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ABSTRACT

Objectives Colorectal carcinoma (CR@ one of the most common malignant tumorhaWestern
population.Liver X receptor (LXR)agonistic therapy has been shown to efficiently reduce tumor
growth incolorectal carcinoma aralvariety ofothercancer types in mic& he potent LXR agonist
RGX-104is currentlybeingtested in a phaskclinical trial in humanspotentially becomingviable
therapeutic optiotior cancer patientsAcquired drug resistanagemainsa major problem in cancer
therapyandthe present worlexamines to what extent such development of resistante LXR
agonist RGX104 takes placen colorectal carcinomand seeks to find potential mediators of
resistance to RG04.

Methods: In this study, thenurine colon carcinoma cell line CT2¢s usedo develop CT26 cell
lines capable ofprogressingunderRGX-104 treatment Subsequentlyin vitro andin vivo growth
behavior oftheseresistant cell linesvas characterized For in vivo testing experimentswere
conductedin immunocompetent and immunocompromised miEmally, alterations in gene

expression levelof theseresistant CT2@ell lineswere analyzed usingN®A-sequencing.

Results: In vivo characterization of resistant CT26 cells demonstrateobust growth advantage in
comparison to CT26 cells naive to L)dgonistic therapyn the presence of RGX04 treatmenand
suggestdan immune evasive phenoty@onsistentvith this,the genetic screen captured both known
and novel candidate mediators of immunoevastanongst these novel candidate gerlks present
work reveatd Abcgl, Selland Hspb7to be significantly upregulateoh the resistant celland
implicatedthemin playingan important role iconferring the describegtowth advantage

Conclusion: This studyintroducesAbcgl, SellandHspb7as potentibBmediators of drug resistance
totheLXRI -agonistRGX-104 and could vide the basis for further researchamy of these genes

as potential targets in cancer therapy.



Ziele: Das kolorektak Karzinomstellt einen der haufigsten bésartigen Tumore in der westlichen
Bevolkerungdar. Eskonnte gezeigt werdemlassdie Behandlung von Tumoren mit eindniver-X
Rezeptol(LXR) Agonisten das Tumorwachstum vkolorektalen Karzinomen, sowie einer Vielzahl
anderer Krebsartenei Mausen effektiv reduzieren kann. Der LXBonist RGX104 wird derzeit

in einer klinischen PhaskStudie am Menschen getestet ust somit auf dem Wegu einer
praktikablen therapeutischen Option flr KrebspatientewerdenDie Entwicklung von Rastenzen

gegen zunachst wirksame Krebsmedikamente stellt eine wichtige Problematik in der Krebstherapie
dar. In der vorliegenden Arbeit wird die Fragestellung untersuamvieweit eine derartige
Resistenzentwicklung gegen den L)gonisten RGX104 stattfhdet und wodurch dgée Resistenz

vermittelt wird.

Methode: In dieser Studie wurde die murik@lonkarzinomZelllinie CT26 verwendet, um CT26
Zelllinen zu derivieren die in der Lage sindunter LXRagonistischer Therapie zu wachsen.
Anschliel3end wurddasWachstumsverhalten dieser resistenten Zellklone sowvaiivo als auchin
vitro untersucht. Um dasn vivo Wachstumsverhalten gauer zu charterisieren wurden
Experimente in immnkompetenten und an immungeschwachten Mausen durchgéftibehlie3end
wurden Veranderungen der Genexpressevets dieser resistenten CTZ&llklone mittels RNA

Sequenzierungnalysiert.

Ergebnisse In vivo zeigte sich unter der Behandlung mit RGB4 ein signifikanter
Wachstumsvorteil der resistent@elllinien im Vergleich zu CT26 Zellen, die noch meit einem

LXR Agonisten behandelt wurden. Zudem wiesen die resistenten CT26 Zellen einen immunevasiven
Phanotyp aufDamit vereinbar identifizierte dasgetische Screening sowohl bekannte als auch neue
Kandidatengene, die eine Immunevasion begtinstigen kdAlsehopkandidaten dieser bislang nicht
charakterisierten Kandidaten zeigte diese ArlagissAbcgl SellundHspb7in den resistenten Zellen
deutlich hochreguliert sind und dass sie eine wichtige Rolle in dem zuvor aufgezeigten

Wachstumsvorteil spielen.

Schlussfolgerung Diese Studidiihrt Abcgl, SellundHspb7als potenziell&/ermittler von Resistenz
gegen den LXRAgonisten RGX104 ein undbildetdie Grundlageu weiterfihrender~orschungan

diesenGenea in der Krebstherapie.






1. INTRODUCTION

Colorectal carcinoma

Colorectal carcinomé@CRC)is one of the most common malignant tumorthan\Western population,
ranking third in the US and third among the male population in Germany. Among women in Germany
colorectal carcinoma is theecond most common canddr,2). Sporadic colorectal carcinoma is
typically a disease of thaelder population with inasing occurrence in patients aged 50 years and
older.Improvedscreening in the population of this age and the associated early detection and removal
of cancer precursors has overall led to a decrease in incidence of colorectal carcinoma in recent years.
However, among individuals aged 40 or younger the trend is contrary, witbraasedncidence of
casegq2). Currently, colorectalarcinomas are treatenith radical surgery and a chemotherapeutic
combination regime containing oxaliplatin, Bluorouracil and leucovorin or capecitabine. In
advanced stages, additiortargeted therapies are appliesijch asantibodies againsepidermal

growth factor recepto(EGFR and againswvascular endothelial growth factor AEGFA) (3).
Colorectal carcinoma with high microsatellite instability (M$Iconstitutes a subgroup of CRC that
exhibits enhanced immunogenicity due to inseghneoantigen burdgd). Clinical studieshave
indicated a high efficacy of checkpoint inhibition in patients with MiS¢olorectal carcinomayut
checkpoint inhibition is not yet commonly used in the clinic for treatment of colorectal cardispma
Randomizéd andplacebecontrolled studies hav&hownthat chemotherapglus additional treatment

with the VEGFA inhibitor bevacizumab increaserogressiorfree survival of patients with
metastatic colorectal carcinoma to a median of 10.6 months, compared to 6.2 months without
additional bevacizumab treatment. Nonethelalsspst in all patients, drug treatment eventuallysfail
resulting in progressn of the diseaseand highlighting the remarkable capacity of colorectal

carcinoma cells to develop mechanisms to evade drug tregi®ent

Drug resistance in cancer

Despite the plethora of distinct treatment approaches that have been investigated over the last decades
drug resistance remains a central roadblock to successful cancer therapy. Major factors accounting for
the frequentmergence of drug resistance in cancer incluegic instability, tumor heterogeneity,
and heterogeneity in the tumaricroenvironment{TME). Tumors can be intrinsically resistant,

meaning that drug therapy is originally ineffective, or they can acaesistance during theraigy).



