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Abstract

Abstract

Pregnane Xeceptor (PXR)s a ligandactivated transcription factowhich belongs to the
nuclear receptor family. PXE mainly involved in regulaing genes that metabolize and
transport xenobioticOtherPXR-regulated genes include those maintagiipid and glucose
homeostasisln cancer cellsPXR activation appears to enhance cancer drug resistance and
promote tumor growth. Therefore, PXR antagonism has been suggested as a potential approach
in cancer therapyHowever, severall@llengegelated to utilizing PXR antagonism innzzer
therapyremain, including insufficient knowledg#outthe consequences of PXR antagonism

in drugresistanicancercells andthe limited number ofavailablePXR antagonistsThus, the

first aim of this work was twerify the putative role of PXR in cancer drug resistancetand
investigate whether PXR antagonism has the capacity to resensitizeslisignt cancer cells.

To this end, cisplatinand irinotecasresistant colorectal cancer cells were generated
Colorectal cacer cell line LS174T was chosen due to its high PXR expression. Cisplatin and
irinotecan were selected because these drugs have been demortstratestessPXR
activating potentiahnd acquired resistance can be developed against theseGispdstin 5
commonly used in the treatmeot various solid tumorswhereadrinotecanis usedin the
treatment of colorectal canc&everal cancer drugsistanceassociatedenes were differently
expressed itheseresistant cells compared to parertlls. To investigate the role of PXR in
regulation of these genesresistant cells were treated with P>dgonistrifampicin and
antagonistSPA7Q In cisplatinresistant cells, ane of the relevant genessociated with
cisplatinresistance were affectdy PXR modulationtherefore PXR appears not tplay a

role in cisplatin resistanc®n the contraryin irinotecanresistant cellspecific resistance
associated genes were affected by PXR activation and inhibition. However, theseesoells

not resensitizetb irinotecanwith co-treatment oPXR antagonisBPA7Q Irinotecanresistant

cells displayedincreased expression of ABCB1 and CYP3A4, which hHaeenshown to
participatein paclitaxelmetabolism and resistano&ccordingly, thesecells exhibited cross
resistance towards paclitaxeMoreover, irinotecaimesistant cellswere resensitized to
paclitaxel with cetreatment of PXR antagoniSPA7Q These results suggest that PXR
antagonism ig potential approach to attuate drugesistarein cancer cells, if the resistance

is for the most part dependent on RK#gulated genefue to thdimited number ofivailable

PXR antagonistghe second aim of this work was to identify novel PXR antagonists from the
TlUbingen Kinase Inhibitor Collection compound librawyhich contains $00 proprietary
compounds comprising for the most part kinase inhibitors, which is one of the most relevant

grougs of molecularly targeted cancer drugfiese compoundsere investigated in relation

v



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 functiomhdditing both
kinases and PXRhe combination of in silico and Hagical assaysesulted indentification

of four novel potential PXR antagonists and one poteritifll agonist, whichdisplayedhigh
structural similarityconsistingof a benzosuberone moiety, two additional aromatic rings and

an amideThese novel antagonists appeared to be passive, competitive antagonists with partial
agonism activityThey also demnstrated direct binding to PX&hd impaired the rifampicin
induced coactiator interactions with PXR. Moreover, these antagonists elicited gprwfic

effects on endogenous PXR target gene expression. Finally, these antagonists displayed
selectivity towards PXR among the NIRjroup of nuclear receptorsiterestingly the subtle
changes in the functional groups of these compounds attersiderablythe PXR activation

and inhibition potential.

To summarizePXR antagonisnsouldbeapotential approacto reduce cancer drug resistance

in cases where resistancemainly dependent on PX®Regulated gene®verall, these results
provide deeper understanding of didgpendent resistance mechanisms in colorectal cancer
with respect to genexpression changeend PXRdependent regulation of these genes. In
addition, to the best of our knowledge, this work shows for the first time successful
resensitization of drugesistant colorectal cancer cellsy use of aPXR antagonist.
Development of novel PXR antagonists is challengiagonly due tahe large and flexible
ligand binding pocket of PXR, but also becasabtlestructural changes affect the activation
and inhibition ability as was demonstrated by the identified PXRdiganthis workFinally,

our results provide further informatioegarding the structwactivity relationship and gene
specific effects of potential antagonists, which could aid indédmanding developmeiof

specific PXR antagonista the future



Zusammenfassung

Zusammenfassung

Der Pregnan »Rezeptor (PXR) ist ein ligandenaktiviert@ranskriptionsfaktor, der zur
Familie der Kernrezeptoren gehort. PXR ist hauptséachlich arRdgulationvon Genen
beteiligt, die Xenobiotika metabolisieren und transportiefdrer auch Gene, welchran der
Aufrechterhaltung demlipid- und Glucosehoméosta beteiligt sind, werden von PXR
reguliert In Krebszellen scheint die PXRktivierung die Resistenz gegen Krebsmedikamente
zu erhdhen und das Tumorwachstum zu férdern. Daher wurde eirARMBonismus als
maoglicher Ansatz in der Krebstherapie vorgesoltagEs bestehen jedoch noch einige
Herausforderungen im Zusammenhang mit der Verwendong®XR-Antagonistenin der
Krebstherapiedie insbesondere in unzureichendéenntnissa uUber die Folgen des PXR
Antagonismus in arzneimittelresistenten Zellen umdler begrenzten Anzahl verfugbarer
PXR-Antagonisterbegrindet sindDas erste Ziel dieser Arbeit war es daher, die mutmalliche
Rolle von PXR bei der Resistenz gegen Krebsmedikamente zu Gberprifen und zu untersuchen,
ob der PXRAntagonismus die Fahigkeit b, arzneimittelresistente Krebszellen erneut zu
sensibilisieren. Zu diesem Zweck wurden Cisplatimd Irinotecarresistente Darmkrebszellen
erzeugt. Die Darmkrebszelllinie LS174T wutderfur aufgrund ihrer hohen PXExpression
ausgewahlt. Cisplatin nd Irinotecan wurden ausgewahlt, da gezeigt wurde, dass diese
Medikamente ein PXRktivierendes Potenzial haben und eine erworbene Resistenz gegen
diese Medikamente entwickelt werden kann. Cisplatin wird ublicherweise zur Behandlung
verschiedener solidenimore verwendet, wahrend Irinotecan zur Behandlung von Darmkrebs
eingesetzwird. Mehrere mit Krebsmedikamentenresistenz assoziierte Gene wurden in diesen
resistenten Zellen im Vergleich zienElternzellen unterschiedlich exprimiert. Um die Rolle
von PXRbei der Regulation dieser Gene zu untersuchen, wurden resistente Zellen mit dem
PXR-Agonisten Rifampicin und dem Antagonisten SPA70 behandelt. In Cispésistenten
Zellen wurde keines der relevanten Gene, die mit CispReisistenz assoziiert sind, rdh
PXR-Modulation beeinflusst; Daher scheint PXR keine Rolle bei der Cisplatinresistenz zu
spielen. Im Gegensatz dazu wurden in Irinoteemistenten Zellen spezifische
resistenzassoziierte Gene durch PXRivierung und-Hemmung beeinflusst. Diese Zeile
wurden jedochbei gleichzeitiger Behandlung mit dem P-ARtagonisten SPA7®Micht gegen
Irinotecan resensibilisiert. Irinotecaiasistente Zellen zeigten eine erhéhte Expression von
ABCB1 und CYP3A4, von denen gezeigt wurde, dass sie am Pachfatabolismus und an

der Resistenz beteiligt sind. Dementsprechend zeigten diese Zellbaine Kreuzresistenz
gegen Paclitaxel. Dartber hinaus wurden Irinotaesistente Zellenbei gleichzeitiger

Behandlungnit SPA70 gegen Paclitaxel resensibilisiert. Diesgebnisse legen nahe, dass der

Vi



Zusammenfassung

PXR-Antagonismus ein potenzieller Ansatz zur Abschwachung der Arzneimittelresistenz in
Krebszellen ist, wenn die Resistenz grol3tenteils von -RXflierten Genen abhangt.
Aufgrund der begrenzten Anzahl verfigbarer PXRagonisten bestand das zweite Ziel dieser
Arbeit darin, neue PXRntagonisten aus deBubstankibliothek der Tulbinger Kinase
Inhibitor Collection zu identifizieren, die 8500 proprietéare Verbindungen enthéalthe
grofldtenteils Kinasénhibitoren sind. Kinaselnhibitoren stellen eine der bedeutsamsten
Substanzgruppemolekular zielgerichteter Krebsmedikamentedar. Diese Verbindungen
wurden hinsichtlich ihresPXR-Antagonismus untersucht, dae fir die Pravention von
Krebsmedikamentenresistenz von besoaaelnteresse sein kénnten, wenn savohl eine
Hemmung von Kinasewie auch vonPXR hervorrufen kdnnten. Die Kombination von In
Silico- und biochemischen Assays fuhrte zur Identifizierung von vier neuen potenziellen PXR
Antagonisten und einem potenzi@ll&/ollagonisten, die eine hohe strukturelle Ahnlichkeit
zeigten lhre gemeinsame Struktuaius einer Benzosuberdtinheit, zwei zusatzlichen
aromatischen Ringen und einem Amid. Die neuen Antagonisten schienen passive, kompetitive
Antagonisten mit partiellehgonismusaktivitat zu sein. Sie zeigten auch eine direkte Bindung
an PXR und beeintrachtigten die Rifamptamdluzierte Coaktivatemteraktion mit PXR.
DartUber hinausvirkten diese Antagonisten genspezifisch aufEig@ressiorendogenePXR-
Zielgene. Scliel3lich zeigtersieeine Selektivitat gegentber PXikherhalbder NR1tGruppe

von Kernrezeptoren. Interessanterweise veranderten die subtilen Anderungen in den
funktionellen Gruppen dieser Verbindungen das FA®vierungs und Inhibitionspotential
erhebich.

Zusammenfassendeigte sich, dassPXR-Antagonismus ein potenzieller Ansatz zur
Verringerung der Resistenz gegen Krebsmedikamishterenn die Resistenz hauptséchlich
von PXRregulierten Genen abhangt. Insgesamt liefern diese Ergebnisse ein tieferes
Verstandnis der arzneimittelabhéngigen Resistenzmechanismen bei DarallealrsBezug

auf Genexpressionsanderungen und die RRERangige Regulation dieser Gene. Daruber
hinaus zeigt diese Arbeit erstmals eine erfolgreiche Resensibilisierung von
arzneimitelresistenten Darmkrebszellelurch PXR-Antagonisten. Die Entwicklung neuer
PXR-Antagonisten ist nicht nur aufgrund der grof3en 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. Schlief3lich liefern unsere Ergebnisse weitere Informationen

beziglich der Strukturaktivitatsbeziehung und der genspezifischen Wirkungerziplée

VII



Zusammenfassung

Antagonisten, die in Zukunft dieveitere Entwicklung spezifischer PX{RAntagonisten

unterstitzen kdnnten.

VIII



1. Introduction

1.1.Structure and function of pregnane X receptor

The family of nuclear receptorsonsiss of 48 members, whiclact as transcription factors
reguldaing genes that are involved Beveral important processes, suclcel proliferation,
xenobiotic metabolismipid, glucoseand bileacid homeostasisgviewed inCave et al. 2016;
Garcia et al. 2018; Mazaira et al. 2018; Prakash et al. 2Q1®) of these ligandctivated
transcription factors, is pregnane X recepfXR, NR112), whichwas first isolated in mouse
liver (Kliewer et al., 1998and soorafteralso human PXR was identifig8ertilsson et al.,
1998; Blumberg et al., 1998; Lehmann et al., 19%&nilar to other nuclear receptors, PXR
consiss of the N-terminal domain,the DNA-binding domain (DBD),the hinge region
connecting DBD to the liganbinding domain (LBD andthe C-terminal domair(di Masi et
al., 2009)

PXR formsa heterodimerwith et i noi d X r e cangafte activatibndyligand R X RU)
this complex induces the target gene expression by birtdisort DNA sequences called
response elemenitsthe DNA of the target ger{&oodwin et al., 1999; Lehmann et al., 1998)
These response elements inclutlece types ofepeatsof the canonical nuclear receptor
hexamer hatkite motif direct repeatseparated by three, four or five nucleotides (DR3, DR4,
DRb5), everted repeats separated by six, seven, eight or nine nedd&iRb, ER7, ER8, ER9)
and inverted repeats separated by six nucleotides (Béjnberg et al., 1998; Frank et al.,
2005; Lehmann et al., 1998jranscriptional activity of PXR is also regulated by coactivators
and corepressothat bind to the motifs itheactivation function 24AF-2) regionat the end of
LBD (reviewed inPavek, 2016) These coregulatory proteins include coactivateueh as
steroid receptor coactivator 1 (SR®ICOAI) andcorepressors, such sieencing mediator of
retinoic acidand thyroid hormone recept@8MRT, NCOR3J. The bnding of coactivators
enhancsthe transcriptional activitgf PXR, whereas corepressors repriés§orrespondingly
PXR agonistdypically promotethe interaction of PXR with coactivatqisliewer et al., 1998;
Lehmann et al., 199&nd interferewith the interactiorof corepressoréSynold et al., 2001)

In contrast, antagonistanimpair the interaction of PXR with coactivatqfShen et al., 2010;

Huang et al., 200Qr promote the interaction wittorepressorf.in et al., 2017)

Alternative splicing othePXR gene results mariousisoforms (eviewed inBrewer and Chen,
2016. Frequentlystudied variantarePXR1, PXR2, PXR3 and PXR#hich isalso known as
small PXR (sPXR) (Fig. 1). PXR1 is thereferencevariant, translating inta 434 amino acid

containing protein(Bertilsson et al., 1998; Lehmann et al., 1998XR2 originates from a



different transcriptioninitiation site than PXR1 resulting inan N-terminal 39 amino acid
extensionBertilsson et al., 1998PXR3 is a splicing variant of PXR1 with a 111 bp deletion
in exon 5 leading to a 37 amino acid deletion in the LBbDtzlaw et al., 1999)PXR1 and
PXR2 elicit comparable gene activation properties, whereas PXR3 is deficient in-ligand
induced gene activatiqiGardnerStephen et al., 2004; Lin et al., 2008 XRis derived from

an alternative promoter in intron 3 and as a resuitainsonly exons 49 of PXR1(Breuker

et al., 2014)Similar to PXR3sPXR d@snot elicit any ligandnduced transcriptional activity,

it is, however, able to suppress the transcriptional activifyraftional PXR (Breuker et al.,
2014) Furthermore, Breker et al. (2014) detected that the expression of SPXR was decreased
in certainaggressive hepatocellular carcinoma subgroups compartbe nonproliferative
subgroups, whiclhreusually related to better prognosiherefore sPXRhas been suggested

to elicit tumor suppressing effeqBreuker et al., 2014)

A NR1I2 gene
12 1b 2 3 4 5 678 9
CH i
u U |
B mMRNA transcripts Protein isoforms
40 108 141
PXR1[1a [ 2 |3 |4 |5 |6 |7 | 8]0 DBD LBD &
79 147180
PXR2|1b [ 2 | 3 |4 |5 |6 |7 | 8|09 DBD . LBD 5
40 108 141 175
PXR3|1a | 2 | 3 | 4 51 6 | 7|89 DBD LBD 8
128
PXR4 (sPXR) I 4|6 |6 |7 |86 I LBD N

Figure 1. PXR gene, mRNA transcripts and protein isoforms.(A) PXR gene is locatedh
chromosome3 (3912 q13.3. Exons ardllustrated with rectangles anihtrons withhorizontal lines.
Numbers above exons depict the exmmmbers (B) Schematic representation of PXRRNA
transcripts and protein isoformé/hite rectanglesn the transcripts illustratéhe exons and numbers
inside rectangles degt the exon numberg&xon deletion is émonstrateavith a gap.Blue illustrates
approximately400 specific bases upstream of exon 4HXRA4. In protein isoforms white color
illustrates Nterminal, dark grey DNA binding donma{DBD), black the hingeegion andight 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 PXRhare 96% equencesimilarity in their DBDs, whereas LB

similarity is only 76% between these two spedieshmann et al., 1998 he differences in

2



the LBD explain thespeciesspecific effectsin the ligandinducedactivation of PXR. For

instance, rifampicin is @otent agonisfor human PXR, buit activatesmouse PXRonly

weakly (Lehmann et al., 1998)n contrast, pregnenoloie 6-tarbonitrile is a weakativator

of human PXR, whereasatts aa potentactivata for mouse PXR.

PXR hasalarge and flexible ligand binding podk&BP), therefore compounds with variable

structures andholecularsizesactas PXR ligands (Fid) (Jones et al., 2000; Lehmann et al.,

1998; Watkins et al., 2003Yhe number of PXR agonists v&st These agonistsclude

xenobiotics such as drugdrug metabolitespesticides, environmental pollutants and natural

products, but also endogenous molecgidash as bile aciderivatives. Tabld showsselected

PXR agonists with theiespectiveECso values.

o) o}
ofl

HNYNH
0

Phenobarbital SR12813

(232 Da) (505 Da)

Rifampicin (823 Da)

Figure 2. Examples of PXRagonists with their structures

Table 1. PXR agonists withdetermined ECs, values

Compound ECso (UM) | Reference

Artemisinn 5.4i 34 Burk etal., 2005; Persson et al., 2006

Betamethasone 20 Persson et al., 2006

Bis(2-ethylhexyl) phthalate 25 Mnif et al., 2007

Carbamazepine 15.6 Persson et al2006

Carboxymefloquine 24 Piedade et al., 2015

C2BA-4 0.02 Lemaire et al., 2007

5 BCholestarB U, 7 Urioll 2 U 5 Goodwin et al., 2003

Cholic acid 11.6 Krasowski et al., 2005

CITCO 3 Maglich et al., 2003

Clotrimazole 0.85 Bertilsson et al., 1998; Lehmann et al., 1998; Lemaire
al., 2004; Moore et al., 2080

Corticosterone 30 Blumberg et al., 1998

Coumestrol 25 Blumberg et al., 1998

Deoxycholic acid 50.2 Krasowski et al., 2005

Deoxycholicacid-3,12diacetate 9.1 Carazo etal., 2017

Dexamethasone 5510 Lehmann eal., 1998; Persson et al., 2006

7,12-Diketolithocholic acid 35.5 Krasowski et al., 2005

6 , kDamethylpregnenolone 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 16.1 Krasowski et al., 2005

Glycolithocholic acid 3sulfate 56.2 Krasowskiet al., 2005

17-Hydroxy-pregnenolone .10 Lehmann et al., 1998

Hyperforin 0.002 0.003 | Moore et al., 2008, Persson et al., 2006

ICI1 182780 3.1 Mnif et al., 2007

Indometham 17.6 Persson et al., 2006

7-Ketodeoxycholic acid 58.2 Krasowskiet al., 2005

3-Ketolithocholic acid 8,3 Krasowski et al., 2005

7-Ketolithocholic acid 21.5 Krasowski et al., 2005

12-Ketolithocholic acid 31.3 Krasowski et al., 2005

Lansopazole 3.0 Persson et al., 2006

Lithocholic acid 10.2 Krasowskiet al., 2005

Lithocholic acid acetate 1.2 Krasowski et al., 2005

Lithocholic acid acetate methyl ester | 1.1 Krasowski et al., 2005

Lithocholic acid 3sulfate 118 Krasowski et al., 2005

Lovastatin 1 Lehmann et al., 1998

Metolazone 0.7715 Banerjee and Chen, 2014

Mifepristone (RU486) 5.5/ 10 Lehmann et al., 1998floore et al., 2008

n-Butyl-p-aminobenzoate 8.0 Krasowski et al., 2005

Nifedipine 4.3 Bertilsson et al., 1998

23-Norcholic acid 96.0 Krasowski et al., 2005

23-Nordeoxycholic acid 16.4 Krasowski et al., 2005

4-OHT 3.0 Mnif et al., 2007

Omeprazole 8.6 Persson et al., 2006

Paclitaxel 5.0 Synold et al., 2001

Pantoprazole 6.8 Persson et al., 2006

PCB153 1.5 Al-Salman and Plant, 2012

Phenobarbital 169 370 Lemaire et al., 2004; Persson et al., 2006

Phenytoin 8.0 Persson et al., 2006

Pregnenolond. 6-¢arbonitrile 10 Moore et al., 2008

5 EPregnanéB,Z(}dione 3.1i 20 Iiggtn);ann et al., 1998; Lemaie¢ al., 2004; Moore et al.,

Primaquine 13.6 Persson et al., 2006

Rabeprazole 1.5 Persson et al., 2006

Rifampicin 0.1110 Al-Salman and Plant, 2012; Banerjee and Chen, 2014
Berthier et al., 2012; Blumberg et al., 1998; Lehmann
al., 1998; Lemaire et al., 2004; Muadt, 2006; Persson
et al., 2006

RU58668 0.21 Mnif et al., 2007

Schisandrin 1.25 Mu et al., 2006

SJB7 0.88 Lin et al., 2017

SR12813 0.120.14 Iégggire et al., 2007; Mnif et al., 2007; Moore et al.,

Taurochenodeoxycholic acid 104 Krasowski et al., 2005

Taurolithocholic acid 19.8 Krasowski et al., 2005

Taurolithocholic acid Sulfate 83.2 Krasowski et al., 2005

TCPOBOP 3.9 Moore et al., 2008

4-tert-octylphenol 2.7 Mnif et al., 2007

T0901317 7.9 Xue et al., 2007

Troglitazone 35 Persson et al., 2006

Walrycin A 30 Berthier et al., 2012

Warfarin 49.5 Persson et al., 2006

Verapamil 3.2 Persson et al., 2006

U-Zearalenone 1318 Mnif et al., 2007




PXR is most abundantly expressedhe liver andthe intestine, and to lesser extent in other
tissuessuch aghekidney, the heart andhe bone marrow(Blumberg et al., 1998; Lamba et
al., 2004; Lehmann et al., 1998; Miki et al., 200H)e prominent expression of PXR time
liver and the intestine isobvious because PXRs largely involvedin the regulation of
xenobiotic detoxificationPXR activation mduce expression ofmanymetabolizingenzymes
and transporters-(g. 3) (reviewed indi Masi et al., 2009)Thesdranscriptionatargetanclude
genes encodingeveral CYRP450 metabolizing enzymescluding CYP3A4, ATP-binding
cassette ABC) transporters and conjugating enzymes suchuadine 5-diphosphe
glucuronosyltransferas€g GTs) andsulfotransferasesSULTS). PXR has a vital role in drug
metabolismas, for instanc€YP3A4 participates in the metabolism afer 50% of marketed
drugs(Harmsen et al., 2009 additionto this vital role in xenobiotic metabolisnPXR is
one of the nuclear receptaisat maintairs glucose lipid and bile acid homeostagiBig. 3)
(reviewed inHakkolaet 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, glucosdipid and bile acid homeostasig-or
exampleactivated PXR induces expression of CYP2B6, which increases pmataldolismwhereas
expression 06LC2A2gene is suppressed by PXR activatiwhich decreases the expression of GEUT
2 transporter protein and results in decreased glucose uptageheadarrow, induction;blunt head
arrow, suppression.



The dfect of PXR activation in glucose homeostasisomplex Treatment with PXR agonists
has shown taeducethe expressiorof gluconeogenic genegucose6-phosphataséG6PQ
and phosphoenolpyruvate carboxykinas¥K1) in humanliver cancer cellandin mouse
hepatocyte¢Bhalla et al., 2004; Kodama et al., 200002). Different mechanissbehindthe
attenuatedjluconeogenesis have bemrggestedOn one hand ligandctivated PXRhas been
observedto compete withhepatocyte nuclear factor #4IF-4) in binding to peroxisome
proliferator activating recepter coactivatorl (PGG1) (Bhalla et al., 2004)As a resulthis
suppressdthe activation of EK1 by HNF4 in human liver cancer cel{8halla et al., 2004)
On the other han@soin human liver cancer cellgand-activated PXRepresedthe activity
of forkhead box protein OfFOX0OJ) (Kodama et al., 2004FOXO1 activatesG6PCand
PCK1, and thereby promotefluconeoggesis Ligandactivated PXR haalsodemonstrated
to bind to thecyclic AMP-respone elementbinding protein CREB) suppresisig the cCAMP-
dependeninduction of G6PGn mouse hepatocytdKodama et al., 2007Dpposite results
however,were observed irhuman liver cancecells overexpressing PXRyhererifampicin
treatmentresulted inupregulaion of G6PC(Gotohand Negishi, 2014)Y0n the contrarythis
effectwas notdetectedn parentalcells PXR activation increased expressionGSPC and
PCK1alsoin primary humanhepatocyte$Gotoh and Negishi, 2015Forrespondinglywhen
human volunteers/eretreated with PXR agonists, thesplayedmpaired glucose tolerance
(Rysa et al., 2013; Stage et al., 20B)stprandial hypgtycemia wasalsoobservedn PXR
agonisttreated ratghat displayed reduce@xpression ofglucose 2 transporteiGLUT-2,
SLC2A2) (Rysa et al., 2013)Similarly, GLUT-2 protein levels were reduced WBXR
activation in human liver cancecells (Ling et al., 2016) In addition to downregulated
GLUT-2, PXR activationmpairedglucose utilizationn human liver cancer cellsy reducing
protein levels ohexokinas€HK-4). Overall effects of PXR activation irelationto glucose

homeostasis are complex and spesiescific.

