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Abstract

Abstract

Pregnane X receptor (PXR) is a ligand-activated transcription factor, which belongs to the
nuclear receptor family. PXR is mainly involved in regulating genes that metabolize and
transport xenobiotics. Other PXR-regulated genes include those maintaining lipid and glucose
homeostasis. In cancer cells, PXR activation appears to enhance cancer drug resistance and
promote tumor growth. Therefore, PXR antagonism has been suggested as a potential approach
in cancer therapy. However, several challenges related to utilizing PXR antagonism in cancer
therapy remain, including insufficient knowledge about the consequences of PXR antagonism
in drug-resistant cancer cells and the limited number of available PXR antagonists. Thus, the
first aim of this work was to verify the putative role of PXR in cancer drug resistance and to
investigate whether PXR antagonism has the capacity to resensitize drug-resistant cancer cells.
To this end, cisplatin- and irinotecan-resistant colorectal cancer cells were generated.
Colorectal cancer cell line LS174T was chosen due to its high PXR expression. Cisplatin and
irinotecan were selected because these drugs have been demonstrated to possess PXR
activating potential and acquired resistance can be developed against these drugs. Cisplatin is
commonly used in the treatment of various solid tumors, whereas irinotecan is used in the
treatment of colorectal cancer. Several cancer drug resistance-associated genes were differently
expressed in these resistant cells compared to parental cells. To investigate the role of PXR in
regulation of these genes, resistant cells were treated with PXR agonist rifampicin and
antagonist SPA70. In cisplatin-resistant cells, none of the relevant genes associated with
cisplatin resistance were affected by PXR modulation; therefore, PXR appears not to play a
role in cisplatin resistance. On the contrary, in irinotecan-resistant cells specific resistance-
associated genes were affected by PXR activation and inhibition. However, these cells were
not resensitized to irinotecan with co-treatment of PXR antagonist SPA70. Irinotecan-resistant
cells displayed increased expression of ABCB1 and CYP3A4, which have been shown to
participate in paclitaxel metabolism and resistance. Accordingly, these cells exhibited cross-
resistance towards paclitaxel. Moreover, irinotecan-resistant cells were resensitized to
paclitaxel with co-treatment of PXR antagonist SPA70. These results suggest that PXR
antagonism is a potential approach to attenuate drug resistance in cancer cells, if the resistance
is for the most part dependent on PXR-regulated genes. Due to the limited number of available
PXR antagonists, the second aim of this work was to identify novel PXR antagonists from the
Tiibingen Kinase Inhibitor Collection compound library, which contains 8,500 proprietary
compounds comprising for the most part kinase inhibitors, which is one of the most relevant

groups of molecularly targeted cancer drugs. These compounds were investigated in relation
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Abstract

to their PXR antagonism, because these compounds could be of special interest for the
prevention of cancer drug resistance, if they could elicit a dual function of inhibiting both
kinases and PXR. The combination of in silico and biological assays resulted in identification
of four novel potential PXR antagonists and one potential full agonist, which displayed high
structural similarity consisting of a benzosuberone moiety, two additional aromatic rings and
an amide. These novel antagonists appeared to be passive, competitive antagonists with partial
agonism activity. They also demonstrated direct binding to PXR and impaired the rifampicin-
induced coactivator interactions with PXR. Moreover, these antagonists elicited gene-specific
effects on endogenous PXR target gene expression. Finally, these antagonists displayed
selectivity towards PXR among the NR1I group of nuclear receptors. Interestingly, the subtle
changes in the functional groups of these compounds altered considerably the PXR activation

and inhibition potential.

To summarize, PXR antagonism could be a potential approach to reduce cancer drug resistance
in cases where resistance is mainly dependent on PXR-regulated genes. Overall, these results
provide deeper understanding of drug-dependent resistance mechanisms in colorectal cancer
with respect to gene expression changes and PXR-dependent regulation of these genes. In
addition, to the best of our knowledge, this work shows for the first time successful
resensitization of drug-resistant colorectal cancer cells by use of a PXR antagonist.
Development of novel PXR antagonists is challenging not only due to the large and flexible
ligand binding pocket of PXR, but also because subtle structural changes affect the activation
and inhibition ability as was demonstrated by the identified PXR ligands in this work. Finally,
our results provide further information regarding the structure-activity relationship and gene-
specific effects of potential antagonists, which could aid in the demanding development of

specific PXR antagonists in the future.



Zusammenfassung

Zusammenfassung

Der Pregnan X-Rezeptor (PXR) ist ein ligandenaktivierter Transkriptionsfaktor, der zur
Familie der Kernrezeptoren gehort. PXR ist hauptsdchlich an der Regulation von Genen
beteiligt, die Xenobiotika metabolisieren und transportieren. Aber auch Gene, welche an der
Aufrechterhaltung der Lipid- und Glucosehomdostase beteiligt sind, werden von PXR
reguliert. In Krebszellen scheint die PXR-Aktivierung die Resistenz gegen Krebsmedikamente
zu erhdhen und das Tumorwachstum zu fordern. Daher wurde ein PXR-Antagonismus als
moglicher Ansatz in der Krebstherapie vorgeschlagen. Es bestehen jedoch noch einige
Herausforderungen im Zusammenhang mit der Verwendung von PXR-Antagonisten in der
Krebstherapie, die insbesondere in unzureichenden Kenntnissen iiber die Folgen des PXR-
Antagonismus in arzneimittelresistenten Zellen und in der begrenzten Anzahl verfligbarer
PXR-Antagonisten begriindet sind. Das erste Ziel dieser Arbeit war es daher, die mutmaBliche
Rolle von PXR bei der Resistenz gegen Krebsmedikamente zu iiberpriifen und zu untersuchen,
ob der PXR-Antagonismus die Féhigkeit besitzt, arzneimittelresistente Krebszellen erneut zu
sensibilisieren. Zu diesem Zweck wurden Cisplatin- und Irinotecan-resistente Darmkrebszellen
erzeugt. Die Darmkrebszelllinie LS174T wurde hierfiir aufgrund ihrer hohen PXR-Expression
ausgewdhlt. Cisplatin und Irinotecan wurden ausgewdhlt, da gezeigt wurde, dass diese
Medikamente ein PXR-aktivierendes Potenzial haben und eine erworbene Resistenz gegen
diese Medikamente entwickelt werden kann. Cisplatin wird iiblicherweise zur Behandlung
verschiedener solider Tumore verwendet, wihrend Irinotecan zur Behandlung von Darmkrebs
eingesetzt wird. Mehrere mit Krebsmedikamentenresistenz assoziierte Gene wurden in diesen
resistenten Zellen im Vergleich zu den Elternzellen unterschiedlich exprimiert. Um die Rolle
von PXR bei der Regulation dieser Gene zu untersuchen, wurden resistente Zellen mit dem
PXR-Agonisten Rifampicin und dem Antagonisten SPA70 behandelt. In Cisplatin-resistenten
Zellen wurde keines der relevanten Gene, die mit Cisplatin-Resistenz assoziiert sind, durch
PXR-Modulation beeinflusst; Daher scheint PXR keine Rolle bei der Cisplatinresistenz zu
spielen. Im Gegensatz dazu wurden in Irinotecan-resistenten Zellen spezifische
resistenzassoziierte Gene durch PXR-Aktivierung und -Hemmung beeinflusst. Diese Zellen
wurden jedoch, bei gleichzeitiger Behandlung mit dem PXR-Antagonisten SPA70, nicht gegen
Irinotecan resensibilisiert. Irinotecan-resistente Zellen zeigten eine erhohte Expression von
ABCBI und CYP3A4, von denen gezeigt wurde, dass sie am Paclitaxel-Metabolismus und an
der Resistenz beteiligt sind. Dementsprechend zeigten diese Zellen auch eine Kreuzresistenz
gegen Paclitaxel. Dariliber hinaus wurden Irinotecan-resistente Zellen bei gleichzeitiger

Behandlung mit SPA70 gegen Paclitaxel resensibilisiert. Diese Ergebnisse legen nahe, dass der
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Zusammenfassung

PXR-Antagonismus ein potenzieller Ansatz zur Abschwédchung der Arzneimittelresistenz in
Krebszellen ist, wenn die Resistenz grofitenteils von PXR-regulierten Genen abhingt.
Aufgrund der begrenzten Anzahl verfiigbarer PXR-Antagonisten bestand das zweite Ziel dieser
Arbeit darin, neue PXR-Antagonisten aus der Substanzbibliothek der Tiibinger Kinase
Inhibitor Collection zu identifizieren, die 8500 proprietire Verbindungen enthilt, welche
groftenteils Kinase-Inhibitoren sind. Kinase-Inhibitoren stellen eine der bedeutsamsten
Substanzgruppen molekular zielgerichteter Krebsmedikamente dar. Diese Verbindungen
wurden hinsichtlich ihres PXR-Antagonismus untersucht, da sie fiir die Prdvention von
Krebsmedikamentenresistenz von besonderem Interesse sein konnten, wenn sie sowohl eine
Hemmung von Kinasen wie auch von PXR hervorrufen konnten. Die Kombination von In-
Silico- und biochemischen Assays fiihrte zur Identifizierung von vier neuen potenziellen PXR-
Antagonisten und einem potenziellen Vollagonisten, die eine hohe strukturelle Ahnlichkeit
zeigten. Thre gemeinsame Struktur aus einer Benzosuberon-Einheit, zwei zusitzlichen
aromatischen Ringen und einem Amid. Die neuen Antagonisten schienen passive, kompetitive
Antagonisten mit partieller Agonismusaktivitit zu sein. Sie zeigten auch eine direkte Bindung
an PXR und beeintrichtigten die Rifampicin-induzierte Coaktivator-Interaktion mit PXR.
Dariiber hinaus wirkten diese Antagonisten genspezifisch auf die Expression endogener PXR-
Zielgene. SchlieBlich zeigten sie eine Selektivitit gegeniiber PXR innerhalb der NR11-Gruppe
von Kernrezeptoren. Interessanterweise verinderten die subtilen Anderungen in den
funktionellen Gruppen dieser Verbindungen das PXR-Aktivierungs- und Inhibitionspotential

erheblich.

Zusammenfassend zeigte sich, dass PXR-Antagonismus ein potenzieller Ansatz zur
Verringerung der Resistenz gegen Krebsmedikamente ist, wenn die Resistenz hauptsédchlich
von PXR-regulierten Genen abhdngt. Insgesamt liefern diese Ergebnisse ein tieferes
Verstindnis der arzneimittelabhéngigen Resistenzmechanismen bei Darmkrebszellen in Bezug
auf Genexpressionsdnderungen und die PXR-abhingige Regulation dieser Gene. Dariiber
hinaus zeigt diese Arbeit erstmals eine erfolgreiche Resensibilisierung von
arzneimittelresistenten Darmkrebszellen durch PXR-Antagonisten. Die Entwicklung neuer
PXR-Antagonisten ist nicht nur aufgrund der groBlen und flexiblen Ligandenbindungstasche
von PXR eine Herausforderung, sondern auch, weil subtile strukturelle Anderungen die
Aktivierungs- und Inhibitionsfahigkeit beeinflussen, wie die in dieser Arbeit identifizierten
PXR-Liganden gezeigt haben. Schlieflich liefern unsere Ergebnisse weitere Informationen

beziiglich der Strukturaktivititsbeziehung und der genspezifischen Wirkungen potenzieller
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Zusammenfassung

Antagonisten, die in Zukunft die weitere Entwicklung spezifischer PXR-Antagonisten

unterstitzen konnten.
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1. Introduction

1.1. Structure and function of pregnane X receptor

The family of nuclear receptors consists of 48 members, which act as transcription factors
regulating genes that are involved in several important processes, such as cell proliferation,
xenobiotic metabolism, lipid, glucose and bile acid homeostasis (reviewed in Cave et al. 2016;
Garcia et al. 2018; Mazaira et al. 2018; Prakash et al. 2018). One of these ligand-activated
transcription factors, is pregnane X receptor (PXR, NR112), which was first isolated in mouse
liver (Kliewer et al., 1998) and soon after also human PXR was identified (Bertilsson et al.,
1998; Blumberg et al., 1998; Lehmann et al., 1998). Similar to other nuclear receptors, PXR
consists of the N-terminal domain, the DNA-binding domain (DBD), the hinge region
connecting DBD to the ligand-binding domain (LBD) and the C-terminal domain (di Masi et
al., 2009).

PXR forms a heterodimer with retinoid X receptor alpha (RXRa) and after activation by ligand
this complex induces the target gene expression by binding to short DNA sequences called
response elements in the DNA of the target gene (Goodwin et al., 1999; Lehmann et al., 1998).
These response elements include three types of repeats of the canonical nuclear receptor
hexamer half-site motif: direct repeats separated by three, four or five nucleotides (DR3, DR4,
DRS5), everted repeats separated by six, seven, eight or nine nucleotides (ER6, ER7, ER8, ER9)
and inverted repeats separated by six nucleotides (IR6) (Blumberg et al., 1998; Frank et al.,
2005; Lehmann et al., 1998). Transcriptional activity of PXR is also regulated by coactivators
and corepressors that bind to the motifs in the activation function 2 (AF-2) region at the end of
LBD (reviewed in Pavek, 2016). These coregulatory proteins include coactivators, such as
steroid receptor coactivator 1 (SRC1, NCOAL1) and corepressors, such as silencing mediator of
retinoic acid and thyroid hormone receptor (SMRT, NCOR2). The binding of coactivators
enhances the transcriptional activity of PXR, whereas corepressors repress it. Correspondingly,
PXR agonists typically promote the interaction of PXR with coactivators (Kliewer et al., 1998;
Lehmann et al., 1998) and interfere with the interaction of corepressors (Synold et al., 2001).
In contrast, antagonists can impair the interaction of PXR with coactivators (Chen et al., 2010;

Huang et al., 2007) or promote the interaction with corepressors (Lin et al., 2017).

Alternative splicing of the PXR gene results in various isoforms (reviewed in Brewer and Chen,
2016). Frequently studied variants are PXR1, PXR2, PXR3 and PXR4, which is also known as
small PXR (sPXR) (Fig. 1). PXRI is the reference variant, translating into a 434 amino acid
containing protein (Bertilsson et al., 1998; Lehmann et al., 1998). PXR2 originates from a



different transcription initiation site than PXR1 resulting in an N-terminal 39 amino acid
extension (Bertilsson et al., 1998). PXR3 is a splicing variant of PXR1 with a 111 bp deletion
in exon 5 leading to a 37 amino acid deletion in the LBD (Dotzlaw et al., 1999). PXR1 and
PXR2 elicit comparable gene activation properties, whereas PXR3 is deficient in ligand-
induced gene activation (Gardner-Stephen et al., 2004; Lin et al., 2009). sPXR is derived from
an alternative promoter in intron 3 and as a result contains only exons 4-9 of PXR1 (Breuker
etal., 2014). Similar to PXR3, sPXR does not elicit any ligand-induced transcriptional activity,
it is, however, able to suppress the transcriptional activity of functional PXR (Breuker et al.,
2014). Furthermore, Breuker et al. (2014) detected that the expression of sSPXR was decreased
in certain aggressive hepatocellular carcinoma subgroups compared to the non-proliferative
subgroups, which are usually related to better prognosis. Therefore, sSPXR has been suggested

to elicit tumor suppressing effects (Breuker et al., 2014).

A NR1I2 gene
12 1b 2 3 4 5 678 9
CH —
u U |
B mMRNA transcripts Protein isoforms
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PXR1[1a [ 2 |3 |4 |5 |6 |7 | 8]0 DBD LBD &
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PXR4 (sPXR) I 4|6 |6 |7 |86 I LBD N

Figure 1. PXR gene, mRNA transcripts and protein isoforms. (A) PXR gene is located in
chromosome 3 (3q12—q13.3). Exons are illustrated with rectangles and introns with horizontal lines.
Numbers above exons depict the exon numbers. (B) Schematic representation of PXR mRNA
transcripts and protein isoforms. White rectangles in the transcripts illustrate the exons and numbers
inside rectangles depict the exon numbers. Exon deletion is demonstrated with a gap. Blue illustrates
approximately 400 specific bases upstream of exon 4 in PXR4. In protein isoforms, white color
illustrates N-terminal, dark grey DNA binding domain (DBD), black the hinge region and light grey the
ligand binding domain (LBD). Numbers above schemes depict the first amino acid in the respective
region. Vertical number at the end of schemes depicts the last amino acid in the respective isoform.

Human and mouse PXR share 96% sequence similarity in their DBDs, whereas LBDs

similarity is only 76% between these two species (Lehmann et al., 1998). The differences in



the LBD explain the species-specific effects in the ligand-induced activation of PXR. For
instance, rifampicin is a potent agonist for human PXR, but it activates mouse PXR only
weakly (Lehmann et al., 1998). In contrast, pregnenolone-16a-carbonitrile is a weak activator

of human PXR, whereas it acts as a potent activator for mouse PXR.

PXR has a large and flexible ligand binding pocket (LBP), therefore, compounds with variable
structures and molecular sizes act as PXR ligands (Fig. 2) (Jones et al., 2000; Lehmann et al.,
1998; Watkins et al., 2003). The number of PXR agonists is vast. These agonists include
xenobiotics such as drugs, drug metabolites, pesticides, environmental pollutants and natural
products, but also endogenous molecules, such as bile acid derivatives. Table 1 shows selected

PXR agonists with their respective ECso values.

0
5
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Rifampicin (823 Da)

Figure 2. Examples of PXR agonists with their structures.

Table 1. PXR agonists with determined ECs, values.

Compound ECso (uM) Reference

1
Artemisinin 5.4-34 Burk et al., 2005; Persson et al., 2006
Betamethasone 20 Persson et al., 2006
Bis(2-ethylhexyl) phthalate 2.5 Mnif et al., 2007
Carbamazepine 15.6 Persson et al., 2006
Carboxymefloquine 24 Piedade et al., 2015
C2BA-4 0.02 Lemaire et al., 2007
5B-Cholestan-3a,7a,120-triol 5 Goodwin et al., 2003
Cholic acid 11.6 Krasowski et al., 2005
CITCO 3 Maglich et al., 2003
Clotrimazole 0.8-5 Bertilsson et al., 1998; Lehmann et al., 1998; Lemaire et

al., 2004; Moore et al., 2000a

Corticosterone 30 Blumberg et al., 1998
Coumestrol 25 Blumberg et al., 1998
Deoxycholic acid 50.2 Krasowski et al., 2005
Deoxycholic acid-3,12-diacetate 9.1 Carazo et al., 2017
Dexamethasone 5.5-10 Lehmann et al., 1998; Persson et al., 2006
7,12-Diketolithocholic acid 35.5 Krasowski et al., 2005
6,160-Dimethyl pregnenolone 0.3 Kliewer et al., 1998
Echimidine 67.1 Luckert et al., 2018
Estradiol 30 Blumberg et al., 1998
Ferutinine 1.8 Mnif et al., 2007




Glycolithocholic acid
Glycolithocholic acid 3-sulfate
17-Hydroxy-pregnenolone
Hyperforin

ICI 182780

Indomethacin
7-Ketodeoxycholic acid
3-Ketolithocholic acid
7-Ketolithocholic acid
12-Ketolithocholic acid
Lansoprazole

Lithocholic acid
Lithocholic acid acetate
Lithocholic acid acetate methyl ester
Lithocholic acid 3-sulfate
Lovastatin

Metolazone

Mifepristone (RU486)
n-Butyl-p-aminobenzoate
Nifedipine

23-Norcholic acid
23-Nordeoxycholic acid
4-OHT

Omeprazole

Paclitaxel

Pantoprazole

PCB153

Phenobarbital

Phenytoin
Pregnenolone-16a-carbonitrile
5B-Pregnane-3,20-dione

Primaquine
Rabeprazole
Rifampicin

RU58668
Schisandrin
SJIB7
SR12813

Taurochenodeoxycholic acid
Taurolithocholic acid
Taurolithocholic acid 3-sulfate
TCPOBOP
4-tert-octylphenol

T0901317

Troglitazone

Walrycin A

Warfarin

Verapamil

a-Zearalenone

16.1
56.2
>10
0.002-0.003
3.1
17.6
58.2
8,3
21.5
313
3.0
10.2
1.2

1.1
118

1
0.7-1.5
5.5-10
8.0

43
96.0
16.4
3.0
8.6

5.0
6.8

1.5
169-370
8.0
>10
3.1-20

13.6
1.5
0.1-10

0.21
1.25
0.88
0.12-0.14

104
19.8
83.2
3.9
2.7
7.9
3.5
30
49.5
3.2
1.3-1.8

Krasowski et al., 2005

Krasowski et al., 2005

Lehmann et al., 1998

Moore et al., 2000b; Persson et al., 2006
Mnif et al., 2007

Persson et al., 2006

Krasowski et al., 2005

Krasowski et al., 2005

Krasowski et al., 2005

Krasowski et al., 2005

Persson et al., 2006

Krasowski et al., 2005

Krasowski et al., 2005

Krasowski et al., 2005

Krasowski et al., 2005

Lehmann et al., 1998

Banerjee and Chen, 2014

Lehmann et al., 1998; Moore et al., 2000a
Krasowski et al., 2005

Bertilsson et al., 1998

Krasowski et al., 2005
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PXR is most abundantly expressed in the liver and the intestine, and to lesser extent in other
tissues, such as the kidney, the heart and the bone marrow (Blumberg et al., 1998; Lamba et
al., 2004; Lehmann et al., 1998; Miki et al., 2005). The prominent expression of PXR in the
liver and the intestine is obvious because PXR is largely involved in the regulation of
xenobiotic detoxification. PXR activation induces expression of many metabolizing enzymes
and transporters (Fig. 3) (reviewed in di Masi et al., 2009). These transcriptional targets include
genes encoding several CYP P450 metabolizing enzymes, including CYP3A4, ATP-binding
cassette (ABC) transporters and conjugating enzymes such as uridine 5’-diphospho-
glucuronosyltransferases (UGTs) and sulfotransferases (SULTs). PXR has a vital role in drug
metabolism as, for instance CYP3A4 participates in the metabolism of over 50% of marketed
drugs (Harmsen et al., 2009). In addition to this vital role in xenobiotic metabolism, PXR is
one of the nuclear receptors that maintains glucose, lipid and bile acid homeostasis (Fig. 3)

(reviewed in Hakkola et al., 2016; Li and Chiang, 2013).

Gene Protein Effect
—> CYP2B®6, 2C8, 2C9, 3A4 —> CYP2B6, 2C8, 2C9, 3A4 — > Phase | metabolism
GSTA1, A2, SULT2A1, GSTA1, A2, ST2A1, .
> UGT1A1, A3, A4 > UGT1A1, A3, A4 > Phase [l metabolism
ABCB1, ABCC1-5, MDR1, MRP1-5,
> SLCO1B1, SLCO2B1 > OATP1B1, OATP2B1 > Phase |ll transport
—— SLC2A2 —> GLUT-2 —] Glucose uptake
——— PCK1, G6PC (mouse) —> PEPCK-C, G6Pase —— Gluconeogenesis
—> PCK1, G6PC (human) —>»  PEPCK-C, G6Pase —> CGluconeogenesis
—— GCK —>  HK-4 — Glycolysis
—>» SREBF1, THRSP —> SREBP1a, THRSP —> De novo lipogenesis
—3 SLC13A5 —_ SLC13A5 —> C(Citrate uptake
—— CPT1A —>» CPT1-L —— p-oxidation
—— CYP7A1 —> CYP7A1 —— Bile acid synthesis
SLCO1B1, CYP3A4, OATP1B1, CYP3A4, . o
— SULT2A1 —_ ST2A1 -3 Bile acid elimination

Figure 3. Function of PXR in xenobiotic metabolism, glucose, lipid and bile acid homeostasis. For
example, activated PXR induces expression of CYP2B6, which increases phase I metabolism, whereas
expression of SLC2A2 gene is suppressed by PXR activation, which decreases the expression of GLUT-
2 transporter protein and results in decreased glucose uptake. Arrowhead arrow, induction; blunt head
arrow, suppression.



The effect of PXR activation in glucose homeostasis is complex. Treatment with PXR agonists
has shown to reduce the expression of gluconeogenic genes glucose-6-phosphatase (G6PC)
and phosphoenolpyruvate carboxykinase (PCK1) in human liver cancer cells and in mouse
hepatocytes (Bhalla et al., 2004; Kodama et al., 2007, 2004). Different mechanisms behind the
attenuated gluconeogenesis have been suggested. On one hand ligand-activated PXR has been
observed to compete with hepatocyte nuclear factor 4 (HNF-4) in binding to peroxisome
proliferator activating receptor-y coactivator-1 (PGC-1) (Bhalla et al., 2004). As a result this
suppressed the activation of PCK1 by HNF-4 in human liver cancer cells (Bhalla et al., 2004).
On the other hand, also in human liver cancer cells ligand-activated PXR repressed the activity
of forkhead box protein O1 (FOXO1) (Kodama et al., 2004). FOXO1 activates G6PC and
PCKI1, and thereby promotes gluconeogenesis. Ligand-activated PXR has also demonstrated
to bind to the cyclic AMP-response element-binding protein (CREB) suppressing the cAMP-
dependent induction of G6PC in mouse hepatocytes (Kodama et al., 2007). Opposite results,
however, were observed in human liver cancer cells overexpressing PXR, where rifampicin
treatment resulted in upregulation of G6PC (Gotoh and Negishi, 2014). On the contrary, this
effect was not detected in parental cells. PXR activation increased expression of G6PC and
PCK1 also in primary human hepatocytes (Gotoh and Negishi, 2015). Correspondingly, when
human volunteers were treated with PXR agonists, they displayed impaired glucose tolerance
(Rysé et al., 2013; Stage et al., 2016). Postprandial hyperglycemia was also observed in PXR
agonist-treated rats that displayed reduced expression of glucose 2 transporter (GLUT-2,
SLC2A2) (Rysd et al., 2013). Similarly, GLUT-2 protein levels were reduced by PXR
activation in human liver cancer cells (Ling et al., 2016). In addition to downregulated
GLUT-2, PXR activation impaired glucose utilization in human liver cancer cells by reducing
protein levels of hexokinase (HK-4). Overall, effects of PXR activation in relation to glucose

homeostasis are complex and species-specific.