In the following | will briefly describe sora of the most common mechanisms that promote drug

resistance in cancer

Increased drug efflux and drug inactivation

Reducing intracellular drug accumulation by upregulating mediators of drug efflux is an important
mechanism of cancer drug resistance. Thast studied transporter proteins in this context are
members of the ATP binding cassette transporter family. Multidrug resistance protein 11(NI3&
ABCB-1) has been associated with chemoresistance in many cancer types and carthreedfiate

of avariety of chemotherapeutic agents, such as etoposide, vinblastine, doxorubicin, paclitaxel and
some targeted therapies. MEIRhas been shown to be upregulated before cancer treatment, leading
to intrinsic resistance, but can albe upregulated upon treaent (8i 10). Multidrug resistance
associated proteith (MRP-1, alsoknown asABCC-1) has also been linked to drug resistance in
variouscancersand breast cancer resistance protein (BCRP, also ABQ& a mediator of drug
resistance in breast cancer and leukgihial?) Furthemore,drug resistance can stem from tumor

cells failing to activate prodrugs or metabolicaiigctivaing activecompoundg13).

DNA damage repa

Many chemotherapeuticsuch ascisplatin and etoposide, targisie DNA or the DNA replication
apparatusof tumor cells leading to impaired DNA replicatigorcell cycle arrestand subsequent
apoptotic cell deathilfo evadehis destiny, cancer cells ad additional alterations in DNA damage
repair pathwaysGenesgnvolved in DNA damage response mechanisms are frequently dysregulated
or silenced in cancerThe dependence afancer cells on alternative repair pathwagn be

therapeutically exploitetb combat drug resistan¢4).

Deregulation of apoptosis

Many cancer therapeutics result in apoptosis, the programmed cell death of cancApoptissis
can be induced bthe intrinsic pathway, in which p53, BAX and casp&selay an important role,
andtheextrinsic pathway, for which death receptors and caspaseessentia{15). There are sevdra
pro- and antiapoptotic proteins involved in these pathwayd upregulation of antiapoptotic proteins
as well assilencing of proapoptotic proteins, such as p53, is common in many types of (&8)cer
Antiapoptotic Bcell lymphoma 2 family members, the protein kinase B (Akt), the cashiadebitor

FLIP andthenuclear factoie BINF-a B have been shown to be overly active antiapoptotic proteins



in a broad set of cancefey examplemediatingthesurvival of tumor cei duringchemotherapeutical
treatmeni(17).

Drug target alteration

Directly targeting proteins that are specific for the tumor or that are typically dysregulated in tumor
cells has revolutionized cancer thergp8). Althoughtargeted therapies generally are very effective
and show fewer side effects than chemotherapeutic agents, their efécelog affected by mutations

in the drug target or alterations in the expression level of the targeted piokelnitors of EGFR,

which is commonly upregulated in cancer, had to l#eegnednultiple times to overcome resistance
caused by EGFR gatekeeper mutatid®. Increased upregulation of the androgen receptor (AR) in

prostate cancer resulted in failure of AR inhibitors bicalutamide and leup(@0gle

Tumor microenvironment

The microenvironment of solid tumors is composed of a variety of cellular andetiatar
components including fibrdésts, immune cells, blood vessealad the extracellular matrix (ECM).

It haslong beenknown that the TME plays a fundamental role in tumor development and cancer
progressior§21). In additionrecent studiebaveidertified the TME asamediator of drug resistance.
Integrins,which attach cells to the ECMsanmodulate intracellular signaling pathways associated
with cancer progression and drug resistaand upregulation of integrins has been linked to reduced
resporse of cancer cells to pharmaceutical treatnfenf22) Cells of the microenvironment can also
promote survival of cancer cells upon treant by releasing cytokines and growth factsigh as

the proinflammatory messenger interleukinwhich has been shown to mediate resistance to
doxorubicin treatment in Burkitt és whichcaplead ma ,
to resistance to the BRAF inhibitor PLX47283,24) Furthermore, immunosuppressive cytokines
such asnterleukin10 andtumor growth factor (TGFp which can be produced by the tumor or by
cells of the microenvironmentan mediate failure of cancer immunotheréfy). Myeloid-derived
suppressor celldéMDSC9 and tumorassociated macrophag@8AMs), both of which can dampen
immune responses, have been shown to be more abundant in the microenvironment of tumors that are
resistant to checkpoint inhibito(26,27)

Epitheliakmesenchymatansition
As pointed outbefore cancer cells in solid tumors are waltegrated in the TME. However, to

become metastatic they needowercomecell-cell adhesion by repressimgll adhesion receptors,



such as integrins and cadherins, wiockursduring epithelialmesenchymal transition (EMT). EMT

can be induced by many signaling pathways, suciif@GE-b |, PDGF and B&F sig
Additionally, EMT-cells exhibit a cancer stem céike phenotype, includinghe upregulation of
signaling pathwaysuch asVnt, Notch and Hedgehog signaling. These signaling pathways promote

cell survival and proliferation and can help the tumor cell to evadeidduged cell death. Cancer

stem cellexhibit stemcell-like characteristicthat promote resistante chemotherapeutic ageug
combiningthe features mentioned previously, such as high expression efoptotic proteins,

increased drug efflyandthe use of alternativeNA damage repaimechanism$29,30)

