Reduced replication origin licensing selectively kills
KRAS -mutant colorectal cancer cells via mitotic

catastrophe

DISSERTATION

zur Erlangung des akademischen Grades
Doctor rerum naturalium

(Dr. rer. nat.)

eingereicht an der Lebenswissenschaftlichen Fakultat

der Humboldt-Universitat zu Berlin

von

M.Sc. Bastian Gastl

Die Prasidentin der Humboldt-Universitat zu Berlin
Prof. Dr.-Ing. Dr. Sabine Kunst

Dekan der Lebenswissenschaftlichen Fakultat der Humboldt-Universitat zu Berlin
Prof. Dr. Bernhard Grimm

Gutachter/innen:

Erstgutachterin: Prof. Dr. Christine Sers
Zweitgutachter: Prof. Dr. Nils Bluthgen
Drittgutachterin: Prof. Dr. Lisa Wiesmitiller
Eingereicht am: 21. Juni 2018

Tag der mindlichen Prifung: 15. Oktober 2018



Acknowledgment s

First of all, | want to thank my supervisor Prof. Dr. Christine Sers for giving me the
chance to work in her lab in great independence and freedom. She has been an

enormous inspiration to me - not only scientifically, but also personally.

| also want to thank Dr. Kathleen Klotz-Noack, Dr. Pamela Riemer, Soulafa Mamlouk,
Ph.D., and PD Dr. Markus Morkel for lots of scientific advice and fun during my whole
time in the lab. | want to thank Dr. Kathleen Klotz-Noack in particular for setting the
foundation for this work. Furthermore, | want to thank Krenoula Hani Fouad Saliband
Angel Gil Nolskog for their help during their internships in the framework of the
Nbtufs!t! gsphsbn! atheChdriténbtsof tihahke glsd fo Drf Bertram

Klinger for his help with handling the raw sequencing data of the RNAi screen.

Special thanks go to Cornelia Gieseler for handling basically every single problem in
the lab. CQ supply is malfunctioning? No space left in the freezer? Do we have sodium
deoxycholate? Conny always knew how to help. | also want to thank Birgit Schaefer for

her unchallenged western blot skills.

Many thanks also to Julia Hoffmann , Tincy Simon, Sylvia Ispasanie, Prof. Dr. Reinhold
Schéfer, Natalia Kuhn,Natalie Bublitz, Kerstin Wanke-Moéhr, Maryam Sheykholeslami,
Raphael Brandt Manuela Pacyna, Slim Khouja, Andrea Menne, Dr. Katharina Kasack,

and Silvia Schulzefor great 3.5 yearsin the lab.

Finally, I want to express my sincere gratitude to my parents for supporting me
throughout. Without your support, | would probably have to work in a bank of some

kind and do boring stuff.

Thank you.



Memorandum

Partial results of the presented work have been submitted for publication at:

Journal: Cell Reports

Title: Reduced replication origin licensing selectively kills KRAS mutant colorectal
cancer cells via mitotic catastrophe

Authors: Bastian Gastl, Kathleen KlotzNoack, Bertram Klinger, Sylvia Ispasanie,
Krenoula Hani Fouad Salib, Johannes Zuber, Nils Blithgen, Binhold Schéfer,
Christine Sers

Date: June 19™, 2018

Author contributions: Conceptualization, B.G., C.S., R.S.; Methodology, B.G<.K-N.,
J.Z.,and C.S.; Validation, K.KN. and K.H.F.S.; Formal Analyses, B.K.; Investigation, B.G.;
Resources, K.kN., JZ., and S.I.; Writingp Original Draft, B.G.; Writingp Review &
Editing, B.G., C.S., and R.S.; Visualization, B.G.; Supervision; C.S. and N.B.; Project
Administration, C.S.; Funding Acquisition, B.G., C.§ N.B,and R.S.



Table of Contents

ADSIIACT ..o e e I
ZUSAMMENTASSUNG ..oovvniiiiiii e eeeiiieees cetre e e e e e e e e e e eeen ieeeeannas [l
] o) o U TR 1
LiSt Of TADIES ..cooeieieieee e e \Y
1. INrOAUCTION ooiiiiiiiiiiiiee e e eeeeeeeeeeaaeeeas 1
1.1, CoOlOreCtal CANCET .....ciiiiiiiiee ettt e e e e 3
1.2. The Ras Pathway iN CAN@T ..........ccuuviiiiiiiiiiiiiiieeeeeee e 4
1.2.1. RAS SIGNAIING....cii i a e e 6
1.2.2. Targeting ONCOGENIC RAS ... ...t 8
1.2.3.  SynthetiC Iethality.............ouuiiiiiiiiii e 12
1.3. Cell cycle, DNA repication, and StreSS .............evvverreerreiiriieeeeerieereeeeeeeeeeeeeeeens 16
1.3.1. DNA replication licensing and initiation by the MCM complex................. 17
1.3.2. RAS and replication StreSS..........cccoiiiiiiiiiiiiiree e, 21
1.4, AIMS aNd ODJECTIVES ........uiiiiiiiiiieei e 24
2. RESUIS .oeeeeei e e e 25
2.1. Characterization of the KRAS*'2Vinducible CaCo2 cell line.........c..cccccveueeee. 25
2.2, RINAISCIBEN....cci ittt ettt mm et e e e e e e e e e ammeeeen 27
2.2.1.  RNAISCIEeN rESUIS.....coiiiiiiieie e 29
2.2.2.  Target validation ............oiiiiiiiiiie et 32
2.3. MCMT7 suppression is synthetic lethal with mutant KRAS ... 34
2.3.1. Knockdown efficiencies of ShRNAs targeting MCMT..............cuvvveeeeeeen.ns 34

