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Simple Summary: In this study, drug combination screening was used to design a multidrug com-
bination consisting of repurposed drugs to treat sunitinib-resistant clear cell renal cell carcinoma.
In the frame of this project, the multidrug combination has been optimized and validated and an
insight into the mechanism of action is given. The multidrug combinations significantly altered
the transcription of genes related to apoptosis and metabolic pathways. Further analysis of the
metabolism revealed strong upregulation of the presence of sphingolipids after multidrug combina-
tion treatment. Final evaluation for translation of the multidrug combination in ex vivo organoid-like
cultures demonstrated significant anti-cancer efficacy.

Abstract: Repurposed drugs have been evaluated for the management of clear cell renal cell carci-
noma (ccRCC), but only a few have influenced the overall survival of patients with advanced disease.
To combine repurposed non-oncology with oncological drugs, we applied our validated phenotypic
method, which consisted of a reduced experimental part and data modeling. A synergistic optimized
multidrug combination (ODC) was identified to significantly reduce the energy levels in cancer
remaining inactive in non-cancerous cells. The ODC consisted of Rapta-C, erlotinib, metformin
and parthenolide and low doses. Molecular and functional analysis of ODC revealed a loss of
adhesiveness and induction of apoptosis. Gene-expression network analysis displayed significant
alterations in the cellular metabolism, confirmed by LC-MS based metabolomic analysis, highlighting
significant changes in the lipid classes. We used heterotypic in vitro 3D co-cultures and ex vivo
organoids to validate the activity of the ODC, maintaining an efficacy of over 70%. Our results show
that repurposed drugs can be combined to target cancer cells selectively with prominent activity. The
strong impact on cell adherence and metabolism indicates a favorable mechanism of action of the
ODC to treat ccRCC.

Keywords: drug combination; drug-drug interaction; drug repurposing; metabolism; metformin;
Rapta-C; synergistic
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1. Introduction

Given the elevated costs of standard drug discovery, followed by a high attrition rate
of the drug candidates [1], new strategies have evolved to reposition or repurpose available
drugs [2,3]. Drug repositioning and repurposing are commonly used as synonyms [4],
referring to identifying new medical indications for approved or investigational drugs. In
oncology, drug repositioning usually refers to the use of an anti-cancer drug approved to
treat a specific cancer type [5] for the treatment of another cancer type. Importantly, for
these drugs, the mechanism of action, the safety profile, and the potential simultaneous
intake with other medications for a particular illness is known, further encouraging the
rapid approval in the treatment of other disorders, e.g., cancer [6,7].

In the case of difficult-to-treat and treatment-resistant cancer types, e.g., glioblastoma,
colorectal carcinoma or clear cell renal cell carcinoma (ccRCC), efficacious treatments are
rare and expensive. Existing treatments for ccRCC include targeted agents, i.e., sunitinib,
pazopanib or cabozantinib [8]. These drugs bind to tyrosine kinase receptors or molecules
downstream in the cell signaling pathway. The doses applied are high, leading to en-
hanced off-target effects and the appearance of severe side effects, with cancer cells rapidly
acquiring resistance to sustain the treatment.

ccRCC is highly infiltrated with immune cells. In 2015, the FDA approved nivolumab [9],
an immune checkpoint inhibitor, for the treatment of ccRCC. The approval of nivolumab
and ipilimumab [10] in combination followed. In parallel, other immunotherapeutics,
pembrolizumab or avelumab, with axitinib (vascular endothelial growth factor receptor
(VEGEFR) inhibitor) [11] have been approved. These immunotherapies efficiently reduce
tumor growth and prolong the overall survival rate of patients with early and advanced
staged tumors. The treatment response, however, remains very heterogeneous, and only a
small portion of patients benefit from these treatment regimens.

Drug repurposing might offer new therapeutic options and potential combinations
with innovative or existing oncological medicines [3,4,6,7,12-15]. Repurposing of initially
non-oncology drugs appears to be beneficial for the treatment of ccRCC. The Repurposing
Drugs in Oncology (ReDo) Project was launched to collect data on non-cancer drugs
evidenced to have an anti-cancer activity to further develop a database and support new
clinical trials [14,16].

Out of eight predicted candidate drugs, pentamidine, an antimicrobial drug used to
prevent pneumonia, exhibited anti-cancer activity in vitro and in vivo and proved to be a
validated treatment agent for metastatic ccRCC. Artesunate is an anti-malarial drug with
anti-cancer, anti-metastatic, and anti-angiogenic activity in cellular and murine xenograft
models [17]. Alternatively, gene expression profiling was used to discover drug candidates
repurposed for the treatment of ccRCC. Gene expression signatures of individual tumor
samples have been used to personalize drug repurposing [18]. Koudijs et al. collected tumor
(n = 534) and matched normal (1 = 72) samples from 530 ccRCC patients to create tumor
signatures to connect these to drug signatures [19]. The unique ccRCC gene expression
signatures revealed drug candidates for repositioning, with a strong tendency to target
small-molecule-based drugs, with erlotinib (epidermal growth factor receptor (EGFR)
inhibitor) being one of the top eight drug candidates.

Currently, most studies applying repurposed drugs for the treatment of ccRCC de-
scribe in vitro and in vivo results. Only a few repurposed drugs have made it to clinical
investigation. Metformin (anti-diabetic), somatostatin (statin), and mifepristone (anti-
progestogen) increase the disease-free survival of patients suffering from ccRCC compared
to the approved first-line treatment [20,21], shown by a retrospective analysis of a clinical
evaluation in ccRCC. Nevertheless, none of these drugs repurposed as monotherapies have
been investigated further or approved for the treatment of ccRCC, limiting the treatment
options and potential success in patients. Metformin combined with vandetanib (VEGFR?2)
was discontinued because of a terminated drug supply by the pharmaceutical company
(NCT02495103). Further studies monitoring kidney disease showed a tremendous need
to adjust the metformin dose in a personalized fashion [7,22,23]. Inter- and intra-patient
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heterogeneity, together with the development of acquired drug resistance and single-drug
dose-limiting toxicities, remain significant obstacles for the successful treatment and cure
of RCC. Well-designed drug combinations may help overcome the current limitations of
ccRCC therapy by challenging the robust biological processes [24,25]. Combination thera-
pies can overcome complications linked to side effects and the induction of drug-related
resistance due to non-overlapping mechanisms of actions [26,27]. Moreover, multitarget
combination therapies can effectively inhibit critical oncogenic signaling pathways. The
mutations and deregulations of signaling pathways link to the robustness and adaptability
of complex biological systems that favor compensatory mechanisms, which can be ex-
ploited by tumors. Targeting those (compensatory) signaling pathways at multiple levels
can enhance efficacy and therapeutic selectivity [26,28].

Recent clinical trials (e.g., CheckMate-214 [29], IMmotion151 [30]) have focused on
combinations of tyrosine kinase inhibitors and immunotherapeutic regimens to treat ccRCC
and overcome acquired drug resistance. However, the application depends on the efficacy
of each drug as a monotherapy and a scheduling model [29,30], which is inferior regarding
dose-limiting, drug half-life and off-target effects. Furthermore, there is high interest
in combining repurposed drugs with anti-cancer drugs or other non-oncology drugs to
broaden the spectrum of valuable treatment options. Hence, developing drug combinations
impedes choosing the ‘right” drugs to obtain a highly efficient synergistic effect with an
alternate purpose [31,32].