In conclusion, cancer treatment can become ineffective because of a wide spectrum of resistance
mechanismseventuallyleading to tumor progression aimcreased cancer mortalityrherefore,
identifying mediators of drug resistance and finding ways to overaesistance is essential

improving cancer therapy

Liver-X nuclear receptors
The role of LXRs in lipid metabolism

The | iver X (LXRUe pabLX®ib, eespéttivalypemeimbers of the family of nuclear
hormone receptor transcription factorsandplay mpor t ant r ol e i nishighlpi d m
expressed in the liver and is also abundant in other tissues involved in cholesterol metabolism,
especially in the intéfme and in adipose tissuehile L X RiB ubiquitously expresse(B81). Both

LXRU and LXRb form permissive heterodi mers wi
specifc recognition sequencestime promotersf target genes. These specific recognition sequences

are called LXRresponsive elements (LXREgB2). In the absence of a ligand, LXR/RXR
heterodimerdorm complexes with caepressors, which inhibits target gene expression. €hah

identified silencing mediator for retinoid or thyreltbrmone receptors (SMRT) as arepressor of

RXR, while another important ceepressor of this complex, nuclear receptereqaressor (NCoR),
wasidentified by Horlein and collagues(33,34) The binding of a ligand leads to a conformational
change in the LXR/RXR complexesultingin an exchange of the bound-mpressor with a co
activator (35). This in turn leads to the expression of tharget gene. Important ligands that can
activate this complex are cholesterol metabolites, in particular oxystEanyet genesencodeATP-

binding cassett@ABC) transporter isoforms Al, G1, G5 and G8, various apolipoproteins (including



ApoE), cholesteryester transfer protein (CETP) 33, fatty acid synthase and cytochrome P450 isoform
7A1 (36).

Studies inL x +kndckout mice revealed the impactlofRs on cholesterol homeostasis.x mull

mice, fed with a diet rich in cholesterol, accumulate cholestetbk liver due to reduced cholesterol
catabolism and bile acid metabolig8v). LXR-mediated expression &idBCG5and ABCGS8in the

liver and intestine has been shown to lead to increased sterol secretion an{B8{B89% Several
studieshavelinked LXR activation with reverse cholesterahtisport (RCT), indicating an impact of
LXRs onwhole-body cholesterol homeostagis,40,41) Important mediators of cellular cholesol
efflux1 the initial step of RCT are ATRbinding cassette transporter A1 (ABCA1) and AGiRding
cassette transporter G1 (ABCG1). ABCAL1 transports cholesterol and phospholipids to the transport
protein apolipoprotein Al (ApoAl)and ABCG1 mediates cholesterol efflux to high density
lipoproteins (HDL) (42,43) Laffitte and colleagues additionally sheavthat the expression of
apolipoprotein E (ApoE)yvhichplays an important role in cholesterol transpentegulated by LXRs

in macrophages and adiposissue (44). Hence, increased uptake of cholesterol acts/ate
LXR/RXR complex, inducing exession of the cholesterol efflux proteins ABCA1 and ABCG1 and
the cholesterol transport protein Apo&s such, LXR signaling represents a cenpahwayin the
regulaton of intracellular cholesterol leveldt also plays important roles in pathophysia@aal
contexts, as exemplified by its ralemacrophagem the prevention ohtherosclerosiét5,46)

In addition to their broad rel as regulators in cholesterol homeostasis, LXRs are also important in
fatty acid and phospholipid metabolism. Thegulatede novo lipogenesis in the liver, mainly
through induction of the expression sierol regulatory elemetinding protein 1SREBRLC).
Additionally, LXR-dependent expression ofsbphosphatidylcholine acyltransfera3¢LPCAT3)

mediates phospholipid metabolism and cell membrane homeostasis, especially in the ({B8&stine

The immunological functions of LXRs

In addition to their canonical role in lipid metabolism, LXRs have been shown to exert
immunomodulatory effectsThe involvement ofLXRs in modulating inflammatory responses has
been widely studied, but their exact rbl@snot yet beerfully resolved. LXRs have been shown to
repress inflammatory gene expression in macrophages upon presentation of bacterial

lipopolysaccharides (LPSh vitro and can also reduce inflammatory resporisesivo (47). In



contrast to these observations in murine systémostaine and colleagues propose a diffeedfeict

of LXRs on human macrophages, showing that pretreatment of human macrophages with LXR
agonists leaslto an enhanced inflammatory response upon &R#sure This wasdetectableafter

48 hours of pretreatment, while shetérm pretreatment resulted in retion of the inflammatory
response, suggesting a time dependence of this €#8gt Consistent with a role foLXRs in
promoting host defensepsence of LXRs irxrU B "mice lead to an increased susceptibility to
infection with Listeria moncytogeneslhis effect was attributed to the decreased expression of
apoptosis inhibitor § a | s oin LxPr'UJrice whichi s transcri ptionally r
actsas promoter of macrophage survival and antimicrobial actiay.

The questiorof how inflammatory gene expression in macrophagesodulated by LXRsignaling

is notyet completely understood, as there are no LXREs found in the promoter regions of many of
the genes thatreregulated by LXRs. Inflammatory gene regulation by LXRs is thought to function
through transepression where modulation of NFB s i g n a |l ilayan irmpeream eol¢50)0 p
The role LXRs play in modulating inflammatory responses is not limited to macrophages. Bensinger
and colleagues shaa that LXRs can inliit the proliferation of activated T cells and suggest that
intracellular sterol levels, regulated by ABCGL, play a role in this effdgt Additionally, Cui and
colleagues linkd LXR-dependent induction of SREBPto inhibition of Th17 cell differentiation
through suppression of 117 transcription. Th17 cells are a subtype of CD4+ T cells, playimye

in activating neutrophils and in the development of autoimmune dis€®edntracellular sterol

levels also seem to play an important role in dendritic cell (DC) activaitocal/gideficiency in

DCs lead to the accumulation of intracellular cholesterol and to increased inflammatory activity,
including enlarged lymph nodes and upregulation of CD11b+DC abundance and inflammatory
cytokine secretiorf53). In 2009, Villablanca and colleagutsind that tumors can redse ligands
that activate L XRaling totheimhébitian ofaiCicmemokideQexeptor type 7
(CCRY7) expressio(b4). CCR7 expressioon DCs has been shown to be an important mediator of
DC migration to lymphoid organs, where DCs can then activate T(BéllsThese findings suggest

an immunedampening effect of LXRs in DCslowever,the results of Villablanca and colleagues
conflict with the findings of Feig and colleagues, whereupon 1agBnistic treatment of immature

DCs lead to increased CCR7 expressitims increasing the inflammatory respo(Sg).