Compared to glucose homeostasis, effects of PXR activation in lipid homeostasis are more
similar between species. In general, PXR activation induces expression of several lipogenic
genes, therefore, causing lipid accumulation and eventually hepatic steatosis (Bitter et al.,
2015; Li et al.,, 2015; Moreau et al., 2009; Nakamura et al., 2007). In primary human
hepatocytes, PXR activation induced for example thyroid hormone-inducible hepatic protein
(THRSP) and sterol regulatory element-binding protein 1 (SREBP1a), which subsequently
increased expression of their lipogenic target genes, including fatty acid synthase (FAS), ATP-
citrate synthase (ACLY) and acetyl-CoA carboxylase 1 (ACACA) (Bitter et al., 2015; Moreau



et al., 2009). PXR activation in mouse induced distinct lipogenic genes, such as lipin-1 (Lpinl)
and stearoyl-CoA desaturase 1 (Scdl) (He et al., 2013; Nakamura et al., 2007; Zhou et al.,
2006a). In addition to induction of lipogenic genes, PXR activation suppressed carnitine O-
palmitoyltransferase 1 (CPT1A) and as a result reduced B-oxidation in both primary human
hepatocytes and in mice (Moreau et al., 2009; Nakamura et al., 2007). In primary human
hepatocytes and in humanized PXR transgenic mice, PXR activation increased both mRNA
and protein levels of SLC13A5 that transports citrate from circulation into the hepatocytes (Li
et al., 2015). In addition, PXR activation in mice increased fatty acid transport by inducing
Cd36 and its positive regulator peroxisome proliferator-activated receptor gamma (PPARY)
(Zhou et al., 2006a). In contrast, rifampicin treatment did not induce these genes in primary
human hepatocytes (Moreau et al., 2009). Given the above, PXR activation induces lipid

accumulation; despite that partially distinct genes are affected in a species-specific manner.

Some of the same PXR-regulated xenobiotic metabolizing enzymes and transporters are also
involved in bile acid homeostasis. These include bile acid hydroxylating or conjugating
enzymes, such as CYP 450s, SULTs and UGTs and SLCO family uptake transporters
(reviewed in Li and Chiang, 2013; Staudinger et al., 2013). In addition, PXR activation has
shown to reduce the bile acid synthesis from cholesterol via suppressing the rate-limiting
enzyme CYP7A1 (Bhalla et al., 2004; Li and Chiang, 2005; Staudinger et al., 2001).
Ultimately, PXR activation decreases the synthesis of bile acids and enhances the metabolism
and excretion. Moreover, in mice PXR was activated by the toxic secondary bile acid, litocholic
acid (Staudinger et al., 2001; Wistuba et al., 2007). Therefore, PXR activation can protect

against harmful effects of the toxic bile acids by enhancing the elimination of them.

1.2. Cancer drug resistance

The cancer incidence and mortality are currently increasing globally. This is due to aging
population, continued population growth and improved socioeconomic aspects, which has
increased the prevalence of many cancer risk factors (Bray et al., 2018). Cancer is the second
leading cause of mortality in the United States and in Europe (Eurostat, 2016; Siegel et al.,
2019). In 2018, there were estimated to be 18.1 million new cancer cases and 9.6 million cancer
deaths in the world (Bray et al., 2018). The most frequently diagnosed cancer is lung cancer,
which is also causing most of the cancer-related deaths. By incidence the next most common
cancers are breast cancer, prostate cancer and colorectal cancer, whereas by mortality lung

cancer is followed by colorectal, stomach and liver cancer.



Chemotherapy is one of the leading treatment options in cancer. However, treatment failure
caused by cancer drug resistance is frequent (Holohan et al., 2013). The resistance can be
intrinsic, meaning that cells are initially resistant towards the drug or cancer cells acquire
resistance towards drug during the treatment. Cancer drug resistance can be caused by several

mechanisms (Fig. 4) (reviewed in Holohan et al., 2013; Marin et al., 2010; Pan et al., 2016).

ED i

VII

[+ 4 [+ 4 pH

Figure 4. Mechanisms of cancer drug resistance. Cancer drug resistance can be caused by reduced

uptake of drug (Ia), increased drug efflux (Ib), reduced prodrug activation (Ila), increased drug
inactivation (IIb), alterations in molecular targets, including mutations (IIla) and altered expression
level of target (IIIb), enhanced repair of drug-induced DNA damage (IV), alterations in balance of
apoptosis and survival pathways (V), altered cancer cell microenvironment (VI), or by phenotype
transition (VII).

First, reduced uptake of drug into the cells (Ia) or enhanced drug efflux out of the cells (Ib) can
lead to reduced intracellular drug concentration (Marin et al., 2010). For instance, several
kinase inhibitors are substrates or modulators of multidrug resistance protein 1 (MDR1),
therefore, MDR1 can transport these drugs out of cancer cells or these drugs can enhance the

efflux of other MDR1 substrate drugs that are administered simultaneously (Dohse et al., 2010;
Harmsen et al., 2013).

In addition to the transporters, metabolizing enzymes can alter the intracellular concentration

of active drug (Pan et al., 2016). On one hand the metabolism of prodrug to active metabolite
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can be reduced (Ila), on the other hand the metabolism of active drug into inactive metabolites
can be enhanced (IIb). For instance, CYP3A4 metabolizes several kinase inhibitors and

camptothecin derivatives, such as irinotecan (Marin et al., 2010).

Cancer drug resistance can result from alterations in molecular targets (Holohan et al., 2013).
The target of a cancer drug can be mutated (IIla) or the expression level of the target can be
changed (IlIb). There are several examples where the drug target is mutated initially or during
the treatment especially with molecularly targeted drugs leading at worst case to treatment
failure (reviewed in Ward et al., 2020). Imatinib, which is a tyrosine kinase inhibitor and used
for the treatment of chronic myeloid leukemia, targets the fusion protein of ABL1 and BCR
genes. So far over 40 mutations have been identified for this gene fusion that are associated
with resistance towards imatinib (reviewed in Linev et al., 2018). This has led to development
of further kinase inhibitors targeting these mutated proteins. Marketing authorizations for the
treatment of imatinib-resistant chronic myeloid leukemia are granted for example for dasatinib
and nilotinib, which are effective against several imatinib-resistant mutations (EMA, 2019a,

2018; Ward et al., 2020).

Alterations in levels of drug targets have been observed to occur in both directions.
Methotrexate-resistant sarcoma cells displayed increased gene copy number of the molecular
target of methotrexate, dihydrofolate reductase (Alt et al., 1978). In contrast, irinotecan-
resistant non-small cell lung cancer cells exhibited reduced activity and amount of

topoisomerase 1 (TOP1) (Kanzawa et al., 1990).

Several chemotherapeutics are directly targeting the DNA and cause DNA damage (Holohan
et al., 2013). For this type of drugs, enhanced DNA repair can lead to cancer drug resistance
(IV). For instance, ERCC1 has been shown to repair cisplatin-induced DNA damage and
downregulation of this gene increased the sensitivity of cancer cells towards cisplatin (Arora

et al., 2010).

Additionally, alterations in balance of apoptosis and survival pathways (V) resulting from
increased expression of antiapoptotic proteins and reduced expression of proapoptotic proteins
can enhance the survival of cancer cells during drug treatment (Marin et al., 2010). For
example, estrogen treatment increased expression of antiapoptotic Bcl-2 in breast cancer cells
and subsequently reduced cytotoxicity of doxorubicin (Teixeira et al., 1995). Similarly, Bcl-2
transfection increased the resistance. Treatment with estrogen free medium decreased Bcl-2

levels, and as a result enhanced sensitivity towards doxorubicin.



In addition to above mentioned mechanism that are related to gene alterations, altered cancer
cell microenvironment can also enhance cancer drug resistance (VI) (Marin et al., 2018).
Typical microenvironmental change is hypoxia. Hypoxia has been shown to induce expression
of ABCB1 and ABCCI transporters via induction of hypoxia-inducible factor 1a (HIF-1a),
which regulates cellular responses to hypoxia (Lv et al., 2015; Min et al., 2012; Yang et al.,
2016). Furthermore, hypoxia has been demonstrated to suppress the expression of proapoptotic

proteins, including BAX and BAD (Yang et al., 2016).

Finally, cancer drug resistance can be affected by phenotype transition (VII) (Marin et al.,
2018). For instance, epithelial-to-mesenchymal transition (EMT) is a phenotypic change of
cells, in which cells lose their cell-cell adhesion and gain properties of mesenchymal cells, such
as enhanced migration and invasion (Zhang et al., 2012). Increased expression of EMT
markers, migration and invasion have been observed in drug-resistant cancer cell lines (Wu et
al., 2013a; Zhang et al., 2012). EMT can also be linked to other drug resistance mechanism, as
demonstrated by increased expression of ABC transporters after induction of EMT (Saxena et
al., 2011). Moreover, EMT-inducing transcription factors were observed to bind directly to the

promoters of ABC transporters.

1.3. Role of PXR in carcinogenesis and cancer drug resistance

PXR is expressed in many cancer cell lines and cancer tissues, including colon cancer (Dong
et al., 2017; Pfrunder et al., 2003; Raynal et al., 2010). Dong et al. (2017) discovered an
association between PXR expression and poor overall survival in colorectal cancer patients.
Overall, PXR activation appears to have tissue- and context-specific effects in cancer cells (Fig.

5) (reviewed in Pondugula et al., 2016).
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PXR activation
in cancer cells

g |

Figure 5. Effects of PXR activation in cancer. On one hand PXR activation has been shown to
promote cancer drug resistance and tumor progression. On the other hand, PXR activation has also been
demonstrated to promote opposite effects. Adapted from Pondugula et al. 2016.

Several chemotherapeutics are substrates of MDR1 drug transporter; therefore, PXR activation
can enhance the efflux of these drugs out of cancer cells, and as a result reduce the cytotoxicity
(Pan et al., 2016; Pondugula et al., 2016). For instance, rifampicin treatment of colorectal
cancer cells decreased the intracellular amount of MDRI1 substrate doxorubicin (Harmsen et
al., 2010). PXR activation can also enhance the metabolism of active drug to inactive
metabolite. Chen et al. (2016) showed that PXR activation increased the metabolism of
paclitaxel, which lead to enhanced resistance. Likewise, PXR activation by rifampicin
treatment or by overexpression increased glucuronidation of SN38 to inactive metabolite
SN38G, thereby decreasing the cytotoxicity of this active metabolite of irinotecan (Gupta et
al., 2008; Raynal et al., 2010).

In addition to the induction of metabolism and efflux of cancer drugs, PXR activation elicits
additional effects that can enhance tumor progression. For instance, in colon cancer cells PXR
activation by rifampicin or using constitutive active PXR upregulated antiapoptotic genes
BAG3, BIRC2 and MCL-1, whereas proapoptotic genes BAK1 and TP53 were downregulated
(Zhou et al., 2008). Similarly in colon cancer cells, PXR activation by rifampicin enhanced cell

proliferation and migration via upregulation of FGF19 (Wang et al., 2011). Pretreatment with
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PXR agonist of prostate and breast cancer cells reduced the cytotoxicity of tested cancer drugs,
including paclitaxel, while PXR knock down increased the sensitivity of cells for this drug
(Chen et al., 2009, 2007). In the same way, PXR overexpression enhanced drug resistance and
PXR ablation increased sensitivity of paclitaxel and cisplatin in endometrial cancer cells
(Masuyama et al., 2007). Opposite effects, however, have also been observed. For example, in
breast cancer cells PXR activation induced expression of proapoptotic genes BAX and BBC3
and reduced the cell growth (Verma et al., 2009). PXR overexpression also suppressed the
cervical cancer cell growth and xenograft tumor growth in mice via causing G2/M cell cycle
arrest (Niu et al., 2014). Similarly, PXR overexpression induced G0/G1 cell cycle arrest, which
inhibited the growth of not only colon and liver cancer cells but also xenograft tumors in mice

(Ouyang et al., 2010).

Oxidative stress caused by increased formation of reactive oxygen species (ROS) has been
associated with several important parts of cancer formation such as carcinogenesis,
angiogenesis, metastasis and cancer drug resistance (reviewed in Galadari et al., 2017). ROS
has also been linked to tumor suppressive effects, including enhanced apoptosis, autophagy
and increased sensitivity towards cancer drugs (Galadari et al., 2017). ROS can be formed as a
byproduct in the CYP-mediated metabolism process (reviewed in Hrycay and Bandiera, 2015).
As described above, PXR is a well-known regulator of CYP enzymes; therefore, PXR-induced
xenobiotic metabolism could lead to formation of ROS and as a result promote tumor
progression. In addition, PXR activation can sensitize to oxidative stress as was demonstrated
with humanized PXR transgenic mice, which were more sensitive to the treatment with
oxidative stress causing agent paraquat than wild-type (WT) mice (Gong et al., 2000).
Similarly, WT mice treated with PXR agonist were more sensitive to paraquat than their
vehicle-treated controls. The paraquat sensitive mice had reduced activities of ROS detoxifying
enzymes: superoxide dismutase and catalase. Likewise, PXR overexpressing colon and liver
cancer cells were sensitized to oxidative stress (Gong et al., 2006). The sensitized cells
produced elevated amounts of ROS. Moreover, hPXR/CYP3A4 transgenic mice showed
increased level of oxidative stress marker after co-treatment with rifampicin and ritonavir,
which was not observed in null mice (Shehu et al., 2019). Conversely, Tanshinone ITA
suppressed the oxidative stress damage and inflammatory response in human umbilical vein
endothelial cells in a PXR-dependent manner (Zhu et al., 2017a). These controversies could be
explained by the differences in experimental methods to induce oxidative stress and cell

models. Even though PXR activation has been observed to sensitize to oxidative stress, PXR
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activation has also demonstrated to reduce inflammation by inhibition of NF-KB (Deuring et

al., 2019; Zhou et al., 2006b).

Not only several cancer drugs act as substrates for the PXR-induced metabolizing enzymes and
transporters, but many cancer drugs also activate PXR (Table 2). These compounds, therefore,

could enhance the development of cancer drug resistance via above described mechanisms.

Table 2. Examples of PXR-activating cancer drugs.

Cancer drug Reference

Cisplatin Masuyama et al., 2005

Cyclophosamide Harmsen et al., 2009

Docetaxel Harmsen et al., 2010, 2009

Erlotinib Harmsen et al., 2013, 2009

Flutamide Harmsen et al., 2010, 2009

Gefinitib Harmsen et al., 2013

Ifosfamide Harmsen et al., 2010, 2009
Irinotecan/SN38 Basseville et al., 2011; Chen et al., 2010
Nilotinib Harmsen et al., 2013

Paclitaxel Harmsen et al., 2010; Masuyama et al., 2005
Sorafenib Harmsen et al., 2013

Tamoxifen Harmsen et al., 2010, 2009

Vandetanib Harmsen et al., 2013

1.4. PXR antagonism in cancer drug resistance

Due to the putative role of PXR in tumor progression and cancer drug resistance, PXR
antagonism has been suggested as a potential approach to attenuate these effects. This was
recently shown with cisplatin-resistant liver cancer cells that displayed increased caspase-3
activity suggesting enhanced apoptosis after co-treatment of cisplatin with PXR antagonist
leflunomide (Yasuda et al., 2019). Compared to the vast number of PXR agonists, the amount
of PXR antagonists is few (Table 3). Not only a limited number of PXR antagonists are
available, but also, many of these compounds are not specific or potent. Moreover, for most of
these compounds the mechanism of antagonism is not comprehensively investigated (Chai et
al., 2020). Antagonism can occur either by direct competitive binding with an agonist to the
LBP or by binding to allosteric sites outside of LBP (Staudinger, 2019). For instance, SPA70
is a potent and specific PXR antagonist, which has been shown to bind to the LBP (Lin et al.,
2017). SPA70 suppressed in primary human hepatocytes the expression of many PXR agonist-
induced target genes. In addition, SPA70 increased the sensitivity to paclitaxel in PXR
overexpressing colon cancer cells. Belinostat is a histone deacetylase inhibitor, which has
already marketing authorization for the treatment of peripheral T-cell lymphoma (FDA, 2014).

Not only belinostat repressed the PXR agonist-induced gene expression in primary human
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hepatocytes, but also it reduced the PXR agonist-induced resistance towards SN38 (Abbott et
al., 2019). Even though there is no direct experimental data confirming that belinostat directly
interacts with the PXR LBP, molecular docking data implies that belinostat could directly bind
to the LBP (Abbott et al., 2019). Other binding sites outside LBP, however, were also
suggested. These included the AF-2 region and a8 pocket. Therefore, the exact mechanism of

action of belinostat is unclear.

Table 3. PXR antagonists with their respective 1Cso values.

Compound ICso (uM) Reference
A-792611 (HIV-protease inhibitor) 2 Healan-Greenberg et al., 2008
Allyl isothiocyanate - Lim etal., 2015
Belinostat - Abbott et al., 2019
Camptothecin 0.58 Chen et al., 2010
Coumestrol 11.6 Wang et al., 2008
ET-743 0.003 Synold et al., 2001
Fucoxanthin - Liu et al., 2012
ISOSﬂybin 74 Mooiman et al., 2013
Itraconazole 8.9 Ekins et al., 2008
Metformin - Krausova et al., 2011
(+)-2R,4S-Ketoconazole 5.6 Ekins et al., 2008
(-)-2S,4R-Ketoconazole 5.6 Ekins et al., 2008
Ketoconazole 9.7-13.4 Wang et al., 2007
Leflunomide 6.8 Ekins et al., 2008
Pazopanib 4.1 Burk etal., 2018
Pimecrolimus 1.2 Burk etal., 2018
Resveratrol - Deng et al., 2014
Sesamin - Lim et al., 2012
Si]ybin 135 Mooiman et al., 2013
SPA70 0.5 Lin et al., 2017
SPB03256 6.2 Ekins et al., 2008
SPB06061 5.2 Ekins et al., 2008
SPB06257 16.4 Ekins et al., 2008
R-/S-Sulforaphane 5.6 Ekins et al., 2008
Sulforaphane (racemate) 12 Zhou et al., 2007

1.5. Aims of the thesis

Cancer drug resistance is a major challenge in the treatment of cancer. This resistance is
associated with several mechanisms, such as increased metabolism and efflux of cancer drugs
and altered balance of apoptotic and survival proteins. PXR is involved in multitude of cellular
processes related to cancer drug resistance. Not only PXR is well-known regulator of
metabolizing enzymes and transporters, but also PXR activation has been shown to upregulate
antiapoptotic and proliferation-related genes. Moreover, several cancer drugs have been
demonstrated to activate PXR. Therefore, PXR antagonism has been proposed to be a potential

approach to overcome cancer drug resistance. Challenges, however, remain to disclose the
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validity of this approach. These include the limited number of PXR antagonists and insufficient
knowledge about the consequences of PXR antagonism in relation to resensitization of drug-

resistant cancer cells.

To address this, the aims of this work were the following:

I. Generation and characterization of drug-resistant cancer cells.

II. Investigate the role of PXR in cancer drug resistance.

III. To disclose if PXR antagonism can resensitize cancer drug-resistant cells.
I'V. Identification and characterization of novel PXR antagonists.

To this end, cisplatin- and irinotecan-resistant LS174T cells were generated and characterized
in respect to their growth properties and gene expression. Furthermore, the role of PXR in
regulation of resistance-associated genes was investigated by activating and antagonizing PXR.
Finally, PXR antagonism was utilized at aiming to resensitize drug-resistant cancer cells. To
meet the need for more PXR antagonists, compounds from Tiibingen Kinase Inhibitor
Collection (TUKIC) compound library were investigated in respect to their potential for PXR

antagonism. Then, the potential PXR antagonists were characterized in more detail.

2. Material

Table 4. Chemicals and reagents.

Chemicals and reagents

Company

la,25-dihydroxy vitamin D3
Adenosine 5'-triphosphate (ATP)
Bicinchoninic acid
Bromophenol blue
B-mercaptoethanol

Calcium chloride

Cisplatin

CITCO

Coelenterazine

Coenzyme A

4% Copper(1l) sulfate
Dextran 70
Dimethylsulfoxide (DMSO)
1,4-Dithiotreitol (DTT)
DMEM

EDTA

Ethidiumbromide

Fetal bovine serum (FBS)
Ficoll

Sigma-Aldrich, Taufkirchen, Germany

Alfa Aesar, Kandel Germany
Sigma-Aldrich, Taufkirchen, Germany
Fluka, Buchs, Switzerland

Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Selleckchem, Houston, TX, USA

ENZO Life Sciences, Lorrach, Germany
Biotium, Hayward, CA, USA

Cayman Chemical, Ann Arbor, MI, USA
Sigma-Aldrich, Taufkirchen, Germany
Amersham Biosciences, Little Chalfont, UK
Sigma-Aldrich, Taufkirchen, Germany
Roth, Karlsruhe, Germany

Thermo Fischer Scientific, Waltham, MA, USA
Sigma-Aldrich, Taufkirchen, Germany
Roth, Karlsruhe, Germany

Biowest, Nuaillé, France

Roth, Karlsruhe, Germany
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Formaldehyde

Formamide

Glycerol

Glycine

Halt protease inhibitor cocktail
HEPES

Irinotecan HCI trihydrate
jetPEI

jetPRIME

KCl

KH,PO4

L-glutamine

Lipofectamine RNAIMAX
Luciferin

MEM

MgCl,

MOPS

NazHPO4 X 2 HzO

100x Non-Essential Amino Acids
Norit A (active coal)

NP-40

Opti-MEM

5x Passive lysis buffer
Penicillin/streptomycin
Phenylmethylsulfonyl fluoride (PMSF)
10x Phosphate buffered saline
2x qPCR Master Mix
Rifampicin

RPMI 1640

Skim milk powder

Sodium acetate

Sodium chloride

Sodium deoxycholate

Sodium orthovanadate
Sodium pyruvate

SPA70

SR12813

SuperSignal West Dura Extended Duration
Substrate

2x TagMan™ PreAmp Master Mix
TRIS base

TRIS Cl

Trypsin-EDTA

TWEEN 20

Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany

Merck, Darmstadt, Germany

Thermo Fischer Scientific, Waltham, MA, USA
Roth, Karlsruhe, Germany

Selleckchem, Houston, TX, USA

Polyplus, Illkirch, France

Polyplus, Illkirch, France

Merck, Darmstadt, Germany

Roth, Karlsruhe, Germany

Biozym, Niedersachsen, Germany

Thermo Fischer Scientific, Waltham, MA, USA
PanReac AppliChem, Darmstadt, Germany
Thermo Fischer Scientific, Waltham, MA, USA
Sigma-Aldrich, Taufkirchen, Germany

Merck, Darmstadt, Germany

Fluka, Buchs, Switzerland

Biozym, Niedersachsen, Germany

Serva, Heidelberg, Germany

Roche Diagnostics, Mannheim, Germany
Thermo Fischer Scientific, Waltham, MA, USA
Promega, Madison, WI, USA

Biozym, Niedersachsen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Biozym, Niedersachsen, Germany

Eurogentec, Liége, Belgium

Tocris Bioscience, Bristol, UK

Thermo Fischer Scientific, Waltham, MA, USA
Merck, Darmstadt, Germany

Roth, Karlsruhe, Germany

Merck, Darmstadt, Germany

Sigma-Aldrich, Taufkirchen, Germany
Sigma-Aldrich, Taufkirchen, Germany
Biozym, Niedersachsen, Germany

Axon Medchem, Groningen, Netherlands
Tocris Bioscience, Bristol, UK

Thermo Fischer Scientific, Waltham, MA, USA

Thermo Fischer Scientific, Waltham, MA, USA
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany

Thermo Fischer Scientific, Waltham, MA, USA
Sigma-Aldrich, Taufkirchen, Germany
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Table 5. Culture mediums for cell lines.

Cell line Final concentration Components
HepG2 MEM

10% FBS

2 mM L-glutamine

100 U/ml Penicillin

100 pg/ml Streptomycin
LS174T / Huh7 DMEM

10% FBS

2 mM L-glutamine

100 U/ml Penicillin

100 pg/ml Streptomycin

1% 100x Non-Essential Amino Acids

1 mM Sodium pyruvate
LoVo RPMI 1640

10% FBS

100 U/ml Penicillin

100 pg/ml Streptomycin

1% B-mercaptoethanol

10 uM HEPES pH 7.2

1 mM Na-pyruvate

2 mM Glutamine

0.6% 100x Non-Essential Amino Acids

0.02 mg/ml Asparagine
LS174T freezing medium Culture medium

5% DMSO

Table 6. Plasmids.

Plasmids Reference

pcDNA3 Thermo Fischer Scientific, Waltham, MA, USA
pcDhuCAR1 Burk et al., 2002

pcDhuCAR3 Burk et al., 2002

pcDhuPXR Geick et al., 2001

pcDhuPXR(Q285A) See section 3.2.

pcDhuPXR(Y306A) See section 3.2.

pcDhuPXR(S247A) See section 3.2.

pcDhuPXR(H407A) See section 3.2.

pcDhuPXR(W299A) See section 3.2.

pcDhuPXR(H327A) See section 3.2.

pcDhu-sPXR Jeske et al., 2017
pcDhuPXR(S208W/S247W/C284W) Burk et al., 2018

pcDhuRXRa(orf) Mathis et al., 2012

pcDhuVDR Burk et al., 2005

pGL3(DR3)sTk Hustert et al., 2001
pGL4-CYP3A4(-7830A7208-364) Burk et al., 2018

pGL4-G5 Arnold et al., 2004

pMetLuc2Control Takara-Clontech, Mountain View, CA, USA

pM-SRC1(583-783)
pM-SMRT(1109-1330)

Arnold et al., 2004
Burk et al., 2005
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pVP16-PXR(108-434) Burk et al., 2005

pGL4.75[hRLuc/CMV] Promega, Madison, WI, USA
Table 7. Antibodies.
Antibodies Final concentration in WB Company
Mouse monoclonal anti-PXR, 2 pg/ml in 1% MM-TBS-T Perseus Proteomix Inc.,
H4417 Tokyo, Japan
Mouse monoclonal anti-TBP, 2 pg/ml in 1% MM-TBS-T Abcam, Cambridge, UK
mAbcam 51841
Rabbit polyclonal anti-mouse / 0.13 pg/ml in 5% MM-TBS-T Dako, Glostrup, Denmark

HRP-conjugate, Dako P0260

Table 8. Kits.

Kit

Company

CellTiter-Glo Luminescent Cell Viability assay

Promega, Madison, W1, USA

FLEX Six™ Gene Expression Kit
FLEX Six™ Gene Expression [FC
Control Line Fluid for 96.96 IFCs

2x Assay Loading Reagent

20x GE Sample Loading Reagent

Fluidigm, South San Franscisco, CA, USA

48.48 Gene Expression Kit
48.48 Gene Expression [FC
Control Line Fluid for 48.48 IFCs
2x Assay Loading Reagent
20x GE Sample Loading Reagent

Fluidigm, South San Franscisco, CA, USA

NucleoSpin RNA Kit

Macherey-Nagel, Diiren, Germany

PureYield Plasmid Midiprep System

Promega, Madison, W1, USA

Q5 Site-Directed Mutagenesis Kit

New England Biolabs, Ipswich, MA, USA

TagMan Reverse Transcription kit

MgCl,

Multiscribe Reverse Transcriptase 50 U/pl
Random hexamers 50 uM

RNase inhibitor 20 U/ul

10x TagMan RT Buffer

Thermo Fischer Scientific, Waltham, MA,
USA
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Table 9. Primers and probes for qPCR.