Another critical obstacle in RCC management is nephrotoxicity-induced kidney fail-
ure due to cancer treatment. Since cisplatin, a platinum-based drug, was approved for
the treatment of various cancer types, it has become the most prominent metal-based
compound currently used in clinical settings. However, cisplatin causes severe side effects,
with nephrotoxicity being the most common and intriguing problem.

Therefore, new metal-based drugs have been developed. One prominent example is
Rapta-C, which represents an innovative anti-cancer therapeutic and is a better-tolerated
alternative to cisplatin [33]. Rapta-C is a ruthenium(II)-based compound with amphiphilic
properties [34]. Rapta-C exhibits anti-angiogenic, anti-cancer, and anti-metastatic activities
through protein and histone-DNA alterations [33,35-39]. Compared with other ruthenium-
based drugs, Rapta-C is strikingly competitive, especially when administered in combina-
tion with other drugs [35].

In this study, we selected seven repurposed non-oncology drugs and screened for mul-
tidrug combinations to potentiate the activity of Rapta-C. Using our validated phenotypic
approach [25,40-42], we identified a low-dose, synergistic, optimized drug combination
(ODC). This ODC selectively targeted cancer cells and was active in sunitinib-resistant cells,
reducing the ATP production by 50%. The ODC contained Rapta-C and erlotinib (anti-
cancer), metformin (anti-diabetic) and parthenolide (anti-inflammatory). We evaluated
the cellular and molecular changes induced by the treatment with this drug combination,
which demonstrated genetic and metabolic regulations. These results showed significant
alterations in the cellular metabolism, notably lipid metabolism. Furthermore, our data
revealed dysregulations in cell attachment and transcription. In vitro validation in complex
heterotypic 3D co-cultures and murine organoid-like cultures led to an in-depth analysis of
the anti-cancer efficacy regarding a favorable safety/toxicity profile at the cellular level,
suggesting a good translatability of the ODC.

2. Materials and Methods
2.1. Cell Culture

Three distinct human ccRCC cell lines, A498, Caki-1 and 786-O and non-cancerous
HEK-293T (human embryonic kidney) cells, were purchased from ATCC. The cancer cell
lines were isolated from the epithelial part of cancer lesions, with A498 being isolated
from a primary ccRCC lesion, Caki-1 from a skin metastasis, and 786-O from a primary
clear cell adenocarcinoma. Subsets of A498, Caki-1, and 786-O RCC cells were split and
chronically treated with 1 uM sunitinib to obtain sunitinib-naive and sunitinib-resistant
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cells, referred to as -SR. Normal human adult dermal fibroblasts (NHDF«) were purchased
from Vitaris (Baar, Zug, Switzerland). Prof. AW Griffioen (Angiogenesis Laboratory,
Vrije Universiteit Amsterdam, 1081 HV Amsterdam, The Netherlands) generously donated
human immortalized endothelial cells (ECRF24). Immortalized epithelial cells isolated from
the renal cortex and proximal tubule (RPTEC/TERT1) as well as immortalized peripheral
blood monocytes (THP-1) and T cells (BCL2 Jurkat) were purchased from ATCC.

Cells were cultured at 37 °C in either DMEM (A498, Caki-1) or RPMI medium (786-O
and HEK-293T, THP-1, Jurkat) supplemented with 10% fetal bovine serum (S1810-500,
Biowest, Nuaillé, France) and 1% penicillin/streptomycin (4-01F00-H, Bioconcept, Basel,
Switzerland,). NHDF« cells were cultured in special fibroblast medium (C-23110-PRO,
Vitaris) and ECRF24 in 50:50 DMEM and RPMI medium in flasks coated with 0.2% gelatin.
RPTECs were cultured in epithelial cell medium (4101, ScienCell Research, Carlsbad,
CA, USA).

Cells were tested for mycoplasma contamination frequently and have been authen-
ticated by Microsynth AG (Balgach, St. Gallen, Switzerland). Cell line identity was
confirmed with STR systems from Promega (Zurich, Switzerland) and subsequent database
comparison.

2.2. Drugs

3-Hydroxytyramium (515944309, Merck, Zug, Switzerland), diclofenac (D6899-10G,
Sigma-Aldrich, Zug, Switzerland), and haloprogin (FD131, SynChem, Altenburg, Ger-
many) were purchased, as indicated. Rapta-C was synthesized using a method presented
elsewhere in the literature [43]. Acetylsalicyl acid (HY-107831), disulfiram (HY-B0240),
famotidine (HY-B0377), ivermectin (HY-15310), metformin (HY-17471A), parthenolide (HY-
N0141) and verapamil (HY-A0064) were purchased through MedChemExpress (Monmouth
Junction, NJ, USA). Erlotinib-HCI was purchased from LC laboratories (Woburn, MA, USA).
3-Hydroxytyramium, diclofenac and metformin were dissolved in sterile ultrapure water.
All other drugs were dissolved in sterile DMSO. Dependent on the solubility, drug stock
solutions were prepared for long-term storage at —80 °C (Table S11). Sunitinib (Pfizer),
was dissolved in sterile DMSO (Sigma-Aldrich, D8418-50 ML) and used as positive control
at 0.01% in cell culture medium.

2.3. Heterotypic 3D Co-Cultures

Heterotypic 3D co-cultures of 700 ccRCC, 200 NHDFa and 100 ECRF24 cells [44] were
established without the addition of extracellular matrix components or supplemented with
0.5 mg/mL collagen type I (A1048301, Sigma Aldrich). Those co-cultures were further
supplemented with 35 Jurkat and 70 HP-1 cells [44] in experiments measuring the impact
of the ODCRrgpmp treatment on those immune cell subsets. To promote spheroid formation,
80 uL/well were seeded in a round-bottomed 96-well plate with a cell-repellent surface
(Cellstar® 650970), or in 96-well round bottomed plates (353077, Beckton Dickinson, Nyon,
Switzerland) coated with poly-2-hydroxyethyl methacrylate (P3932-10G, Sigma Aldrich)
and centrifuged at 4 °C for 2 min at 1200 rpm. Drug treatments on co-cultures were initiated
48 h after spheroid formation.

2.4. Cell Viability Assay

Drug treatment activity in 2D and 3D cell culture models was measured using the
CellTiter-Glo® cell metabolic activity (ATP) assays (G7572 and G9683, Promega, Madison,
WI, USA), according to the manufacturer’s instructions. Bioluminescence readout was
performed using a BioTek Cytation 3 and Gen5 Image software version 3.04 at default
settings.

2.5. RNA Sequencing

An RNA easy® Plus Kit (74134, Qiagen, Hilden, Germany) was used to isolate RNA
following the manufacturer’s instructions. The RNA quality control was performed as well
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as library preparation through TruSeqHT Stranded mRNA (Illumina). An Illumina HiSeq
4000 System using the 100 bp single-end reads protocol was applied for the sequencing
experiments. A quality control was added with FastQC v.0.11.5. The reads were aligned to
the human genome (UCSC hg38) using STAR v.2.5.3a software [45]. With PicardTools v.2.9.0,
the biological quality control was incorporated and the HTSeq v.0.9.1 was utilized for raw
count acquisition [45]. Normalization and differential expression analysis were performed
using the R/Bioconductor package edgeR v.3.24.3 [46]. A general linear model, negative
binomial distribution, and quasi-likelihood F test were applied to assed the statistical
significance. Genes with a fold change >2 and p-value < 0.05 (with a false discovery rate of
5%) were considered differentially expressed.

