI
HIF-1, erythropoietin, VEGF, mTOR, Hepatocellular carcinoma 28242743 10.1124/mol.116.107706
P70S6K, eIF4E, Erk
NFxB Acute hepatic dysfunction 28189063 10.1016/j.etap.2017.02.002
NOX2-derived ROS-dependent PP5-JNK | ROS induced 28129433 10.1111/jnc.13966
signaling pathway neurodegenerative disorders
Lipid synthesis, Sirt1 28123944 10.1016/j.molmet.2016.11.002
Nrf2, Erk1/2, Nox2, Angiotensin II type 1 28119074 10.1016/j.ejphar.2017.01.027
receptor
IKKB 27931154 10.1080/13880209.2016.1241809
Cdc37, Annexin A2, eEF1A 27819370 10.1039/c6mb00691d
HSP90/Cdc37 27398312 10.1002/2211-5463.12081
NF-kappa B, MAPK, JAK/STAT and Autoimmune inflammation 27405485 10.1093/femspd/ftw059
RANKL/OPG pathways
IRAKS to block TLR4-mediated NFkB Autoimmune inflammation 27181127 10.1016/S2095-4964(16)60257-1
activation
miR-21/ERK Cardiac fibrosis and cardiac 27160852 10.1159/000445554
dysfunction
TLR4/MyD88/NFkB Diabetic liver injury 27057550 10.1155/2016/2641248
AMPK/PGC1a/Sirt3 Diabetic myopathy and 27049825 10.3892/ijmm.2016.2549
oxidative stress
miR-21/mTOR/p27 Gastric cancer 26500453 10.1186/512935-015-0256-3
Autophagy 26473737 10.1371/journal.pone.0140745
HSP90 17010675 10.1016/j.ccr.2006.09.005
Calpain 18726991 10.1002/jep.21565
hERG channel Cancer 25866772 10.1155/2015/308475
Apoptosis mediated through Triple-negative breast cancer 25818165 10.1016/j.yexmp.2015.03.031
mitochondrial dysfunction, Akt, PI3K,
4E-BP1, mTOR. Celastrol also inhibited
the Akt/GSK3beta and Akt/NFkB
survival pathways
CYP1A2, CYP2C19, CYP2D6, CYP2E1 25811791 10.3109/00498254.2014.1003113
and CYP3A4
HIF-1 induction through 25383959 10.1371/journal.pone.0112470
ROS/Akt/p70S6K
HSP90 24954307 10.1016/j.bbagen.2014.06.008
HIF-10 pathway by inhibition of 24859482 10.3892/0r.2014.3211
mTOR/p70S6K/eIF4E and ERK1/2
Cannabinoid receptory type 2 Neuropathic pain 25101848 10.3390/ijms 150813637
NFxB Inflammation PMC4453024 10.5483/BMBRep.2015.48.3.147
Inhibit proteasome and upregulate /sp30 20188206 10.1016/j.cbpa.2010.02.015
and hsp70 gene expression
miR-21, PI3K/Akt, NFkB 24434352 doi: 10.1159/000357683
JNK, PTEN-Akt/mTOR pathway Cadmium-induced neuronal 24111524 10.1111/jnc.12474
cell death
Snail/E-cadherin TGF-beta induced EMT 23850675 10.1016/j.bbrc.2013.06.113
Hsp70, Aktl, p70/S6K, ERK1/2 C2C12 myotube atrophy 23810294 10.1016/j.abb.2013.06.006
LOX-1 Atherosclerosis 23799016 10.1371/journal.pone.0065477
UDP-glucuronosyl transferase (UGT) 1A6 22669039 10.3390/molecules17066832
and 2B7
p-JNK, p-c-Jun, NFkB Cerebral ischemia 22575561 10.1016/j.brainres.2012.04.054
Estrogen receptor o (ERa) Breast cancer 20934245 10.1016/j.canlet.2010.09.006
Platelet activation (P-selectin and 19661812 10.1097/FJC.0b013e3181b21472
glycoprotein IIb/IIIa activation)
VEGFR 18343027 10.1016/j.canlet.2008.01.043
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A Unstimulated Control (0.2% DMSO) ( Stimulated Control (2.5uM Forskolin)

Actin (red) and Actin (red) and

Nuclei (blue) Nuclei (blue)

Nuclei Mask Actin K Nuclei Mask

B +DMSO (0.1%) + Forskolin (2.5uM)

DMSO (0.1%) DMSO (0.1%) Rapamycin (10nM) Roscovitine (31.6pM)

Rhodamine-Phalleidin (F-actin)
Well

Cutout

Control molecules [ Farskolin ]

-
:
3 days

[Transfer to gel mix ] fiSx plate of 30 cultured cellg [Duplicate compound exposures] [ Phenatypic profiling ]