Assay Location (concentration)  Sequence (5" to 3")
18S Forward (400 nM) ACC GCA GCT AGG AAT ATT GGA
Reverse (400 nM) GCC TCA GTTCCG AAAACCA
Probe (200 nM) FAM-ACC GCG GTT CTA TTT-MGB
CYP2B6 Forward (400 nM) GCT GAA CTT GTT CTA CCA GAC TTT TTC
Reverse (400 nM) GAA AGT ATT TCA AGA AGC CAG AGA AGA
Probe (400 nM) FAM.TGT ATT CGG CCA GCT GT-MGB/NFG
PXR1 Forward (400 nM) TCC TTT GCA CCG GAT TGT TC
Reverse (400 nM) TCC AGC TTT CTT TGG GTC TCA
Probe (200 nM) FAM-CAC CAA GCA GTC CAA GA-MGB
PXR2 Forward (400 nM) AGTGCTGCGGCTGAGTTGG
Reverse (400 nM) TCTTTGGGTCTCACCTCCAGG
Probe (200 nM) FAM-TTCAAACCATCCAAGAGGCCCAGAA-
TAMRA
sPXR Forward (900 nM) TCT GCT GCC TTG AGA GGG TTA
Reverse (900 nM) CCCTGT CCGTTCACT TTTCTT C

Probe (250 nM)

FAM-CCC TGC AGT GAT CA-MGB
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Table 10. Commercial predesigned gene expression assays (Thermo Fischer Scientific).

Gene Assay ID Exon/exon Ref Seq Context sequence Location Amplicon size
ABCA2 Hs00242232 ml 10/11 NM_001606 GTCATCCTCAAGGCCAACGAGACTT 1574 58
ABCBI Hs00184500 ml 6/7 NM_ 000927 AGACATGACCAGGTATGCCTATTAT 832 67
ABCBI1 Hs00994811 ml 16/17 NM 003742 CATAAAGGATGCAACTGAAGATGAC 2142 77
ABCClI Hs01561483 ml 11/12 NM_ 004996 CAAGACGTATCAGGTGGCCCACATG 1648 65
ABCC2 Hs00166123 ml 25/26 NM 000392 CTCCAACAGGTGGCTTGCAATTCGC 3757 75
ABCC3 Hs00978452 ml 11/12 NM_003786 GCCTTCCAGGTAAAGCAAATGAAAT 1515 64
ABCC4 Hs00988717 ml 6/7 NM 005845 CATCACTGAGGAGTAAAACTGCAAC 920 63
ABCCS Hs00981089 ml 4/5 NM_005688 ACTGCAGAAGACTAGAGAGACTGTG 632 68
ABCG2 Hs01053790 ml 3/4 NM 004827 GGAGGCAAATCTTCGTTATTAGATG 755 83
ALDHIA1 Hs00946916 ml 8/9 NM 000689 GCCGACTTGGACAATGCTGTTGAAT 1173 61
AKRI1B10 Hs01546975 gH 9/10 NM 020299 AACGTGTTGCAATCCTCTCATTTGG 1230 75
ATP7A Hs00163707 ml 12/13 NM 000052 GTCCCTCATCACAGGGGAGGCAATG 2826 88
ATP7B Hs00163739 ml 4/5 NM_000053 CATTGAGCTGACAATCACAGGGATG 1864 83
BAG3 Hs00188713 ml 1/2 NM_004281 AGGGCCCCAAGGAGACTCCATCCTC 488 83
BAKI Hs00832876 gl 6 NM 001188 CTAAGCATGTGTCCCAGGAGCAGGA 1465 176
BAX Hs00180269 ml 3/4 NM 001291429 CTGGTGCTCAAGGCCCTGTGCACCA 387 62
BBC3 Hs00248075 ml 3/4 NM 014417 GAGCGGCGGAGACAAGAGGAGCAGC 750 101
BCL2 Hs04986394 sl 2 NM 0006332 GGAGGAGCTCTTCAGGGACGGGGTG 907 73
BCL2L1 Hs00236329 ml 2/3 NM 001317920 GAACGGCGGCTGGGATACTTTTGTG 812 65
BIRC2 Hs01112284 ml 5/6 NM 001256166 GCTGACCCACCAATTATTCATTTTG 1172 84
CDKNIA Hs00355782 ml 2/3 NM_ 001220778 GCAGACCAGCATGACAGATTTCTA 676 66
CES1 Hs00275607 _m1 8/9 NM_ 001025195 GAGACCCCAGAGAGAGTCAACCCCT 1052 95
CES2 Hs01077945 ml 2/3 NM 003869 CCCATCCGGCCATGTGTCTACAGGG NA 90
CYPI1ALI Hs00153120 ml 1/2 NM_000499 AGCTCAGTACCTCAGCCACCTCCAA 168 91
CYP1A2 Hs00167927 ml 2/3 NM_000761 GGACTTTGACAAGAACAGTGTCCGG 895 67
CYP3A4 Hs00604506 _m1 2/3 NM_ 017460 ATTTTGTCCTACCATAAGGGCTTTT 267 119
CXCR4 Hs00976734 ml 1/2 NM_003467 AGGGGATCAGTATATACACTTCAGA 112 79
EGFR Hs01076090 ml 5/6 NM 005228 ACTGCCAGAAACTGACCAAAATCAT 875 57
ERCC1 Hs01012158 ml 4/5 NM 001983 CCTGTTCCTCAGCCTCCGCTACCAC 572 55
FGF19 Hs00192780 ml 2/3 NM_ 005117 TGCAGGGGCTGCTTCAGTACTCGGA 801 54
GADDA45A  Hs00169255 ml 2/3 NM 001199741 CGTGCTGGTGACGAATCCACATTCA 600 123
GADD45B  Hs00169587 ml 2/3 NM_015675 AGTTGATGAATGTGGACCCAGACAG 380 74
GSTAI Hs07292901 gH 6/6 NM 001319059 AATTAAATAATACAACTCCTATTCG 888 141
GSTP1 Hs00943350 gl 3/4 NM_000852 No info provided 391 67
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MCL1 Hs01050896 m1 2/3 NM_ 021960 TAAACAAAGAGGCTGGGATGGGTTT 1141 89
MSH?2 Hs00953527 ml 6/7 NM 000251 AACAGAATAGAGGAGAGATTGAATT 1197 71
NFKB1 Hs00765730_m1 22/23 NM_001319226 ACAACTATGAGGTCTCTGGGGGTAC 2868 66
NROB2 Hs00222677 ml 1/2 NM 021969 TCAACCCCGATGTGCCAGGCCTCCA 672 87
NR1H4 Hs01026596_m1 6/7 NM_005123 CAAAGTCATGCAGGGAGAAAACTGA 1195 112
NRI1I2 Hs01114267_m1 8/9 NM_003889 GCCCCAGCCTGCTCATAGGTTCTTG 2994 103
OLFM4 Hs00197437 ml 4/5 NM 006418 TCCCACTCCAGGGAGCTGTGGTCAT 828 85
PRAMEF10 Hs04185201 ml 1/2 NM_001291381 AGTCCAGATCTGAGTTTTTCCTCGG 49 66
PRAMEF17 Hs01685002 gl 2/3 NM 001099851 ACCTGCTCAGGTGCCTCAAGAACCC 895 163
SLC10Al Hs00161820 m1 1/2 NM_ 003049 GGACATGAACCTCAGCATTGTGATG 488 68
SLCI0A2 Hs01001557 ml 5/6 NM_000452 TCTTAGGATTTTATGTGGCATACAA 1520 81
SLC22Al1 Hs00427552 ml 6/7 NM 003057 GTACCTGTGGTTCACGGACTCTGTG 1170 79
SLC31Al1 Hs00741015_m1 1/2 NM_001859 ACTTGACCTGGAAAGAATCTTCTGC 149 151
SLC31A2 Hs00156984 m1 2/3 NM_001860 TCCTGCTGGCATGGCCCTTTCGGTG 195 70
SLCO1B1 Hs00272374 ml 14/15 NM_ 006446 AATTCCACATCATTTTCAAGGGTCT 1965 77
SLCO2B1 Hs00200670_m1 7/8 NM_007256 TGCCAGGAAGGGCAAGGACTCTCCC 1370 113
TBP Hs00427620 ml 2/3 NM 001172085 GCAGCTGCAAAATATTGTATCCACA 578 91
TOP1 Hs00243257 ml 13/14 NM 003286 TTCACGAATCAAGGGTGAGAAGGAC 1554 101
TP53 Hs01034249 ml 10/11 NM_000546 GCTCACTCCAGCCACCTGAAGTCCA 1304 108
UGTI1A1 Hs02511055 sl 1 NM 000463 TTCAGAGAGAGGTGACTGTCCAGGA 740 134
UGT1A9 Hs02516855 sH 1 NM_021027 CGTGGTCTTCGCCAGGGGAATACTT 544 113
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Table 11. Buffers and solutions.

Buffer / solution

Final Concentration

Blotting buffer

TRIS base 25 mM
Glycine 192 mM
Denatured ethanol 20%
Buffer A

HEPES-KOH pH 7.9 10 mM
KCl 10 mM
MgCl, 1.5 mM
DTT 1 mM
HALT protease inhibitor cocktail 1x
PMSF 0.5 mM
Buffer A + NP-40

HEPES-KOH pH 7.9 10 mM
KCl1 10 mM
MgCl, 1.5 mM
DTT 1 mM
HALT protease inhibitor cocktail 1x
PMSF 0.5 mM
NP-40 0.4%
Buffer B

HEPES-KOH pH 7.9 20 mM
NaCl 420 mM
MgCl, 1.5 mM
DTT 1 mM
EDTA pH 8.0 0.2 mM
HALT protease inhibitor cocktail 1x
PMSF 0.5 mM
Coomassie-staining solution

Coomassie Brilliant Blue 0.125%
Ethanol 45%
Acetic acid 10%
Fixing/destaining solution

Ethanol 9%
Acetic acid 6%

2x HBS

NaCl 280 mM
Na,HPO,4 x 2 H,O 1.5 mM
HEPES 50 mM
1x MOPS buffer

MOPS 20 mM
Sodium acetate 5 mM
EDTA 1 mM
1x PBS

NaCl 137 mM
KCl 2.7 mM
Na,HPO, x 2 H,O 4.3 mM
KH2PO4 14 mM
Protein lysis buffer

HEPES-KOH pH 7.9 50 mM
NaCl 150 mM
EDTA 1 mM
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Sodium fluoride

20 mM

Sodium orthovanadate 2 mM
B-glycerolphosphate 10 mM
Triton-X-100 1%
Glycerol 10%
Sodium butyrate 10 mM
Sodium dodecyl sulfate 0.1%
Sodium deoxycholate 0.5%
Halt Protease Inhibitor cocktail Ix
PMSF 1 mM
5x Protein sample buffer (5x Lammli)

SDS 10 mM
1 M TRIS-HCI pH 6.8 312.5 mM
B-Mercaptoethanol 25%
Glycerol 20%
Bromophenol blue 0.1%
RNA color marker

Ficoll 10%
Bromophenol blue 0.1%
RNA sample buffer

Formamide 50%
Formaldehyde 22M
1x MOPS pH 7.0

Reaction-Injection-Mix (RIM+)

Luciferin 0.05 mM
ATP 2 mM
MgCl, 10 mM
Coenzyme A 0.027 mM
DTT 30 mM
Glycylglycine ph 7.8 25 mM
Renilla Luciferase Assay Buffer

Coclenterazine 1 uM
Tris-Cl pH 7.5 25 mM
NaCl 100 mM
CaCl, 1 mM
1x Running buffer for protein electrophoresis

TRIS Base 25 mM
Glycine 192 mM
SDS 0.1%
Smith reagent

Bicinchoninic acid 98%
4% Copper(1l) sulfate 2%

1x TAE

TRIS Base 40 mM
Acetic Acid 0.4 mM
EDTA 1 mM
TBS-T

NaCl 137 Mm
KCl 2.68 Mm
TRIS Base 0.03%
TRIS-Cl1 0.27%
TWEEN-20 0.1%
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Table 12. Instruments.

Instrument Company
Autolumat Plus LB953 Berthold, Bad Wildbad, Germany
Bioruptor UCD200 Diagenode, Liége, Belgium
CR35 Bio radioluminography Raytest, Straubenhardt, Germany
EnSpire Multimode Plate Reader PerkinElmer, Waltham, MA, USA
Fluidigm BioMark HD System Fluidigm, South San Francisco, CA, USA
Heidolph Titramax 101 Heidolph Instruments, Schwabach, Germany
Nanodrop UV-VIS Spectrophotometer Thermo Fischer Scientific, Waltham, MA, USA
7900 Real Time PCR System Applied Biosciences, Foster City, CA, USA
STELLA 3200 Raytest, Straubenhardt, Germany

3. Methods

3.1. Cell culture

All cells were cultured at 37°C and 5% CO,. Mediums were changed every two to three days,
unless otherwise stated. Cells were passaged when they reached >70% confluency. For
passaging, cells were washed with 1x phosphate buffered saline (PBS) and 0.25% trypsin-
EDTA was added before incubation for 5-8 min at 37°C and 5% COa. Trypsinization was
stopped with medium and cell suspension was centrifuged at 235 g for 5 min. After
centrifugation, supernatant was aspirated, and cell pellet was resuspended with medium.
Depending on cell line, split ratio was adjusted accordingly, and cells were seeded on a new

dish. When necessary, cells were counted with Neubauer cell counting chamber.

Human hepatocellular carcinoma HepG2 cells (HB-8065, lot number 58341723, ATCC,
Manassas, VA, USA) and stably transfected HepG2 cells with PXR overexpression (HP cells)
were cultivated in Minimal Essential Media (MEM)-based culture medium (Table 5). Duke’s
type B colorectal adenocarcinoma LS174T cells (ATCC, Manassas, VA, USA) and human
hepatocellular carcinoma Huh7 cells (Gift from U. Brinkmann, Epidauros) were cultivated in
Dulbecco's Modified Eagles Medium (DMEM)-based culture medium (Table 5). Duke's type
C colorectal adenocarcinoma LoVo (Gift from N. Janssen, IKP) cells were cultivated in
Roswell Park Memorial Institute (RPMI 1640)-based culture medium (Table 5). FBS was

replaced by dextran-charcoal-stripped FBS in drug treatments.

Parental HepG2 cells were propagated at passage 74 and used in the experiments between
passages 90 and 118. HP cells were used up to passage 30 after validation of clones. LS174T
cells were obtained at passage 104, which was then re-set as 1 and used in the experiments
between passages 8 and 30. In addition, as a control to minimize the effects of culture duration,

LS174T cells were cultured as long as resistant cells up to passage 64. Huh7 cells were obtained
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and assigned as passage 1 and used in the experiment at passage 16. LoVo cells were obtained

and assigned as passage 1 and used in the experiment at passage 7.

For absolute copy number determination of PXR variants in different cell lines, 0.3-0.75x10°
HepG2, Huh7, LoVo and LS174T cells per well in a volume of 2 ml in 6-well plate were seeded
and cultured in culture medium for 2 to 4 days before cell harvesting and RNA isolation as
described above in section 3.7. Absolute copy number quantification was conducted as

described in section 3.9.

For investigation of effects of rifampicin, cisplatin, irinotecan and SN38 on gene expression of
established PXR target genes, 1x10° LS174T cells were seeded in a volume of 2 ml in a 6-well
plate. Then on next day cells were treated with 0.2% DMSO, 10 uM rifampicin, 10 uM
cisplatin, 1.5 uM irinotecan or 25 nM SN38 for 72 h before cell harvesting and RNA isolation
as described in section 3.7. Medium was changed every 24 h. Relative quantification analyses

were conducted as described in section 3.9.

For investigation of PXR dependency on expression of rifampicin-induced established PXR
target genes, 1x10° LS174T cells were seeded in a volume of 2 ml in a 6-well plate. Then on
next day cells were treated with 0.2% DMSO, 10 pM rifampicin, 10 uM SPA70, or 10 uM
rifampicin and 10 uM SPA70 for 72 h before cell harvesting and RNA isolation as described
in section 3.7. Medium was changed every 24 h. Relative quantification analyses were

conducted as described in section 3.9.

For investigation of gene expression in cisplatin-resistant LS174T cells (Ls-R-C), irinotecan-
resistant LS174T cells (Ls-R-I) and equally long cultured parental LS174T cells (Ls-P),
0.4x10° cells were seeded in a volume of 1 ml in a 12-well plate in two wells per cell line.
Ls-R-C cells were cultured in 30 uM cisplatin-containing culture medium, Ls-R-I cells in
40 uM irinotecan- containing culture medium and Ls-P cells in drug-free culture medium until
nearly confluency. Then one well was harvested as described in section 3.7 and the other well
was passaged into two new wells. Relative quantification analyses were conducted as described

n section 3.9.

For investigation of effect of PXR activation and inhibition on expression of cancer drug
resistance-associated genes in Ls-P, Ls-R-C and Ls-R-I cells, 0.6x10° cells were seeded in a
volume of 1 ml in a 12-well plate. Then on next day cells were treated with 0.2% DMSO,
10 uM rifampicin, 10 uM SPA70, or 10 uM rifampicin and 10 uM SPA70 for 48 h before cell
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harvesting and RNA isolation as described in section 3.7. Medium was changed every 24 h.

Relative quantification analyses were conducted as described in section 3.9.

For investigation of the effect of selected TiiKIC compounds on gene expression, 0.3x10° or
0.6x10° (for compound 109) LS174T cells were seeded in a volume of 1 ml in a 12-well plate.
Then on next day, cells were treated with 0.1-0.2% DMSO, 10 uM RIF, 10 uM of compounds
12/73/100 for 72 h and compound 109 for 48 h or co-treated with 10 uM RIF and 10 uM
compounds 12/73/100 for 72 h before cell harvest and RNA isolation as described in section

3.7. Relative quantification analyses were conducted as described in section 3.9.

3.2. Preparation of plasmids

Site-directed mutagenesis of the full-length PXR expression plasmid with suitable
oligonucleotides designed with NEBaseChanger using Q5 Site-Directed Mutagenesis kit (New
England Biolabs, Ipswich, MA, USA) was utilized to generate PXR mutants Q285A, Y306A,
S247A, H407A, W299A and H327A. The mutations were confirmed by sequencing. Plasmids
were purified using PureYield Plasmid Midiprep System (Promega, Madison, WI, USA).

3.3. Generation of drug-resistant cancer cells

Cisplatin-resistant (Ls-R-C) and irinotecan-resistant (Ls-R-I) LS174T cells were generated by
continuous exposure of LS174T cells to cisplatin (Table 13) or irinotecan (Table 14) by
gradually increasing the concentration in a stepwise manner during approximately five to seven
months. The cells were passaged 3—5 times at each concentration. At every concentration
increase, cells were frozen as back up. Cells were trypsinized as described in section 3.1., after
centrifugation and aspiration of supernatant; cell pellet was resuspended in freezing medium
(Table 5). Cells were aliquoted in 1 ml sterile Nalgene cryovials (Thermo Fischer Scientific,
Waltham, MA, USA) and placed in -80°C for at least 48 h before long-term storage in liquid
nitrogen. When necessary, cells were thawed quickly in 37°C water bath, transferred in culture
medium, centrifuged (at 235 g, 5 min) and resuspended in culture medium before seeding on a
dish. Cells were cultured for 2—3 passages before used in the experiments for up to one month

after thawing.

Before subsequent experiments, cells were cultured in a drug-free culture medium for at least
five days. Ls-P cells were cultured parallel in drug-free culture medium the same duration as
resistant cells were generated. After generation of resistance, Ls-R-C cells and Ls-R-I were

cultivated in maintenance concentration of 30 uM cisplatin and 40 uM irinotecan, respectively,
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until characterization including confirmation of resistance after selection, long-term stability,

freeze-thaw stability and growth analysis, was completed.

Table 13. Cisplatin concentrations used for generating resistant cells.

Concentration of cisplatin Drug exposure (passages) Drug exposure (days)
10 uM 5 52

15 uM 3 116

20 uM 3 27

30 uM 3 + maintaining 21 + maintaining

Table 14. Irinotecan concentrations used for generating resistant cells.

Concentration of irinotecan Drug exposure (passages) Drug exposure (days)
1 uM 4 67

1.5 uM 3 8

2.5 uM 3 11

5uM 4 19

10 uM 3 13

20 uM 3 16

40 uM 3 + maintaining 15 + maintaining

3.4. Cell viability determination

For cell viability determination Ls-P, Ls-R-C and Ls-R-I cells were seeded at density of 8,000
cells per well in 100 pl in a Greiner (#655098) white, clear flat bottom CellStar 96-well plate
(Greiner Bio-One GmbH, Frickenhausen, Germany). On following day, cells were treated with
increasing cisplatin (0.3—1,000 uM), irinotecan (0.3—1,000 uM) or paclitaxel (1-3,000 nM)
concentrations. Treatment medium was changed every 24 h. After 72 h of exposure, cell
viabilities were determined by quantifying ATP content with CellTiter-Glo Luminescent Cell
Viability Assay according to the manufacturer’s instructions (Promega, Madison, WI, USA).
Briefly, plate was equilibrated at room temperature for 30 min. Then 100 pul of CellTiter-Glo
Reagent was added to each well. Mixture was incubated on an orbital shaker (450 rpm,
Heidolph Titramax 101) for 2 min while protected from light. Before luminescence
measurement, cell lysates were incubated at room temperature for 10 min while protected from
light. Luminescence was measured using EnSpire multimode plate reader with a 0.1 second
measurement time (PerkinElmer, Waltham, MA, USA). After subtracting background, cell
viability was calculated in percent by dividing the value of treated cells by the value of
DMSO-treated control cells. Experiment was conducted three times independently with

technical triplicates. Log concentrations were plotted to cell viability percentages and mean
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ICso was determined using nonlinear regression with GraphPad Prism version 8.3.0 for

Windows (GraphPad Software, San Diego, California, USA).

For determination of long-term stability of resistance, Ls-R cells were cultured in drug-free
medium for one month. Then cells were seeded in a Greiner (#655098) white, clear flat bottom
CellStar 96-well plate (Greiner Bio-One GmbH), treated with increasing concentrations of
cisplatin or irinotecan and cell viability was determined as described above. Ls-P cells that had
been maintained for the same time from beginning were used as controls to minimize effects

caused by culture duration.

For determination of resistance stability of Ls-R cells after freezing and thawing, Ls-R and
Ls-P cells were frozen as described above. After keeping cells in liquid nitrogen for 72 h, cells
were thawed and cultured for 3—4 passages. Ls-P and Ls-R-I cells were cultured in drug-free
culture medium, whereas Ls-R-C cells were cultured in culture medium containing 30 pM
cisplatin due to the possible reduction of resistance, if cultured in drug-free medium for longer
time. Ls-R-C cells were cultured in drug-free culture medium for five days before cell viability

determination as described above.

To assess the cellular toxicity of TUKIC compounds, HepG2 cells were seeded at density of
40,000 cells per well in 100 pl in a Greiner (#655098) white, clear flat bottom CellStar 96-well
plate (Greiner Bio-One GmbH). On following day, cells were treated with 3, 10 or 30 uM of

test compounds. After 24 h, cell viabilities were determined as described above.

3.5. Growth analysis

For growth analysis, 0.4x10° Ls-P, Ls-R-C and Ls-R-I cells per well were seeded in a volume
of 2 ml in 6-well plate (Sarstedt, Niimbrecht, Germany). Cells were manually counted every
24 h for 4 days. Drug-free culture medium was changed every second day. Doubling time was
calculated at the exponential growth phase with following formula: Doubling time = h x
In(2)/In(c2/c1), where c1 is the amount of cells in the beginning and c¢2 amount of cells in the
end of the exponential growth phase (Jensen et al. 2015). Experiment was conducted three

times.

3.6. Resensitization of drug-resistant cells

Ls-R-I cells were cultured in a dish with 6 cm diameter and treated with 0.1% DMSO or 10 uM
SPA70 for 48 h. Medium was changed every day. At 48 h, cells were trypsinized and cells
were seeded at density of 10,000 cells per well in 100 pl in a Greiner (#655098) white, clear
flat bottom CellStar 96-well plate (Greiner Bio-One GmbH) supplemented with 0.1% DMSO
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or 10 uM SPA70. After 24 h, cells were treated with increasing concentrations of irinotecan
(0.3 uM-1,000 uM) or paclitaxel (1-3,000 nM) with or without 10 uM SPA70. After 72 h, cell
viabilities were determined using CellTiter-Glo Luminescent Cell Viability Assay (Promega)
as described in section 3.4. Experiment was conducted three times independently with technical

triplicates.

3.7. RNA isolation and determination of RNA concentration

Total RNA was isolated with the NucleoSpin RNA kit (Machery-Nagel, Diiren, Germany).
Briefly, cells were lysed by adding 350 ul of buffer RA1 supplemented with 3.5 pl
B-mercaptoethanol and scraped. Cell lysates were stored at -80°C until RNA isolation. The
viscosity of thawed cell lysates was reduced by filtering. Before binding the RNA to the
column, the binding conditions were adjusted with ethanol. After RNA binding, silica
membrane was desalted, and DNA was digested on-column with rDNase. Then after three

washing steps and drying of the column, RNA was eluted with 40 pl of RNase free water.

UV-VIS spectrophotometer Nanodrop (Thermo Fischer Scientific) was used for the
determination of RNA concentration. RNA concentration was determined based on the
absorbed light. The more the sample absorbs light the higher is the optical density (OD), which
reflects the RNA concentration. The amount of RNA was calculated using following equation:
RNA (pg/ul) =0D260 * 40 (factor for RNA). The purity was determined using the ratio A260
nm / 280 nm. Value of approximately 2 reflects pure RNA.

3.8. Test for RNA quality

RNA quality was assessed using characteristic separation of RNA into ribosomal 18S and
approximately twice as strong band of ribosomal 28S on agarose gel. RNA samples were
adjusted to the amount of 1 pg and to a volume of 16 ul with RNA sample buffer. Then 0.6 pl
of 0.025% ethidium bromide solution was added to the RNA solution. After incubation for
10 min at 65°C, samples were placed on ice, 4 pl RNA color marker was added, and samples
were loaded onto 1% agarose gel with 1x MOPS buffer. Electrophoresis was conducted with

125 V for approximately 30 minutes.

3.9. Quantitative real-time PCR analysis

Primers and probe were designed to sSPXR mRNA with ABI Primer Express software (version
3.0.1, Applied Biosciences, Foster City, CA, USA). Specificity of the primers and probe were
analyzed using the basic logarithmic alignment tool (BLAST) by National Center for

Biotechnological Information (NCBI). In addition, primers and probe were checked for their
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ability to form hairpins, secondary structures or cross dimers with OligoEvalulator by Sigma-
Aldrich and Multiple Primer Analyzer by Thermo Fischer Scientific. Different primer and
probe concentrations were tested to obtain as sensitive and specific assay as possible. In the
assay establishment, qPCR products were always analyzed also in agarose gel with 1x TAE.
The assay specificity was determined using cDNA plasmid of PXR1 variant, which the assay
did not detect. In addition, using excess PXR1 cDNA plasmid over sPXR, assay demonstrated
specificity towards sPXR.