Genes up- and downregulated after ODC treatment were analyzed according to the
gene ontology enrichment analysis in Enrichr [47]. The RNA-Seq data have been deposited
in the NCBI Gene Expression Omnibus [48] with GEO Series accession GSE174740.

2.6. Metacore Analysis

MetaCore™, a web-based analytical tool of Cortellis™ and hosted by Clarivate
Analytics [49], was used to perform network and pathway analysis of RNA sequencing
data to obtain a graphical output. This analysis tool enabled the development of a molecular
understanding of the genetic alterations after drug combination treatment in Caki-1-SR
cells in comparison to sham-treated Caki-1-SR cells. The analysis was performed focusing
on 10-30 nodes in one pathway or network, to comprehensively mine for the underlying
pathway alterations.

2.7. Analysis of the Lipid Classes

Sample preparation and LC-HRMS/MS analysis was performed following the same
procedure as previously described by Rausch et al. [50]. The MS data were converted from
RAW (Thermo) standard data format to .mzXML format using the MSConvert software,
part of the ProteoWizard package [51]. The converted files were treated using the MZMine
software suite v. 2.38 [52]. A more detailed explanation on data treatment is given in the
Supplementary Information S1. The data are deposited on GNPS and can be accessed
through doi:10.25345/C5P53K.

2.8. Flow Cytometry Analysis

The 3Dcc™™ were characterized through flow cytometry analysis. The 3Dcci™™
spheroids were dissociated using AccuMax-solution to obtain single-cell suspension and
antibody-labelling was performed on ice for max. 1 h. Fluorophore-coupled antibodies are
listed in Table S12 and were purchased from BD Bioscience (San Jose, CA, USA) or Biole-
gend (London, United Kingdom). Annexin V-APC (640920) and propidium iodide solution
(421301) were used to analyze apoptosis and cell cycle distribution. Both chemicals were
purchased from Biolegend and used following the instructions given by the manufacturer.
The cells were analyzed on a Beckton Dickinson (BD) LSRFortessa (5 lasers; Franklin Lakes,
NJ, USA) and BD FACSDiva™ v9 software (San Diego, CA, USA).

2.9. Organoid Generation

Experiments including Swiss nu/nu mice (NU(Ico)-Foxnlnu) were performed in
accordance with the Institutional Ethical Committee of Animal Care in Geneva and the
Swiss Cantonal Veterinary Office (authorization number GE-100-20). Both female and male
mice were obtained at an age of 6-8 weeks from Charles River (Ecully, France). A total of
5 x 10° Caki-1 or Caki-1-SR cells were harvested and re-suspended in 100 pL of DMEM
medium supplemented with 1% FCS. Cells were inoculated subcutaneously in the left
flank. Tumor growth was monitored for 21 days. After sacrificing the animals, tumors
were resected and dissociated enzymatically and mechanically to obtain tissue chunks
of <1 mm?. Cell-tissue chunks were maintained for 6 days to promote cell aggregation,
proliferation, and the natural formation of spheroids and organoid-like constructs in
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StemPro medium [53]. To perform the analysis of treatment response, these aggregates
were re-dissociated to obtain a single-cell suspension and seeded, following the same
protocol as for 3D cultures from cell lines distributing 1000 cell per well.

3. Results
3.1. Phenotypic Synergy Screen Identifies Drug Hits for Combinatory Treatment in ccRCC
Cell Lines

We intended to block the cellular responses and signal transduction of ccRCC at
varying levels in our approach. Therefore, we included drugs in the initial set that bound
to extra-, intra-cellular and nuclear, i.e., DNA targets (Table 1). Chemotherapeutics bind
and alter DNA, and at present, ruthenium-based drugs have proven to be strong can-
didates [54,55]. Rapta-C, an experimental ruthenium (II)-based compound, binds to the
histone proteins in chromatin, exploiting favorable anti-cancer activity, further demon-
strated to be favorable for drug combination studies [35].
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Table 1. Drug—drug interactions and efficacy in cancer treatment.

Drug Pharmaceutical Class Indication Targets Clinical Stage Potential Use in Cancer
Chemotherapy; L .
Rapta-C Anti-cancer [56]; - p53-JNK pathway gﬂ,Aprotem, histones in preclinical -
Anti-angiogenic
3-Hydroxy-tyraminium . . . System-wideagonist of dopamine type 1-5 Glioma [57], colorectal cancer,
chloride Anti-hypertension Hemodynamic imbalance receptors approved tumor immunity ** [58]
Il?hl}j‘)lt.l(.)n of prostaglar}dm synthesis by Colorectal cancer,
inhibition of the transiently expressed
. . . . ) . neuroblastoma,
Diclofenac sodium Analgesics Pain prostaglandin-endo-peroxide synthase-2 approved . .
post-operative [59],pancreatic
(PGES-2), also known as Cycloxygenase-2 cancer ** [60]
(COX-2)
Acetaldehyde i
Disulfiram dehydrogenase inhibitor; Alcoholism Inhibits enzyme acetaldehyde approved Any cancer type [61]
R dehydrogenase
Proteasome inhibitor
Erlotinib-HCI Anti-cancer agent Non-small cell lung cancer Inhibition of the fizieti)?al growth factor approved
. . Gastro-esophageal reflux H2 Blocker and Histamine Receptor Pre-operative, tumor
Famotidine Anti-ulcer agent disease Antagonist approved immunity ** [62]
. Anti-infective agent; Sk.l " ll’l'feCtIOI:lS (athlete’s foot, GPCRs,dopamine and adrenergic discont.(side effects and Melanoma [39],lung and
Haloprogin . jock itch, ringworm, and . .
Anti-fungal agent . . receptors available new drugs) pancreatic
tinea versicolor (a fungus)
Glutamate-gated chloride channels central
Ivermectin Anti-infective agent Parasite infections nervous system depression, and Cancer stem-like cells

consequent ataxia, potentiation of
inhibitory GABA-ergic synapses

approved (breast), gastric cancer [63]
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Table 1. Cont.

Drug Pharmaceutical Class Indication Targets Clinical Stage Potential Use in Cancer
Decrease hepatic glucose production,
mostly through a mild and transient
inhibition of the mitochondrial respiratory
chain complex I, the resulting decrease in Breast cancer stem cells [64],
Metformin-HC1 Hypoglycemic agent Diabetes type II hepatic energy status activates AMPK approved pancreatic cancer **, head and
(AMP-activated protein kinase), a cellular neck squamous cancer **
metabolic sensor, providing a generally
accepted mechanism for the action of
metformin on hepatic gluconeogenesis
HDACT inhibition;
Analgesics; modulation of Under clinical (Breast) cancer stem(-like)

Parthenolide

Anti-inflammatory agent NF-kB-mediated investigation cells, colorectal cancer [65,66]
inflammation
high blood pressure, chest g : Pancreatic tumor side
Verapamil -HCI Anti-hypertension pain from not enough blood Efflux pump 1rihilbr1rt10r},lvrolgalge dependent approved population (stem-like) cells
flow to the heart muscle caiciim channets [67]
Gastrointestinal tract and
Acetylsalicylic acid Analgesics; Pain, fever COX1 and COX2 approved lungs **, colorectal cancer **

[68]

** in clinical trials (https://www.cancer.gov/about-cancer/treatment/clinical-trials; accessed on 25 January 2021)
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Intending to identify drugs that might interact synergistically in combination with
Rapta-C, we selected eleven repurposed drugs, based on the following criteria: (i) re-
ported anti-cancer activity; (ii) validation via the ReDo project [14]; (iii) literature informa-
tion [4,6,7,13,15,69,70]; and (iv) known combinations with cisplatin or with ruthenium(II)-
based compounds (Table S1).