The preinflammatory effects of LXRs on DCs have been underlined by Torécsik and colleagues,
who shoved that pretreatment of DCs with LXR agonists leadb increased expression of



costimulatory molecules CD80 and CD86 and inflammatory cytolsnelsas TNFU  a n-4® upor.

LPS presentatio57). Additionally, Beceiro and colleaguésund that efficient DC chemotaxis is
dependent on LXR regulategdpression ofCD38 (58).

In conclusion, the rolefd_XRs in modulating inflammatioms highly complex, with LXR activation
resulting in the promotion or inhibition of inflammation depending on the specific context in which it

occurs.

LXRs in cancer

LXRs have been described previously to have antitumectsfion a variety of cancers. Fukuchi and
colleagues were the first to show the antiproliferative effects of BgBnists on LNCaP human
prostate cancer cel(®9). This initial report led to a variety of studiédentifying antiproliferative
effects of LXRagonists on other sespecific tumor cellssuch asvarian and breast cancer cells
(60,61) Mor eover, Lo Sasso and coll eagues found
intestinal tumor formation ahslow the growth of xenogratft colorectal tumors in n{g2).

ApoE, a target gene of LXR, has been implicated in various diseases such as cardiovascular and
Al z hei me r(68%4) Becentestadses from the Tavazoie laboratory have identified ApoE as a
suppressor of metastatic and immune evasive phenotypes in @Biéat). Pencheva and colleagues

used a systematia vivo selectionbased approach to identify microRNAs that are involved in the
metastatic formation of melanommicroRNAs are a set of small n@oding RNAs of 22
nucleotideswhich have been described to influence gene expressiortrpoastriptionally and have

been implicated in the pathogenesis of cancer and cancer met§88i3i8). Studying highly
metastatic LM2 melanoma cells led to the identification of three miRNAs-Ial8, miR199a3p

and miR-199a5p) as drivers of metastasis in melanoma cells. Pencheva et al. further found that each
of these miRNAs negatilieregulae Apoegene expression and that suppression of extracellular ApoE
leads to increased endothelial recruitment and melaneeihinvasionin vitro andin vivo, two
important metastatic progression phenotypswegulatonrof ApoE wi t h an LXRD
reduced melanoma metastatic progresdion also strongly inhibited melanoma tumor growth and
prolonged animasurvival Additional experiments, conducted by Tavazoie and colleagues, revealed
that thepotentL X Rb a g o Ald4scould Bu@pxess tumor growth not only in melanoma but also

in ovarian cancer, glioblastoma, lung cancer, breast cancer, kidney and colon@ané&GX-104

is an ordly bioavailables ma | | mol ecul e that a c beingtastee m a L XR b



multicenter national phask clinical trial in cancer patients (ClinicalTrials.Gov, NCT02922764).
Tavazoie and colleaguedso showedhat treatment of tumevearing mice with RGXL04 lead to

depletion of MDSG, resulting in enhanced asttimor T cell responses. MDS@re a heterogeneous
subset of immune cells that are known to suppresgwambr immune responses, thus nadidg the

immune escape of cancer cdlfd). Immunosuppression in the cancer environment resulting in the
evasion of cancer cells isnaajor hurdle to effective cancer therapy, and pharmacologic approaches

to reinvigorate antcancer immuneesponses such as inhibitorsimimune checkpoints haveasted

to transform cancer theragy2).

In conclusion, RGXL04mediatedactivation o f LXRb robustly suppress
progression in various tumor types by combatdeastthree hallmarks of cancer: by reducing

endothelial recruitment artieinvasion of cancer cells and by restoring immfurection (16).

Aim of the study

L X Ré&gonistssuchas RGX104, have been shown to inhibit tumor growth and metastasis in a broad
set of cancexrthroughendothelial recruitmenand the repression ofancer cell invasion and by
enhancinghe antrimmune response. Drug resistance remains a major challenge in cancer therapy,
and resistaneenduced therapeutic failure is a main reason for caredated mortality. Cancer cells

are prone to adapt to a hostile environment, and as a result, mechanissnstance arise frequently.
Therefore, it is crucial to find mediators of resistatoeancer drugé order to identify intrinsically
resistant tumors before treatment with a certain drug and to find new potential targets in cancer therapy
that can resensitize resistant tumor cells. The aim of this study was to find mediators of redigtance
RGX-104 in colorectal carcinoma using an unbiasedvo screening method.



2. MATERIALS AND METHODS
Data collection

The results presented in the following studyreverimarily collected by me duringny yearlong
research stay in the laboratory of Dr. Sohail TavazoldatRockefeller University. At the beginning

of my work in the laboratoryfirst generation resistant and naive cell lines had already been derived
ard validated and gene expression levels had been analyzed usingdégiNéncing. These data,
collected by Dr. med. Benjamin Ostendorf, a postdoc in the lab, were kindly provided to me at the
beginning of my research in the lab. For the sake of clarity,Septeall results of this study in the

Results section below. Experiments that were not carried out by me are identified by a footnote.

Tissue culture

The murine colon carcinoma cell line CT26 was obtained from ATCC and cultured in RPMI medium
(Gibco RPMI1640 Medium, ThermoFisher) supplemented with 10% FBS (Fetal Bovine Serum,
SigmaAldrich) and HEPES BufferGibco HEPES, ThermoFishdo a final concentration of 20mM.