Compared to glucose homeostagffects of PXR activation in lipid homeostas&e more
similar between specieln general, PXR activation induces expression of several lipogenic
genes, therefore, causing lipid accumulation and eventually hepatic stéBitsiset al.,
2015; Li et al.,2015; Moreau et al., 2009; Nakamura et al., 200@)primary human
hepatocytesPXR activation inducefbr examplethyroid hormonanducible hepatic protein
(THRSB and sterol regulatory elemeittinding proteinl (SREBP1§ which subsequently
increaseaxpressiorof their lipogenic target genascludingfatty acid synthase (FAS), ATP
citrate synthase (ACL)Yand acetylCoA carboxylasel (ACACA) (Bitter et al., 2015; Moreau



et al., 2009)PXR activation irmousenduceddistinctlipogenic genessuch adipin-1 (Lpinl)
and stearoytCoA desaturasé (Scdl)(He et al., 2013; Nakamura et al., 2007; Zhou et al.,
200&). In addition to induction of lipogenic genes, PXR activasmppressedasnitine O
palmitoyltransferase 1 (CPT1A) arg a resulteducel b-oxidationin both primaryhuman
hepatocytes anth mice (Moreau et al., 2009; Nakamura et al., 200@) primary human
hepatocytes and in humanized PXR transgenic nhRE& activationincreased both mRNA
and protein levels ddLC13A5 that transports citrate from circulation into the hepato¢yies
et al., 2015)In addition PXR activationin mice increasd fatty acid transport by indurag
Cd36andits positive regulatoperoxisome proliferateactivatedreceptor gammaP(P A R 2
(Zhou et al., 2008). In contrastrifampicin treatment did not indudbese genes in primary
human hepatocyte@Moreau et b, 2009) Given the above, PXR activation induces lipid
accumulationdespitethatpartially distinctgenes araffected ina speciesspecific manner.

Some of the sameXR-regulatedkxenobiotic metabolizingnzymes and transporteage also
involved in bile acid homeostasisThese includebile acid hydroxylating or conjugating
enzymes such as CYR50s, SULTs and UGTsind SLCO family uptake transporters
(reviewed inLi and Chiang, 2013; Staudinger et &013) In addition,PXR activationhas

shown toreduce thebile acid synthesis from cholesterol via suppressing the-lnatiéing

enzyme CYP7Al(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 excretionMoreover in micePXRwasactivated by the toxic secondary bile atitdcholic

acid (Staudinger et al., 2001; Wistuba et al., 200Herefore, PR activationcan protect

againstharmful effects of théoxic bile acidsy enhancing the elimination of them

1.2.Cancer drug resistance

The cancer incidence and mortaldye currently increagng globally. This is due toaging
population,continued population growth and improved socioeconomic aspebish has
increased the prevalence of many cancer risk fafBres/ et al., 2018)Cancer is the second
leading cause of mortality in the United States and in EufBpeostat, 2016; Sieget al.,

2019) In 2018 there were estimated to be 18.1 million new cancer cases and 9.6 million cancer
deathsan the world(Bray et al., 2018)The mosfrequentlydiagnosed cancer is lung cancer,
which is also causing moef the cancerrelated deaths. Bycidence the next most common
cancers are breast cancer, prostate cancer and calaranter, whereas by mortality lung

cancers followed bycolorectal, stomach and liver cancer.



Chemotherapy isneof the leading treatment options in candéowever,treatment failure

caused by canceirug resistancés frequent(Holohan et al., 2013)The resistance can be
intrinsic, meaning that cells are initially resistant towatttssdrug or cancer cells acquire
resistance towarddrugduringthetreatmentCancer drug resistancan be caused by several
mechanisms (Fig}) (reviewed inHolohan et al., 2013; Marin et al., 2010; Pan et al., 2016)

ED 0

VII

[+ 4 [+ 4 pH

Figure 4. Mechanisms of cancer drugresistance.Cancer drugesistance&an be caused by reduced
uptake of drugl@), increased drug effluxif), reduced prodrug activationlq), increased drug
inactivation (Ib), alterations in molecular targeiscluding mutationsl{la ) andaltered expression
level of target (lIb ), enhanced repair of drigduced DNA damagel\{(), alterationsin balance of
apoptosis and survival pathwafg), altered cancer cell microenvironmeMl ), or by phenotype
transition YII).

First,reduced uptake of drug into the c€li) or enhanced drug efflux out of the cdlls) can
lead to reduced intracellular drug concentratitarin et al., 201Q) For instance, several
kinase inhibitorsare substrates or modulators of multidrug resistapoatein 1 (MDR1),
therefore, MDR1 can transport these drugs out of cancer cells or these drugs can enhance the
efflux of other MDR1 substratdrugsthat are administered simultaneoud)phse et al., 2010;

Harmsen et al., 2013)

In addition to the transpiers, metabolizing enzymes can altée intracellular concentration

of active drug(Pan et al., 2016)0On one hanthe metabolism gbrodrug to active metabolite
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can be reduceflla), on the other hanithe metabolism ddictive drug into inactivenetabolites
can be enhanceflb). For instance, CYP3A4 metabolizegveralkinase inhibitorsand

camptothecin derivatives, such as irinote@darin et al., 2010)

Cancer drug resistan@an result fronalterations in molecular targetdolohanet al., 2013)
The target ofa cancer drugcan be mutate@lla) or the expression level of the target can be
changedlllb). There are several examples where the drug target is mutated initially or during
the treatment especially with molealjatargeted drugs leadingt worst case téreatment
failure (reviewed inWard et al., 2020)matinib, which isatyrosine kinase inhibitoandused

for the treatment ofhronic myeloid leukemia, targethe fusionproteinof ABL1 andBCR
genes So far over 40 mutations have been identified for dgleisefusion thatare associated
with resistance towards imatinfeviewed inLinev et al., 2018)This has led to development
of furtherkinase inhibitordargeting thesenutated proteinsMarketingauthorizationgor the
treatment of imatinibresistant chronic myeloid leukermagae grantedor examplefor dasatinib
and nilotinih which are effective againseveral imatinikresistant mutation€EMA, 2019a,
2018; Ward et al., 2020)

Alterations in levels of drug targets have been observed to occur in both directions.
Methotrexateresistant sarcoma cells displayiadreased geneopy number of the molecular
target of methotrexate, dihydrofolate reductéa# et al., 1978) In contrast irinotecan
resistant norsmall cell lung cancer cells exhibited reduced activity and amount of
topoisomerase ITOPJ) (Kanzawa et al., 1990)

Several chemotherapeutics atieectly targeting the DNA and caa®NA damagegHolohan
et al., 2013)For thistype of drugs, ehanced DNA repair can lead ¢ancer drug resistance
(IV). For instance, ERCChas been shown teepair cisplatiinducedDNA damage and
downregulation othis genancreased the sensitivity of cancer cells towards cisp{atiara
etal., 2010)

Additionally, dterationsin balance ofapoptosis and survivgdathways(V) resulting from
increased expression of antiapoptotic proteins and reduced expregsioapaiptotic proteins
can enhance the survival of cancer cells during diggtment(Marin et al., 201Q) For
example estrogen treatment increased expression of antiapoptotZ iBddreast cancer cells
andsubsequentlyeduced cytotoxity of doxorubicin(Teixeira et al., 19955imilarly, Bcl-2
transfection increaseithe resstance.Treatment with estrogen free medium decreaseelBcl

levels, and as a res@hhancedensitivity towards doxorubicin



In addition to above mentioned mechanism that are related tcaljeragions altered cancer

cell microenvironment caalso enhancecancer drug resistand®1) (Marin et al., 2018)
Typicalmicroenvironmentathangas hypoxia Hypoxia has been shownitaduce expression

of ABCB1 and ABCCltransportersria induction of hypoxidnduciblef act or -1y , ( HI F
which regulates cellular responses to hypdgkwaet al., 2015; Min et al., 2012; Yang et al.,

2016) Furthermorehypoxia has been demonstrated tgqpseps the expression @foapoptotic

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

Finally, cancer drug resistance can be affected by phenotype trarfsitipr(Marin et al.,
2018) For instance, @theliatto-mesenchymal transition (EMT) is a ploéypic change of
cells, in which cells lostheircell-cell adhesion and gain properties of mesenchymal cells, such
as enhanced igration and invasion(Zhang et al., 2012)Iincreased expression of EMT
markers migration and invasin have been observed in drugsistantancercell lines(Wu et

al., 201%; Zhang et al., 2012EMT canalsobelinked tootherdrug resistanceechanismas
demonstrated by increased expression of ABC transporters after induction iSakiEna et

al., 2011) Moreover,EMT-inducing transcription factomsereobservedo 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 caisseresincluding colon cancefDong

et al., 2017; Pfrunder et al., 2003; Raynal et al., 2000ng et al. (2017) discovered an
association between PXR expression and poor overall survival in colorectal cancer patients.
Overall PXR activation appears to hai@sue and contexspecific effects in cancer cells (Fig.

5) (reviewed inPondugula et al., 2016)
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PXR activation
in cancer cells
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Figure 5. Effects of PXR activation in cancer.On one hand PXR activation has been shown to
promotecancer drugesistance and tumor progression. On the other hand, PXR activat@edizesen
demonstrated to promotgposite effectsAdapted from Pondugula et al. 2016.

Several chemotherapeutics are substrat®#iR1 drug transportetherefore, PXR activation
can enhance the efflux of these drugs out of cancer aetlsas a resuteduce the cytotoxicity
(Pan et al., 2016; Pondugula et al., 20F)r instance, rifampin treatment of colorectal
cancer cells decreased the intracellular amouMDR1 substrateloxorubicin(Harmsen et
al., 2QL0). PXR activation camalso enhance the metabolism of actideug to inactive
metabolite. Chen et al. (2018howed that PXR activatiomcreasedthe metabolism of
paclitaxe] which lead toenhanced resistancéikewise PXR activation by rifampicin
treatment or by overexpressiomcreased glucuronidation of SN38 to ¢tige metabolite
SN38G thereby decreasing thoytotoxicity of this active metabolite of irinotecafGupta et
al., 2008; Raynal et al., 2010)

In addition tothe induction oimetabolism and efflux ofancer drugsPXR activation elicits
additionaleffects thatanenhance tumor progression. For instance, in colon cancer cells PXR
activation by rifampicin or using constitutive active PXR upregaantiapoptotic genes
BAG3, BIRC2andMCL-1, whereagproapoptotic gaesBAK1 and TP53 were downregulated
(Zhou et al., 2008)Similarlyin colon cancer cel]$?XR activation by rifampicin enhanced cell

proliferation and migration via upregulation of FGRY®ang et al., 2011 Pretreatmentvith
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PXR agonisbf prostateandbreast cancer celieduced the cytotoxity of testedcancer drugs,
including paclitaxe] while PXR knock down increased trsensitivity of cells for this drug
(Chen et al., 2009, 2007n the same way, PXR overexpression enhanced dsigfance and
PXR ablation increased sensitivity of paclitaxel and cisplatin in endometrial cancer cells
(Masuyama et al., 200.Appposite effectshoweverhavealsobeen observed-or example, in
breast cancer celPXR activation induceéxpression oproapoptoticgenesBAX and BBC3
andreducedthe cell growth(Verma et al., 2009)PXR overexpressioalso suppressed the
cervical cancer cell growth angnografttumor growth in mice via causing G2/M cell cycle
arrest(Niu et al., 2014)Similarly, PXR overexpressioimduced GO/G1 cell cycle arresthich
inhibited the growth ohot onlycolon and livercancer cells but alsenograft tumorén mice
(Ouyang et al., 2010)

Oxidative stress caused loycreased formation afeactive oxygen species (ROKgs been
associated with several important parts of cancer formation suchamsogenesjs
angiogenesis, metastasis arahcer drug resistan¢eeviewed in Galadari et al., 2017R0OS
hasalso been liked to tumor suppressive effecis¢luding enhanced apoptosis, autophagy
and increased sensitivity towards cancer d(@gadari et al., 2017ROScan be formeas a
byproductin theCYP-mediatednetabolism processdviewed inHrycay andBandiera, 2015)
As described above, PXR is a w&hown regulator of CYRnzymes; therefor®XR-induced
xenobiotic metabolism auld lead to formation of RO%nd as a result promot&mor
progressionin addition,PXR activation can sensitize to oxidatsteess asvasdemonstrated
with humanized PXR transgenic mjcevhich were more sensitive to the treatment with
oxidative stress causing agent paraquat twdd-type WT) mice (Gong et al., 2006)
Similarly, WT mice treated with PXR agonist were maensitive to paraqudhan their
vehicletreated controlsTheparaquat sensitive mi¢ed reducedctivities ofROS detoxifying
enzymessuperoxide dismutasand catalasd_ikewise, PXR overexpressing colon and liver
cancer cells werasensitized to oxidative streg&ong et al., 2006)The sensitized cells
producedelevatedamountsof ROS. Moreover, hPXR/CYP3A4 transgenic mice showed
increased level of>adative stress markeafter cetreatment with rifampicin and ritonavir,
which was not observed in null mig®hehu et al., 2019)Conversely,Tanshinone IIA
suppressed the oxidative stress damage and inflammatory response in human umbilical vein
endothelial cells in a PX®ependent manndZhu et al., 201d). These controversiesuld be
explained bythe differences inexperimental methods to induce oxidative stress and cell

models.Even though PXR activatiomas beembservedo sensitize to oxidative stress, PXR
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activation has alsdemonstratedb reduce inflammation by inhibition of N B(Deuring et
al., 2019;Zhou et al., 2006).

Not onlyseveral ancer drugactassubstratesdr thePXR-inducedmetabolizing enzymes and
transportershut many cancer drugasoactivatePXR (Table2). Thesecompoundstherefore,

could enhancehedevelopment of @ncer drugesistanceria above described mechanisms

Table 2. Examples ofPXR-activating cancer drugs.

Cancer drug Reference

Cisplatin Masuyama et al., 2005
Cyclophosamide Harmsen et al., 2009

Docetaxel Harmseret al., 2010, 2009

Erlotinib Harmsen et al., 2013, 2009

Flutamide Harmseret al., 2010, 2009

Gefinitib Harmsen et al., 2013

Ifosfamide Harmsen et al., 2010, 2009
I[rinotecan/SN38 Bassevilleet al., 2011; Chen et al., 2010
Nilotinib Harmse et al., 2013

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

Tamoxifen Harmsen et al., 2010, 2009
Vandetanib Harmsen et al., 2013

1.4.PXR antagonismin cancer drug resistance

Due to the putative role of PXR in tumor progression arwhncer drug resistanc®XR
antagonism has been suggested as a potapjmbachto attenuatehese effectsThis was
recentlyshownwith cisplatinresistantliver cancercells that displayedincreasedcaspase3
activity suggesting enhanced apoptasiter cotreatment ofcisplatin with PXR antagonist
leflunomide(Yasuda et al., 2019 ompared to thgastnumber of PXR agonists, tla@nount
of PXR antagonists igew (Table3). Not only alimited numberof PXR antagonistare
available, but alsamany of these compounds are not specific or potent. Morgovenostof
these compounds the mechanism of antagonism isomgprehensivelynvestigated Chai et
al., 2020) Antagonismcanoccureitherby directcompetitivebinding with an agonisto the
LBP or by bindingto allosteric sits outside of LBP(Staudinger, 2019for instanceSPA70
is apotent and specific PXR antagonist, which has been shown to bind to th@inB#® al.,
2017) SPA70suppresseth primary human hepatocytes the expression of Ry agonist
inducedtarget genes. In addition, SPA70 increased the sensitwifyaclitaxel in PXR
overexpressing colon cancer celBelinostat is a histone deacetylase inhibitor, which has
alreadymarketing authorizatioffior the treatment gberipheral Fcell ymphomaFDA, 2014)

Not only lelinostat repressed the PXd&gjonistinduced gene expression in priméhuman
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hepatocytes, but alsbreduced the PXRgonistinduced resistance towards SN2®bott et

al., 2019) Even though there is no direct experimental data confirming that belinostat directly
interacts witithe PXR LBP, molecular docking data implies that belinostat could directly bind
to the LBP (Abbott et al., 2019)Other binding sitesoutside LBP, howevernvere also
suggested. These includedthie-2 r e gi on aThdrefok8themxact kechanism of

action of belinostat is unclear.

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

Compound ICs0 (UM) Reference
A-792611 (HI\tprotease inhibitor) 2 HealanGreenberg et al., 2008
Allyl isothiocyanate - Lim et al., 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
Isosilybin 74 Mooiman et al., 2013
Itraconazole 8.9 Ekins et al., 2008
Metformin - Krausova et al., 2011
(+)-2R,4SKetoconazole 5.6 Ekins et al., 2008
(-)-2S,4RKetoconazole 5.6 Ekins et al., 2008
Ketoconazole 9.7113.4 Wang et al., 2007
Leflunomide 6.8 Ekins et al., 2008
Pazopanib 4.1 Burk et al., 2018
Pimecrolimus 1.2 Burk et al., 2018
Resveratrol - Deng et al., 2014
Sesamin - Lim et al., 2012
Silybin 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 challengéhéentreatment of cancerhis resistance is
associated with several mechanisms, such as increased metabolism and efflux of cancer drugs
and altered balance of apoptotic auavival proteinsPXR is involved in multitude of cellular
processes related toancerdrug resistanceNot only PXR is weHlknown regulator of
metabolizing enzymes and transpatéut also PXR activation has been showangregulate
antiapoptotic and rpliferation-related genes Moreover, sveral cancer drugs have been
demonstratetb activate PXRTherefore PXR antagonisnhas been proposed to be a potential

approachto overcomecancer drugesistanceChallenges however,remainto disclose the
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validity of this approach. These include timeited number of PXR antagonists andufficient
knowledge about theonsequencesf PXR antagonism in reliain to resensitiation ofdrug

resistantancercells.

To address thjghe aims othis work were the following

I. Generation and characterization of dnegistant cancer cells.

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

lll. To disclose if PXR antagonism can resensitize canceridsigtant cells.
IV. Identification and characterization of novel PXR antagonists.

To this endcisplatin and irinotecasresistant LS174T cells were generated and characterized
in respect to their growth properties and gene expresBigthermorethe role of PXR in
regulaton ofresistanceassociatedenes wasvestigated byctivating anéntagonizing PXR.
Finally, PXR antagonism wasilized at aiming to resensitizirugresistantcancercells. To

meet the need for more PXR antagonists, compounds from TubiKgese Inhibitor
Collection (TUKIC) compoundibrary were investigated in respect to their potential for PXR

antagonismThen, thepotentialPXR antagonista/ere characterized in more detail

2. Material

Table 4. Chemicals and reagents.

Chemicals and reagents

Company

1 U ,-dhgdroxy vitamin D

Adenosine 5triphosphate (ATP)

Bicinchoninic acid
Bromophenol blue
b-mercaptoethanol
Calcium chloride
Cisplatin

CITCO

Coelenterazine
Coenzyme A

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

EDTA
Ethidiumbromide
Fetalbovineserum (BS)
Ficoll

SigmaAldrich, Taufkirchen Germany

Alfa Aesar, Kandel Germany
SigmaAldrich, Taufkirchen, Germany
Fluka, Buchs, Switzerland

SigmaAldrich, Taufkirchen Germany
SigmaAldrich, Taufkirchen, Germany
Selleckchem, Houston, TX, USA

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

Cayman Chemical, Ann Arbor, MI, USA
SigmaAldrich, Taufkirchen, Germany
AmershanBiosciences, Little Chalfont, UK
SigmaAldrich, Taufkirchen Germany

Roth, Karlsruhe, Germany

Thermo Fischer Scientific, Waltham, MA, USA
SigmaAldrich, 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
jetPEl

jetPRIME

KCI

KH2POy

L-glutamine

Lipofectamine RNAIMAX
Luciferin

MEM

MgCl;

MOPS

NaHPQ x 2 H,O

100x NonEssential Amino Acids
Norit A (active coal)

NP-40

Opti-MEM

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

RPMI 1640

Skim milk powder

Sodium acetate

Sodium chloride

Sodium deoxycholate

Sodium orthovanadate
Sodium pyruvate

SPA70

SR12813

SuperSignalWest DuraExtended Duration

Substrate

2x TagMan“ PreAmp Master Mix
TRIS base

TRIS CI

TrypsinEDTA
TWEEN 20

SigmaAldrich, Taufkirchen Germany
SigmaAldrich, Taufkirchen, Germany
SigmaAldrich, Taufkirchen, Germany

Merck, Darmstadt, Germany

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

Selleckchem, Houston, TX, USA

Polyplus, llikirch, France

Polyplus, llikirch, 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
SigmaAldrich, Taukirchen, 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
SigmaAldrich, Taukirchen, Germany

Biozym, Niedersachsen, Germany
Eurogentec, Lige, Belgium

TocrisBioscience, Bristol, UK

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

Roth, Karlsruhe, Germany

Merck, Darmstadt, Germany

SigmaAldrich, Taukirchen, Germany
SigmaAldrich, Taukirchen, Germany

Biozym, Niedersachsen, Germany

Axon Medchem, Groningen, Netherlands
TocrisBioscience, Bristol, UK

Thermo Fischer Scientific, Waltham, MA, USA

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

Thermo FischeBcientific, Waltham, MA, USA
SigmaAldrich, Taukirchen, Germany
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Table 5. Culture mediums for cell lines.

Cell line Final concentration Components
HepG2 MEM

10% FBS

2mM L-glutamine

100 U/ml Penicillin

100 pg/mi Streptomycin
LS174T /Huh7 DMEM

10% FBS

2mM L-glutamine

100 U/ml Penicillin

100 pg/mi Streptomycin

1% 100x NonEssential Amino Acids

1 mM Sodiumpyruvate
LoVo RPMI 1640

10% FBS

100 U/ml Penicillin

100 pg/mi Streptomycin

1% b-mercaptoethanol

10 uM HEPES pH 7.2

1mM Na-pyruvate

2mM Glutamine

0.6% 100x NonEssential 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 & al., 2002
pcDhuCAR3 Burk et al., 2002
pcDhuPXR Geick et al., 2001
pcDhuPXR(Q285A) See section 3.2.
pcDhuPXR(Y306A) Seesection 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.
pcDhusPXR Jeske et al., 2017

pcDhuPXR(S208W/S247W/C284W)
pc DhuRXRU(or f)

pcDhuVDR
pGL3(DR3)Tk

pGL4-CYP3A4(7 8 3 0 p362)0 8

pGL4-G5
pMetLuc2Control
pM-SRC1(583783)
pM-SMRT(11091330)

Burk et al., 2018

Mathéaset al., 2012
Burk et al., 2005
Hustert et al., 2001

Burk et al.,2018

Arnold et al., 2004

TakaraClontech, Mountain View, CA, USA
Arnold et al., 2004

Burk et al., 2005
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pVP16PXR(108434) Burk et al., 2005
pGL4.79hRLuc/CMV] PromegaMadison, WI, USA

Table 7. Antibodies.

Antibodies Final concentration in WB Company
Mouse monoclonal anfPXR, 2 ugiml in 1% MM-TBS-T Perseus Proteomirc.,
H4417 Tokyo, Japan

Mouse monoclonal aniiBP, 2 ug/mlin 1% MMTBS-T Abcam,Cambridge, UK

mAbcam 51841

Rabbit polyclonal antimouse / 0.13 pyg/ml in 5% MMTBS-T Dako, Glostrup, Denmark

HRP-conjugate, Dako P0260

Table 8. Kits.

Kit

Company

CellTiter-Glo Luminescent Cell Viability assay Promega, Madison, WI, USA

FLEX Si xl§ Gene EXxpr e Fluidigm, South San Franscisco, CA, USA
FLEX SixE Gene Expre

Control Line Fluid for96.96 IFCs
2x Assay Loading Reagent
20x GE Sample Loading Reagent

48.48 Gene Expression Kit
48.48 Gene Expression IFC
Control Line Fluid for 48.48 IFCs
2x Assay Loading Reagent

20x GE Sampléoading Reagent

Fluidigm, South San Franscisco, CA, USA

NucleoSpin RNA Kit

MachereyNagel, Diren, Germany

PureYield Plasmid Midiprep System

Promega, Madison, WI, USA

Q5 SiteDirected 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/pl

10x TagMan RT Buffer

Thermo Fischer Scientific, Waltham, MA,

USA
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Table 9. Primers and probes for gPCR.