In the first step, we evaluated the dose-related cytotoxicity of each drug to initiate the
synergy screen by creating drug response curves (Figures S1-53). This was performed in
parallel in human treatment-naive and chronically treated ccRCC cells with sunitinib (-SR),
as well as in non-cancerous HEK-293T and RPTECs of kidney origin.

The dose-response curves were used to determine the doses needed to initiate the
screen. Two doses were chosen to calculate the dose-dependent effects of each drug
(Table S2). The concentrations tested aligned with the reported maximal plasma dose
(MPD) of (i) mice during preclinical testing or (ii) patients during clinical testing or after
approval. The concentrations were related to the standard application for the initial
indication. We performed the experiments in ccRCC cell lines and measured the cellular
metabolism (ATP levels) compared to the sham-treated control (CTRL, 0.01% DMSO in
culture medium). The drug and dose-dependent responses were similar for all ccRCC cell
lines.

A phenotypic screen called Therapeutically Guided Multidrug Optimization [40-42,71]
(TGMO, Figure 1A) was used to identify drug-drug interactions between the twelve drugs
administrated at two doses. Drug—drug interactions were compared to interactions re-
ported in the literature (Table S3).

Following the TGMO design, a small number of experimental data points were
gathered in searches 1-3 and fed into a model mathematically describing single drug
effects, dose-related effects, two-drug interactions, and the relationship between the
drug combination input and output activity of each possible two-drug combination
(Figures 54 and S5) [25]. Regression coefficients are the final output of the linear regres-
sion calculation, which can be used to ascertain synergy, additivity or antagonism be-
tween drugs.

In the course of the TGMO, multiple combinations varying in the number of drugs
were tested, ranging from twelve to two drugs. Search 1 was dedicated to determining
the drugs not adding efficacy to the combinations or presenting an antagonism to most
other candidates. Transient from search 1 to search 2, five drugs were removed, and the
remaining were screened again. In search 2, we included the therapeutic window, which
describes the difference of the combined cytotoxic effect in non-cancerous cells (RPTECs)
and ccRCC cells, eliminating a further three drugs. In search 3, four drug candidates per
cell line were tested to determine the final drug combination.

The three consecutive search rounds led to identifying an optimized cell-type-specific
drug combination (Figures 54 and S5) in Caki-1 sunitinib-naive (SN) and sunitinib-resistant
(-SR) cells [50]. This combination consisted of Rapta-C, erlotinib, metformin and partheno-
lide, and was further abbreviated as ODCrgpmp (Figure 1B). Mathematical and statistical
information accompanying the TGMO search showed underlying synergy (CI = 0.65 [72];
Figure S6) between the drugs and a robust model accuracy represented through a coeffi-
cient of multiple determination (Figure S7). The combination presented a similar efficacy
in reducing the ATP levels of both SN and SR cells (>40%), and in Caki-1-SR cells, the
combined activity was more potent than the single-drug activities (Figure 1C).



Cancers 2021, 13, 3978 10 of 24

e [ [ Repac Eroge
A - N Cathepsin B
o UC.% Search 1 Thioredoxin ﬁ(
Cytoskeletal EGFR

rearrangement

ATP levels (% CTRL)

0
0.01 0.1 1 10 100 1000
drug [log pM]

DRCs of 12 /4 :
initially selected drugs

)

)

' Cytochrome ¢
experimental data > : DNA binding
computational modeling ]

)

.

l NFKB HDAC1
@ Q p Mitochondrial
Shate _§e_a:c_h_3- e S respiratory chail
@ U % Autophagy A Metformin
0 Parthenolide

oDcC
1407 Caki-1 ®  Caki-1-SR clone 1 14090 -sRclone 2 ® -SRclone 3
5 120 : s
© i
5 100 3 : ~ %
* e . N
2 804 H J \ \' \
il | NENANN
"’ NNNNNN
a ] NNNNNRN
£ 20 N N N N
< N N N N
0
rap [uM] 2 2 - - 2 2 rap[uM] - 2 2 - - 2 2 -
erl [uM] 1 -1 - 1 1 erl[uM] - 1 - 1 - 1 - 1 -
met [uM] 1 1 - 1 1 met[uM] - 1 -1 - 1 -1 -
par [uM] 5 5 5 5 par[uM] - § 5 5 5
4 7 144 21
1407 @ Caki-1-SR clone 1 W07 8 Calt o ne . i f i P
Sy i ey i =15 Time [h]
g 120 g 120 T T2 T3
5 100 5 100 ns
2 80 £ 80+
(2} [} -
s 604 T 604
> >
2 40 2 40 2 l
o o
= 20 = 20 o
< <
0 0- T T T T
rap[uM] 2 2 2 - 2 2 2 - - - rap [uM] - 2 2 - - - -
erl[pM] 1 1 -1 1 - -1 1 - erl [uM] 1 - 1 - - -
met[uM] 1 - 1 1 1 1 1 met [uM] 1 1 - -
par [uM] - 5 5 5 - 5 - 5 5 par [uM] 5 - 5 -
sun [uM] - - 1

Figure 1. Optimization of a multidrug combination and its activity in 2D cell cultures. (A) Schematic representation
of the Therapeutically Guided Multidrug Optimization method to screen for multidrug combinations. An initial set of
12 drugs was selected and drug-response curves (DRCs) were generated to visualize the single-drug effects. In three
searches, experimental and computational modeling were used to generate data facilitating the calculation of statistical
parameters which are needed to guide drug inclusion and exclusion between the searches. Following this iterative process,
a four-drug combination was designed and optimized (ODC). (B) This ODC contains Rapta-C, erlotinib, metformin and
parthenolide (ODCgrgpmp). The known targets for ODCrppp drugs are presented in the schematic of a cancer cell. (C) Bar
graphs demonstrating the ATP levels (viability measure) of Caki-1 and Caki-1-SR clone 1 cells in response to the drug
combination and monotherapy treatment. The error is presented as the standard deviation. Significance was calculated
for N = 3 independent experiments using a one-way ANOVA test; * p < 0.05, *** p < 0.001. (D) Measure of the ATP levels
after ODCrgpp and monotherapy treatment in two Caki-1-SR clones 2 and 3 established following different protocols to
induce resistance to sunitinib. Clone 2 was established, maintaining the chronic treatment of 1 uM sunitinib for more than
30 weeks. Clone 3 demonstrated intrinsic resistance after one single treatment of 10 uM sunitinib. The error is presented
as the standard deviation. Significance was calculated for N = 3 independent experiments using a one-way ANOVA test;
*** p < 0.001. (E) Upon the removal of one or two drugs at the time from the combination, the anti-cancer efficacy decreased
significantly. (F) Retreating Caki-1 and Caki-1-SR cells 3 times, each 72 h, (time line above the graph) reduced the ATP
levels significantly to values <5% compared with the untreated control. The error is presented as the standard deviation.
Significance was calculated for N = 3 independent experiments using a one-way ANOVA test; *** p < 0.001.
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3.2. Activity Validation of the ODC

We discovered that sunitinib-naive and -resistant ccRCC cells of primary origin (A498,
786-0) were predominantly insensitive to ODCrgpmp (Figure S8). This result suggests
that the anti-cancer activity in Caki-1(-SR) cells is based on triggering molecular targets
particularly present in these cell lines. Treating non-cancerous cells originating from non-
malignant tissue, i.e., human kidney tubular epithelium (RPTEC), endothelium (ECRF24),
and fibroblast (NHDFw; Figure S9), revealed that the ATP levels remained stable upon
treatment. In addition, we included immortalized immune cell lines, i.e., BCL2-Jurkat
CD4+ T cells and THP-1 monocytes. The ATP levels of Jurkat and THP-1 cells cultured
separately in 2D cultures decreased by approximately 50%.

