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Zusammenfassung

Diese bioinformatische Dissertationbeschreibt die tumorbiologische Hypothesengenierung,

insbesondere inkKontextdesKolorektalkarzinora

Hintergrund der Studien iseine Beobachtung aus der klinischd?raxis.Verschiedene Autoren
berichten, dass & der Behandlung mit Inhibitoren des Epidermalen Wachstumsfaktor Rezeptors
(EGFR), speziell des therapeutischen Antikorpers Cetuximab, eine Mindierhiedtienten die Ulthe
Nebenwirkung der Hauttoxizitat nicht oder in deutlich verminderter Form zeigt. Bei diesen Patienten
wird gleichzeitig eine reduzierte Wirksamkeit der Therapie beschrieben. Das Ausbleiben der
Nebenwirkung wird somit als phanotypischer Biomarker genutat, gegebenenfalls die Therapie
anzupassen. Nachteilig erscheint in diesem Kontext allerdings die praventive Hautpflege sowie die
Tatsache, dass eine CetuximBbhandlung zunachst gestartet werden muss, um eine Information
Uber die Wirksamkeit zu gewinneBadurch, dass der zugrunde liegende molekulare Mechanismus

unbekannt ist, kann keine Vorhersage anhand eines klinischen Test getroffen werden.

In der vorlegenden Arbeit war es das Ziel, Hypothesen zu generieren, welche Protelreellularen
Signalwege kausal fir das unterschiedliche Ansprechverhalten der Patientengrsgipekdnnten
Ausgehend von der Annahme, dass natirliche Keimbahnvarianten in der Erbinformation der
Individuen im Behandlungskontext diskriminatorisch wirkesuit die Dissertation auf einem kleinen
Datensatz von 23 Exomen von Teilnehmern klinischer Studien auf. Diese Sequenzierungsdaten wurden
in genomische Varianten Uberflihrt und auf ihren potentiellen genetiselthanistischen Einfluss hin
untersucht. Geziéd Einschrankungen wurden dabei anhand einer Modellierung des biomedizinischen
Kontextes des Anwendungsfalls eingefuhrt, um die reduzierte Datenlage geziditfonihationen
anzureichern Die so erhaltenen Kandidatengene, welche in nachfolgenden prag&tisébeiten
validiert werden mussen, werden im Einzelnen beschrieben und bewertet.

aSGIK2RAA0K Aald RIFIAa 9NHSoyAa RASASNI 5A3aASNIUIFGAZ2Y
modellierte Netzwerkstruktur, die funktionelle Interaktionen zwischen Proteiiméeraktiv visualisiert

und gleichzeitig als Filter auf Basis des biologischen Kontexts dient. Ziel hierbei ist es, einen
biomedizinisch ausgebildeten Fachanwender bei der Generierung von Hypothesen zu unterstitzen,
indem im Gegensatz zu sonst haufig @rzffenden tabellarischen Ansichten die Ergebnisse aus der
Sequenzanalyse in eben jenem funktionalen Kontext dargestellt werden. Dartber hinaus wird so die
Anwendung von Gramnalgorithmen und die Integratioweiterer Daten ermdglicht, z.B. solcharsa

komplementaren®micsExperimenten.



Abstract

Thisbioinformaticsthesis describes work and results from a studyaoose case in the context of

colorectal cancer.

Background of the studies is an observation form the clinical prasta@us authors rep that upon
treatment with inhibitors of the Epidermal Growth Factor Receptor (EGFR), in particular with the
therapeutic antibody Cetuximab, a minority of patients does not, or in a clearly redoo®d show
common adverse effesbf skin toxicity. Forttese patients, at the same time a reduced efficacy of the
therapy is described. The lack of the adverse effect therefore gets used as a phenotypic biomarker for
inducing a switch of therapy. However, preventive skin care during treatment, counteracting the
biomarker signal, and the necessity to start the therapy first in order to gain the information, appear
unfavorable. As the underlying molecular mechanisms remain elusive, predictions ahead of treatment,

e.g. by a clinical test, are not possible yet.

In the presented work, the aim was to generate hypotheses, which pretnd cellular signaling
pathwaysmight be causal for the differentiating response of the patient groups. Starting from the
assumption that naturally occurringermline variations functionally discriminate individuals in the
context of the treatment, the thesis builds up on a small dataset of 23 exomes of patients from a clinical
study context. These sequencing data were processed to genomic variants and arfalytteslr
potential influence on the mechanistic level. Targeted restrictions were introduced by modeling the
biomedical context of the use case in order to enrich the sparse individual data with further
information. Theobtained candidate genesvhich ae necessary to be validated in practical studies,

are described and evaluated in detail.

aSiK2R2t23A0Fffes GKS NBadAdG 2F GKS GKSaaa Aa
modeled in @toscape, interactively visualizing the functional interactions of proteins and
simulatenously filteringhe called variants upon the biological context. Here, the aim is to enable
biomedical domain experts, beyond scrolling tabular information on calemnts, to review their
experimental data in the functional context and support them in the hypothesis generation process.
Additionally, this provides the opportunity to apply graph algorithms and integrate further data, e.g.

such from completar{@mics &periments.
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1. Introduction

This thesiss set at the intersection afomputer science, biology amdedicine. From a clinical of view,
the subject of mterest is colorectal cancer, which for a relevant amount of patients is treated using
therapeutic antibodies targetting thEpidermalGrowth Factor Receptor (EGFR)eing a key molecular
factor promoting tumor growth.However, for a minority of patientsanti-EGFR treatment fails,
indicated by missing skin toxicity reactions, which are a usual adverse dfentwhile, he rationas
F2NJ GKAA 20aSNBIGA2Y S &dz as ljrerbigsielusive. itei§dRtumod { Ay N
biology, this raises thquestion for the underlying molecular mechanisithough in cancer settings
plenty of knowledge has been collected over the years, a transparent model allpvadgrtion of
treatment success upon any measuremeaates not yet existTherefore, this thds targets a small
number of patientderived next-generation sequencing datasets and aims to bring the individual
variations ino a general mechanistic contexkerived from literature. For the latter, a number of
considerations were made on potentiailyvolved proteins and mechanisms from cellular signaling,

immunology and cell adhesion.

Taken together, the following sections provide deeper insights into the factors building grounds for
this thesis. Starting clinically from CRC and its treatm®atijonl.1), tumor biology with a focus on
EGFR signatins highlighted (Sectiah2). Sectionl.3is based to a larger extend on a review on the
skin rash phenomenon by Mario Lacoutjkacouture 2006and related workThesepublicatiors in
particular, and aangeof more generaknowledge, formed ground for the basic assumptions and
rationals Gectionl.4). Finally, as the integrative target data structure and user interface has been
decided to be a visual network, a short corresponding reviewagdmentation is given in Section

1.5

1.1 Epidemiological and clinical aspects of colorectal cancer

Colorectal cancer (CRC) as third most diagnosed cancer in both women af8ieysiet al.2012]is

an epidemiologically important factor amongnxer cases worldwide, accounting for >1.2 Mio.
diagnoses per yea520,000 of them registered in the western hemisphffferlayet al. 2010] In
Germany, every seventh diagnosed cancer is CRC. Mortality rates are decraagjimgifrom 35% to
50%][Moriarity et al. 2016] With 26,000 deaths per year in Germany due to Gi®Golute numbers

are still high meanwhile, 478000 new cases were detected [Robert KocHnstitut 2015]
Approximately, every second patient is gised to already suffer from metastatic CRC (mCRC),

lowering chances for recurrendese curation[Tjandra & Chan 2007]



Considering these numbers and the fact that in both the US and Germany every fourth death is caused
by cancefSiegelet al.2012; Robert Kochnstitut 2015] effective treatment of CRC is a crucial factor

in health care.

CRaQypically originates from benign tumors forming polypgm®Btoms like longer lasting diarrhea,
cramping pain, rectal bleedinetc. occudate in tumor developmentand are ambiguous for other
diseases and intolerances, to€@onsequentlydefinite diagnoses are often made in late stages, in
which the cancer has already grown i@ surrounding tissue and even metasta&sizo other organs
[NIHNCI 20164a]

C2fft2Ay3a GKS ! YSNA O {NIHNCI P02 Nandagl OficBdobitistagsdzA RS Ay
O2 ANRGGOK 2F GKS Gdzvy2NJ G§KNPRdJzZ3K K Sgrowis hegoydQad Ay y
the colon wall or nearby lymph nodes)resectionof the polyp and,finecessary, parts of the colon.

While for stage I{spreading to nearby tissues, but not lymph nodes}juvant chemotherapy after

surgery may be considered in orderdweoid recurrences, it is the standard treatment for stage 1. CRC

In this stage, nearby lymph nodes are affected, but no other organs. Potentially detached cancer cells

may be targetted by radiation therapy.

For stage IV CRC, cancer cells have metastisizeother organs and tissues most likely to liver, lungs,
the peritoneum or distant lymph nodes. In this systemic setting, surgery is regarded as unlikely to be
useful. Neoadjuvant chemotherapy may be a treatment option to weaken and shrink canceesus si
first, improving chances for curative surgedpart from séected chemdherapeuticsand often
combined like 5-Fluorouracil %-FU), oxaliplatin, irinotecanand other cytostatic drug, targeted
therapies invoking monoclonal antibodies (mAbs) have entetde clinical practice.Recently, a
notable positive effect of these new biologic drugs has been described, as quality of life (Q@edr), 5
and overall survival have been significantly improved for advanced [@G/e€ & Li 2016] The
combination therapies are subject to recent clinical studir®ffectiveness in the context of the stage,
molecular status and even location of the tumor (comp. €Gjliberto et al. 2018). Additionally,
ASOAAA2YA F2NJ 2NJ F3FAyat +  OSNIhpargetrSalwedbsti A2y RS
the personal genomic backgrourjdb Mutalib et al. 2017; Patelet al. 2018] Anyhow, although
pharmacogeneticsfienomics have been described as a hope for individualized medicine some years

ago (comp[Ma & Lu ®11)), practically applied knowledge appears sparse.

Nowadaysthe signaling pathwaysf two growth receptors arerimarily tackled namelythese of

Epidermal Growth Factors (EGF and similar)taad/ascular Endothelial Growth Fact®EG}): Both

areOf F aaAO0Ff NBLINBASY (| Gaha@r8 & ¢ & MeNdhan @ Weiberdi2R, LJ2 LJdz
2011] In the case of a deegulated EGF receptor (EGKR}hway, primarelyproliferative signaling is
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growth. However, the EGFR pathwajiso stimulates another fivef the six cancer hallmarks of the
first model of Hanahan and Weinbergndependence of growth signal&sensitivity to growth

inhibitory signals, resistance to programmed cell death, angiogenesis, and met§S&=iar 2009]

VEGFinduces and sustainthe more advanced hallmarkf angiogenesis, which describéise

formation of local blood vesselsrough vasculogenesigd€ novg and agiogenesis (from prexisting

vessels)In the context of cancer, tumors of a size beyond finm require dedicated ingrowth of

capillaries as the process of diffusiosf oxygen and nutrients through tissues gets insufficient for

further progress of the ralignant cell masgvicDougalket al. 2006} Gaining a mutation that enables a

tumor to overexpress VEGiereforeA & RSY2GSR a WFHy3aA23aSyA0 agAidaoK.
in tumor developmentin turn, therapeutic shutdown of VEGF signa(ieg.ligand blocking using the

therapeutic antibody Bevacizumd®hharaet al. 2016) is intended toinhibit the formation of new

vesselsto abolis immature onesand to decreasél KS @ & Odzf | NJ & ICbrise@uently,JS NJF dzi A
the blood-derived supply with oxygen and nutrieritssmpaired tumors which already facilitated the

angiogenic switcimay shrink[Willett et al. 2004}

1.2 EGFRignaling and Cetuximab

Theepidermal growth factor receptoHGFR discovered 1978s atransmembrane receptor tyrosine
kinaseand a prototypic representativefor boththe ErbB receptor familgis well aghe superfamily of
receptor tyrosine kinase@RTKs)Carpenteret al. 1978; Wells 1999; Seshacharyelual. 2012] RTKs
are cell surface receptorswhich show high affinity to growth factors, cytokines and hormones
[Robinsoret al. 2000] and encompass also the VEGF receptor (VEGiBEneral, hosemolecular
on/off switchesforwarda A 3y I £ & T NP Y toidwSstreard ¢ascuds phaphbryla@od of

the intracellularthyrosine kinaselomain resulting in variation of gene expression

The ErB family consists of four known members in humaBbB1/EGFR/HER1, ErbB2/HER2/Neu,
ErbB3/HER3 and ErbB4/HERZ@shachamlu et al. 2012] of which the first two areknown to be

overactive in various solid tumof€ho & Leahy 2002For EGFR, at least seven different activating

ligands are knowrincluding EGF, transforming growth factorf LJK | ¢ ¢ D C h-hinding\f®F K S LJI N.
(HBEGF)[Linggi & Carpenter 2006 hesetrigger various dimerizations of ErbB family member
monomers[Schlessinger 2002ieflecting the general ability of RTKs to expand bothsgectrum of
bindableligands and the diversity of recruited downstream pathwdlisllandet al. 2003]



Cellular target mechanisms of EGFR signaling are as diverse as important. They prutieitie
secretion, cell motility, the balance between mitogsigeor apoptosis as well as differentiation and
dedifferentiation.In cancer settings, the ability of the EGFR pathway to promote survival and growth,

is an important factor for tumor progression, tissue invasion and metaqdia&is 1999]

Although the reported percentage of tumors (CRC, but also lung, head andaneakiomag varies
between 25% an82%|[Krasinskas 2011k majority of cancer cases is reported to overexpress EGFR,
showing an association with progression to maligrya more advanced tumor stages, poor
differentation, worse histolgic grade, lymph vascular invasion and finally, poor progrjdsrom &
Jonker 2011; Grandis & Sok 200B(5FR as a target for cancer therapy was already focussed in the
1980s [Aboud-Pirak et al. 1988] resulting in the first therapeuticfifteen years later.All those
inhibitory drugs belong to either the class of tyrosine kinase inhibitors (TKIs) or monoclonal antibodies
(mAbs)[Meloskyet al. 2009] TKIs in general are small moleculasting on the intracellular kinase
domain, blocking downstream signaling. In contrast, therapeutic antibodies act oexthacellular
receptor domainAdditional toblocking EGFR signaling, it is assumed that immune respatgEast

0KS Y! e@idathé tolnplement systepmayalsocontributean effectfHolubecet al. 2016]

Gefitinibwas the firstTK| approved for the treatmenin nonsmall cell lung cancer (NSCkiGice 2002

in Japan[evaluate.com 2002]2003in the US[NIHNCI 2011]Jand 2009 in Europe [EMA 2009]
respectively. Erlotinib, another TKI, received approval in 2002001, with Cetuximabthe first
antibody directed against EGRéhtered the markeNIHNCI 20133]followed by Panitumumalkn
2006 [NIHNCI 2013b] Both werededicated to CRC fir§Ohharaet al. 2016] For both TKIs and
antibodies, further moleculebecameavailable and for most of them the range of application was

iteratively extendedto other cancer entities with overexpression of EGF(R).