Assay Location (concentration)  Sequence (5" to 3")
18S Forward (400 nM) ACC GCA GCT AGG AAT ATT GGA
Reverse (400 nM) GCCTCAGTT CCG AAAACCA
Probe (200 nM) FAM-ACC GCG GTT CTATTFMGB
CYP2B6 Forward (400 nM) GCTGAACTTGTTCTACCAGACTTTTTC
Reverse (400 nM) GAA AGT ATT TCA AGA AGC CAG AGA AGA
Probe (400 nM) FAM.TGT ATT CGG CCA GCT GIMGB/NFG
PXR1 Forward (400 nM) TCCTTT GCA CCG GAT TGT TC
Reverse (400 nM) TCCAGC TTT CTT TGG GTACA
Probe (200 nM) FAM-CAC CAA GCA GTC CAA GAMGB
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)
Probe (250 nM)

CCCTGTCCGTTCACTTTITCTTC
FAM-CCC TGC AGT GAT CAMGB
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Table 10. Commercial predesignedgene expression assay$hermo Fischer Scientific).

Gene Assay ID Exon/exon  Ref Seq Context sequence Location Amplicon size
ABCA2 Hs00242232_m1  10/11 NM_001606 GTCATCCTCAAGGCCAACGAGACTT 1574 58
ABCB1 Hs00184500_m1  6/7 NM_000927 AGACATGACCAGGTATGCCTATTAT 832 67
ABCB11 Hs00994811_ml1  16/17 NM_003742 CATAAAGGATGCAACTGAAGATGAC 2142 77
ABCC1 Hs01561483_m1  11/12 NM_004996 CAAGACGTATCAGGTGGCCCACATG 1648 65
ABCC2 Hs00166123 ml1  25/26 NM_000392 CTCCAACAGGTGGCTTGCAATTCGC 3757 75
ABCC3 Hs00978452_ml1  11/12 NM_003786 GCCTTCCAGGTAAAGCAAATGAAAT 1515 64
ABCC4 Hs00988717_ml1  6/7 NM_005845 CATCACTGAGGAGTAAAACTGCAAC 920 63
ABCC5 Hs00981089_mi1  4/5 NM_005688 ACTGCAGAAGACTAGAGAGACTGTG 632 68
ABCG2 Hs01053790_m1  3/4 NM_004827 GGAGGCAAATCTTCGTTATTAGATG 755 83
ALDH1A1 Hs00946916_m1  8/9 NM_000689 GCCGACTTGGACAATGCTGTTGAAT 1173 61
AKR1B10 Hs01546975_gH 9/10 NM_020299 AACGTGTTGCAATCCTCTCATTTGG 1230 75
ATP7A Hs00163707_m1  12/13 NM_000052 GTCCCTCATCACAGGGGAGGCAATG 2826 88
ATP7B Hs00163739_ml1  4/5 NM_000053 CATTGAGCTGACAATCACAGGGATG 1864 83
BAG3 Hs00188713_ml1  1/2 NM_004281 AGGGCCCCAAGGAGACTCCATCCTC 488 83
BAK1 Hs00832876_g1 6 NM_001188 CTAAGCATGTGTCCCAGGAGCAGGA 1465 176
BAX Hs00180269_ml1  3/4 NM_001291429 CTGGTGCTCAAGGCCCTGTGCACCA 387 62
BBC3 Hs00248075_m1  3/4 NM_014417 GAGCGGCGGAGACAAGAGGAGCAGC 750 101
BCL2 Hs04986394_s1 2 NM_0006332 GGAGGAGCTCTTCAGGGACGGGGTG 907 73
BCL2L1 Hs00236329 ml1  2/3 NM_001317920 GAACGGCGGCTGGGATACTTTTGTG 812 65
BIRC2 Hs01112284 ml1  5/6 NM_001256166 GCTGACCCACCAATTATTCATTTTG 1172 84
CDKN1A Hs00355782_m1  2/3 NM_001220778 GCAGACCAGCATGACAGATTTCTA 676 66
CES1 Hs00275607_m1  8/9 NM_001025195 GAGACCCCAGAGAGAGTCAACCCCT 1052 95
CES2 Hs01077945 m1  2/3 NM_003869 CCCATCCGGCCATGTGTCTACAGGG NA 90
CYP1Al Hs00153120 m1  1/2 NM_000499 AGCTCAGTACCTCAGCCACCTCCAA 168 91
CYP1A2 Hs00167927_ml1  2/3 NM_000761 GGACTTTGACAAGAACAGTGTCCGG 895 67
CYP3A4 Hs00604506_m1  2/3 NM_017460 ATTTTGTCCTACCATAAGGGCTTTT 267 119
CXCR4 Hs00976734_ ml1  1/2 NM_003467 AGGGGATCAGTATATACACTTCAGA 112 79
EGFR Hs01076090_m1  5/6 NM_005228 ACTGCCAGAAACTGACCAAAATCAT 875 57
ERCC1 Hs01012158 m1  4/5 NM_001983 CCTGTTCCTCAGCCTCCGCTACCAC 572 55
FGF19 Hs00192780 ml1  2/3 NM_005117 TGCAGGGGCTGCTTCAGTACTCGGA 801 54
GADD45A  Hs00169255_ml1  2/3 NM_001199741 CGTGCTGGTGACGAATCCACATTCA 600 123
GADD45B  Hs00169587 _ml  2/3 NM_015675 AGTTGATGAATGTGGACCCAGACAG 380 74
GSTA1 Hs07292901 gH 6/6 NM_001319059 AATTAAATAATACAACTCCTATTCG 888 141
GSTP1 Hs00943350 g1 3/4 NM_000852 No info provided 391 67
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MCL1 Hs01050896_m1 2/3 NM_021960 TAAACAAAGAGGCTGGGATGGGTTT 1141 89
MSH2 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
NR1I2 Hs01114267_ml 8/9 NM_003889 GCCCCAGCCTGCTCATAGGTTCTTG 2994 103
OLFM4 Hs00197437_ml1  4/5 NM_006418 TCCCACTCCAGGGAGCTGTGGTCAT 828 85
PRAMEF10 Hs04185201_ml 1/2 NM_001291381 AGTCCAGATCTGAGTTTTTCCTCGG 49 66
PRAMEF17 Hs01685002_g1 2/3 NM_001099851 ACCTGCTCAGGTGCCTCAAGAACCC 895 163
SLC10A1 Hs00161820_ml 1/2 NM_003049 GGACATGAACCTCAGCATTGTGATG 488 68
SLC10A2 Hs01001557_ml 5/6 NM_000452 TCTTAGGATTTTATGTGGCATACAA 1520 81
SLC22A1 Hs00427552_ml 6/7 NM_003057 GTACCTGTGGTTCACGGACTCTGTG 1170 79
SLC31A1 Hs00741015_m1l 1/2 NM_001859 ACTTGACCTGGAAAGAATCTTCTGC 149 151
SLC31A2 Hs00156984_ml 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
UGT1Al Hs02511055_s1 1 NM_000463 TTCAGAGAGAGGTGACTGTCCAGGA 740 134
UGT1A9 Hs02516855_sH 1 NM_021027 CGTGGTCTTCGCCAGGGGAATACTT 544 113

21



Table 11. Buffers and solutions

Buffer / solution

Final Concentration

Blotting buffer

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

HEPESKOH pH 7.9 10 mM
KCI 10mM
MgCl, 1.5mM
DTT 1 mM
HALT protease inhibitococktail 1x
PMSF 0.5 mM
Buffer A + NP-40

HEPESKOH pH 7.9 10 mM
KCI 10 mM
MgCl, 1.5mM
DTT 1 mM
HALT protease inhibitococktail 1x
PMSF 0.5 mM
NP-40 0.4%
Buffer B

HEPESKOH pH 7.9 20 mM
NaCl 420 mM
MgCl, 1.5mM
DTT 1 mM
EDTA pH 8.0 0.2 mM
HALT protease inhibitococktail 1x
PMSF 0.5 mM
Coomassiestaining solution

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

Ethanol 9%
Aceticacid 6%

2x HBS

NaCl 280 mM
NaHPOs x 2 H.O 1.5mM
HEPES 50 mM
1x MOPS buffer

MOPS 20 mM
Sodiumacetate 5mM
EDTA 1mM
1x PBS

NaCl 137 mM
KCI 2.7mM
NaHPQ x 2 H,O 4.3 mM
KH2POy 1.4 mM
Protein lysis buffer

HEPESKOH pH 7.9 50 mM
NaCl 150 mM
EDTA 1 mM
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Sodium fluoride 20 mM
Sodiumorthovanadate 2mM
drglycerolphosphate 10 mM
Triton-X-100 1%
Glycerol 10%
Sodiumbutyrate 10 mM
Sodium dodecyl sulfate 0.1%
Sodiumdeoxycholate 0.5%
Halt Protease Inhibitarocktail 1x
PMSF 1 mM
5x Protein sample buffer (5x Lammli)

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

Ficoll 10%
Bromophenolblue 0.1%
RNA sample buffer

Formamide 50%
Formaldehyde 22M
1x MOPS pH 7.0

ReactiorInjection-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

Coelenterazine 1uM
Tris-Cl pH 7.5 25 mM
NaCl 100 mM
CaCb 1 mM
1x Running buffer for protein electrophoresis

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

Bicinchonnic acid 98%
4% Copper(ll) sulfate 2%

1x TAE

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

NaCl 137 Mm
KCI 2.68 Mm
TRIS Base 0.03%
TRIS-CI 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, MAUSA
Fluidigm BioMark HD System Fluidigm, South San Francisco, CA, USA
Heidolph Titramax 101 Heidolph Instruments, Schwabach, Germany
NanodropUV-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% &®™ediums were changed every timthreedays,
unless otherwise stated. Cells werassaged wheh h ey r e08cchnélukncyO For
passaging, cells were washed witk phosphate buffered salinPBS and 0.25% rypsin
EDTA was added beformcubation for 58 min at 37°C and 5% COTrypsinization was
stopped with medium and cell suspension was centrifuged at 235 g for .5Aften
centrifugation, supernatant waspirated,and cell pellet was resuspended with medium.
Depending on cell linesplit ratio was adjustedccordingly,and cells were seeded on a new

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

Human hepatocellular carcinomaepG2 cells (HB-8065, lot number 58341723, ATCC,
Manassas, VA, USpand stah} transfected HepG2 cells with PXR overexpression ¢eli?)
were cultivated irMinimal Essential MediaM[EM)-basedculture medium Table5). Duke’s
typeB colorectal adenocarcinomz5174T cells(ATCC, Manassas, VA, USAand human
hepatocellular carcinomiduh? cells (Gift from U. Brinkmann, Epidaurgavere cultivated in
Dulbecco’s Modified Eagles MediurDMEM)-basedcculture medium (@ble5). Duke's type
C colorectal adenocarcinomaVo (Gift from N. JanssenlKP) cells were cultivated in
Roswell Park Memorial Institut€RPMI 1640-basedculture medium Table5). FBS was
replaced by dextranharcoalstripped FBS in drug treatments.

Parental HepG2 cells were propagated at passd@sad used in the experiments between
passage80and118 HP cells were used up to passageafiér validation of cloned S174T
cells wereobtained at passage 104, which was theseteas land used in th experiments
between passag8&nd30. In addition, as a control to minige the effects of culture duration
LS174T cells were cultured as longrasistantells up to passage 84uh7 cellsvereobtained
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and assigned aspsagd and used in the experimeattpassagd6. LoVo cells wer@btained

and assigned as passagentl usedn the experiment at passage 7.

For absolute copy number determination of PXR variants in different cell 08§, 75x16
HepG2, Huh7, LoVo and LS174£Ells pe well in a volume of 2 ml in-6vell plate were seeded

and cultured in culture medium for 2 to 4 days before cell harvesting and RNA isolation as
described above in section73 Absolute copy number quantification was cocida as

described in sdion 3.9

Forinvestigatiorof effects ofrifampicin, cisplatin irinotecan and SN38n gene expression of
establishedXR target genedx1® LS174T cells wereeeded in a volume of 2 ml in avéell
plate. Then on next day cells were teghwith 02% DMSO, 10 uM rifampicin, 10 uM
cisplatin 1.5uM irinotecan or 251M SN38for 72 h before cell harvesting and RNA isolation
as described in section7/3Medium was changed every B4Relative quantification analyses

were condated as described section 3.9

For investigation of PXR dependency on expression of rifamjmcinced established PXR
target genes, 1x£@.S174T cells were sgled in a volume of 2 ml in aell plate. Then on
next day cells were treated with 0.IMSO, 10 puMrifampicin, 10puM SPA70, or 1QuM
rifampicin and 1QuM SPA70 for 72h before cell harvesting and RNA isolation as described
in section3.7. Medium was changed every B4 Relative quantification analyses were

condwted as described in section.3.9

For investigation ofjene expression icisplatinresistant LS174T cellds-R-C), irinotecan
resistant LS174T cellsL§-R-1) and equally long cultured parentaS174T cells (s-P),
0.4x1@ cells were seeded in a volume of 1 ml in awiel plate in two wells per celine.
Ls-R-C cells were cultured in 30M cisplatincontaining culture medium, ER-I cells in
40 uM irinotecan containing culture medium and4Bscells in drugfree culture medium until
nearly confluency. Theanewell was harvested as described in secti@rae8d the other well
was passaged into two new weRelative quantification analyses were coctéd as described

in section 3.

For investigation of effect of PXR activation and inhibition on expressioranter drug
resistanceassociated genes in4B LsR-C and LsR-I cells, 0.6x10 cells were seeded in a
volume of 1 ml in a 12vell plate. Then on next day cells were treated with ICR2¥&0,
10 uM rifampicin, 10uM SPA70, or 1QuM rifampicin and 1QuM SPA for 48h before cell
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harvesting and RNA isolation as described in sec3i@dhMedium was changed every B4

Relative quantification analyses were conducted as described in se#tion 3.

For investigation of the effect of selected TiKdé@mpoundon gene expression,3x1E or
0.6x1@ (for compourd 109)LS174T cells were seeded in a volume of 1 ml in-av&R plate.
Then on next day, cells wetreated with 0.00.2% DMSO, 1QuM RIF, 10uM of compounds
12/73/100 for 7h and compound 10fbr 48h or cotreated with 1M RIF and 10uM
compounds 12/73/100 for T2before cell harvest and RNA isolation as described in section

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

3.2.Preparation of plasmids

Site-directed mutagenesis of the fldngth PXR expression plasmid with suitable
oligonucleotideslesigned with NEBaseChangesing Q5 SiteDirected Mutagenesis kit (New
England Biolabs, Ipswich, MAUSA) was utilized to generate PXR mutants QR28Y306A,
S247A, HA07A, W299A anti327A. The mutations were confirmed by sequencPigsmids
were purified using PureYieldlasmid Midiprep SystenPfomega, Madison, WI, USA

3.3. Generation ofdrug-resistantcancercells

Cisplatinresistan{Ls-R-C) andirinotecanresistant (LsR-1) LS174T celk weregenerated by
continuous exposure dfS174T cells to cisplatin (Table13) or irinotecan(Tablel14) by
gradually increasintheconcentration in a stepwise mandaring approximateljive to seven
months The cels were passaged i® times at each concentration. At every concentration
increasecells were frozen as back upells were trypsinized as describedattion 3.],.after
centrifugationand aspiration ofupernatantcell pellet was resuspended in freezing medium
(Tableb). Cells were aliguoted in 1 ml steridalgenecryovials Thermo Fischer Scientific,
Waltham, MA, USA and placed in80°C for at least 48 before longterm storage in liquid
nitrogen.When necessary, cells were thawed quickly in 37°C water bath, trausieculture
medium centrifuged (at 235 g, ®in) and resuspended ¢alture mediunbefore seeding on a
dish.Cells were cultured fori8 passages before used in the experiments for up to one month

after thawing.

Before subsequent experimerdslis were cultured in a drefgee culturemedium forat least
five days.Ls-P cellswerecultured parallel in drudree culturemediumthe same duration as
resistant cells were generatédter generation of resistanckes-R-C cells and LsR-I were

cultivatedin maintenance concentration of @M cisplatinand 40uM irinotecan respectively,
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until characterizatiomcluding confirmation of resistancafter selectionlongterm stability,

freezethaw stabilityandgrowth analysiswascompleted

Table 13. Cisplatin concentrations used for generating resistant cell

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

15 uM 3 116

20 uM 3 27

30 pM 3 + maintaining 21 + maintaining

Table 14. Irinotecan concentrations used for generating resistant cedl
Concentration of irinotecan Drug exposure (passages) Drug exposure (days)

1uM 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

34. Cell viability determination

For cell viability determinatiois-P, Ls-R-C and LsR-I cells were seeded at déy<f 8,000
cells per welin 100 plin a Greiner (#655098) white, cleflat bottomCellStar96-well plate
(Greiner BieOne GmbH, Frickenhausen, Germar@h following day cells were treated with
increasingcisplatin( 0 . ,800 @M),irinotecan( 0 .,.30a OM) or 3@COCM)i t ax el
concentrations Treatment medium was changed everyh24fter 72h of exposure cell
viabilities were determineby quantifying ATP content witellTiter-Glo Luminescent Cell
Viability Assayaccording tathema nuf act ur e r(Rr@nega,MadisonuWItUSA)n s
Briefly, plate was equiliated at room temperature for 8n. Then 10Qul of CellTiter-Glo
Reagent was added to eawsfell. Mixture wasincubatedon an orbital shaker(450 rpm,
Heidolph Titramax 101)for 2min while protected from light Before luminescence
measuremda, cell lysates were incubatatiroom temperature for I8in while protected from
light. Luminescence was measungsing EnSpiremultimodeplate readewith a 0.1second
measurement timéerkinElmer, Waltham, MAUSA). After subtracting background, cell
viability was calculatedn pecent by dividing the value ofreated cellsby the value of
DMSO-treated control cellsExperiment vas conducted three times independentlyith

technicaltriplicates.Log concentrations were plotted to cell viability percentages and mean
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ICs0 was determined using nondiar regressiorwith GraphPad Prismversion 8.3.0 for
Windows (GraphPad Software, San Diego, California, USA)

For determination ofong-term stability of resistanceLs-R cellswere cultured in drudree
medium foronemonth. Then cells were seeded iBreiner (#655098) whitelear flatbottom
CellStar 96well plate (Greiner BieOne GmbH) treatedwith increasing concentrations of
cisplatin or irinotecamand cell viabilitywasdetermined as described abols-P cells that had
been maintained for the sartime from beginning were used as contresminimize effects

caused by culture duration

For determination ofesistance stabilitpf Ls-R cells after freezing and thawing,-Bsand
Ls-P cells werdrozen as described abowfter keeping cells in liquid nitrogen f@i2 h, cells
were thawedand culturedor 3i 4 passages. LB and LsR-I cells were cultured in drufyee
culture medium, whereas ER-C cellswere culturedn culture medium containing 3QM
cisplatindue to thepossible reduction of resistandecultured in drugfree medium for longer
time. Ls-R-C cells were cultured in drufgee culturemedium 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 100l in aGreiner(#655098) white, cledtat bottomCellStar 96well
plate (Greiner BieOne GmbH) On following day, cells were treated with 3, 10 on0 of

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

3.5. Growth analysis

For growth analysi€).4x1® Ls-P, LsR-C and LsR-I cells per well werseeded in a volume

of 2 ml in 6well plate Sarstedt, Nimbrecht, Germangells were manually counted every

24 h for 4 days. Drugdreeculturemedium was changed every second daubling time was
calculatedat the exponential growth phasath following formula: Doubling time = h x
In(2)/In(c2/cl), where cl is the amount of cells in the beginning and c2 amount of cells in the
end of the exponential growth pha@ensen et al. 2015Experiment was conducted three

times.

3.6. Resensitization ofdrug-resistant cells

Ls-R-I cells were cultured iadishwith 6 cm diameteand treated with 0.1%9MSO or 10uM
SPA70 for 4&h. Medium was changed every day. Ati8ells were trypsinized and cells
were seeded at density of,@00 cells per well in 100l in a Greiner (#655098) white, clear
flat bottomCellStar 96well plate(Greiner BiegOne GmbH)supplementeavith 0.1%DMSO
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or 10uM SPA70. After 24, cells werereated with increasingoncentrations oirinotecan
(0. 3 ,000M)lo r p a c | 3j000aM) with or (vithout 10uM SPA70.After 72h, cell
viabilities were determined using CellTH&lo Luminescent Cell Viability AssafPromega)
as describeth section 3.4Experiment 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 WilacheryNagel, Duren Germany).
Briefly, cells were lysedby adding 350ul of buffer RA1l supplemented with 3.8
b-mercaptoethanadnd scrapd Cell lysates were stored €80°C until RNA isolation. The
viscosity of thawed cell lysates wasduced by filtering. Before bindinthe RNA to the
column, the binding conditions were adjusted with ethanol. After RNA binding, silica
membrane waslesaltedand DNA was digested ecblumnwith rDNase. Then aftethree

washing steps and drying of thelumn, RNA was eluted with 4@ of RNase free water.

UV-VIS spectrophotometer Nanodroffhermo Fischer Scientific was used for the

determination of RNA concentration. RNA concentration was determipasgd onthe
absorbed light. The more the sample absorbs light the higyer optical density (ODwhich
reflects the RNA cocentration. The amount of RNA wealculated using following equation:
RNA (eg/el) = 0OD260 * 4 wasdeteramet wsing the oatio ABRGR A ) .
nm / 280 nm. Value of approximately 2 reflects pure RNA.

3.8. Test for RNA quality

RNA quality was assessed usinbaracteristic separation of RNA into ribosomal 18S and
approximately twice as strong band of ribosomal 28S on sgagel. RNA samples were
adjusted to theamountof 1 ug and to a volume of 1yl with RNA sample buffer. Then 0@

of 0.025% ethidium bromide solution was addedhe RNA stution. After incubation for
10min at 65T, samples were placexh ice 4 pl RNA color marker wasddedand samples
were loaded onto 1% agarose gel wishMOPS buffer. Electrphoresis was conducted with
125V for approximately 3@ninutes.

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 prevad probe were
analyzed using the basic logarithmic alignment tool (BLAST) by National eCefior

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 FiscH&cientific Different primer and
probe concentrations were testedobtain as sensitive and specific assay as possibtae
assay establishment, gPCR products were always analyzed also in agavasie el AE.

The assay specificity was determined using cDNesmid 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 utiligguthesize

first strand c¢cDNA according to pmamBIugat ur er €

total RNA with x RT buffer, 5.5mM MgCl,, 0.5mM each dNTP, 2.5M random hexamer
primers, 0.4nits/pul RNase inhibitor and 1.2&its/pl multiscribe reverse tnaaiptase in a
total volume of 2511 or 16 pl.

cDNA samplegorresponding t®.25 ugRNA were 1:2 diluted with nucleageee waterand
guantified with 7900 HT Redlme PCR system (Applied Biosciencegjh following thermal
cycling parameters 10 miat 95°C, 40 cycles 15 sec at 95°C/1 min at 60°PCR reactions
were set up witltDNA corresponding to Bg (18S rRNA) or 1tg (all other assays) of total
RNA and 1x g°PCR Master Mix (Eurogentec, lgé, Belgium) and specifically designed

primers/probesTale 9). For absolute copy number determinatia@rja dilutions of plasmids

containing respective PXR variants were used for generating standard curves rangit® from

to 12x16 copies with following performance: PXR1 (slop8:62, R:0.994,
efficiency:88.7%), PXR2 (slope:-3.46, R: 0.999, efficiency94.6%), sPXR (slope3.45,
R2 0.997, efficiency94.9%), 18S (slope3.28, R: 0.997, efficiency101.7%).Assays were
done in triplicates18S andPXRI1-specific assaynasbeen described befof¢loffart et al.,

2012) PXR2gpecific assay hasbeene si gned and validated previo

by Nina Dedic (KP, 2007) Gene expression levels were normalized to respectiveRIS&
levels and calculated as copies i copies of 183RNA. Relative quantification analyses
of the PXR variants in the resistant cells was conducted tle@rqppCt meivak andl
Schmittgen, 2001with 7900 HT Reatime PCR system (Applied Biosciengessene

expression levels were normalizedherespective TBP levels.