Exposing Caki-1-SR clones 2 and 3, which have different genetic backgrounds, to
ODCRrgmp, the activity of the combination was maintained (Figure 1D). At the same time,
the removal of one or two of the drugs from ODCrgpp reduced the activity. Dose increases
in ODCrgmp increased the activity in RPTECs (Figure 1E and Figure 510).

The results described above were obtained after a single 72 h incubation of cells with
drugs. Another two consecutive times (72 h), retreatment of the same cells led to a further
significant decrease in the ATP level (Figure 1F).

3.3. RNA Sequencing Reveals the Upregulation of Genes Related to Apoptosis, Cell Adherence and
Metabolism upon ODCrppp Treatment

To study the consequences of ODCrppp treatment on RNA expression (Figure 2A),
we incubated Cakil-SR clone 1 cells for 24 h with ODCRrgpp to capture the onset of gene
down- and upregulation. Significant differential expression was detected for 284 genes
(raw p-value < 0.05 and FC > 2) between the control conditions (untreated Caki-1-SR cells;
Caki-1-SRCTRL) and Caki-1-SR cells treated with ODCgrgpmp. These alterations included a
cluster of 22 genes (p-value with false discovery rate (FDR) < 0.05 and FC > 2) with 2 being
down- and 20 upregulated corresponding to cell signaling and transcription processes
(Table S4). The functions of these genes were attributed to chemotaxis, metabolic pathways
and DNA damage repair (Figure 2B, Figures 511 and S12). Following network analysis
in MetaCoreTM, variations in the regulation of apoptosis, cell adherence, cytoskeletal
rearrangement, and transcription were detected (Figure 2C). The most significant changes,
highlighted through the MetaCoreTM network analysis, were found in the necrosis factor-
kappa B (NF-«B) signaling pathway between NF-«B and the upstream located inhibitory
kinase of NF-kB located upstream (44.4%; 5.166-22), together with a positive regulation of
NF-kB transcription factor activity (48.1%; 8.049-20; Tables S5 and S6).

The targets, detected through RNA sequencing, were not necessarily part of the
signaling pathways with which these drugs are known to interfere. Therefore, we used an
in silico prediction tool (SwissTargetPrediction [73]) to determine whether these targets
might be off-targets with suitable binding sites. We collected the canonical SMILES codes
(Table S7) for the drugs erl, met and par from PubChem within the ODCgrgpp and inserted
them in the search tool. Rapta-C has a complex structure; therefore, the generation of
the SMILES code was difficult and had to be adapted from previous studies [33,34,74,75]
to fit the prediction tools. We selected all targets with a binding probability > 0.05 and
ordered them alphabetically (Table S8). This step revealed that RNA sequencing showed
the interplay of the drugs and the regulation of non-obvious targets. The output of the
prediction tool referenced four targets for Rapta-C with a binding probability of 0.1016.
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Figure 2. RNA sequencing and LC-HRMS/MS metabolomics analysis of Caki-1 cells treated or not with ODCggpp.
(A) Heat map representing the significant differential expression of 93 genes, comparing sham-treated Caki-1-SR (CTRL)
and ODCRrgpp-treated Caki-1-SR cells (REMP). The treatments were applied for 24 h before the analysis. The normalized
expression value (NEV) is represented by a color scale, with blue for a low expression and red for a higher expression value.
(B) Pathway enrichment analysis showing that the gene ontology terms correspond to significant alterations in metabolic
processes. The top 10 significantly dysregulated pathways are listed. (C) Volcano plot of the 624 features (m/z at retention
time) obtained after metabolomics treatment of the LC-MS data in positive mode (Figure S14 and Table S9). Dots are colored
according to the annotated chemical class. Dots included in the light grey rectangles represent an absolute log (fold change)
higher than 1. Dots included in the black dashed rectangle represent significant changes (p < 0.05) and are detailed in (D),
classes with significant changes. The class with highest number of significant changes (four increased and one decreased)
was ceramide, with other significantly increased phospholipids classes. (E) Normalized peak areas of the five annotated
features both significantly increased or decreased with an absolute log (fold change) higher than 1 (present in black dotted
and grey rectangles). Features were labelled according to RefMet [76]. An overview of all ceramides with either p < 0.05 or
abs (log(fold change)) > 1 is given in Table S9.

In parallel, we performed Western blot experiments to determine the protein expres-
sion of hypoxia-inducible factor-1a, HDAC1/2, Rho-associated protein kinase, as well as
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CD41 and CD44. Both CD41 and CD44 are proteins related to epithelial-mesenchymal
transition, which occurs when cells of endothelial origin (as the Caki-1-SR cells) lose cell-
cell adhesion. The analysis was performed after 24 h treatment; however, no significant
changes were detected (Figure S13; Tables S6 and S8).

3.4. ODCrgmp Treatment Has an Impact on the Metabolism of Ceramide and Glycerophospholipids
in ccRCC Cells

The effect of the ODCrgpp treatment on the cellular metabolism detected through
RNA sequencing was investigated further through the analysis of the cell and drug
metabolism by high-resolution tandem mass spectrometry (LC-HRMS/MS). We focused on
drug metabolites and apolar cell metabolites because of the reported effects of metformin
and parthenolide on the lipid metabolism [77-79].

After 24 h of incubation with ODCgrgpmp, the culture medium containing the drugs
(supernatant) was separated from the cells. The cells were quenched, and metabolites
were extracted using methanol (cell extract; Figure S14A). In the supernatant (Figure S14C,
right graph), all peaks corresponding to the four drugs of the ODCrgnp were detected
(compared with standard solutions; Figure S14B). For sunitinib, two peaks were detected
in the supernatant and the extract, corresponding to the two stereoisomers of sunitinib [50]
(Figure S14C,D). However, in the cell extract, only erlotinib was detected together with
sunitinib isomers [80]. The reversible conversion from (Z)-sunitinib to (E)-sunitinib [34,80]
occurs through light exposure (Figure S14C). We have previously reported on both (Z)-
and (E)-sunitinib isomers in the cell interior after sunitinib-resistance induction [50].

We also observed alterations of metabolites not related to the drugs themselves fol-
lowing the ODCgrgpmp treatment (Figure 2B). Focusing on the lipid classes, we detected
significant increases in ceramides and lipids with glycerophosphate residues (Figure 2C).
Inspecting these alterations per lipid class showed a rise in sphingolipid derivatives after
ODCRrgmp treatment (Figure 2D). Within the most significantly changed sphingolipids were
the main classes of ceramides, glycosphingolipids and glycerophosposerines (Figure 2E
and Table S9).