» SUPPLEMENTAL FIGURE 1 Screening molecule libraries using 3D cultured cysts.
A) mIMCD3 Pkd1-/- cysts cultured for 96 hours in Cyst-Gel and exposed to solvent
(unstimulated) or forskolin (stimulated). Image stacks of rhodamine-phalloidin
and Hoechst 33258-stained cysts (top left images) processed by Ominer software to
(legend continues on next page)
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generate- and quantify binary masks. B) mIMCD3 Pkdi-/- cells were cultured for 96
hours in Cyst-Gel and exposed to solvent (DMSO) or control compounds (rapamycin,
roscovitine) in the presence of forskolin. Cytoskeleton (F-actin) shown. Upper panel
shows projected image stacks of entire well images with an ImageXpress micro XLS
imager. Lower panel represents sooxsoopx cut-out of the centre of the well. Contrast
and brightness enhanced for presentation purposes. €) Schematic representation of
screening pipeline as described under supplemental methods. mIMCD3 shPkd1 cells
were mixed with Cyst-Gel and allowed to develop into small cysts during 72 hours, prior
to exposure to the small molecule library. Control molecules were added to the outer
plate columns, and forskolin was added to all wells, except for a few wells that served as
‘unstimulated’ controls (16 per plate). Staurosporin was added to the lower right corner
of each plate to serve as positive control for cytotoxicity. After 72-hours incubation,
cultures were stained, imaged and quantified as described in the supplemental
methods section.
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SUPPLEMENTAL FIGURE 2 Screen validation on mIMCD3 Pkd1-/- cysts. A) Concentration-
response curves of positive control molecules in the validation screen. Cyst size was
scaled to %-cyst growth: 100% represents forskolin-stimulated control (large cysts),
0% represents unstimulated control (small cysts). Means + SD shown from triplicate
wells. B) 81 cyst-growth inhibition molecules rescreened at 5 concentrations. Described
bioactivity of the manufacturer’s datasheet displayed on y-axis. Potency of molecules
represented by percent- inhibition of forskolin-induced cyst growth, as represented by
the colour scale and the numbers displayed (means of triplicate wells). 52/81 molecules
showed activity >50% inhibition at imM concentration.
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SUPPLEMENTAL FIGURE 3 Linear discriminant analysis discriminates antineoplastic
molecules. A-B) LDA was trained as described in supplemental methods (using
phenotypic parameters with linear correlation <0.85) and could discriminate
antineoplastic molecules (A, red circles) from the unstimulated- and stimulated
controls, indicated by black and blue circles, respectively, while retaining activity of
others such as antibacterial (B, red circles), antihelmintic (B, light blue) or antiinfective
molecules (B, yellow). Point size corresponds with concentration and points shown
represent means of triplicate wells (except for “Stimulated”, “Unstimulated” and
“Staurosporin”: individual datapoints shown). €) Measurement of desirable efficacy
-similar to supplemental figure 2B, but presenting absolute distance to unstimulated
control calculated from supplemental figure 3B, presented as colour scale and numeric
values. Blue colours indicate efficacy.
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SUPPLEMENTAL FIGURE 4 Pyrvinium Pamoate (PP) shows potent efficacy in vitro, but
not in vivo. A) PP inhibits forskolin-induced cyst growth of mIMCD3 Pkd1” cysts (100%,
forskolin-stimulated; 0%, unstimulated). Individual wells shown as red circles. B) LDA
plotindicates potent desirable efficacy of PP, and indicates no toxic effects. €) In total 17
mice received with PP treatment at postnatal day 13. Ten of those started at img/kg/day
of which three mice died within 4-6 days after the start of the treatment. As PP was poorly
tolerated at 1mg/kg/day, we reduced the dosage for the 7 remaining mice to o0.25mg/
kg/day. In order to obtain sufficient group size, 7 mice were included later during the
experiment and were only treated with 0.25mg/kg/day. PP did not affect bodyweight at
0.25mg/kg/day. (vehicle n=11, PP n=14, mean = SD shown). €) At 0.25mg/kg/day, PP
did not lower cystic index or urea levels (vehicle n=10 and PP n=9 shown).
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SUPPLEMENTAL FIGURE 5 Structural analogues of celastrol also potently inhibit
forskolin-indued cyst growth in vitro in mIMCD3 Pkdi1-/- cysts. A) Dihydrocelastrol
(middle panel) and dihydrocelastryl diacetate (bottom panel) were included in the
molecule library and inhibited forskolin-induced cyst growth similarly to celastrol
(top panel). Structural formulae shown on the right were obtained from PubChem. B)
Representative images of celastrol-treated, dihydrocelastrol-treated or dihydrocelastryl
diacetate-treated mIMCD3 Pkdi-/- cysts. Images shown are collapsed-stack images
of nuclei (Hoechst 33258, blue) and F-actin (rhodamine-phalloidin, red) combined.
Images show a 5ooxs00px cut-out from the center of the well. Images were taken with
the ImageXpress micro XLS imager. Untreated control condition represents forskolin
stimulated controls (corresponding with 100% cyst size in figure A).
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SUPPLEMENTAL FIGURE 6 Celastrol potently inhibits cystogenesis in an in vivo model
of PKD. A) Bodyweight is affected by 1mg/kg/day and o.5mg/kg/day between P13 and
P18. B-D) Treatment with 0.5 and 1mg/kg/day celastrol lowers two-kidney weight (B),
urea levels (€) and cystic index (D) as compared to vehicle control. For these charts, we
pooled the experimental data of two independent experiments (0.2 and o.5mg/kg/day
versus 1mg/kg/day celastrol), because the vehicle controls were highly similar. Mean =
SD as well as individual mice shown. *p<o.05, **p<0.01, ***p<0.001, ****p<0.0001 with
ordinary one-way ANOVA with Dunnett’s multiple comparison’s test. E) Histology reveals
that celastrol potently inhibited cyst growth at 0.5 and 1mg/kg/day. Images displaying
cystic index close to median #1SD were selected and presented here.
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Three-dimensional cell culture assays

In order to overcome biological limitations of traditional in vitro disease models as
discussed in chapter 1, three-dimensional (3D) cell culture techniques were deve-
loped to bridge the gap between these in vitro models and the in vivo situation.*> How-
ever, while 3D cell culture techniques provide biological advantages over 2D cell culture
models, these are often not exploited to their full potential (chapter 2). For example,
while more biologically relevant, these in vitro models have often not been adapted
for routine compound screening due to problems associated with scalability and in-
creased cost of tissue culture reagents.3 As a result, 3D cultures are generally employed
to validate findings that were originally observed in two-dimensional (2D) cell culture
context, prior to in vivo evaluation. While the 3D cell culture models can in this context
eliminate false positives prior to animal experiments, it is likely that the lack of relevant
biological features of 2D cell cultures causes an increased false-negative rate in the
initial observations in 2D cell cultures (chapter 1). Advances in laboratory automation
have enabled large-scale preparation of 3D cultures for high-throughput screens (HTS),
and throughout this thesis | applied this technology, coupled with high-content analy-
sis, to perform screens using 3D cultured micro-tissues.