Relative quantification analyses were conducted with TagMaP &R utilizing the BioMark
HD system and 48.48r FLEX Six Gene Expression Integrated Fluidic Circu{tsC)
according to manuf act SoutteSadRangciscs, CA, WSMpri then
IFCs a preamplification ith 14 or 17 cycles of cDNAcoresponding td25 ngRNA was
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performed using TagMan PreAmp Master Mix (Applied Biosciences) and specific
primers/probes of respegt target genes (excluding 18&)ssays were either predesigned
TagMan assays purchased from Thermo Fischer Sciefitdld€10), or described previously:
CYP2B6(Burk et al., 2005)18S(Hoffart et al., 2012jTable9). Preamplified cDNA was 1:5

diluted with 5 mM Tris/HCI (pHB.5). Reaction mixtures consisting of the preamplified cDNA
samples, 1x GE sample loading reagent and 1x PCR Mastermix (Eurogentec) or respective
gene expression ags of the target genes and lssay loading reagent were prepared
according to manufacturero6s i B dar 48148Geneo NS an
ExpressionFCsto perform TagMan R-PCR with the BioMark HD systeffrluidigm). Either

assays or samples were done as triplicddasa wvasanalyzed with Fluidigm Redlme PCR
Analysis softwarg(version 4.1.3)with a quality threshold set at@, baseline correction
methodset at linear (derivative) and treshold set at auto (detectors) and further processed
with the 2*-p@Ct m éLivak @amd Schmittgen, 2001)Gene expression levels were
normalized either to respective 188NA or mean levels af8S rRNA and TBP

3.10 siRNA transfection of LS174T cells

Reverse transfection of3174T cells was conducted according to the instructions of the
manufacturer Thermo Fischer Scientific Per well,6 pul of 20uM pool of doublestranded
norttargeted negative control siRNAs or doubteanded siRNAs targetingR1I2 (Thermo
Fischer Scientificwere diluted in Op-MEM in a total volume of 50{Qu. 6 pl Lipofectamine
RNAIMAX was added. Mixture was incubated for @ at room temperature.35x16
LS174T cells were resuspended and addedtiravells making a total volume of @l. The

final concentration o6iRNAs was 20M. After 48h incubation cells were treated with
0.1%DMSO or 10uM rifampicin for 24h before ells were harvested and RNA isolated as
described in sectioB.7.

3.11. Transient transfections and reporter gene assays

HepG2 cells were seeded at 1.5xH@lls per well into 24vell plates one day prior to
transfection. Transient transfections were conducted using jetPRIME transfection reagent
(Polyplus,  lllkirch,  France). Per wel, a mixture containing 033
pGL4-CYP3A4(7 8 3 0 op362)0l&ciferase reporter gene plasmid, 0.Q@b Renilla
luciferase expression plasnmp&L4.79hRluc/CMV] and pcDhuPXR expression plasmaidh

equal ratio (0.02/0.0@g) or fourfold excess (0.01/0.04g) of empty expression vector
pcDNAS3 or pcDhusPXR expression plasmid were prepared. The total anfoDhtAowas
adjusted to 0.pig with pUC18 in all transfections. The DNA mixture was diluted with
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jetPRIME buffer to achieve a volume of g0 1 ul of jetPRIME transfection reagent was
added, mixed and incubated at room temperature fonidOtes. Then the reaction mixture
was added onteells. After incubation for 224 h, cels were treated with 0.1%MSO or
10uM rifampicin for 24h before cell lysis with 150l of passive lysis buffer (Promega).
Luminescence of firefly luciferase was measured fronul26f sample with automatically
injected 30Qul of firefly luciferase assay solution (Geick et al. 2001) using the AutoLumat
Plus LB953 (Berthold Technologiesa8 Wildbad, Germany). Similarly, Renilla luciferase
was measured from 30 sample with injection of 100l of Renilla assay solution (Piedade et

a. 2015). Results were normalized by dividing firefly luciferase activity by Renilla luciferase
activity measted 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 ustiREItransfection reagent
(Polyplus). Per well, 0.6l of JetPEltransfection reagent was diluted in 188 NaCl to a
final volume of 25ul. For investigation of PXR activatiopnper well, 0.3ug
pGL4-CYP3A4(7 8 3 0 op362)0l&ciferase reporter gene plasmid and @@lRenilla
luciferase plasmid @L4.79hRluc/CMV] were diluted in 156nM NacCl to a final volume of
25 ul. JetFEl dilution was added to DNA dilution and incubated at room temperature for
15 min. Simultaneously, HP cells were trypsinized, counted and cell number adjustgid® 40
cells in 200ul, per well. JetElI/DNA mixture was dded to cell suspension and 38®f this
mixture was pipetted inta Cell+ 96-well plate(Sarstedt After at leas24 h incubation cells
weretreated with0.1i 0.2%DMSO, 10uM rifampicin, 1 uM SR1821310 uM test compounds
or co-treated with10uM of rifampicin or 1uM SR18213and 10uM of test compounds
Concentratiorresponse experiments were conducted by treating the cells Giih
0.2%DMSO, 10uM rifampicin andi) increasingconcentrations of test ogounds, ii)
co-treated with 1QuM rifampicin and increasing concentrations of compounds or iitjeated

with increasing concentratisrof rifampicinandthree fixed concentrations tdstcompounds

After 24h treatment, medium was remove)Opul of 1x PBS per wellwas added and
aspirated. Cells were then lysed withul of passive lysis buffer (Promepand incubatedbr
20 min at room temperature in orbital shaker (750 rptaidolph TitramaxiL0l). Cell lysate
was transferred to a conical-9&ll plate and centrifuged forrbin at 440g, and therlO pl of
cell lysate was transferred gowhite OptiPlate96 measuring plate (PerkinElmePer well,

150l of RIM+ or 100ul of RenillaLuciferase AssayBuffer was added Mixture was
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incubated inan orbital shaker 850rpm, Heidolph Titramax.01) for 10 min while protected
from light Luminescence was measuresing 0.1s measurement timaith EnSpire
multimodeplate reader (PerkinElmeResults were normalized by dividing Firefly luciferase
activity by Renilla luciferase activity measured in the same ®gperiments were conducted

three times independently with technical triplicates.

For testingactivity of PXR mutants, transient batch transfection was conducted similarly as
above, but with HepG2 cells and followingxpressionplasmids: per well, 0.2dg
pGL4-CYP3A4(7 8 3 0 op362)0 l@ciferase reporter gene plasmid, Q@1 Metridia
luciferase plasmid pMetLueRontrol and 0.03ug either pcDhuPXR, pcDhuPXR(Q25A),
pcDhuPXR(Y306A), pcDhuPXR(S247A), pcDhuPXR(S407A), pcDhuPXR(W299A),
pcDhuPXR(H327A) or pcDhuPXBR0O8W/S247W/C284\Wvere diluted in 156nM NacCl to

a final volume of 2%ul. After at least 24 incubatio, cels were treated with 0.1%MSO,

10 uM rifampicin and 1QuM test compounds. After 24 medium was transferred taanical
96-well plate centifuged for 5min at 440g andthen10 ul of medium was transferred to a
white OptiPlate96 measuring platélext, 100pl Renilla-Luciferase Assay Buffer was added
and Metridia luciferase activity was measured immediately using @idasurement time with
EnSpire multimode plate reader. Cell lysis and firefly luciferase measurements weretedndu
as aboveResults were normalized by dividing Firefly luciferase activity by Metridia luciferase
activity measured in the same wé&kperiments were conducted five times independently with
technical triplicates.

For testing nuclear ceptorselectivity, transient batch transfection was conducted similarly as
above but with HepG2 cells and following plasmids. Per well, 0.26 0.23ug
pGL4-CYP3A4(7 8 3 0 p362)0 l8cifemse reporter gene plasmid, Oy Metridia
luciferase plasmid MetLuc2corirol and 0.03ug either pcDhuCAR1, pcDhuCAR3 or
pcDhuVDR expression plasmids were diluted in i@ NacCl to a final volume of 2fl. In
addition,0.00g pcDhuRXRU(orf) expression pAflersmi d w
at least24h incubation, cel were treated with 0.2®MSO, 10uM CITCO, 0.1pM
1125di hydr oxy vi {(Odabs)ror 1018/ testlchinp@ubds or emeated with
10uM of CITCO or 0.10M 1 U, 205 Gn@ HQuM of test compoundsAfter 24h
incubation Metridiaand firefly luciferases were measured as described aRmseilts were
normalized by dividing Firefly luciferase activity by Metridia luciferase activity measured in

the same welExperiments were conducted five times independently with technical atgsic
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3.13. Mammalian two hybrid assays

Transient batch transfection with HepG2 cells was conducted usirtg) detisfection ragent
(Polyplus). Per well, 0.6l of JetFEIl transfection reagérwas diluted in 15M NaCl to a
final volume of 25ul. Similarly per well, for coativator interaction assay 0.24) pGL4G5
luciferase reporter gene plasmid, Oif Renilla luciferase plasmid@.4.79hRluc/CMV],
0.03ug pVP16PXR(108434) and 0.031g pM-SRC1(583783) were diluted in 150MM NacCl

to afinal volume of 25ul. Likewise for corepressor interaction asspgr well, 0.24ug
pGL4-G5 luciferase reporter gene plasmid, Oy Renilla luciferase plasmid
pGL4.79hRluc/CMV], 0.03ug pVP16PXR(108434), 0.03ug pM-SMRT(11091330) and
0.015ug pcDhuRXR U ( or f )  we r emMdNaCl to ta &ndl vdlume of ZaD JetFEl
dilution was added to DNA dilution and incubated at room temperature fairl®reparation
of cells and transfection were conducted as described above in sectiohftedat leas4 h
incubation, cells were treated with 0.Z9MSO, 10uM rifampicin or cotreated with 1QuM

of rifampicin and 1QuM of test compounds. After 24 treatment, reporter gene assays were
performed as described abovesiction3.12. Results were normalized by dividing Firefly
luciferase activity by Renilla luciferase activity measured in the sameBEx@ériments were

conducted five times independinivith technical triplicates.

3.14. CaPQOs-transfections

5.0x1¢ HepG2 cells were seeded a day before transfection in a dish with 10 cm diameter. Next
day, 1 h before transfection, mediwasaspirated and 9 ml fresh culture medium was added.
Aqueous DNA solutiorof 450 ul containing 2 pg pMetLuc2contr@ind 10 pg expession
plasmid encoding wildtype PXR or PXR mutant§pcDhuPXR, pcDhuPXR(Q25A),
pcDhuPXR(Y306A), pcDhuPXR(S247A), pcDhuPXR(S407A), pcDhuPXR(W299A),
pcDhuPXR(H327A) or pcDhuPXR(S208W/S247W/C284Wjas prepared. Total amount of
DNA was adjusted to 25 pg thi pUC18 50 ul of 2.5 M CaCl was added to each DNA
solution. This DNA/CaGClsolution was added dropwiseda equal volume d?x HBS while
simultaneously mixing with vortex. Then, this mixture was added dropwise onto cgls. C
were incubated for B, then medium was aspiratedmB 15% glycerotPBS solution was
added. Cells were incubated for 3 min at room temperature before washing the cells twice with
1x PBS. Then, 10 ml cultureediumwas added and cells were incubatedtivo days before
Metridia luciferase measuremeas described in sectionl2., and total protein extractioas
described in section 3.16.®ere executed
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3.15. Limited proteolytic digestion

3.15.1. Sample preparation

Per ligand, 12.51 H20, 2 pl10mM Tris-Cl pH7.6, 0.5 ul 48 ligand stock or vehiclefifal
vehicle 2.5% and 5pl 35°-TNT protein of SPXR were mixed, incubated forr@th at 25°C

and then put on ice for 38econds.

3.15.2. Proteolytic digestion

1 pl of 5 mg/ml trypsin(final concentratiorof 250ug/ml) was added to incubated samples

Samples were incubated for &0n at 25°C for proteolytic digestioand then put on ice. After
30seconds, ® | 5x protein sampl e-mbreaptdethanovasagdedl e me n t
and mixed. To achieve final volume of B0 3 pl of H.O was added. After mixing, sanegl

were incubated at 95°C for rBin. Sampls were immediately processed with gel
eledrophoresis or stored e&0°C.

3.15.3. Protein gel electrophoresis and malysis

15 ul of samples were laked to a 12% polyacrylamide protein gel with 10% input control and
molecular weight marker. Gel was rwith 200 V for approximately 4&in, then stained with
Coomassie for I80min and fixed/destained for 4Bin up to overnight (solution was
changed after h). After destaining, gel was watered fonbn and incubated for 3@in in
0.5M sodium salicylate. Then gel was dried for at leastnd@ Samples were exposed to
imaging plates and analyzed with CR35 Baadliolumnography laser scanner and quantified
with AIDA software(version 4.50.010, Raytest, Straubenhardt, Germany)

3.16. Protein analysis

3.161. Nuclear extraction

Samples were kept on ice and all buffers werecald during nuclear extractio@ells were
washed with PBS. Thetells werescraped with PBS and transferred to a reaction tube. Cell
suspension was centrifuged fomiin at 7509 at 4°C. Supernatant was discarded and cell pellet
was resuspended Buffer A, centrifuged as above and supernatant was discarted, el
pellet was resuspended in Buffer+@.4% NR40, incubated on ice for 2@in, 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 apprigxéntiates of

the volume of nuclear pellet and mixed with a magnetic stirrer fomiB0at 4°C ad
centrifuged for 15nin at 16000x g at 4°C. Supernatant was thahquotedand stored
at-80°C.
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3.16.2. Total protein extraction

Samples were kept on ice and all buffers werecald duringtotal proteinextraction. Cells

were washed with PBS. Then cells were scraped with PBS and transferred to a reaction tube.
Cell suspension was centrifuged fomtn at 750g at 4°C. Supernatantas discarded and cell

pellet was resuspendedproteinlysis buffer(Sundgvist et al., 2005)ncubated on ice for 15

min while resuspended tpipettingevery three minutes. Then, lysate was homogenized with
ultrasonication (2x30s) using Bioruptor UCD200 (Diagenode, Liége, Belgkxiracts were
aliquoted andtored at80°C.

3.163. Determination of protein concentration

Proteinconcentration was determined withibichoninic acid protein assay, which is based on
the reduction of Cii to Cu by the peptide bonds of protein and subsequent binding of the
reduced CUto bicinchoninic acid, which causes formation of violet color. ifikensity of this
color is proportional to the amount of protein. Briefly, 20@f Smith reagent was combined

with 10l of protein sample and incubated fohat 37°C. After incubation, absorbance was
measured withEnSpire Multimode Plate Readé@éPerknElme. Protein concentration of

samples was determined based on the standard @lpeine serum albumin

3.164. Western blot

Protein samples were analyzed using sodium dodecyl splbdyacrylamide gel
electrophoresis (SDBAGE) and Westerhlot. 30ug of protein was combined withpl of 5x
Lammli and HO in a total volume of 3Ql and incubated at 95°C for 5 min beforedoay

onto 10% polyacrylamide gefor transfected PXR mutants, protein amount was adjusted to
the transfection efficieng as determined by measuremenMgitridia luciferaseactivity. The

gel electrophoresis was applied witkrunning buffer for50i 60 min using 200V. Then the
samples were blt@donto nitrocellulose membranssing 150V for 45 min in blotting buffer.
Protein transfer was confirmed with Ponceau staining. After destaining the membrane with
TBS-T, membrane was blocked with 58kim milk solutionin TBST for 1 h at room
temperature. Then membrane was incubated with primaiPXR antibody (Table 7) for
overnight at 4°C. On next gamembrane was washed with TBSfor 3 x 10min and
incubated with secondary antibo@able7) for 1 h at room temperature. After was the
membrane again with TB® for 3 x 10min, themembrane was incubated at room temperature
for 5minin detection solution§uperSignal West Dura Extended Duration Substrate, Thermo
Fischer Scientific) beforehemiluminescenceetection withSTELLA 3200 bicimagining

system(Raytest, Straubenhardt, Geany) The presence of equal amounts of protemuiciear

36



extractsamples was checked wiemt- TBP antibody(Table7) in a similar procedutelThe
intensity of the specific protein bands was quantified using the AIDA soft{vesion
4.50.010, Raytest, Straubenhardt, Germany)

3.17. Kinome profiling
Compounds 100 and 109 weeprofiled at concentrationspM and 10uM against 335wild-
type protein kinases with sirggineasurements. Kinome profiling was performedPbyQinase

GmbH (Freiburg, Germany).

4. Results

4.1.Generation and characterizationof drug-resistantcancercells

Forthe generation giotentially drugresistant cancer cells due to activation of PXRell line
with high PXR expressioms essential To this end mRNA levels of PXR variants were
quantified in four different human cancecell lines including two liver cancer cell lines
(HepG2 Huh?) andtwo colon cancer cell linefLoVo, LS174T). PXR is typically highly
expressed in human liveherefore primary humarhepatocyte¢$PHHs)wereused as positive
control. From the tested cell lineES174T cells had the highestRNA expression of PXR1
(35.5% of PHHspand sPXR48.9% of PHHs)Fig. 6A). The PXR1/sPXR ratio in PHHs and
in LS174T cellswas4 and 3, respectively. These comparable saiggesta similar PXR
activation system in these cellevels ofPXR2were undetectable iHuh7, LoVo and LS174T
cells. However, primarijuman hepatocyseand HepG2 cellsxpresse®XR2 but at very low
level (data not shown)The expression of PXR in LEZ4T cellswas confirmedperforming
Western blot with nuclear extracfsom LS174T cells PXR protein was detected at

approximately 5&Da (Fig. 6B).

Functionality of PXR in LS174T cells was verified by treating the cells with the prototypical
PXR agonist rifampicin and measuring the expressioresthblishedPXR target genes.
Rifampicintreatment inducedBCB1 and CYP3A4.5 and 7.4fold, respectively(Fig. 6C).

To confirmthe dependency eifampicin-inducedgeneexpressioron PXRin LS174T cellsa
respectiveknock down experiment was conducted. After PXR knock danahiction of
ABCB1 and CYP3A4 was reduced by 54% and 78%, respectiifaly. 6D). Hence,
rifampicin-induced gene expressi@ppeargo be dependent on PXR activation LS174T
cells This was also confirmed with theo-treatment of rifampicin with a specific PXR
antagonistwhich suppressed rifampicimduced ABCB1 and CYP3A expression (FigGE).
Overall,these results support the selectiomafan colorectal adenocarcinoin&l74T cells

asa suitablecell line fordevelopment gpotentiallyPXR dependerdrugresistantancercells.
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Figure 6. PXR isexpressed andunctional in LS174T cells.(A) LS174T cells express highest levels
of PXR variants among tested cell lines. mMRNA levels of PXR variants were quantified witR G
from HepG2, Huh7, LoVo and LS174T cell linégimary human hepatocytes single donorwere
used as a positive contrdB) Expression of PXR proteiim nuclear extracts of LS174T cells. PXR
protein was detectable at approximatelykB@. Positive control (Pos.CTRyasin vitro translated PXR
protein.(C) Rifampicin induces expression of PXR target gandsS174T cellsLS17AT cells were
treated with 0.19%DMSO or 10uM rifampicin for 72h. mRNA was quantified using RGPCR and
normalized to the expression of 188, E) Rifampicininduces expression oABCB1 and CYP3A4n

a PXRdependent mannefD) LS174T cells were transfected wittRNA pool targeting PXR (+) or
negative control siRNAool (-) and treated for 24 h with 0.120MSO or 10uM rifampicin. mMRNA
was quantified as in GE) LS174T cells were treated with 10 uM RIF, @B SPA70 or cetreated
with both for 72h. mRNA was quantified as in C. Data in A anisnean of technicdtiplicates from
one experiment, and in C and E mean +SD fribmee independent experimerdad individual
experiments illustrated with dots

Cisplatin and irinotecan wergsedfor the generation adrugresistant cancer cell€isplatin
was selected, because of its walbwn ability to cause acquired resistancd ds use as a
chemotherapeutic in the treatment of several types of solid tfmiable, 2016)In addition,
cisplatin haslemonstrate®@XR activdion potentialMasuyama et al., 2016, 200%jnotecan
was chosen because it is commonly used in the treatment of colorectal (Bassaville et
al., 2011) Similar to cisplatin, irinotecan itself and its active metabolite SN&& been shown
to potentiallyactivate PXRBasseville et al., 202 hen et al., 2010Accordingly, cisplatin,
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irinotecan and its active metabolite SN88monstratechere PXR activation potential by
indudng the expression adstablishedXR target genes ABCBand CYP3A4 (Fig7).
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Figure 7. Cisplatin, irinotecan, and its active metabolite SN38nduce expression of established
PXR target genes Effect of cisplatin, irinotecanand SN38 on expression A, C) ABCB1 and
(B, D) CYP3A4.LS174T cells were treatedith 0.2%DMSO, 10uM rifampicin, 10 uM cisplatin,
1.5 uM irinotecan and 25M SN38for 72 h. mMRNA was quantified using RGPCR and normalized to
thecorrespondingxpression of 18S. Data is showmasanfold change to DMS@reated cell§set as
1, illustrated with dashed lin@f four sampleger group anéhdividual samplesllustrated with dots.

Before starting the generationarugresistant cancearells, the sensitivity of parental3174T
cells towards cisplatin and irinotecaasassessed.S174T cells were more sensitive towards
irinotecan(Fig. 8B) thanto cisplatin(Figure8A, Tablel5). The 1Gpo values for ciplatin and

irinotecan were 13.AM and 45 pM, respectively. Both drugs killedearly all of the cells at
100uM.
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Figure 8. Sensitivity of parental LS174T cells towards cisplatin and irinotecan.S174T cellsvere
treated for 72 with 0.3 1,000 uM (A) cisplatin on(B) irinotecan. Cell viabilities were determined with
CellTiter-Glo cell viability assay. Cell viabilitin the presence of vehicle DMSO onlas set as 100%.
Data is expressed as meeall viability +SD from three independent experiments with technical
triplicates.
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To generate cisplatin and irinoteessistant cefi, LS174T cellswere continuously cultured

in either cisplatin or irinotecancontaining medium and the concentration was gradually
increased as describedsaction3.3. After treatment of cells for several montleg]ls were
tested for theiisensitivity towardsthesedrugs.Compared tgoarental LS174T celléLs-P),
cisplatinresistant cefl (Ls-R-C) were 6-fold more resistant to cisplatin, whereas irinotecan
resistant cefl (Ls-R-1) were 78-fold more resistant to irinotecari¢. 9, Tablel5). The
concentration of cisplatin and irinotecan that killed nearly all oL #iB cells was 10QuM. At

that concentration approximately 65% ofRsC cells and 80% of L-&-1 cells were stilviable.

It can be concluded that bottewly generatedell 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 irinotecamfter
continuous longterm treatment. After culturing LS174T cells with gradually increasing
concentrations of cisplatin for months or irinotecan for Bonthscell viabilitieswere determined with
CellTiter-Glo cell viability assay. Cell viability oin the presence of vehicle DMSO omlias set as
100%. Daa is expressed as meegll viability +SD from three independent experiments with technical
triplicates.

In addition, crossesistance ofs-R-C cellstowardsirinotecanandof Ls-R-I towards cisplatin
was evaluated_s-R-C cells were asensitive towards irmtecan as parental cellwhereas
Ls-R-1 cells dsplayed marginally improved {fld) resistance to cisplatiffrig. 10, Table15).

Therefore, naemarkablecrossresistance had been developégth either of the cells
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Figure 10. Crossresistanceof Ls-R-C and Ls-R-I cells. (A) Ls-R-C cells showed no crosgsistance
towards irinotecan(B) Ls-R-1 cells displayedslight crossresistance towards cisplatibs-R-C cells
were treated for 78 with 0.3 1,000-uM irinotecan and L4R-1 cells with0.3/ 1,000 uM cisplatin. Cell
viabilities were determined with CellTit&lo cell viability assay. Cell viability ain the presence of
vehicle DMSO onlywas set as 100%. Data is expressed as roeknviability £SD from three
independent experiments with technical triplicates.

To evaluate théong-term stability of the acquired resistanceesistant céd werecultured in
drugfree medium forone month and then cell viabilities were determiresidescribed in
section 3.4 Ls-R-C cells showed 4-fold resistanceand L-R-1 cells 141-fold resistance
compared to L4 cells(Table15); thereforeboth resistantells maintained their resistanice
the longterm (Fig. 11). Although the 1Go value of LsR-C cells was slightly, but not

significantly reduced comparegrlier.
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Figure 11. Long-term stability of resistance in LsR-C and Ls-R-I cells. (A) Ls-R-C and(B) Ls-R-I

cells maintain their resistance after letegm culture without drugCells were cultured for one month

in drugfree medium andell viabilities weredetermined with CellTiteGGlo cell viability assayCell

viability in the presence of vehicle DMSO ombgs set as 100%. Data is expressed as oethanability

+SD from three independent experiments with technical triplicates.