TagMan reverse transcription reagents (Thermo Fischer Scientific) were utilized to synthesize
first strand cDNA according to manufacturer’s instructions from either 0.25 pg or 0.32 ug of
total RNA with 1x RT buffer, 5.5 mM MgCl,, 0.5 mM each dNTP, 2.5 uM random hexamer
primers, 0.4 units/ul RNase inhibitor and 1.25 units/ul multiscribe reverse transcriptase in a

total volume of 25 pl or 16 pl.

cDNA samples corresponding to 0.25 pg RNA were 1:2 diluted with nuclease-free water and
quantified with 7900 HT Real-time PCR system (Applied Biosciences) with following thermal
cycling parameters 10 min at 95°C, 40 cycles 15 sec at 95°C/1 min at 60°C. PCR reactions
were set up with cDNA corresponding to 2 pg (18S rRNA) or 10 ng (all other assays) of total
RNA and Ix qPCR Master Mix (Eurogentec, Liége, Belgium) and specifically designed
primers/probes (Table 9). For absolute copy number determination, serial dilutions of plasmids
containing respective PXR variants were used for generating standard curves ranging from 12
to 12x10° copies with following performance: PXR1 (slope: -3.62, R?* 0.994,
efficiency: 88.7%), PXR2 (slope: -3.46, R%: 0.999, efficiency: 94.6%), sPXR (slope: -3.45,
R2: 0.997, efficiency: 94.9%), 18S (slope: -3.28, R%: 0.997, efficiency: 101.7%). Assays were
done in triplicates. 18S and PXR1-specific assay has been described before (Hoffart et al.,
2012). PXR2-specific assay has been designed and validated previously in a Bachelor’s thesis
by Nina Dedic (IKP, 2007). Gene expression levels were normalized to respective 18S rRNA
levels and calculated as copies per 10° copies of 18S rRNA. Relative quantification analyses
of the PXR variants in the resistant cells was conducted using the 2*-AACt method (Livak and
Schmittgen, 2001) with 7900 HT Real-time PCR system (Applied Biosciences). Gene

expression levels were normalized to the respective TBP levels.

Relative quantification analyses were conducted with TagMan RT-PCR utilizing the BioMark
HD system and 48.48 or FLEX Six Gene Expression Integrated Fluidic Circuits (IFC)
according to manufacturer’s instruction (Fluidigm, South San Franscisco, CA, USA). For the

IFCs a preamplification with 14 or 17 cycles of cDNA corresponding to 25 ng RNA was
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performed using TagMan PreAmp Master Mix (Applied Biosciences) and specific
primers/probes of respective target genes (excluding 18S). Assays were either predesigned
TagMan assays purchased from Thermo Fischer Scientific (Table 10), or described previously:
CYP2B6 (Burk et al., 2005), 18S (Hoffart et al., 2012) (Table 9). Pre-amplified cDNA was 1:5
diluted with 5 mM Tris/HCI (pH 8.5). Reaction mixtures consisting of the preamplified cDNA
samples, 1x GE sample loading reagent and 1x PCR Mastermix (Eurogentec) or respective
gene expression assays of the target genes and 1x assay loading reagent were prepared
according to manufacturer’s instructions and loaded to either FLEX Six or 48.48 Gene
Expression IFCs to perform TagMan RT-PCR with the BioMark HD system (Fluidigm). Either
assays or samples were done as triplicates. Data was analyzed with Fluidigm Real-time PCR
Analysis software (version 4.1.3) with a quality threshold set at 0.65, baseline correction
method set at linear (derivative) and C; threshold set at auto (detectors) and further processed
with the 2"-AACt method (Livak and Schmittgen, 2001). Gene expression levels were
normalized either to respective 18S rRNA or mean levels of 18S rRNA and TBP.

3.10. siRNA transfection of LS174T cells

Reverse transfection of LS174T cells was conducted according to the instructions of the
manufacturer (Thermo Fischer Scientific). Per well, 6 pl of 10 uM pool of double-stranded
non-targeted negative control siRNAs or double-stranded siRNAs targeting NR112 (Thermo
Fischer Scientific) were diluted in Opti-MEM 1in a total volume of 500 pl. 6 pl Lipofectamine
RNAIMAX was added. Mixture was incubated for 20 min at room temperature. 0.35x10°
LS174T cells were resuspended and added into the wells making a total volume of 3 ml. The
final concentration of siRNAs was 20 nM. After 48 h incubation, cells were treated with
0.1% DMSO or 10 uM rifampicin for 24 h before cells were harvested and RNA isolated as

described in section 3.7.

3.11. Transient transfections and reporter gene assays

HepG2 cells were seeded at 1.5x10° cells per well into 24-well plates one day prior to
transfection. Transient transfections were conducted using jetPRIME transfection reagent
(Polyplus,  Illkirch,  France). Per well, a  mixture containing 0.3 ug
pGL4-CYP3A4(-7830A7208-364) luciferase reporter gene plasmid, 0.005 pg Renilla
luciferase expression plasmid pGL4.75[hRluc/CMV] and pcDhuPXR expression plasmid with
equal ratio (0.02/0.02 pg) or four-fold excess (0.01/0.04 png) of empty expression vector
pcDNA3 or pcDhusPXR expression plasmid were prepared. The total amount of DNA was
adjusted to 0.5 pg with pUCI8 in all transfections. The DNA mixture was diluted with
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jetPRIME buffer to achieve a volume of 50 pl. 1 pl of jetPRIME transfection reagent was
added, mixed and incubated at room temperature for 10 minutes. Then the reaction mixture
was added onto cells. After incubation for 22-24 h, cells were treated with 0.1% DMSO or
10 uM rifampicin for 24 h before cell lysis with 150 pl of passive lysis buffer (Promega).
Luminescence of firefly luciferase was measured from 20 pl of sample with automatically
injected 300 pl of firefly luciferase assay solution (Geick et al. 2001) using the AutoLumat
Plus LB953 (Berthold Technologies, Bad Wildbad, Germany). Similarly, Renilla luciferase
was measured from 10 pl sample with injection of 100 ul of Renilla assay solution (Piedade et
a. 2015). Results were normalized by dividing firefly luciferase activity by Renilla luciferase
activity measured in the same well. Each transfection was done five times independently in

technical triplicates.

3.12. Batch transfections and reporter gene assays

Transient batch transfection with HP cells was conducted using JetPEI transfection reagent
(Polyplus). Per well, 0.6 pl of JetPEI transfection reagent was diluted in 150 mM NacCl to a
final volume of 25 pul. For investigation of PXR activation, per well, 0.3 ug
pGL4-CYP3A4(-7830A7208-364) luciferase reporter gene plasmid and 0.01 pg Renilla
luciferase plasmid pGL4.75[hRluc/CMV] were diluted in 150 mM NaCl to a final volume of
25 ul. JetPEI dilution was added to DNA dilution and incubated at room temperature for
15 min. Simultaneously, HP cells were trypsinized, counted and cell number adjusted to 40,000
cells in 200 pl, per well. JetPEI/DNA mixture was added to cell suspension and 250 pl of this
mixture was pipetted into a Cell+ 96-well plate (Sarstedt). After at least 24 h incubation, cells
were treated with 0.1-0.2% DMSO, 10 pM rifampicin, 1 uM SR18213, 10 uM test compounds
or co-treated with 10 uM of rifampicin or 1 pM SR18213 and 10 uM of test compounds.
Concentration-response experiments were conducted by treating the cells with 0.1-
0.2% DMSO, 10 uM rifampicin and 1) increasing concentrations of test compounds, ii)
co-treated with 10 uM rifampicin and increasing concentrations of compounds or iii) co-treated

with increasing concentrations of rifampicin and three fixed concentrations of test compounds.

After 24 h treatment, medium was removed, 100 pul of 1x PBS per well was added and
aspirated. Cells were then lysed with 50 ul of passive lysis buffer (Promega) and incubated for
20 min at room temperature in orbital shaker (750 rpm, Heidolph Titramax 101). Cell lysate
was transferred to a conical 96-well plate and centrifuged for 5 min at 440 g, and then 10 pl of
cell lysate was transferred to a white OptiPlate-96 measuring plate (PerkinElmer). Per well,

150 pl of RIM+ or 100 pl of Renilla-Luciferase Assay Buffer was added. Mixture was
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incubated in an orbital shaker (350 rpm, Heidolph Titramax 101) for 10 min while protected
from light. Luminescence was measured using 0.1 s measurement time with EnSpire
multimode plate reader (PerkinElmer). Results were normalized by dividing Firefly luciferase
activity by Renilla luciferase activity measured in the same well. Experiments were conducted

three times independently with technical triplicates.

For testing activity of PXR mutants, transient batch transfection was conducted similarly as
above, but with HepG2 cells and following expression plasmids: per well, 0.27 ug
pGL4-CYP3A4(-7830A7208-364) luciferase reporter gene plasmid, 0.01 pg Metridia
luciferase plasmid pMetLuc2-control and 0.03 pg either pcDhuPXR, pcDhuPXR(Q25A),
pcDhuPXR(Y306A), pcDhuPXR(S247A), pcDhuPXR(S407A), pcDhuPXR(W299A),
pcDhuPXR(H327A) or pcDhuPXR(S208W/S247W/C284W) were diluted in 150 mM NacCl to
a final volume of 25 ul. After at least 24 h incubation, cells were treated with 0.1% DMSO,
10 uM rifampicin and 10 uM test compounds. After 24 h medium was transferred to a conical
96-well plate, centrifuged for 5 min at 440 g and then 10 pl of medium was transferred to a
white OptiPlate-96 measuring plate. Next, 100 pl Renilla-Luciferase Assay Buffer was added
and Metridia luciferase activity was measured immediately using 0.1 s measurement time with
EnSpire multimode plate reader. Cell lysis and firefly luciferase measurements were conducted
as above. Results were normalized by dividing Firefly luciferase activity by Metridia luciferase
activity measured in the same well. Experiments were conducted five times independently with

technical triplicates.

For testing nuclear receptor selectivity, transient batch transfection was conducted similarly as
above, but with HepG2 cells and following plasmids. Per well, 0.26 or 0.23 pg
pGL4-CYP3A4(-7830A7208-364) luciferase reporter gene plasmid, 0.01 ug Metridia
luciferase plasmid pMetLuc2control and 0.03 pg either pcDhuCAR1, pcDhuCAR3 or
pcDhuVDR expression plasmids were diluted in 150 mM NaCl to a final volume of 25 pl. In
addition, 0.03 pg pcDhuRXRa(orf) expression plasmid was added to CAR3 transfection. After
at least 24 h incubation, cells were treated with 0.2% DMSO, 10 uM CITCO, 0.1 uM
la,25-dihydroxy vitamin D3 (1a,25(OH);D3) or 10 uM test compounds or co-treated with
10 uM of CITCO or 0.1 uM 10,25(OH)2D3 and 10 uM of test compounds. After 24 h
incubation Metridia and firefly luciferases were measured as described above. Results were
normalized by dividing Firefly luciferase activity by Metridia luciferase activity measured in

the same well. Experiments were conducted five times independently with technical triplicates.
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3.13. Mammalian two hybrid assays

Transient batch transfection with HepG2 cells was conducted using JetPEI transfection reagent
(Polyplus). Per well, 0.6 pul of JetPEI transfection reagent was diluted in 150 mM NacCl to a
final volume of 25 pul. Similarly per well, for coactivator interaction assay 0.24 pg pGL4-G5
luciferase reporter gene plasmid, 0.01 pg Renilla luciferase plasmid pGL4.75[hRluc/CMV],
0.03 ng pVP16-PXR(108-434) and 0.03 pg pM-SRC1(583-783) were diluted in 150 mM NaCl
to a final volume of 25 ul. Likewise for corepressor interaction assay per well, 0.24 pg
pGL4-G5 luciferase reporter gene plasmid, 0.01 pg Renilla luciferase plasmid
pGL4.75[hRluc/CMV], 0.03 pg pVP16-PXR(108-434), 0.03 ng pM-SMRT(1109-1330) and
0.015 pg pcDhuRXRa(orf) were diluted in 150 mM NacCl to a final volume of 25 pl. JetPEI
dilution was added to DNA dilution and incubated at room temperature for 15 min. Preparation
of cells and transfection were conducted as described above in section 3.12. After at least 24 h
incubation, cells were treated with 0.2% DMSO, 10 pM rifampicin or co-treated with 10 pM
of rifampicin and 10 uM of test compounds. After 24 h treatment, reporter gene assays were
performed as described above in section 3.12. Results were normalized by dividing Firefly
luciferase activity by Renilla luciferase activity measured in the same well. Experiments were

conducted five times independently with technical triplicates.

3.14. CaPOs-transfections

5.0x10° HepG?2 cells were seeded a day before transfection in a dish with 10 cm diameter. Next
day, 1 h before transfection, medium was aspirated and 9 ml fresh culture medium was added.
Aqueous DNA solution of 450 pl, containing 2 ug pMetLuc2control and 10 pg expression
plasmid encoding wild-type PXR or PXR mutants [pcDhuPXR, pcDhuPXR(Q25A),
pcDhuPXR(Y306A), pcDhuPXR(S247A), pcDhuPXR(S407A), pcDhuPXR(W299A),
pcDhuPXR(H327A) or pcDhuPXR(S208W/S247W/C284W)], was prepared. Total amount of
DNA was adjusted to 25 pg with pUCI18. 50 ul of 2.5 M CaCl, was added to each DNA
solution. This DNA/CacCl; solution was added dropwise to an equal volume of 2x HBS while
simultaneously mixing with vortex. Then, this mixture was added dropwise onto cells. Cells
were incubated for 5 h, then medium was aspirated, 3 ml 15% glycerol-PBS solution was
added. Cells were incubated for 3 min at room temperature before washing the cells twice with
Ix PBS. Then, 10 ml culture medium was added and cells were incubated for two days before
Metridia luciferase measurement, as described in section 3.12., and total protein extraction, as

described in section 3.16.2, were executed.
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3.15. Limited proteolytic digestion

3.15.1. Sample preparation

Per ligand, 12.5 pl H20O, 2 pl 10 mM Tris-Cl pH7.6, 0.5 ul 40x ligand stock or vehicle (final
vehicle 2.5%) and 5 pl 355-TNT protein of sPXR were mixed, incubated for 30 min at 25°C

and then put on ice for 30 seconds.

3.15.2. Proteolytic digestion

1 ul of 5 mg/ml trypsin (final concentration of 250 pg/ml) was added to incubated samples.
Samples were incubated for 10 min at 25°C for proteolytic digestion and then put on ice. After
30 seconds, 6 ul 5x protein sample buffer supplemented with B-mercaptoethanol was added
and mixed. To achieve final volume of 30 ul, 3 pl of H2O was added. After mixing, samples
were incubated at 95°C for 5 min. Samples were immediately processed with gel

electrophoresis or stored at -80°C.

3.15.3. Protein gel electrophoresis and analysis

15 pl of samples were loaded to a 12% polyacrylamide protein gel with 10% input control and
molecular weight marker. Gel was run with 200 V for approximately 45 min, then stained with
Coomassie for 15-30 min and fixed/destained for 45 min up to overnight (solution was
changed after 1 h). After destaining, gel was watered for 5 min and incubated for 30 min in
0.5 M sodium salicylate. Then gel was dried for at least 30 min. Samples were exposed to
imaging plates and analyzed with CR35 Bio radioluminography laser scanner and quantified

with AIDA software (version 4.50.010, Raytest, Straubenhardt, Germany).

3.16. Protein analysis

3.16.1. Nuclear extraction

Samples were kept on ice and all buffers were ice-cold during nuclear extraction. Cells were
washed with PBS. Then cells were scraped with PBS and transferred to a reaction tube. Cell
suspension was centrifuged for 5 min at 750 g at 4°C. Supernatant was discarded and cell pellet
was resuspended in Buffer A, centrifuged as above and supernatant was discarded. Then, cell
pellet was resuspended in Buffer A+0.4% NP-40, incubated on ice for 20 min, until cells were
lysed. Cell lysis was controlled with microscope. After lysis, cell lysate was centrifuged as
above and supernatant discarded. Buffer B was added in a volume of approximately 5 times of
the volume of nuclear pellet and mixed with a magnetic stirrer for 30 min at 4°C and
centrifuged for 15 min at 16,000 x g at 4°C. Supernatant was then aliquoted and stored
at -80°C.
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3.16.2. Total protein extraction

Samples were kept on ice and all buffers were ice-cold during total protein extraction. Cells
were washed with PBS. Then cells were scraped with PBS and transferred to a reaction tube.
Cell suspension was centrifuged for 5 min at 750 g at 4°C. Supernatant was discarded and cell
pellet was resuspended in protein lysis buffer (Sundqvist et al., 2005), incubated on ice for 15
min while resuspended by pipetting every three minutes. Then, lysate was homogenized with
ultrasonication (2x30s) using Bioruptor UCD200 (Diagenode, Liége, Belgium). Extracts were
aliquoted and stored at -80°C.

3.16.3. Determination of protein concentration

Protein concentration was determined with bicinchoninic acid protein assay, which is based on
the reduction of Cu®* to Cu* by the peptide bonds of protein and subsequent binding of the
reduced Cu' to bicinchoninic acid, which causes formation of violet color. The intensity of this
color is proportional to the amount of protein. Briefly, 200 pl of Smith reagent was combined

with 10 pl of protein sample and incubated for 1 h at 37°C. After incubation, absorbance was
measured with EnSpire Multimode Plate Reader (PerkinElmer). Protein concentration of

samples was determined based on the standard curve of bovine serum albumin.

3.16.4. Western blot

Protein samples were analyzed using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot. 30 pg of protein was combined with 6 pl of 5x
Lammli and H2O in a total volume of 30 pl and incubated at 95°C for 5 min before loading
onto 10% polyacrylamide gel. For transfected PXR mutants, protein amount was adjusted to
the transfection efficiency, as determined by measurement of Metridia luciferase activity. The
gel electrophoresis was applied with 1x running buffer for 50-60 min using 200 V. Then the
samples were blotted onto nitrocellulose membrane using 150 V for 45 min in blotting buffer.
Protein transfer was confirmed with Ponceau staining. After destaining the membrane with
TBS-T, membrane was blocked with 5% skim milk solution in TBS-T for 1 h at room
temperature. Then membrane was incubated with primary anti-PXR antibody (Table 7) for
overnight at 4°C. On next day, membrane was washed with TBS-T for 3 x 10 min and
incubated with secondary antibody (Table 7) for 1 h at room temperature. After washing the
membrane again with TBS-T for 3 x 10 min, the membrane was incubated at room temperature
for 5 min in detection solution (SuperSignal West Dura Extended Duration Substrate, Thermo
Fischer Scientific) before chemiluminescence detection with STELLA 3200 bio-imagining

system (Raytest, Straubenhardt, Germany). The presence of equal amounts of protein in nuclear
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extract samples was checked with anti-TBP antibody (Table 7) in a similar procedure. The
intensity of the specific protein bands was quantified using the AIDA software (version

4.50.010, Raytest, Straubenhardt, Germany).

3.17. Kinome profiling
Compounds 100 and 109 were profiled at concentrations 1 uM and 10 uM against 335 wild-
type protein kinases with single measurements. Kinome profiling was performed by ProQinase

GmbH (Freiburg, Germany).

4. Results

4.1. Generation and characterization of drug-resistant cancer cells

For the generation of potentially drug-resistant cancer cells due to activation of PXR, a cell line
with high PXR expression is essential. To this end, mRNA levels of PXR variants were
quantified in four different human cancer cell lines, including two liver cancer cell lines
(HepG2, Huh7) and two colon cancer cell lines (LoVo, LS174T). PXR is typically highly
expressed in human liver; therefore, primary human hepatocytes (PHHs) were used as positive
control. From the tested cell lines, LS174T cells had the highest mRNA expression of PXR1
(35.5% of PHHs) and sPXR (48.9% of PHHs) (Fig. 6A). The PXR1/sPXR ratio in PHHs and
in LS174T cells was 4 and 3, respectively. These comparable ratios suggest a similar PXR
activation system in these cells. Levels of PXR2 were undetectable in Huh7, LoVo and LS174T
cells. However, primary human hepatocytes and HepG2 cells expressed PXR2, but at very low
level (data not shown). The expression of PXR in LS174T cells was confirmed performing
Western blot with nuclear extracts from LS174T cells. PXR protein was detected at
approximately 50 kDa (Fig. 6B).

Functionality of PXR in LS174T cells was verified by treating the cells with the prototypical
PXR agonist rifampicin and measuring the expression of established PXR target genes.
Rifampicin-treatment induced ABCB1 and CYP3A4 3.5- and 7.4-fold, respectively (Fig. 6C).
To confirm the dependency of rifampicin-induced gene expression on PXR in LS174T cells, a
respective knock down experiment was conducted. After PXR knock down, induction of
ABCB1 and CYP3A4 was reduced by 54% and 78%, respectively (Fig. 6D). Hence,
rifampicin-induced gene expression appears to be dependent on PXR activation in LS174T
cells. This was also confirmed with the co-treatment of rifampicin with a specific PXR
antagonist, which suppressed rifampicin-induced ABCB1 and CYP3A4 expression (Fig. 6E).
Overall, these results support the selection of human colorectal adenocarcinoma LS174T cells

as a suitable cell line for development of potentially PXR dependent drug-resistant cancer cells.
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Figure 6. PXR is expressed and functional in LS174T cells. (A) LS174T cells express highest levels
of PXR variants among tested cell lines. mRNA levels of PXR variants were quantified with RT-qPCR
from HepG2, Huh7, LoVo and LS174T cell lines. Primary human hepatocytes of single donor were
used as a positive control. (B) Expression of PXR protein in nuclear extracts of LS174T cells. PXR
protein was detectable at approximately 50 kDa. Positive control (Pos.CTR) was in vitro translated PXR
protein. (C) Rifampicin induces expression of PXR target genes in LS174T cells. LS174T cells were
treated with 0.1% DMSO or 10 uM rifampicin for 72 h. mRNA was quantified using RT-qPCR and
normalized to the expression of 18S. (D, E) Rifampicin induces expression of ABCB1 and CYP3A4 in
a PXR-dependent manner. (D) LS174T cells were transfected with siRNA pool targeting PXR (+) or
negative control siRNA pool (-) and treated for 24 h with 0.1% DMSO or 10 uM rifampicin. mRNA
was quantified as in C. (E) LS174T cells were treated with 10 uM RIF, 10 uM SPA70 or co-treated
with both for 72 h. mRNA was quantified as in C. Data in A and D is mean of technical triplicates from
one experiment, and in C and E mean +SD from three independent experiments and individual
experiments illustrated with dots.

Cisplatin and irinotecan were used for the generation of drug-resistant cancer cells. Cisplatin
was selected, because of its well-known ability to cause acquired resistance and its use as a
chemotherapeutic in the treatment of several types of solid tumors (Amable, 2016). In addition,
cisplatin has demonstrated PXR activation potential (Masuyama et al., 2016, 2005). Irinotecan
was chosen because it is commonly used in the treatment of colorectal cancer (Basseville et
al.,2011). Similar to cisplatin, irinotecan itself and its active metabolite SN38 have been shown

to potentially activate PXR (Basseville et al., 2011; Chen et al., 2010). Accordingly, cisplatin,

38



irinotecan and its active metabolite SN38 demonstrated here PXR activation potential by

inducing the expression of established PXR target genes ABCB1 and CYP3A4 (Fig. 7).
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Figure 7. Cisplatin, irinotecan, and its active metabolite SN38 induce expression of established
PXR target genes. Effect of cisplatin, irinotecan and SN38 on expression of (A, C) ABCBI and
(B, D) CYP3A4. LS174T cells were treated with 0.2% DMSO, 10 pM rifampicin, 10 uM cisplatin,
1.5 pM irinotecan and 25 nM SN38 for 72 h. nRNA was quantified using RT-qPCR and normalized to
the corresponding expression of 18S. Data is shown as mean fold change to DMSO-treated cells (set as
1, illustrated with dashed line) of four samples per group and individual samples illustrated with dots.

Before starting the generation of drug-resistant cancer cells, the sensitivity of parental LS174T
cells towards cisplatin and irinotecan was assessed. LS174T cells were more sensitive towards
irinotecan (Fig. 8B) than to cisplatin (Figure 8A, Table 15). The ICso values for cisplatin and

irinotecan were 13.6 uM and 4.5 uM, respectively. Both drugs killed nearly all of the cells at
100 uM.
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Figure 8. Sensitivity of parental LS174T cells towards cisplatin and irinotecan. LS174T cells were
treated for 72 h with 0.3—1,000 uM (A) cisplatin or (B) irinotecan. Cell viabilities were determined with
CellTiter-Glo cell viability assay. Cell viability in the presence of vehicle DMSO only was set as 100%.
Data is expressed as mean cell viability £SD from three independent experiments with technical
triplicates.
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To generate cisplatin and irinotecan-resistant cells, LS174T cells were continuously cultured
in either cisplatin- or irinotecan-containing medium and the concentration was gradually
increased as described in section 3.3. After treatment of cells for several months, cells were
tested for their sensitivity towards these drugs. Compared to parental LS174T cells (Ls-P),
cisplatin-resistant cells (Ls-R-C) were 6-fold more resistant to cisplatin, whereas irinotecan-
resistant cells (Ls-R-I) were 78-fold more resistant to irinotecan (Fig.9, Table 15). The
concentration of cisplatin and irinotecan that killed nearly all of the Ls-P cells was 100 pM. At
that concentration approximately 65% of Ls-R-C cells and 80% of Ls-R-I cells were still viable.
It can be concluded that both newly generated cell lines had acquired resistance towards

cisplatin or irinotecan.
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Figure 9. (A) Ls-R-C and (B) Ls-R-I cells acquire resistance towards cisplatin or irinotecan after
continuous long-term treatment. After culturing LS174T cells with gradually increasing
concentrations of cisplatin for 7 months or irinotecan for 5 months cell viabilities were determined with
CellTiter-Glo cell viability assay. Cell viability of in the presence of vehicle DMSO only was set as
100%. Data is expressed as mean cell viability £SD from three independent experiments with technical
triplicates.

In addition, cross-resistance of Ls-R-C cells towards irinotecan and of Ls-R-I towards cisplatin
was evaluated. Ls-R-C cells were as sensitive towards irinotecan as parental cells, whereas
Ls-R-I cells displayed marginally improved (2-fold) resistance to cisplatin (Fig. 10, Table 15).

Therefore, no remarkable cross-resistance had been developed with either of the cells.
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Figure 10. Cross-resistance of Ls-R-C and Ls-R-I cells. (A) Ls-R-C cells showed no cross-resistance
towards irinotecan. (B) Ls-R-I cells displayed slight cross-resistance towards cisplatin. Ls-R-C cells
were treated for 72 h with 0.3—1,000-uM irinotecan and Ls-R-I cells with 0.3—1,000 pM cisplatin. Cell
viabilities were determined with CellTiter-Glo cell viability assay. Cell viability of in the presence of
vehicle DMSO only was set as 100%. Data is expressed as mean cell viability £SD from three
independent experiments with technical triplicates.