2.3.2. Suppression of MCM7 reduces growth in KRAS!?Y expressing CaCo2 cells

IN 3D CUIUIE CONAIIONS ..t ettt e et e e e e e e e e e e e e e anaaens 36

2.3.3. MCM7 knockdown causes apoptosis in KRAS?V expressing CaCo2 cells
37



2.3.4. MCMT7 suppression is lethal in other colorectal cancer cell lines............ 39
2.4. Mutant KRAS causes replicative stress in cells with low MCM7 levels......... 43

2.4.1. KRASmutant cells show increased formation of RPA foci after MCM7

KNOCKOAOWN.....ce et e e s eee s 43
2.4.2. Mutant KRAS confers resistance to CDC7 inhibition.................cccvveiii A7
2.4.3. MCMY7 knockdown causes checkpoint activation...............ccccceeeeeeeeeeennn. 48
2.5. Knockdown of MCM7 leads to a shift in cell cycle distribution .....................49

2.5.1. Cells accumulate in G2/M phase after MCM7 suppression independently of

MUEANT KRAS EXPIESSION.....oiiiiiiiiiiieieee ettt e e e e 49

2.5.2. KRASmutant cells accumulate specifically in mitosis after MCM7
L0103 (o [0 .Y/ o 1T 50

2.6. KRASmutant cells are driven into mitotic catastrophe after MCM7

0] 0] 0] =35751 (o] o KOO PP P PP PPPPPRUPPPPPPPPPS 52
2.6.1. KRASmutant cells enter mitosis with damaged DNA.................ccoevenennns 52
2.6.1. The influence of KRAS'?Von the G2/M checkpoint.............ccccuvveeeeveeeen. 56

2.7. Mutated KRAS confers increased sensitivity towards perturbation of

replication fork progresSSIioN ... —————— 59
3. DISCUSSION e e e 61
3.1. Lethality of MCM7 knockdown in KRAS-mutant cancer cell lines................... 61
3.2. KRAS and repliCation SIrESS........couiiiiiiiiiiieee e eeiiieeee e 63
3.3. KRAS, MCM7 kmockdown, and their influence on the cell cycle....................] 66

3.4. Mechanismof KRASnvubou!dfmm!t!tfot ) uj.wj.ued! up! ND

3.5, LIMILALIONS ..ottt s e e e e e 72
3.5. 1. RNAISCIEEN. ...t e e e e e e e e e e 72
3.5.2. Targeting DNA replication licensing in cancer therapy..........cccccccceeeeee.n. 74

3.6, OULIOOK ...t 75

4. Materials and MethodsS .......c.veeeie e e 77



AL, MALEIIAIS ..o e e e 77

4.1.1.  CONSUMADIES. ... ..ottt e e e e e e e e e e e e e eeneenneees 77
4.1.2. DRVICES....coiiiiiiitiiit ettt e e 78
4.1.3. Chemicals, drugs, and ENZYMES............ccuururrruiiiiiieeiiaeeeeeeeeeeeeeeeeesnnnnnnnn. 80
4.1.4. Buffers, solutions, and Media...........ccccoevriiiiiiiiiinii e 82
4.1.5. ANLDOAIES. .. ..o 83
4.1.6.  CeIINNES....uiiiiiiiiiiiiieee ettt 84
417, PlaSMIOS ..cooiiiiiiiiiii e 85
4.1.8.  SNRINAS. ...t e e e 87
4119, PIIMET et 89
4.1.10.  SOFWAIE ...t 89
4.2, MEENOUS ...ttt et e e e e 91
4.2 1. Cell CURUIE. ...ttt ee s 91
4.2.2. Retrovirus production andtranSduCtion ...............eeeeeeeeeeiiieenenannnnnnnnennns 91
4.2.3. RNAISCIEEN....coiiiiiii e e 92
4.2.3.1. Library transduction and proliferation screen...............cccccvvvvvvinnnnnn. 92
4.2.3.2. Phenol extraction and precipitation of genomic DNA....................... 92
4.2.3.3. Barcoding and Solexa sequencing sample preparation................... 93
4.2 4. GIOWLEN ASSAYS. ... eeieiiiiiiiiiiieee ettt e e e e e e e e e s bbb e e 94
4.2.4.1. Long-term growth aSSAYS.........coouiiiiiiiiiiiiiiiiiiiieee e 94
4.2.4.2. SOt QAT ASSAYS.....cttiiiiiiieeeieiiei ittt a e e 95
4.2.5. Protein expression analySiS.........cccuiiiiiiiiiiiiiiiee e 95
4.2.5.1. Protein isolation and quantification ................ccccceeeiiiiiieiiiiiin e, 95
4.2.5.2. SDSPAGE and western BIOt...........ccoooiiiiiiiiiiiieeceeeeee 96