Stability of resistance was assessdso after freezing ad thawing of thecells, because a
reliable drug resistance model should maintain the resistant phenotype after freeze/thaw cycle

(McDermott et al., 2014 Compared to L, LsR-C demonstratedtill 5-fold resistance and
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Ls-R-1 cells 180-fold resistance. In addition, th€do values were not reduced compared to
earlier, therefore dth resistant cells maintained theicquiredresistance after freezing and
thawing(Fig. 12, Table15).
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Figure 12. Effect of freezing and thawirg on the stability of resistance in LsR-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 8 passages before determination of cell viabilities foRLS and
Ls-R-I cells. Cell viability in the presence of vehicle DMSO onlias set as 100%Rata is expressed

as mearell viability £SD from three independent experiments with technical triplicates

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

Cell line Cisplatin: Fold Irinotecan: Fold
ICs0uM (95% CI) resistance ICs0uM (95% CI) resistance

Initial

Ls-P 13.6(8.7i 21.1) 1 4.5 (1.4114.9 1

After selection

Ls-P 17.9(11.028.9) 1 5.9(1.918.1) 1

Ls-R-C 101.% (56.4180.5) 6 - -

Ls-R-I - - 457.9** (285.4 789.6) 78

Long-term stability

Ls-P 17.2(13.1i 22.6) 1 4.7(1.7113.7) 1

Ls-R-C 70.7* (41.11119.8) 4 - -

Ls-R-l - - 6619* (493.49238) 141

Freezethaw stability

Ls-P 39.5(18.785.0) 1 5.5(1.6/20.5 1

Ls-R-C 204.2*/A(108.6 397.8) 5 - -

Ls-R-1 - 991.6:/4 (649.0i 1727) 180

Crossresistance

Ls-R-C - - 2.7 (1.45.2) "1

Ls-R-l 32.6 (16.664.2) 2 - -

ICs0 values were calculated from experiments shown in Rig@28vith nonlinear regression using
GrapPadPrism (version 8.3.0%tatistical significances are illustrated with asterigksl daggers

*p’ 0.05, **p’ 0.01 compared to the §gvalue of LsP, analyzed with paireetést.Ap’ 0.05,A & 0.01
compared to the lgafter selection of respective cells analyzed with unpaitesitt

Petitprez et al. (2013) have previously shown that acquired resistance towards can@amndrugs

be assocated with increased doubling time. Therefore, growth analysis was performed to
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calculate the doubling timesCompared to L#, Ls-R-C demonstrated.7-fold increase
(Fig. 13A), while Ls-R-I displayedonly 1.2-fold increase in doubling timg-ig. 13B).
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Figure 13. (A) Ls-R-C and (B) Ls-R-I cells demonstrate increased doubling timecompared to
Ls-P cells.Cells were grown in drufree culture mediurfor 4 daysand manually counted every B4
Doubling time was calculated at exponential growth phase. Data is expressed amuisiag time
+SD from three independent experiments and individual experiments illustrated witStdtasgically
significant differenes are illustrated with asterisks.p**0.01 compared to LB cells analyzed by
unpaired ttest.

4.2. Determination of PXR levels ircisplatin and irinotecan-resistant cells

To assess if expression of PXR was altergesistantells, mMRNA and protein levels of PXR
were determinedLs-R-C demonstrated reduced mRNsépression compad to the mean
expression of L4 (Fig. 14A), albeit this could be alsaue to the high variability ins-P
samples. The protein expression of PXRs also reduced by nearly 50%n Ls-R-C
(Fig. 14CGD). In contrast Ls-R-I cells showed comparable mRNA (Fit4B) expression,

while the protein expression was increased by 45% compared to-Bh@-lgs 14CD).
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Figure 14. Expression levels of PXR in LsR-C and Ls-R-I cells. (A) Ls-R-C cells display reduced
MRNA expression ofotal PXR. (B) Ls-R-I cells demonstrateomparable mRNA expression as-Bs
cells.Ls-R-C cells were continuouslgultured with 3QuM cisplatin Ls-R-l in 40 uM irinotecan and

Ls-P cellsin drugfree mediumbefore cell harvest and subsequent RNA isma mRNA was
guantified by RTgPCR and normalized to tlerresponding meaexpression ol8S andIBP. Data

is shown as mean relative expression compared to the normalized mean expressi@rcofitagning

8 samples per group and individual samples illustrated with @&&gistically significant differences

are illustrated with asterisksp*0.05, compared tds-P cells analyzed byinpaired ttest. (C)
Expression of PXR protein in nuclear extracts ofR-€, Ls-R-l and LsP 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.xEept only one sample in 8 group due to technical reasons. Statistical
significance are illustrated with asteriskp<®.05,compared L analyzedy oneway ANOVA with
Dunnett’s multiple comparisons test.

4.3. Role of alternative splicingof 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 sSPXR was confirnfedte in

transfection experiment&qual amount osPXRreduced the rifampicinduced activity of
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PXR1 by 55% (Fig.15A). Similarly, fourfold excessof sPXR suppressed the rifampiein
induced activity by 78%ndalso the basal PXR activity (Fig5B).
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Figure 15. sPXR displays dominant negative activityHepG2 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 treatgith 0.1%DMSO or

10 uM rifampicin. Luciferase etivities were measured after B4reatment. Data is expressed as mean
+SD normalized luciferase activity relative to the activity of cellgraosfected with pcDNA3 and
pcDhuPXR and treated with DMSO only from five independent experiments with tectniibehtes

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 postest.

To investigatef altered splicing of PXRould be gpossible mechanism behind cisplatin or
irinotecan resistance, PXR1 andX$Plevels were measured from-B5 LsR-C and LsR-I

cells. Compared to the B cells neither PXR1 nor sPXIRvels weremarkedlyalteredin
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 LsR-I cells were cultured continuously wig® uM cisplatin and
40 uM irinotecan, respectively. LB cells were cultured in drtfgee medium before cellarvest and
subsequent RNA isdian. mRNA was quantified by RGPCR and normalized to tle®rresponding
expression of TBPTwo outliers of LsP in PXR1 and sPXR correspond to same samphgs.is shown

45



as mean relative expression compared to the nareshinean expression of-Bscontaining 8 samples
per group and individual samples illustrated with d8tstistical significance wasompared to L4
cells, analyed by unpaired-test.

4.4. Gene expression changes risplatin- and irinotecan-resistant cells

To identify thepossiblegene related mechanisrbehind acquireadancer drug resistande
cisplatin and irinotecasresistant cellsgene expression analysis was performddasured
genes (46 genes for both resistant cellsyere selected based othree reasons
(AppendixTablel): first, geneghat have been shown to be involnedisplatinor irinotecan
metabolismor resistancefurthermore genes thaproved to be oare possibly regulated by
PXR; finally, genes that are in general involved in cancer drug resis@ocgared to parental
cells £veral genes associated withncer drug resistancgere differentiallyexpressedn
Ls-R-C cells (Fig. 17, AppendixTable2). As expected, everal efflux transporters were
upregulatedin Ls-R-C cells (2- to 33fold), including ABCB11 ABCC1i 3, ABCG2 and
ATP7A. On the contrary ABCB1 and ABCAZ2 were reduced byl135fold and 1.4-fold,
respectively. Ls-R-C cells displayedalso increased expression dCL2L1 (4.0-fold),
CDKNI1A (5.1-fold) and GADD45A (4.4-fold). In addition,ERCCland SLC31A2showed
1.6- and 1.5fold higher expressignrespectivelyIn contrast expression oSLC31A1 was
reduced by Zold. Other downregulated genes includB€L2 with 1.9-fold reduction
CYP1A2 (.9fold reduction, GSTP1 {.6fold reductior), OLFM4 (G9fold reduction,
SLC10A2 (4-fold reductior) and SLCO2B14.7-fold reductior).
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Figure 17. Gene expression alterations in L&R-C cells.Ls-R-C cells wereontinuouslycultured with

30 uM cisplatin and_s-P cells in drugfree medium before cell harvest and subsequent RNA isolation.
MRNA was quantified by RGPCR and normalized to tleerrespondig meanexpression of 18S and
TBP. Data is shown ameanrelative expression compared to the normalized mean expressiofPof Ls
containing6i 8 samples per group amdlividual sampledlustrated withdots.Only significant relative
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expressi on ¢ han gsePsells wiere $hcluded.s-R-©/'SLZIDA? toatains only three
samples because the expression of SLC10A2 in other three samples was below detectind/tmit
failed in quality Statistically significant differences are illustrated with asterisg50:05, **p’ 0.01,
***% p’ 0.0001 compared tios-P cells analyzed bunpaired ttest.

Similar to LsR-C cells, LsR-I showed increased expression of BCL2L1 {f8l), CDKN1A
(3.3fold), GADD45A (2.1fold) and NROB2 (4.30ld) and reluced expression of OLFM4
(7.7-fold reduction and SLC10A212-fold reduction (Fig. 18, AppendixTable3). In contrast
to LsR-C cells, ABCB1 and SLCO2B1 were upregulated 2:8d 2.5fold, respectivelyIn
addition,thefollowing genes were upregulated: CES2 (fo&d), CYP3A4 (4.6fold), CXCR4
(16.3fold), EGFR (1.6fold) and FGF19 (3-3old). Insteadfollowing genes were reduced:
ALDH1A1 (11-fold reductior), TOP1 (.7-fold reductior), UGT1A1 (L.7-fold reduction and
UGT1A9 3.6-fold reduction).
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Figure 18. Gene expression alterations in L4R-1 cells. Ls-R-I cells werecontinuouslycultured with

40 pM irinotecan and.s-P cells in drugfree medium before cell harvest and subsequent RNAiizola
MRNA was quantified by RPCR and normalized to tlterrespondingneanexpression of 18S and
TBP. Data is shown ameanrelative expression compared to the normalized mean expressio#Pof Ls
containing6i 8 samples per group and tmelividual sampledllustrated withdots. Only significant

rel ati ve

expr essi on-Pcelsavergieckided siP/CECRd contdns®dnlytBee t o

samples becaudbe expression of CXCR4 in other thre@mples was below detection linaihd/or
failed in quality Statistically significant differences are illustrated with asterisgs0?05, **p’" 0.01,
*** p" 0.001, ***p’ 0.0001 compared tos-P cells analyzed bynpaired est.
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45, Crossresistance ofpaclitaxel in irinotecan-resistant cells

Ls-R-1 cells showed increased expression of ABCB1 (MDR1) and CYP3A4. MdgRhsan
efflux transporterfor paclitaxel (Hendrikx et al., 2013; Sparreboom et al., 199%BCB1
upregulatiorhas beembservedn paclitaxetresistanttancercells (Januchowski et al., 2013;
N D mc &iwsgova et al.,, 2016; Takeda et al., 2007; Vaidyanathan et al.,. A0d&over,
inhibition of ABCBLlincreased paclitaxel sensitivity ABCB1 overexpressing cells, but not
in parental cellg¢Shi et al., 2009; Vaidyanathan et al., 2016; Zhang et al., 2Bl &)dition,
paclitaxelis not only metabolized by CYRES3, butto a large exterdlsoby CYP3A4 (Cresteil
et al., 1994; Hendrikx et aR013; Taniguchi et al., 200%}iven the abovehe potentiatross
resistance of gclitaxel in LsR-l cells was investigatedLs-R-I cells indeed displayed
approximately3-fold higherresistaceto paclitaxel compared to parental c€fsg. 19). ICso
valueswith 95% confidence intervafer paclitaxel in LsP and LsR-I cells were 3.00M (2.0i
4.6)and 10.1InM (6.8 14.9) respectively.
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Figure 19. Ls-R-I cells demonstrate crosgesistance towards paclitaxel. (A)Ls-R-I cells display
increased cell viability after paclitaxel treatment compared to patesfacells. LsP and LsR-I cells
were treated for 78 with 1l 3,000nM paclitaxel. Cell viabilities were determined with CéiéF-Glo
cell viability assay. Cell viabilityin the presence of vehicle DMSO onkas set as 100%. Data is
expressed as meaall viability +SD from three independent experiments with technical triplicé®gs.
Ls-R-I cells showed increasetesistance towards paclitaxel. siCvalues were calculatefrom
experiments shown in Awith nonlinear regression using GrapPadPrism (version 8.B39).is
expressed as mean +SD from three independent experiamehitgdividual experiments illustrated tvit
dots Statistical significances illustrated with asteriskgp™0.01 compared to the IC50 value ofPs
analyzed with pairedtest.

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

To investgate the possible role of PXR theregulationof differentially expressed genes in
resistant cellsLs-P, Ls-R-C and LsR-I cells were treated with prototypical PXR agonist
rifampicin, specific PXR antagonist SPA70 orteeated with bothln Ls-P cells, rifampicin
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treatment inducedxpression oABCB1 (6.5fold), BCL2L1 (3.0-fold), CYP3A4(10.1fold)
and FGF19(6.6-fold) (Fig.20). Rifampicindependent induction dhese genesvas also

suppressed by SPA70-t@atmentTherefore, these genes appeab¢aregulated by PXR in
LS174T cells.
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Figure 20. Effect of PXR antagonism on gene expressioim Ls-P cells.Specific PXR antagonist
SPA70 attenuates rifampieinduced expression of part of the genes that diferentially expressed

in Ls-R-C or LsR-I cells. LS174T cells were treated with 0.Z¥SO, 10uM rifampicin, 10uM
SPA70 or cereated with 1QuM rifampicin and 1QuM SPA70 for 48h. mRNA was quantified using
RT-gPCR and normalized tihe corresponding measxpression of 18S and TBP. Data is shown as
meanfold change to DMS@reated cellof threeexperiments per group and individiedperiments
illustrated with dots. Statistically significant differences are illustrated with astemaskk daggers
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*p' 0.05, **p’ 0.01, ***p’ 0.001 compared to 10 pM rifampicin treatmemalyzedby oneway
ANOVA with Dunnett's multiple comparisons tégt 0.05, " 0.01, compared to 1 (DMS@nalyzed
by one sampletestcorrected by the method of Bonferroni.

In Ls-R-C cells only ABCB1 and ABCB11 were suppressed BAS0 treatment alone or as
a cotreatment with rifampiciriFig. 21). The expression of all thether genes was not
affected by PXR activation or inhibition. Therefore, PXR appears not to reglgaertas
that are potentially relevant for cisplatin resistance.
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Figure 21. PXR activation or antagonism has no effecbn expression of selected genes in{&C
cells.Ls-R-C cells were treated with 0.2BEMSO, 10uM rifampicin, 10uM SPA70 or cetreated with
10 uM rifampicin and 1QuM SPA70 for 48h. mRNA was quantified using RJPCR and normalized
to thecorresponding nmanexpressiorof 18S and TBP. Data is shown as médd change to DMSO
treated cellof threesamples per group and individuatperimentsllustratedwith dots Statistically
significant differences are illustrated with asterisks and daggei€.05, ompared to 10 UM
rifampicin treatmenanalyzedy oneway ANOVA with Dunnett's multiple comparisons tégt.0.05,
compared to 1 (DMSQ3nalyzedoy one sample-testcorrected by the method of Bonferroni.

The effectsof rifampicin and SPA70n Ls-R-I cells resembled the effects parentalLs-P
cells. Similar to Ls-P cells,SPA70 suppressdtie basal and rifampicimducedABCB1 and
CYP3A4 expressiorin Ls-R-I cells (Fig. 22). In addition,single treatment c§PA70 and as
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cotreatment with rifampicinshoweda slight deching trendin expression ofCDKN1A,
FGF19and GADD45A PXR antagonism reducealso the elevatedexpression of ABCB1,
CYP3A4 and FGF1$ Ls-R-I near tothe basal levels of L% (Fig. 23). This effect was not
observedvith CDKN1A or GADD45A (data not shown).
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Figure 22. Effect of PXR antagonism orexpression ofselected genes ihs-R-I cells.Specific PXR

antagonist SPA70 attenuates rifampitiduced expression of part of the genes that were induced in

Ls-R-l cells. Ls-R-I cells were treated witt).2%DMSO, 10uM rifampicin, 10uM SPA70 or

co-treated with 1QuM rifampicin and 1QuM SPA70 for 48&h. mRNA wasguantified using RIgPCR

and normalized to theorresponding meaexpression of 18S and TBP. Data is shown as rfadn

change to DMS@reatedcells of threesamples per grougndindividual experimentsllustratedwith

dots Statistically significant differences are illustrated with asteriaksl daggers **p’ 0.01,

*** " 0.001 compared to @M rifampicin treatment analyzed by om&y ANOVA with Dunnett’'s

multiple comparisons tesfp° 0. 05 compared to value 1 -ttsbMSO) 8
corrected by the method of Bonferroni.

54



ABCB1 CYP3A4 FGF19

2007 3 |s-P == Ls-R-l 159 3 Ls-P = Ls-R

1:: 3 Ls-P = LsR posl

- |l| i ; 100 l
SIS ET
: 104 L

0 - Rp— T
0.5 ‘ ‘ | | I I . I | I;T] I I |
0.0- "t el =

DMSO + - - - - - - pDMso + - - - + - - - DMSO
RIF - + - + -+ -+ RIF - + - + -+ -+
SPAT0 - - + 4+ S SPAT0 - - + + - -+ o+ SPATO - - + 4+ S

Figure 23. PXR antagonism reduces expression of induced genes in-Rsl cells to comparable

levels agasal levels of LsP. Ls-P andLs-R-I cells were treated with 0.2®MSO, 10uM rifampicin,

10 uM SPATO0 or cetreated with 1QuM rifampicin and 1QuM SPA70 for 4&h. mRNA was quantified

using RFgPCR and normalized to the corresponding mean expression of 18S and TBP. Data is shown
as mean fold change relative to DM$&®@ated LsP cells (set as 1) of three samples per group.
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4.7. Effect of PXR antagonism in irinotecan-resistant cells

Irinotecan resistance was accompanied with increased expression of several genes. Some of
these potentiallyrelevant genesor resistanceappearedo be regulatedby PXR, including

ABCB1 and CYP3A4Therefore, specific PXR antagonist SPA70 wilized in aiming ato
resensitize LsR-1 cells to irinotecan. Cell viability of L-&-I cells was not reduced by SPA70
treatment (Fig24A), and as a resyliCso values in the absence or presenc&BA70 were
comparable (Fig24B, Tablel6).
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Figure 24. PXR antagonism does not resensitize ER-| cells to irinotecan. (A)Ls-R-1 cells showed
comparable cell viabilities after treatment with and without PXR antagonist SPARSI tslls were
pretreated for 7B with 0.1%DMSO or 10uM SPA70 and then ctreated with increasing
concentrations of irinotecan (0.3,000uM) in the presence or absence oM SPA70for 72 h. Cell
viability in the presence of vehicle DMSO only was set as 10i#a is expressed as mean cell viability
+SD from three independent experiments with technical triplicEB3<SPA70 treatmerdisplayedno
differencein 1Cso values of irinotecan in LB-1 cells. ICso values were calculated with nonlinear
regression using GrapPadPrism (version 8.3.@).i¢&xpressed as mean £SD from three independent
experiments and individual experiments illustrated with dstatistical significances illustrated with
asterisks, ampared to the I§ value ofDMSO-treated_s-R-1, analyzed with pairedtest.
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Table 16. Drug sensitivity ICso values of irinotecan in LsR-I cells without and with SPA70 ce
treatment.

Treatment Irinotecan: I1C 5o UM (95% CI)
w/o SPA70 268.3 (161.8463.3)
w/ SPA70 261.3 (191.0361.8)

Ls-R-1 cells demonstrateccrossresistance towards paclitaxel, therefore, resensitization
experiment waslso conducted with SPA70Compared to th®MSO-treated LsR-1 cells,
treatment with SPA7ihcreased the sensitiviffrig. 25A) and consequentlyeducedhe 1G

of paclitaxel(Fig. 25B, Tablel7). The IGo value of SPA76@reated cdt was reduced to lower
level thanwith parental LS174T cellswhich was3nM. At the highest concentration
(3,000nM), however, still approximately 40% of the cells were viallach is more than was

with the parental cells at that concentration.
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Figure 25. PXR antagonismresensitizes LsR-I cellsto paclitaxel. (A) Ls-R-1 cells showededuced
cell viability afterco-treatmenbf paclitaxelwith PXR antagonist SPA70. {R-| cells were pretreated
for 72h with 0.1%DMSO or 10uM SPA70 and then etreated with increasing concentrations of
paclitaxel(0.1i 3,000nM) in the presence or absence ofuld SPA70.Cell viability in the presence of
vehicle DMSO only was set as 100®ata is expressed as mean cell viability £SD from three
independent experiments with technical triplicafB3 SPA70 treatmerdecreases Iz 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 dotsStatistical significances illustrated with asterisis, 0.05,compared to the I
value ofDMSO-treatedLs-R-1, analyzed with pairedtest.

Table 17. Drug sensitivity IC50 values ofpaclitaxel in Ls-R-I cells without and with SPA70 cce
treatment.

Treatment Paclitaxel: 1Cso nM (95% CI)
w/o SPAT70 17.84(10.6 29.7)
w/ SPA70 1.4 (0.482.8)
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4.8. Identification of novel PXR antagonists

Identification of potential PXRantagonistsstarted withan in silico screerof the Tubingen
kinase inhilitor collection (TUKIC) compoundibrary consisting of nearly 8,500roprietary
compoundgPharmaceutical and Medicinal Chemistgniversity of Tiibingen)90% of these
compounds are protein kinase inhibitors, which represent an important group of molecularly
targeted cancer drugs. Rest of thesenpounds consist of eicosanoid modulatdrkis
compound collection was utilized because it contains a large sgtigpie 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 coulfidpeoial inteest for the prevention of
drug resistancen cancer chemotherappltogetherl5,000 structureffiltered, including all
tautomers andstereocisomejdswere computationally docked to PXR LB#sing Glide
(Schrodinger LLQ (Friesneret al., 2006, 2004; Halgren et al., 200fine most promising
compoundsased on docking score and visual evaluatiene subsequently evaluated with
computationally more demandirigduced Fit DockingIFD) (Farid et al., 2006; Sherman et
al., 2006b, 200&). Based on the IFD results, binding modes of selected compauerds
evaluated withmolecular dynamic simulationghundreds of ns to ps)Based onthese
molecular modelling result$6 of the most promising compoundsvere selected folPXR
transactivationassay|n silico screers able to predict onlpossible binding of ligands BXR

LBP and noto differentiate agonists and antagonists. Therefore, we decida@licatehese
potential ligands by comparing PXR activation of these compournds28A) against their
capacity to inhibit rifampiciinduced activation (Fig. 6B). We decided a threshold for
compounds that would be selected for further testihg 0 &étivationin both agonist and
antagonist mode®ut of the56 compoundstwo (2, 12) passedhis threshold
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Figure 26. Effects of in silico screened TUKIC compoundgA) alone or(B) in combination with

10 uM rifampicin on PXR -mediated transactivation of CYP3A4 reporter geneHepG2 cells with
stable PXR expression were transiently transfected with3@¥Reporter gene, treatedth 0.1% (A)

or 0.2% (B) DMSO, 10uM rifampicin, 10uM test compounsior cotreaed with 10uM rifampicin
and 10uM test compounsl Luciferase activities were measured afteh2deatmentDatais expressed
as mean +SD% activation calculated according t¢Zhu et al., 2004)rom three independent
experiments with technicétiplicates Fold induction achieved by 1M rifampicin was set as 100%.
Green and red dashed lines represent the 100% anddBtion respectively. Compounds that were
selected for further testing are highlighted with blue rectangles.

Interestingly these two compoundg, 12) appearedtructuraly similar. This motivated us to
conduct a structuradnalogue searcfrom the TUKIC compound libraragainst these two
compoundswith the aimto obtain thebest coverage of structurally diverse representative set
of analogues and understanding of strucag®ity relationship (SAR) within this compound
series.This resulted indentification of 30 structurally relatecadditional potential ligands,
which weae testedn relaion to their PXRactivation potentia{Fig. 27A) andtheir capability
to suppress rifampie-induced PXR activation (Fi@7B). From all these compoundene
compound(73) showed PXR antagonizing potenti@ompared to compoundsand12, this
compound showed weaker PXR activation and stronger suppression of rifamgiaied

PXR activation.
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Figure 27. Effects of structural analogues of compounds 2 and 12 (A) alone () in combination
with rifampicin on PXR -mediated transactivation of CYP3A4 reporter geneHepG2 cells with
stable PXR expression were transiently transfected with CYR&gatter gene, treated with @61(A)
or 0.2%(B) DMSO, 10uM rifampicin, 10uM of test compounslor cotreated with 1QuM rifampicin
and 10uM test compouns Luciferase activities were measured afteh2reatmentData is expressed
as mean x*SD % activation calculated according(abu et al., 2004)rom three independent
experimentsvith technical triplicates. Fold induction achieved by 10 uM rifampicin was set as 100%.
Greenand reddashed linerepresent the 100%nd 50%activation respectivelyThe mmpound that
wasselected for further testirig highlighted with blue rectangles.