High-Content Screening (HCS)

Simple biochemical or colorimetric measurements of compound efficacy on cell cul-
tures (e.g. ATPlite or MTT assays) often only provide limited information on the biolo-
gical context.4 While an ATPlite measurement can provide very relevant measurements
of ATP content and related general cell health status,>¢ a molecule that kills cells is
not necessarily a good drug. For example, in chapter 6, | described the potent efficacy
of antineoplastic drugs at inhibiting 3D cyst growth in the context of polycystic kidney
disease (PKD). In the context of cancer, a DNA-intercalating- or otherwise growth-inhibi-
tory drug may be effective at treating or delaying the disease. In the context of PKD, a mo-
lecule that inhibits cell growth is also likely to arrest cystogenesis, because increased
cell proliferation is an important driver of cyst growth. Importantly, because PKD is a
disease with a slow progression, such a therapy is likely to come with severe side ef-
fects that limit its use as a drug for PKD patients.

An alternative to using traditional biochemical efficacy measurements is using phe-
notypic information, often termed high-content analysis (HCA) or HCS in the context
of screening”® (chapter 2). Although HCA currently is more commonly used together
with 2D cell culture assays, phenotypic information can also be derived from the indivi-
dual 3D micro-tissues,* where tissues are individually imaged and quantified against a
pre-defined set of phenotypic descriptors for various possible characteristics (branch-
ing morphology, roundness, size, nuclear elongation, etc.).**3 An advantage offered by
HCA is that it is possible to conduct drug discovery at a target-agnostic level,” thus op-
posing target-based drug discovery. Additionally, information on cellular phenotypes
can be used to identify potential off-target effects of molecules, or even cytotoxic ef-
fects. For example, in chapter 6, phenotypic information was used to exclude poten-
tially toxic molecules, and this indeed limited the selection of known antineoplastic
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compounds. Throughout this thesis, | applied HCS on different cellular assays, to dis-
criminate selective inhibitors from non-selective inhibitors of receptor tyrosine kinases,
to identify modulators of cystogenesis and to find drug candidates that can effectively
slow down the growth of renal cysts.

Discriminating small molecule inhibitors by target

In chapter 3, | used this high-content analysis, also termed phenotypic profiling, to dis-
criminate epidermal growth factor receptor (EGFR) and c-Met receptor tyrosine kinase
inhibitors in the context of tumour cell invasion. Using phenotypic profiling, | could se-
lectively classify molecules that inhibited EGFR or c-Met, and also identified dual in-
hibitors for these receptors. Interestingly, off-target effects by molecules that inhibit-
ed tumour cell invasion through different mechanisms were also observed. Therefore,
using phenotypic profiling it is possible to screen for the inhibition of disease phe-
notypes, while target-based screening can also be performed. One limitation to this
approach is that target discrimination relies on the phenotypic manifestation of target
inhibition, or activation. However, this phenotypic target-based approach can be of
particular interest for the identification of off-target effects,” as these are not commonly
captured using traditional biochemical approaches.

Identification of drugable targets for polycystic kidney disease

In chapters 4 and 5, a 3D cyst screening platform was used to screen molecule libraries
containing kinase inhibitors with pre-determined molecular targets. In these chapters, |
related the effects of these molecules to their known molecular targets to identify path-
ways relevant in cyst growth. This approach led to the selection of targets such as mam-
malian target of rapamycin (mTOR), which has been extensively described for PKD*42°
and can therefore confirm the relevance of this approach. Additionally, we discovered
that inhibitors of cyclin-dependent kinases (CDKs) potently inhibited cyst growth,
which is also in line with earlier observations for roscovitine.?* Although very potent,
PCA analysis could discriminate roscovitine from unstimulated controls in chapter g,
indicating that the phenotype of the cysts is altered compared to unstimulated cysts.
While the activity of roscovitine in other PKD models has been confirmed, roscovitine
has not yet entered clinical trials, possibly related to safety concerns for the use of this
type of drugs for PKD.?223 This potential for causing side effects is also illustrated by the
results | presented in chapter 5, where many CDK inhibitors that inhibited cyst growth
also affected morphology of 4T1 tumouroids, indicating that these inhibitors do not ex-
clusively target cystogenesis, but may have a broader activity spectrum.

Interestingly, the results presented in chapter 4 and 5, and also in chapter 6
(supplemental figures 2 and 3), have shown that several insulin-like growth factor re-
ceptor-1 (IGF-1R) inhibitors delayed cyst growth in our assay. The IGF-1R is a receptor
for insulin-like growth factor (IGF) and its signalling is known to contribute to cell pro-
liferation and survival through PI3K, Akt, mTOR and P70S6K.?4?0 The involvement of
IGF-1 in PKD progression has been described previously by other groups,3°3? and IGF-1R
inhibitors may present an interesting therapeutic option of PKD due to the increase in

175




IGF-1 expression observed with progression of cystic lesions.?”3* Of note, the IGF-1R in-
hibitors tested here may also have affinity towards other receptors such as the insulin
receptor, which can also bind ligand IGF,?#33 and it is therefore necessary to confirm
the involvement of the IGF-1R, potentially using function-blocking antibodies raised
against the receptor or by downregulation of receptor expression. The low severity of
the side effects (e.g. hyperglycaemia, fatigue, nausea) observed of IGF-1R inhibitors in
clinical trials to treat cancer,3* and the absence of dose-limiting toxicity,? further sup-
ports the potential of IGF-1R inhibitors for the treatment of PKD.