The 293LTV cell line was purchased from Cell Biolabs and cultured in DMEM (Gibco DMEM
Dulbecco's Modified Eagle Medium, Thermo Fisher) with 10% FBS.
All cells were incubated at 37°C and 5% £®ledium was changed every other day and cells were

split once confluency reached 80%.
All cell lines were periodically tested for mycoplasma by PCR

Mouseexperiments

All mouse experiments were conducted in agreement with a protocol approved by the Institutional
Animal Care and Use Committee (IACUC)Tdte Rockefeller University.

NOD.CgPrkdc©?I12rg” (NOD scid gamma, NSG) mice were obtained from the Jackson ltabora
(strain number 005557BALB/c micewerefrom Charles River (strain 028). BALB/c mice were fed

regular rodent chow, while NSG mice received rodent chow supplemented with amoxicillin.
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Derivation of naive and resistant CT26 cell liné's

2 x 10 CT26 cdls were resuspended in 50 LPBS, mixed 1:1 with matrigel (356231, Corning) and
subcutaneously injected into the lower right flank «f @eeks old male BALB/c mice. Three days
after injectionthe mice were randomly assigned to a chow supplemented waK-E04 (drug
provided by Rgenix, chow supplemented with RGX by Research Dietst 625.8 mg per kof

chow, target dose of 100 mghkgr control chow. Mice were palpated every three days for tumor
formation and upon formatigiumors were measured evdryo to three days in two dimensions
using digitalc al i per s. Tumor volume was &estimated ca
diameter).

Once tumor volume exceeded 1500 mmice were euthanized by rapid cervical dislocatemd
tumors weraesectedand transferred into one well of anée | | plate filled wit
Phosphatduffered Saline, Corning) supplemented with Penicillin/Streptomycin (Gilhdfz
Technologies) and Amphotericin B (BioWhittaker, Lonza). For disdmey, tumors were cut into
small pieces using sterile scalpels, transferred into a 50 mL falcon and spun down ajf f80® x
minutes at 4°CFor red blood cell lysis,umor chunks were fsuspended in 5mL of ACK buffer
(Lonza), incubated at room tempeena for five minutes, neutralized with DPBS and spun down as
described above. Tumor pieces were thesuspended in HBSS+ (Hank's Balanced Salt Solution
with Calcium Chloride and Magnesium Chloride, Gibco, life technologies) supplemented with
HEPES Buffe (Gibco HEPES, ThermoFisheo a final concentration of 25 mM, 2% FBS, Pyruvate
(Gibco, Life Technologies)Collagenase Type IXQOM12195, Worthington Biochemicato a final
concentration of 1.25 mg/mL, Penicillin/Streptomycin and Amphotericin B andated for 45
minutes at 37°Qvith shaking.

The solution was then spun down;sgspended in 7 mL Trypsin (0.25% Tryp&iDTA, Gibco, life
technologies), incubated for 10 minutes at 3®ith shaking and then neutralized in RPMHi( b ¢ o E
RPMI 1640 Medium, TWermoFisher) supplemented with 10% FBS, HEPES and
Penicillin/Streptomycin and Amphotericin B (R10FH) . The cells were filtered throughea MO

! Naive and firsgeneration resistant cell lines were derived by Dr. med. Benjamin Ostendorf.
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strainer and transferred to a flask.
Cells were kept in culture for-8 passage® deplete noitancerous stroat cellsand then frozen

down.

For the derivation of secorgkneration resistant cell lingsx 10 resistant CT26 cells were prepared

as describedboveand injected into the lower flank of&weeks old BALB/c miceStarting hree

days after injectioomice were administered a chow supplemented with RGX

Formation and growth of the tumokgremeasured as describaldoveand once the estimated tumor
volume exceeded 1500 mymdice were euthanized and tumor cells were dissociated as described
above

Validation of tumor growth advantage in resistant CT26 cell line3

2 x 1@ cells of each of theevennaive andive resistant CT26 cell lines were prepared and injected
as deschedaboveinto 6-8 weeks old male BALB/c mice. Three days after injectmre group of
mice injected with naive cell lines and one group injected with resistant celilaresssigned to
chow containing RGXL04, and the second group of mice injectedwigive cell lines and the second
group of mice injected with the resistant cell linesrefed a control chowTumor growth was

measured as described above.

Tumor growth of resistant and naive cell lines in an immunocompromised mouse model
As an immunocmpromised mouse model NSG mice were used. 2°xdl3 of each of theeven
naive andive resistant CT26 cell lines were prepared and injected as described abov8 inteks
old male BALB/c and NSG mice. Three days after injectadlhmice were admistered a chow

supplemented with RGA04. Tumor growth was measured as described above.

In vitro cell proliferation assay

To determine whether the derived resistant cell lines exhibited a proliferative advantage in comparison
to the derived naive cellnes, for each CT26 cell line duplicates of 2 £ddlls were seeded on a 6

well plate. After one dgycells were cultured in the presence of either DMSO (Dimethyl sulfoxide,

2 Conducted by Dr. med. Benjamin Ostendorf.
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SigmaAldrich) only or RGX104 at1le M i n D MS @ftev4dedhysticelnember of viable cells
was counted using hematocytometer and excluding dead celldripyan bluestaining (72-57-1,
SigmaAldrich).

Staining of naive and resistant tumors for CD8a

Six to eight weeksld BALB/c mice were injected with the previoyslerived cell linesf{ve resistant
andsevemaive one mouse per cell lifneCells were prepared and injected, and tumors were measured

as described above. Three days after injectinne were administered a chow supplemented with
RGX-104. On day 17 &r injection all mice were euthanized by rapid cervical dislocatemd

tumors wereresected embedded in O.C.T. Compound (Fisher Healthcare, Tissue plus) and snap
frozen by submerging into-Rlethylbutane (Isopentane, Sigmddrich, 7878-4) cooled withliquid

nitrogen. Snap frozen tumors were storeB@tC until further utilization.

Tumors were sectioned into sections oE5n t hi ckness wusing a Leica
Superfrost Plus Microscope Slide (Fisher Scientifiod stored ai80°C ovenight.