4.2.6. cDNA synthesis and quantitative polymerase chain reaction (QPCR)....96

4.2.7. Cell CYCle @NalYSIS.......ccoieeiieeee it e e e 97



4.2.8. Cleaved Caspase 3 flow cytometry analysis..............ooooiiiiiiiiiiiieeeneennnn. 98

429. ql 1l 4! boe! GI 3BY! gmpx.l.dzupnf.us.z!. . bh.®& mztjt

4.2.10. Immunofluorescence and confocal miCrosSCopy ..........cccceeeeeiieeiieeeeennn. 99
4.2.11. Nocodazole cell cycle synchronization and release................ccccc..... 100
4.2.12. Knockdown construct cloning and bacterial transformation............... 100
4.2.13. Statistical analySiS..........cooeiiiiiiiiiiiiiiiii e 102
BIibHOGraphny ......oeiii s i 103
ADDIEVIAtIONS ..ot s e 120
Y o] 1= 1 o | R 123
Declaration of authorship .........ccooooiiiiiiiiiiii e, 174
PUBLICAtIONS ... e s 175
ATTICIES ..o e et e e mn e e e e 175

ADSIIACES AN POSTEIS ..o et mm e e e e e e e e e e as 175



Abstract

Abstract

With KRAS being one of the most frequently altered oncogenes in colorectal cancer
(CRC), it is an obvious target for cancer therapy. However, despite enormous efforts
over the past three decades to target mutated KRAS, not a single drug has made it to

the clinic.

To unravel vulnerabilities of KRASmutant CRC cells,a shRNAbased screen was
performed in CaCo2 cells harboring conditional oncogenic KRAS®'2Y, The custom-
designed shRNA library comprised 121 selected genes, which were previously

identified to be strongly up- or downregulated in response to MEK inhibition.

The screen as well as the subsequent validations showed that CaCo2 cells expressing
KRAS'?V were sensitive to the suppression of the DNA replication licensing factor
Minichromosome Maintenance Complex Component 7 (MCM7), whereas KRAZ!
CaCo2 cellswere largely resistant to MCM7 suppression. Similar results were obtained
in an isogenic DLD-1 cell culture model. Knockdown of MCM7 in a KRASmutant
background led to replication stress as indicated by increased nuclear RPA
focalization . Further investigation showed a significant increase in mitotic cells after
simultaneous MCM7 knockdown and KRAS?2Y expression. The increased percentage
of mitotic cells coincide d with strongly increased DNA damage in mitosis. Taken
together, the accumulation of DNA damage in mitotic cells is due to replication stress

that remained unresolved, which results in mitotic catastrophe and cell death.

In summary, the data show a vulnerability of KRASmutant cells towards suppression
of MCM7 and suggest that inhibiting DNA replication licensing might be a viable

strategy to target KRASmutant cancers.



Zusammenfassung

Zusammenfassung

KRAS ist eines der am haufigsten mutierten Onkogene in Darmkrebspatienten. Dies
macht es zu einem guten Ansatzpunkt fur gezielte Krebstherapien. Trotz
jahrzehntelanger Forschungsbemuihungen hat sich jedoch keines der zur Inhibition des

mutierten KRASentwickelten Medikamente klinisch etablieren kénnen.

Um eventuelle Schwachstellen von KRAS mutierten Darmkrebszellen aufzudecken,
wurde in der vorliegenden Studie ein shRNA basierter Screen in CaCo2 Zellen mit
konditioneller KRAS®2Y Expression ausgefihrt. Die maRangefertigte ShRNA-Bibliothek
umfasste 121 ausgewdahlte Gene, die zuvor nach MEK Inhibition als stark hoch oder

herunterreguliert identifiziert wurden.

Der Screen sowie die ScreenValidierung zeigten, dass KRAS'?V exprimierende CaCo2
Zellen besonders sensitiv fur den Knockdown des DNA
Replikationslizensierungsfaktors Minichromosome Maintenance Complex
Component 7 (MCM7) waren, wohingegen sich KRAS" CaCo2 Zellen als
weitestgehend resistent gegeniiber des MCM7 Knockdowns erwiesen. Ahnliche
Ergebnisse wurden im isogenen DLDB1 Zellmodell erzielt. Des Weiteren hat der
Knockdown von MCM7 spezifisch in KRAS mutierten Zellen zu erhéhtem
Replikationsstress gefuhrt, der durch gesteigerte nukleare RPA Fokalisierung
nachgewiesen wurde. Weitere Untersuchungen haben auf3erdem eine signifikant
erhohte Anzahl an mitotischen Zellen nach gleichzeitigem MCM7 Knockdown und
KRAS'2V Expression ergeben. Diese Zunahmean mitotischen Zellen wurde zusatzlich
von einer stark angestiegenen Anzahl an DNS Schaden inder Mitose begleitet. Das
hohe Mal3 an DNS Schaden inder Mitose kann auf den gesteigerten Replikationsstress
zuruckgefuhrt werden, der ungeldst zu einer gestorten Segregation derChromosomen

in der Mitose fihrt.