Similarly, in chapter 4 and 5, | described the efficacy of inhibitors for HER2, an im-
portant molecular target in aggressive breast cancer,3¢ at inhibiting cyst growth in our
3D cyst assay. HER2 was identified as a potential target for PKD more than a decade
ago, but was not followed up since.3” Whether HER2-targeted therapy would also be
effective in PKD patients would therefore be unclear. HER-2 targeted therapy (generally
monoclonal antibodies against HER2 rather than small molecule inhibitors) has been
tested in the clinic in the context of different types of cancer, most commonly breast
cancer, and is generally combined with chemotherapeutic drugs,3® making it difficult to
judge the safety profile, but the most common reported side effects of pertuzumab (a
humanized monoclonal antibody against HER2), include diarrhoea, weakness, nausea
and rash.?® Although trastuzumab, a monoclonal antibody against HER2 was associ-
ated with cardiotoxicity, this was not observed for novel HER2-targeted therapies.4°
Neratinib, an oral small molecule HER2 inhibitor is also reported to cause diarrhoea,
and this may be the result of the presence of ErbB-class receptors on intestinal
epithelial cells.442

Finally, the results presented in chapter 4 suggest the importance of spleen tyrosine
kinase (Syk) in cyst growth, which has not been previously reported. Syk plays an im-
portantrole in the immune system“ and has mostly been implied as a target forimmune
disorders such as asthma“4 and rheumatoid arthritis,4 but has also been proposed as a
targetin cancer.4 However, because of its role in signalling in B-cells, mast cells, macro-
phages, neutrophils, platelets and erythrocytes,s targeting Syk for the treatment of
PKD may potentially cause side effects that outweigh its use for treating PKD.

While the drug targets described in this section are known to be inhibited by the
molecules in the tested compound libraries, it is likely that these molecules also have
other molecular targets at the concentrations tested, and it will therefore be impor-
tant to measure protein phosphorylation levels after compound treatment to ensure
that the targets are affected. Additionally, for several receptor tyrosine kinases, such
as HER2, function-blocking antibodies were designed that may be more specific to the
target. These antibodies may be used to confirm the efficacy of target inhibition on cyst
growth.
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Finding drug candidates to treat polycystic kidney disease

Currently the only available drug for the treatment of PKD is tolvaptan. While this com-
pound can slow down the growth of renal cysts, its use may be limited because of side
effects associated with diuresis. This illustrates that novel therapies are still required.

Chapter 6 described the identification of pyrvinium pamoate and celastrol as inhi-
bitors of cystogenesis in vitro. Both compounds were initially selected after a pheno-
typic screen with 2320 compounds on 3D-cultured mouse inner medullary collecting
duct cells with reduced levels of Pkd1 expression. While this screening setup was highly
convenient to screen large compound libraries due to fast cystogenesis and swelling,
the choice of a murine collecting duct cell line and also the rapid cystogenesis can
potentially limits the relevance of the in vitro findings to human disease. Firstly, the
cysts in human polycystic kidney disease develop slowly over time, and not in a few
days. It is therefore a possibility that proliferation-driven processes are more important
in this 3D cyst culture model, compared to human PKD, which could also explain the
identification of many antineoplastic molecules as cyst growth inhibitors. Secondly,
the cysts developing in PKD do not solely originate from the collecting ducts, but from
all segments of the nephron.# It is therefore possible that the effects observed from
pyrvinium pamoate and celastrol are nephron-segment specific, potentially limiting
therapeutic potential. Finally, the choice of using murine cells may complicate transla-
tion of our findings to PKD patients.

Since we were aware of the shortcomings of using a rapid murine in vitro model for
PKD, the effects of pyrvinium pamoate and celastrol were evaluated in a mouse in vivo
model for PKD. We found that pyrvinium pamoate displayed a lack of activity in this
model and we therefore did not investigate this compound further. In contrast, the in
vivo activity of celastrol confirmed the in vitro discoveries and celastrol could therefore
present an interesting therapeutic opportunity. Further supporting the use of celastrol
for the treatment of PKD is the finding that two close analogues of celastrol, dihydro-
celastrol and dihydrocelastryl diacetate, also induced similar cyst growth inhibition
profiles in vitro, although the effects of these compounds have not been evaluated in
vivo due to lack of commercial availability and the low number of scientific publications
covering their effects.

Celastrol is a molecule isolated from the thunder god vine, also Tripterygium
Wilfordii. This vine is promoted in traditional Chinese medicine for use in rheumatoid
arthritis,“® but its use is not recommended due to safety concerns.# It is important to
mention in that context that Tripterygium Wilfordii contains many bioactive molecules
(~100), potentially explaining the side effects associated with its use.s*s* Celastrol
has not been previously linked to PKD, but has been implied for several other indi-
cations.5*s¢ In chapter 6, we evaluated the effects of celastrol on several PKD-associ-
ated signalling pathways (pCREB, pS6 and pSTAT3), but observed no effect on these
targets. As several publications have previously suggested, celastrol may have many
molecular targets such as HSP9o/Cdc37,55% NFkB% and Nrf2.¢° HSPgo inhibition has
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previously been shown to be an effective strategy to reduce cyst growth in vivo, probably
because many pathways activated by PKD1 or PKD2 inactivation are regulated by HSPgo0.%!
Additionally, oxidative stress is observed in all stages of ADPKD®? and may be a general
mechanism in the pathogenesis of PKD.% Inhibition of NFkB and activation of the Nrf2
by celastrol and the associated antioxidant response could therefore be an important
mechanism by which celastrol can inhibit the growth of cysts, although whether this is
also the case in our in vitro and in vivo model remains to be determined. In addition to
these targets, celastrol is also known to be able to interact with thiol groups in many
proteinss® ¢ as is the case for many plant extracts (e.g. curcumin®), probably giving
celastrol a very broad target space that has not yet been completely unravelled.
Interestingly, such a broad target specificity also makes it unlikely to identify similar
molecules in traditional target-based drug discovery approaches — thereby favouring
phenotypic screening techniques. As currently the mechanism by which celastrol in-
hibits cystogenesis in our model is unclear, an analysis of the transcriptome of 3D-cul-
tured cysts treated with celastrol could shed light on the pathways that are affected.