The next day sections were allowed to thaw at room temperature for one hour and then incubated in
acetone (Fisher Scientific, @4-1) at-20°C for five minutes. They were subsequently immersed in
acetone with 50% methanol (Methanol HPLC Gradehé&i Chemical, 6%6-1) at-20°C for five

minutes followed by another fivainute incubational step in acetonez@°C.

Sections were washed three times in DPBS at room temperature and blocked in DPBS with 5% donkey
serum (Sigma Aldrich) for 30 minuteg room temperature. CD8a Antibody (AMobuse CD8a,

Clone 536.7, eBioscience, Fisher Scientific) was diluted 1:100 in DPBS supplemented with 5%
donkey serum and sections, covered with the diluted antibody solution, were incubated at 4°C
overnight. The ne day, sections were washed three times in DPBS. As a secondary antibody donkey
anti-Rat 1gG, Alexa Fluor 488, was diluted 1:200 in DPBS supplemented with 5% donkey serum.
Sections were incubated with the diluted secondary antibody for 45 minutes aeraoparature in

the dark. Sections were washed once in DPBS and counterstained with DAPI nuclear stain (4,6
Diamidine2-phenylindoled i hydr ochl or i de, Roche) at a final
five minutes followed by another wash in DPBS. Fw mnt i ng, ~30 €L Prolo
Reagent (Invitrogen) was added to each section, covered using a cover slip and left to dry overnight
at room temperature in the dark.

Fluorescence was measured using a laser scanning confocal microscope (Zeiss LSM 510) at 20X

magnification.Five pictures were takeof each samplélocations: upper right and left, lower right
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and left, middle) andhe number of CD8a positive cells was aqu&ied using FiJi software and
CellProfiler software using a custom pipeline. The average number of CD8a positive cells in 5 pictures

of one sample was calculated and normalized to the average number of DAPI positive cells.

RNA-sequencing’
Library preparation and sequencing for RNs&quencing

Early-passage (between pass#yee to sevemaive and resistant cell lines were seeded omielb

plates and RNA was isolated the next day using the Total RNA Purification kit according to the
manufactureros instructions (Norgen total RNA
treat ment was performed using the DNAse |- kit
free DNAse | kit, Norgen Biotek). Subsequently, libraries forAR&quencing were prepared using

the Scriptsegq Compl ete kit according to the
Complete). As part of this protocol, ribosomal RNA was depleted using the RiboZero Gold kit
according tothe ma nu f a c t uctiens @llamina).nGeanumu of RNA was performed using
Ampure XP beads (Beckman Coulter). The concentration of libraries was measured using an Agilent
Bioanalyzer 2100. RNA libraries were pooled and sequenced on one lane of an lllumina NextSeq

sequencer (7basepair singkend reads).

Analysis of RNAequencing

Adapter sequences of RNAseq reads vienemed using cutadapoptions: -m15 -q20 -

a AGATCGGAAGAGCACACGTCTGAACTCCAQT®BAGds were aligned to the mmfrbuse
genome using STAR alignér3) with default settings and restricting output to uniquely mapping
transcripts { outFilterMultimapNmax 1). Reads were then quantified using featurecounts

(74). Downstream analysis was performed in R using RStudio. Differential gene expression between

3 Library preparation and analysis oNR-sequencing results were conducted byrded. Benjamin Ostendorf.
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naive and resistant cell lines was assessad ¥t Seq475). For ranking of differentially expressed

genes, the moderated lbg/d change was used.

Geneexpressionanalysis by gRT-PCR

Cells were seeded in triplicates on-wéll plate and RNA was extracted the next day udwegriotal

RNA Purification Kitaccor di ng t o t he méNorgeh otat RNA Burifcationi n s t
Kit).

leg of RNA was reverse t rSupessaiptillFiesdStrand $ynthesisD N A
System (Invitrogen, 18080051) and 10 ng of r@sglcDNA was used for quantitative rdahe PCR
(QRT-PCR). For reatime PCR amplificationcDNA was mixed with 300 nM of theespective
primers and Fast SYBR® green PCR Master Mix (Applied Biosystems, 4385612).

An ABI Prism 7900HT Realime PCR System (Applied Biosystems) was used to quantify the
MRNA expression leveldechnical replicates were performed in quadruplickeesach reactign

and the expression ofGapdh was assessedas an endogenous controlfhe aerage of the
quadruplicates of each sample was calculated and gene expression was normaGzguiito
calculating YetTarget Gengly CtGapdh) (X = 2 for primers with 100% efficiency).

List of primer sequences for qRPCR

GenelD Primer Sequence
Gapdh Fwd GCACAGTCAAGGCCGAGAAT
Rev GCCTTCTCCATGGTGGTGAA
Abcgl Fwd GTGGATGAGGTTGAGACAGACC
Rev CCTCGGGTACAGAGTAGGAAAG
Aldh3al Fwd TGGCAAAGACTCGTCAGACC
Rev AGTTCCAAGCACCTATGACAAG
Ceacaml Fwd TCACGGGGCAAGCATACAG
Rev TCGCCTGAGTACGACGATAGT
Dpys Fwd CCACAGGGACGACTTCTCATC
Rev CGCTGCATCTAGGATTCGCA
Hspb7 Fwd ATGAGCCATCGGACCTCCTC

Rev CGAGTGGGGCAGCATAAAACT
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Prkcb Fwd AGCGAGACACCTCCAACTTC
Rev CAGTGGGAGTCAGTTCCACAG
Sell Fwd TACATTGCCCAAAAGCCCTTAT
Rev CATCGTTCCATTTCCCAGAGTC
Sncg Fwd GGTCAGCAGCGTCAACACA
Rev TCTTGGCCTCTTCATTCTCCTC
Tnfrsf9 Fwd CGTGCAGAACTCCTGTGATAAC
Rev GTCCACCTATGCTGGAGAAGG
2010300C02Rik Fwd AGCCTCCTAATAGGGACACATC
Rev CACTTTGGTCCTGTCTCTCTGTA

Primer sequences forAbcgl, Aldh3al, Ceacaml, Dpys, Hspb7, Prkcb, Sellysfbnfand
2010300CO02Rikvere obtained from the Havard Primer Bapkmer sequence foGncgwas used as
published by Jiand colleagueé’6,77)

Lentiviral knockdown of mRNA

SshRNA

shRNA plasmid constructs in bacterial glycerol cktowere purchased from Sigrddrich.