Similarly, compound73 was utilized in a subsequenstructural analogue searcFhis time
search was based on the activity data from previous rounds utilizing the information of
beneficial and notbeneficial substituents. This search resulted in identificaticadditional
25 potential ligands. One of thefm00) showed potential foPXR antagonisn(Fig. 28). This
compound displayed only 13% activation of PXR compared to rifampicin and suppressed by
70% the rifampiciinduced PXR activatiorSurprisingly testing identifiecalsoone potential

PXR agonis{109) with high structural similarity téhe identifiedpotentialantagonists.
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Figure 28. Effects of structural analogues of compound 73 (A) alone dB) in combination with
rifampicin on PXR-mediated transactivation of CYP3A4 reporter geneHepG2 cells with stable
PXR expression were transiently transfected with CYPB&pbrter gene, treataslith 0.1% (A) or
0.2%(B) DMSO, 10uM rifampicin, 10uM of testcompound or cdreated with 1M rifampicin and
10 uM test compounsl Luciferase activities were measured afteh2deatmentData is expressed as
mean £SD % activation calculated accordin§iou et al., 2004from three independent experiments
with technical triplicates. Fold induction achieved by 10 uM rifampicin was set as 1B@xnand
reddashed linsrepresent the 100%nd 50%activation respectivelyCompounds that were selected
for further testing are highlighted with blue rectangles.

Overall, testing of selected compounds from TUKIC library resulted in identification of four
potential PXR antagosis with high structural similarity and a structurally highly similar

potent full agonist (Fig29). All compounds contain benzosuberone moiety, two additional

aromatic rings and an amide.
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Compound 2 Compound 12
N-(3((5-ox0-6,7,8,9-tetrahydro-5H-benzo[7]annulen-2-yl)amino) N-benzyl-3-((5-o0x0-6,7,8,9-tetrahydro-5H-benzo[7]annulen-2-yl)
phenyl)-3-(trifluoromethyl)benzamide amino)benzamide
(0] @]
F
N N N N
H H H H
Compound 73 Compound 100
N-(4-methyl-3-((5-ox0-6,7,8,9-tetrahydro-5H-benzo[7]annulen-2-yl) N-(4-fluoro-3-((5-ox0-6,7,8,9-tetrahydro-5H-benzo[7]annulen-2-
amino)phenyl)-2-phenylacetamide yl)amino)phenyl)-2-phenylacetamide

©A©ﬂ©b

Compound 109
3-fluoro-N-(4-fluoro-3-((5-cxc-8,7,8,9-tetrahydro-5H-benzo[7]annulen-2-
yl)amino)phenyl)benzamide

Figure 29. Structures of potential PXR ligands.

To confirm that antagonistic effects of thefe@r potential antagonis{®, 12, 73, 100) were
not only rifampicin-specific, their ability to suppress SR12848duced PXR activation was
assessed\ll of the compoundsuppressed SR18213duced PXR activatiom a similar was
as they suppressed rifampigimduced activationexcept compouni2, which displayed only
30% reduction in SR1281i&duced activatioliFig. 30). These results providddrthersupport

for the assumptiothat 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 geneHepG2 cells with stable PXR expression
were transientlyransfected with CYP3A4eporter gene, treated with 0.298S0O, and cereated with
1uM SR18123 and 1AM test compounsl Luciferase activities were measured aftehZdeatment.
Data is expressed as mean £SD % activation calculated accordifgueet &, 2004)from three
independent experiments with technical triplicates individual experiments illustrated with-diots
induction achieved by iM SR12813vas set as 100%reenand reddashed linerepresent the 100%
and 50%activation respectively.

+

Next, cell toxicity of thefour novel potential PXRantagonists and the structuraiiglated
agonistwasdeterminedCompound<, 73, 100and109showed modest toxicity (cell viability
>75%)at10 uM, whereasompoundL2 exhibited similar cell viability also at the highest tested
concentrationwhich was30 uM (Fig. 31). Therefore30 uM for compound.2 and 10 uM for
other test compoundsere selected to be used as the highest concentratiosghisequent

assays.
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from three independent experimemigh technical triplicatesind individual experiments illustrated
with dots

+ - - F - aF - ot o+

4.9. Concentration-responseanalysisof potential PXR antagonists

To assesshe PXRinhibition potential of these foysotential antagonistseporter gene assays
were conducted after doeatment of cells witlincreasingconcentration®f test compounds
together with 1QuM rifampicin. The 1Go valueswith 95% confidence intervafer compounds
2,12, 73and100were 11.47.71 17.2) 33.7(20.2 61.6) 8.3(6.11 11.7)and 2.82.1i 3.8) uM,

respectivelyFig. 32). Based on this, compourd®0appears to be the most effectarad potent
antagonist of the four identified compounds.
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Figure 32. Determination of ICsg values forcompounds(A) 2, (B) 12,(C) 73 and(D) 100.HepG2
cells with stable PXR expression were transiently transfected with CYR3#stter and cdreated
with 10uM rifampicin and increasing concentrations of test compounds. Lucifertisities were
measured after 24treatmentData isexpressed as mean +SD fold induction with respect to the BMSO
treated cells from three independent expenimevith technical triplicates. Wevalues calculated with
nonlinear regressionsing formula with 3 parametefsonstraim bottom =1)using GraphPadPrism
(version 8.3.0).

As observedn initial testing,the potential PXR antagonistdso appeared to display partial
agonistic activity(Fig. 26A-28A). Thereforeconcentratiorresponsanalygswereconducted
andtheir EGo values were determine#if. 33). The maximal effect was low with compounds
2, 73 and 100, while compoundl2 showed modest activation of PXBR the highest
concentrationThe EGp valueswith 95% confidence interval®r compound<, 12, 73 and
100were 7.0(1.21 ?), 22.3(8.8/110.1) 0.4(0.21 0.9)and 0.20.04 0.5) uM, respectivelyThe
ECso value forthe potential agonigt compoundlO9wasalsodeterminegdwhichwas29.2 uM
(20.0' ?)(Fig. 33E). Plateau, however, was not reached with all test compounds, because higher
concentrations could not be used due to toxi€ity. this reason, upper confidence limit could

not be determinefbr compound£ and109.
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Figure 33. Concentration-response analysis of the compound®\) 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 MMGO, increasing concentrations ote
compounds. Luciferase activities were measured aftertBgatmentData isexpressed as mean £SD
fold induction with respect to the DMSteated cells from three independent experiments with
technical triplicatesECsovalues calculated with nonlineeggressiorusing formula with 3 parameters
(constraim bottom =1) using GraphPadPrism (version 8.3.0).

4.10. Mode of antagonism of potential PXR antagonists

To clarify the mechanism of PXR inhibitidoy these potential antagonistie effect of test
compoundswith increasingconcentrations to dogesponse of rifampicin was assessed
(Fig. 34). Increase in the conceation of test compoundsicreasd the EGp value of

rifampicin, indicatingthat these compounds elicompetitive antagonisifT able18).
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Figure 34. Effects of compounds 2 (A), 12 (B), 73 (C) and 100 (D) on thencentration-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 compoundsiciferase activities were measured afteth2eatmentData is
expressed as mean +SD fold induction with respect to the Divia@ed 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% ClI)
Compound 2 Compound 12 Compound 73  Compound 100

w/o compound 1.6 (0.92.9) 2.0 (1.13.8) 1.8 (0.9 4.5) 2.0 (1.6 3.0)
+1puM/3 1.3 (0.72.4) 2.5 (1.34.6) 2.9 (1.69.1) 4.8 (3.47.0)
+3 M/ 10 2.1 (1.14.1) 3.4(1.0151)  6.4(25196) 9.3 (5.417.0)
+10 uM / 30 41(2372) 11.4(2.32543) 7.4 (2.047.7) 2850 (wide)

Fixed concentrations ofi10 uM of compounds 2, 73 and 100 arid@ uM of compound 12 were
used.

4.11. Binding ofnovel PXR ligands to PXRLBD

Ligand binding domain assembly assay can be utilized to identify both agonist and antagonists
that bind td_BD of nuclear receptor®issios et al., 20007l tested compounds induced PXR
assemblyof LBD, but not as strongly as rifampicin (Fig5). Compound100 dispayed the
highest induction (1-3old) of test compours] followed by compound@3 (7-fold). Compounds

12 and 109 showel similar level of induction, 5and 4.6fold, respectively. Tase results
provided support for the assumption that these compounds bind to the PEKR LB
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Unfortunately, ompound?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 assemblHepG2 cells were transiently transfected
with GL4-G5 reporter gene, GALBBD/PXR-LBD(132-188) and VP1AD/PXR-LBD(189-434)
plasmids and treated onxtelay with 0.1%DMSO,10 uM rifampicin or 1M test compounds. After
24 h firefly and Metridia luciferases were measui@dta is expressed as mean £SD fold induction with
respect to the DMS@eated cells from fivéendependent experiments with technical tripliceaes
individual experiments illustrated with dotStatistically significant differences are illustrated with
asterisks. p’ 0.05, **p’ 0.01compared to DMSO, which was set as 1 analyzed bysan®le {test
corrected by the method of Bonferroni.

To confirm that the newly identified PXR ligands bind to the ligand bindomainof PXR,
thelimited proteolytic digestiomssaywas performedThis assagan be utilzed to study the

direct binding of ligands toutlear receptor's LBD (Lemaire et al. 2007). Ligands that bind
directly to the LBD cause conformational changes, whiolderthe 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 ligand®sulted in protection of proteolytic fragments of the

PXR LBD, even though the pattern was not exactly the same as with T09013136]Fithe

pattern can be distincue tothe different conformational changeslucedby 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 bye-incubating PXRLBD with 100 uM or 250 uM test compounds, M
T0901317 (T09) or 2.5% DMS@A) Arrow shows 36 kDa input of PXRLBD, andarrow heads show
protected 32, 26 and 23 kDa fragmeatter limited proteolytic digest with trypsiiB) 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 calauildited
respect to inputStatistically significant differencesra illustrated with asterisks®***p’ 0.001,
compared to respective pircubations with DMSO analyzed by emeay ANOVA with Dunnett's
multiple comparisons test.

4.12. Relevance ofspecific amino acid for ligand binding of potential PXR ligands
Previous studie@Banerjee et al., 2016; Ngan et al., 2088Y our docking pose analysis and
molecular dynamic simulations with compound $0@gesthatthefollowing amino acidsare
critical for ligand binding interactionQ285, S247, H407, W29¥306and H327 Therefore,

these amino acids were mutated to alanine anddlesance of these amino acids on the

activation of PXR by theovel PXR ligands was investigatdad.addition, constiitively active
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LBP-filled triple mutantS208W/S247W/C284\fWang et al., 2008)as included to assess
the potential PXR ligandsan still antagonize or activate PXR, evamenthe LBP is filled by

mutation of selected amino acids to bulky tryptophan.

First, © assess the effect tifesemutations ortheir protein expressiom cells HepG2 cells
were transfected with these mutants and Western blot was performed with teial @xtfcts.
PXR mutants were detected similarly as WT PXR at approximately 50 (kiga37).

Expression levels of the mutants were similar to wyjoe PXR. Except H327Awhich

displayed slightly lower expression.

WT  S208W/ Q285A Y306A S247A H407A W299A H327A Pos.
PXR S247wW/ CTR
150 Cc284wW

100
80

60 ——

——— —
e — — R S —

50 s PXR

--—-—'-'—h——

40

30

20

Figure 37. Transfected PXR mutants are expressed in HepG2 cell®XR mutants were detected at

similar size as wildype PXR(WT PXR), at approximately 50 kDa. HepG2 cells were transfected using

CaPQ and glycerol shock with plasmids encoding WT PXR, triple or siagigo acid mutad PXR
mutants.Two days later, Metridia luciferase was measuretlls evere harvested and total protein was

extractedLoaded protein amount was adjusted to the transfection efficiency measured with Metiridia

luciferaseactivity. Western blot was perforrdeusing antPXR antibody Positive control (Pos.CTR)
was in vitro translated PXR protein

To assess the constitutive or liganducedactivitiesof thesingle PXRmutants transfected
cells were treated with rifampicinSimilar to WT PXR, nutants Q285A and W299A
maintained their inducibility by rifampicjrwhereasnutants S247AndH407A showed high
basal constitutive actiity, but they werenot further inducible by rifampicirfFig. 38). In

contrast mutant Y306A displayedeaitherconstitutivenor rifampicininduced activity.
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Figure 38. Constitutive or ligand-induced activity of singleor triple amino acid mutated mutants
compared to wildtype PXR. HepG2 cells were transiently transfected wétkpression plasmids
encodingwild-type PXR(WT PXR) or indicated single or triple PXR mutants and treated with
0.1%DMSO or 10uM rifampicin. After 24h firefly and Metridia luciferases were measurBdta is
expressed as meaactivity +SD relative to the DMSOtreated WT PXR from five independent
experiments with technical triplicateStatistically significant differences are illustrated with asterisks
or daggers **** p’ 0.0001 compared to DMS@eated respective plasmid analyzed by -iway
ANOVA with Sidak's multiple comparisons test* $£0.0001compared to DMS@reated WT PXR
analyzed by ongvay ANOVA with Dunnett’s multiple comparisons test.

To investigate theffed of the novel potential PXR antagonists ati structurallyrelated
agonist(109) onactivation ofsingle or triple PXR mutantsells transfected witthese mutants
where treated withthe test compoundsTest compounds activated mutant Q285A quite
similarly as WT PXR (Fig39). None of the test compounds activated mutant Y306A, which
also displayed low basal activity compared to WT PXR (B8). The activity of constitutively
active mutant S247A was irthied by compoundg&3and100, whereas compouriD9further
activated this mutant slightly. In contrast, compoun8and100were incapable to inhibit the
constitutive active mutant H407A, whereas compouritlnd109showed slight activation of
this mutant. Compound&3 and100displayed higher activation of mutant W299A compared
to other mutants, whereas compod2dctivatedhis mutanonly wealty. Mutant H327A was
modestly activated by compoursd12 and 73, whereas compounds00 and 109 showed
stronger activationGenerally, test compounds exhibited no effects on constitutively active
triple mutant, besides compouii@, which slightly inhibited the activity of this mutant and
compoundl09 whichweakly activated this mutantUnfortunately, compoung 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 onactivation of single or triple amino acid mutated PXR
mutants. HepG2 cells were transiently transfected with expression plasmids encodiAgpelBXR
(WT PXR)or indicated single or triple PXR mutants and treated with 0.1% DMS@IMLGfampicin

or 10uM test compounds. After 24 firefly and Metridia luciferases were measur&esults are
expressed as mean +SD fold induction with respect to the DivEaBed repective plasmid from five
independent experiments with technical triplicatéstistically significant differences are illustrated
with asterisks. p’ 0.05 **p’ 0.01,** *p’ 0.001, **** p’ 0.0001lcompared to DMS@reated respective
cellswithin mutant grouanalyzed by ongvay ANOVA with Dunnett anultiple comparisons test.
4.13. Effects of novel PXR ligands on coregulatory protein interactionsith PXR
Ligand-dependent interactions of coregulatory proteins with PXRewmevestigated with
mammalian two hybrid assays. Agonist compoldgpromoted the interaction ob-activator
SRC1with PXR, but not as strongly as rifampiciim contrast, thgotentialPXR antagonists
did not promote SRCtecruitmenthowever theyimpairedtherifampicin-inducedinteraction

of SRC1with PXR (Fig. 40A). The constitutive interaction aforepressor SMRWith PXR
was reduced by rifampicin and in a similar way by the agonist compt@éd.ikewise, dl
three novel PXR antagonists impaired toastitutiveinteraction of PXR_.BD with SMRTto
same extent or even more as rifampiéiig. 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 coregulatorsn this region.
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Figure 40. Effects of novel PXR ligands on coregulatory proteirinteractions with PXR. HepG2
cells were cdransfected withsL4-G5 reporter gene anekpression plasmids encoding VPRER-
LBD(108-434) fusion protein an¢A) GAL4-DBD-SRCZXRID or (B) GAL4-DBD-SMRT-RID and
treated with 0.2% DMSO, 10 uM tesbmpounds alone or d@oeated with 10 pM rifampicin. Results
are expressed as mean =SD fold induction with respect to the BtM&t@d cells from five independent
experiments with technical triplicatesd individual experiments illustrated with dotatistically
significant differences are illustrated with asterisks daggers ***p’ 0.001, ****p’ 0.0001 co-
treatmentsompared to 1M rifampicin-treated cells analyzed by oemgy ANOVA with Dunnett's
multiple comparisons testp’ 0.01,* g 0.001 single treatments compared to DMSO which was set as
1 analyzed by one sampl¢eistcorrected by the method of Bonferroni.

4.14. Effects of novel PXR ligands on expression of endogenous PXR target genes
LS174T cellswith high PXR expressiowere utilized to investigate whether the novel PXR
ligands affect the PXRnediatedendogenougene expressiomRifampicin treatment induced
the expression of ABCB1 and CYP3A4, as expeatdotreas CYP2B6 or AKR1B10 were not
inducel. Test @mpound showed genspecific effectsCompound 73 and 100, as single
treatmentsdid not induce expression of ABCREig. 41A). In addition,rifampicin-induced
expression of ABCB1 was suppressed by compsi@c&nd100. Not only single treatments
of compounds73 and 100, but also cetreatments with rifampicin suppressed the basal
expression level of CYP2B6 (FiglB). In contrastthesecompoundsnduced expression of
CYP3A4; however, variability between samples was laiég. 41C). In contrastto
compounds73 and 100, compoundl2 showed no inhibition of rifampicimduced gene
expression(Fig. 41). Moreover single treatment otompound12 induced ABCB1 and
CYP3A4 4fold and8-fold, respectivelyCompoundl2 exhibitedalsostrong additive effect

with rifampicin onexpression of CYP3A4£ompoundL09 which was identified in the reporter

72



gene assays asstrong activator of PXRxhibited on average 17old induction of CYP3A4
with largevariability, whereasABCB1 and AKR1B10 were induced to lesser extent.(&2).
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Figure 41. Effects of potential PXR antagonists on expression of endogenous PXR target gene
expressionLS174T cells were treated with 0.2981S0O, 10uM rifampicin, or 10 uM test compounds
or cotreated with 1QuM rifampicin and 1QuM test compoundr 72h. mRNA of (A) ABCB1, (B)
CYP2B6 and (C) CYP3A4 was quantified using RJPCR and normalized to thmorresponding
expression of 18Mata isexpressed as mean fold change with respect to the Divéad cells, which
was set as 1, from six independent experiments with technical triplevadesdividual experiments
illustrated with dots Statistically significant differences are illustratedthwasterisks. fy’ 0.05,
*** *n’ 0.0001 compared to 10M rifampicin-treated cells analyzed by om@y ANOVA with
Dunnett's multiple comparisons test.
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Figure 42. Effect of potential PXR agonist ompound 109 on expression of endogenous PXR target
genesLS174T cells were treated with 0.1% DMSO, 1M rifampicin or 10 uM compourd 109 for

48h. mRNA of (A) ABCB1, (B) AKR1B10 and(C) CYP3A4 was quantified using RJPCR and
normalized to theorrespondingxpression of 18S. Results are expressed as mean fold change with
respect to the DMS@eated cells, which was set as 1, from four independent experiments with
technical triplicateand individual experiments illustrated with dd@&satistically significat differences

are illustrated with asterisksp*0.05 compared to DMSO which was set as 1 analyzed by one sample
t-testcorrected by the method of Bonferroni.

4.15. Nuclear receptor selectivity of novel PXR ligands

To evaluate the specificity dhesenovel PXR ligandswe investigatedheir potential to
activate or suppredbe transactivation afonstitutive androstane receptor (CAR) and vitamin

D receptor (VDR) These two receptors were selected becausthaif closestructural
resemblance to PXRXR, CAR and VDR belong to the same nuclear receptor subfamily
group(NR1l). Moreover the sequence similarity between these receptors is for DBD and LBD
63-66% and 3745%, respectivelyWu et al., 201B). Two isoforms of CAR were included:

constitutive active isoforrh and liganeinduced isoforn8.

The constitutive activity of CAR1 wasgeakly suppresseay compound?3 (Fig. 43A), while
CAR3 was not induced by any of the test compouiag. 43B). In addition, rone of the
compoundslisplayed additiver inhibitoryeffectCITCO-induced CAR3 activityCompounds
12 and 109 displayed weak activation of VDRut for both compoundsctivationwas less
than 5% o kDs-iiduc2db activaiidthiNone ofthe compounds showed additive or
inhibitory @H¥Deioducedoantivitylfig243C). This suggests that these

compounds exhibit selectivity towards PXRong thigroup ofnuclear receptar
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Figure 43. Nuclear receptor selectivity of potential PXR ligandsHepG2 cells were transiently
transfected with CYP3A4 reporter gene and expression plasmids en¢AlliGgR1 and(B) CAR3

or direct repeat (DR3)reporter gene and expression plasmid enco@@)gvDR. Then, cells were
treated with 0.2% DMSO, 10M CITCO, 10 M ,25(DH}Dsor cotreatal with test compounds. After
24 firefly and Metridia luciferase were measurBdta isexpressed as mean +SD fold induction with
respect to the DMS@eated cells from five independent experiments with technical triplicates and
individual experiments illustrated with dotStatistically significant differences are illustrated with
asterisks *p<0.05 single treatments of test compounds compared to Divka@ed cells geas 1
analyzed by one sampldéstcorrected by the methaaf Bonferroniand cetreatments compared to
(B) 10 uM CITCO or (C1  OM 1 U.Rsar(algxed)by ongvay ANOVA with Dunnett smultiple
comparisons test.

4.16. Structure-activity relationship (SAR) analysis

All these novePXR ligands share a common molecular scaffoltb{e 19). Subtledifferences

in the moleculastructure appear tompact greatly to the PXRctivation and inhibition ability
of these compound€lear structureactivity relationship (SARj)rendsare evidentvithin this
compound seriesSize of the R substituent in the middle ringppears to correlatsith the
antagonistic activity In this position, the two most potent antagonist3, (L00) contain
sterically larger substituent (C# F), whereasa smaller hydrogen is present with the other
antagonistsZ, 12). In R. position,all compoundshave aproximal lipophilic aromatic group
(benzyl or phenyl)which is linked to the scaffoldith an amide bondvioreover, the increased
flexibility of the benzyl group could be beneficial for the antagonistic eftesigth of the R
substituentis detrimental tothe activity. The shortest compound {9 shows the highest
activation of PXR whereascompounds with longestructuresare the best antagonista3(
100). Similar to compound.09, compound? hasphenylamidegroup at the Rposition.In
compound2, however,the aromatic ringontains aradditional CFs group which increases
considerablythe sterical sizeof this substituentCompoundl2 is similarin lengthcompared
to compounds/3 and 100, but it contains an inverted amidEhis inversion, besides the

hydrogen substituent iniRcould reduce the antagonistic actividly compoundl2. Of note,
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the activities of these compounds are measured in tediefore, it is somewhambiguous
to what extenttheseobservationsre related to the direct bindirfinity or to the induced

conformational changes of PXR upon ligand binding

Table 19. Common molecular scaffold and distinct substituents of novel PXR ligands.
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4.17. Inhibitory effects of compounds 100 and 109 okinases

Several kinases have been shown to phosphorylate PXRcamseuently affect the
transcriptional activity of PXRTable20). In generalphosphorylation of PXRas been shown
to inhibit PXR activity andepresshe expression of PXR targgénesn human cell models,
with the exception of INKLichti-Kaiser et al., 2009; Lin et al., 2008; Pondugula et al., 2009)

Table 20. PXR phosphonryating kinases.

Kinase Effect on gene expression Reference

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

CDK5 Z (human) Dong et al., 2010

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

JNK y (human) Taneja et al., 2018

PKA y (mouse) Ding and Staudinger, 2005a
PKA y (mouse) Lichti-Kaiser efal., 2009
PKA Z (human, rat) Lichti-Kaiser et al., 2009
PKC Z (mouse) Ding and Staudinger, 2005b
P70 Se6K - Lichti-Kaiser et al., 2009
P70 S6K Z (human) Pondugula et al., 2009

Compound 100 and 109 were tested with two concentrations against 335 kinadeshe
kinases that are known to phosphoryla¥R were includedh the selected panegCompound
100at 10pM inhibitedat least byp0%five kinasegTable21). In addition,one of them (RAF1)
was also inhibited by 86% at @M. Compoundl109 not onlyinhibited eight different kinases
at least by 50% at concentration of 10 ubutit also inhibited four of these at 1 uM
concentrationThese resultgdicatethat the inhibitory effect on PXBy compoundL.00is not
simply due to inhibition of PR phosphorylation, as PKA inhibition should result in activation
and not inhibition of PXR.

Table 21. Kinasesi n hi bi t lydomPdurtd§400 and 109.