Very importantly however: a broad target specificity can be beneficial in diseases
where many signalling cascades are effected (such as PKD), but it is also a concern for
safety, as it is more likely that other organs and physiological processes are affected.
Increased insight in the pathways that are affected by celastrol by transcriptomics, as
well as the use of fluorescent reporters for cellular stress pathways could be used to
predict potential toxicity.*®¢” Fortunately, in our in vivo experiments, celastrol did not
appear to cause many side effects, except for a reduction in body weight between P13
and P18, as was also reported by others for 1mg/kg/day.5> While such a reduction in
body weight can be related to dose-limiting toxicity or effects on other organs than the
kidney, the reduced bodyweight after celastrol treatment are more likely related to its
known effects as a leptin sensitizer and its potential use in the treatment of obesity.58°
Reduced food intake as a result of this effect of celastrol may have biased our findings
as food restriction is also known to ameliorate PKD progression.”> However, it is un-
likely that the effects observed on in vitro cultured cysts are the result of this mecha-
nism. One limitation of the in vivo PKD model used in chapter 6 is the rapid disease
progression. Because these mice develop renal failure within a few weeks, which does
not correspond with the slow disease progression in humans, the efficacy of celastrol
in a chronic disease in vivo model remains to be determined and will also be critical
to detect potential safety concerns associated with long-term administration. Whether
celastrol is likely to become a drug for PKD, while maintaining a desirable efficacy profile
is therefore, despite the promising results presented in this thesis, still uncertain.

As a result of the many signalling pathways that are deregulated in PKD as described in
chapter 1, one could argue that a single drug cannot be sufficient to prevent cystogene-
sis. An interesting approach could therefore be to test drug combinations, for example
from the other identified active compounds in chapter 6, on 3D cell culture models of
cystogenesis. This may potentially identify synergistic effects, allowing for dose reduc-
tions of the individual compounds.
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The current availability of 3D cell culture matrices and the ability to prepare 3D cul-
tured cells in multi-well plates using automated liquid handlers, has improved the
quality of in vitro PKD models over the past years, which is now likely to aid in the se-
lection of more effective, and safer drugs. In addition, the in vitro selection of better
drugs could eventually contribute to a reduction in the required animal experiments,
although some hurdles need to be overcome to further improve these models, as dis-
cussed below.

Current limitations of 3D HCS technology and future perspectives

In chapter 2 | discussed limitations of 3D cell culture techniques that have hampered
theirimplementation in routine drug discovery. These difficulties include the use of na-
tural ECM protein matrices for 3D cultures, such as collagen and Matrigel, because
these suffer from batch-to-batch variability and also complicate liquid handling be-
cause the reagents solidify at room temperature. Currently, synthetic hydrogels
generally have limited biocompatibility compared to these natural hydrogels.” How-
ever, several examples now exist where this type of gel can provide improved biological
context due to incorporation of functional groups,”?73 and it is possible that such tech-
niques can be incorporated in high-throughput screens and will be more accessible in
the future.

Sample preparation from 3D cell cultures, such as the extraction of protein for
Western blot or RNA extractions to measure gene expression levels, is also more chal-
lenging, and requires additional purification steps compared to regular 2D cell cultures.
This is especially important when attempting to extract cellular proteins: Matrigel or
collagen-based gels contain high concentrations of proteins that can far exceed the
content of cellular proteins, thus requiring removal of proteins from the gel prior to
cell lysis. Another challenge lies in performing immunostainings, as antibodies take
longer to diffuse through the ECM, requiring longer incubation times and more exten-
sive washing steps. Nevertheless, these problems can probably largely be overcome
by setting up standard procedures for these techniques optimized for 3D cell cultures,
although whether this is successful will also depend on the type of culture matrix.

Currently, the popularity of immortalized cell lines for high-throughput screens, such
as the PC-3, mIMCD3 and 4T1 cell lines used throughout this thesis, can pose a barrier
to the physiological relevance of cell culture assays, because organs are comprised of
many different cell types that cannot be represented completely by a single cell line.7#75
This means more extensive validations are required to be able to translate findings on
immortalized cell lines to the human body. While immortalized cell lines are generally
convenient in high-throughput screens due to their ease of culturing and also because
of their relative lack of heterogeneity, depending on the research question it is likely
that the introduction of multiple cell types in the form of co-cultures may allow us to im-
prove physiological relevance. However, this is may also introduce more experimental
variation, making implementation in HCS more challenging.
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Moving away from immortalized cell lines altogether and instead using patient-
derived cells is likely to tremendously enhance physiological relevance of 3D cell-based
assays. For example, in the context of PKD, patient-derived induced pluripotent stem
cells (iPSCs) can be differentiated to kidney cells’67® and iPSCs have been generated
with mutations relevant to PKD.79%° A clear advantage of such PKD patient-derived cells
is the biological relevance of the mutation. While most generated immortalized cell
lines harbour a deletion of an entire gene or large gene fragment, these iPSC-derived
tissues retain a disease-causing mutation (although these are patient-, and possibly
also species specific — meaning that it may not always be possible to validate findings
in animal models®#2). Even though iPSC-derived tissues can be used for high-through-
put screening,® their extensive differentiation procedures and slow growth can pose
new challenges, especially for screens of 3D cultures. Therefore, to what extent such
cell types can be used in routine high-content screens as 3D culture remains to be de-
termined, but it is likely that such cell types will be used more frequently in the future
as an alternative to immortalized cell lines in screening.

It has even proven possible to generate self-organising kidney organoids from pluri-
potent stem cells.®+® These kidney organoids can contain many different cell lineages
and can more accurately model kidney development.®® While these organoids display
increased functionality compared to single cell types, they are not currently used in
high-throughput phenotypic screens. It is possible that their composition of multiple
tissue types may make phenotypic screening more challenging, as the composition of
individual organoids may be too variable. The presence of multiple cell types also puts
additional strain on image capturing and image analysis, because it may no longer be
sufficient to capture a series of xy-images per well. Instead, such organoid cultures are
likely to require 3D reconstruction at high magnification to capture sufficient detail.
While such organoids may therefore eventually enable screening of molecules for organ
toxicity (e.g. nephrotoxicity) or kidney disease, the technology is currently still in its
infancy and it is probably going to take another 5 to 10 years before such micro-tissues
can be routinely used for phenotypic screens. However, an interesting application of
these self-organising kidney organoids, is the development of bioengineered kidneys
to treat disease.?”