A small amount of bacteliatockwas scraped off using a sterile pipette tiparsies pended i n
of S.0.C. solution (Thermo Fisher) at room temperafline. ®lution was spread on a pwarmed

LB agar plate sypdemented with 100 pg/mbf Ampicillin, and bacteria were left to grow overnight

at 37°C. On the next day single colonies from each plate were picked using a sterile pipette tip, re
suspended in 3mbf Luria Broth (LB) medium supplemented with 100 pg/naf Ampicillin and
incubated in an orbital shaker (37°C) for 8 hours. Subsequently, 50 pL of bactengtiBm
solution was mixed with 50 mL of LEnedium supplemented with 100 pg/naf Ampicillin and
incubated overnight (37°C, shaking). The next day plasmid DNA was purified using a Plasmid Plus

Mi di Kit according to the manufacturerés inst.

Transfection

For generation of viral particle293LTV cells were seeded on a 10 cm dish and transfectediat 60
90% confluency. For transf-@6camnaodn2 2-Rey gerdaixRddp C GP
wi t h #teresgectvd hRNA construct and 35 e€g of PEI (P
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98-6). After 20 minutes of incubation at room temperature, the complex was ddywuseto 293

LTV cells. The next day medium on the cells was replaced with fresh medium and 48h later virus was
harvested by taking off the cell medium, spinning it down atX3gdor 5 minutes and filtering the
supernatant through43@3190 .45 em filter (Corning

Lentiviral transduction

For lentiviral transductio200,000 CT26 cells were transduced with 2 mL of appropriate virus in the
presence of 10ug/mbf polybrene (Sigmaldrich, TR-1003G) for 16h. 48h afteadding thevirus,

13 €g of pur omy c entfic, AIL1880B)nvas addeddotihe cell riBedium for lentiviral
selectionCells were cultured in the presence of Puromyaitil all cells on a nostransduced control

plate were dead. The level of MRNA knockdown was confirmed byR&R as described above.

List of ShRNA sequences

Target shRNA Sequence

Abcgl CCGGCCGGGTTGAAACTGTTCGTTTCTCGAGAAACGAACAGTTTCAACCCGGTTTTTG
Ceacaml CCGGCTTTGCTTGGTACAAGGGAAACTCGAGTTTCCCTTGTACCAAGCAAAGTTTTTG
Dpys CCGGGCACATGCAATTCCCGTTCATCTCGAGATGAACGGGAATTGCATGTGCTTTTTG
Hspb7 CCGGGCCCAATTCAAAGCATTCTAACTCGAGTTAGAATGCTTTGAATTGGGCTTTTTG
Prkcb CCGGCGGTATATTGACTGGGAGAAACTCGAGTTTCTCCCAGTCAATATACCGTTTTT
Sell CCGGGCATCTGTGATGCAGGGTATTCTCGAGAATACCCTGCATCACAGATGCTTTTTG
Sncg CCGGGCACACTGAATGCCCTGCCTACTCGAGTAGGCAGGGCATTCAGTGTGCTTTTTG

2010300C02Rik CCGGTGTGAAACTTACGATTGATTTCTCGAGAAATCAATCGTAAGTTTCACATTTTTG



https://ecatalog.corning.com/life-sciences/b2c/US/en/Cell-Culture/Filtration/Tube-Top-Vacuum-Filters/150-mL-Tube-Top-Vacuum-Filters/p/430314
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Statistical analysis

With the exception othe statistical analysis ofhe RNA-sequencing results (analysis of RNA
sequencing described above), sthtisticalanalysesvere performed usingéh St u etestnTo 6 s
explore whether knockdown of target genes would reduce tumor growtlomat®iled ttess were
performed for all other statistical comparisqgria/o-tailed ttests were used. Statistical analyses were
carried out using the computsoftwareGraphPad Prism 6.&tatistical significance was concluded
at P < 0.05Statisticaldesignatios usedhroughout all figures*P < 0.05, *P < 0.01, ***P < 0.001,
and **** P < 0.0001.All results showthe mean with standard error of threean.For all in vivo

experimentsstatistical analysis was performed without adjusting for multiple testing.
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3. RESULTS

In vivo selection of cell lines resistant to LXR agonistic cancer therapy

Previous experimenta the Tavazoie lashowedhatRGX-104 exhibits robust antumor activity in
many cancer mode(§6,67) However, mostumors eventually grow out under theeent with RGX
104,indicating the development of drug resistaribe confirm these findings and generate cell lines
resistant to RGXL04 to investigatemediators of resistance, CT26 cells wsedectedn vivo under

LXR agonistic pressure.

In order tosdectin vivofor cells exhibiting resistance to LX&jonistic therapy, the murine colorectal
carcinoma cell line CT26 was injected into syngeneic BALB/c mice. Subsequently, mice were
admi ni stered control c how o0-agonsthRE&S¥104sGTpepgumesme nt e
were allowed to form and,pon reaching a prdefined size, tumors were resected, and tumor cells
were dissociated, yielding seveaive(nontreated) cell lines, as well as five cell lines that grew out
under LXRagonistictreatment (fronhere on referred to as resistaifly. 1ab)*. Consistent with the
development of resistance to R&X4, the resistant cell lines initially exhibited robust growth

suppression under LXRBgonistic therapy, followed by outgrowth despite ongoimegapy.

CT26 cell lines selectedn vivounder LXR -agonistic pressure show growth benefiin vivo but

not in vitro

To validate whether cell lines that grew out under LXR treatment showed a thmesigignt
phenotype, both naive and resistant cell limege reinjected into BALB/c mice fed either control or

LXR agonistsupplemented chow. This experiment showed a growth advantage of resistant CT26 cell
lines in BALB/c mice that was significant in mice treated with R84 (Fig. 2 &b; P=0.34 and P

= 0.044 for control and RGX104 treated cohorts, respectively, ttailed ttestf. This growth
advantage of the resistant CT26 cell lines could be adwarious reasons. There could be a direct

evasion mechanism to the drug or its therapeutic effédtsrnatively, the cellscould exhibit

4 Experiment onducted by Dr. med. Benjamirs@ndorf.
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enhancedurvival fitness througlkenhancegroliferative activity, increased endothelial recruitment
or immune evasn.