Zusammenfassend zeigen die Ergebnisse, dass KRAS mutierte Darmkrebszellen
sensitiv auf den Knockdown von MCM7 sind. Demzufolge kdnnte die Inhibition von
DNSReplikationslizensierung ein geeigneter Ansatz flr die gezielte Therapie von KRAS

mutierten Darmkrebs sein.
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1. Introduction

1. Introduction

Life is only possible because cells can store and pass on information through encoded
deoxyribonucleic acid (DNA). Its code is composed of four distinct letters, which are
read and translated into the building blocks that make up all living organisms. To pass
on this information, the code has to be faithfully copied in a process called DNA
replication. This process is highly efficient and accurate , nevertheless, rare copying
mistakes do occur. These errors are necessaryin the long run since they are the basis
for genetic diversity and therefore evolution. However, mistakes at the wrong position
of the genetic code can alter the building blocks of a cell in a way that is detrimental
for regulated growth. By losing the ability to regulate and control their growth , healthy

cells can be transformed into malignant cancer cells.

Since the basis of life and cancer are so closely linked, it is not surprising that cancer
isdpotjefsfebdpfot! bpibdflazuily/ LJUiI f! uf sn! dzdbodf s LJ
from the Greek physician Hippocrates (460-375 BC) as it reminded him of a crab or

c U a ¢ ulaikitbs))n Greek (Hajdu, 2011). The first descriptions of cance r, however,

dates back even further to about 3,000 BC. The Edwin Smith Surgical Papyrus isthe

oldest document found to this date to mention cancer as a disease. It describes

dZzcvmhj oh! uvnpst L) jo! uif! csf bt uBregges, !1960;] di ! da
Donegang, 2006) (Figure 1).

In the following 5,000 years, treatment of cancerous growths was largely limited to
surgical removal. This was until the late 20" century when chemotherapy and radiation
combined with surgery started to become the standard for cancer treatment
(Sudhakar, 2009). Despite the fact that cancer treatments have improved, it is still one
of the biggest burdens on health up to this day. According to estimations of the World
Health Organization, cancer contributed to 27% of all deaths in Germany in 2015 and
was next to cardiovascular dis eases the second most common cause of death (World

Health Organization, 2015).
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Figure 1: Excerpt from the Edwin Smith Surgical Papyrus from ca 3,000 B.C. (A) Image
of case 45 the original Edwin Smith Surgical Papyrus (Donegang, 2006). (B)
Transcription and translation of the earliest description of tumors (Breasted, 1930).

Cancer, with very few exceptions, isp as mentioned before - almost always caused by

several separately occurring alterations to the DNA code, which either activate tumor-

driving oncogenes or disable tumor suppressors. These alterations are what
differentiate malignant cells from healthy cells. Douglas Hanahan and Robert

Weinberg summarized the qs pqgf suj ft! pg! dbodfs! df mmt! j o!
i bmmnbsl t!pg!dbodfsL)djo!3111/ ! Uifz!dpodmvefe
properties: self-sufficiency in growth signals, insensitivity to anti -growth signals, tissue

invasion and metastasis, limitless replicative capacity, sustained angiogenesis, and

the evasion from apoptosis. 11 years later, they further expanded upon these six

hallmarks by adding four additional hallmarks: deregulating cellular energetics,

avoiding immune destruction, genome instability and mutation, and tumor-promoting
inflammation (Hanahan and Weinberg, 2000, 2011) Interestingly, KRAS is one single
oncogene that can feed into several different hallmarks of cancer simultaneously, such

as self-sufficiency in growth signals, insensitivity to anti -growth signals, sustained
angiogenesis, and deregulating cellular energetics (Bryant et al., 2014; Matsuo et al.,

2009; PylayevaGupta et al., 2011; Yang et al., 2013)

Nonetheless, these differences of cancerous cells compared to healthy cells also open
up opportunities for treatments. | n this thesis, | will focus on how mutations in the

KRAS genecan be exploited for cancer therapy.