To evaluate the long-term stability of the acquired resistance, resistant cells were cultured in
drug-free medium for one month and then cell viabilities were determined as described in
section 3.4. Ls-R-C cells showed 4-fold resistance and L-R-I cells 141-fold resistance
compared to Ls-P cells (Table 15); therefore both resistant cells maintained their resistance in
the long-term (Fig. 11). Although the ICso value of Ls-R-C cells was slightly, but not

significantly reduced compared earlier.
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Figure 11. Long-term stability of resistance in Ls-R-C and Ls-R-I cells. (A) Ls-R-C and (B) Ls-R-1
cells maintain their resistance after long-term culture without drug. Cells were cultured for one month
in drug-free medium and cell viabilities were determined with CellTiter-Glo cell viability assay. Cell
viability in the presence of vehicle DMSO only was set as 100%. Data is expressed as mean cell viability
+SD from three independent experiments with technical triplicates.

Stability of resistance was assessed also after freezing and thawing of the cells, because a
reliable drug resistance model should maintain the resistant phenotype after freeze/thaw cycle

(McDermott et al., 2014). Compared to Ls-P, Ls-R-C demonstrated still 5-fold resistance and
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Ls-R-I cells 180-fold resistance. In addition, the ICso values were not reduced compared to
earlier, therefore both resistant cells maintained their acquired resistance after freezing and

thawing (Fig. 12, Table 15).
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Figure 12. Effect of freezing and thawing on the stability of resistance in Ls-R-C and Ls-R-I cells.
(A) Ls-R-C and (B) Ls-R-I cells maintained their resistance after freezing and thawing. Cells were
frozen, thawed and cultured for 3—4 passages before determination of cell viabilities for Ls-R-C and
Ls-R-I cells. Cell viability in the presence of vehicle DMSO only was set as 100%. Data is expressed
as mean cell viability £SD from three independent experiments with technical triplicates.

Table 15. Drug sensitivity ICso values and relative resistances for Ls-R-C and Ls-R-I cells.

Cell line Cisplatin: Fold Irinotecan: Fold
ICsouM (95% CI) resistance ICsouM (95% CI) resistance

Initial

Ls-P 13.6 (8.7-21.1) 1 4.5 (1.4-14.9) 1

After selection

Ls-P 17.9 (11.0-28.9) 1 5.9 (1.9-18.1) 1

Ls-R-C 101.1* (56.4-180.5) 6 - -

Ls-R-1 - 457.9%* (285.4-789.6) 78

Long-term stability

Ls-P 17.2 (13.1-22.6) 1 4.7 (1.7-13.7) 1

Ls-R-C 70.7%* (41.1-119.8) 4 - -

Ls-R-1 - - 661.9* (493.4-923.8) 141

Freeze-thaw stability

Ls-P 39.5 (18.7-85.0) 1 5.5 (1.6-20.5) 1

Ls-R-C 204.2%/7 (108.6-397.8) 5 - -

Ls-R-1 - - 991.6*/™ (649.0-1727) 180

Cross-resistance

Ls-R-C - - 2.7(1.4-5.2) <1

Ls-R-1 32.6 (16.6-64.2) 2 - -

ICso values were calculated from experiments shown in Fig. 8—12 with nonlinear regression using
GrapPadPrism (version 8.3.0). Statistical significances are illustrated with asterisks and daggers,
*p<0.05, **p<0.01 compared to the ICso value of Ls-P, analyzed with paired t-test. Tp<0.05, 1p<0.01
compared to the ICsg after selection of respective cells analyzed with unpaired t-test.

Petitprez et al. (2013) have previously shown that acquired resistance towards cancer drugs can

be associated with increased doubling time. Therefore, growth analysis was performed to
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calculate the doubling times. Compared to Ls-P, Ls-R-C demonstrated 2.7-fold increase

(Fig. 13A), while Ls-R-I displayed only 1.2-fold increase in doubling time (Fig. 13B).
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Figure 13. (A) Ls-R-C and (B) Ls-R-I cells demonstrate increased doubling times compared to
Ls-P cells. Cells were grown in drug-free culture medium for 4 days and manually counted every 24 h.
Doubling time was calculated at exponential growth phase. Data is expressed as mean doubling time
+SD from three independent experiments and individual experiments illustrated with dots. Statistically
significant differences are illustrated with asterisks. **p<0.01 compared to Ls-P cells analyzed by
unpaired t-test.

4.2. Determination of PXR levels in cisplatin and irinotecan-resistant cells

To assess if expression of PXR was altered in resistant cells, nRNA and protein levels of PXR
were determined. Ls-R-C demonstrated reduced mRNA expression compared to the mean
expression of Ls-P (Fig. 14A), albeit this could be also due to the high variability in Ls-P
samples. The protein expression of PXR was also reduced by nearly 50% in Ls-R-C
(Fig. 14C-D). In contrast, Ls-R-I cells showed comparable mRNA (Fig. 14B) expression,

while the protein expression was increased by 45% compared to the Ls-P (Fig. 14C-D).
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Figure 14. Expression levels of PXR in Ls-R-C and Ls-R-I cells. (A) Ls-R-C cells display reduced
mRNA expression of total PXR. (B) Ls-R-I cells demonstrate comparable mRNA expression as Ls-P
cells. Ls-R-C cells were continuously cultured with 30 uM cisplatin, Ls-R-I in 40 uM irinotecan and
Ls-P cells in drug-free medium before cell harvest and subsequent RNA isolation. mRNA was
quantified by RT-qPCR and normalized to the corresponding mean expression of 18S and TBP. Data
is shown as mean relative expression compared to the normalized mean expression of Ls-P containing
8 samples per group and individual samples illustrated with dots. Statistically significant differences
are illustrated with asterisks. *p<0.05, compared to Ls-P cells analyzed by unpaired t-test. (C)
Expression of PXR protein in nuclear extracts of Ls-R-C, Ls-R-I and Ls-P cells. PXR protein was
detectable at approximately 50 kDa. Positive control (Pos.CTR) was in vitro translated PXR protein.
(D) Quantification of protein expression. Data is expressed as mean intensity (%) £SD from three
samples per group. Except only one sample in Ls-P group due to technical reasons. Statistical
significance are illustrated with asterisks. *p<0.05, compared Ls-P analyzed by one-way ANOVA with
Dunnett's multiple comparisons test.

4.3. Role of alternative splicing of PXR in cisplatin and irinotecan resistance
sPXR has been suggested to have tumor suppressive effects by inhibiting the functional PXR
(Breuker et al., 2014). The dominant negative effect of sPXR was confirmed here in

transfection experiments. Equal amount of sPXR reduced the rifampicin-induced activity of
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PXR1 by 55% (Fig. 15A). Similarly, four-fold excess of sPXR suppressed the rifampicin-
induced activity by 78% and also the basal PXR activity (Fig. 15B).
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Figure 15. sPXR displays dominant negative activity. HepG2 cells were transiently transfected with
CYP3A4 reporter gene, pcDhuPXR and either with pcDNA3 as negative control (NegCTR) or
pcDhusPXR in (A) equal or (B) 4-fold excess ratio in nanograms and treated with 0.1% DMSO or
10 uM rifampicin. Luciferase activities were measured after 24 h treatment. Data is expressed as mean
+SD normalized luciferase activity relative to the activity of cells co-transfected with pcDNA3 and
pcDhuPXR and treated with DMSO only from five independent experiments with technical triplicates
and individual experiments illustrated with dots. Statistically significant differences are illustrated with
asterisks. *p<0.05, ****p<(0.0001 compared to similarly treated pcDhuPXR + NegCTR analyzed by
two-way ANOVA with Sidak’s post-test.

To investigate if altered splicing of PXR could be a possible mechanism behind cisplatin or
irinotecan resistance, PXR1 and sPXR levels were measured from Ls-P, Ls-R-C and Ls-R-I

cells. Compared to the Ls-P cells neither PXR1 nor sPXR levels were markedly altered in
Ls-R-C (Fig. 16A) or in Ls-R-I (Fig. 16B) cells.
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Figure 16. No remarkable changes in expression of PXR variants in resistant cells compared to
parental LS174T cells. Ls-R-C and Ls-R-I cells were cultured continuously with 30 uM cisplatin and
40 uM irinotecan, respectively. Ls-P cells were cultured in drug-free medium before cell harvest and
subsequent RNA isolation. mRNA was quantified by RT-qPCR and normalized to the corresponding
expression of TBP. Two outliers of Ls-P in PXR1 and sPXR correspond to same samples. Data is shown
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as mean relative expression compared to the normalized mean expression of Ls-P containing 8 samples
per group and individual samples illustrated with dots. Statistical significance was compared to Ls-P
cells, analyzed by unpaired t-test.

4.4. Gene expression changes in cisplatin- and irinotecan-resistant cells

To identify the possible gene related mechanisms behind acquired cancer drug resistance in
cisplatin- and irinotecan-resistant cells, gene expression analysis was performed. Measured
genes (46 genes for both resistant cells) were selected based on three reasons
(Appendix Table 1): first, genes that have been shown to be involved in cisplatin or irinotecan
metabolism or resistance; furthermore, genes that proved to be or are possibly regulated by
PXR; finally, genes that are in general involved in cancer drug resistance. Compared to parental
cells several genes associated with cancer drug resistance were differentially expressed in
Ls-R-C cells (Fig. 17, Appendix Table 2). As expected, several efflux transporters were
upregulated in Ls-R-C cells (2- to 33-fold), including ABCB11, ABCC1-3, ABCG2 and
ATP7A. On the contrary, ABCB1 and ABCA2 were reduced by 135-fold and 1.4-fold,
respectively. Ls-R-C cells displayed also increased expression of BCL2L1 (4.0-fold),
CDKNI1A (5.1-fold) and GADD45A (4.4-fold). In addition, ERCC1 and SLC31A2 showed
1.6- and 1.5-fold higher expression, respectively. In contrast, expression of SLC31A1 was
reduced by 2-fold. Other downregulated genes included BCL2 with 1.9-fold reduction,
CYPI1A2 (1.9-fold reduction), GSTP1 (1.6-fold reduction), OLFM4 (59-fold reduction),
SLC10A2 (14-fold reduction) and SLCO2BI1 (2.7-fold reduction).
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Figure 17. Gene expression alterations in Ls-R-C cells. Ls-R-C cells were continuously cultured with
30 uM cisplatin and Ls-P cells in drug-free medium before cell harvest and subsequent RNA isolation.

mRNA was quantified by RT-qPCR and normalized to the corresponding mean expression of 18S and
TBP. Data is shown as mean relative expression compared to the normalized mean expression of Ls-P

containing 6—8 samples per group and individual samples illustrated with dots. Only significant relative
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expression changes >1.5 or <0.75 to Ls-P cells were included. Ls-R-C/SLC10A2 contains only three
samples because the expression of SLC10A2 in other three samples was below detection limit and/or
failed in quality. Statistically significant differences are illustrated with asterisks. *p<0.05, **p<0.01,
**%%p<0.0001 compared to Ls-P cells analyzed by unpaired t-test.

Similar to Ls-R-C cells, Ls-R-I showed increased expression of BCL2L1 (2.3-fold), CDKNIA
(3.3-fold), GADD45A (2.1-fold) and NROB2 (4.3-fold) and reduced expression of OLFM4
(7.7-fold reduction) and SLC10A2 (12-fold reduction) (Fig. 18, Appendix Table 3). In contrast
to Ls-R-C cells, ABCB1 and SLCO2B1 were upregulated 1.8- and 2.5-fold, respectively. In
addition, the following genes were upregulated: CES2 (1.6-fold), CYP3A4 (4.6-fold), CXCR4
(16.3-fold), EGFR (1.6-fold) and FGF19 (3.3-fold). Instead, following genes were reduced:
ALDHI1AT1 (11-fold reduction), TOP1 (1.7-fold reduction), UGT1A1 (1.7-fold reduction) and
UGT1A9 (3.6-fold reduction).
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Figure 18. Gene expression alterations in Ls-R-I cells. Ls-R-I cells were continuously cultured with

40 puM irinotecan and Ls-P cells in drug-free medium before cell harvest and subsequent RNA isolation.
mRNA was quantified by RT-qPCR and normalized to the corresponding mean expression of 18S and

TBP. Data is shown as mean relative expression compared to the normalized mean expression of Ls-P
containing 6—8 samples per group and the individual samples illustrated with dots. Only significant
relative expression changes >1.5 or <0.75 to Ls-P cells were included. Ls-P/CXCR4 contains only three

samples because the expression of CXCR4 in other three samples was below detection limit and/or
failed in quality. Statistically significant differences are illustrated with asterisks. *p<0.05, **p<0.01,
*#%p<0.001, ****p<0.0001 compared to Ls-P cells analyzed by unpaired t-test.
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4.5. Cross-resistance of paclitaxel in irinotecan-resistant cells

Ls-R-I cells showed increased expression of ABCB1 (MDR1) and CYP3A4. MDRI1 acts as an
efflux transporter for paclitaxel (Hendrikx et al., 2013; Sparreboom et al., 1997). ABCB1
upregulation has been observed in paclitaxel-resistant cancer cells (Januchowski et al., 2013;
Némcova-Fiirstova et al., 2016; Takeda et al., 2007; Vaidyanathan et al., 2016). Moreover,
inhibition of ABCBI increased paclitaxel sensitivity in ABCB1 overexpressing cells, but not
in parental cells (Shi et al., 2009; Vaidyanathan et al., 2016; Zhang et al., 2016). In addition,
paclitaxel is not only metabolized by CYP2CS, but to a large extent also by CYP3A4 (Cresteil
et al., 1994; Hendrikx et al., 2013; Taniguchi et al., 2005). Given the above, the potential cross-
resistance of paclitaxel in Ls-R-I cells was investigated. Ls-R-I cells indeed displayed
approximately 3-fold higher resistance to paclitaxel compared to parental cells (Fig. 19). ICso
values with 95% confidence intervals for paclitaxel in Ls-P and Ls-R-I cells were 3.0 nM (2.0—

4.6) and 10.1 nM (6.8-14.9), respectively.
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Figure 19. Ls-R-I cells demonstrate cross-resistance towards paclitaxel. (A) Ls-R-I cells display
increased cell viability after paclitaxel treatment compared to parental Ls-P cells. Ls-P and Ls-R-I cells
were treated for 72 h with 1-3,000 nM paclitaxel. Cell viabilities were determined with CellTiter-Glo
cell viability assay. Cell viability in the presence of vehicle DMSO only was set as 100%. Data is
expressed as mean cell viability £SD from three independent experiments with technical triplicates. (B)
Ls-R-I cells showed increased resistance towards paclitaxel. ICsy values were calculated from
experiments shown in A with nonlinear regression using GrapPadPrism (version 8.3.0). ICso is
expressed as mean +SD from three independent experiments and individual experiments illustrated with
dots. Statistical significances illustrated with asterisks, **p<0.01 compared to the IC50 value of Ls-P,
analyzed with paired t-test.

4.6. Role of PXR in regulation of genes potentially involved in cisplatin or irinotecan
resistance

To investigate the possible role of PXR in the regulation of differentially expressed genes in
resistant cells, Ls-P, Ls-R-C and Ls-R-I cells were treated with prototypical PXR agonist
rifampicin, specific PXR antagonist SPA70 or co-treated with both. In Ls-P cells, rifampicin
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treatment induced expression of ABCBI1 (6.5-fold), BCL2L1 (3.0-fold), CYP3A4 (10.1-fold)
and FGF19 (6.6-fold) (Fig. 20). Rifampicin-dependent induction of these genes was also

suppressed by SPA70 co-treatment. Therefore, these genes appear to be regulated by PXR in
LS174T cells.
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Figure 20. Effect of PXR antagonism on gene expression in Ls-P cells. Specific PXR antagonist
SPA70 attenuates rifampicin-induced expression of part of the genes that were differentially expressed
in Ls-R-C or Ls-R-I cells. LS174T cells were treated with 0.2% DMSO, 10 uM rifampicin, 10 pM
SPA70 or co-treated with 10 pM rifampicin and 10 uM SPA70 for 48 h. mRNA was quantified using
RT-qPCR and normalized to the corresponding mean expression of 18S and TBP. Data is shown as
mean fold change to DMSO-treated cells of three experiments per group and individual experiments
illustrated with dots. Statistically significant differences are illustrated with asterisks and daggers.



*p<0.05, **p<0.01, ***p<0.001 compared to 10 uM rifampicin treatment analyzed by one-way
ANOVA with Dunnett's multiple comparisons test. 7p<0.05, 7p<0.01, compared to 1 (DMSO) analyzed
by one sample t-test corrected by the method of Bonferroni.

In Ls-R-C cells, only ABCB1 and ABCB11 were suppressed by SPA70 treatment alone or as
a co-treatment with rifampicin (Fig. 21). The expression of all the other genes was not
affected by PXR activation or inhibition. Therefore, PXR appears not to regulate the genes

that are potentially relevant for cisplatin resistance.
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Figure 21. PXR activation or antagonism has no effect on expression of selected genes in Ls-R-C
cells. Ls-R-C cells were treated with 0.2% DMSO, 10 uM rifampicin, 10 uM SPA70 or co-treated with
10 uM rifampicin and 10 uM SPA70 for 48 h. mRNA was quantified using RT-qPCR and normalized
to the corresponding mean expression of 18S and TBP. Data is shown as mean fold change to DMSO-
treated cells of three samples per group and individual experiments illustrated with dots. Statistically
significant differences are illustrated with asterisks and daggers. *p<0.05, compared to 10 pM
rifampicin treatment analyzed by one-way ANOV A with Dunnett's multiple comparisons test. /p<0.05,
compared to 1 (DMSO) analyzed by one sample t-test corrected by the method of Bonferroni.

The effects of rifampicin and SPA70 in Ls-R-I cells resembled the effects of parental Ls-P
cells. Similar to Ls-P cells, SPA70 suppressed the basal and rifampicin-induced ABCB1 and
CYP3A4 expression in Ls-R-I cells (Fig. 22). In addition, single treatment of SPA70 and as
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co-treatment with rifampicin showed a slight declining trend in expression of CDKNIA,
FGF19 and GADD45A. PXR antagonism reduced also the elevated expression of ABCBI,
CYP3A4 and FGF19 in Ls-R-I near to the basal levels of Ls-P (Fig. 23). This effect was not
observed with CDKN1A or GADD45A (data not shown).
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Figure 22. Effect of PXR antagonism on expression of selected genes in Ls-R-I cells. Specific PXR
antagonist SPA70 attenuates rifampicin-induced expression of part of the genes that were induced in
Ls-R-I cells. Ls-R-I cells were treated with 0.2% DMSO, 10 uM rifampicin, 10 pM SPA70 or
co-treated with 10 uM rifampicin and 10 uM SPA70 for 48 h. mRNA was quantified using RT-qPCR
and normalized to the corresponding mean expression of 18S and TBP. Data is shown as mean fold
change to DMSO-treated cells of three samples per group and individual experiments illustrated with
dots. Statistically significant differences are illustrated with asterisks and daggers. **p<0.01,
*#%p<0.001 compared to 10 pM rifampicin treatment analyzed by one-way ANOVA with Dunnett's
multiple comparisons test. 'p<0.05 compared to value 1 (DMSO) analyzed by one sample t-test
corrected by the method of Bonferroni.
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Figure 23. PXR antagonism reduces expression of induced genes in Ls-R-I cells to comparable
levels as basal levels of Ls-P. Ls-P and Ls-R-I cells were treated with 0.2% DMSO, 10 uM rifampicin,
10 uM SPA70 or co-treated with 10 uM rifampicin and 10 pM SPA70 for 48 h. mRNA was quantified
using RT-qPCR and normalized to the corresponding mean expression of 18S and TBP. Data is shown
as mean fold change relative to DMSO-treated Ls-P cells (set as 1) of three samples per group.

4.7. Effect of PXR antagonism in irinotecan-resistant cells

Irinotecan resistance was accompanied with increased expression of several genes. Some of
these potentially relevant genes for resistance appeared to be regulated by PXR, including
ABCBI1 and CYP3A4. Therefore, specific PXR antagonist SPA70 was utilized in aiming at to
resensitize Ls-R-I cells to irinotecan. Cell viability of Ls-R-I cells was not reduced by SPA70

treatment (Fig. 24A), and as a result, ICso values in the absence or presence of SPA70 were

comparable (Fig. 24B, Table 16).
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Figure 24. PXR antagonism does not resensitize Ls-R-I cells to irinotecan. (A) Ls-R-I cells showed
comparable cell viabilities after treatment with and without PXR antagonist SPA70. Ls-R-I cells were
pretreated for 72 h with 0.1% DMSO or 10 uM SPA70 and then co-treated with increasing
concentrations of irinotecan (0.3—1,000 uM) in the presence or absence of 10 uM SPA70 for 72 h. Cell
viability in the presence of vehicle DMSO only was set as 100%. Data is expressed as mean cell viability
+SD from three independent experiments with technical triplicates. (B) SPA70 treatment displayed no
difference in ICso values of irinotecan in Ls-R-I cells. ICso values were calculated with nonlinear
regression using GrapPadPrism (version 8.3.0). ICs is expressed as mean £SD from three independent
experiments and individual experiments illustrated with dots. Statistical significances illustrated with
asterisks, compared to the ICso value of DMSO-treated Ls-R-I, analyzed with paired t-test.
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Table 16. Drug sensitivity ICs values of irinotecan in Ls-R-I cells without and with SPA70 co-
treatment.

Treatment Irinotecan: ICso M (95% CI)
w/o SPA70 268.3 (161.3-463.3)
w/ SPA70 261.3 (191.0-361.8)

Ls-R-I cells demonstrated cross-resistance towards paclitaxel, therefore, resensitization
experiment was also conducted with SPA70. Compared to the DMSO-treated Ls-R-I cells,
treatment with SPA70 increased the sensitivity (Fig. 25A) and consequently reduced the 1Cso
of paclitaxel (Fig. 25B, Table 17). The ICso value of SPA70-treated cells was reduced to lower
level than with parental LS174T cells, which was 3 nM. At the highest concentration
(3,000 nM), however, still approximately 40% of the cells were viable, which is more than was

with the parental cells at that concentration.
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Figure 25. PXR antagonism resensitizes Ls-R-I cells to paclitaxel. (A) Ls-R-I cells showed reduced
cell viability after co-treatment of paclitaxel with PXR antagonist SPA70. Ls-R-I cells were pretreated
for 72 h with 0.1% DMSO or 10 pM SPA70 and then co-treated with increasing concentrations of
paclitaxel (0.1-3,000 nM) in the presence or absence of 10 uM SPA70. Cell viability in the presence of
vehicle DMSO only was set as 100%. Data is expressed as mean cell viability +SD from three
independent experiments with technical triplicates. (B) SPA70 treatment decreases ICs of paclitaxel in
Ls-R-I cells. ICso values were calculated with nonlinear regression using GrapPadPrism (version 8.3.0).
ICso is expressed as mean +SD from three independent experiments and individual experiments
illustrated with dots. Statistical significances illustrated with asterisks, *p<0.05, compared to the ICsg
value of DMSO-treated Ls-R-I, analyzed with paired t-test.

Table 17. Drug sensitivity IC50 values of paclitaxel in Ls-R-I cells without and with SPA70 co-
treatment.

Treatment Paclitaxel: ICso nM (95% CI)
w/o SPA70 17.84 (10.6-29.7)
w/ SPA70 1.4 (0.48-2.8)
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4.8. Identification of novel PXR antagonists

Identification of potential PXR antagonists started with an in silico screen of the Tiibingen
kinase inhibitor collection (TUKIC) compound library consisting of nearly 8,500 proprietary
compounds (Pharmaceutical and Medicinal Chemistry, University of Tiibingen). 90% of these
compounds are protein kinase inhibitors, which represent an important group of molecularly
targeted cancer drugs. Rest of these compounds consist of eicosanoid modulators. This
compound collection was utilized because it contains a large set of unique compounds and
these compounds have not been previously investigated in relation to their PXR modulation
ability. In addition, potentially these compounds could elicit a dual function by inhibiting both
kinases and PXR, therefore these compounds could be of special interest for the prevention of
drug resistance in cancer chemotherapy. Altogether 15,000 structures (filtered, including all
tautomers and stereoisomers) were computationally docked to PXR LBP using Glide
(Schrodinger LLC) (Friesner et al., 2006, 2004; Halgren et al., 2004). The most promising
compounds based on docking score and visual evaluation were subsequently evaluated with
computationally more demanding Induced Fit Docking (IFD) (Farid et al., 2006; Sherman et
al., 2006b, 2006a). Based on the IFD results, binding modes of selected compounds were
evaluated with molecular dynamic simulations (hundreds of ns to ps). Based on these
molecular modelling results, 56 of the most promising compounds were selected for PXR
transactivation assay. In silico screen is able to predict only possible binding of ligands to PXR
LBP and not to differentiate agonists and antagonists. Therefore, we decided to evaluate these
potential ligands by comparing PXR activation of these compounds (Fig. 26A) against their
capacity to inhibit rifampicin-induced activation (Fig. 26B). We decided a threshold for
compounds that would be selected for further testing: <50% activation in both agonist and

antagonist modes. Out of the 56 compounds, two (2, 12) passed this threshold.
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Figure 26. Effects of in silico screened TilKIC compounds (A) alone or (B) in combination with
10 puM rifampicin on PXR-mediated transactivation of CYP3A4 reporter gene. HepG2 cells with
stable PXR expression were transiently transfected with CYP3A4 reporter gene, treated with 0.1% (A)
or 0.2% (B) DMSO, 10 uM rifampicin, 10 uM test compounds or co-treated with 10 pM rifampicin
and 10 uM test compounds. Luciferase activities were measured after 24 h treatment. Data is expressed
as mean £SD % activation calculated according to (Zhu et al., 2004) from three independent
experiments with technical triplicates. Fold induction achieved by 10 uM rifampicin was set as 100%.
Green and red dashed lines represent the 100% and 50% activation, respectively. Compounds that were
selected for further testing are highlighted with blue rectangles.
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Interestingly, these two compounds (2, 12) appeared structurally similar. This motivated us to
conduct a structural analogue search from the TUKIC compound library against these two
compounds with the aim to obtain the best coverage of structurally diverse representative set
of analogues and understanding of structure-activity relationship (SAR) within this compound
series. This resulted in identification of 30 structurally related additional potential ligands,
which were tested in relation to their PXR-activation potential (Fig. 27A) and their capability
to suppress rifampicin-induced PXR activation (Fig. 27B). From all these compounds, one
compound (73) showed PXR antagonizing potential. Compared to compounds 2 and 12, this
compound showed weaker PXR activation and stronger suppression of rifampicin-induced

PXR activation.
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Figure 27. Effects of structural analogues of compounds 2 and 12 (A) alone or (B) in combination
with rifampicin on PXR-mediated transactivation of CYP3A4 reporter gene. HepG2 cells with
stable PXR expression were transiently transfected with CYP3A4 reporter gene, treated with 0.1% (A)
or 0.2% (B) DMSO, 10 uM rifampicin, 10 uM of test compounds or co-treated with 10 uM rifampicin
and 10 pM test compounds. Luciferase activities were measured after 24 h treatment. Data is expressed
as mean £SD % activation calculated according to (Zhu et al., 2004) from three independent
experiments with technical triplicates. Fold induction achieved by 10 uM rifampicin was set as 100%.
Green and red dashed lines represent the 100% and 50% activation, respectively. The compound that
was selected for further testing is highlighted with blue rectangles.