Shortly after those new drugs had entered the market and clinical pract@maitionalsan treatment
emerged. On thene hand genetic factors like target variations in the tumaer.g. EGFR mutations
[Paezet al. 2004; Lynclet al. 2004) or ethnical background (e.g. Asian or European origin), but also
further epidemiologic parameters like environmental influences (smoker or staijv an effect on
treament efficacyfGazdar 2009; Stuart & Sellers 2Q09h the other hand, the treatment procedures,
especially the combinatiomnd sequenceof options (radiation, various chemotherapeutics, TKils,
mADbs) are sibject of intensive dicussions and clinical studié¥hile (nee)adjuvant chemotherapy
plus blockade of EGRERe intendedto be more effective than monotheragdyazdiet al. 2015} other
authors decline any effect in adjuvant settings and a controversial one iradig@ant treatments,
where the aim is to shrink the toor in order to allav resectionSchmiegeét al.2008] Alsocommon

mutations in functionally connected genes amecepted to be crucial for certain decisiogdor



exampe, activating KRAS mutatioegclude the application of EGFR inhibitors, as proliferation signals

are generated downstream of EGFR in this seftiayapetiset al.2008]

While KRAS mutations are known to be the causal reasam Ik of therapeutic effect, mechanistic
backgrounds of side effects remain elusi@@nsequentlythe occurrence of skin rash am adverse
effect of Cetuximab applicatiocan be useds a predictivdoiomarker for treatment efficacybut not

predicteditself.

1.3 Cetuximab, skin rash and atimor efficacy

Even before FOXAapproval of EGFRIs,din dermatologic side effectsave reported[Herbstet al.
2003] and becamesubiject to variousntensive discussionsdedicated b classification, treatment

guidelinesthe LJ- (i A Sy (i-sbéial digaoénforkn2ithe urgent need for mechanistic understanding

Skin toxicityas an adverse effect in EGFRI treatmeéascribes a variety of symptoms affecting the
epidermis, hair follicleand periungualtissues[Lacouture 2006]Usual symptoms are papulopustular

rash in surexposed areas likeead (scalp and eyelasheshest (Vshapal areg and legs, drand itchy

skin, pruritus, abnormalities of hair dmails, up to pain in extreme casf®obertet al. 2005] The
pathologyoveraK I & 2F (0 Sy o0SSiyA yYSTSRe | @I Nk Dged | dzi K2 NRARZ | f
features in terms of histopathology and pharmacologic response (reaction tinflathmatory drugs,

but not antiacne agents[Lacouture 2006] By observationthere is a certain sequence of symptoms

observed irthe majorityof patients(comp.Fig.1).

In the affected areas, tissues are constantly growing, triggered by EGF signaling. The activation of EGFR
leads to a controlled sequence of cell proliferation, migration and differentiation, primarely for
keratinocyteqJostet al.2000] Consequently, thekin shows a high degree of seffanization when
viewed in cross section (comipig.2). Generally, the skin subdivides into multiple layers: hypmile

dermis (both contain blood vessels), epidermis and finally the stratum corneum. The basement
membrane, separating dermis and epidermis, is the location of undifferentiated, basal keratinocytes,
which in turn make up the major epidermal cell tygkacouture 2006] Most importantly,
developmental physiology of the skin depends on keratinocyte maturation, which includes a migratory
movement towards the skin surface and ends in apoptg€iandi et al. 2006]. The terminal
differentiated cells are designated as corneocytes. Maturation as well as the fragile balance between
migration and adhesion is highly regulatffelichs & Raghavan 2004lthough the EGFR pathway
orchestrates these mechanisms, the molecule itself is expressed in keratinocytes of the basal and

suprébasal layers onljNanneyet al. 1990}



Sensory disturbance,

erythema, edema

Papulopustular rash
Crusting | ]

Erythematotelangiectasias ||

Hair changes

Paronychiaffissuring

Xerosis

[] 2 4 6 8 10 12 14 16
Weeks

Fig.1 - Sequence of rash events in EGfiehated patients. While skinrelated effects occur immediately in the first week
upon EGFRI application, disturbancegstdwer growinghair and nails take weeks to manifeXerosis, presumably through
hypofunction ofsebaceous glarg] also appears as late symptom. Irivibeen, crusting and visibly dilated vessels in the skin
appear(from: [LoRusso 2003]

Keratohyalin granules

Stratum
corneum

Epidermis

—Basement
membrane

Blood vessel

Dermis

Hypodermis

Fig.2 - The structure of the skin and EGFR locati@ime multilayer model of the skinom Lacouture 2006While below the
basement membrane dermis and hypodermis are supplied by bloods vessels, the epidermis toapjsteximately 90%f
keratinocytes. At hair follicles, the basement membrane is invaginataticontinuous Here, like everywhere immediately

at the epidermal side of the basement membrane, undifferentiated keratinoycytes are constantly proliferated from stem
cells. ThesebasailSNI iAy20&eiSa SELINB&&a 9DCwd® hy GKSANI ¢te& G2 GKS
activation of the EGFR pathway triggers the differentatiation of keratinocytes to terminal corneocytes. During the pnogressio
from epidermis to the satum corneum, keratohyalin is massively expressed and stored in granules. Meanwhile, the cell
undergoes apoptosis. The final anucleated corneocytes make up the protective layer against the outside.



Vice versa AYKAOAGAZ2Y 27F 9 DQuty by acceldatidy dhe ondfuBatiord dfA Yy Q &
keratinocytes by arresting growth and migration (corm.3). Premature keratinocytes proceed to

terminal diferentiation too early, reducing the epidermal thickness and impairing the stratum
corneum. Simultaneously, EGFR blockade triggers recruitment of immune cells, causing local
inflammation, apoptosis, tissue damage and dilated vegsalsouture 2008p 2 KAf S G KS &1 Ay
function to the extracorporal environment is affectexverall simultaneously bacteria and other

microbes can enter the skifyrther YLX A F@ Ay 3 GKS »[E¥deyb200Ft f Qa NBI O

v v v

Growth and migration | Chemokine expression | ‘Abnormal maturation and differentiation
arrest and apoptosis |

‘ Inflammatory cell recruitment |

|

=
I Y
* * ‘ ‘ Xerosis and pruritus |

‘ Tenderness | |Papu'lupustules | | Periungual inflammation ‘ ‘Hair and nail plate disturbance|

Fig.3 - Flowchart model of EGFRiduced reactions of the skin according teacouture 2006Inhibition of EGFR leads to
arrest of growth and migtion, apoptosis as well as chemokine expression immediately. Consequently, inflammatory cells
get locally recruited, amplifying cutaneous injuries. These include tenderness of the skin and rash, at hair folliclds and na
Longterm effects like xerosis;yitus and macroscopic disturbances of hair and nails rely on persistent abnormal maturation
and differentiation of the skin tissues.

Althoughfor the majority ofpatientsthe EGFR3ide efects are mild, £5 % develop severe toxicities
[Meloskyet al. 2009] whichsignificantlylower the quality of life. In these casafyse modifications
(three quartersof cases)ireatment delays or evenliscontinuationof therapy § the consequence for

a third ofthe patients[Lacouture 2009]

Therefore, rash management is key during EGFRI treatment, supporting the patient tolerance and
compliance[Lacouture & Melosky 2007Consequently, over the last decade dermatolalyiven
recommendations for preventativprophylacticand reactive treatment of skin toxicitidgave been
published(e.g.[Lacoutureet al. 2011). Asmost of the clinical study reports uske National Cancer

Ly adidA i dzi Senainolbgy Eritedia/for Adverse Efts (NCI CTCAELIrrent version is 5.(NIH

NCI 2017)] classifiers for reactive treatment start from a diagnosed grade of toxicity, ranging from mild

(grade 1) oer moderate (grade 2) up to severe (gradklBadverse effects. Usual treatments are
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topical application of moisturizers, suncream and hydrocortisone, systemic reactions are counteracted

with Minocycline or Doxycycline orally.

However, the CTCAE to date is not primarely designed for classifyingi@iERd skin toxicities,
leading to underreported severity and consequently underadjustment of therapy. In turn, the
Multinational Asociation for Supportive Care in CanASCToffer their EGFRI Skin Toxicity Tool
(MEST)[Lacoutureet al.2010), correlating well with CTCAE in gradiaigd providinga more precise
catalogue of adverse effects in order to support the still subjective classifigatonutureet al.2011]

This subjectivitynay be one major source for varying fractions of patients with a certain grading when

comparing multiple studies.

Despite all discomfortthere is a positive aspect @kin rash as an adverse evesitnilar to the early
description of EGFRiduced skin reactions, a correlation between its severity and positive treatment
outcome was reported even before FDA approval of Gefitjibrbst 2003] Clinically similar
observations have been made shortly after also for-&@GFR antibodse first in CetuximalPeréz

Soler & Saltz 2005; Lacouture 2008hyhow, considering thievo dasses of EGHargeted classes of
EGFRI (mAbs and TKIs), differences with regard to incidence, severity and onset have been claimed
[Meloskyet al. 2009] so that this thesis, except as otherwise stated, relates to snidlgeneral and

Cetuximab in particular.

To date, the oncology community is deeply interested in this repetitively described connection
between adverse effect intensity, drug activity and survjRairelliet al.2013; Luptet al.2015] For
yearsnow, skin toxicity isnot only regarded as an undesired adverse effect, but also as pleasant
phenotypicalsurrogatebiomarker: the more severe the skin rasymptoms, the stronger antumor
effects, the better survival and the less progresgPetrelliet al.2013] Ultimately,these observations
support decisionson optimizeddose adaptions or switch of theragfleporiniet al. 2013] while not
requiringfurther invasive testing. Consequently, it is being used in the daily clinical pradiiteto

date, no full mechanistic linkould be drawn on the molecular leveh dther words: the regulave
network and its molecular players remain hidd®vhile certain somatic alteratiorsf EGFR itselfLA

A and ABCG2in the SRnegative patiens have been describefKozuki 2016] those are only

explainatory for subpopulations of patients.

Apart fom the academic question, éhdescribed implications show amportant drawback for
patients:neither drug efficacy noskin rastseverity are predictableasthis visuabiomarker appears
on treatment with EGFRIs onlidditionally, SiRiay becovered/silenced in the setting of preemptive
skin care treatment$Leporini et al. 2013] Therefore, patients have to suffer from likelisebmfort

and possibly severe skin reactions in order to be swreimdergothe appropriate treatment.There is



no clinical testat baselineyet, which could identifya priorithe roughly 10% of patients who do not
show any rash or only very mild forms and are likelyoe EGFREsistant. For those patients, a
treatment with EGFRIs siggested asot beneficial[Petrelliet al. 2013] while valuabletreatment

time is lost

However, several pieces of knowled§@em dermatology, cancer research and immunolage
already given, providingraces for shedding ftiner light on the molecular genetic background,

resulting in the stratification of patientsito distinct reaction types.

1.4 Basic assumptiorsnd rationals

In terms of biological tissues, both skin and colonl@yandary layers to the environmemind share

some features They separate the body and the outsioeith digestion product® SAy 3 W2 dziaARS
definition. Bothshow a constant directed growtin layersand dedicatedagingT N2 Y WAY aARSQ
WY 2 dzii. Ackdrdh@ly, skin and colare immunolgicallycompentent anchighly regulatedDiseases

following a pathologic deegulation of the respective mechanisms are wkelbwn for both skirn(e.g.
psoriasigLoweset al. 2014) and colon(inflammatory bowel disease$BD [West & Jenkins 201}]

often being related to chronic irfimmation.

Meanwhile, nolecular mechanisms of inflammation anell known to be involved in carcinogenesis

in genera[Hanahan & Weinberg 2011; Pesic & Greten 20E6f both skifSherwaniet al.2017]and
colon [Kang & Martin 2017]knowledge on the interaction with the surrounding microbiota is
accumulating: while the raiobe composition influences the balance of immune system cycles, it gets
increasingly recognized as important factor in the development of cancer asdongorogression of
chronic inflammationEven morein several cancer settings a state of chronftaimmation has been
reported to be triggered by the tumor itself or its microenvironment, supporting malignant growth

including successful metastasizii@mith & Kang 2.

In turn, mmunological reactions and carcinogenesis are closely connected to several cell adhesion
mechanisms. These aheghlyregulated by pathways, including EGFR signalitkgfor the immune
system(but alsoseveralother regulative moleculanetworks, only proper balancing of input signals
prevents the system from pathologic statd%oriasis may serve as a good example for pathologic
misregulationof the skin where immune reactions disturbproper cell adhesion Interestingly the
EGFRinducedskin rash symptoms are similar to suzhautoimmune diseases likgsoriasigPeréz

Soler & Saltz 2005Converselyfor certain autoimmune diseases like systemic lupghematosus

drug induction has been describglintonovet al.2004; Vihineret al.2011]} Cetuximalieing astrong
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silencer of EGFBan be regardedis an extrinsic introducer ahisregudation. Due to its systemic
application, norpathologictissuesn whichEGFR plays a major roli&é¢ skin, haiand colon), are also

affected.