1. Introduction

1.1. Colorectal Cancer

It is important to understand that cancer is not one single disease. One of the most
common types of cancer is colorectal cancer (CRC). CRCis the second most frequent
type of cancer in women after breast cancer and the third most common type in men
after lung and prostate cancer. In total, there are about 1.4 million new cases and

694,000 deaths reported worldwide each year (Ferlay et al., 2015)

Colorectal cancers are in the clinical routine most commonly sub-classified in the
following genetic and epigenetic groups: microsatellite instab le (MSI), chromosome
instable (CIN), and CpG island methylator phenotype (CIMP) as well as BRAF and
KRASmutant or wild -type (Jass, 2007). All of these classifications have been shown
to have a prognostic value on patient survival (Phipps et al., 2015). A more recent and
comprehensive attempt of subclassification proposed four sub-types of colorectal
cancer that are defined by their distinct trans cription profiles . The authors of the study
concluded that colorectal cancer can be grouped into four types: MSI immune,
canonical, metabolic, and mesenchymal. These groups also demonstrated prognostic
value (Guinney et al., 2015) Those groups, however, do not overlap with the above
mentioned genetic and epigenetic subtypes. Therefore, they can serve as a separate

classifier rather than an extension of the former system.

Treatment in CRCstill relies heavily on conventional chemotherapy. The most common
therapy regimens for metastatic CRC combine 5-fluorouracil (5-FU) and folinic acid
with oxaliplatin or irinotecan (FOLFOX/FOLFIRI). Another common strategy is the
combination of capecitabine (a 5FU precursor) with oxaliplatin or irinotecan
(CAPOX/CAPIRI). Both strategies result in an average overall survival of about 18
months. In addition to conventional chemotherapy, more targeted therapies such as
epidermal growth factor receptor (EGFR) and vascular endothelial growth factor
(VEGF) inhibition have emerged in the recent years Since then, the addition of targeted
therapy has significantly improved overall survival of metastatic CRC patients to 22 -29
months (Ciombor and Berlin, 2014; Van Cutsem et al., 2014; Martini et al., 2017)A
prerequisite for effective targeted EGFR inhibition in CRCis the lack of activating

mutations in the RAS genes downstream of EGFR(Amado et al., 2008; Douillard et al.,
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2013). The RAS genes are, however, are mutated in about 50% of all CRC patients and
are one of the most commonly mutated oncogenes in CRC next to the tumor

suppressor genes APC (75%) and TP53 (8%) (The Cancer Genome Atlas, 2012)

1.2. The Ras Pathway in Cancer

RAS was one of the first oncogenes to beidentified in the late 1970s (Malumbres and
Barbacid, 2003). It was later discovered that there are three very homologous but
distinct human RAS genes: Kirsten rat sarcoma viral oncogene homolog (KRAS),
neuroblastoma RAS viral oncogene homolog (NRAS), and Harvey rat sarcoma viral
oncogene homolog (HRAS). Additionally, KRAS has two splicing isoforms, namely
KRAS4A and KRAS4Bof which the latter is the most prevalent variant (Hobbs et al.,
2016). The RASproteins are small GTPases that cycle between its inactive and active
state, which depends on the binding of GDP or GTP, respectively. Aimost all RAS
mutations are found in one of three hotspot locations on the gene (G12, G13, and Q61)
Mutations at th ese sites prevent the hydrolysis of GTP to GDP andthereby leave RAS
permanently in its active GTP bound state, which leads to a constitutive activation of
a variety of downstream pathways (COSMIC v83; Forbes et al., 2017; Pylayev&upta
et al., 2011). Overall, the RAS genes are mutated in about 27% of all human cancers
(Hobbs et al., 2016). Despite the fact that all RAS homologs are highly similarand feed
into the same pathways, they seem to have distinct functions. For example,a complete
Kras knockout in mice leads to the death of the mouse embryos during gestation
(Johnson et al., 1997). Nras and Hras knockouts in mice, on the other hand,do not lead
to changes in viability of the offspring (Esteban et al., 2001). Additionally, KRAS is by
far the most commonly mutated homolog (85%) followed by NRAS (11%) and HRAS
(4%) (Hobbs et al., 2016). Nevertheless, the exact differences of the RAS homologs on
their downstream pathways and the following cellular effects are still a matter of

investigation.

The distinct importance of the three RAS homologs in different tissues is also well

illustrated by the occurrence of mutations in different cancer entities. In pancreatic
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ductal adenocarcinomas (PDAC) and colorectal cancer (CRC) KRAS is by far the most
commonly mutated RAS homolog (PDAC: KRAS 90%, NRAS 0.3%, HRAS 0%RC:
KRAS 42%, NRAS 9%, HRAS 0%)ailey et al., 2016; Cerami et al., 2012; The Cancer
Genome Atlas, 2012). In melanoma, however, NRAS mutations (26%) play a far bigger
role than KRAS (0%) or HRAS (0.8%)Cancer Genome Atlas Network et al., 2015;
Cerami et al., 2012). Figure 2 summarizes the occurrence of mutations for each RAS

homolog across different cancer types.