Similarly, compound 73 was utilized in a subsequent structural analogue search. This time
search was based on the activity data from previous rounds utilizing the information of
beneficial and non-beneficial substituents. This search resulted in identification of additional
25 potential ligands. One of them (100) showed potential for PXR antagonism (Fig. 28). This
compound displayed only 13% activation of PXR compared to rifampicin and suppressed by
70% the rifampicin-induced PXR activation. Surprisingly, testing identified also one potential

PXR agonist (109) with high structural similarity to the identified potential antagonists.
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Figure 28. Effects of structural analogues of compound 73 (A) alone or (B) in combination with
rifampicin on PXR-mediated transactivation of CYP3A4 reporter gene. HepG2 cells with stable
PXR expression were transiently transfected with CYP3A4 reporter gene, treated with 0.1% (A) or
0.2% (B) DMSO, 10 uM rifampicin, 10 uM of test compound or co-treated with 10 uM rifampicin and
10 uM test compounds. Luciferase activities were measured after 24 h treatment. Data is expressed as
mean +SD % activation calculated according to (Zhu et al., 2004) from three independent experiments
with technical triplicates. Fold induction achieved by 10 uM rifampicin was set as 100%. Green and
red dashed lines represent the 100% and 50% activation, respectively. Compounds that were selected
for further testing are highlighted with blue rectangles.

% activation

Overall, testing of selected compounds from TUKIC library resulted in identification of four
potential PXR antagonists with high structural similarity and a structurally highly similar
potent full agonist (Fig. 29). All compounds contain benzosuberone moiety, two additional

aromatic rings and an amide.
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yl)amino)phenyl)benzamide

Figure 29. Structures of potential PXR ligands.

To confirm that antagonistic effects of these four potential antagonists (2, 12, 73, 100) were
not only rifampicin-specific, their ability to suppress SR12813-induced PXR activation was
assessed. All of the compounds suppressed SR18213-induced PXR activation in a similar was
as they suppressed rifampicin-induced activation, except compound 12, which displayed only
30% reduction in SR12813-induced activation (Fig. 30). These results provided further support

for the assumption that these compounds act as PXR antagonists.
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Figure 30. Effects of compounds 2, 12, 73 and 100 in combination with 1 pM SR18213 on
PXR-mediated transactivation of CYP3A4 reporter gene. HepG2 cells with stable PXR expression

were transiently transfected with CYP3 A4 reporter gene, treated with 0.2% DMSQO, and co-treated with
1 uM SR18123 and 10 uM test compounds. Luciferase activities were measured after 24 h treatment.

+

Data is expressed as mean £SD % activation calculated according to (Zhu et al., 2004) from three
independent experiments with technical triplicates individual experiments illustrated with dots. Fold
induction achieved by 1 uM SR12813 was set as 100%. Green and red dashed lines represent the 100%
and 50% activation, respectively.

Next, cell toxicity of the four novel potential PXR antagonists and the structurally-related
agonist was determined. Compounds 2, 73, 100 and 109 showed modest toxicity (cell viability
>75%) at 10 uM, whereas compound 12 exhibited similar cell viability also at the highest tested
concentration, which was 30 uM (Fig. 31). Therefore 30 uM for compound 12 and 10 uM for

other test compounds were selected to be used as the highest concentrations in subsequent

assays.
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Figure 31. Cell viability of HepG2 cells following 24 h treatment with novel PXR ligands. HepG2
cells were seeded, and on following day treated with 0.1% DMSO, 3, 10 and 30 uM of test compounds.
Cell viabilities were measured after 24 h incubation with treatments using CellTiter-Glo assay. Cell
viability in the presence of vehicle DMSO only was set as 100%. Results are expressed as mean £SD
from three independent experiments with technical triplicates and individual experiments illustrated

with dots.

4.9. Concentration-response analysis of potential PXR antagonists

To assess the PXR inhibition potential of these four potential antagonists, reporter gene assays
were conducted after co-treatment of cells with increasing concentrations of test compounds
together with 10 pM rifampicin. The ICso values with 95% confidence intervals for compounds
2,12, 73 and 100 were 11.2 (7.7-17.2), 33.7 (20.2-61.6), 8.3 (6.1-11.7) and 2.8 (2.1-3.8) uM,
respectively (Fig. 32). Based on this, compound 100 appears to be the most effective and potent

antagonist of the four identified compounds.
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Figure 32. Determination of ICs values for compounds (A) 2, (B) 12, (C) 73 and (D) 100. HepG2
cells with stable PXR expression were transiently transfected with CYP3A4 reporter and co-treated
with 10 uM rifampicin and increasing concentrations of test compounds. Luciferase activities were
measured after 24 h treatment. Data is expressed as mean +SD fold induction with respect to the DMSO-
treated cells from three independent experiments with technical triplicates. ICso values calculated with
nonlinear regression using formula with 3 parameters (constraint bottom =1) using GraphPadPrism
(version 8.3.0).

As observed in initial testing, the potential PXR antagonists also appeared to display partial
agonistic activity (Fig. 26A-28A). Therefore, concentration-response analyses were conducted
and their ECso values were determined (Fig. 33). The maximal effect was low with compounds
2, 73 and 100, while compound 12 showed modest activation of PXR at the highest
concentration. The ECso values with 95% confidence intervals for compounds 2, 12, 73 and
100 were 7.0 (1.2-7),22.3 (8.8-110.1), 0.4 (0.2-0.9) and 0.2 (0.04—-0.5) uM, respectively. The
ECso value for the potential agonistic compound 109 was also determined, which was 29.2 uM
(20.0-?) (Fig. 33E). Plateau, however, was not reached with all test compounds, because higher

concentrations could not be used due to toxicity. For this reason, upper confidence limit could

not be determined for compounds 2 and 109.
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Figure 33. Concentration-response analysis of the compounds (A) 2, (B) 12, (C) 73, (D) 100 and
(E) 109 demonstrating PXR agonism. HepG2 cells with stable PXR expression were transiently
transfected with CYP3A4 reporter gene, treated with 0.1% DMSO, increasing concentrations of test
compounds. Luciferase activities were measured after 24 h treatment. Data is expressed as mean +=SD
fold induction with respect to the DMSO-treated cells from three independent experiments with
technical triplicates. ECso values calculated with nonlinear regression using formula with 3 parameters
(constraint bottom =1) using GraphPadPrism (version 8.3.0).

4.10. Mode of antagonism of potential PXR antagonists

To clarify the mechanism of PXR inhibition by these potential antagonists, the effect of test
compounds with increasing concentrations to dose-response of rifampicin was assessed

(Fig. 34). Increase in the concentration of test compounds increased the ECso value of

rifampicin, indicating that these compounds elicit competitive antagonism (Table 18).
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Figure 34. Effects of compounds 2 (A), 12 (B), 73 (C) and 100 (D) on the concentration-response
curve of rifampicin. HepG2 cells with stable PXR expression were transiently transfected with
CYP3A4 reporter gene, treated with increasing concentrations of rifampicin with or without fixed
concentrations of test compounds. Luciferase activities were measured after 24 h treatment. Data is
expressed as mean £SD fold induction with respect to the DMSO-treated cells from three independent
experiments with technical triplicates.

Table 18. ECso-values of rifampicin with co-treatments of compounds 2, 12, 73 and 100.

ECso uM of RIF (95% CI)
Compound 2 Compound 12 Compound 73 Compound 100

w/o compound 1.6 (0.9-2.9) 2.0 (1.1-3.8) 1.8 (0.8-4.5) 2.0 (1.6-3.0)
+1pM/3 1.3 (0.7-2.4) 2.5 (1.3-4.6) 2.9 (1.0-9.1) 4.8 (3.4-7.0)
+3uM/ 10 2.1(1.1-4.1) 3.4 (1.0-15.1) 6.4 (2.5-19.6) 9.3 (5.4-17.0)
+10 pM / 30 4.1(2.3-7.2) 11.4 (2.3-2543) 7.4 (2.0-47.7) 2850 (wide)

Fixed concentrations of 1-10 uM of compounds 2, 73 and 100 and 3-30 uM of compound 12 were
used.

4.11. Binding of novel PXR ligands to PXR LBD

Ligand binding domain assembly assay can be utilized to identify both agonist and antagonists
that bind to LBD of nuclear receptors (Pissios et al., 2000). All tested compounds induced PXR
assembly of LBD, but not as strongly as rifampicin (Fig. 35). Compound 100 displayed the
highest induction (13-fold) of test compounds, followed by compound 73 (7-fold). Compounds
12 and 109 showed similar level of induction, 5- and 4.0-fold, respectively. These results

provided support for the assumption that these compounds bind to the PXR LBD.
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Unfortunately, compound 2 could not be tested in this assay due to limited availability of this

compound.
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Figure 35. Novel PXR ligands induce PXR LBD assembly. HepG2 cells were transiently transfected
with GL4-G5 reporter gene, GAL4-DBD/PXR-LBD(132-188) and VP16-AD/PXR-LBD(189-434)
plasmids and treated on next day with 0.1% DMSO,10 uM rifampicin or 10 uM test compounds. After
24 h firefly and Metridia luciferases were measured. Data is expressed as mean £SD fold induction with
respect to the DMSO-treated cells from five independent experiments with technical triplicates and
individual experiments illustrated with dots. Statistically significant differences are illustrated with
asterisks. *p<0.05, **p<0.01 compared to DMSO, which was set as 1 analyzed by one-sample t-test
corrected by the method of Bonferroni.

To confirm that the newly identified PXR ligands bind to the ligand binding domain of PXR,
the limited proteolytic digestion assay was performed. This assay can be utilized to study the
direct binding of ligands to nuclear receptor’s LBD (Lemaire et al. 2007). Ligands that bind
directly to the LBD cause conformational changes, which hinder the accessibility of proteases
to the protease cleavage sites. Known PXR agonist T0901317 was used as a positive control,
which caused a limited proteolytic digestion pattern demonstrating binding to the LBD.
Similarly, all of the novel PXR ligands resulted in protection of proteolytic fragments of the
PXR LBD, even though the pattern was not exactly the same as with T0901317 (Fig. 36). The

pattern can be distinct due to the different conformational changes induced by the ligand

binding.
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Figure 36. All novel PXR ligands bind directly to the PXR-LBD. Limited proteolytic digestion
analysis was conducted by pre-incubating PXR-LBD with 100 uM or 250 uM test compounds, 30 uM
T0901317 (T09) or 2.5% DMSO. (A) Arrow shows 36 kDa input of PXR-LBD, and arrow heads show
protected 32, 26 and 23 kDa fragments after limited proteolytic digest with trypsin. (B) Respective
densitometric quantifications of the sum of the three protected fragments. Columns show mean +SD of
five independent experiments and the individual experiments illustrated with dots calculated with
respect to input. Statistically significant differences are illustrated with asterisks. ***p<0.001,
compared to respective pre-incubations with DMSO analyzed by one-way ANOVA with Dunnett's
multiple comparisons test.

4.12. Relevance of specific amino acids for ligand binding of potential PXR ligands

Previous studies (Banerjee et al., 2016; Ngan et al., 2009) and our docking pose analysis and
molecular dynamic simulations with compound 100 suggest that the following amino acids are
critical for ligand binding interactions: Q285, S247, H407, W299, Y306 and H327. Therefore,
these amino acids were mutated to alanine and the relevance of these amino acids on the

activation of PXR by the novel PXR ligands was investigated. In addition, constitutively active
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LBP-filled triple mutant S208W/S247W/C284W (Wang et al., 2008) was included to assess, if
the potential PXR ligands can still antagonize or activate PXR, even when the LBP is filled by

mutation of selected amino acids to bulky tryptophan.

First, to assess the effect of these mutations on their protein expression in cells, HepG2 cells
were transfected with these mutants and Western blot was performed with total protein extracts.
PXR mutants were detected similarly as WT PXR at approximately 50 kDa (Fig. 37).
Expression levels of the mutants were similar to wild-type PXR. Except H327A, which

displayed slightly lower expression.

WT  S208W/ Q285A Y306A S247A H407A W299A H327A Pos.

PXR S247W/ CTR
150 Cc234wW
100
80
60 J—
— L — —— S—.
50 = PXR
40
30
20

Figure 37. Transfected PXR mutants are expressed in HepG2 cells. PXR mutants were detected at
similar size as wild-type PXR (WT PXR), at approximately 50 kDa. HepG2 cells were transfected using
CaPOy4 and glycerol shock with plasmids encoding WT PXR, triple or single amino acid mutated PXR
mutants. Two days later, Metridia luciferase was measured, cells were harvested and total protein was
extracted. Loaded protein amount was adjusted to the transfection efficiency measured with Metiridia
luciferase activity. Western blot was performed using anti-PXR antibody. Positive control (Pos.CTR)
was in vitro translated PXR protein.

To assess the constitutive or ligand-induced activities of the single PXR mutants, transfected
cells were treated with rifampicin. Similar to WT PXR, mutants Q285A and W299A
maintained their inducibility by rifampicin, whereas mutants S247A and H407A showed high
basal constitutive activity, but they were not further inducible by rifampicin (Fig. 38). In

contrast, mutant Y306A displayed neither constitutive nor rifampicin-induced activity.
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Figure 38. Constitutive or ligand-induced activity of single or triple amino acid mutated mutants
compared to wild-type PXR. HepG2 cells were transiently transfected with expression plasmids
encoding wild-type PXR (WT PXR) or indicated single or triple PXR mutants and treated with
0.1% DMSO or 10 uM rifampicin. After 24 h firefly and Metridia luciferases were measured. Data is
expressed as mean activity £SD relative to the DMSO-treated WT PXR from five independent
experiments with technical triplicates. Statistically significant differences are illustrated with asterisks
or daggers. ****p<(0.0001 compared to DMSO-treated respective plasmid analyzed by two-way
ANOVA with Sidak's multiple comparisons test. T7p<0.0001 compared to DMSO-treated WT PXR
analyzed by one-way ANOVA with Dunnett's multiple comparisons test.

To investigate the effect of the novel potential PXR antagonists and the structurally-related
agonist (109) on activation of single or triple PXR mutants, cells transfected with these mutants
where treated with the test compounds. Test compounds activated mutant Q285A quite
similarly as WT PXR (Fig. 39). None of the test compounds activated mutant Y306A, which
also displayed low basal activity compared to WT PXR (Fig. 38). The activity of constitutively
active mutant S247A was inhibited by compounds 73 and 100, whereas compound 109 further
activated this mutant slightly. In contrast, compounds 73 and 100 were incapable to inhibit the
constitutive active mutant H407A, whereas compounds 12 and 109 showed slight activation of
this mutant. Compounds 73 and 100 displayed higher activation of mutant W299A compared
to other mutants, whereas compound 12 activated this mutant only weakly. Mutant H327A was
modestly activated by compounds 12 and 73, whereas compounds 100 and 109 showed
stronger activation. Generally, test compounds exhibited no effects on constitutively active
triple mutant, besides compound 73, which slightly inhibited the activity of this mutant and

compound 109, which weakly activated this mutant. Unfortunately, compound 2 could not be

tested in this and subsequent assays due to limited availability of this compound.
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Figure 39. Ligand-induced effects on activation of single or triple amino acid mutated PXR
mutants. HepG2 cells were transiently transfected with expression plasmids encoding wild-type PXR
(WT PXR) or indicated single or triple PXR mutants and treated with 0.1% DMSO, 10 uM rifampicin
or 10 uM test compounds. After 24 h firefly and Metridia luciferases were measured. Results are
expressed as mean £SD fold induction with respect to the DMSO-treated respective plasmid from five
independent experiments with technical triplicates. Statistically significant differences are illustrated
with asterisks. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to DMSO-treated respective
cells within mutant group analyzed by one-way ANOVA with Dunnett's multiple comparisons test.
4.13. Effects of novel PXR ligands on coregulatory protein interactions with PXR
Ligand-dependent interactions of coregulatory proteins with PXR were investigated with
mammalian two hybrid assays. Agonist compound 109 promoted the interaction of co-activator
SRC1 with PXR, but not as strongly as rifampicin. In contrast, the potential PXR antagonists
did not promote SRCI recruitment; however, they impaired the rifampicin-induced interaction
of SRC1 with PXR (Fig. 40A). The constitutive interaction of corepressor SMRT with PXR
was reduced by rifampicin and in a similar way by the agonist compound 109. Likewise, all
three novel PXR antagonists impaired the constitutive interaction of PXR LBD with SMRT to
same extent or even more as rifampicin (Fig. 40B). As both SRC1 and SMRT bind to the same
AF-2 region (Pavek, 2016), it indicates that the potential antagonists distort the interactions for

both coregulators in this region.
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Figure 40. Effects of novel PXR ligands on coregulatory protein interactions with PXR. HepG2
cells were co-transfected with GL4-G5 reporter gene and expression plasmids encoding VP16-PXR-
LBD(108-434) fusion protein and (A) GAL4-DBD-SRCI-RID or (B) GAL4-DBD-SMRT-RID and
treated with 0.2% DMSO, 10 uM test compounds alone or co-treated with 10 uM rifampicin. Results
are expressed as mean +SD fold induction with respect to the DMSO-treated cells from five independent
experiments with technical triplicates and individual experiments illustrated with dots. Statistically
significant differences are illustrated with asterisks or daggers. ***p<0.001, ****p<(0.0001 co-
treatments compared to 10 uM rifampicin-treated cells analyzed by one-way ANOVA with Dunnett's
multiple comparisons test. "/p<0.01, ""p<0.001 single treatments compared to DMSO which was set as
1 analyzed by one sample t-test corrected by the method of Bonferroni.

4.14. Effects of novel PXR ligands on expression of endogenous PXR target genes
LS174T cells with high PXR expression were utilized to investigate whether the novel PXR
ligands affect the PXR-mediated endogenous gene expression. Rifampicin treatment induced
the expression of ABCB1 and CYP3AA4, as expected, whereas CYP2B6 or AKR1B10 were not
induced. Test compounds showed gene-specific effects. Compounds 73 and 100, as single
treatments, did not induce expression of ABCBI1 (Fig. 41A). In addition, rifampicin-induced
expression of ABCB1 was suppressed by compounds 73 and 100. Not only single treatments
of compounds 73 and 100, but also co-treatments with rifampicin suppressed the basal
expression level of CYP2B6 (Fig. 41B). In contrast, these compounds induced expression of
CYP3A4; however, variability between samples was large (Fig. 41C). In contrast to
compounds 73 and 100, compound 12 showed no inhibition of rifampicin-induced gene
expression (Fig. 41). Moreover, single treatment of compound 12 induced ABCBI1 and

CYP3A4 4-fold and 8-fold, respectively. Compound 12 exhibited also strong additive effect

with rifampicin on expression of CYP3A4. Compound 109, which was identified in the reporter
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gene assays as a strong activator of PXR exhibited on average 17-fold induction of CYP3A4
with large variability, whereas ABCB1 and AKR1B10 were induced to lesser extent (Fig. 42).
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Figure 41. Effects of potential PXR antagonists on expression of endogenous PXR target gene
expression. LS174T cells were treated with 0.2% DMSO, 10 uM rifampicin, or 10 uM test compounds
or co-treated with 10 uM rifampicin and 10 pM test compounds for 72 h. mRNA of (A) ABCBI, (B)
CYP2B6 and (C) CYP3A4 was quantified using RT-qPCR and normalized to the corresponding
expression of 18S. Data is expressed as mean fold change with respect to the DMSO-treated cells, which
was set as 1, from six independent experiments with technical triplicates and individual experiments
illustrated with dots. Statistically significant differences are illustrated with asterisks. *p<0.05,
*#*%p<0.0001 compared to 10 pM rifampicin-treated cells analyzed by one-way ANOVA with
Dunnett's multiple comparisons test.
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Figure 42. Effect of potential PXR agonist compound 109 on expression of endogenous PXR target
genes. LS174T cells were treated with 0.1% DMSO, 10 pM rifampicin or 10 pM compound 109 for
48 h. mRNA of (A) ABCBI1, (B) AKR1B10 and (C) CYP3A4 was quantified using RT-qPCR and
normalized to the corresponding expression of 18S. Results are expressed as mean fold change with
respect to the DMSO-treated cells, which was set as 1, from four independent experiments with
technical triplicates and individual experiments illustrated with dots. Statistically significant differences
are illustrated with asterisks. *p<0.05 compared to DMSO which was set as 1 analyzed by one sample
t-test corrected by the method of Bonferroni.

4.15. Nuclear receptor selectivity of novel PXR ligands

To evaluate the specificity of these novel PXR ligands, we investigated their potential to
activate or suppress the transactivation of constitutive androstane receptor (CAR) and vitamin
D receptor (VDR). These two receptors were selected because of their close structural
resemblance to PXR. PXR, CAR and VDR belong to the same nuclear receptor subfamily 1
group (NR1I). Moreover, the sequence similarity between these receptors is for DBD and LBD
63-66% and 37-45%, respectively (Wu et al., 2013b). Two isoforms of CAR were included:

constitutive active isoform 1 and ligand-induced isoform 3.

The constitutive activity of CAR1 was weakly suppressed by compound 73 (Fig. 43A), while
CAR3 was not induced by any of the test compounds (Fig. 43B). In addition, none of the
compounds displayed additive or inhibitory effect CITCO-induced CAR3 activity. Compounds
12 and 109 displayed weak activation of VDR, but for both compounds activation was less
than 5% of 1a25,(OH):Ds-induced activation. None of the compounds showed additive or
inhibitory effect on 1025,(OH):Ds-induced activity (Fig. 43C). This suggests that these

compounds exhibit selectivity towards PXR among this group of nuclear receptors.
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Figure 43. Nuclear receptor selectivity of potential PXR ligands. HepG2 cells were transiently
transfected with CYP3A4 reporter gene and expression plasmids encoding (A) CAR1 and (B) CAR3
or direct repeat (DR3); reporter gene and expression plasmid encoding (C) VDR. Then, cells were
treated with 0.2% DMSO, 10 uM CITCO, 1 uM 10,25(0OH);Dj3 or co-treated with test compounds. After
24 h firefly and Metridia luciferase were measured. Data is expressed as mean +SD fold induction with
respect to the DMSO-treated cells from five independent experiments with technical triplicates and
individual experiments illustrated with dots. Statistically significant differences are illustrated with
asterisks. *p<0.05 single treatments of test compounds compared to DMSO-treated cells set as 1
analyzed by one sample t-test corrected by the method of Bonferroni and co-treatments compared to
(B) 10 uM CITCO or (C) 1 uM 1a25(OH).D; analyzed by one-way ANOVA with Dunnett’s multiple
comparisons test.

4.16. Structure-activity relationship (SAR) analysis

All these novel PXR ligands share a common molecular scaffold (Table 19). Subtle differences
in the molecular structures appear to impact greatly to the PXR activation and inhibition ability
of these compounds. Clear structure-activity relationship (SAR) trends are evident within this
compound series. Size of the R substituent in the middle ring appears to correlate with the
antagonistic activity. In this position, the two most potent antagonists (73, 100) contain
sterically larger substituent (CH3, F), whereas a smaller hydrogen is present with the other
antagonists (2, 12). In R position, all compounds have a proximal lipophilic aromatic group
(benzyl or phenyl), which is linked to the scaffold with an amide bond. Moreover, the increased
flexibility of the benzyl group could be beneficial for the antagonistic effect. Length of the R»
substituent is detrimental to the activity. The shortest compound (109) shows the highest
activation of PXR, whereas compounds with longer structures are the best antagonists (73,
100). Similar to compound 109, compound 2 has phenyl amide group at the R» position. In
compound 2, however, the aromatic ring contains an additional CF3 group, which increases
considerably the sterical size of this substituent. Compound 12 is similar in length compared

to compounds 73 and 100, but it contains an inverted amide. This inversion, besides the

hydrogen substituent in Ri, could reduce the antagonistic activity of compound 12. Of note,

75



the activities of these compounds are measured in cells; therefore, it is somewhat ambiguous
to what extent these observations are related to the direct binding affinity or to the induced

conformational changes of PXR upon ligand binding.

Table 19. Common molecular scaffold and distinct substituents of novel PXR ligands.

0
R N
2 H

Compound

1 2 )
No. R R ICs0 (95% CI)

- F 0
2 H F>I\©/MH}&‘L 11.2(7.7-17.2)

12 |-+ @y“ﬁ 33.7 (20.2-61.0)
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0
73 H—CH, Y 8.3 (6.1-11.7)
H

O
100 F ©\)LH 3 2.8 (2.1-3.8)

ECs0(95% CI)

0
109 F F\©)kH}% 292 (20.0-?)

4.17. Inhibitory effects of compounds 100 and 109 on kinases

Several kinases have been shown to phosphorylate PXR and consequently affect the
transcriptional activity of PXR (Table 20). In general, phosphorylation of PXR has been shown
to inhibit PXR activity and repress the expression of PXR target genes in human cell models,

with the exception of INK (Lichti-Kaiser et al., 2009; Lin et al., 2008; Pondugula et al., 2009).

Table 20. PXR phosphorylating kinases.

Kinase Effect on gene expression Reference

CDK1 - Lichti-Kaiser et al., 2009
CDK2 | (human) Lin et al., 2008

CDK5 | (human) Dong et al., 2010

CK2 - Lichti-Kaiser et al., 2009
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GSK3 -

INK 1 (human)
PKA 1 (mouse)
PKA 1 (mouse)
PKA | (human, rat)
PKC | (mouse)
P70 S6K -

P70 S6K | (human)

Lichti-Kaiser et al., 2009

Taneja et al., 2018

Ding and Staudinger, 2005a
Lichti-Kaiser et al., 2009
Lichti-Kaiser et al., 2009
Ding and Staudinger, 2005b
Lichti-Kaiser et al., 2009
Pondugula et al., 2009

Compounds 100 and 109 were tested with two concentrations against 335 kinases. All the
kinases that are known to phosphorylate PXR were included in the selected panel. Compound
100 at 10 uM inhibited at least by 50% five kinases (Table 21). In addition, one of them (RAF1)
was also inhibited by 86% at 1 uM. Compound 109 not only inhibited eight different kinases
at least by 50% at concentration of 10 uM, but it also inhibited four of these at 1 pM
concentration. These results indicate that the inhibitory effect on PXR by compound 100 is not

simply due to inhibition of PXR phosphorylation, as PKA inhibition should result in activation

and not inhibition of PXR.

Table 21. Kinases inhibited >50% by compounds 100 and 109.