Skinlocated cancer cells are excluded & tcause of the rash as metastasizing from colon to
cutaneous sides is very rajBaladzinskast al. 2010] Although colon and skin shaatsoa similar

tumor biology, clinical phenotype, morpholpgmolecular patterns, and defects in canaetated
pathways[Berman 2004]there is noknowledge aboutdirect connectios between skin andolon

tumor. However the correlated dhical observations indicat€etuximab to be responsible for both

skin rash and antitumor effects on colon cancer lesions. Therefore, the different grade of skin rash
between patients is assumed to be causedbgor naturally occurring germline variangsmatically

not exclusively in the tumor sitggccording tokozuki 2016 Generally, this meets the concepts of
pharmacogeneticsigenomics, considering individual genetic variance having an influence pathology
as well as treatment reactiongénomedisease and genoraérug interaction$, rising hope for
individualized medicinfMa & Lu 2011]l 2 6 S@SNE ¢ K A foficsidgta sihkdwlddged K i 2 F
rapidy accumulatingfor tumor variations, especially irelatively wellstudied entities like CRC
[Bignucoloet al. 2017] systemic consideration of germline variations remains elusive. Interestingly,
for general drugnduced skin adverse reactions (SCARS), genetic associati@nsmajor
histocompatibility complex (MH@)eneshave been reviewed very recently, although with the aim to

support SCAR preventi¢g@eragianniet al.2018]

In a nutshellthe focus is set to naturally occurriggrmlinevariants inproteinsand pathwaysvhich
are expected tdbelong to one or more of three major functional groups: signaling, immune system
and cell adhesion. Thavestigations aim to identifgandidate variationpotentially causing the skin

rash phenomenoiin Cetuximakreated patientson the scale of molecular mechanisms

1.5 Molecular retworksand visualization

In the given settingan unknowncomplex moleculamechanism regulates tissue reactions upon drug
application experienced as adverse effecEr a minority of patients, this mechanism is changed,

resulting in an alternate behavioum terms of modelingfunctional players (= proteins) and their

relations (functional interations) translatebest into a network of nodes and edgedlithin this

NEJdz F ISR ySiGg2N]l > adznasSia 2F y2RS&a FyR NBfl GA:
signaling cascadestilizing a set of moleculedriggering certain effectaipon certain signalsAs

regulation occurs via many cressactions betweerthose pathways, theisolated view on defined

pathwayshasto be taken as artificidy simplified according to biologiillaveceset al. 2015} While
10



this may be applicable in tightly sketched scenariosveit- known pathways, incomplete knowledge
on signaling cascades requires a more general strategy. Here, networks on curated-protein
interaction (PPl)data offer a more complete view, althougiey do not take into account pathway
knowledge|Villavece=t al. 2015] For example, while two proteins A and B are interacting as well as
B interacts with another protein C, there is no information contained whether A signals tou@thiBo

in any situation (= no transitiyl). Such information has to be inferred from secondary resources like

measurements or common knowledge.

Several approaches deal with quantitative ddtaostly gene expression; e.fl.ambet al. 2006)),
enablingmathematical modelingand the computation ofdedicated scores (e.dLi et al. 2009b).

Furthermore weighting of interactionsnay depencdn e.g. assay ratings, probability estimatidmsn

empirical lab data and voting systems, as multiple references might be taken into acbotumn,

various databasefor interaction datatake into account multiple resources at a time (incl. biochemical

assays, association studys and text mininditerature).Accordingly, a current trend in data analysis

is the integration of various, casgecific highli K N dz3 K LJdzii Y S| 8 dzNBYSy iazx O2AYy
2YAO&¢ | [HudNgetlal@E1E]&

Despite the arising complexityhase highy datadrivenmodelsappear attractive in terms of precisi

and exact mechanistic decription, and furthermore, tteyry the chance to detect connectiods

nova Anyhow, in the given use casleey are neither applicable nor necessary. This is on the one hand
simply due to the given amount and type of dataome data of 23 patients does not provide
guantitative information. On the other hand, the aim is anyhow to supportocomputer scientistén
hypothesis generationHere,field exper@ background knowledge is intended tmmpensate the
sparse informatioron the data level, designating this humdriven approach to act on level of high
abstraction. In contrast to mathematical models, interfacing data and human experts is of central
importance.Intuitively, the betterdata is presented, the easier it can lerpreted by connection

with learnedknowledgeand personal experiendeonclusionsihference) The concept ofinconscious
inferenceas central element ithuman visual perception has been introduced already in thé& 19
century and matters aiaking assumtions and conclusions from incomplete datkepending on prior
knowledge[Helmholtz 1867]Accordingly propervisualization is keyfor hypothesis gener&in upon
sparse data, which ianyhow expected to contain hidden patternSor humans as visuaéntric
speciegNat. Methods Editorial 2005(hed NI A Yy Q& LIS NS LJG A 2 ysoddlintide daseli A Sa |

of serial information likdull text, lists or table$Dukeet al.2015] In contrastjmages can carry much

1 For a extensive list, compariettps://omictools.com/ppiscategory

11


https://omictools.com/ppis-category

more informationof high complexitfFew 2013]Despite all intuitivity, the role of visual perception in

particular has been formal subject of research, aiming for effective data visualif@astani 2002]

Apart fromthe applicability ofgraphalgorithmsin network analysis, networkisstantlyserve as easy

and powerful visualization®Vhile the representation of entities and relations is intuitive, visualization
complexity increaseswith KS y S ¢g2N)] Qa4 aAlS3y | f{iK2dz3K @I NX 2 dza
algorithms to counteract this phenomengWillavecest al.2015 ¢ I { Sy G23SGKSNE G SN
FylFfeadAaOaé 2N begoina dainrhon, Rblepdimnt GRS pastisiudar subject of study

(e.g. asthmgBhavnankt al.2014] gastric cancdiPastrelloet al.2014]2 NJ t | NJ A y #PPrja2d RA & S
et al.2015). Recently, in the face of thmublicallyavailable masses of interaction data, awareness for
usecasespecificmanual curationrises, focussing on e.g. a disease or a particular gene of interest
[Porraset al.2015] Ams may be the discovery of new biomarkf8savnanet al.2014] drug design

[Sukumar & Krein 2012Jr generallythe extrapolation of relevant information from dafRastrelloet

al. 2014] In other words, hypothesis generationHere, interactivity is tremendously important.

Recentlyjn a cancer genomics setting it could be proofed that there is a significant positive effect in
enabling clinicians to interact with genomic reports, resulting in increased user satisfaction and
improved data interpretatiofGray et al. 2018] The authors clearly state to integrate interactive

reports into electronic healthcare records, effectively facilitating the implementation of precision
oncology Analogously, from the perspective of future funding efforts for the udeigpdata in general

health research, awareness of the importance of visualization has recently been demonstrated
[Auffray et al. 2016] Here, br progressing from timeonsuming ranking lists and incomprehensible
GKFANDFEte ySiog2Nla G2 &SNR 2 dza-spéeifichnyapstavet beeR S OA & A 2

explicitly suggested to be a considerable way.
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1.6 Aim

The causal relation between adversects and anttumor drug efficacy in Cetuximabeated CRC

cases is still unknown, but of elevated interest in the context of clinical pra8iaging froma small

set of selected patients, their somatic sequencing data should be mapped to a digeaskc

network, depicing protein interactiors. This map, being both graphically visualized and interactive,

aims to support clinical field experts to develop hypotheses on candidate genes arthmisms to

investigate further. Beyond thbiomedicalinterpretation of the overall results, the principle of the
ISYSNIf aaz2fSOdz I NI { & a i Sopecificaapplidationdrepifeserits the ydRe of (1 &  dz

this thesis.
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2. Materials & Methods

The strategy for the overall worFig.4) starts at two separate points: on the one hand, this is the
patientrelated exome sequencing data, which has to dmnverted io genecentric variation
information. This process is facilitated alaxy(comp. £ction2.3), GEMIN[(comp. &ction2.4) and

a range of custom shell commands and scripts (cdBaptions2.5 and 2.6). On the other hand, the
mechanistic context of the usecase from the literature has to be formalized into a network model,
which is called Molecular Systems Map (MSldmp. 8bsection2.7.1). This modeling as well as all
subsequent steps are implemented in Cytoscape. Being the intercept point of the two initially disjoint
branches, the mapping of the genes annotated in the variant calling td/tB# is the central step
(comp. 8bsection2.7.2). The in such way populated MSM enables both visual inspection by a field
expert and the application of graph algims, making up the basis for interactive hypothesis

generation(comp. 8ction4.3ff).

2.1 Patient overview

For the performed analyses, data of patients from twaichl studies where used. Overall and16
patients were selected from the CIQ¢ Fire2;[Moosmannet al.2011)) and FIREfHeinemanret al.
2014] study, respectively. Apart from clinical and epidemiologic parameters, exome datasets
paired end short reads in FASTQ fornfedjn 23 patients wergrovidedand used for the initial data
analysis and generation of the model (MS¥Mmp.Section2.7).
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Fig.4 - Depiction of the thesis werall workflow. Two branches, processing the NGS data to gemeric variants of interest

(left) and modeling the mechanistic context of the usecase according to public knowledge (but also discussion with field
experts; right) are joined by mapping vaiant-affected genes to th@ewly developecdtentral data structure, the Molecular
Systems Map (MSM; middle). Major components of the left branch are Galaxy foshdé@®ead processing, GEMINI for
genomic variant storage and querying, as well as a set of shell commands and custom scripts, primary in awk, but also R. A
reference genome is necessary. The right branch and all subsequent steps, especially -thévesesnes are hosted by
Cytoscape, ultimately supporting interactive hypothesis generation, taking into account both actual NGS datasets and
functional relations of mechanisms of intereBasis for the modeling phase is pathway information from Reactome.
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Tab.1 - Overview on study patientsExome data had been generated from the followpagients (case report form&RFs

for identification) out of two mMCRC studigdloosmannet al. 2011; Heinemanret al. 2014] where Cetuximab has been
applied.Skin rash$R grades following NCI CTCAE \3r@tti et al. 2003] Lab ID and CRF are equal for Fire3 patients, while
individual labels existfor CIOXw I' nkwm AYRAOFGSa T2N Wy BESl=pragieSsigiEe sfirvival]l'  H K 0
OS = overall survival, ORR = oveeslponse rate.

CRF Lab ID | SR tpde KRAS WT| PFS [months| OS [months]| ORR |
22 111 2 66 m no 6.3 0

Clox 22 111 2 66 m  no 63 30.2

CIOX 67 155 3 56 m yes 7.0 36.0 1
CIOX 110 014 3 68 m yes 8.6 19.4 1
ClOX 114 072 0 66 f yes 4.6 17.0 0
CIOX 129 036 0 71 m no 1.9 4.9 0
CIOX 163 125 0 51 f yes 2.8 11.0 0
CIOX 167 137 3 75 m no 55 17.9 1
FIRE3 20 020 1 71 m no 2.9 13.6 0
FIRES 90 090 3 57 f unknown 15.3 63.0 1
FIRE3 213 213 3 42 m yes 61.1 63.5 0
FIRE3 281 281 1 68 f no 1.4 19.2 0
FIRE3 344 344 3 73 m no 63.1 63.1 1
FIRE3 375 375 1 67 f no 15 5.0 0
FIRE3 406 406 1 65 f yes 28.4 55.6 0
FIRE3 428 428 1 73 m yes 3.7 3.7 0
FIRE3 566 566 3 64 m yes 14.5 14.7 1
FIRE3 586 586 1 59 f yes 1.9 12.9 0
FIRE3 598 598 3 56 m yes 28.5 28.5 1
FIRE3 624 624 3 73 m yes 3.9 14.2 0
FIRE3 638 638 3 61 f yes 4.9 30.9 0
FIRE3 708 708 3 43 m yes 12.5 27.2 1
FIRE3 750 750 1 67 f no 15 4.3 0
FIRE3 796 796 1 73 f yes 1.4 16.0 0

2.2 Exome data

Generation of exome data has been performed ahead of the presented work, but dedicated to
uncovering the reasons for the skin rash phenomeri@etweenApril and December 2012he data

were produced at the LMU Gene Center, applying an lllumina Genome Analyzer lIx, which received a
capacity upgrade in this period. Therefore, multiplexing was introduftedlater samples In
consequence, the single dataseslightly differ in terms of coverage and quality (corhpb.2). For

exome targeting, thégilent SureSelect Human all exon 50kittwas usedRaw data sets are ted in

Tab.2, a basic depiction of sequence count vs. read lengtRagib.
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Tab.2 - Raw datasetgenerated athe LMU Gene CenteData were generated between April and December 2012 as paired

end reads on overall four chips. In between, the device was upgraded in terms of sequencing capacity, enabling multiplexing.
Therefore, on later chips samples were distributed across multpled (three or five, respectively), the resulting FASTQ files
simply concatenated into one each. Descriptive statistics apply for those combinedTfilestetical coverage has been

calculated assuming an equal distribution of sequenced bases (read’toesd length) on 50 Mb target sequence.