In addition to the limitations posed by the cell types used, extraction of phenotypic
information from 3D cell cultures is currently limited by computational power and sto-
rage capacity. Due to the vast quantity of image data that is typically generated from
multi-well plates with 3D micro-tissues (50-100GB per 384 well assay plate), dedicated
storage facilities and excellent infrastructure are required. Additionally, the quality of
the imager and the image analysis tools can potentially limit the quality of the readout.
On the upside, judging from the progress in the last ten years in storage capacity, com-
putational power and quality of the microscopes, this barrier to the implementation of
3D HCS may soon become a thing of the past.
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Conclusions

This thesis described various strategies to employ 3D phenotypic screening in a
high-throughput setting; ranging from the identification of new drugable targets to the
selection of lead molecules. While 3D cell culture-based high-content screening is not
yet routinely applied in drug discovery campaigns, the improved biological relevance
of these assays is likely to improve translatability of results to the clinic and may dras-
tically reduce the animal experiments that are currently required in drug research, and
reduce barriers for more personalized medicine.
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LIST OF ABBREVIATIONS

2D Two-dimensional
2KW Two-kidney weight
3D Three-dimensional
8-Br-cAMP Membrane-permeable cAMP
A AC Adenylyl cyclase
AC-VI Adenylyl cyclase 6
ADP Adenosine diphosphate
ADPKD Autosomal dominant polycystic kidney disease
AMP Adenosine monophosphate
AMPK 5’AMP-activated protein kinase
ANOVA Analysis of variance
ARPKD Autosomal recessive polycystic kidney disease
ArQ-197 Tivantinib
ATM Ataxia-telangiectasia mutated
ATP Adenosine triphosphate
ATR Ataxia telangiectasia and Rad3-related protein
AVP Antidiuretic hormone arginine vasopressin
B BCA assay Bicinchoninic acid assay
BM Basement membrane
BSA Bovine serum albumin
BUN Blood urea nitrogen
BW Bodyweight
C c-Met Tyrosine-protein kinase Met/HGF receptor
cAMP 3’-, 5" Cyclic adenosine monophosphate
Cdc2 Cell division cycle protein 2 (CDK1)
CDDP Cis- diamminedichloroplatinum(ll), cisplatin
CDK Cyclin dependent kinase
CFTR Cystic fibrosis transmembrane conductance regulator
@ Combination index
CREB cAMP response element-binding protein
Ctrla high affinity copper uptake protein 1
D DMEM Dulbecco’s modified eagle medium
DMSO Dimethyl sulfoxide
DNA Deoxyribonucleic acid
DNA-PK DNA-dependent protein kinase
E ECM Extracellular matrix
EDTA Ethylenediaminetetraacetic acid
EGF Epidermal growth factor
EGFR Epidermal growth factor receptor
EHS Engelbreth-Holm-Swarm
EMA European medicines agency
EMT Epithelial- to mesenchymal transition
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ER
ERK
ESRD
FBS
FGFR
Flt3
GB
GPCR
GSK3
HCA
HCS
HDM
HER2
HGF
Hspgo
HTS
IBMX
IGF-1(R)
IKKB
IP3
iPSC
IR
K-NN
Klf4
KNIME
KO
LDA
MAD
MEK
mIMCD3
mRNA
mTOR
NF-kB
NPI
NVP-BEZ-235
NVP-BKM120
0CT2
Octy
PAS
PBS
PC

PC1

Endoplasmic reticulum

Extracellular regulated kinase
End-stage renal disease

Fetal bovine serum

Fibroblast growth factor receptor
Fms-like tyrosine kinase 3, Fetal liver kinase 2, CD135
Gigabyte

G-protein-coupled receptor

Glycogen synthase kinase 3
High-content analysis

High-content screening

Hanging-drop microtiter (plate)

Human epidermal growth factor receptor 2
Hepatocyte growth factor

Heat shock protein 9o

High-throughput screening
3-isobutyl-1-methylxanthine

Insulin-like growth factor 1 (receptor)
Inhibitor of nuclear factor kappa-B kinase subunit beta
Inositol triphosphate

Induced pluripotent stem cell

Insulin receptor

K-nearest neighbor

Kruppel-like factor 4

Konstanz Information Miner

knockout

Linear discriminant analysis

Median absolute deviation
Mitogen-activated protein-kinase/ERK kinase
Mouse inner medullary collecting duct 3
Messenger ribonucleic acid

Mammalian Target of Rapamycin
Nuclear factor kappa B
Normalized-percent inhibition
Dactolisib

Buparlisib

Organic cation transporter 2, SLC22A2
Octamer-binding transcription factor 4
Periodic acid-Schiff

Phosphate-buffered saline

Principal component

Polycystin-1
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PC2
PCA
PCP
PDE (PDE1/4c¢)
PDGFR
PDX
PEG
PI3K
PKA
PKD
Pkd1
PKD1
Pkd2
PKD2
PKHD1
PLC
pXx
R&D
R788
RNA
ROCK
ROI
SD
Sox2
SSTR
STAT3
Syk
TBS
TBS-T
TKI
TNFR
TNFa
TRPP2
TSC1
TSC2
ViR
V2R
V2RA
VEGFR
WNT

Polycystin-2

Principal component analysis
Planar cell polarity

cAMP-dependent phosphodiesterases
Platelet-derived growth factor receptor
Patient-derived xenograft

Poly-ethylene glycol
Phosphatidylinositol-4,5-bisphosphate 3-kinase
protein kinase A