Compound 100 Compound 109
10 pM 1uM 10 pM 1uM

Kinase Residual activity (%)

BRAF 25 58 39 67
CK1-delta 106 110 15 23
CK1-epsilon 117 107 15 79
CK1-gamma3 105 101 32 79
MAPKAPK3 50 109 65 98
p38 alpha 73 78 4 17
p38 beta 50 71 2 3
PKA 21 97 49 86
RAF1 3 14 12 36
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5. Discussion

5.1. Mechanism of resistance in cisplatin- and irinotecan-resistant cells

Long-term treatment of LS174T cells with cisplatin and irinotecan resulted in development of
acquired cancer drug resistance. Compared to parental (Ls-P) cells, cisplatin-resistant (Ls-R-C)
and irinotecan-resistant (Ls-R-I) cells were 6- and 78-fold more resistant, respectively. These
cells proved to maintain the resistance phenotype after long-term treatment without the drug
and also after a freeze/thaw cycle, thus demonstrating the stability of the phenotype. Parental
LS174T cells were cultured for the same time as drug-selected cells to reduce the effects related
to culture duration. Some variability, however, was observed with the cancer drug cytotoxicity,
which affected the determined ICso values. First, the ICso values of cisplatin cytotoxicity of
Ls-P and Ls-R-C cells after freeze/thaw test were approximately 2-fold higher than in other
determinations. These results may be explained by some technical differences between the
experiment settings, such as distinct cisplatin stocks. Furthermore, the ICso values of cisplatin
and irinotecan cytotoxicity of Ls-R-C and Ls-R-I cells respectively, were determined to be
higher after the long-term stability and freeze thaw stability experiments compared to the ICso
value, which was determined directly after the end of the selection period. A possible
explanation for this might be that resistant cells were cultured in drug-containing medium until
the start of each the long-term and freeze/thaw stability experiment and until all the necessary
repetitions of these experiments were completed, which took several weeks. Therefore, these
cells could have continued acquiring resistance compared to the earlier determination of ICsg

after selection.

Both Ls-R-C and Ls-R-I cells were generated by continuous treatment and drug concentrations
were increased in a stepwise manner. Thus, these cells can be defined as high-level laboratory
models, which try to elucidate the possible resistance mechanisms (McDermott et al., 2014).
In contrast to these models, the clinically relevant resistance models are usually generated using
pulse treatment and lower doses (McDermott et al., 2014). These clinically relevant resistance
models typically exhibit two to five-fold increases in ICso value. The disadvantage of this
model type is that it can be challenging to detect subtle molecular alterations. Therefore, the
aim here was to develop high-level laboratory models, where the resulting alterations can be
detected with more confidence. The highest concentration that was used to generate Ls-R-C
and Ls-R-I cells were 30 uM and 40 uM, respectively. The clinical maximum plasma
concentration after single dose of cisplatin (100 mg/m?) or liposomal cisplatin (125mg/m?) has

been observed to be in both cases approximately 20 uM (Himmelstein et al., 1981;
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Stathopoulos et al., 2005). Reflected to this data, the highest concentration of cisplatin used for
Ls-R-C cells is close to the clinical concentrations. Furthermore, compared to the Ls-P cells,
Ls-R-C cells were 6-fold more resistant, which is close to the clinically relevant models. In
contrast, the dose of 125 mg/m? irinotecan administered to cancer patients has led to a
maximum plasma concentration of approximately 3 uM (FDA, 2004; Schaaf et al., 2006).
Therefore, the highest concentration used for generation of Ls-R-I cells was 10-fold higher
than the clinical concentrations, which perhaps also reflects the observed high resistance
(78-fold). The plasma concentration, however, cannot be directly correlated to the
concentration of drug inside tumor. Given the above, the Ls-R-C model might reflect more the

clinical situation than the Ls-R-I model.

Ls-R-C and Ls-R-I cells were cultured in 2D as a monolayer on a cell culture dish. Cell models
cultured in 2D lack the proper cell-cell and cell-extracellular environment interactions
(reviewed in Kapatczynska et al., 2018). For this reason, the possible alterations in cancer cell
microenvironment due to resistance in Ls-R-C or Ls-R-I cells could not be similarly observed
as it would appear in 3D cell cultures, which resemble more the in vivo situation of tumor.
3D cultured cells have also been observed to be initially more resistant to cancer drugs when
compared to same cells cultured in 2D (Breslin and O’Driscoll, 2016; Liu et al., 2018a; Souza
et al., 2018). Due to this high intrinsic resistance, development of acquired resistance models
could be challenging in 3D cultures. Instead, these 3D cultured models could be more suitable
to investigate intrinsic drug resistance of tumors. It would be also interesting to compare the
intrinsic cisplatin or irinotecan resistance of 3D cultured LS174T cells to our acquired
resistance cell models. Development of acquired resistance typically takes several months as
was demonstrated with Ls-R-C and Ls-R-I cells. Long-term culture in 3D is more difficult to
perform than in 2D (Kapatczynska et al., 2018). Therefore, generation of acquired cancer drug
resistance in 3D culture is most likely demanding. Although, the 2D cultured Ls-R-C and
Ls-R-I cells do not perfectly resemble the situation in vivo, these cell models should be
sufficient to fulfill our aim to investigate the molecular mechanisms and the role of PXR in

acquired cancer drug resistance.

Cisplatin resistance has been associated with altered DNA repair and decreased accumulation
of cisplatin due to reduced uptake of cisplatin into cells, enhanced efflux and increased
detoxification of cisplatin (reviewed in Amable, 2016). Altered DNA repair in cisplatin
resistance has been linked to increased expression of the DNA repair gene ERCCI1. Previous

studies have demonstrated that low ERCC1 expression enhances cisplatin toxicity (Arora et
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al., 2010; Bai et al., 2012). The here observed increased expression of ERCC1 in Ls-R-C cells
corroborates these earlier findings. Cisplatin has also been shown to induce the expression of
GADDA45A, which is also involved in DNA repair and suppression of this gene has enhanced
the cytotoxicity of cisplatin (Liu et al., 2018b; Smith et al., 2000). Accordingly, GADD45A
was also upregulated in Ls-R-C cells. These findings support the association of altered DNA

repair with cisplatin resistance.

SLC31A1 acts as an uptake transporter for cisplatin (Ishida et al., 2002; Song et al., 2004),
while SLC31A2 induces the cleavage of SLC31A1 (Ohrvik et al.,, 2016). Accordingly,
decreased expression of SLC31A1 and increased expression of SLC31A2 has been observed
to attribute to reduced cellular uptake of cisplatin and thus cisplatin resistance (Ishida et al.,
2002; Lee et al., 2011; Zisowsky et al., 2007). Our results of downregulated SLC31A1 and
upregulated SLC31A2 in Ls-R-C cells are in accordance with these previous findings and
provide further support for the association of reduced uptake of cisplatin with cisplatin

resistance.

Enhanced efflux of cisplatin has been associated with increased expression of ABCC2 (Liedert
et al., 2003, Wakamatsu et al. 2007) and ATP7A/B transporters (Inoue et al., 2010; Li et al.,
2016; Samimi et al., 2004a). All these genes were upregulated in Ls-R-C cells, except ATP7B.
This can be explained by the fact that ATP7B is solely expressed in liver, while ATP7A is
expressed in several tissues (Samimi et al., 2004a). Therefore, our results are in line with those
of previous studies and confirm the relevance of increased cisplatin efflux as mechanism of
cisplatin resistance. In addition, other efflux transporters, including ABCB11, ABCC1/3 and
ABGQG2 were also upregulated in Ls-R-C, whereas ABCB1 was extremely downregulated.
Cisplatin itself is not a substrate for ABCB1, but many other cancer drugs are, including
doxorubicin, irinotecan and paclitaxel (Pan et al., 2016). Hence, it could conceivably be
hypothesized that in cisplatin-resistant tumors the simultaneously administered cancer drugs,
which are ABCBI substrates would not be transported out of the cancer cells. Instead, these
drugs could maintain their efficacy in cisplatin-resistant cancer cells. This hypothesis is
supported by the lack of cross-resistance of irinotecan in Ls-R-C cells as these cells were as

sensitive to irinotecan as Ls-P cells.

Finally, enhanced cisplatin inactivation by glutathione S-transferases has been linked to
cisplatin resistance (De Luca et al., 2019; Zou et al., 2019). In contrast to these previous

findings, GSTP1 was downregulated in Ls-R-C cells, while GSTA1 displayed comparable
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levels as in Ls-P cells. Therefore, cisplatin inactivation by these enzymes appears irrelevant for

cisplatin resistance in LS174T cells.

Given the above, enhanced DNA repair and decreased cisplatin accumulation by enhanced
efflux and reduced uptake, explain probably to a large extent cisplatin resistance in Ls-R-C
cells. Other genes, however, also displayed altered expression. Admittedly, not all of these
changes are likely relevant for the cisplatin resistance, such as upregulated proapoptotic gene
BBC3 or downregulated antiapoptotic BCL2, because these changes do not improve cell
survival and thereby do not enhance cancer drug resistance. Additional mechanisms for
cisplatin resistance could include altered control of apoptosis and survival balance because
cisplatin-resistant cells showed increased expression of BCL2L1 and CDKNIA. BCL2LI is
an antiapoptotic protein that is, for example, involved in resistance against anthracyclines
(Marin et al., 2010). CDKN1A is not only the effect mediator of p53 and a negative regulator
of the cell cycle but also can suppress apoptosis; therefore, it can mediate oncogenic functions
(Abbas and Dutta, 2009). Ls-R-C cells showed reduced expression of CYP1A2, SLC10A2 and
SLCO2BI1, which are not known to metabolize or transport cisplatin. Therefore, the relevance
of these genes to cisplatin resistance would need further investigations. In addition to gene-
related changes, Ls-R-C cells grew much slower than Ls-P cells. This can partially also explain
cisplatin resistance, as Petitperez et al. (2013) have demonstrated with SN38-resistant

colorectal cancer cells.

Irinotecan resistance has been previously associated with increased drug efflux, reduced
expression of its molecular target topoisomerase 1 (TOP1) or mutations in TOP1 and with
altered activation of apoptosis and survival pathways (reviewed in Holohan et al., 2013; Pan et
al., 2016). These mechanisms are here supported by several detected gene expression changes
in the Ls-R-I cells. First, irinotecan is a substrate of ABCB1 and increased expression of this
multidrug efflux transporter has been observed in irinotecan-resistant cells (Choi et al., 2015;
Iyer et al., 2002; Luo et al., 2002). Accordingly, ABCB1 was upregulated in Ls-R-I cells, which
supports the association of increased efflux with irinotecan resistance. In contrast, the
expression of ABCG2 was not increased in Ls-R-I cells. This finding is contradictory to
previous studies, which have demonstrated increased expression of ABCG2 in SN38- and
irinotecan-resistant breast, cervical and colon cancer cells (Candeil et al., 2004; Choi et al.,
2015; Jandu et al., 2016; Takara et al., 2009). This contradiction could be explained by the

difference in cell lines as these earlier studies have used other cell lines than LS174T.
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Second, irinotecan and its active metabolite SN38 target directly TOP1 (Kawato et al., 1991).
In this study, Ls-R-I cells showed reduced levels of TOP1, which is in line with earlier studies
conducted with SN38- and irinotecan-resistant cancer cells (Jandu et al., 2016; Kanzawa et al.,
1990). Reduced TOP1 levels could obviously decrease the efficacy of SN38. Therefore, this
finding provides confirmation for the assumption of reduced target level as a relevant

mechanism of irinotecan resistance.

Similar to Ls-R-C cells, Ls-R-I cells exhibited increased expression of BCL2L1 and CDKNI1A.
These results reflect the findings of Choi et al. 2015, who also detected higher expression of
CDKNIA in irinotecan-resistant cells. Ls-R-I cells showed also increased expression of EGFR
and FGF19. These results are in accordance with earlier studies, which demonstrated increased
expression of EGFR in SN38-resistant cells (Petitprez and Larsen, 2013). In addition, FGF19
activation has been shown to enhance cell growth, migration and invasion of colorectal cancer
cells via PXR-dependent manner (Wang et al., 2011). Therefore, these results further support
the idea of altered apoptosis and survival pathways as putative irinotecan resistance

mechanisms in LS174T cells.

Similarly as in Ls-R-C cells, Ls-R-I cells showed also increased expression of GADD45A,
which is involved in DNA repair (Liu et al., 2018b). Therefore, enhanced DNA repair could be
a novel additional mechanism in irinotecan resistance in LS174T cells. Finally, irinotecan is
metabolized to inactive metabolites by CYP3A4 (Haaz et al., 1998; Santos et al., 2000).
CYP3A4 was highly induced in Ls-R-I cells, which could also contribute to the irinotecan

resistance.

Interestingly, compared to Ls-P cells Ls-R-I cells showed higher expression of CXCR4. This
receptor and its ligand CXCL12 has been connected with multiple tumor progressive functions,
including angiogenesis, metastasis and invasion, growth and survival and drug resistance
(reviewed in Domanska et al., 2013). Accordingly, CXCR4 expression has been associated
with poorer survival of cancer patients (Li et al., 2014; Zhao et al., 2015). CXCR4
overexpression was previously observed in cisplatin-, gefitinib- and oxaliplatin-resistant cancer
cell lines (Huang et al., 2016; Jung et al., 2013; Li et al., 2014). Activated CXCL12/CXCR4
axis could, therefore, also be involved in irinotecan resistance in LS174T cells. In addition,
CXCR4 has been identified as one of the cancer stem cell markers (Hermann et al., 2007).
Interestingly, other colon cancer stem cell markers, such as ALDH1A1 and OLFM4 (Planque
et al., 2016), were not overexpressed in Ls-R-I cells. In contrast, these genes were

downregulated.
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Other gene expression changes were also observed, which are probably not contributing to
irinotecan resistance, because these changes would not aid in developing the resistance. For
instance, UGT1A1 and UGT1A9 were slightly downregulated and not upregulated as could be
expected based on their function. These enzymes metabolize SN38 to inactive metabolites
(Gagné et al., 2002; Iyer et al., 1998). In accordance with earlier studies (Jandu et al., 2016;
Kanzawa et al., 1990; Petitprez et al., 2013), Ls-R-I cells grew slightly slower than Ls-P cells.
Therefore, reduced growth rate could also partially explain the irinotecan resistance in LS174T
cells. Finally, all of these above mentioned changes were not considerably large, even though
the fold resistance to Ls-P cells was; therefore it seems reasonable that irinotecan resistance is
not due to one single mechanism, but moreover it could be caused by a combination of several

mechanisms.

This work has several limitations. First, not all possible genes associated with cancer drug
resistance were investigated. We used here a targeted approach investigating only genes
associated with selected mechanisms of cancer drug resistance. Therefore, there could be
additional genes that might be part of cisplatin or irinotecan resistance, which were not found
here. In addition, appearance of mutations was not disclosed here, which could be relevant for
function of certain genes. For instance, mutations in TOP1, which reduced the activity of this
enzyme, have been observed in SN38-resistant cells (Arakawa et al., 2006). In addition, the
changes in mRNA expression were not confirmed on the protein level. For this reason, only
relative expression changes larger than 1.5-fold or smaller than 0.75 were included. It has been
previously demonstrated that 1.5-fold change in mRNA can be detected also in protein level
(Jeske et al., 2017). In general, the correlation between mRNA and protein expression has been
demonstrated to be poor (reviewed in de Souza Abreu et al., 2009). Transcriptional changes
explain around 40% of the protein level variance, whereas approximately 60% of the difference
could be due to other changes than transcriptional, such as regulation of translation and
degradation of protein. However, genes that show differential mRNA expression due to an
experimental condition, such as treatment, demonstrate remarkably higher correlation between
mRNA and protein than genes that are not differentially expressed (Koussounadis et al., 2015).
This gives evidence for the assumption that differentially expressed mRNA is also biologically
meaningful (Koussounadis et al., 2015). Both resistant cells exhibited several alterations in
gene expression that could be assumed to be observed similarly at protein level. However, the
relevance of these alterations for function of the protein and moreover the biological relevance

would require further investigations. Relevance of each gene for cisplatin or irinotecan
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resistance could be confirmed in further experiments by knocking down individual genes and
assessing the effect on drug resistance. Although the effect of single gene to overall resistance

is probably small, as several drug resistance related alterations were observed here.

5.2. Role of PXR-dependent regulation on gene expression of cisplatin- and irinotecan-

resistant cells

In Ls-R-C cells, none of the measured genes, except ABCB1 and ABCBI11 were affected by
the treatment with prototypical PXR agonist rifampicin or PXR specific antagonist SPA70.
This is perhaps surprising, as cisplatin has been shown to activate PXR in several cell lines
(Masuyama et al., 2016, 2005). Interestingly, short term (72 h) treatment with cisplatin induced
the expression of established PXR target genes, ABCB1 and CYP3A4 (Fig. 7), whereas
selection with cisplatin (long-term treatment) elucidated opposite results: reduced expression
of ABCB1 and comparable expression of CYP3A4 compared to the Ls-P cells. Moreover, PXR
mRNA and protein expressions were reduced in Ls-R-C cells compared to parental cells. In
accordance with this, Yasuda et al. (2019) observed reduced PXR mRNA levels in HepG2 cells
after treatment with 25 pM cisplatin. Cisplatin appears to be a PXR activator, at least in short-
term, but in long-term other pathways are probably activated that lead to downregulation of
these PXR target genes that were induced in short-term, probably by reducing PXR expression
itself. Given the above, PXR seems not to be involved in acquired cisplatin resistance in
LS174T cells; instead, other signaling pathways are activated, which are relevant for the

cisplatin resistance.

In contrast to Ls-R-C cells, in Ls-R-I cells, PXR appears to be at least partially involved in
drug resistance. Rifampicin induced and SPA70 suppressed some of the possibly relevant
genes, such as multidrug efflux transporter ABCB1 and irinotecan metabolizing enzyme
CYP3A4. Similarly, PXR activation and inhibition appeared to affect slightly FGF19
expression. FGF19 has been previously shown to enhance cellular growth and migration in
LS174T cells in a PXR-dependent manner (Wang et al., 2011). Moreover, PXR antagonism
reduced the induced expression of these genes in Ls-R-I cells back to nearly the same levels as
basal levels in Ls-P. Given the above, PXR seems to regulate at least partly the gene expression

changes in Ls-R-I cells.

Ls-R-C showed no cross-resistance towards irinotecan, while Ls-R-I cells exhibited slight

cross-resistance towards cisplatin. This may be explained by the fact that only few of the
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investigated cancer drug resistance-associated genes were similarly expressed in these cells.

These results indicate that in these cells the resistance is caused by distinct mechanisms.

PXR splice variant called sPXR has been proposed to have tumor suppressing effects due the
dominant negative effect it has towards functional PXR (Breuker et al., 2014). Both Ls-R-C
and Ls-R-I cells exhibited similar levels of PXR1 and sPXR as Ls-P cells. Therefore,
alternative splicing of PXR leading to reduced level of tumor suppressive sPXR or increased

levels of tumor promoting PXR1 cannot explain the observed cisplatin or irinotecan resistance.

5.3. Resensitization of drug-resistant cancer cells by PXR antagonism

Because our findings indicate that PXR does not regulate the genes involved in cisplatin
resistance of LS174T cells, we assumed that these cells would not be resensitized to cisplatin
with PXR antagonism. Recently, Yasuda et al. (2019) have demonstrated resensitization of
cisplatin-resistant liver cancer HepG2 cells with PXR antagonist leflunomide. In contrast to
liver cancer cells, we used here colorectal cancer LS174T cells. In these distinct cell lines,
different genes could be involved in the cisplatin resistance. Unfortunately, no gene expression
analysis was conducted in the earlier study by Yasuda et al. (2019). Moreover, leflunomide is
not a very potent PXR antagonist (Ekins et al., 2008) and it has been shown to even elicit PXR
activation at lower doses than that were used in resensitization (Ratajewski et al., 2015).
Moreover, PXR antagonism by leflunomide is an off-target effect of the drug. Leflunomide is
used as an immunosuppressant for the treatment of arthritis because it blocks dihydroorotate
dehydrogenase, which is necessary for multiplication of lymphocytes (EMA, 2014). Therefore,
it is possible that some other than PXR-mediated pathways could have caused the increased
caspase-3 activity observed by Yasuda et al. (2019). In addition, the end point of resensitization
in this previous study was increased caspase-3 activity and not a phenotypic change in overall
cell viability. Therefore, it is not comprehensively proven that leflunomide decreased per se
the cell viability of resistant cells, because only caspase-3 activity was assessed instead of
actual cell viability. In the gene expression analysis of Ls-R-C cells contradictory changes of
apoptosis regulating genes were observed, such as upregulated proapoptotic gene BBC3 and
downregulated antiapoptotic gene BCL2. It should also be kept in mind that caspases have been
shown to affect cellular growth and inhibit necrosis, therefore pure caspase activation cannot
be automatically related to the amount of cell death (Hardwick and Soane, 2013). Overall, in
LS174T cells other than PXR regulated pathways appear to be involved in the acquired
cisplatin resistance. Consequently, in these cells PXR antagonism would probably not be

beneficial in reducing the cisplatin resistance.
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Even though some genes, participating in irinotecan resistance in Ls-R-I cells proved to be
regulated by PXR, antagonizing PXR with SPA70 did not resensitize Ls-R-I cells to irinotecan.
Possible explanation for this is that to resensitize cells back towards irinotecan, it is not
sufficient to suppress solely the few genes, such as ABCB1 and CYP3A4, which were
regulated by PXR. Other than these PXR-activated pathways are at least as important for the
resistance, including apoptosis and proliferation pathways. It could be concluded that
irinotecan resistance is a complex phenomenon consisting of activation of several pathways
and suppressing solely one of these is not enough to resensitize irinotecan-resistant LS174T

cells.

Ls-R-I cells displayed increased expression of ABCB1 and CYP3A4, which have been
demonstrated to be relevant for paclitaxel resistance (Hendrikx et al., 2013; Vaidyanathan et
al., 2016). Accordingly, Ls-R-I cells showed cross-resistance towards paclitaxel. Moreover,
treatment of Ls-R-I cells with PXR antagonist resensitized cells towards paclitaxel. The cell
viability was, however, still approximately 40% at the highest paclitaxel concentration in
resensitized Ls-R-I cells, which was slightly higher than the cell viability of Ls-P cells at that
concentration. This can affect to the calculation of ICso value. Higher paclitaxel concentrations
could not be used due to solubility problems. Nevertheless, paclitaxel resistance appears to be
more dependent on PXR-regulated genes; therefore, PXR antagonism was beneficial in
reducing paclitaxel resistance. In general, it seems that PXR antagonism could be suggested as
a useful approach to attenuate cancer drug resistance only, if the resistance is mostly dependent
on PXR-regulated genes. Furthermore, even if the compound that results in drug resistance,
activates PXR, it is not necessarily possible to resensitize cells with a PXR antagonist, if other
than PXR-regulated pathways are also activated and have impact on the development of drug

resistance.

5.4. Identification of novel PXR antagonists and their mechanism of action

Combination of'in silico, cellular and biochemical assays resulted in identification of five novel
PXR ligands with high structural similarity. Based on their effects on reporter gene assays four
of them were identified as PXR antagonists and one as a full agonist. Unfortunately, one of the
antagonists (compound 2) could not be characterized thoroughly because of limited availability

of this compound.

With increasing concentrations, all four potential antagonists shifted the rifampicin
concentration-response curve to the right hand, thereby increasing the ECso of rifampicin,

which suggests that these compounds are competitive antagonists. The maximum effect by
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rifampicin (Emax) appears to decline with higher concentrations of novel antagonists, especially
with compounds 73 and 100, which could indicate additional non-competitive antagonism.
However, higher concentrations of rifampicin could not be used and therefore the plateau of
the effect was not reached and this possible decrease in Emax could not be confirmed

unequivocally.

Competitive antagonists compete with the agonist in binding to the LBP and hinder the binding
of the agonist. The binding of these novel ligands to PXR LBD was demonstrated to occur in
vitro with limited proteolytic digestion assay and also in cells with LBD assembly assay. In
addition, the results from the reporter gene assay using LBP-filled triple mutant suggests that
these compounds bind to the LBP as the high constitutive activity of this mutant was not
reduced. Only compound 73 showed also weak inhibition of constitutive active LBP-filled
triple mutant. Therefore, it cannot be totally ruled out that this compound could additionally
also bind outside the LBP. Similarly, coumestrol and pimecrolimus have been previously
demonstrated not only bind into PXR LBP, but also additionally outside LBP (Burk et al.,
2018; Wang et al., 2008).

Specific ligand-induced effects were investigated utilizing single amino acid PXR mutants.
None of the compounds activated mutants Y306A, S247A or H407A. Y306A appears to be a
non-inducible mutant, whereas S247A and H407A showed high constitutive activity, but were
not further induced by ligands. Generally, the activation pattern of these compounds was
similar: rifampicin caused the highest induction, followed by compound 109 and 12.
Compounds 73 and 100 demonstrated typically the lowest activation of PXR mutants. Few
exceptions existed. First, compound 12 displayed lowest induction of mutants W299A and
H327A. Therefore, these amino acids may be important for the PXR activating interactions of
compound 12. Second, compounds 73 and 100 activated mutant W299A more strongly than
the other mutants, acting as agonists for this mutant. Interestingly, similar behavior has been
demonstrated previously with SPA70, which acts as an antagonist of wild-type PXR, but is an
agonist for W299A (Huber et al., 2020). Molecular dynamic simulations suggested that SPA70
affects the position of helix 12 in the AF-2 region in W299A differently as in wild-type PXR.
Compound 100 displayed also strong activation of H327A compared to the weak activation of

wild-type PXR.

The newly identified antagonists impaired the rifampicin-induced interaction of coactivator
SRC1 with PXR. This has been demonstrated previously with other PXR antagonists such as

ketoconazole, pazopanib, pimecrolimus and sulforaphane (Burk et al., 2018; Huang et al.,
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2007; Zhou et al., 2007). On the other hand, these novel antagonists also impaired the
constitutive interaction of PXR with corepressor SMRT. Similar effects have been previously
observed with ketoconazole, pazopanib and pimecrolimus (Burk et al., 2018; Huang et al.,
2007). In contrast, enhanced interaction of PXR with SMRT has been shown only with SPA70
(Lin et al.,, 2017). Ultimately, these novel PXR antagonists inhibit PXR activation by

compromising the coactivator interactions.

Based on the mechanism, two classes of nuclear receptor antagonism have been proposed
earlier (Chai et al., 2020). These two classes, active and passive antagonism, were first
demonstrated with estrogen receptors (Shiau et al., 2002). Active antagonists contain typically
bulky substituents that disturb the AF-2 region physically, whereas passive antagonists change
position of helix 12 to obstruct AF-2 surface usually via lack of appropriate interactions in the
LBP (Kojetin and Burris, 2013). Active antagonists have shown also to enhance interactions
of nuclear receptor with corepressors, while passive antagonists prevents the binding of both
corepressors and coactivators (Schoch et al., 2010). Given the above, the novel PXR

antagonists identified in this work could be classified as passive antagonists.

The here executed combination of distinct assays proved to be important to confirm the effects
of these compounds on PXR, because cellular assays identified four of these compounds as
antagonists and one as a strong full agonist. In contrast to reporter gene assays, one of the
potential antagonists (12) induced endogenous PXR target gene expression in LS174T cells as
strongly as rifampicin and did not suppress the rifampicin-induced expression. Interestingly,
other two antagonists (73, 100) displayed gene-specific effects on endogenous PXR target gene
expression. Similarly, as compound 12, compounds 73 and 100 induced the expression of
CYP3A4 and did not suppress the rifampicin-induced expression. In contrast, compounds 73
and 100 did not induce the expression of ABCB1 and repressed strongly the rifampicin-induced
expression. Likewise, the basal expression of CYP2B6 was reduced by these compounds. Due
to these results, it could be argued that compounds 73 and 100 are selective PXR modulators
instead of being simple PXR antagonists. Interestingly, the newly identified PXR agonist (109)
displayed weaker induction of ABCB1 compared to rifampicin, while the CYP3A4 induction

was comparable between compound 109 and rifampicin.