Sequencing Chip ID No. | forward/ | total theo.
of reverse | sequence | length | content | coverage
(Lab . |lanes [F/R] __jcount _|[bp] |[%] |
49,357,115 84
111 | 20120410 EAslé\ész;gooosz ! R 49,357,115 85 46 o
F 50868088 85 47 86
155 | 20120410 EAslzs\:/asz;zS_Jooo& ! R 50868088 85 47 862
F 47536362 85 51 81x
014 201204-10 EAsl_(ls\;,a,Vzléiooosz 1 R 47,536,362 85 51 81x
F 65239385 76 50 99
072 | 20120531 EAST;IXgI?_ 0000 1 R 65239385 84 50 110x
F 50578517 85 48 86
036 | 20120410 EAsl_eIs\évzuFiooo& ! R 50578517 85 48 oo
F 49236313 76 48 75
125 | 20120531 EAST;IX;'\S’i o000 ! R 49236313 84 48 o
F 57888647 76 43 88x
187 | 20120531 EAST%;JF?_ o000 ! R 57888647 84 43 97
F 31,002461 76 49 47x
020 | 20121213 EAST%;JF?_ 0002 > R 31002461 84 49 52x
F 21,603,701 76 46 33X
090 | 20121128 EAST;/;gI?_ o001 R 21603701 84 46 36x
F 24,779,449 76 46 38x
213 | 20121213 EAST;IX;?_ 0002 ° R 24779449 84 46 42x
F 29490809 76 46 45
281 | 20121213 EAST;IggF\S’i 0002 ° R 29490809 84 46 s
F 21585819 76 46 33
344 | 201211-29 EAST;IXgI'\S’i o001 > R 21585819 84 46 2o
F 27,631,902 76 a8 42
875 | 20121213 EAST%;?_ 0002 ° R 27,631,902 84 48 46;(
F 33694938 76 50 51
406 | 20121213 EAST;/ngJg_ 0002 ° R 33694938 84 50 a7
F 30022010 76 a8 46
428 | 20121213 EAST;IXgI?_ 0002 > R 30022010 84 48 sox
F 24328044 76 46 37
566 | 201211-29 EAST%;JR?I_ o001 > R 24328044 84 46 ax
F 21,175,515 76 45 32
586 | 201211-29 EAST;/Z;?_ ooo1 ° R 21175515 84 45 2o
F 22,767,044 76 46 35
598 | 201211-29 EAST%:L%JR?‘_ ooo1 ° R 22767044 84 45 2o
F 2240398 76 46 34
624 | 20121213 EAST;IXler?_ 0002 ° R 22403986 84 46 2o
F 24,637,690 76 45 37
68 20121129 Ly er oo R 24637690 84 45 a1

17



T HWUSI 5 F 23,165,578 76 46 35x
EAS1783R_0002 R 23,165,578 84 46 39x
HWUSI F 25,770,359 76 46 39x

750 201212-13 5
EAS1783R_0002 R 25,770,359 84 46 43x
HWUSI F 23,058,518 76 46 35x

796 201212-13 5
EAS1783R_0002 R 23,058,518 84 46 39x

As shown, both read count and GC content are equal when comparing forward and reverse read sets
of a single patient. Read count and lengths weunéicient and FastQC warnings could be overcome
by the first, QArelated steps ofhe processing pipeline (amp. ction2.3), maily due to simply using

the quality-based trimmer Taken together, data were considered to be valid for further use.

86
85 {11
84 [T = o B
83
— & HWUSI-EAS1783R_00020 - FW
S 82 -
= B HWUSI-EAS1783R_00020 - RE
‘gn 81 © HWUSI-EAS1783R_00018 - FW
% 80 0 HWUSI-EAS1783R_00018 - RE
S 79 & HWUSI-EAS632R_00054 - FWE
4
-8 B HWUSI-EAS632R_00054 - REV
& HWUSI-EAS1783R_00005 - F\W
77
@ HWUSI-EAS1783R_00005 - RE
7% KW e O O O
75 T T T T T 1
10000000 20000000 30000000 40000000 50000000 60000000 70000000
Read count

Fig.5 - Read count vs. read length plot for all forward and reverse datasets, separated by Ekipept for one chip (green),

where they are equal, read lengths for forward reads are 8 bp shorter than for reverse ones, presumably by lab design. For
the older chips, a single lane delivers roughly double the data compared to the newer, multiplexealtimasgh they use

three or five (shared) lanes per sample, respectively. Meanwhile, the lengths are equal or higher for tneltiplexed

chips.

2.3 From raw reads toariant calling

For input datasets, where reads from exome sequencing of a biologinpleavere distributed across
multiple files (due to multiplexing via DNA barcoding), collections of forward and reverse raw reads,
respectively, were merged firsThe simple merges are used as input datasets in the variant calling

pipeline.
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In a multistepprocessthe collectedpaired-endraw reads were translated into variants. This pipeline,

set up in the local Galafgfganet al.2016]instance of the Medical Faculty of the Ludwig Maximilians

YA DBSNBEA G & -Cd day pBcheakt@loed1B)Y principally consists dad quality assurance and

control (QA/QC), a short readappingto the human referencegenome hgl9a variant calling using

three algorithms and a final genomic annotation of the variants. For raw and trimmed reads (forward

and reverse each), initial bwa mapping and finahlignment of reads-asQCwas applied in order to

receive summaryeports on quality measures (compig.6). For the finallyrd- f A 3y SR NBIF Ras t
W/ 2t SO0 't AIYYSY(l ?2ywazdppliedddditieal vValknDcall werepRridrin&d

using VarScah(SNP and InDel algorithm eaffoboldtet al. 2012) andD ! ¢ Hé&pibtypeCalley

merged afterwards anfinally annotated with SNPefi€ingolanet al.2012](comp.Fig.7). Most of the

applied modules are part of either the samtofilset al. 2009a] Picard or GATK/2.8 toolboxes.

By application offte pipeline for each patient one Variant Call Format (VEP) file was generated,

containing three technical samples each (one sample column per variant caller result).

For an exact listing of command lines executed by Galaxy, refer to Boxe& to Box Al in the
AppendixFor those commands applied forrgerating the QC plots shown ie@&ion3.2, refer to Boxes
Box /A to Box /8.

FASTQ Quality Trimmer ¥

Input dataset % FASTQFile Indel Realigner x

MarkDuplicates x

output output_file BAM file

Ll E . e E L Select SAM/BAM dataset or dataset
Input dataset ® Select first set of reads Selact SAM/BAM dataset or dataset ollection
collection
chitpi FASTQ Quality Trimmer ® )
FASTQ File

Restnct realignment to provided

intervals

Select second set of metrics_file (o) R —

reads outFile (bam) . output_bam (bam)
autFile (bam)

- output_log (txt)

output._file bam_output (bam)

Realigner Target Creator *
BAM file
output_interval (gati_interval)

output_log (txt)

Fig.6 - Galaxy workflow view (1/2) on exome variant calling pipeline applied to patient samplesntinued inFig.7).
Qualitybased trimming of ends was followed by mapping to the hg19 reference genome, reordering, duplicate marking and
indel realignment.Outputs of modulesvith yellow starsunderwert quality control using FaQC.

2 https://broadinstitute.github.io/picard/commaneline-overview.html#CollectAlignmentSummaryMetrics
3 https://software.broadinstitute.org/gatk/documentation/tooldocs/3-8/
org_broadinstitute gatktools walkers haplotypecaller HaplotypeCaller.php
4 http://broadinstitute.github.io/picard/
5 https://github.com/broadgsa/gatkprotected/tree/2.8
6 https://samtools.qgithub.io/htsspecs/VCFv4.1.pdf
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Haplotype Caller x

Covariates table recalibration

Indel Realigner x file

BAM file BAM file 1 > BAM file
Restrict realignment to provided output_vcf (vcf)
intervals -

graph_out (vcf)
output_bam (bam)

active_region_out (vef)
output_log (txt)

output_log (txt)

Merge x
Datasets to Merge 1 >
Base Recalibrator x MPileup x Dataset
BAM file BAM file 1 > BAM file Datasets to Merge 2 >
Covariates table recalibration Print Reads X output_mpileup pileup, bf, vef) Dataset
file : N
Datasets to Merge 3 >
Covariates table recalibration output_log (txt) Dataset
output_recal (gatk_report) file atased
output_log (bxt) BAM file output (wcf)
output_bam (bam) VarScan mpileup %
output_log (txt) mpileup file
vef-sample-list
output (v
put (vef) SnpEff x
log (ext)
Sequence changes (SNPs, MNPs,
InDels)
VarScan mpileup % Use custom interval file for
annotation
mpileup file
Only use the transcripts in this file.
vef-sample-list Format: One transcript ID per line.
output (vcf) snpeff_output (vcf, tabular, bed)
log (oxt) statsFile (html)

Fig.7 - Galaxy workflow view (2/2) on exome variant calling pifree applied to patient samplegcontinuation ofFig.6).

¢KS WLYRSt wSIt A3 yirrgss, lirkiaghbothifiguresi Kf@r raalignvhént and Hase recalibration, in one

0N} yOK D! ¢VYQlaridtk $J 2R $18 3 NI y GNP adcRInDEl impleniefitafiony a@eappligesults of

all three variant caller runs are mgeed and annotated with SNPe@®utputs of modules withegllow stars underwent quality

O2y iNRBt dzaAy3a Claidv/ > tAOFINRQa W/ 2ttS0G ! tAIYyYSyld -{dzYYl NB
formatted mapping data (orange star).

2.4 Postprocessing of VCF files

Forthe centralized andjueriable storage otalled variants, GEMIND.18.2[Pailaet al. 2013]was
chosen. According tahe official manual, VCF files were separatelecomposed(Box 1) and
normalized(Box2) with W g Tiafet al. 2015] followed by sorting by genomic positighd CFToolg0.1
[Danecelet al.2011) andindexing(tabixv0.2.%; from samtoolsBox3) in order to merge all fileBpx

4). After merging, deamposition and normalizatiowas repeated.

Box1 - Looped, 'vt-based decomposition of patienV/CF files.

$ cd exome_vcf/
$ mkdir - p preprocessing/decomposed
$ for fin’ls -1p | grep -v"/"; do
vt decompose -s$f - o preprocessing/decomposed/$f
done

7 https://gemini.readthedocs.io/en/latest/#newgeminiworkflow
8 http://www.htslib.org/doc/tabix.html
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Box2 - Looped, 'vt-based normalization of decomposEVCF files.

$ mkdir - p preprocessing/normalized

$ forfin’ls - 1 preprocessing/decomposed/’; do
vt normalize - r [path]/hg19.fa $f \
> preprocessing/normalized/"basename $f°
done

Box3 - Looped sorting, zipping and indexing of decomposed and normalized patient VCF files

$ PERL5LIB=/home/galaxy/galaxy/tool_dependencies/vcftools/0.1.11/ \
devteam/package_vcftools 0 1 11/710efaae2ff8/vcftools/lib/ \
perl5/site_perl:$PERL5LIB
export PERL5LIB
wd=preprocessing/sorted_zipped_indexed
mkdir - p $wd
cd $wd
forfin’ls - 1 ../normalized/*.vcf’; do
outname="basename $f .vcf .sorted.vcf
echo $outname
vef - sort $f > $outname
gzip $outn  ame
tabix - p vcf ${outname}.gz
done

R R

Box4 - Merging of all preprocessedatient-related VCF filesfollowed by additional decomposition and normalization

$ dir=../merged
$ mkdir - p $dir
$ vcf - merge *.gz > $dir/all_merged.vcf
$ cd $dir
$ vtdecompose - s all_merged.vcf \
- 0 "basename all_merged .vcf'.decomposed.vcf
$ vt normalize - r [EasyRaid/share/genomes/links/hg19.fa \
“basename all_merged .vcf.decomposed.vcf \
> “basename all_merged.decomposed.vcf .vcf'.normalized.vcf
$ cd./l./

The GEMINI database was loaded (initialized) in two ways: on the one hand once with every pre
processed patient VCF (resulting in 23 separate DBs), on the other hand with the merged VCF file
(resulting in one DB contairdndata of all patient variants). While the 23 separate patient DBs were
used for QC purposdsee ®ction 2.5) only, all other analyses were performed using the complete

merged databaséolding all patient samples

¢KS o0FO73aNRBdzyR A& (KFd GKS YSI &dz2NB sanmblespezificLI NRA y 3
j dzi £ A ( @y |PdzIf (dZ25Q OPYMINBRalI2ZbyIR A Yy 3 (i 2 -saniple baSiDyirpossibled 0 2 Y
FFGSNI YSNAAYy3IS a GKS av!![¢é¢ @FtdzS A& F@SNF ISR

QUAL to samplspecific values requireseparde DBs.
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Box5 - GEMINI loading and annotatioof sample information

$ export PYTHONPATH=[PATH_TO_ANACONDA]/lib/python2.7/:$PYTHONPATH
$ mkdir gemini_DBs
$ # create sample - specific DBs
$ forfin’ls -1 preprocessing/normalized/*.vcf’; do
echo "PROCESSING FILE "$f"...";
gemini load -- cores12 -v$f -tsnpEff \
gemini_DBs / “basename $f.db’
gemini amend -- sample all_pats_training.ped \
gemini_DBs / “basename $f.db’

done
$ # create complete DB from merged samples
$ gemini load -- cores 12
-v preprocessing /merged / all_merged.decomposed. normalized.vcf
- t snpEff gemini_DBs / all_merged.decomposed. normalized.db
$ # annotate sample information via PED file
$ geminiamend -- sample \
all_pats_training _more_info_varcaller_triple .ped \
gemini_DBs / all_merged.decomposed.normalized .db

2.5 Quality controlof called variants byisual inspection

In orderto identify failed samples, abnormal analyses and other outliers due to biological or technical

artifacts,a series of XY scatterplots was generated from the GEMINI databases.

First, supportive attributes were chosen, namely the chromosd#hal Ggositinad® h { Q Ay =/ CO |
Wijdd £t 8Q 6+/ CY Qv l-specifitfag wed & anpiel SO/ IF WK NI Gy Bz @ &
0+/ C W5t Q |lrefgectivellp AsXhe ButpBtfoRone variant caller results in trailing sample

column each within the patierpecific VCF filé & | Y ffaSsd @ NA | yinithe Giverd detBnyE

Second, for altrosspairings collections of images were generated by applying adee#loped R

script, which queries the database and processes the outputs. The resulting plot collections were
pasted t@ether making ugpanels with chromosomes (2Xaxis) vs. patient23; Y axis). For sampie

specific attributes, marks were colopdedr OO2 NRAYy 3 (2 (G KS dghinfriediniBg 6 o A G |
G @ N&R | Y. Bart<oF thefplt Mdlections were additionally generated with logarithmic scales.