RAS mutation incidence across cancer types
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Figure 2: Mutation incidence of KRAS, NRAS, and HRAS across different cancer
entities. Different cancer types show diverse mutation frequencies of the three RAS
homologs. KRAS is the most frequently altered homolog. NRAS exhibits a high
mutation rate specifically in multiple myeloma and melanoma. HRAS shows the
highest mutation rate across t he RAS homologs in bladder cancer and head and neck
cancer (Bailey et al., 2016; Cancer Genome Atlas Network et al., 2015; Cerami et al.,
2012; Collisson et al., 2014; Getz et &, 2013; Lawrence et al., 2015; Lohr et al., 2014;
The Cancer Genome Atlas, 2012; Weinstein et al., 2014)
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1.2.1. RAS signaling

In normal physiological conditions, RAS serves as a signal transducer of extracellular

stimuli. It is activated through a wide variety of cell surface receptors such as receptor

tyrosine kinases (RTKs) as well as Gprotein-coupled-receptors (GPCRs). One of the
most intensively studied pathways of RAS activation starts at the RTK epidermal
growth factor receptor (EGFR). Upon ligand binding, EGFR dimerizes and aute
phosphorylates itself. The phosphorylation creates a binding site for the SH2-domain

of growth -factor -receptor-bound protein 2 (GRB2), which is bound to the guanine
nucleotide exchange factor (GEF) son of sevenless (SOS). GEFs activateplasma

membrane-associated RAS by facilitating the exchange of GDP to GTP(Downward,

2003). RAS has a weak intrinsic GTPase activity, which means it caninactivate itself

to a small degree. However, inactivation of RAS is mainly achieved througha number

of GTPase activating proteins (GAPSs), which promote the hydrolysis of RAS bound GTP
to GDP. There are 14 known GAPse.g. neurofibromin or DAB2IP, which play a role in
limiting the signal transduction through RAS(Maertens and Cichowski, 2014) (Figure

3).
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Figure 3: EGFR driven activation of RAS Upon EGF binding, EGFR can
autophosphorylate itself, which facilitates GRB2 binding. GRB2 then recruits the GEF
SOS, which activates RAS byacilitating the exchange of GDP to GTP of RAS(adapted
from Downward, 2003).
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The conformational change upon GTP binding of RAS allows binding and activation of
its downstream targets in different effector pathways. One of t he most well-known
downstream pathways of RAS is the mitogen-activated protein kinase (MAPK)
pathway. The immediate targets of RAS in the MAPK pathwayare the RAF proteins
(ARAF, BRAF, €RAF1), which in turn phosphorylate mitogen-activated protein kinase
kinases 1 and 2 (MEK1/2). Phosphorylated MEK1/2 can then activate extracellular
signal-regulated kinases 1 and 2 (ERK1/2), whichin turn targets a wide variety of
kinases and transcription factors , e.g. ELK1, p90RSK, or-GUN (Downward, 2003). The
cellular responses of activated MAPK signaling are diverse. They include increased
proliferation by stimulating cell cycle progression, interfering with DNA damage
checkpoint signaling, preventing apoptosis, as well as several metabolic changes
(Downward, 2003; Knauf et al., 2006; PylayeveGupta et al., 2011). RAS also activates
the phosphatidylinositol 3 kinase (PI3K) pathway that is known for its pro-survival
signaling. GTP bound RAS can recruitPI3K to the membrane and activate it. PI3K
indirectly activates AKT, which phosphorylates and inhibits several pro-apoptotic
targets like BAD and FORKHEADMoreover, RAS influences vesicle transport and cell
cycle progression through the ral guanine nucleotide dissociation stimulator (RALGDS)
pathway and has been shown to contribute towards calcium signaling via the
1-phosphatidylinositol -4,5-bisphosphate phot qi pej ft uf sbt f ! yFlgyreQMDy * !
4) (Downward, 2003; PylayevaGupta et al.,2011).
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Figure 4: Downstream targets of RAS signaling. Active RAS can activate multiple

different downstream pathways. Besides the most prominent MAPK and PI3K
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Downward, 2003; Neel et al., 2011)

1.2.2. Targeting oncogenic RAS

The significant role of mutant RASin cancer renders it an obvious therapeutic target.
This has, however,turned out to be remarkably challenging - so challenging that RAS
has previously been coined to be dzv o0 e s v h(bdx etmif, R014) This chapter will
summarize different strategies of targeting aberrant RAS signaling and explain why

most of these approaches have not beensuccessful so far (Figure 5).

The most straightforward approach is to target the RAS protein itself directly. To be
active, RAS has to bind GTP. Therefore, targeting the GTP binding pocketvith a small-
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molecule antagonist, similar to kinase inhibitors, which target ATP binding pockets,
seemed like an apparent strategy. The problem is that RAS has an affinity towards GTP
in the picomolar range, which makes it virtually impossible to develop a GTF
competitive inhibitor for RAS (Cox et al., 2014). Nevertheless, some studies have
shown that it is possible to specifically target and inhibit the mutant KRAS*1?Cvariant.
These inhibitors covalently bind the mutated cysteine in the GDP/GTP binding pocket
of KRAS and thereby promote GDP instead of GTP binding, whichnactivates mutant
KRAS(Janes et al., 2018; Lim et al., 2014; Ostrem et al., 2013; Zeng et al., 2017While
these are promising results, they only address a rather rare mutation in KRAS.
KRAS?Cmutations make up only 3% in PDACs and 11% in CRCs of all KRAS mutations

(Cox et al., 2014). Furthermore, the efficacy has yet to be shown in clinical trials.