Connecting between gene expression and lipophilic metabolite patterns (Figure 3)
revealed that ODCRrgpp influences ceramide, choline and glucose metabolism. This con-
nection has been performed based on the single read-outs linking the metabolites with
the corresponding enzymes. Glycolysis in cancer cells is often used to produce lactate
(Warburg effect [81,82]) from glucose. Our data suggested that the expression of glucose-
6-phosphatase is downregulated; this phosphatase reconverts glucose-6-phosphate to
glucose. Downstream, pyruvate can be enzymatically transformed to acetyl-CoA or lactate.
During aerobic glycolysis, acetyl-CoA is produced. However, our RNA sequencing data
revealed a downregulation of the pyruvate dehydrogenase phosphatase enzyme, which
converts pyruvate to acetyl-CoA. This indicates that after ODCgrppmp treatment, cells, in
turn, might induce the production of lactate and lipid synthesis. Such behavior can also be
seen with the Warburg effect, which describes the modified cellular metabolism in cancer
cells favoring lactate production from glucose in an aerobic environment.

Mass spectrometry analysis detected a substantial increase in phospholipid metabolism.
By linking this result with RNA sequencing data, we detected a significant downregulation
(FC > 2, p-value with FDR < 0.05) of phospholipase C, the enzyme converting phosphatidyl-
choline to 1,2-diacylglycerol. There are two ways of supplying choline for this reaction,
i.e., extracellular uptake and production during phosphatidylcholine metabolism. Further
downstream in the metabolism of phosphatidylcholine, the enzymes acetylcholinesterase
and butyrylcholinesterase were downregulated. These enzymes use acetylcholine to pro-
duce choline and acetyl-CoA.
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Figure 3. Schematic representation of metabolic pathways targeted by ODCrgpp. RNA sequencing and LC-HRMS/MS data
revealed a strong impact on metabolic pathways after ODCgrgpp treatment. These pathways include glycolysis, choline and
ceramide metabolism. Enzymes detected to be upregulated after ODCrgpp treatment (in italics and orange), downregulated
enzymes (in italic and green), and upregulated metabolites (written in red). Pyruvate can be used for the enzymatic
conversion of palmitoyl-CoA, which is the primary molecule to initiate the de novo synthesis of ceramide. Molecules of the
ceramide class were significantly upregulated, as well as the two enzymes ceramidase 4 and sphingomyelin phosphodi-
esterase 4. Pyruvate is also the substrate for pyruvate dehydrogenase phosphatase producing acetyl-CoA. This figure was
created with BioRender.com. Legend: aKG, a-ketoglutarate; 1/6(bi)p, 1/6 (bis)phosphate; 3PG, 3-phosphoglyceric acid;
CDP-choline, cytidine 5'-diphosphocholine; CoA, coenzyme A; DHAP, dihydroxyacetone phosphate; GA3P, glyceraldehyde
3-phosphate; GLUT, glucose transporter; MCT, monocarboxylate transporter; MPC, mitochondrial pyruvate carrier 1, NAD,
nicotinamide dinucleotide; OAA, oxaloacetate; SucCoA, succinyl-CoA; TCA, citric acid cycle.

Upon ODCgrgpp treatment, the presence of ceramides was significantly increased
(Figure S15 and Table S9). This appears to be forced by the significant upregulation of
the enzymes ceramidase 4 and sphingomyelin phosphodiesterase 4, leading to ceramide
synthesis from palmitoyl-CoA sphingomyelin.

To associate the cellular changes after ODCrppmp treatment with physicochemical
properties and pharmacokinetics, we used SwissADME [83]. SwissADME is an in silico
prediction tool developed by the Swiss Institute of Bioinformatics [83]. The prediction
did not offer information on absorption, distribution, metabolism, and excretion after the
combined application of the drugs. Therefore, we could not obtain an accurate model,
but characterized each drug separately (Table 510). The predictions for passive human
gastrointestinal absorption and blood-brain barrier permeation both consisted in the
readout of the BOILED-Egg model [84] (Figure S16). All compounds in the ODCrgpp are
absorbed in the intestine presented through the outer area. Three compounds may pass the
blood-brain barrier (yellow area) accessing the brain (red circles). In general, the majority
of drugs in the ODCgrpmp are poorly absorbed (red dots).

3.5. ODCRrgmp Activity in Complex Heterotypic 3D Co-Cultures

In order to mimic the tumor microenvironment, we have previously developed com-
plex heterotypic 3D co-cultures (3Dcc) closely representing the biological characteristics of
ccRCC [44]. We prepared scaffold-free 3Dcc containing Caki-1-SR, NHDFx and ECRF24
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cells and, in parallel, the same co-cultures supplemented with 5% Jurkat and 10% THP-1
cells (3Dccimm).,

We determined the effect of the ODCgrgpmp on (i) the production of the extracellular
matrix and spheroid growth, (ii) the motility of cells, and (iii) the immune cell subsets. Con-
sidering the complex spheroid environment and the short half-life of the drugs (Table S1),
we administered ODCgrpmp six times, every 12 h, Figure 4A. Culturing the 3Dcc in a
medium supplemented with 0.5 mg/mL collagen type 1 facilitated the formation of sprouts
used for cellular movement (Figure 4B,C). Through adherence to the collagen network,
cancer cells induced migration away from the core spheroid, which seemed to be accom-
panied by the motion NHDF« and ECRF24 cells. Even after the appearance of the motile
phenotype, the anti-cancer efficacy of the ODCrpmp significantly reduced the ATP levels.
Measuring the spheroid size (Figure S17A) revealed a significant decrease of 181.5 um3
between the untreated and ODCgrgpmp spheroids. The diameters of the stable core spheroid
(inner) and the motile margin (outer; Figure S17B) were shortened by >165 um (inner:
169.5 um; outer: 176.1 pm). The ODCgrpmp significantly reduced the number of sprouts
(Figure S17C), but not the length of the sprouts (Figure S17D).

Time [d] 0 1 2 3 4 5
Manipulation _g T T ? T T E
8 Treatment é
B
3d 4d 5d

L
. »
-e

o
=
3 rap [uM] 2 2 - =
b3 erlfuM] - 1 - 1 - -
5] met[uM] - 1 - - 1 -
S— par[pM] - 5 - - - 5§ -
sun [uM] - - - - - - 1
D

e N &
e © ©

ATP levels (% CTRL)
b O @
o © o

»n
o

0

rap [uM] 2 2 2 2 = ¥ ] 24h
erl [uM] . 1 - 1 . - B
met [uM] - 1 - - 1 - - .
par [uM] - 5 - - - 5 -
sun [pM] - - - - - - 1

o
=3

. =
i @
‘gl E 200 ren
3 erl —=— CTRL
: 1004 —— met == REMP
§d 7 —e— par

N
a

IS
¢ '
ter [um?
w » o
8 s 8
=3 o o
E&'
ATP levels (% CTRL)
= e
~ 2 N
a S o
]
o
ly
°
@H ®