According to the plots and refring to the meaning of the PHRED score, minimal thresholds for
YIGQYRSLIIKQ FyR W3 yblpadlls, fespectvENFha akvarianSsfte haseto bie S
covered by five or more short reads, with a variant being detected at a 95% acoulagler (variant
caller internal statistic). Thegelativelypermissive values take into accounttbverall coverage and

quadlity of the initial NGS datavhichisin comparisorio nowadays datasetelatively low

22



2.6 Precandidate selection: imbalaneceeasue and gene mapping

In order to overcome statistical limitations considering the small number of patighés simple
approach of detecting a variant, which is distributed between both patient groups in an imbalanced

manner, was chosen.

2.6.1 Statisticarssumptions on imbalanced variants

Statisticallyexpressedthe basic assumption is that @1 NRA | y (i Q& tientdlisBssdedt® S Ay
occur in auniform and independent patterrBy regarding this setting as a series of tr{pkstients of

a group) onecan describe generalBernoulliprocess, Y2 6 Ay 3 G(KS adlriSa wadzO0S
FYR WTI Af dzNB Q¢ indePdndeht Ifrgii the | egast gittéro/sequence across individual

patients @nsequently for a k describingthe number of occurrence of a variant within a group of

patients a binomial distribution can be modelled, dependingrdithe number of patientsandm (the

allele frequency)Taken togetherthe probabilityB can be formalized as:

8 Csé oG P Al O il

For the imbalanceoverall, the probability P(imb) is conditionally cummulative, summing uphe
products ofprobabilies for every possible number of variaifected patients of the one condition
with every other possible variasdtffected patient count in the other group. Herehe¢ imbalance
criteriont restricts the set ofaccepted casely expressing minimal difference in success (presence)

countsbetween the groups
0 Qafd &5 x EAOA
o OWEE B Qo
T I OEAOx EOA
with nandp being the numberof patients in the SRegative and SRositive group, respectively

Following this probability model, for detected iemts their imbalance measures, Minor Allele
Frequencies (MAR) and genotypes were used to plot distributions (cofijg.16 andFig.17), with
their maxima depicting the minimal probabilities for coincident appearance of an imbalanced variant

(i.e., considered to be insignificafor the SR use case).
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While the two alleles @nd! @f gene irdiploid organisms can be assumed to be independent, the

MAFa s to be squagd when considering homozygous varigntseaking ughe first case forb. When

including also heterozygous variants (which in turn would require to be of dominant trait when

considering them to be phenotypically effective), the probabilities for both the case thataltered

while! @®@ot andvice versdave to be consiered, making up theecondcase forb.

2.6.2 Imbalance measure on called variants and proceeding to genes

For retreiving the variants and their distribution in the patient grou@QL statementsvere

formulatedin order to query the GEMINI databasEhe staterents join information from both the

YOI NAIFYyiaQ FyR KS w3aSySyRSiGlIAfSRQ

and both IDs from HGNC and Entrez for later gene symbol normaliz&mrsideringoptional

GlFof Sz

I OKA S

restrictions to homozygougariants and the filtering of low impact variants (like intronic), four queries

were executedcomp. Box6 to Box9).

Box6 - Detection of imbalanced variant§Set 1) heterozygus included, all variants independent of impact strength.

$ gemini query -- header -qg \
"SELECT v.variant_id, v.chrom, v.start, v.ref, v.alt, v.rs_ids,

v.aaf_1kg_all, v.impact_so, v.impact_severity, v.gene, \
g.transcript, g.is_hgnc, g.hgnc_id, g.entrez_id, \
(gt_quals).(phenotype==0), (gt_quals).(phenotype==1), \
(gt_depths).(phenotype ==0), (gt_depths).(phenotype==1), \
(gt_types).(phenotype==0), (gt_types).(phenotype==1), \
(gts).(phenotype==0), (gts).(phenotype==1) \
FROM variants v, gene_detailed g \
WHERE v.chrom = g.chrom AND v.gene = g.gene \
ORDER BY v.gene ASC, v.variant_id ASC" \
../gemini_dbs/all_merged.decomposed.normalized.vcf.db | \
awk -v offset=14 -vming=13 -vminc=5 \

- f gemini_imbalance_detector.awk \

>> imbalance_7_ HET final.s SV
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Box7 - Detection of imbalanced variantéSet 2) heterozygus included, variants annotated as 'LOW' impact by SNPeff are
ignored.

$ gemini query -- header -q \

"SELECT v.variant_id, v.chrom, v.start, v.ref, v.alt, v.rs_ids, \
v.aaf_1kg_all, v.impact_so, v.impact_severity, v.gene, \
g.transcript, g.is_hgnc, g.hgnc_id, g.entrez_id, \
(gt_quals).(phenotype= =0), (gt_quals).(phenotype==1), \
(gt_depths).(phenotype==0), (gt_depths).(phenotype==1), \
(gt_types).(phenotype==0), (gt_types).(phenotype==1), \
(gts).(phenotype==0), (gts).(phenotype==1) \

FROM variants v, gene_detailed g \
WHERE v.chrom = g.chrom AND v.gene = g.gene \
AND impact_severity !='LOW' \
ORDER BY v.gene ASC, v.variant_id ASC" \
.Jgemini_d  bs/all_merged.decomposed.normalized.vcf.db | \
awk - v offset=14 -vming=13 -vminc=5 \
- f gemini_imbalance_detector.awk \
>> imbalance_7_HET_noLOW_final.s 5

Box8 - Detection of imbalanced variantéSet 3) homozygusonly, all variants independent of impact strength.

$ gemini query -- header -q \

"SELECT v.variant_id, v.chrom, v.start, v.ref, v.alt, v.rs_ids, \
v.aaf_1kg_all, v.impact_so, v.impact_severity, v.gene, \
g.transcript, g.is_hgnc, g.hgnc_id, g.entrez_id, \
(gt_quals).(phenotype==0), (gt_quals).(phenotype==1), \
(gt_depths).(phenotype==0), (gt_depths).(phenotype==1), \
(gt_types).(phenotype==0), (gt_types).(phenotype==1), \
(gts).(phenotype==0), (gts).(phenotype==1) \

FROM variants v, gene_detailed g \
WHERE v.chrom = g.chrom AND v.gene = g.gene \
ORDER BY v.gene ASC, v.variant_id ASC" \
../gemini_dbs/all_merged.decomposed.normalized.vcf.db | \
awk - v offset=14 -v rfilter=1 -vming=13 -vminc=5 \

- f gemini_imbalance_detector.awk \

>> imbalance_7_HOM_final.s Sv
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Box 9 - Detection of imbalanced variant§Set 4) homozygous only, variants annotated as 'LOW' impact by SNPeff are
ignored.

$ gemini query -- header -q \

"SELECT v.variant_id, v.chrom, v.start, v.ref, v.alt, v.rs_ids, \
v.aaf_1kg_all, v.impact_so, v.impact_severity, v.gene, \
g.transcript, g.is_hgnc, g.hgnc_id, g.entrez_id, \
(gt_quals).(phenotype==0), (gt_quals).(phenotype==1), \
(gt_depths).(phenotype==0), (gt_depths).(phenotype==1), \
(gt_types).(phenotype==0), (gt_types).(phenotype==1), \
(gts).(phenotype==0), (gts).(phenotype==1) \

FROM variants v, gene_detailed g \
WHERE v.chrom = g.chrom AND v.gene = g.gene \
AND impact_severity !='LOW' \
ORDER BY v.gene ASC, v.variant_id ASC" \
../gemini_dbs/all_merged.decomposed.normalized.vcf.db | \
awk - v offset=14 -v rfilter=1 -vming=13 -vminc=5 \

- f gemini_imbalance_detector.awk \

>> imbalance_7_HOM_noLOW._final.s  sv

¢KS WISYAYAUPAYOIl I yOSyRekijAbdRiia? NBB] pKoviding anSedsy, ling NA (0 G Sy
wise processing of the query outputs at a maximum performance. For this toahittiemal thresholds
F2NJ O2@0SNF 3Sk RSLII Ka )ardprekonfig@ed, althgugh chnfigurbleli @ 0 WY A Y Ij C

The detector takes three consecutive columns per patient and acknowledges a Vaaalgast one
of the three variant callers passes the dejpind quality filtersOutputs are spaceeparated files (.ssv).

Further documentation is provided within the script itself.

Asindexes and databases of bwa, the variant callers and SNPeff may not be up tmafgtared to
subsequent tools (esp. ReactoRtecomp.2.7.1), gene symbols were updated by comparison to a
recent HGNC|White et al. 1997] excerpt. By using the HGNC ID, preferred/approved namwers
appended as additional columrto the imbalance detectoroutputs, performed by the
Wl Db/ Yl LILINEAMB.BERL0)F M Rekdion, all files are tedeparated (.tsv).

In asubsequentwo-step process, the GEMINI database outputs were further processed by merging
lines according to (1) transcripts and (@Bnes¢ KS Wi Ay SPYYSNASNR &aONAR LI G
check for equality in consecutive lines. For those line sets, the contents of columns configured to

merged are pasted together, using a configurable separator symbol.

For collecting transcripts (dre.g the respective predicted effects), lines with both the same variant ID
and gene were merged, resulting in comiseparated lists for transcrigpecific attributes.
Afterwards, lines referring to the same gene were merged according to the varianmhition, as one
gene may be affected by multiple variants according to SNPefflater steps, a pegene treatment

of data is necessary.
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respectivey.

Box10- Processing of the imbalanced GEMblitputs 6 6 A 1 K @ NA I 6t S WPbFTAf S Box&wBoYdRA Yy 3 F2NJ
Normalization of gene symbols according to HGNC, merging of variant lines affectingenedtigtripts as well as merging
variants affecting the same gene (pgene representation).

# normalize  to HGNC - approved name (appends column Afapproved)n
$awk -F$ \t -f HGNC approverawk HGNC all.tsv $file \
>> $normed_file;
# merge lines by variant : each line contains a variant and
# all transcripts being affected by it (attributes of the
# latter in a comma - separated list per 'merge’ field)
$ awk -F$ \t' \
- v merge="transcript,impact_so,impact_severity" \
- v check="variant_id,gene"
-vdelim=" ;" \
- v cntcol="affectedTranscriptCount" \

-f line_merger.awk \
$normed_file >> $merged_filel

# merge lines by gene : one line carries a gene and all variants

# affecting it ( attributes of the latter in a pipe - separated
# list per 'merge’ field))

# Define columns to check for equality first

$ check="chrom,gene,approved_symbol,is_hgnc,hgnc_id,entrez_id";

# Afterwards, construct a comma- separat ed list of all other
# columns to merge
$ merge="head - nl $file | awk - v check=$check \

'BEGIN{ split( check, ccols, ",");
for( c in ccols ){store[ccols[c]] = "T"};
sep=""
}
{for(i=1; i<=NF; i++){
if(length(store[$i]) < 1){
printf("%s%s", sep, $i);
sep=","}

}
}
END{ print " \n"}"

# Finally, merge by using the line_merger script again, using
# pipe ('|") as separator
$ awk -F $\tt \

- v merge=$merge \

- v check=$check \

- v delim="|" \
- v cntcol="variantsCountForGene" \
-f line_merger.awk \

$merged_filel >> $merged_file2;
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2.7 Molecular Systemslap (MSM)

In a first step the map isgenerated by collecting pathway (interaction) data, depending on the use
OrasS YR 22AyAy3a (GKS AGSya G2 I ySijieanddedgendsy | &°

are identified, which are hit by at least one varigatfected geneQ v ®

2.7.1 Generatiorof a blank MSM

As platform for the integration of pathway data and visualizatiGgtoscape v3.4%JShannonet al.
2003] was chosen. Additionallythe plugins ReatomeFViz (v5.1.0.beta [Wu et al. 2014) and
Allegrd_ayoutv2.2.2° were installed via the integrated app manag€or shortest path detection,

Pesca (v3.0%8 [Scardonkt al.2015) was used.

CNRY | WwSI O[CeireSal. 201 4{séssidn,didgiams were selecteairesponding to the

defined majortopicsad & A Ay I £t AyIE T AAYYdzy S a & & &Y ¢a O:Spifindz @ IO £a (
the hierarchically organized tree structurewfS | O 2YSQa Ay (iSNI OGAz2yt S@Syi
diagrams (leafs) of interest were selected and converted into a FI netwealch containing functional

interaction data from Reactome and further sour@ésu et al. 2010; Wuet al.2014]like KEGGThose

networks (pathways) were merged ( S NI (i A @84, Fmakig @ lsiibRers, sets and finally
supersets of interest (further details and descriptisae Tab. 3). In order to track the origin or
membership of nodes and edgesy feach of the initial Reactoraderived networksas well asany

derived setboolean columns were introduceahd filled up vk G K Wi NHzS Q @ f dzSa d ¢ KS NS

edges can be selected in merged networks (incl. the MSM itself) according to annotated pathways.

For particular networks, nodes of excessively high degree were removed, if the expected biological
impact for thegiven analysis was low. This affects in the very first line the multiple immuneglobulin
chains and their respective gene loci. Those items are close to fully connected with each other and few
further nodes, providing only generic information. Additionatlyese loci areanyhow somatically
altered in immune cells. Technically, the number of the adjacent edges to these nodes make up the
vast majority of edges within the graphs and slow down Cytoscape to an unserviceable level. For a full

list of these removd nodes refer toTab.4.