Compound 100 Compound 109
10 uM 1uM 10 uM 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 cisplatinand irinotecan-resistant cells

Long-term treatmendf LS174T cells with cisplatin and irinotecan resulted in development of
acquireccancer drugesistanceCompared t@arentalLs-P) cells,cisplatinresistanti(s-R-C)
andirinotecanresistant I s-R-1) cellswere6- and 78fold moreresistam, respectively. These
cells proved tamaintain theresistance phenotydter longterm treatment without the drug
and also aftea freeze/thaw cyclethus demonstrating the stability thie phenotypeParental
LS174T cells were culturddr the saméime asdrug-selectecatells to reduce the effects related
to culture duration. Some variability, however, was observed witbatheer drug cytotoxicity,
which affected the determind@so values. First, the 163 values of cisplatin cytotoxicity of
Ls-P and LsR-C cells after freer/thaw tesivere approximately Zold higher than in other
determinationsTheseresuls may be explained bgome technical differences between the
experiment settings, such as distinct cisplatin stdelkghermorethe 1Go values ofcisplatin

and irinotecan cytotoxicity ofs-R-C and LsR-I cells respectivelywere determined to be
higherafterthe long-term stability and freeze thaw stability experinssdmpared to th&Cso
valug which was determined directly after the end of the selection pefiodossible
explanation for this might be that resistant cells were cultured inr@miginng medium until
thestart ofeachthelong-term and freeze/thaw stabiligkperimentand until all the necessary
repetitions of these experiments wewnpleted, which took several weeks. Therefore, these
cells could haveontinuedacquiring resistanceompared to thearlierdetermination of 16

after selection

Both LsR-C and LsR-I cells were generated by continuous treatmentangconcentrations
were increased in a stepwise manneusIthese cells can be defined as Kigvel laboratory
models, which try to elucidate the possible resistance mechanisms (McDermott et al., 2014).
In contrasto these models, thadinically relevant esistance models are usually generated using
pulse treatment and lower doses (McDermott et al., 2014%3€etheically relevant resistance
models typically exhibit two to fivdold increases in 1€ value. The disadvantage of this
model type is that it cabe challenging to detect subtle molecular alterations. Therdifiere,
aim here was to develop higgvel laboratory modelsvhere the resulting alterations can be
detected with more confidenc&he highest concentration that was used to generaRe@s
and Ls-R-I cells were 3QuM and 40uM, respectively. The clinical maximum plasma
concentration after single doskoisplatin(100 mg/n3) or liposomal cisplatir{125mg/nf) has

been observed to b&n both cases approximately P8 (Himmelstein et al.,, 1981,
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Stathopoulos et al., 200Reflecedto this datathe highest concentration of cisplatin used for
Ls-R-C cells is close to the clinical concentrations. Furthermore, compared to-Ehedls
Ls-R-C cellswere 6fold more resistantwhich is close to the clinically relevant models. In
contrast, thedose of 125mg/n¥ irinotecan administered tocancer patients has led to a
maximum plasmaconcentration of approximately |8Vl (FDA, 2004; Schaaf et al., 2006).
Therefore, the highest comtdeation used for generation of 4l cells was 1€fold higher

than the clinical concentrations, whig@erhapsalso reflectsthe observedhigh resistance
(78fold). The plasma concentration, however, cannot be directly correlated to the
concentration of aig inside tumorGiven the aboveheLs-R-C model might reflect more the

clinical situation than the LB-I model.

Ls-R-C and LsR-I cells were cultured in 2D as a monolayer on a cell culture dish. Cell models
cultured in 2D lack theproper cell-cell and ceHlextracellular environment interactions
(reviewedinK a p a g c z 'y (Es k &or this reasdrnthe,pos&ile al&nations inrezer cell
microenvironment due to resistance inrR<C or LsR-I cells could not be similarly observed

as it wouldappearin 3D cell cultures, which resemble more the in vivo situation of tumor.

3D cultured cells have also been observed to be initialllemesistant to cancer drugs when
compared to same cells culturedin@Br es |l i n and OO6Dr i saSolzh , 201
et al., 2018)Due to this high intrinsic resistance, development of acquired resistance models
could be challenging in 3D culturdasteadthese 3D cultured modetsuld 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 LS1¢élls to our acquired
resistance celnodels Development of acquired resistance typically takes several months as

was demonstrated with {R-C and LsR-I cells. Longterm culture in 3D is more difficult to
perform than in 2D (THesefora @eneratidBofl@aequiredcanaerdrug 2 0 1
resistance in 3D culturss most likelydemanding. Although, the 2D cultured-BRsC and

Ls-R-I cells do not perfectly resemble the situation in vivo, these cell models should be
sufficient to fulfill our aim toinvestigate the molecular mechanisamsl the role of PXRn

acquired cancer drug resistance.

Cisplatin resistance has been associated aliénedDNA repair and decreased accumulation
of cisplatin due toreduced uptake of cisplatin into cells, enhaneétlx and increasd
detoxification of cisplatin reviewed inAmable, 2016) Altered DNA repair in cisplatin
resistance has been linked to increased expressitve DNA repair gene ERCCRPrevious

studies have demonstrated that low ERCC1 expression enhances cisplatin tAroceyet
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al., 2010; Bai et al., 2012)he hereobservedncreased expression of ERCCL1 inR<C cells
corroborates these earlier findin@dsplatin has also been shown to induce the expression of
GADDA45A, which isalsoinvolved in DNA repair and suppression of this gene has enhanced
the cytotoxicity of cisplati (Liu et al., 2018; Smith et al., 2000)Accordingly, GADD45A
wasalsoupregulated in LR-C cells. These findings support the association of altered DNA

repairwith cisplatin resistance.

SLC31Alactsasan uptake transporter for cisplat(tshida et al., 2002; Song et al., 2004)
while SLC31A2 induces the cleavage of SLC31£Qhrvik et al., 2016) Accordingly,
decrease@xpression of SLC31A1 and increased expression of SLCBa&een observed

to attributeto reduced ellular uptake of cisplatin and thus cisplatin resistghslgida et al.,
2002; Lee et al., 2011; Zisowsky et al., 2002)r results odownregulated SLC31A1 and
upregulated SLC31A2 in ER-C cells are in accordance with these prasidindingsand
provide further support for the association of reduced uptake of cisplatin with cisplatin

resistance

Enhanced #lux of cisplatinhas been associated with increased expression of ABIG&ert

et al., 2003Wakamatsu et al. 20pand ATF7A/B transporterginoue et al., 2010; Li et al.,
2016; Samimi et al., 20048l these genes were upregulated inR=<C cells, except ATP7B.
This can be explained by the fact that ATP7B is solely expressed invikge, ATP7A is
expressed in several tiss{&amimi et al., 2004a) herefore, our results are in line with those
of previous studieand confirm the relevance of increased cisplafflux as mechanism of
cisplatin resistancdn addition,other efflux transporters, includinrgBCB11, ABCC1/3 and
ABGG2 were also upregulated in 8C, whereas ABCB1 was extremely downregulated.
Cisplatin itself is not a substrate for ABCB1, buainy other cancer drugs are, including
doxorubicin, irinotecan and paclitaxel (Pan et al., 20H®nce, it could conceivably be
hypothesized thah cisplatinresistant tumorghe simultaneously administerezhncer drugs
which are ABCBL1 substrates wouttbt be transported out tiie cancecells. Insteadthese
drugs could maintain their efficacy in cisplatesistant cancer cell§his hypothesis is
supported byhe lack of crossesistance of irinotecan in #8-C cellsas these cellaereas

sensitive to irinotecan as 1B cells

Finally, enhanced cisplatimactivation by glutathione Sransferasesias been linked to
cisplatin resistancéDe Luca et al., 2019; Zou et al., 201®) contrast to these previous
findings, GSTP1 waslownregulated in L&R-C cells while GSTA1 displayed comparable
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levels as in L€P cells Therefore, cisplatin inactivation byebeenzyme appearsrrelevant for

cisplatin resistance in LS174T cells.

Given the aboveenhancedNA repair anddecreased cisplatin accumulatibyp enhanced
efflux and reduced uptakexplain probablyto a large extentisplatin resistance ihs-R-C
cells Other genes, howevetlso displayedaltered expression. Admittedly, not all of these
changes arbkely relevant for the cisplatin resistanseich asipregulategproapoptotic gene
BBC3 or downregulatedantiapoptotic BCL2 because these changes do not improve cell
survival and therebydo not enhancecancer drug resistancédditional mechanisms for
cisplatin resistance coulidclude altered control of apoptosis and survival balance because
cisplatinresistantcells showed increased expression of BCL2L1 and CDKN1A. BCL2L1 is
an antiapoptotic protein that, ifor example,nvolved in resstanceagainstanthracyclines
(Marin et al., 201Q)CDKN1A is not only the effect mediatof p53anda negative regulator

of thecell cycle but also can suppress apoptdbiereforeit can mediat@ncogenic functions
(Abbas and Dutta, 2009)s-R-C cells shoved reduced expression of CYP1/A&1.C10A2and
SLCO2B1, which are not known toetabolize or transport cisplatifhereforethe relevance

of these gene® cisplatin resistance would need further investigationsddition to gene
related change&s-R-C cellsgrewmuchslowerthanLs-P cells Thiscan partiallyalsoexplain
cisplatin resistance as Petitperez et ak2013 have demonstrateevith SN38resistant

colorectal cacercells

Irinotecan resistance has bepreviously associated with increased drug efflueduced
expression ofts molecular targetopoisomerase 1TOPJ) or mutations in TOPX&Nnd with
altered activation adipoptosis and survival pathwaygyiewed inHolohan et al., 2013; Pan et
al., 2016) These mechanisms aneresupported by severdketectedyene expressiochanges
in the Ls-R-I cells. First, irinotecan is aubstrate of ABCB1 and increased expression of this
multidrug efflux transporter has been observed in irinoteéeaistant cell§Choi et al., 2015;
lyer et al., 2002; Luo et al., 200&ccordingly, ABCB1 was upregulatedlius-R-I cells, which
supports the association of increased efflux with irinotecan resistémoeontrast the
expression of ABCG2 wanot increased irLs-R-1 cells. This finding iscontradictoryto
previousstudies which have demonstrated increased expression of ABCG2 in-SiigB
irinotecanresistantbreast, cervical and colon canaalls (Candeil et al., 2004; Choi et al.,
2015; Jandu et al., 2016; Takara et al., 2008)s contradiction could be expl&d by the
difference in cell linesstheseearlier studies have used otleetl linesthan LS174T
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Second, rinotecan and its active metabolite SN38 tadjegtctly TOP1(Kawato et al., 1991)
In this studyLs-R-1 cells showed reduced levels of TQRich is in line with earlier studies
conducted with SN38&nd irinotecasresistantancercells(Jandu et al., 2016; Kanzawa et al.,
1990) ReducedlOP1levels couldobviouslydecrease the efficacy of SN3Baerefore this
finding provides confirmation for the assumption of reduced target level mdevant

mechanism of irinotecan resistance.

Similar toLs-R-C cells,Ls-R-I cells exhibited increasezkpression oBCL2L1 and CDKN1A.
These results reflecteéhfindingsof Choi et al. 2015, who alstetectechigher expression of
CDKN1A in irinotecanresistant celld.s-R-1 cells showedlsoincreased expression of EGFR
and FGF19. These results are in acano#dwith earlierstudies whichdemonstratethcreased
expressiorof EGFR inSN38resistant cell¢Petitprez and Larsen, 2013) addition, FGF19
activation has been showndgaohance cébrowth, migration and invasion of colorectal cancer
cellsvia PXRdependent mann€wang et al., 2011)herefore, these results further support
the idea ofaltered apoptosis and survival pathways as putative irinotecan resistance

mechanismin LS174T cells

Similarly as in LsR-C cells, LsR-I cells showed also increased expression of GADDQ45A
which isinvolved in DNA repair(Liu et al., 2018). Therefore, enhanced DNA repair could be
a noveladditionalmechanisnin irinotecan resistance LS174T cells Finally, irinotecan is
metabolized to inactive metabolites by CYP384aaz et al., 1998; Santos et al., 2000)
CYP3A4 was highly induced ihs-R-I cells which could also contribute tothe irinotecan

resistance.

Interestingly, compared to B cells LsR-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 imrgsgrowth ad survival and drug resistance
(reviewed inDomanska et al., 2013Accordingly, CXCR4 expression has been associated
with poorer survival of cancer patients (Li et al.,, 2014; Zhao et al., 2015). CXCR4
overexpression was previously observedisplatin, gefitinib- and oxaliplatiaresistant 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 ben 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 InR:=k cells. In contrast, these genes were

downregulated.
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Other gene expression changes wals® observed, which arprobablynot contributingto
irinotecan resistan¢cdecause these changes would aidtin developing theesistanceFor
instance, UGT1A1 and UGT1A9 weskghtly downregulated and not upregtéd as could be
expeted based on their function. These enzymes metabolize SN38 to inactive metabolites
(Gagneé et al., 2002; lyer et al., 199B) accorégncewith earlier studies (Jandu et al., 2016;
Kanzawa et al., 1990; Btprez et al., 2013)s-R-I cellsgrewslightly slower tharL_s-P cells.
Therefore, educed growth rate could also partially explain the irinotecan resistance in LS174T
cells.Finally, all of these above mentioned changes wereamiderablytarge,even though

the fold resistance tios-P cellswas;therefore it seemseasonabléhat irinotecan resistance is
notdue toone single mechanisrbut moreover itould be caused by a combination of several

mechanisms.

This work has several limitations. First, not all possible genes associated with cancer drug
resistance werénvestigated We used here a targeted approach investigating only genes
associated with selected mechanisms of cancer drug resisTdrerefore, there could be
additional genes that might Ipart ofcisplatin or irinotecan resistanaghich were not found

here In addition,appearance ahutations vasnotdisclosed herevhich could be relevant for
function of certain genes. For instance, mutationB@®1, which reduced the activity olis
enzyme havebeen observed in SN3&sistant cell§Arakawa et al., 2006)n addition, the
changes in mMRNA expression were not confirmadheprotein level.For this reasononly
relative expressioohanges larger than 1t8ld or smaller than 0.7&ere includedIt has been
previouslydemonstrated thd.5fold changein mRNA can be detected also in protein level
(Jeske et al., 201N general, the correlation between mRNA and protein exprelamheen
demonstrated to be po(eviewed inde Souza Abreu et al., 2009)xanscriptionbchanges
explainaround40%o0f the protein level variance, whereasproximately 60% of the difference
could bedue toother changes than transcriptionalich as regulation of translation and
degradation of proteirHowever, genes that show differentraRNA expression due tona
experimentactondition, such as treatment, demonstrate remarkably higher correlation between
MRNA and protein than gentsat are not differentially express@¢bussounadis et al., 2015)

This gives evidence for the assumption that differentially expressed mRigbsologically
meaningful(Koussounadis et al., 2013oth resistant cells exhibited severalterations in

gene expressiathat could be assumed to bleserved similarlyat protein level However, the
relevance of these alterations for function of the protein and moreover the biological relevance

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

is probably smallas several drugesistance related alterations were observed here

5.2. Role of PXR-dependert regulation on gene expressiorof cisplatin- and irinotecan-

resistantcells

In Ls-R-C cells none of themeasuredjenes except ABCBland ABCB1llwere affected by
the treatment witlprototypical PXR agonistifampicin or PXR specific antagonistSPA7Q
This is perhaps surprising, asplatin has been shown to activate PXiRseveral cell lines
(Masuyama et al., 2016, 2008)terestingly short term(72 h)treatment with cisplatin induced
the expression ofestablishedPXR targetgenes, ABCB1 and CYP3A&ig. 7) whereas
selection withcisplatin (long-term treatmeny elucidatedopposite resultsieduced expression
of ABCB1 andcomparablexpression of CYP3Adompared to thes-P cells Moreover, PXR
MRNA and protein expressismvere reduced in LER-C cells compared to parental celis
accordance witthis, Yasuda et al. (2019) observed redueZdR mRNA levels in HepG2 cells
after treatment with 2@M cisplatin.Cisplatin appears to be a PXR activatdigast in short
term, but in longterm other pathways are probably activated that lead to downregulation of
these PXR target genes that were induced in-$eort probably by reducing PXR expression
itself. Given the abovePXR seemsnot to be involved in acquired cisplatin resistante
LS174T cells; instead other signaling pathways are activateghich are relevant for the
cisplatin resistance

In contrastto LsR-C cells in Ls-R-1 cells, PXR appears to bat leastpartially involvedin
drug resistanceRifampicin induced and SPA70 suppressethe of thepossiby relevant
genes such asmultidrug efflux transporter ABCB1 and irinotecan metabolizing enzyme
CYP3A4. Similarly, PXR activation and inhibition appeared toaffect slightly FGF19
expressionFGF19 has beepreviouslyshown toenhancecellular growthand migration in
LS174T cellsin a PXRdependent mannéwWang et al., 2011)Moreover, PXR antagonism
reduced the induced expression of these genesR-I cellsback to nearlfhesame levedas
basal levelsn Ls-P.Given the above, PXR seems to regulate at least partly thegemssion

changes in L4R-1 cells.

Ls-R-C showedno crossresistance towards irinotegawhile Ls-R-1 cells exhibited slight

crossresistanceowards cisplatinThis may be explained by the fact that only fefvthe
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investigated cancer drug resistai@ssociatedienes were similarly expressed in these cells.

These results indicate thatthese cellsheresistance is caused Histinct mechanisms

PXR splicevariant called sSPXR has beproposedo have tumor suppressing effects due the
dominant negative effect it has towarfdactional PXR (Breuker et al., 2014Both LsR-C
and LsR-1 cells exhibited similar levels of PXR1 and sPX¥R Ls-P cells. Theefore,
alternative splicing of PXR leading to reduced level of tusuppressive sPXR or increased

levels of tumor promoting PXRdannot explain thebservecisplatinor irinotecan resistance.

5.3.Resensitization ofdrug-resistant cancercells by PXRantagonism

Because our findings indicate that PXIResnot regulate the genes involved in cisplatin
resistancef LS174T cellswe assumecdhatthese cells would not be resensitizedisplatin

with PXR antagonismRecently,Yasuda et al. (20)%havedemonstrated resensitization of
cisplatinresistantiver cancerHepG2cells with PXR antagonist leflunomidi contrastto

liver cancer cellswe usedherecolorectal cancer LS174T cellg these distinct cell lines,
different genes could be involvedtimecisplatinresistanceUnfortunately, no gene expression
analysis was conducted inetharlier studyby Yasuda et al. (2019Moreover |eflunomideis

nota verypotentPXR antagonistEkins et al., 2008and it has beeshown to even elicit PXR
activation at lowerdoses than that were used irsansitization(Ratajewski et al., 2015)
Moreover,PXR antagonisnby leflunomide is an oftarget effecof the drug Leflunomide is
used as an immunosuppressant fortteatment of arthritis because it blocks dihydroorotate
dehydrogenasevhich is necessary for multiplication of lymphocytEMA, 2014) Therefore,

it is possible that some oth#dran PXRmediated pathwaysould have causethe increased
caspase activityobserved by Yasuda et al. (201®)addition, the end point ofgensitization

in this previous studwas increased caspa3eactivity and not a phenotypic change in overall
cell viability. Therefore, it is not comprehensively proven that leflunondiglereasegber se

the cell viability ofresistantcells because only caspaSeactivity was assessed instead of
actual cell viability.In thegene expression analysit Ls-R-C cellscontradictoy change®f
apoptosis regulating genegre observed, such apregulatedroapoptotic gene BBCand
downregulate@ntiapoptotic gene BCL2 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 d€Bidwrdwick and Soane, 2013)verall,in
LS174T cellsother than PXR regulated pathways appear to be involved in the acquired
cisplatin resistance. Consequentiy,these cell?XR antagonisnwould probably not be

beneficial inredudng the cisplatirresistace
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Even thoughsomegenes participating in irinotecan resistange Ls-R-I cells provedto be
regulated by PXR, antagamg PXR with SPA70 did not sensitize LsR-1 cellsto irinotecan
Possible explanation for this is thet resensitize cells back weardsirinotecan, it is not
sufficient to suppresssolely the few genes, such as ABCB1 and CYP3A4hich were
regulated by PXROther thanthesePXR-activated pathwayare at least as important for the
resistance including apoptosis and proliferation pathwayk could be concluded that
irinotecan resistancis a complex phenomenon consisting of activation of several pathways
and suppressingolely one of these is not enough to resensitize irinoteeaistant.S174T

cells.

Ls-R-I cells displayed increased expression of ABCB1 and CYP3A4, which have been
demonstrated to be relevant for paclitaxel resistéHeadrikx et al., 2013; Vaidyanathan et

al., 2016) Accordingly, Ls-R-I cells showed crossesistance towards paclitaxéloreover,
treatment of LsR-1 cells with PXR antagonistesensitized celltowards paclitaxelThe cell

viability was however still approximately 40%at the highest paclitaxel concentration in
resensitized L&R-I cells, which wasslightly higherthanthe cell viability ofLs-P cellsat that
concentrationT his canaffect to the calculation d€so value Higher paclitaxel concentrations
could not be used due to solubility problems. Neverthepessitaxel resistance appears to be
more dependent oRXR-regulatedgenes therefore, PXR antagonisiwas beneficial in
reducing paclitaxel resistanda generaljt seems thaPXR antagonisnsould be suggested as
auseful approacto attenuate cancer drug resistance ahtiie resistance is mostly dependent

on PXRregulated geneg:urthermore, 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 PXRregulated pathways are also activated and have impact on the development of drug

resistance.

5.4.1dentification of novel PXR antagonistsand their mechanism of action

Combination ofn silico, cellular and biochemical assagsulted indentification offive novel

PXR ligands with high structural similaritBased on theieffects on reporter gene assays four
of them were identified as PXR antagonists and ordw@kagonistUnfortunately, one of the
antagonists @npourd 2) could not be characterized thoroughly because of limited availability

of this compound.

With increasing concentrations, llafour potential antagonistsshifted the rifampicin
concentratiorresponse curvéo the right hand, theby increasing the Efg of rifampicin,

which suggedst that these compounds are competitrgagonistsThe maximum effect by
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rifampicin (Bnax) appears to decline with higher concentrations of novel antagonists, especially
with compounds/3 and 100, which could indicateadditional horcompetitiveantagonism.
However, higher concentrations of rifampicin could not be used and therefqrkatiseu of
the effectwas not reachedand this possible decrease imakcould not be confirmed

unequivocally

Competitiveantagonists compete with the agonist in binding ta.Bfe andhinderthe binding
of the agonistThe binding of these novel ligandsRXR LBD was demonstrateith occurin
vitro with limited proteolytic digestion assand alsan cells with LBD assembly assayn
addition, the results from threporter gene assay using Lifed triple mutantsuggests that
these compounds bind to the LBP as the high constitatitieity of this mutantwas not
reduced Only compound73 showedalso weak inhbition of constitutive active LBHilled
triple mutant. Thereforat cannot beotally ruled out that this compourmbuld additionally
also bind outsidethe LBP. Similarly, coumestroland pimecrolimushave been previously
demonstratecdhot only bindinto PXR LBP, but alscadditionally outside LBP(Burk et al.,
2018; Wang et al., 2008)

Specific ligandinduced effects weravestigated utilizingsingle amino acidPXR mutants.
None of the compounds activated mutants Y306A, S2471A407A. Y306A appears to be
norrinducible mutant, whereas S247A and H407A showed high constitutive gdbivitwere
not further induced by ligand§enerally, the activation patterri these compounds was
similar. rifampicin caused thenhighest induction, followed by compountO9 and 12
Compounds/3 and 100 demonstrated typically the lowest activation of PXR mutants. Few
exceptions existed. Firstompoundl2 displayed lowest induction of mutants W299A and
H327A. Therefore, these amino acidaybe important for the PXR activating interactions of
compoundl2. Secondcompounds/3 and 100 activated mutant W299/ore stronglythan
the other mutantsactingasagonists for this mutaninterestingly, snilar behavior has been
demonstrated previously with SPA70, which actaraantagonist ofvild-type PXR, butis an
agonistfor W299A (Huber et al., 2020Molecular dynamic simulatiorsuggestethat SPA70
affectsthe position ohelix 12 in the AF2 regionin W299A differently as in wildtype PXR
CompoundlLOO0displayedalsostrong activation of H32A compared to the weak activation of
wild-type PXR.