A v 0+ T T T T T 1 0= T T T T

. 0 1 2 3 4 5 6 rap[uM] - 2 2 - - -
Time [d] erfuM] - 1 - 1 - -

met [uM] - 1 - - 1 -

par[iM] - 5 - - - 5

Figure 4. Activity of ODCrgpp in in vitro and ex vivo organoid-like heterotypic 3D co-culture systems.
(A) Timeline of the treatment schedule used for translation in heterotypic 3D co-cultures from cell
lines and resected Caki-1-SR clone 1 tumors. (B) Caki-1-SR clone 1-based 3D co-cultures (3Dcc) were
established in a collagen-rich (0.5 mg/mL collagen type 1) environment to induce a motile phenotype
and sprout formation. After three days (3 d) sprouts were formed, which were monitored until 5 d.
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Representative bright-field images show the difference between untreated (CTRL) and ODCRrgpmp-
treated spheroids. The scale bar corresponds to 300 um. (C) Bar graphs demonstrating the energy
loss (reduction in ATP levels) of Caki-1-SR clone 1 3Dcc spheroids cultured in a collagen-rich
environment in response to ODCggpp and monotherapy treatment. The error is presented as the
standard deviation. Significance was calculated for N = 3 independent experiments using a one-way
ANOVA test; * represents the comparison between all conditions, * p < 0.05, ** p < 0.01, *** p < 0.001.
$ represents the comparison of the ODCrgyp to single monotherapies only, ® p < 0.05, %% p < 0.001.
(D) Comparison of the treatment response of Caki-1-SR clone 1-based 3Dcc and co-cultures including
immune cell lines (3Dcc™™). To obtain 3Dccl™™ spheroids, 5% Jurkat and 10% THP-1 cells were
supplemented. The error is presented as the standard deviation. Significance was calculated for
N = 3 independent experiments using a two-way ANOVA test; *** p < 0.001. (E) Representative
bright-field and fluorescence images of the co-culture formation in times ranging from the moment
of seeding (0 h) to 12 h. The cells were stained with CellTrackerTM dyes to monitor the movement
during spheroid formation (green, ccRCC; red, Jurkat; and blue, THP-1). After 24 h, unstained
spheroids were transferred from the culture well into a staining well including a solution of ethidium
homodimer and calcein to visualize viable and dead areas in the spheroid (green, viable; red, dead).
The scale bar corresponds to 200 pm. (F) Representative bright-field images of ex vivo organoid-like
cultures derived from murine tumor tissue on day 3-5 (3-5 d) after seeding. Organoid-like cultures
remained untreated (CTRL) or were exposed to ODCrgpmp treatment following the schedule depicted
in A. The scale bar corresponds to 200 um. (G) Measurement of the diameter of ex vivo organoid-like
cultured derived from murine tumor tissue. Significance was calculated for n = 6 independent
organoid-like cultures using a one-way ANOVA test; * p < 0.05. (H) ATP levels of ex vivo organoid-
like culture responses after repeated ODCrppp and monotherapy treatment. The error is presented
as the standard deviation. Significance was calculated for 1 = 6 independent organoid-like cultures
using a one-way ANOVA test; ** p < 0.01.

The administration of ODCgrgpp every 12 h potentiated ODCrpwmp efficacy compared
to the single treatment observed in 2D cell culture, actively reducing the production of ATP
in both 3Dcc and 3Dcci™™ (Figure 4D). Similar results were observed in 3Dcc and 3Dccimm
based on Caki-1 cells (Figure S18A). ODCgrgmp treatment in 3Dcc and 3Dcc™™ based on
Caki-1-SR clone 2 or 3 [50] revealed the same persistent activity (Figure S18B). Remarkably,
the efficacy of parthenolide increased 4.4-fold in the Cakil-SR clone 2 and 3 cells.

In the next step, we established ex vivo organoid-like cultures from Caki-1-SR clone
1 tumors grown subcutaneously in Swiss nude mice (Figure 4F). Following the same
ODCgrgmp administration scheme (Figure 4A), its activity was represented by significantly
diminished murine organoid-like culture diameter (Figure 4G) and ATP levels (Figure 4H).

3.6. Flow Cytometry Measurements Reveal Selective ODCrgpp Targeting in Cancer Cells

The selectivity of the ODCgrppmp treatment was analyzed through cross-validation in
non-cancerous cell lines and flow cytometry analysis (FACS). The 3Dcc™™ were dissociated
and monitored in single-cell populations, especially the immune cell cohort, quantifying
the expression of characteristic cell surface proteins (Figure 5). Separation of the cells
by size and the granularity showed that upon ODCgrgpmp treatment, the three distinct
populations disappeared (Figure 5A). The recorded events shifted to the lower-left corner of
the pseudocolor blot, indicating an increase in size, usually related to cell death. Therefore,
we analyzed the cell cycle distribution, which confirmed an increase in cell death by
25.4% compared to the CTRL (Figure 5B). Simultaneously, we monitored the cell cycle
upon ODCrppmp treatment. Fewer cells were detected in the S phase and the G2/M
phase. The expression of cell surface proteins after six consecutive treatments with the
ODCRrgmp revealed that immune cell-related markers (CD45, CD3, CD4, CD11b, CD14)
remained stably expressed, indicating that Jurkat and THP-1 cells were not affected by the
treatment (Figure 5C). The co-expression of CD10 and CD31 was significantly increased,
whereas the co-expression of CD10 and CD54 decreased. This suggested that endothelial
cells and fibroblasts resist the treatment, whereas cancer cells are targeted selectively.
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Interestingly, a slight upregulation of the double expression of CD31 and CD54, an indicator
of cell anergy [85], was detected. The evaluation of Annexin V, a specific marker for
apoptosis, showed that 17.7% of the cells collected after 6x treatment underwent apoptosis
(Figure 5D,E), which was correlated with the result of the cell cycle distribution.
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Figure 5. Flow cytometry analysis to define the selectivity of the ODCrgpp and its activity to arrest cell cycle progression.
(A) Pseudocolor blots demonstrating the difference in the size and granularity (forward- and side-scatter signal; FSC and
SSC, respectively) of 300 untreated (CTRL) and ODCgrgpmp-treated 3Dcclmm spheroids after dissociation into single-cell
suspensions. (B) Propidium iodide staining was performed to detect the distribution of cells in the different stages of the
mitotic cell cycle. (C) Expression of cell surface proteins shown through FACS analysis. The expression profile was captured
after four and six repeated treatment administrations on day 5 (5 d) in comparison to the CTRL. Single and double protein
expressions have been analyzed in comparison to cell surface proteins exclusively expressed on immune cells. The error
is presented as the standard deviation. Significance was calculated for N = 3 independent experiments using a two-way
ANOVA test; * p < 0.05, ** p < 0.01, *** p < 0.001. (D) Measurement of apoptosis through Annexin V staining demonstrating
the increase in apoptotic cells after ODCrgpmp treatment. (E) Comparison of the unstained control versus the untreated and
ODCRrppmp-treated 3Dcclmm spheroids shown in histograms.



Cancers 2021, 13, 3978

18 of 24

4. Discussion

Multiple hurdles in drug discovery have led to the rapid development of alternative
strategies, such as drug repurposing [3,6,7,14,70,86,87]. In this study, we optimized a
synergistic four-drug combination composed of repositioned (other cancer types) and
repurposed (diabetes, inflammation) drugs for the treatment of ccRCC (Figure 1). Drug
doses used in the combination were 1.6- to 2.3-fold smaller than for their initial indication.