Ly F FAYyFf adSLl (GKS NBadzZ G6Ay3d GKNBS &dzZISNBESGa

merged to the blankriieans: carrying no samppecific genetic data) MSM. The complete network

9 http://www.cytoscape.org/release notes 3 4 0.html
0became recently unavailable, comparps://groups.google.com/forum/#ltopic/cytoscaphelpdesk/122pCTu_0Al
1 hitp://apps.cytoscape.org/apps/pesca30
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was reordered with AllegroLayout, using the Fruchterraaingold algorithm[Fruchterman &

Reingold 1991&nd default parameters (@00 iterations, independent component processing, scale

FYR 3INI@GAGE G mnm: SFEOKO® CAylfftes | FdzyOlAazyl f
internal feature(spectral partition based network clusteringyewman 2006} resulting in functional
INRdzZLJA 60 aY2RdzZ Saé 0 ®mdlecuar mapanith Ksiory.egk AL adrad SR G 23L18W A
for performance reasas allnora { a ySGg2N] a4 6SNBE NBY2QOSR 6WwWYyz2f SOd
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Tab.3- Selected pathways according ®eactomé-l. Entries providing no diagram in Cytoscape's ReactomeFRragginted

in grey.Sets in italics show more subondie pathwaysn Reatome, but not all have beextracted for the MSMSupersets

do not have correspondently named diagram in Reacteht@lassifications of mechanisms as sets, subsets etc. corresponding
to relative depths within the hierachy. ReactoRidiagrams which could not be further resolvedany subdiagramwere
fro0StSR a aLI GKgleéd [/ 2yRffdnggbyitfes GKS adonaSid tSaSt Yl

Superset

Signaling by EGFR

Set

Subset

Pathway

Signaling by FGFR1
Signaling by FGFR2
Signaling by FGFR3
Signaling by FGFR4

Signaling by VEGF

Signaling by ERBB2

Signaling by ERBB4

PIP3 activates AKT
signaling

MAPK family signaling
cascades

RAF/MAP kinase cascade
RAFindependent MAPK1/3 activation

MAPK6/MAPK4 signaling

Signaling by Rho GTPas

Signaling by TG&#eta
Receptor Complex

Signaling by Wnt

WNT ligand biogenesis and trafficking

Degradation of betaatenin by the destruction complex
TCF dependent signaling in response to WNT
Betacatenin independent WNT signaling

Adaptive Immune Systen|

TCR signaling

Costimulation by the CD28 family

Signaling by the B Cell Receptor (BCR)

Class | MHC mediated antigeocessing & presentation

MHC class Il antigen presentation

Immunoregulatory interactions between lymphoid and-non
lymphoid cells

Innate Immune System

Toltlike Receptors Cascades

Complement cascade

Nucleotidebinding domain, leucingch repeat containing
receptor (NLR) signaling pathways

Defensins

Fcgamma receptor (FCGR) dependent phagocytosis

Cytokine signaling in
Immune system

Interferon Signaling

Signaling by Interleukins

Growth Hormone Receptor Signaling

Prolactin Receptor Signaling

TNFRSF mediated nroanonical N&kB Pathway
ROS, RNS Production in Response to Bacteria

Extracellular matrix
organization

Collagen biosynthesis and modifying enzymes
Assembly ofollagen fibrils and other multimeric structures

Elastic fibre formation

Activation oMatrix Metalloproteases
Collagen Degradation
Integrin cell surface interactions

CeltCell communication

Cell junction organization
Nephrin interactions

Vesiclemediated
transport

Membrane trafficking

Gap junction trafficking ameé:gulation

Stress

Cellular responses to

stress

Cellular responses to hypoxia
Detoxification of Reactive Oxigen Species
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Tab.4 - List of nodes removed due to excessive interconnection and expected low impact for the scientific quebloates
5SNB RSGSOGSR Ay YR NBY RABRAP Rindde dascaiEigr@ingby theBiCellReckios (RERY W
Umunoregulatey interactions between lymphoid and ndymphoid cell® Eomlement cascad®2 I F¢gamnt receptor

(FCGR) dependent phagocytesi®

Class ‘ Gene symbols ‘
Immunoglobulin heavy | IGHD, IGHE, IGH&], IGHM, IGHV, IGH\23, IGHV81
chains

Immunoglobulin kappa @ IGKC, IGKV1DB, IGKV4, IGKVA18

constantchains

Immunoglobulinambda  IGLEL-7]

constantchains

Immunoglobulinambda | IGLV, IGLV36, IGLVHO0, IGLV#4, IGLV1B4, IGLVLES, IGLVAL,

variable chains IGLV2LS8, IGLV23, IGLV33, IGLVA 2, IGLVA6,IGLVR2, IGLV3
25, IGLV27, IGLV4S, IGLV4AO, IGLV4A9, IGLVS7, IGLVEL5,
IGLV#43, IGLV46, IGLVSH1

Ig [heavy lambda kappa] multiple (117)

chainoX 8 NB3IA 2

Proteasome complex PSMA[18], PSMBJ[411], PSMC[B], PSMD1-14], PSME[#4], PSMF1

subunits

In order to magthe relatiors6 S 6 SSy Of dzZaiSNJ Y2Rdzf Sa yR 60A2f23A0
was exported, reduced to those columns which indicate for name as well as membership to a module
FYR LI GKgl @asx NBardsnd tahledMIMBVQ & & b it afiNg the2a8lumn

names for improved readability, node and edge files were generated by applying two custom scripts
(Box11).

Box11- Conversion of MSM node table contents to nodes and edges for a new graph associating modules with pathways.

$ awk -vFS=$' \t' \
- f node_builder.awk \
Node_assignment_table_ MSM_formatted.tsv \
>> nodes_formatted.tsv

$awk -vFS=$' \t \
- f edge_builder.awk \
Node_assignment_table_ MSM_formatted.tsv \
>> edges_formatted.tsv
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Ly | yS¢ |/ & (rgoduleb2pathwaysScizd X2 P RAGAE 6 KSNBE AYLRNISRX vV
Node attributes were imported afterwards. Colors and sizes of both nodes and edges were set
according to the count of underlying MSM nodes and their memberships, respectively. In a session

O 2 LJ&moduted2pathways_max_reduced_allegro@ys > Yy 2 RS dng (¢$ilfpedss a Beyel A
NEY2OPSRE AYLINRGAY3I NBLFERIOAfAGED CAYyLffes GKS I ff

parameters.

2.7.2 Populating the MSM

Asnodes in the MSM represent genes/proteins, all additional information has to be referred to the
HGNCapprovedsymbol.As this has been done in the pgsibcessing of the detected imbalanced
variants(Box10X Rl G O02dZ R 6S Srairfeée FLIWSYRSR & GlotS
O2fdzvy FTNRY (GKS RIGE GlroftS gA0K (GKS WakKITNSR yI Y
step was performed foeach of the variant tables resulting from the performed GEMINI queBes (

6 to Box9), leading tahe populated MSMversions

Annotations not matching a node in the MSM are not used, in turn nodes with no additional
information from the imported data table receive empty €islfor the added columns. Consequently,
the variant lists are filtered for entries which are not annotated to affect genes of interest (means: the

MSM) and visualized in the functional context at the same time.
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3. Results

The following sections describe first the MSM specifically generated for the SR usecase, subsequently
the sets of variants called from NGS data and their processing, finally the population of the MSM with

the filtered candidate variants.

3.1 Description of the Molecular Systems Map

At the end of the process of data from Reactof@eoft et al. 2014} the MSM? (Fig.8) included 2,261
nodes (genegene product$ and 37769 edges (functional interactionsyhis refers to 18.57% of
12,177 nodes and 16.47% of 229,300 edges in Reactome overall.

By applying thé&reactomeFI clusteringpectral partition based network clusteringyjewman 2006

55 modules with between 2 and 420 member genes eaete generated. 16 of them showed a size

of 24 genes or more & Y | 2 2 NJ . Yar Raggtoding éwéther those modules are biologically
YSEYAY3ITFdzA = | YFLWLAY3I G2 wsSkOli2YSQ&igaWangiga OF £ |
mapping the 16 autegenerated modules with most member nodes could be labeled with bielogy

oriented descriptions as listed rab.5.

Taken together, genes associated with cell adhesion (collagen, integrin, extracellular matrix; module
MZ 3INBSYy0 FINBE O2yOSYiNr dSR Ay -iassoSated ¢eh @siont 2 o S NJ
mechanisms are separately located in the upper right. A series of dense clusters form a tight half ring

around the core region (remaining open at its bottom side).

Most immunologyrelated mechanisms can be found (e.g. MHC class | (module 2, diotetlass Il
(module 3, olive)), but also GPCR signaling (module 5, yellow) and nuclear processes (module 6, pink;
e.g. pore complex). In the periphery regions, several recemated upstream mechanisms are
f20F0SRT fA1S ¢DCi anjaBdy/WNT Ambdulesd8Y L R18zh Sarkgreen, ghéénNE

blue and light pink, respectively), but also the complement cascade (module 15).

Interestingly, EGFR as a (semantically) central molecule in this use case, was located right in the center
2T (KS auf Hedaiin the adre region, most genes (including EGFR) are accounted for the
biggest module O (blue), making up the signaling core of most pathways. Signaling includes shared
components like PIP3, AKT1 and MAP kinases, but also major parts of eegRRe VEGF and the

other ERBB pathways.

12For a highresolution print, please refer to the foldable inlay map at the end of this thesis. For a zoomable vector graphic, pteasehefdigital contats.
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Fig.8 - Blank Molecular Systems MagwS I OG 2 YSCLQa Of dZAGSNRAyYy3I fI2NAGKY OF t Odz |

for the 14 modules with most members), while layout was performed by All&mall clusters and single nodes unconnected
to the majority of nodes are sorted to the bottoaf the map.
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Tab.5 - Description of clustered modules according to pathway memberships of included no&estriction to the 16
Y2RdzZ Sa 6AGK Y2z2aild YSYo SN yoRoRiSyFig.SaadFig.2@uddgenadieddy Etasdae) 02 f 2 N&

Module ID # Nodes Color Description

0 420 [ Growth factor signalingcytokines

1 227 [ Extracellular matrix mechanisms

2 208 [ MHC class Il signaling (adaptive immunity, extracellular)
3 203 [ MHC class | signaling (adaptive immunity, intracellular)
4 189 - TLR/InterleukinfNFLRR signaling (innate immunity, extracellu
5 149 || RhoGTPases/GPGRynaling

6 127 - Nucleus mechanics (nuclear pore complex, chromatin)
7 89 Cell interaction/junction upoiRhdTGF beta

8 75 | WNT signaling

9 73 ||| EGFR/ERBB/FGFR downstrsignalinge.g. mTOR)

10 69 [ TGF beta signaling

11 63 | WNT signaling (downstream)

12 46 | 'mmunoregulatory phagocytosis (Fc Gamma)

13 35 WNT signaling (biogenesis/trafficking)

14 32 DNA replicationcell cycle

15 30 Complement Cascade

16 24 ROS/RNS and signaling

Fig.9 - Mapping of clustering modules to biological pathwaysext page) Numbered boxes represent MSM modules
clustered automatically by ReactomeFI plugin, while all other boxes represent biological pat®eags.of the MSM can be
member of multiple pathways, but only one moduleayout has been performed by applying Allegiith edge weighting.

The lox size linearly depends on member count for modules or pathways. Widtmoectingedgesndicates for thenumber

of genes shared by adjacent box€alor codes for modules14 are used as ifrig.8, other modules are kept in grey. Colors

for pathwayboxes arechosen by membership to a superset (blue = signal transduction, red = immune system, green = cell
adhesion, grey stress) Edge coloring follows the adjacent module node. Full graphical details available in the original image
file (supplementary materials).
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3.2 NGS gality controt raw reads, mapping and variant calling

Starting withthe given input data, quality was checked in major steps of the processing pipetine.
reads Kmer contents were indicateg FastQ®o be suboptimal due tthomopolymeric sequences of
AandT and showed a slight, expectdtbp of quality 28 Y pQ (2 o Q -Bagedd immigid S NJI |j d:
on both ends, empty reads remained, triggering QC errors for-mmesented sequences (empty

string) and a suspicious sequence length distribution.

After mapping the reads to the reference genoradditionalwarnings for GC content wereported.
Integrating read e-ordering, duplicate marking and 4aignment fixed all issues, with a remaining
warning of sequence length distributioaferringto kept empty reads. Keeping empty reads appeared

to be necessary for compatibility reasons in later stages of the pipeline, as some tools cannot cope

with missing pair members in pairezhd datasets.