The newly identifiedantagonists impaired thefampicin-inducedinteraction of coactivator
SRC1with PXR. Thishas been demonstrated previousith other PXR antagonists such as

ketoconazolg pazopanib, pimecrolimuand sulforaphan€Burk et al., 2018; Huang et al.,
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2007; Zhou et al., 20070n the other handhése novelantagonistsalso impaired the
constitutiveinteraction of PXR with corepressor SMRIimilar effects havéeen previously
observedwith ketoconazolepazopanib andimecrolimus(Burk et al., 2018; Huang et al.,
2007) In contrastenhanced interaction of PXR with SMRT has bseownonly with SPA70
(Lin et al., 2017) Ultimately, these novel PXR antagonigtshibit PXR activation by

compromisng thecoactivatorinteractions

Based on the mechanismyad classes of nuclear recep@mntagonismhave been proposed
earlier (Chai et al., 2020)These twoclasses active and passive antagonjswere first
demonstrated with estrogen recepi{@siau et al., 2002Active antagonists contain typically
bulky substituents that disturb the &Fegion physically, whereas passive antagoolssge
position ofhelix 12 toobstructAF-2 surface usually vilack of appropriate interactioms the

LBP (Kojetin and Burris, 2013)Active antagonists have shown also to enhance interactions
of nuclear receptor with corepressossiile passive antagonists prevents the binding of both
corepressors and coactivatofSchoch et al., 2010)Given the above, the novel PXR

antagonists identified in this wodould be classified gsassive antagonists.

The here executesmbination of distinct assays proved to be importanotdirm the effects

of these compoundsn PXR because cellular assays identified four of these compounds as
antagonists and one as a strdallj agonist. In contrast to reporter gene assays, orleeof
potential antagonistd ) induced endogenous PXR target gene expression in LS174a<ells
strongly as rifampicin and did not suppréise rifampicirinduced expressionnterestingly,
other two antagonis{d3, 100 displayedyenespecific effects oendogenous PXR target gene
expressionSimilarly, as compoundl2, compounds/3 and 100 induced the expression of
CYP3A4 and did not suppress the rifampimiduced expression. In contrast, compoun8s
and100did not induce the expression of ABCB1 ampressedtronglythe rifampicirinduced
expression. Likewise, the basal expression of CYP2B6 was reduced by these conipoends.
to these results, it could leguedthatcompounds3 and100areselective PXR modulators
instead obeingsimple PXR antagnists.Interestingly, the newly identified PXR agoni$00)
displayed weaker induction of ABCB1 compared to rifampicin, while the CYP3A4 induction

was comparable between compou®d and rifampicin.

PXR, CAR and VDR belong to the samup | ofnuclear receptor subfamily(NR1I) and
exhibit sequence similarifyVu et al., 201B). CAR3 differs from CARL1 by a five amino acid
insertion in the LBD(Auerbach et al., 2005Pespite this insertiolCAR1 and CAR3 arstill
predicted to conta similar LBP s(Auerbach et al., 2003LAR3 is, however, liganthduced
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transcription factor and needs presence of RXR for the maximal ligdnded activity while

CARL1 is constitutively active varia(huerbach et al., 2005Compound/3act as a vgrweak
inverse agonist on constitutive active CAR1, while other PXR ligands showed no effects on
CARL1 activity. None of the compounds influenced CAR3 activiigmpoundsl2 and 109
activatedvery weakly VDR, whereas compound8 and100had no effect on VDR activity.
Overall,these novel PXR ligandgppeato be PXR selectivamongthe nuclear receptdiR1l

group because the effects observed @AR1 and VDRwere very weak and may not be
biologically meaningful It is, however, possibléhat these compounds could exhititonger

receptordependent effects on some other nuclear receptors.

Several kinases have been shown to phosphorylate PXR, aadremsilt to affect the
transcriptional activity of PXRDing and Staudinger, 2005a, 2005b; Liekdiser et al., 2009;
Lin et al., 2008; Pondugula et al., 200%herefore, ompoundsl00and 109 were tested for
their potential to inhibit panel of335 wild-type kinases. Compound00and compound 09
inhibited at least by 50% five and eight kinases, respectiv&imong the inhibited kinases,
only protein kinase A (PKA) has beatemonstratedo phosphorylate PXRDing and
Staudinger, 2005a; LichKaiser et al., 2009)In humans, PXR phosphorylation by PKA
repressed the transcriptional activifiiichti-Kaiser et al., 2009)Inhibition of PKA by
compoundl00and109 should therefore increase the transcriptional activity of PMRich,

for compoundL0Q, is the oppositefavhatwasobservedThus,the inhibitory effects on PXR
of compoundLOOaremost likelynot due to inhibition of PXR phosphorylatiorhe inhibition

of PKA by compound 00could howevergxplain the partial agonism, which was observed in
reporter gene aaysand in the induction of endogenous CYP3A&pecially because this
compound was not able to recruit coactivators, whicl tgpical function for agonists.
Inhibition of PKAcould alsacontribute tahe PXR activation effects observed with compound
109 Thus compoundl09could induce the transcriptional activity of PXigt only via direct
bindingto PXRbut alsoby 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 liga(iudinger, 2019)The
majority of compoundshat bindto PXR activateghe receptgrwhich also inders the design

of antagonistgChai et al., 2020)Moreover, subtle structural changes impact greatlyhe

PXR activation or inhibition potential as has been observedRXiR antagonisEPA70 and

PXR agonistSBJ7, which differ only by one methyl gio@andin thelocation ofa methoxy
group(Lin et al., 2017) Similarly, subtle structural changestire herenewly identified PXR
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ligandsaffectedthe PXR activation and inhibition potentidh addition to small molecule
inhibitors, other approaches for PXR inhibiticem bepursued as welPROteolysis TArgeting
Chimeras (PROTAC) are small molecutbat comprise two functionalities linked together
onethat bindgo E3 ubiquitin ligasend dherthatbinds to thetargetedorotein(Flanagan and
Neklesa, 2019) The close distanceof thesefunctionalities results inthe target protein
ubiquitination and subsequent degradatiypically over 90% of thexpressedarget protein

is degraded, thereforthe mechanism of inhibition differs greatly from traditional small
molecule antagonistd-lanagan and Neklesa, 2019) addition,PROTACscanalsoinhibit
constitutive active nuclear receptols.contrast, small motaile antagonists usualinhibit

only the agonisinduced activity of nuclear recept@hai et al., 2020)Another approach for
reducing thearget proteirexpression would be oligonucleotidased drugssuch as antisense
oligonucleotides and small infering RNAs (siRNA)(Bennett and Swayze, 201@ommon
hindrance for utilizing any of these approaches is the limited number of developed compounds.
Not only is the number of PXR antagonisteall, but also no therapeutic PROTACs or
oligonucleotidebased drugs targeting PXRave beenpublished to date Antisense
oligonucleotides and siRNAs against PXR have only been utilizBXRrelated researcio
studyfor instancegene functiongChen efal., 2016; Jeske et al., 2017; Zucchini et al., 2005)
However, PROTACs and oligonucleotidased therapeutics against androgerestrogen
receptor have been investigated in clinical trials (NCT02144051; NCT03300505;
NCT04072952)In addition, both PROTAE€and oligonucleotidbased therapeutics can elicit
off-target effecd, which could lead to reduced expression of other thararget protein
(Bennett and Swayze, 2010; Moreau et al., 20@{8al small molecule inhibitor shouidso
show selectivity towards PXBr at least antagonize PXR at lower concentrations than non
desired targets his has been demonstrated with SPALD et al., 2017)PXR is involved in
variety of physiological funatins, therefore the total abolishment of PXR could elucidate
harmful effects.PXR is not a traditional target in cancer therapy, becaubastnot been
classified astypical mutateddriver gene in cancefBietlein et al., 2020)In addition, lased

on the dataon the Human Protein Atlagyven thoughPXR shows increased expression in
certain cancers, including colorectal, liver, pancreas and stomach ¢ahbas not shown
clear prognostic valugUhlen et al., 2017)http://www.proteinatlas.oilg Although, Dong et

al. (2017) observed association with PXR expression and decreased survival of colorectal
cancer patientdt could thus be suggested that selective modulation by PXR antagonism and
not total PXR ablation could be more sensible in attémgiaancer drug resistance so that only

those PXRmediated effects that are relevant for resistance would be reduced, such as efflux
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of cancer drugs by ABCBI1n contrast,for instance,androgen receptaand the signaling
pathways activated by this nucleaceptoarethe driving forcein prostate cancer and thereby
the main target to blockn the treatment of this diseageeviewed in Wadosky and
Koochekpour, 2016 Therefore utilizing PROTACS or oligonucleotidbased therapeutics in

the treatment of prostate cancemisch moreeasonable.

PXR antagonist would not beusedasa monotherapy in the treatment of cancer rhatiteras
part of the cancer drug regimerAlternatively, a multitarget approachwherecancer drugs
themselvesvould act also as PXR antagorssbuld be beneficial Severakcancer drugbave
shown to activate PXRsuch agamoxifen,paclitaxel andsorafenib(Harmsen et al., 2013,
2010) but onlyfew cancer drugs have demonstrated PXR antagomishadingbelinostat and
pazopanil{Abbott et al., 2019; Burk et al., 2018jere,our newly identified PXR antagonist,
compoundL0Q, inhibitedpotentlythekinase activity oRAF-kinasesgspecially the activity of
c-RAF, which is encoded by the pretmcogene RAF1TheseRAF-kinasesare important
downstream effectsiin the mitogeractivatedprotein kinase (MAPK) pathwaydviewed in
Khazak et al., 2007 Activation of MAPK pathwayhas been shown fmromotetumorgrowth

by enhancingcell proliferation, angiogenesis and vasculogenetie c-RAF has been
demonstrated to be vital for the development cddfnutated norsmall cell lung cancen
mice, where its abrogation has reduced the tumor gr¢Rldsco et al., 2011; Sanclemente et
al., 2018) In addition, simultaneous inhibition of EGFR an&AF has showrn miceto stop
the progressionof certain Kasmutated pancreatic ductal adenocarcinorfiglasco et al.,
2019) Increased expression ®RAF wasalsoassociated with decreased survival of ovarian
cancer patient@McPhillips et al., 2006)A few multikinase inhibitors targetings wellc-RAF
have granted marketing authorization, such as sukafend regorafenitEMA, 2019b, 2013)
But no specific-RAF kinase inhibitors are yet clinically available.

Selective PXR modulation by small molecule compoucmissideringthe variety of PXR
regulated functions could labeneficial approacto reduce cancer drug resistaridewever,
selective PXR modulator would not be sufficient as monotherapy, but should be combined with
cancer drugghat potentially develop resistanceavPXR-regulated genes. Alternativelg,

novel approach would béifunctional ligands, such as here identifidte novel PXR
antagonizing kinase inhibitodnvestigation of possible drugrug interactions via PXR
activation are part of mandatory testing foarketing 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, moe knowledge is required from all approaches targeting PXR in the

conext of cancer drug resistance.

6. Conclusions

This work shows that lonterm continuous treatment of cisplatin and irinotecan results in
acquireddrugresistanceTheselectedells displayedor the most paristinct gene expression
alterations Several genes that previousigve been shown to laesociated with cisplatin and
irinotecan resistance were altered their expressionHowever, alsoa few novel gene
expression changes were observed that cawaldtribute to cisplatin andbr irinotecan
resistance. For instances-R-C cells showedncreased expression of antiapoptotic gene
BCL2L1. CDKN1A was also upregulated these cellswhich can elicit apoptosis suppressing
functions. LsR-I cells exhibited increased expression of GADB45which is involved in

DNA repair. These results suggeshat n addition to the previously described resistance
mechanismmassociated with cisplatin or irinotecan resistance, reduced apoptosis and enhanced
DNA repair could be additionanechanismsTheseselected resistantells exhibited no
remarkablecrossresistance towardke respective other druglowever, irinotecamesistant

cells exhibitectonsiderablerossresistance towards paclitaxel, whishikely due tothe PXR
dependenincreased expression of ABCB1 and CYP3A4. Thasteins are involved in the
efflux transport and metabolism of paclitaxel. Cisplkatind irinotecasresistant cells differ

also in theiresponse to PXR activation and inhibition. None of the relevansgegarding

drug resistance were affected by PXR activation or inhibition splaiinresistat cells,
whereas in irinotecaresistant cells some of these genesluding ABCB1 and CYP3A4,
were suppressed liyeatment with @XR antagonist. Therefore, RXappears not to play a
role in cisplatin resistance, while in irinoteedsistant cells PXR has at least some role.
However, oher pathwaysontributealsogreatly toirinotecan resistance, assindicated by
thefailed resensitizatiotowards irinotecanf irinotecanresistant cellby treatment with the

PXR antagonistin contrast, cdgreatment of irinotecaresistant cells with PXR antagonist
reduced the paclitaxel resistance. This suggests that PXR bautgla relevant rolein
paclitaxel resistance. To summariZeXR antagonism can be a beneficial approach to
resensitize drugesistant cancer cells, however, only if the resistance is caused predominantly
by PXR-dependent gene expression chanljésnot a geeral approach, even not for all cells,
which are resistant to PXBctivating 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 assagsilted irntheidentification of four novel

PXR antagonists and offiell agonist with high structural similarityom TUKIC compound
library. Further characterization revealed thatde four antagonists appeared to function as
competitive antagonists with partial agonist activity. In addition, these compounds impaired
the rifampicininduced interaction of PXR with coactivatSRC1;therefore, theycould be
classified also as passiamtagonistsFinally, compounds were testedth respect to their
effect onexpression okndogenous PXR target genes. Compounds exhiigtithct gene
specific effects.Interestingly, compound33 and 100 suppressed the rifampicinduced
expression of BCB1, while they induced the expression of CYP3A4. This suggests that these
compounds could be selective PXR modulators. Compdi2nshowed no PXR inhibition
activity, while it induced the expression of ABCB1 and CYP3A4, demonstrating similar effects
as tle compound.09, which was in the reporter gene assays identified@geagonist All

these ligands share high structural similarity. Therefooan be concluded thatibtlechanges

in structures of PXR ligands can have great impact eadtivation or inhibitiorof PXR.

Cancer drug resistance is often a major hindrance for successful cancer therapy. Gumhently,

few options exist for prevention or overcoming cancer drug resistémsgewed in
Aleksakhina et al., 2019First, patients can bgiven sequential therapy, meaning that they are
treated with another cancer drhgit do not share the resistance mechanism with the first drug.
For instancehreast cancer patients, which develop resistance against aromatase inhibitors, ca
be given sequential therapy with estrogen receptor degfdtsed et al., 2020)in addition,
imatinib-resistant chronic myeloid leukemia can be treated with dasatinib or nijotthibh

are effective against the imatinibsistant mutation@Vard et al, 2020) Secondacommonly

used option to prevent cancer drug resistance is to use combination therapy to inhibit different
signaling pathways or different targein the same signaling pathwéleksakhina et al.,

2019) Combination of BRAF and MEK inhitors are commonlutilized 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 rs@nce(Aleksakhina et al., 2019Y his approach, however, is still in
experimentalktageand not a standard regimen in contrtasthe two previous approaches,

which are routinely used. In addition, sequential and combinatorial theff@gys for the mst

part only mutatiorassociated resistance mechanisms and not the general cancer drug resistance
mechanismsuch as increased efflukfforts to attenuate cancer drug resistance occurring via

these general mechanisms, have been for the most part focused on inhibition of ABC

93



transporters, especially ABCBIeyiewed in Robey et al., 2018)Unfortunately, these

inhibitors have not been prem to reduce cancer drug resistaclo@cally 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 haveshown that PXR antagonism increafies potencyof cytotoxic drugs in cancer

cells (Abbott et al., 2019; Lin et al., 2017lowever, it is not comprehensively proven that
PXR antagonism could resensitideugresistant cancer cell®espite Yasuda et al(2019)
demonstrated increased caspasactivation inleflunomidetreated cisplatiwresistant liver
cancer cells. @ the best of our knowledgki$ workhere demonstrates for the first tirtieat

PXR antagonism can hesed to reducdrug resistace indrugresistant colorectal cancer cells.
However, this approach appears to be benefdy if the drug resistance is primarily
dependent on PXdRegulated genes, as it appears to be with paclitaxel but not with irinotecan.
Irinotecan resistandasteadcould be suggested to be a complex phenomenon consisting of

activation of several pathways.

The limited number of available PXR antagonisither presents an obstacle for using the
PXR antagonisnas a potential approa¢h overcome cancer drug rdsisce. To the best of

our knowledge, this worgresents first tima 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 quaidide further options in the field of
cancer therapyl'he novel antagonists identified in this waxdduld be used as a starting point

for developing more efficient PXR antagonists or selective PXR modulators that could be
utilized as part of cancer treagént. Further optimization could be done to increase the potency
for PXR inhibition, while not logig the potent inhibition of RAkinases, which could be
beneficial in the treatment of certain canc&ancer drug resistance is conteahd drug
dependenso that it will not be overcome by one approach. Therefore, further studies about the

drugrelated mechanisms and different approaches are required in the future.
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9. Appendices

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

Gene MOC-class Relevance to cisplatin or irinotecarresistance Effect by PXR activation
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ABCC5 Ib y i n -RYTNGA& et al., 2009) y(Moscovitz et
y i +R(Heriaez et al., 2012; Wakamatsu et al., 2007)
ABCG2 Ib Iri/f SN38 substrate@Nakatomi et al., 2001; Pan et al., 2016) y(Moscovitzet al., 2018;

Cist reat ment (Herraexepal.,&1l8)i o n

9 i -R(Choi et al., 2015)

y i n -RI@aBA8Il et al., 2004; Jandu et al., 2016; Takara et al., 2009)

Naspinski et al., 2008; Planque
et al., 2016)

ALDH1Al Colon cancer stem cell mark@lanque et al., 2016)

y(Pl anqgue et a

ATP7A Ib Cist reat ment (Herreexepal.,81l8)i o n
Cis substratéSamimiet al., 2004b, 2004a)

a i R (Songetal., 2004)

y i R (Imoweset al., 2010; Li et al., 2016)
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Deletion increasesis sensitivity(Zhu et al., 201)

ATP7B Ib Cis substratéSamimi et al., 2004a)

Cist reat ment (Herraeezet@lr, 20825 i o n

yin cisR (Herraez et al., 2012; Li et al., 2016)
BAG3 Antiapoptotic(Zhou et al., 2008; Zucchini et al., 2005) 9 (Zhou et al .,
BAK1 ProapoptotigZhou et al., 2008) Z(Zhou et al .,
BAX )Y ProapoptotigVermaet al., 2009) y(Verma et al
BBC3 Proapoptoti¢Verma et al., 2009) y(Verma et al
BCL2 V Antiapoptotic(Zucchini et al., 2005) y(Zucchini et
BCL2L1 V Antiapoptotic(Zucchini et al., 2005) y(Zucchini et
BIRC2 V Antiapoptotic(Zhou et al., 2008) y(Zhou et al .,
CDKN1A \% Negative regulator of cell cycle, suppressor of apop{@dibas and Dutta, 2009) § /(Rbbbins et al., 2016; Verm:

y i -R(Chai et al., 2015) et al., 2009)
CES1 Il Iri activation to SN3§Humerickhouse et al., 2000; Wu et al., 2002) 9 (Moscovitz et
CES2 Il Iri activation to SN3§Humerickhouse et al., 2000; Wu et al., 2002) Vy(Zhu et al .,
CYP1Al Il 9(Naspinski et
CYP1A2 Il y aspinski et al., 2008)
CYP3A4 Il Iri inactivation(Haaz et al., 1998; Santos et al., 2000) y(Moscovitz et al., 2018; Oling¢

et al., 2008)

CXCR4 Colon cancer stem cell mark@lanque et al., 2016) y(Pl anqgue et a
EGFR V y i n -RINIYRetitprez and Larsen, 2013)
ERCC1 \% y b y(Liet al.s1998)

Inhibition increases cisytotoxicity (Arora et al., 2010)

Low expressiorassociated with better responseistreated patient@Bai et al., 2012)
FGF19 y  cgeowth, migration, invasion of cel(§Vang et al., 2011) y(Wang et al .,
GADD45A v Cist reat ment (uetak, L& ssi on

Suppression increases sensitivity(Liu et al., 2018; Smith et al., 2000)
GADD45B ¥y mi g r eahceracell§Kodhma and Negishi, 2011) y(Kodama and N

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

y i R (Zou esal., 2019) Naspinski et al., 2008)
GSTA1 a i R (Sabusetal, 1989)

Knock down increased cisxicity (Zou et al., 2019)
GSTP1 Il y i R (Sabusetal., 1989; Zou et al., 2019) y(Moscovitz et

a i R(Lceta., 2016; Wakamatsu et al., 2007)

Knock down increaseis toxicity (Zou et al., 2019)

Overexpression decreased wgicity (De Luca et al., 2019)
MCL1 Antiapoptotic(Zhou et al., 2008) y(Zhou et al .,
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MSH2 \% Knock down increases cis resistaifkethandapani et al., 2013)
Z i #R(Lage stal., 1999)
NFaB \Y
NROB2 Cist reat ment (Maquera gt al.e2818)i o n
Cist reat ment (Wangetg.r2@l6)si on
NR1H4 Farnesoid X receptor
NR1I12 Pregnane X receptor
OLMF4 Colon cancer stem cell mark@lanque et al., 2016) y(Pl anqgue et a
PRAMEF10 Negative regulator of apoptosis, positive regulator of prolifergtitnmiprot, 2020a) y(Kandel et al
PRAMEF17 Negative regulator of apoptosjmsitive regulator of proliferatiofUniprot, 2020b) y(Kandel et al
SLC10A1 la y(Moscovitz et
SLC10A2 la
SLC22A1 la 9{(Moscovitz et al., 2018)
SLC31A1 la Uptake of cispléin (Ishida et al., 2002; Song et al., 2004)
Higher expression in cisensitive patientdshida et al., 2010; Lee et al., 2011)
Cist r eat ment (Holzex ang Howell,s2006)n
Z i 4R (Sorig &t al., 2004; Zisowsky et al., 2007)
SLC31A2 Induction of cleavage of SLC31ADhrvik et al., 2016)
Suppressin of SLC31A2 increases aensitivity(Yoshida et al., 2013)
Higher expession associated with aissistancélLee et al., 2011)
SLCO1B1 la Uptake of SN3glusuf et al., 2014)
a $NB8R (Takara et al., 2009)
SLCO2B1 la Uptake of SN3§Fujita et al., 2016) y(Benson et al., 2016;
Moscovitz et al., 2018)
TOP1 11 Molecular target of ifSN38(Kawato et al., 1991)
TP53 Vv § /(\V&rmaet al., 2009; Zhou et
al., 2008)
UGT1A1 Il SN38 inactivatio{Gagné et al., 2002; lyer et al., 1998) y(Olinga et al
UGT1A9 Il SN38 inactivatio{Gagné et al., 2002; lyer et al., 1998)
Cis, cisplatin; iri, irinotecan; ciR, cisplatin resistance; iR , irinotecan resi st an c e-clasymechanisrd of chemoresistance ,

classesccording to Marin et al. 2010
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Appendix table 2.Relative expression of gends Ls-R-C cells compared to LsP cells.

Gene Relative expression+/-SD) | Gene Relative expression+/-SD)
ABCA2 0.74* (0.1) CYP1A2 0.54* (0.4)
ABCB1 0.0074**** (0.003) ERCC1 1.6** (0.3)
ABCB11 12.5** (6.5) GADDA45A 4.4*** (1.0)
ABCC1 2.1*** (0.3) GSTP1 0.61** (0.1)
ABCC2 2.6*** (0.9) NROB2 2.2** (0.6)
ABCC3 2.8** (0.9) NR1I2 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) SLC31A1 0.50**** (0.1)
BCL2 0.54** (0.1) SLC31A2 1.5** (0.3)
BCL2L1 4.0%** (1.4) SLCO2B1 0.37** (0.1)
CDKN1A 5.1* (2.4)
Only significant rel ati ve -Pegeflswersisciuded Datahssmgre s

as mean relative expression compared to the normalizedaerpaassion of L Statistically

significant differences are illustrated with asterisks.0.05, **p’ 0.01, ***p’ 0.001, ****p’ 0.0001

compared td.s-P cells analyed by unpaired-test.

Appendix table 3.Relative expressiorof genesn Ls-R-I cells compared to LsP cells

Gene Relative expression(+/- Gene Relative expression+/-SD)
SD)
ABCB1 1.8** (0.4) GADDA45A 2.1*** (0.3)
ALDH1A1 0.089**** (0.01) NROB2 4.3**** (1.1)
BCL2L1 2.3**** (0.3) OLFM4 0.13*** (0.04)
CDKN1A 3.3**** (0.5) SLC10A2 0.086**** (0.02)
CES2 1.6**** (0.1) SLCO2B1 2.5%** (0.4)
CYP3A4 4.6** (2.1) TOP1 0.58*** (0.05)
CXCR4 16.3* (9.0) UGT1A1 0.58** (0.08)
FGF19 3.3** (1.0) UGT1A9 0.28*** (0.2)
EGFR 1.6** (0.3)

Only significant relativee x pr es si on

¢ h a n g-e sells wére ibcludedata isOshoWwrb

as mean relative expression compared to the normalized mean expressiéhSiatistically
significant differences are illustrated with asterisgs0.05, **p’ 0.01, ***p’ 0.001, *** p’ 0.0001
compared td.s-P cells analged by unpaired-test.
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