Other attempts focused on interfering with RAS localization. In addition to GTP binding,

RAS has to be localized at the plasma membrane to be active. Initially, RAS is

translated as an inactive, cytosolic protein. At its C-terminus, it has a CAAX site (C

=cysteine, A = aliphatic amino acid, X = any amino acid), which directs a post-
translational farnesyl moiety to the cysteine via the farnesyltransferase (FTase). The
farnesylation allows then for the membrane localization of the otherwise hydrophobic

RAS protein (Ahearn et al., 2011). Therefore, inhibition of FTase activity was thought

to prevent proper RAS localization and thus inhibit KRAS activity. Initial studies on

FTase inhibitors showed promising results in HRAS driven tumors but subsequent

clinical trials failed to demonstrate the efficacy of FTase inhibitors in KRAS mutated

cancers (Papke and Der, 2017) The reason for the low efficacy is that KRAS and NRAS

can - in contrast to HRAS - be alternatively prenylated via geranylgeranylation by the
geranylgeranyltransferase (GGTase)in the presence of FTase inhibitors (Whyte et al.,

1997). More recently, two small-molecule inhibitors were described that prevent
nfncsbof! bttpdj bujpo! pg! LSBT! ui spvhil! joijc]j
QEFuU!ti vuumft!qgsfozmbufe! LSBT!'up!uif!Hpmhj!p
up! ui f! gmbtnb! nfncsbof /! Ui f! QEFU! joijcjupst
signaling and growth of RASmutatedd bodf s! df mmt /! Po! ui f! pui f s!
have a similarly high risk of off -target effects as FTase and GGTaseinhibitors (Papke

and Der, 2017; Papke et al., 2016; Zimmemann et al., 2013). It is estimated that over
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100 proteins are prenylated by FTase and GGTase, many of which would also be

bggfdufe! cz! ui f [(Lane anfl Bepse,j2@6)! pg! QEF G !

Since targeting RAS activity directly has been proven to be problematic, another
approach is to target downstream effectors of RAS signaling. While RAS activates
several downstream effector pathways, there is evidence that at least in some cancers
such as CRC and lung cancerthe RAFMEK-ERK pathway might be the one with the
greatest impact (Collisson et al.,, 2012; Papke and Der, 2017; Ryan et al., 2015)
However, the results of MEK inhibition with trametinib and cobimetinib in clinical trials
have been underwhelming. MEK inhibition abolishes an inhibitory feedback-loop via
activated ERKthrough RAF. This results in a reactivation of the pathway despite MEK
inhibition and thus would require administration of high MEK inhibitor doses that are
not applicable in a clinical setting (Duncan et al., 2012; Papke and Der, 2017)A similar
problem of paradoxical MAPK activation upon BRAF inhibition has recently been
overcome with the development of RAF inhibitors that show efficacy in RASdriven
cancers and do not lead to a MAPK activation (Holderfield et al., 2014; Peng et al.,
2015; Zhang et al., 2015) However, another mechanism preventing MAPK signaling
inhibition from efficiently preventing cancer cells growth is that cancer cells evade the
treatment by activating PI3K signaling. Colorectal cancer cells have been shown to
activate AKT upon MEK inhibition. This is mediated via a lack of a negative feedback
from ERK to EGFR, which thenin turn,activates the PI3K pathway (Klinger et al., 2013;
Prahallad et al., 2012). Unfortunately, blocking both pathways simultaneously has
proven to be clinically not practicable mainly due to the high toxicity observed in
clinical trials (Papke and Der, 2017) Recently, an inhibitor was published that was
suggested to inhibit RAS signaling in several pathwayssimultaneously . Rigosertib acts
as a RAS mimetic that binds and blocks the RASbinding domain of several
downstream effector s such as RAF, PI3K, and RALGDS&\thuluri-Divakar et al., 2016).
Another study suggested, however, that the reduction in MAPK signaling by rigosertib
was not due to inhibition of RAS-RAF interaction, but is rather an indirect effect of
stress-induced JNK activity, followed by inhibition of RAF and SOS1(Ritt et al., 2016).
Rigosertib was also recently identified as a microtubule -destabilizing agent, which
might hint towards rigosertib affecting a much broader spectrum of cellular processes

which raises the risk of unwanted side effects (Jost et al., 2017).
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Figure 5: Strategies for drugging oncogenic RAS signaling. Several different
strategies for targeting RAS signaling in cancer have been under investigation in the
past decades. Next to the straightforward strategies of direct inhibition, inhibition of
membrane association, and inhibition of downstream effectors, more indirect
strategies are also under consideration. Namely, inhibition of the metabolism and
inhibition of synthetic lethal interactors (adapted from Papke and Der, 2017)