Regarding the mapping itselRastQC reported neritical issues although some parameters on

gualities (base and sequence level) were marked as being not optimal. An exception is the dataset of
patient 072, where quality values were noted as being insufficient, mainly due to average PHRED
scoresaround 18 fo both perbase and pesequence statisticsThe other datasets show values

around 25, with 20 being a common lower limit. Howeverlas particular patient is of the group of

interest (SRhegative), which is anyhow smaller than the[®Ritive one, ancdtoverage was highest

FY2y3 GKS gK2ftS O2K2NIxX GKS LI GASYydQa REOGFASG o1

C2NJ AFLAYAYI AYAAIKGA Ay O2YLINIoAfAGE 2F LI GASy
callers, a visual inspection was introdudsdsysematically querying the loaded GEMINI database and

plotting the results (comp. chapte?.5). Except for dataset 072he XY scatterplotsappeared

uniformly foranychromosome when comparing various attribute combinati¢fos examples refer to
FigsFig.10to Fig.12, for the overviewo the digital supplements Regarding dataset 072, two major
observations were made: called variants are much more dedicated to exonic positions, and the quality

value distibutions do not show a difference to the othdatasets Fig.13), supporting the decision to

work further on with these datalaken together, the raw data and thgrocessings were considered

to be valid.
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Fig.10- Genomic position vs. VCF quality ('QUA&xXampleplot. Qualities of all called variants, independent of any filtering,

were plotted according to theistart position6 = / C  d&bta lpdrti@ular chromosome for one patient each (here: chrl for

individual 014)for visual inspectio® ¢ KS +/ C Wv! I [ Q O2f dzYymerdtsthérallsandple = vafiaht al Y LI S
caller).Exonic calls are obviously of higher quality in ager&ed = intronic/intragenic call, green = exonic call. The gap in

the middle marks the centromer. Left: linear scales; right: log scale for quality.
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Fig.11 - Genomic position vs. variant caller quality ('GQ') example plQualities of all called variants, independent of any
FALGSNAY3A:Z gSNB LI 200SR | OO2NRAYy3 (G2 GKSANI a0 NI LRAAGAZ2Y
chri for individual 014) for visual inspection. The VCF sample columns @iyt B W®D Y @ dzl f andicathgforD9 aL b L 0
a nonaveraged quality value dedicated to a particular (here: sample = variant caller). Blue = GATK Haplotygee€alter,

VarScan SNReda =VarScan InDelThe gap in the middle marks the centromer.tLigfiear scales; right: log scale for quality.
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Fig.12 - Variant coveragevs. variant caller quality (‘'GQ') example ploQualities of all called variants, independent of any

filtering, were plottedagainstt OO2 NRAyYy 3 (12 GKSANI adlF NI LRAAGAZ2Y 6/ C Wt h{ Qv
OKSNBY OKNM FT2NJ AYRA@GARdzZ f nmnod F2NJ OAddzf AyalLlSOding2yd ¢KS
for a nonaveraged quality vak dedicated to a particular (here: sample = variant calBwojh tools hit their maxima (GATK:

255; VarScan: 100) with several variafkie = GATK Haplotype Caller, greerarS¥an SNP, red = VarScan InDap bft:

linear scalestop right: log scaléor quality; bottom: log scale for both.
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Fig.13 - Plots of outlying dataset 072Ranges and distributicappear in all three perspectivéike they were found in
other datasets (top left: comgrig.10, right panel; top right: comgrig.11, right panel; bottom: comprig.12, bottom
panel). Exception is the low number of intronic variants and a consequently low density overall.
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3.3 Filter assessment and imbalance detection

Principally, both applied filtering mechanisms (SNPeff impact class and zygosity of a variant) should be
independent. In order to estimate both their effects, the sets defined by the 2x2-tabss presented

in Tab.6 were analyzed for their overall filtering on those variants passing both the coverage (>= 5x)
and quality/confidence (Phred >= 113;95%) filter in at least one sample, without any restriotmn
AYOoLEFrYyOS ONRGSNRAI o6WwWol aStAySQuo

Tab. 6 - Filtering effects onbaseline variants according to impact class and zygosity (crtsle). While ignoring
heterozygously called variants cuts down the list by ~60%, filtering farari,dr O Ot  4a 2F Wa95Q 2NJ WI L
the initially called variants. These numbers hold relatively independently of whether the other filter is set or not. The
combined application (Set 4) yields in just 4.2% of the initial Set 1.

L Y LI O3 K NGB
A OdziAy3

any no LOW

{ S { S
S pwmnzx pPpT2ZVYC

G NXA DI NR |
3 ~ 7 A4
& {S§i { Si
N HMPEZ HMZIpTI
E OFNR O NAI
=

In the actual GEMINI calls (filtering by imbalanee7y for sure the number of remaining variants

dropped dramatically, but in parallel for all three sets on a logarithmic scale (d€éimf4).
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Fig.14 - Candidate count according to filtering steps applied in the order of application to all four sé&ts according to

Tab.6. X axis reads as progress in data processiafels in columns define filters applied, resulting in the depicted number

of remaining candidates. Columns one and two indicate for variants, three and four to affected genes. Filtering effects
obviously aply homogeneously to all sets.

Subsequently, using the approved HGNC gene names, the four separate variant sets were each
converted to genecentric sets (compTab.6). Those could then be assignedaaopy of the MSM

each (comp. &tion 3.4).

While querying the database faignificantlyimbalanced variantsesulted in1,629variantsoverall

545 of those were reported to bédomozygouqTab.7). The exclusion of variants classified as being
low impact by SNPeffreducedthe number ofcandidate variantseven more (8 with 34 being
homozygous)Low impact filtering excludes altergenic and intronic variants. Applying impact and/or
zygosity filters did not @nge the numerical relation to affected transcripts or gereesindicated by

a high Rz for both genetic elementsig.15).

Tab.7 - Sets of @tectedimbalancedvariantsacross all patientsRelationof variantsto affected functional genetic elements
(transcripts and genes)ccording to SNPeffnnotation.Low impact variants are mainly intronldOM = homozygous, HET=
heterozygous.

Set | genotype LOW initial variant | imbalanced | affected affected
l impact count variants transcripts genes
1 AIHOM+HBT included 514,099 1,629 10578 1,104
2 HOM  only included 219,182 545 4,350 448
3  AllHOM + HET excluded 57,869 84 571 70
4 HOM only excluded 21,540 34 272 32
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Fig.15 - Imbalanced variants vs. affected genetic elemenount relations and linear fit indicate no principal change by
applying low impact or zygosity filteringalues fromTab. B | G L2 Ay da O2NNBALRYR (2 o !'ff ol
(HOM + HETLOW impact excludéd | y R o | LOW impacttextlIR éespectivelyreadfrom left to right.

In terms of patient assignments, the imbalanced variants appeared more often in thegaRve
individualg(Tab.8). Thk refers to the higher number of imbalanced variants assigned to thpSRve

group, a consequence of the unequal group siiéx fiegative, 12x positive).

Tab.8 - Imbalanced variants accounted for individual patient&gain, 072 appears as an outlier.

SRnegative imbalanced SRpositive imbalanced

patients variants patients variants
036 614 014 663
072 12 111 1317
125 307 137 1245
020 226 155 1327
281 363 090 1342
375 204 213 1302
406 190 344 1298
428 327 566 1341
586 631 598 1363
750 602 624 1171
796 502 638 1360
708 1323
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Rurtimes were unexpectedly lon@GEMINI is a database system, although implemented in SQLite, so
SELECT statements of the given complexity should not take hours. Even when not formulating the
explicit JOIN orvariant s and gene _detailed table, a substantial speedp could not be
observedso GEMINI remained a bottlenedkinallythe generation of Sets 1 and 3 took 8fmin and

8h 45min, respectively. For the more restricted Sets 2 anid %hich low impact variants are already

excluded with the database call, query time wadlaB8min and1h 45min, respectively.

Whenprojectingthe called variants onto the statistical moddistributions inFig.16 (all variantsland
Fig.17 (homozygeousariantsonly)showthe relation between minor allele frequency (MAF according
to 1000 Genomes Projefautonet al.2015)) and the probability to occur in the measured imbalanced
manner in the given patient cohqgrollowing the modelin both plots, those variants being specifically
detected for the patient groupf interest (Rnegative) where highlighted in order to compare visually

the distribution of this sukpopulation.

—&— imbalance = 7 (1221)
- —&— imbalance = 8 (330)
g 7 ©— imbalance = 9 (62)
imbalance = 10 (13)
—&— imbalance = 11 (3)
3
=
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N
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MAF (1000 Genomes Project)

Fig.16- Distribution of called variants according to the statistical model of imbalandd out of 59 variants being specifically
overrepresented in theSRpositivegroup stow a minor allele frequency (MAF) of 0.5 or lower (red dashed vertical line), 36
out of 59 variantsare rated with a MAF of 0.25 or lower (black vertical dashed line).95o@yto the 7 of thos8Rpositive
specificvariants which areannotated to be medium (MED) or high (HIGH) impact by SNiR@&fR of them are listed with a
MAF of 0.5 or lower and 0.25 or lower, respectivélijnes underlying the points of the four imlance classes with >= 4
detectionsare splines smoothing the distribution.
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Fig.17- Distribution of calledhomozygousrariantsonly, according to the statistical model of imbalanc® out of 24 variants
being specifically oveepresented in the SRositive group show a minor allele frequency (MAF) of 0.5 or lower (red dashed
vertical line), lout of 24 variantsis rated with a MAF of lower than 0.25. Focussing to@hef thoseSRpositive specific
variants, which are annotateto be medium (MED) or high (HIGH) impact by SNRefie of themislisted with a MABbelow
0.5.Lines underlying the points of the three imbalance classes withdetettionsare splines smoothing the distribution.

3.4 Jining imbalanced variants with tfdSM populating the map

After having mapped the called and filtered variants to the genes they are predicted to affect, those
3SySa O2dzZ R 0SS t20FGSR gAGKAY GKS a{a AT | yeK2g
was used in order to finallyeduce the remaining candidates to those being of potential mechanistic

interest.

In average, 15% of the affected genes were assigned to be part of the MSM, while arounddB% of
ly26y 3ASySa IINBE NBLNBaSYyiSR Ay wSibn@iiSswb@tad RI G 6|
genes specificially hit in the $iggative group increases with the degree of filtering from less than 2%

up to 50% (comprab.11).
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Tab.9 - Variants detected to occur imbalanced specifically in the-@ative group Sorting by genomic position. All impacts on multiple transcripts were predicted to be equal in terms of type and
severity. Entries printed in bold are part of the MSM (Seetion2.7).

chrom | Start . . rs IDs [dbSNP] MAF Impact type diff | Exclusive | Affected Number of
[1kg [Sequence severity | Neg- : for SR neg. | gene affected

project] | Ontology (SO)] group? transcripts

YES ERMAP 5

chrl 43305752 G A rs12034000 0.260 intron_variant LOW 8 0 8

chrl 204159607 GC G - - | frameshift_variant HIGH 8 1 7 KISS1 1
chrl 204159610 CT C rs71745629 0.222 frameshift_variant HIGH 8 1 7 KISS1 1
chrl 216824504 C G rs10863261 0.134 | intron_variant LOW 8 1 7 ESRRG 23
chr2 73339707 G A rs1864488 0.521 synonymous_variant LOW 9 2 7 RAB11FIP5 6
chr2 107460473 T G rs12473361 0.256 5_prime_UTR_varian LOW 10 3 7 ST6GAL2 5
chr2 239010718 T C rs36066915 0.609 synonymous_variant LOW 7 0 7 YES ESPNL 5
chrd 983808 C T rs4690221 0.389  synonymous_variant LOW 7 0 7 YES SLC26A1 4
chré 13010090 TG T - - intron_variant LOW 7 0 7 YES PHACTR1 13
chré 13010091 GCCA G rs142689950 0.967  intron_variant LOW 7 0 7 YES PHACTR1 13
chré 13010091 GCCACCA G - - intron_variant LOW 7 0 7 YES PHACTR1 13
chré 44151764 G A rs13209117,rs38643257 0.311 3_prime_UTR_varian LOW 8 0 8 YES CAPN11 6
chr7 26678855 A G rs57000259 0.397 synonymous_variant LOW 8 1 7 C7orf71 1
chr7 30634660 C G rs1049402 0.649 missense_variant MED 7 0 7 YES GARS 9
chr7 122769615 T C rs13243580 0.221 intron_variant LOW 8 1 7 SLC13A1 4
chr7 132248810 C CTGT rs147358337 - | intron_variant LOW 7 0 7 YES PLXNA4 5
chr7 152544636 T C rs386622381,rs940262 0.808 intron_variant LOW 8 1 7 ACTR3B 6
chr8 6500543 C T rs1057091 0.244 missense_variant MED 8 1 7 MCPH1 7
chr9 86585678 A G - - synonymous_variant LOW 7 0 7 YES HNRNPK 12
chr9 86585690 A G - - | synonymous_variant LOW 7 0 7 YES HNRNPK 12
chr9 86585714 A G - - synonymous_variant LOW 7 0 7 YES HNRNPK 12
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chrl7 41465936 G GCA | - - | exon_variant LOW 7 0 7 YES LINC00910 7
chrl?7 41465938 A G - - exon_variant LOW 7 0 7 YES LINC00910 7
chrl7 41465940 A G - - | exon_variant LOW 7 0 7 YES LINC00910 7
chrl?7 41465941 C CG - - exon_variant LOW 7 0 7 YES LINC00910 7
chrl7 41465943 A G - - | exon_variant LOW 7 0 7 YES LINC00910 7
chrl?7 41465949 A C rs140897052 - exon_variant LOW 7 0 7 YES LINC00910 7
chrl7 80275252 T C rs3176829 0.887 ' intron_variant LOW 7 0 7 YES CD7 7
chrl9 58898192 C T rs975947 0.314 exon_variant LOW 7 0 7 YES MIR4754 1
chr20 2594189 C T rs10485601 0.090  intron_variant LOW 7 0 7 YES TMC2 2
chr20 62318855 G (0% rs6062490 0.718 intron_variant LOW 7 0 7 YES RTEL1 11
chr22 36623147 T C rs132759 0.514 3_prime_UTR_varian LOW 8 1 7 APOL2 9
chrX 41530654 A AT rs199561120 0.112 intron_variant LOW 7 0 7 YES CASK 15

Tab.10- Homozygous variants detected to occur imbalanced specifically in thex&gative group Sorting by genomic position. All impacts on multiple transcripts were predicted to be equal in terms
of type and severityEntries printed in bold are part of the MSM (s&ection2.7).