Rapta-C is an investigational drug; therefore, plasma doses are not available. However,
compared to other in vitro studies, the dose was over fivefold lower [35]. The optimized
reduction in the applied doses suggests that systemic administration in translation (in
humans) may be achieved.

With the use of our phenotypic TGMO method, the first hit in the screening was
metformin, previously reported as a prominent candidate for cancer therapy [12,23,88,89],
usually applied as monotherapy at high doses [90]. It has been shown that metformin
can further be used as a sensitizing agent to enhance the efficacy of chemotherapy in
colorectal cancer cells [91]. The doses used to obtain this effect were 6-8-fold higher than
those applied in our study. Similarly, calculating the maximal concentration of metformin
in blood plasma indicated a 1.6-fold reduction in the dose in our experimental settings.
Analyzing the drug-drug interactions revealed a strong synergy between erlotinib and
metformin, which aided in diminishing the concentration.

We identified synergistic drug-drug interactions between erlotinib and parthenolide.
Parthenolide is a natural product isolated from the plant feverfew (Tanacetum parthenium)
with known anti-inflammatory and anti-cancer properties [65,66,92] targeting NF-kB and
histone deacetylases (HDAC). Our previous study reported a drug combination of two
HDAC and two tyrosine kinase inhibitors [41], highlighting the critical role of HDAC block-
ade in RCC treatment. Rapta-C and parthenolide both bind to HDACs, which confirms the
dependency of RCC progression on the functionality of these enzymes, hence making them
desirable targets. In general, Rapta-C is superior to other chemotherapeutics [33,37,38]
and a favorable candidate for drug combinations [35,37,38,93]. Synergistic interactions of
Rapta-C and erlotinib have been described in human endothelial cells and human ovarian
carcinoma, demonstrating vigorous anti-cancer and anti-angiogenic activity [35].

Through RNA sequencing, we detected alterations in gene expression levels, which
indicated a significant upregulation of apoptosis and cytoskeletal arrangement (Figure 2).
Dysregulation of cell adherence [40] seemed to be impaired through Rapta-C [35,94] and
parthenolide [92,95]. Treatment with parthenolide corresponded to the reduced formation
of metastasis after the reduced expression of vimentin [95]. The presence of detyrosinated
tubulin, a post-translational modification of x-tubulin, decreased cancer cell reattach-
ment. We detected an upregulation of apoptosis-related proteins, i.e., Bcl-2, Bax, and
caspases, which are generally downregulated in Caki-1 cells chronically treated and re-
sistant to sunitinib [50]. Another protein involved in apoptosis is ROCK1, and although
our results were non-significant, a potential upregulation can be seen (Figure 513). These
results further reveal a downregulation after ODCrgpp treatment of HDACs and HIF-1«,
which are targets of Rapta-C and parthenolide. Proteins potentially related to endothelial—-
mesenchymal transition, i.e., TGF-f signaling, and 3-catenin mediated signaling, are
upregulated (Figure S11). However, further investigation is required to confirm this obser-
vation. ODCRrgpmp treatment induced apoptosis in the cancer cells. Overcoming resistance
to sunitinib is further linked to the upregulation of autophagy, which was downregulated
in Caki-1-SR cells [50]. Genes linked with inflammatory responses were downregulated
after 24 h of ODCgrppmp treatment, suggesting that sunitinib-induced resistance is overruled,
enhancing signaling through NF-kB. Makhov et al. documented that resistance to sunitinib
is mediated through ER stress responses in ccRCC cells. Inducing a cascade of signaling
molecules, i.e., pro-tumorigenic cytokines interleukin-6 (IL-6), IL-8 and tumor necrosis
factor-a (TNF-«), induces the NF-«B transcriptional survival program, protecting tumor
cells against cell death. These dependencies have been demonstrated both in vitro and
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in vivo [96], hence revealing that the downregulation of these factors impairs sunitinib
resistance.

Our results imply a strong correlation between ODCRrgpp treatment and the regulation
of metabolic pathways. After 24 h of treatment, a significant increase in sphingolipids was
measured (Figure 2 and Figure S15). The evidence is clear that ODCrgpp has an impact on
glycolysis and lipid synthesis (Figures 2 and 3). A glucose metabolism-reducing activity
has been described for metformin [78], which is associated with lipid metabolism.

To fully elucidate the mechanism of action of the ODCrppp, further experiments are
needed, but because four medications act simultaneously, it might very well be that the
allocation of a single drug and combined mechanistic is difficult. As an example, our results
have demonstrated that ODCgrppmp treatment led to a significant increase in sphingolipids,
whereas metformin and parthenolide are known to reduce lipid levels [78,79,97]. At the
same time, there is minimal information on the impact on sphingolipids mediated by these
drugs [77,98,99]. Simultaneously, these drugs do not solely influence metabolism, but cell
signaling and the functionality of nuclear proteins. Our study offers the foundation to
use the presented experimental platforms and combinations for further examinations. We
aimed to develop, optimize and validate a drug combination to treat ccRCC, and in this
context, we provided reliable data for further translation.

The cancer metabolism is known to be regulated by components of the tumor mi-
croenvironment, strongly influencing treatment efficacy [100]. Crosstalk between distinct
cell populations protects the cancer cells or even promotes insensitivity to anti-cancer
treatment [44]. Within the tumor microenvironment, the pH and the polarity can vary
compared to the physiological values of the organ tissue. These alterations impact drug
penetration and stability. Dose optimization may be considered once translated to 3D
co-cultures, as would be performed for in vivo and in human translation [42].

In the presence of other cell lines, the expression of distinct receptors on the cell
surface is altered, and through dose optimization, receptor saturation will be improved.
To actively reduce the ATP levels in 3D co-cultures surrounded by a microenvironment
including fibroblasts, endothelial cells and immune cell subsets, we chose to adjust the
administration by repeated application, maintaining the same doses of the ODCrpwmp.
There is consensus that it is beneficial to treat repeatedly at low doses than less frequently
with high doses. This more complex and physiologically more relevant culture system was
also used to visualize the selective targeting of cancer cells through ODCRrgpp treatment by
monitoring the presence of cell surface receptors. Notably, in the presence of immune cells,
the ODCRrgpmp was slightly more active.

The comparison of the 3D co-cultures and ex vivo organoid-like cultures demonstrated
a dissimilar reduction in the ATP levels after combination treatment. We hypothesize that
the altered response relates to the tumor microenvironment, which differs significantly
between the two culture types. The composition of the microenvironment of the ex vivo
organoid-like cultures is more complex, involving human and murine cells interacting
differently in ex vivo conditions from human cell lines co-cultured in vitro. The validation
in ex vivo organoid-like cultures suggested that the ODCrgpp will be suitable for further
translational studies. Additional in vivo studies will be conducted to determine the definite
dosage of the drugs applied in combination and the most favorable schedule for translation,
as well as the pharmacokinetics.

5. Conclusions

In summary, we demonstrated the effect and selectivity of an optimized multidrug
combination for the treatment of sunitinib-resistant ccRCC cells in various in vitro systems.
The strong impact of this combination on cell metabolism demonstrated an increase in
lipids, particularly of the class of sphingolipids (lipids being vital for cell membranes
were present to a greater extent after ODC treatment). Aligning to a recent study on
drug combination optimization for the treatment of colorectal carcinoma [42], we consider
continuing this line of investigation for ccRCC management for in vivo validation.
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