Polycystic kidney disease

Gene encoding polycystin-1 (mouse)

Gene encoding polycystin-1 (human)

Gene encoding polycystin-2 (mouse)

Gene encoding polycystin-2 (human)

Gene encoding fibrocystin/polyductin (human)
Phospholipase c

Pixels

Research & development

Fostamatinib

Ribonucleic acid

Rho kinase

Regions of interest

Standard deviation

SRY (Sex determining region Y)-box 2
Somatostatin receptor

Signal transducer and activator of transcription 3
Spleen tyrosine kinase

This-buffered saline

Tris-buffered saline/Tween 20

Tyrosine kinase inhibitor

TNF receptor

Tumour necrosis factor alpha

Transient receptor potential polycystic 2 (polycystin-2)
Hamartin

Tuberin

Vasopressin V1 receptor
Vasopressin V2 receptor

V2R antagonist

Vascular endothelial growth factor receptor
Refers to Wnt signalling pathway



ENGLISH SUMMARY

Traditional drug discovery approaches have been hampered by (in vitro) cell culture
models that poorly represent the situation in the human body. Principally, cells grow
in the body in a three-dimensional (3D) environment that cannot generally be captured
using cell culture methods. For this reason, cell culture models have been developed
where cells grow in a 3D environment, which allows them to form structures that
are more comparable to tissue in the body. However, the full complexity of these
advanced cell culture models can only be fully used for routine drug testing if the cell
culture model can be used on a large scale (also termed high-throughput screening or
HTS), and if the readout can capture all of the biological complexity reflected by the
3D-cultured cells (high-content screening or HCS), as discussed in chapter 2. Due to
these technological limitations, 3D cellular models are not yet routinely applied in drug
and drug-target discovery.

In order to underline the importance of measuring the biological complexity exerted
by 3D-cultured cells, chapter 3 describes the development and use of a 3D cell culture
model that simulates the process of tumour cell invasion, a process that precedes
metastasis. This model was used to test different types of molecules that may prevent
this process through different mechanisms. By using phenotypic measurements
on these 3D-cultured prostate cancer cells, the molecules could be classified by
mechanism-of-action, and off-target activity. The classification of these molecules
according to phenotype was confirmed to be correct by comparison with enzyme
activity measurements.

In a similar approach, chapter 4 describes the development of a 3D cell culture model
that can mimic the development of renal cysts as observed in polycystic kidney disease
(PKD). This disease is characterized by the development of fluid-filled renal cysts that
cause a progressive decline of kidney function. As a result of the lack of relevant cell
models, only one drug was recently admitted onto the market, and this is associated
with side-effects that may limit its use. The model we developed uses 3D-cultured renal
cells that form cysts. The enlargement of these cysts can be influenced or reduced by
adding molecules that affect relevant disease targets. In order to find these relevant
disease targets, this developed 3D cyst culture model was employed to test a library of
molecules for which molecular targets were known. This allowed us to relate efficacy
of the molecules at inhibiting growth of cysts to molecular targets, leading to the
identification of mTOR, HER2, IGF-1R, CDK, Aurora A kinase and Syk, but surprisingly
not PI3K and EGFR as relevant disease targets. Some of these molecular targets have
been extensively described in literature (mTOR, CDK) for PKD, confirming the relevance
of this approach.

In order to follow up on the identified molecular targets, in chapter 5, we tested

another molecule library with known target specificity and affinity in the 3D cyst culture
model. The phenotypic changes that the molecules induced on the 3D cultured cysts
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were compared to the changes induced by a model compound for cytotoxicity. Using
this approach, we were able to exclude potentially toxic molecules and retain molecules
that only reduced cyst enlargement. We discovered that also these molecules are
known to inhibit CDKs, but also again found Aurora A kinase, HER2 and IGF-1R inhibitors
among the active molecules. Having confirmed our previous findings, we decided
to compare the activity of these molecules on invasive tumour cells. This allowed us
to select molecules that only influenced the growth of cysts, but not the phenotype
of tumour cells. An IGF-1R and Akt1 inhibitor, VCCss, strongly reduced cyst swelling
without killing cells, and could therefore be an interesting treatment candidate.

In chapter 6, we identified two effective molecules, pyrvinium pamoate and celastrol,
after a large screen with 2320 molecules. These molecules showed desirable effects
in our 3D cyst culture platform and were therefore tested in a mouse model of PKD.
Whereas pyrvinium pamoate failed to show effect, celastrol potently reduced cyst
burden and improved kidney function in these mice. It is currently unclear through
which molecular mechanism celastrol influences cyst growth, but it likely involves
multiple molecular targets. Celastrol is a molecule that is isolated from the thunder
god vine, which is extensively described in (traditional Chinese-) medicine for its anti-
inflammatory, anti-obesity and potential anti-cancer effects.

In summary, this thesis describes how 3D cell culture techniques, coupled with
phenotypic profiling, can be used to advance drug discovery. The use of 3D cell-based
assays can enhance physiological relevance of in vitro research and may thereby lead
to improved drug selection and safety. In addition, by using more biologically relevant
cell culture models, there may be a possibility to reduce the number of animal studies
required, prior to clinical evaluation of drugs, due to increased success rates.
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NEDERLANDSE SAMENVATTING

De ontwikkeling van nieuwe medicijnen wordt gelimiteerd door de beperkte
fysiologische relevantie van traditionele celkweekmodellen in preklinisch in vitro
onderzoek. In het menselijk lichaam groeien cellen in een driedimensionale (3D)
omgeving die niet kan worden weergegeven door deze celkweekmodellen. Om
over deze beperking heen te komen zijn 3D celkweeksystemen ontwikkeld, waarbij
cellen een structuur kunnen vormen die fysiologisch relevanter is en meer lijkt op
weefsels in het lichaam. Een probleem is dat om gebruik te maken van alles wat deze
weefsels te bieden hebben, het celkweekmodel geschikt moet zijn voor het testen van
medicijnen op grote schaal (high-throughput screening of HTS) en dat alle biologische
complexiteit correct moet worden gemeten (high-content screening of HCS). Dit wordt
verder besproken in hoofdstuk 2. Door deze problemen worden 3D celkweken nog niet
routinematig gebruikt in het medicijnonderzoek.