To determine first whether increased tumor growth was due to @autethomous or nooell-
autonomous mechanismm, vitro cell proliferation assays were performed. To this end, resistant and
naive CT26 cell lines were cultured in the presence of DMERGX104 in DMSO vehicle. Cell
count after 4 days showed o vitro growth advantage of the resistam@l linesunder RGX104

treatment or DMSO, suggesting a microenvironrdagendent mechanism of resistance (Fig. 2c).
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Figure 1 | In-vivo selection of syngeneic CT26 colon cancer cells under LXR agonistic

treatment. a) Schematic of in-vivo selection of naive and resistant CT26 colon cancer cells and
downstream analysis. b) Volume of individual tumors during selection after injection of 200,000
CT26 cells into BALB/c mice. Cell lines were derived from black (untreated) and red (RGX-104

treated) tumors upon reaching >1000 mm?®.
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Figure 2 | CT26 resistant cell lines selected under LXR agonism grow faster than naive cell
lines in vivo but not in vitro. a) Mean Tumor volume on day 4, 11, 14, 16, 18, 20 after injection
and b) Tumor volume on day 20 after injection of naive versus resistant CT26 lines (P = 0.34 and
P = 0.044 for control and RGX-104 treated cohorts, respectively, two-tailed t-test). ¢) In-vitro
proliferation of resistant and naive cell lines cultured in presence of DMSO or RGX-104 at 1uM in
DMSO vehicle (two-tailed t-test; data points represent individually derived cell lines; one

representative example of three experiments shown).
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Tumorsformed by resistant CT26 cell lines exhibit an immune desert phenotype

Previously, LXRagonism was found to mediate atumor effects partly in an immurgependent
mannern66). To explore whether immune evasion played airotbe observed growth benefit of the
resistant CT26 cell lines, tumors derived from resistant and naive CT26 cell lines were stained for
CD8+ cells using immunofluorescencBotably, infiltration of CD8+ cells was significantly
decreased in resistant CT&6nors in comparison to naive tumors. (Fig. 3, P = 0.00791avex t

test; data points represent individually derived cell lines and are averaged for five fields of view per
tumor). Thusenhancedrowth rates of resistant céithes may partly be du® decreased recruitment

of CD8+ cells to tumors, as a result of an immeanasive phenotype
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Figure 3 | Resistant CT26 cell lines exhibit an immune-desert phenotype. Fraction of CD8+
cells in tumors formed by naive versus resistant CT26 lines under LXR therapy (P = 0.0079, two-
tailed t-test; data points represent individually derived cell lines and are averaged for five fields of

view per tumor).

Resistant CT26 cell lines exhibit enhanced tumor progression in immunocompetent but not in

immunocompromised mice

In order tocausally establish whether enhartcéumor progression of resistant CT26 cell lines

depended on their interaction with adaptive immunity, tumor growth of resistant and naive CT26 cell
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lines was assessed in fully immunocompetent BALB/c mice versus in immunodeficient NSG mice
under treatmentvi t h t hagonidt R®41.04. As shown above, resistant CT26 cell lines
displayed a significant growth advantage in comparison with naive CT26 cdl iin@n
immunocompetent context (Fig. 2o Remarkably, however, this growth advantage was completely
abrogated in the context of the immunocompromised NSG mouse model. Interestingly, resistant
clones not onlyosttheir growth advantage but grew significantipre slowlyin NSG mice compared

to naive CT26 celines(Fig. 4,P = 0.005 and® = 0.018 for BALB/c and NSG mice, respectively).

In sum, resistant CT26 cell lines exhibited an immeweasive phenotype of resistance.
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Figure 4 | Resistant CT26 cell lines grow faster in immunocompetent but slower in

immunocompromised mice. a) Mean Tumor volume on day 4, 5, 8, 11, 14, 16, 17 and b) Tumor
volume on day 17 after injection of naive and resistant cell lines into immunocompetent BALB/c
and immunodeficient NSG mice under LXR agonism (P = 0.005 and P = 0.018 for BALB/c and
NSG mice, respectively, two-tailed t-test).

RNA-sequencing reveals known and novel candidate mediators of immune evasion

To investigate the mechanism driving immune evasion within resistant CT26 cell lines, the

transcriptomic profile of resistant and naive CT26 cell lines was compared bysBiN&ncing
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(RNA-seq). Principatomponenianalysis revealed one outlier in the aahtgroup (naivecell line,
data not shown To increasé¢he specificity of the resul{ghis outlier was excluded, leading to 1382
differentially expressed genes which 621 were upregulated anél were downregulated.

The dfferentially expressed ges showedn upregulation of known mediators of immune evasion
in theresistant cell lingssuch a$?dl1 (also known as Cd274), ligand of theopgrammed cell death
protein 1 (PBL1), and PBL2 (Fig. 5a). The PEL/PD-L1 axis is known to mediate the escage o
tumor cells from the host immune syst€i8,79) To employ an unbiased approach to uncover
possiblenovelmediators of tumor resistance, the top ten upregulated genes in the resistant CT26 cell
lines were subsequently studied in more detail. These ten genes comprigdatgll encoding for

an ATRbinding cassette transporter, @)ys encoding Dihydropyrimidinases, (Bspb7 encoding

a heat shock protein, (4) Selectin L, encode&él a cell surface adhesion molecule, Thfrsf9 a
member of the TN¥eceptor superfamily, (6\ldh3al encoding an aldehyde dehydrogenases, (7)
Ceacamlpart of the carcinoembryonic antigen (CEA) gene familyP(&Eh encoding anemberof
theproteinkinase C (PKC) family, (99ncg member of the syclein family of proteins and (10) the
protein coding genef unknown function2010300C02RikFig. 5b.

5> Experiments and analysis conduchgdDr. med. Benjamin §endorf.
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