Among the many additional cellular downstream effects of mutant KRAS signaling are
also metabolic changes. RAS shifts the cellular energy production machinery from
oxidative phosphorylation towards glycolysis by upregulating hypoxia -inducible factor
20!'G2wW*! wj bl ui f! NBQL! boe! QJ 4 lelevatedprodudtian/ofl | J G2 U
glucose transporter 1 (GLUT1) and thereby to increased glucose uptake (Blum et al.,
2005; Chen et al., 2001; Flier et al., 1987; Pylayev&upta et al., 2011) Glycolysis is
further promoted by RAS through upregulation of several glycolytic enzymes such as
6-phosphofructo -1-kinase and lactate dehydrogenase (Chiaradonna et al., 2006; Kole
etal., 1991; Pylayeva-Gupta et al., 2011). Moreover, mutant KRAS has also been shown
to rewire the glutamine metabolism away from the TCA cycle towards the reduction of
NADP* to NADPH and the production of pyruvate (Gaglio et al., 2011; Pake and Der,
2017; Son et al., 2013) To further fuel cancer cells, RAS also increases extracellular

nutrient uptake by micropinocytosis and recycling of cell components through
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autophagy. Several studies indicate that RAS driven cancer cells might relyon these
two processes in order manage their metabolic needs (Commisso et al., 2013; Guo et
al., 2011; Lodk et al., 2011; White, 2013; Yang et al., 2011)Since the approach to target
metabolic dependencies of KRASmutant cancers is relatively new, there have not been
many clinical studies so far. However, some metabolic inhibitors are currently in

clinical trials. The unspecific autophagy and micropinocytosis inhibitor chloroquine is
currently in clinical trials for PDACs (clinicaltrials.gov, identifier: NCT01506973).
Another inhibitor of the glutamine metabolism (CB -839) is also in several clinical trials

(Cox et al., 2014; National Institutes of Health (NIH); Papke and Der, 2017)

In summary, targeting mutant RAS in cancer still constitutes a major hurdle up to this
day. The broad variety of downstream effects that mutant RAS elicits in cells is only
one reason why targeting RAS has proven to be so difficult. The next chapter focuses
on another strategy that might allow specific targeting of RASmutant cancer cells in

a more indirect manner.

1.2.3. Synthetic lethality

Since KRAS has proven to be notoriously hardto be inhibited directly, indirect targeting
strategies could be a more promising strategy. An approach to indirectly but
specifically target oncogenic KRAS signaling is the concept of synthetic lethality. The
uf sn! diz zoui fujd! mfui bmj uzlL) x bHelolbgrjedthaeih
Drosophila melanogasterflies that inherited two different deleterious genes were non-
viable. In contrast, the parent generation harboring only one of these mutant genes

was viable (Dobzhansky, 1946; Nijman, 2011)

The most prominent example for a successful synthetic lethal therapy is the inhibition
of poly (ADP-ribose) polymerase (PARP) in Breast Cancer 1/2 (BRCA1/2) defective
cancers (Bryant et al., 2005; Farmer et al., P05). BRCA1 and BRCA2 are tumor
suppressors involved in homologous recombination (HR), which is in addition to non-
homologous end joining (NHEJ) one of the two major DNA double-strand break (DSB)
repair mechanisms. PARP, on the other hand, facilitates DNA single-strand break (SSB)
repair by binding SSBs and recruiting other DNA repair proteins to the site of DNA
12

c

z

Ui



1. Introduction

damage. Inhibition of PARP by olaparib traps it on the DNA. The trapped PARP
presents an obstacle for approaching DNA replication forks, which in turn cause
replication fork stalling and eventually fork collapse. Collapsed forks can efficiently be
repaired via HR, for which BRCA is required. Therefore, BRCA proficient cells survive
the perturbation on PARP, whereas BRCAdeficient cells accumulate non-repairable
DNA damage and eventually die. In 2014, the PARP inhibitor olaparib was approved by
the FDA for the treatment of BRCA mutated ovarian cancer(Dziadkowiec et al., 2016).
Very recently, it wasadditionally approved for therapy of BCRA mutant breast cancers
(U.S. Food & Drug Administration, 2018)

The idea of using the synthetic lethality approach in KRASmutant cancers is very
similar: While inhibition or depletion of some proteins is tolerable for normal , non
transformed cells, KRASmutated cells might heavily rely on the activity or presence of
distinct proteins. Therefore, targeting a synthetic lethal interactor of mutant KRAS
would specifically kill KRAS transformed cancer cells, while normal cells remain largely

unaffected (Figure 6).

Figure 6: The concept of synthetic lethality . The concept of targeting mutant RAS via
synthetic lethal interactors relies on the idea that oncogenic RAS signaling creates
specific dependencies on other proteins or pathways for the cell. While these synthetic
lethal components are dispensable for RAS wild-type cells, RASmutant cells heavily
rely on them. Thus, inhibition or depletion of synthetic lethal components is compatible

with RASwild-type cf msutvival but lethal for RASmutant cells.
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