Om het belang van het meten van de biologische complexiteit van 3D celkweken
te benadrukken laat hoofdstuk 3 de ontwikkeling van een 3D celkweek model zien
dat het proces van kankercel-invasie simuleert (een proces dat voorafgaat aan het
uitzaaien of metastaseren van kanker). We hebben dit celkweek model gebruikt om
moleculen die dit proces op verschillende manieren beinvloeden te testen. Door de
structuur en vorm van de 3D prostaatkanker-celstructuren te bepalen konden deze
moleculen geclassificeerd worden naar mechanisme en konden daarnaast moleculen
geidentificeerd worden die niet specifiek waren. De correctheid van deze classificatie
aan de hand van het fenotype hebben we ten slotte bevestigd door het meten van
enzymactiviteit.

Op een vergelijkbare wijze laten we in hoofdstuk 4 de ontwikkeling van een 3D
celkweek model zien waarin we de ontwikkeling van cysten, zoals bij de humane ziekte
cystenieren (ook wel PKD), simuleren. Bij deze erfelijke ziekte vormen tijdens het
leven vocht-gevulde cysten in de nieren waardoor de nierfunctie sterk achteruit gaat.
Doordat er voor het onderzoek naar geneesmiddelen voor deze ziekte geen relevante
celkweken zijn die gebruikt kunnen worden om op grote schaal stoffen kunnen testen,
is er nu slechts één geneesmiddel op de markt, dat ook lastige bijwerkingen heeft. Het
model dat wij beschrijven in dit hoofdstuk gebruikt niercellen die in een 3D omgeving
cysten kunnen vormen. Door moleculen toe te voegen aan deze cysten kunnen we
onderzoeken of de moleculen die voor cystenieren relevante aangrijpingspunten (ook
wel: moleculaire targets) hebben, cystegroei vertragen. Om te onderzoeken welke
aangrijpingspunten binnen de cel relevant zijn voor cystenieren, hebben we dit 3D
celkweek model gebruikt om een verzameling moleculen, waarvan de moleculaire
targets bekend waren, te testen. Hierdoor was het mogelijk om het effect van de
moleculen op cyste groei te relateren aan de moleculaire targets. Naar aanleiding
hiervan identificeerden wij mTOR, HER2, IGF-1R, CDK, Aurora A kinase en Syk, maar
tot onze verbazing niet PI3K of EGFR, als eiwitten die mogelijk van belang zijn bij het
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remmen van cyste groei. Doordat een aantal van deze targets eerder beschreven waren
in de literatuur (mTOR, CDK) voor cystenieren, bevestigt dit de relevantie van dit model.

Om volgens deze strategie verder te gaan, hebben we in hoofdstuk 5 een andere
verzameling moleculen getest, waarvan de precieze affiniteit voor de targets van
bekend was. Hierbij hebben we de fenotypische veranderingen van de cysten na de
behandeling met deze moleculen vergeleken met een toxische stof. Door moleculen,
die een fenotype veroorzaakte dat erg lijkt op het fenotype geinduceerd door de
toxische stof, uit te sluiten hebben we moleculen kunnen selecteren die minder toxisch
zijn. Ook hiervonden wij dat de moleculen die cyste groei remden CDK, Aurora A kinase,
HER2 en IGF-1R als targets hadden. Doordat dit ook onze bevindingen in het vorige
hoofdstuk bevestigde, hebben we de activiteit van deze moleculen vergeleken op een
model voor kankercel invasie. Hierdoor konden we moleculen selecteren die alléén een
effect hadden op cyste groei, en niet op deze andere cellen, waardoor er mogelijk een
gerichter effect is op cystenieren. VCCs5 is een IGF-1R en Akt1 remmer die cyste groei
sterk verminderde zonder cellen te doden, waardoor dit mogelijk een kandidaat zou
zijn voor vervolgonderzoek.

Hoofdstuk 6 beschrijft de ontdekking van twee zeer effectieve moleculen, pyrvinium
pamoate en celastrol, na een grote screen met 2320 moleculen in het 3D celkweek
modelvoor cystenieren. Door de sterke activiteit van deze moleculenin ons 3D celkweek
model hebben we besloten deze stoffen te testen in een muismodel voor cystenieren,
waarin we zagen dat pyrvinium pamoate geen gunstige effecten op het ziekteverloop
had. Daarentegen bleek celastrol een zeer effectieve stof; na behandeling hadden de
muizen een verbeterde nierfunctie en ook een kleiner aantal cysten. Op dit moment is
onbekend waarom celastrol de groei van cysten vertraagt, maar dit komt waarschijnlijk
door meerdere moleculaire targets. Celastrol kan worden geéxtraheerd uit tripterygium
wilfordii, een plant die vaak in (traditionele Chinese-) geneeskunde wordt gebruikt
ter genezing van ontstekingen en vanwege mogelijke werkingen tegen obesitas en
tumoren.

Samenvattend; in dit proefschrift laten we zien hoe 3D celkweek modellen,
gecombineerd met fenotypische analyse, gebruikt kan worden om het in vitro
medicijnonderzoek te verbeteren, zodat de bevindingen relevanter zijn voor
diermodellen en voor patiénten, met als resultaat mogelijk veiligere geneesmiddelen
met minder bijwerkingen. Doordat deze nieuwere celkweek methoden kunnen
bijdragen aan een grotere kans op succes voor geneesmiddelen, is het mogelijk dat
uiteindelijk het aantal dierproeven, dat nodig is voordat geneesmiddelen in mensen
getest kunnen worden, kan worden teruggedrongen.
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