PXR, CAR and VDR belong to the same group I of nuclear receptor subfamily 1 (NR1I) and
exhibit sequence similarity (Wu et al., 2013b). CAR3 differs from CARI1 by a five amino acid
insertion in the LBD (Auerbach et al., 2005). Despite this insertion, CAR1 and CAR3 are still
predicted to contain similar LBP's (Auerbach et al., 2003). CAR3 is, however, ligand-induced
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transcription factor and needs presence of RXR for the maximal ligand-induced activity, while
CARI is constitutively active variant (Auerbach et al., 2005). Compound 73 act as a very weak
inverse agonist on constitutive active CAR1, while other PXR ligands showed no effects on
CARI1 activity. None of the compounds influenced CAR3 activity. Compounds 12 and 109
activated very weakly VDR, whereas compounds 73 and 100 had no effect on VDR activity.
Overall, these novel PXR ligands appear to be PXR selective among the nuclear receptor NR11
group, because the effects observed on CAR1 and VDR were very weak and may not be
biologically meaningful. It is, however, possible that these compounds could exhibit stronger

receptor-dependent effects on some other nuclear receptors.

Several kinases have been shown to phosphorylate PXR, and as a result to affect the
transcriptional activity of PXR (Ding and Staudinger, 2005a, 2005b; Lichti-Kaiser et al., 2009;
Lin et al., 2008; Pondugula et al., 2009). Therefore, compounds 100 and 109 were tested for
their potential to inhibit a panel of 335 wild-type kinases. Compound 100 and compound 109
inhibited at least by 50% five and eight kinases, respectively. Among the inhibited kinases,
only protein kinase A (PKA) has been demonstrated to phosphorylate PXR (Ding and
Staudinger, 2005a; Lichti-Kaiser et al., 2009). In humans, PXR phosphorylation by PKA
repressed the transcriptional activity (Lichti-Kaiser et al., 2009). Inhibition of PKA by
compound 100 and 109 should, therefore increase the transcriptional activity of PXR, which,
for compound 100, is the opposite of what was observed. Thus, the inhibitory effects on PXR
of compound 100 are most likely not due to inhibition of PXR phosphorylation. The inhibition
of PKA by compound 100 could, however, explain the partial agonism, which was observed in
reporter gene assays and in the induction of endogenous CYP3A4. Especially because this
compound was not able to recruit coactivators, which is a typical function for agonists.
Inhibition of PKA could also contribute to the PXR activation effects observed with compound
109. Thus, compound 109 could induce the transcriptional activity of PXR not only via direct

binding to PXR but also by inhibition of PKA.

Development of small molecule inhibitors for PXR has proven challenging due to the large and
flexible ligand binding pocket, which binds promiscuous ligands (Staudinger, 2019). The
majority of compounds that bind to PXR activates the receptor, which also hinders the design
of antagonists (Chai et al., 2020). Moreover, subtle structural changes impact greatly on the
PXR activation or inhibition potential as has been observed with PXR antagonist SPA70 and
PXR agonist SBJ7, which differ only by one methyl group and in the location of a methoxy
group (Lin et al., 2017). Similarly, subtle structural changes in the here newly identified PXR
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ligands affected the PXR activation and inhibition potential. In addition to small molecule
inhibitors, other approaches for PXR inhibition can be pursued as well. PROteolysis TArgeting
Chimeras (PROTAC) are small molecules that comprise two functionalities linked together:
one that binds to E3 ubiquitin ligase and other that binds to the targeted protein (Flanagan and
Neklesa, 2019). The close distance of these functionalities results in the target protein
ubiquitination and subsequent degradation. Typically over 90% of the expressed target protein
is degraded, therefore the mechanism of inhibition differs greatly from traditional small
molecule antagonists (Flanagan and Neklesa, 2019). In addition, PROTACSs can also inhibit
constitutive active nuclear receptors. In contrast, small molecule antagonists usually inhibit
only the agonist-induced activity of nuclear receptor (Chai et al., 2020). Another approach for
reducing the target protein expression would be oligonucleotide-based drugs, such as antisense
oligonucleotides and small interfering RNAs (siRNA) (Bennett and Swayze, 2010). Common
hindrance for utilizing any of these approaches is the limited number of developed compounds.
Not only is the number of PXR antagonists small, but also no therapeutic PROTACs or
oligonucleotide-based drugs targeting PXR have been published to date. Antisense
oligonucleotides and siRNAs against PXR have only been utilized in PXR-related research to
study for instance gene functions (Chen et al., 2016; Jeske et al., 2017; Zucchini et al., 2005).
However, PROTACs and oligonucleotide-based therapeutics against androgen or estrogen
receptor have been investigated in clinical trials (NCT02144051; NCTO03300505;
NCT04072952). In addition, both PROTACSs and oligonucleotide-based therapeutics can elicit
off-target effects, which could lead to reduced expression of other than the target protein
(Bennett and Swayze, 2010; Moreau et al., 2020). Ideal small molecule inhibitor should also
show selectivity towards PXR or at least antagonize PXR at lower concentrations than non-
desired targets. This has been demonstrated with SPA70 (Lin et al., 2017). PXR is involved in
variety of physiological functions, therefore the total abolishment of PXR could elucidate
harmful effects. PXR is not a traditional target in cancer therapy, because it has not been
classified as a typical mutated driver gene in cancers (Dietlein et al., 2020). In addition, based
on the data on the Human Protein Atlas, even though PXR shows increased expression in
certain cancers, including colorectal, liver, pancreas and stomach cancers, it has not shown
clear prognostic value [(Uhlen et al., 2017), http://www.proteinatlas.org]. Although, Dong et
al. (2017) observed association with PXR expression and decreased survival of colorectal
cancer patients. It could thus be suggested that selective modulation by PXR antagonism and
not total PXR ablation could be more sensible in attenuating cancer drug resistance so that only

those PXR-mediated effects that are relevant for resistance would be reduced, such as efflux
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of cancer drugs by ABCBI. In contrast, for instance, androgen receptor and the signaling
pathways activated by this nuclear receptor are the driving forces in prostate cancer and thereby
the main target to block in the treatment of this disease (reviewed in Wadosky and
Koochekpour, 2016). Therefore, utilizing PROTACs or oligonucleotide-based therapeutics in

the treatment of prostate cancer is much more reasonable.

PXR antagonists would not be used as a monotherapy in the treatment of cancer, but rather as
part of the cancer drug regimen. Alternatively, a multitarget approach, where cancer drugs
themselves would act also as PXR antagonists could be beneficial. Several cancer drugs have
shown to activate PXR, such as tamoxifen, paclitaxel and sorafenib (Harmsen et al., 2013,
2010), but only few cancer drugs have demonstrated PXR antagonism, including belinostat and
pazopanib (Abbott et al., 2019; Burk et al., 2018). Here, our newly identified PXR antagonist,
compound 100, inhibited potently the kinase activity of RAF-kinases, especially the activity of
c-RAF, which is encoded by the proto-oncogene RAF1. These RAF-kinases are important
downstream effectors in the mitogen-activated protein kinase (MAPK) pathway (reviewed in
Khazak et al., 2007). Activation of MAPK pathway has been shown to promote tumor growth
by enhancing cell proliferation, angiogenesis and vasculogenesis. The c-RAF has been
demonstrated to be vital for the development of Kras-mutated non-small cell lung cancer in
mice, where its abrogation has reduced the tumor growth (Blasco et al., 2011; Sanclemente et
al., 2018). In addition, simultaneous inhibition of EGFR and c-RAF has shown in mice to stop
the progression of certain Kras-mutated pancreatic ductal adenocarcinomas (Blasco et al.,
2019). Increased expression of c-RAF was also associated with decreased survival of ovarian
cancer patients (McPhillips et al., 2006). A few multikinase inhibitors targeting as well c-RAF
have granted marketing authorization, such as sorafenib and regorafenib (EMA, 2019b, 2013).

But no specific c-RAF kinase inhibitors are yet clinically available.

Selective PXR modulation by small molecule compounds considering the variety of PXR-
regulated functions could be a beneficial approach to reduce cancer drug resistance. However,
selective PXR modulator would not be sufficient as monotherapy, but should be combined with
cancer drugs that potentially develop resistance via PXR-regulated genes. Alternatively, a
novel approach would be bifunctional ligands, such as here identified the novel PXR
antagonizing kinase inhibitor. Investigation of possible drug-drug interactions via PXR
activation are part of mandatory testing for marketing authorization approval (EMA, 2012).
Therefore, in the cancer drug development it may be a useful strategy to not only prioritize

those drug candidates that have no effect on PXR, but also to monitor compounds for PXR
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inhibition. Ultimately, more knowledge is required from all approaches targeting PXR in the

context of cancer drug resistance.

6. Conclusions

This work shows that long-term continuous treatment of cisplatin and irinotecan results in
acquired drug resistance. The selected cells displayed for the most part distinct gene expression
alterations. Several genes that previously have been shown to be associated with cisplatin and
irinotecan resistance were altered in their expression. However, also a few novel gene
expression changes were observed that could contribute to cisplatin and/or irinotecan
resistance. For instance, Ls-R-C cells showed increased expression of antiapoptotic gene
BCL2L1. CDKNI1A was also upregulated in these cells, which can elicit apoptosis suppressing
functions. Ls-R-I cells exhibited increased expression of GADD45A, which is involved in
DNA repair. These results suggest, that in addition to the previously described resistance
mechanisms associated with cisplatin or irinotecan resistance, reduced apoptosis and enhanced
DNA repair could be additional mechanisms. These selected resistant cells exhibited no
remarkable cross-resistance towards the respective other drug. However, irinotecan-resistant
cells exhibited considerable cross-resistance towards paclitaxel, which is likely due to the PXR-
dependent increased expression of ABCB1 and CYP3A4. These proteins are involved in the
efflux transport and metabolism of paclitaxel. Cisplatin- and irinotecan-resistant cells differ
also in their response to PXR activation and inhibition. None of the relevant genes regarding
drug resistance were affected by PXR activation or inhibition in cisplatin-resistant cells,
whereas in irinotecan-resistant cells some of these genes, including ABCBI1 and CYP3A4,
were suppressed by treatment with a PXR antagonist. Therefore, PXR appears not to play a
role in cisplatin resistance, while in irinotecan-resistant cells PXR has at least some role.
However, other pathways contribute also greatly to irinotecan resistance, as was indicated by
the failed resensitization towards irinotecan of irinotecan-resistant cells by treatment with the
PXR antagonist. In contrast, co-treatment of irinotecan-resistant cells with PXR antagonist
reduced the paclitaxel resistance. This suggests that PXR could have a relevant role in
paclitaxel resistance. To summarize, PXR antagonism can be a beneficial approach to
resensitize drug-resistant cancer cells, however, only if the resistance is caused predominantly
by PXR-dependent gene expression changes. It is not a general approach, even not for all cells,
which are resistant to PXR-activating drugs, as further cancer drug resistance mechanisms may

be more important than PXR activation.
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Combination of in silico methods and cellular assays resulted in the identification of four novel
PXR antagonists and one full agonist with high structural similarity from TiKIC compound
library. Further characterization revealed that these four antagonists appeared to function as
competitive antagonists with partial agonist activity. In addition, these compounds impaired
the rifampicin-induced interaction of PXR with coactivator SRC1; therefore, they could be
classified also as passive antagonists. Finally, compounds were tested with respect to their
effect on expression of endogenous PXR target genes. Compounds exhibited distinct gene-
specific effects. Interestingly, compounds 73 and 100 suppressed the rifampicin-induced
expression of ABCB1, while they induced the expression of CYP3A4. This suggests that these
compounds could be selective PXR modulators. Compound 12 showed no PXR inhibition
activity, while it induced the expression of ABCB1 and CYP3A4, demonstrating similar effects
as the compound 109, which was in the reporter gene assays identified as a pure agonist. All
these ligands share high structural similarity. Therefore, it can be concluded that subtle changes

in structures of PXR ligands can have great impact on the activation or inhibition of PXR.

Cancer drug resistance is often a major hindrance for successful cancer therapy. Currently, only
few options exist for prevention or overcoming cancer drug resistance (reviewed in
Aleksakhina et al., 2019). First, patients can be given sequential therapy, meaning that they are
treated with another cancer drug that do not share the resistance mechanism with the first drug.
For instance, breast cancer patients, which develop resistance against aromatase inhibitors, can
be given sequential therapy with estrogen receptor degrader (Ward et al., 2020). In addition,
imatinib-resistant chronic myeloid leukemia can be treated with dasatinib or nilotinib, which
are effective against the imatinib-resistant mutations (Ward et al., 2020). Second, a commonly
used option to prevent cancer drug resistance is to use combination therapy to inhibit different
signaling pathways or different targets on the same signaling pathway (Aleksakhina et al.,
2019). Combination of BRAF and MEK inhibitors are commonly utilized in the treatment of
melanoma (Ward et al., 2020). Finally, adaptive therapy using low or intermittent dosing
instead of typically used highest tolerated doses of chemotherapeutics, has been investigated
to evade cancer drug resistance (Aleksakhina et al., 2019). This approach, however, is still in
experimental stage and not a standard regimen in contrast to the two previous approaches,
which are routinely used. In addition, sequential and combinatorial therapy affects for the most
part only mutation-associated resistance mechanisms and not the general cancer drug resistance
mechanism, such as increased efflux. Efforts to attenuate cancer drug resistance occurring via

these general mechanisms, have been for the most part focused on inhibition of ABC
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transporters, especially ABCBI1 (reviewed in Robey et al., 2018). Unfortunately, these

inhibitors have not been proven to reduce cancer drug resistance clinically in cancer patients.

Due to the putative role of PXR in cancer drug resistance and tumor progression, PXR
antagonism has been proposed as a potential approach to overcome drug resistance. Earlier
studies have shown that PXR antagonism increases the potency of cytotoxic drugs in cancer
cells (Abbott et al., 2019; Lin et al., 2017). However, it is not comprehensively proven that
PXR antagonism could resensitize drug-resistant cancer cells. Despite, Yasuda et al. (2019)
demonstrated increased caspase-3 activation in leflunomide-treated cisplatin-resistant liver
cancer cells. To the best of our knowledge this work here demonstrates for the first time that
PXR antagonism can be used to reduce drug resistance in drug-resistant colorectal cancer cells.
However, this approach appears to be beneficial only if the drug resistance is primarily
dependent on PXR-regulated genes, as it appears to be with paclitaxel but not with irinotecan.
Irinotecan resistance instead could be suggested to be a complex phenomenon consisting of

activation of several pathways.

The limited number of available PXR antagonists further presents an obstacle for using the
PXR antagonism as a potential approach to overcome cancer drug resistance. To the best of
our knowledge, this work presents first time a compound with dual function of inhibiting both
PXR and RAF-kinases. Utilizing this type of bifunctional ligands besides combinatorial
therapy of chemotherapeutic and PXR antagonist could provide further options in the field of
cancer therapy. The novel antagonists identified in this work could be used as a starting point
for developing more efficient PXR antagonists or selective PXR modulators that could be
utilized as part of cancer treatment. Further optimization could be done to increase the potency
for PXR inhibition, while not losing the potent inhibition of RAF-kinases, which could be
beneficial in the treatment of certain cancers. Cancer drug resistance is context- and drug-
dependent so that it will not be overcome by one approach. Therefore, further studies about the

drug-related mechanisms and different approaches are required in the future.
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9. Appendices

Appendix table 1. Genes, that were determined from the Ls-R-C or Ls-R-I cells.

Gene

MOC-class

Relevance to cisplatin or irinotecan resistance

Effect by PXR activation

ABCA2

Ib

Cis treatment 1 expression (Herraez et al., 2012)
| in cis-R (Herraez et al., 2012)

T(Benson et al., 2016)

ABCBI1

Ib

Iri substrate(Iyer et al., 2002; Luo et al., 2002)
1 in iri-R (Choi et al., 2015)

} in cis-R (Li et al., 2016; Takara et al., 2006)
~ in cis-R (Wakamatsu et al., 2007)

T(Martin et al., 2008; Moscovitz
et al., 2018; Olinga et al., 2008)

ABCBI11

Cis and iri substrates (Pan et al., 2016)
Cis treatment 1 expression (Herraez et al., 2012; Vaquero et al., 2013)
| in cis-R (Herraez et al., 2012)

11 (Moscovitz et al., 2018;
Olinga et al., 2008)

ABCC1

Ib

Cis treatment 1 expression (Herraez et al., 2012)
~in cis-R (Li et al., 2016; Wakamatsu et al., 2007)
1 in cis-R (Herraez et al., 2012)

1 in SN38-R (Takara et al., 2009)

T(Martin et al., 2008)

ABCC2

Ib

Cis treatment 1 expression (Herraez et al., 2012)
Cis/iri substrates (Luo et al., 2002; Pan et al., 2016)
1 in cis-R (Herraez et al., 2012; Liedert et al., 2003; Wakamatsu et al., 2007)

1(Olinga et al., 2008)

ABCC3

Ib

Cis treatment 1 expression (Herraez et al., 2012)

Cis substrate (Benson et al., 2016)

1 in SN38-R (Takara et al., 2009)

1 in cis-R (Herraez et al., 2012; Wakamatsu et al., 2007)

ABCC4

Ib

Cisplatin substrate (Benson et al., 2016)
1 in cis-R (Herraez et al., 2012; Wakamatsu et al., 2007)
Overexpression increases iri/SN38 resistance (Tian et al., 2005)

ABCC5

Ib

1 in SN38-R (Takara et al., 2009)
1 in cis-R(Herraez et al., 2012; Wakamatsu et al., 2007)

T(Moscovitz et al., 2018)

ABCG2

Ib

Iri/SN38 substrates (Nakatomi et al., 2001; Pan et al., 2016)

Cis treatment 1 expression (Herraez et al., 2012)

1 in SN38-R (Candeil et al., 2004; Jandu et al., 2016; Takara et al., 2009)
1 in iri-R (Choi et al., 2015)

T(Moscovitz et al., 2018;
Naspinski et al., 2008; Planque
etal., 2016)

ALDHI1A1

Colon cancer stem cell marker (Planque et al., 2016)

1(Planque et al., 2016)

ATPT7A

Ib

Cis treatment 1 expression (Herraez et al., 2012)
Cis substrate (Samimi et al., 2004b, 2004a)

~ in cis-R (Song et al., 2004)

1 in cis-R (Inoue et al., 2010; Li et al., 2016)
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Deletion increases cis sensitivity (Zhu et al., 2017b)

ATP7B Ib Cis substrate (Samimi et al., 2004a)

Cis treatment 1 expression (Herraez et al., 2012)

1 in cis-R (Herraez et al., 2012; Li et al., 2016)
BAG3 Antiapoptotic (Zhou et al., 2008; Zucchini et al., 2005) 1(Zhou et al., 2008)
BAKI1 Proapoptotic (Zhou et al., 2008) 1 (Zhou et al., 2008)
BAX \Y Proapoptotic (Verma et al., 2009) T(Verma et al., 2009)
BBC3 Proapoptotic (Verma et al., 2009) T(Verma et al., 2009)
BCL2 \Y% Antiapoptotic (Zucchini et al., 2005) 1(Zucchini et al., 2005)
BCL2L1 \Y% Antiapoptotic (Zucchini et al., 2005) 1(Zucchini et al., 2005)
BIRC2 \Y Antiapoptotic (Zhou et al., 2008) 1(Zhou et al., 2008)
CDKNIA A" Negative regulator of cell cycle, suppressor of apoptosis (Abbas and Dutta, 2009) 1/ (Robbins et al., 2016; Verma

1 in iri-R (Choi et al., 2015) et al., 2009)
CES1 11 Iri activation to SN38 (Humerickhouse et al., 2000; Wu et al., 2002) 1(Moscovitz et al., 2018)
CES2 11 Iri activation to SN38 (Humerickhouse et al., 2000; Wu et al., 2002) 1(Zhu et al., 2000)
CYPI1A1 11 T(Naspinski et al., 2008)
CYP1A2 11 T(Naspinski et al., 2008)
CYP3A4 11 Iri inactivation (Haaz et al., 1998; Santos et al., 2000) T(Moscovitz et al., 2018; Olinga

et al., 2008)

CXCR4 Colon cancer stem cell marker (Planque et al., 2016) 1(Planque et al., 2016)
EGFR \Y 1 in SN38-R cells (Petitprez and Larsen, 2013)
ERCC1 v 1 by cis (Li et al., 1998)

Inhibition increases cis cytotoxicity (Arora et al., 2010)

Low expression associated with better response in cis-treated patients (Bai et al., 2012)
FGF19 1 cell growth, migration, invasion of cells (Wang et al., 2011) 1(Wang et al., 2011)
GADD45A v Cis treatment 1 expression (Liu et al., 2018b)

Suppression increases cis sensitivity (Liu et al., 2018b; Smith et al., 2000)
GADD45B 1 migration of cancer cells (Kodama and Negishi, 2011) 1(Kodama and Negishi, 2011)

II Low expression associated with better response to cis (Nishimura et al., 1996) T(Moscovitz et al., 2018;

1 in cis-R (Zou et al., 2019) Naspinski et al., 2008)
GSTAI ~ in cis-R (Saburi et al., 1989)

Knock down increased cis toxicity (Zou et al., 2019)
GSTP1 II 1 in cis-R (Saburi et al., 1989; Zou et al., 2019) T(Moscovitz et al., 2018)

~in cis-R (Li et al., 2016; Wakamatsu et al., 2007)

Knock down increases cis toxicity (Zou et al., 2019)

Overexpression decreased cis toxicity (De Luca et al., 2019)
MCL1 Antiapoptotic (Zhou et al., 2008) 1(Zhou et al., 2008)
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MSH2 v Knock down increases cis resistance (Kothandapani et al., 2013)

| in cis-R (Lage et al., 1999)
NF«B \
NROB2 Cis-treatment 1 expression (Vaquero et al., 2013)

Cis-treatment | expression (Wang et al., 2016)
NR1H4 Farnesoid X receptor
NR1I2 Pregnane X receptor
OLMF4 Colon cancer stem cell marker (Planque et al., 2016) 1(Planque et al., 2016)
PRAMEF10 Negative regulator of apoptosis, positive regulator of proliferation (Uniprot, 2020a) T(Kandel et al., 2016)
PRAMEF17 Negative regulator of apoptosis, positive regulator of proliferation (Uniprot, 2020b) T(Kandel et al., 2016)
SLCI10A1 la T(Moscovitz et al., 2018)
SLCI10A2 la
SLC22A1 Ia 1(Moscovitz et al., 2018)
SLC31A1 Ia Uptake of cisplatin (Ishida et al., 2002; Song et al., 2004)

Higher expression in cis-sensitive patients (Ishida et al., 2010; Lee et al., 2011)

Cis treatment | expression (Holzer and Howell, 2006)

| in cis-R (Song et al., 2004; Zisowsky et al., 2007)
SLC31A2 Induction of cleavage of SLC31A1 (Ohrvik et al., 2016)

Suppression of SLC31A2 increases cis sensitivity (Yoshida et al., 2013)

Higher expression associated with cis resistance (Lee et al., 2011)
SLCOI1B1 Ia Uptake of SN38 (Tusuf et al., 2014)

~ in SN38-R (Takara et al., 2009)
SLCO2BI1 Ia Uptake of SN38 (Fujita et al., 2016) T(Benson et al., 2016;

Moscovitz et al., 2018)
TOP1 111 Molecular target of iri/SN38 (Kawato et al., 1991)
TP53 v 1/1(Verma et al., 2009; Zhou et
al., 2008)

UGTI1A1 11 SN38 inactivation (Gagné et al., 2002; Iyer et al., 1998) 1(Olinga et al., 2008)
UGT1A9 11 SN38 inactivation (Gagné et al., 2002; Iyer et al., 1998)

Cis, cisplatin; iri, irinotecan; cis-R, cisplatin resistance; iri-R, irinotecan resistance; 1, induction, |, suppression; MOC-class, mechanism of chemoresistance-
classes according to Marin et al. 2010.
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Appendix table 2. Relative expression of genes in Ls-R-C cells compared to Ls-P cells.

Gene Relative expression (+/-SD) | Gene Relative expression (+/-SD)
ABCA2 0.74* (0.1) CYPIA2 0.54* (0.4)
ABCBI1 0.0074**** (0.003) ERCCI1 1.6** (0.3)
ABCBI1 12.5%* (6.5) GADD45A 4.4%*** (1.0)
ABCCI1 2.1%*%% (0.3) GSTP1 0.61** (0.1)
ABCC2 2.6*%** (0.9) NROB2 2.2** (0.6)
ABCC3 2.8** (0.9) NRI1I2 0.42* (0.1)
ABCG2 32.8* (29.6) OLFM4 0.017**** (0.008)
ATP7A 1.8**** (0.3) SLC10A2 0.070** (0.005)
BBC3 2.9%* (0.8) SLC31Al 0.50%*** (0.1)
BCL2 0.54** (0.1) SLC31A2 1.5*%* (0.3)
BCL2L1 4.0%** (1.4) SLCO2B1 0.37** (0.1)
CDKNIA 5.1*%% (2.4)

Only significant relative expression changes >1.5 or <0.75 to Ls-P cells were included. Data is shown
as mean relative expression compared to the normalized mean expression of Ls-P.Statistically
significant differences are illustrated with asterisks. *p<0.05, **p<0.01, ***p<0.001, ****p<(0.0001
compared to Ls-P cells analyzed by unpaired t-test.

Appendix table 3. Relative expression of genes in Ls-R-I cells compared to Ls-P cells.

Gene Relative expression (+/- Gene Relative expression (+/-SD)
SD)
ABCBI 1.8** (0.4) GADD45A 2.1%%*% (0.3)
ALDHIA1 0.089**** (0.01) NROB2 4.3%**%* (1.1)
BCL2L1 2.3**%* (0.3) OLFM4 0.13*** (0.04)
CDKNIA 3.3***%* (0.5) SLC10A2 0.086**** (0.02)
CES2 L.6**** (0.1) SLCO2B1 2.5%%*%* (0.4)
CYP3A4 4.6*%* (2.1) TOP1 0.58*** (0.05)
CXCR4 16.3* (9.0) UGTI1A1 0.58** (0.08)
FGF19 3.3** (1.0) UGTI1A9 0.28%** (0.2)
EGFR 1.6%* (0.3)

Only significant relative expression changes >1.5 or <0.75 to Ls-P cells were included. Data is shown
as mean relative expression compared to the normalized mean expression of Ls-P.Statistically
significant differences are illustrated with asterisks.*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
compared to Ls-P cells analyzed by unpaired t-test.
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