Ref. Alt. rs IDs [dbSNP] MAF Impact type SR SR diff | Exclusive | Affected Number of
allele allele [1kg [Sequence severity | N€g. | pos. for SR neg. | gene affected
project] | Ontology (SO)] count | count group? transcripts

chrl 26310393 A G rs2275102,rs386486547 0.547 intron_variant LOW 9 2 7 PAFAH2 7
chrl 72740633 G A rs7549792 0.397  intron_variant LOW 7 0 7 YES NEGR1 6
chr2 54122955 A G rs698856 0.823 intron_variant LOW 7 0 7 YES PSME4 10
chr3 13368891 G A rs2271509 0.396 synonymous_variant LOW 7 0 7 YES NUP210 4
chr3 13383539 A G rs2271504 0.577 synonymous_variant LOW 7 0 7 YES NUP210 4
chr3 13395578 C A rs2280084 0.575 | missense_variant MED 7 0 7 YES NUP210 4
chr3 13407555 T C rs3732671 0.579 missense_variant MED 7 0 7 YES NUP210 4
chr3 13415145 G T rs6810356 0.517  intron_variant LOW 7 0 7 YES NUP210 4
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Tab.11 - Filtering effects on genecentered variant setdy applying the MSMPercentages for MSNbcated genes express
the relation to affected genes overall. Percentage$SBhegative genes in turn refer to fractism MSMlocated genes.

genotype LOW impact affected genes genes located genes asigned to

overall within MSM SRnegative group
1 AllHOM + HBET included 1,104 167 (15.12% 3 (1.8%)
2 | HOM only included 448 70 (15.63% 5 (7.1%)
3 Al (HOM + HET excluded 70 7 (10,00% 1 (14.3%)
4  HOM only excluded 32 6 (18.75% 3 (50.0%)
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Fig.18 - Relation of MSM filtering effect across set8 strongtrend shows 15% of affected genesmaining when applying
the MSM as a pathwagiriven filteron the different sets

For the maps displaying also LOW impact data (Sets 1 &igl29andFig.20, respectively), overviews
were generated in order to get an impression of the topological distribution of affected gEpes.
both sets an accumulation of events specific for-g#itive cases could not be observed in any area
of the map. Despite the quite low number, for Set 1 events specific fore§Rtive cases could only

be locatedin and betweercore and lower lefarea
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Fig.19 - Distribution of genes affected by any kind of imbalanced varia@reen: genes specifically hit in the-Sésitive
patient group. Red: genes specifically hit in then®Bative patient group. Violet: EGFR.
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Fig.20 - Distribution of genes affected by imbalancedED or HIGH impaatariant. Green: genes specifically hit in the-SR
positive patient group. Red: genes specifically hit in the&ftive patient group. Violet: EGFR.
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When reducing the affected genes to those being hit by at least one medium (MED) or high (HIGH)
impact imbalanced variant, it becomes feasible to compute the sets of shortest patbhi§&R9 to

EGFR.

For Set 3Fig.21), seven of those genes occurred. Six are assigned to tpe$ive patient group,
with OBSCNmodule 5)and STUB{module 3)being linked to EGRRth a distanceof two functional
interactions.CDH1Xmodule 7) COL4A4module 1) NUP21Emodule 6)and TLR%mModule 4) show a
distanceof three. The single gene specific fBRnegativepatients P3H3Imodulel), has adistance of
four and is directly linked to COL4Abr those twacollagenassociated genes, most pathes lead over
PDGF/B, NCAM1 or ITGB3 and few over ADAM10/17, connecting straight to the sigasdiogjated
core of the MSM.

For Set 4(Fig.22), for five genes the SElusterand shortest pathes to EGFR were computed. Again,
P3H3 was hit and accounted for the-&&jative patient groupHere, NUP210was assigned tahis
group, and not to the SPositive group like iset 3. The third gene, GRif@®dule 2) shows a distance

of two functional interactions to EGFRith all shortest pathes leadinga AP2 subunits (A1/2, B1, M1,

S1).For the SPpositive group, wo out of three specifically hitgenesare related toclusters of

differentiation: CD86module 0)A & f 20F SR Ay GKS a{aQa OSyi{SN

(distance = 2same modulg C3(module 15)is connected to EGFR with several shortest pathes of
distance threeand all these govia CD19The thirdgene for this patient group is CCKHKodule 10)
connected exclusively via SMAD2/3/4 with SP distance 3.

3.5 Final candidate lists

When reviewing the variants detected by tipgpeling for someoutputs minor allele frequencies
(MAFs) appear to bgreater than0.5, effectively designating them to be the most common alleles for
these loci. Conversely, the reference alleles are less common and by definition minor alleles. In
O2y GN} &G (2 GKS LALIStAYST Ro{bt I f NKnk)BSoffidiah & (i &
MAFs. For the most frequent case of two known alleles in a locus, this is SiQWDARemae. From a

variant calling point of view, for these pipeline outputs the assignment of uncommon variants to a

(.

<

U f

patient group has to be invertétl A @S @3 Fr2RE784n Dab. 1441 KNSR HfySiaa O02YyYzy W

with a MAF of 0.268 (=-10.732 has to be assigned to the -BBgativegroup.
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Fig.21- Clustersof Shortest Paths (SP) between affected genes of Set 3 and EGFRGanputed SPs are of a distance of

two (OBSCN, STUB1), thr&DH11, COL4A4, NUP2IDRY and four (P3H3), respectivelodes onthe SPs to EGFR are
plotted with thick green borders, the connecting edges in blue. Further nodes linking all affected genes with each other via
shortest pathes (= SP cluster) are painted in their respective module color (G@in), while respective edges stay grey.
Green nodes with thick borders: with variants specifically observed-poSiRve cases. Red nodes with thick borders: with
variants specifically obseed in SFhegative cases. Violet node: EGFR.
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Fig.22 - Clustersof Shortest Paths (SP) between affected genesef 4and EGFR, eacBomputed SPs are of a distance of

two (CD86, GRIP2), three (C3, CONIKR210 and four P3HJ, respectively. Nodes ahe SPs to EGFR are plotted with thick
green borders, the connecting edges in blue. Further nodes linking all affected genes with each other via shortest pathes (=
SP cluster) are painted in their respective module color (cdrap.5), while respective edges stay grey. Green nodes with
thick borders: with variants specifically observed irp®Bitive cases. Red nodes with thick borderghwariants specifically
observed in SRegative cases. Violet node in center: EGFR.
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Tab.12- Reverse mapping from MSM to varian(Set 3). After restricting the set of genes affected inybalanced medium or high impaecariantsof any typeto those being part of the MSM, the
following variants of interest remairor pipeline outputs with minor allele frequenci@dAFs)greater than 0.5underlined), alternate alleles according to the reference have be considered as
major allelesThe variant on P3H3 has been officially listed as rs57050687 recently and does not appear with this ID in the pipels&0utpSequence Ontology.

Gene Variant Imbalance

approved | HGNC| Entrez | affected | genomic t | rsiIBs MAF Impact [SO] Severity | SR Assignment | SR [ SR [ Assignment| Value | exclusive|
symbol transcript | position [dbSNP] [aaf_kg_all [SO] neg. | pos. | to SR group in group
[HGNC] count dbSNP

CDH11 1750 | 1009 18 | chr16:65025717 G | A rs35195 0.182 | missense_ varlant 3 + 7
COL4A4 2206 | 1286 2  ¢chr2:227915831 G A rs1800517 0.547 missense_variant MED 4 11 Ak 7 NO
NUP210 @ 30052 | 23225 4 | chr3:13361286 | C T rs354478 0.612 | missense_variant MED 3 12 + 9 NO
OBSCN 15719 | 84033 15 | chrl:228494789 G @ A rs435776 0.269 | missense_variant MED 8 10 A 7 NO
P3H3 19318 | 10536 13 | chr12:6938022 | C CG 2'12279050687 1 | frameshift_variant HIGH 7 0 - 7 YES
chrl6:732284 = AG A | None -1 splice_region_varianq MED 2 10 + 8 NO
STUBL | 11427/ 10273 U hne7azes  oc o | 193216838, 0.622 splice_region variant MED 2| 10 + 8 NO
rs397766974 - -
TLR5 11851 | 7100 6 | chrl:223284527 A G ::g?gii?iw 0.29 | missense_variant MED 1 8 + 7 NO

Tab.13- Distribution of Set 3variants across patientsFor further information, refer torab.12, sing genomic positiorreference (ef) and alternate (at) alleles as keya né 63INBSyo O2R

homozygous referencelleles amé¢ o6&Sftft 260 F2N 2y 8o éAf ES xlbmfﬁzdﬁ fISt BSMBHBDGISRE St Sd A éin NUBI®E, &ddés forama SNIB S

dzy1y26y | ttS8StS O02YoArAyliGAz2zyd | SNBX (KS 3ISy2iGeL354a | NBypecbdesfciédwihe SEMIN dhvéntiof.id T2 NJ | Yaaiy3d |
Variant Skin rash negative patients Skin rash positive patients
BT ref  alt | 020 036 072 125 281 375 796 014 090 137 155 @111
posmon
chrl6:65025717 | G A
chr2:227915831 @ G
chr3:13361286 | C T
chrl:228494789 @ G
chr12:6938022 | C CG
chr16:732284 | AG A
chr16:732286 @ GC | G
chr1:223284527 | A G




Tab.14 - Reverse mapping from MSM to variantSet 4) After restricting the set of genes affected by imbalanceedium and high impadiomozygouwariants to those being part of the MSM,
the following variants of interest remaifor pipeline outputs with minor allele frequenci@dAFs)greater than 0.5undelined), alternate alleles according to the reference have be considered as
major allelesThe variant on P3H3 has been officially listed as rs57050687 recently and does not appear with this ID in the pipelm&onurigautD of GRIP2 (in italics) addeainually, as not
part of the offline database of SNPeHO = Sequence Ontology.

Gene Variant Imbalance

approved | HGNC| Entrez | affected Position rs Ds Impact [SO] Severity SR Assignment | SR [ SR [ Assignment| Value | exclusive|
symbol ID ID transcript [dbSNP] [aaf 1kg_all] [SO] pos. | to SR group in group
[HGNC] count

C3 1318 718 18 | chr19:6696596 G | A :252247133280 0.732 | splice_region_variant 3 +

CCNK 1596 | 8812 9  chrl4:99961829 T © rs2069492 0.447 = splice_region_variant MED 0 7 + 7 YES

CD86 1705 942 9 | chr3:121825196 G | A rs2681417 0.868 | missense_variant MED 4 12 + 8 NO

GRIP2 23841 | 80852 7 chr3:14551443 | A | G | rs9845816 0.71 | missense_variant MED 7 0 - 7 YES
chr3:13368891 | G | A | rs2271509 0.396 | synonymous_variant, LOW 7 0 - 7 YES

NUP210 | 30052 | 23225 4 | chr3:13383539 | A | G | rs2271504 0.577 | synonymous_variant| LOW 7 0 - 7 YES
chr3:13395578  C | A | rs2280084 0.575 | missense_variant MED 7 0 - 7 YES

P3H3 19318 10536 13 | chr12:6938022 C @ CG E\rl:;)g76050687 1 frameshift_variant HIGH 7 0 - 7 YES

Tab.15- Distribution of Set 4variants across patientd-or further information, refer td'ab.14, using genomic position, ref and alt alleles as Iéeyl ¢ 03aANBSyuv O2RSa FT2NJ K2v21

FYR do0é ONBRO F2N K2Y2T e32dza £ G§SNY I leBtionotatngt §o Ki2tyt2 1 278 INS TENBS D ST2 tafoz s Il K2 YRI 23R 1dza0 2

Variant Skin rash negative patients Skin rash positive patients
Position ref

chr19:6696596 = G

chr14:99961829 T

chr3:121825196/ G

chr3:14551443 | A

chr3:13368891 | G

chr3:13383539 | A

chr3:13395578 | C

chr12:6938022 C




4. Discussion

Skin rash as an undesired, nowadays often preventively treated side effect, has been used as a
phenotypic biomarkefor drug efficacy of Cetuximab (and other EGRRI®)ncologists for years now.

A minority ofpatients, who more or less lack a skin toxicity reaction, are reported to be low responders
to CetuximabAlthough this repeatitively reported correlatigsistill under investigation and not finally

confirmed, in practice SRegative patients arsubjectto switch of therapy.

However, molecular mechanisms potentially connecting these two observations causally, are still
unknown. Apart from scientific motivation, deeper knowledge may support optimized treatment

strategy selection by earlier decision fotemhate medications.

As hypothesis generation is an important first step, exome data from elevae@Rive CRC patients

and twelveSRpositivecontrols treated in first line with Cetuximabach, were used as the basis for

this work. After stateof-the-art variant calling from raw NGS data, two approaches were combined for

finding candidate genes. First, following an assumption that relevant affected genes should be
AAIYATFAOLyGtes AySldzadtte RAAGNAOdZISR @wpéaseaSSy o2
statistical model. Second, by restricting the subsequent analyses to a set of biologically promising
mechanisms, candidate genskould befiltered massivelyTherefore, a usecase LISOA FA O Wa2f S
{eadsSya al L d6a{av ¢l a inOMeBtseli S Beneridge MESM has lle€n a { a |
implemented in Cytoscape, which is most commonly used in bioinformdiese a focus is on

molecular and genomic interactions in curated, uncurated as well as custom made netwhi&h

can bevisualized and analysed simultaneously in a grapénted and semantiaware mannefFitts

et al.2016]

4.1 Variant callingand the imbalance criterion

In previous analyseperformed by the NGS dataroducing lab, no simple relation between a single
gene and the observed phenotype could be found. Consequently, for this work two central

assumptions were made:

1 Not a single genés responsible for the phenotype across all affected patients, but maybe a
functionally connectedubset.
1 Exome data in facisenriched for exons by desigout the given short reads may be generated

from further loci or exceed the target regionsarryng additional information.
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Therefore, noBED filewas used fothe short ead mapping, leading to a larger number of called
variants in intronic or even intergenic regions. Here, functional elements like promoters, various
binding motifs and splice sitegseaexpected to occur, having influences when changed by somatic
variations. Calling technical artefacts densideredto be compensated by the removal of read

duplicates.

4.2 Evaluating the skirash MSM

The MSM provides a visual, interactive representatidnttiose mechanisms and a topologic
representation of the detected genes, e.g. their direct interaction partners, connection to EGFR and
membership to functional units (pathways, clusters of functional interactions). Apart from gaining
deeper insights in t biological meaning of the NGi8rived results, hypothesis generation by domain

experts (physicians, geneticists) will be supported.

For the given use case of skin rash in Cetuximab treatment, the MSM fulfilled the attributes stated
above and delivered reasonable structures when considering the-dfatan layout and clustering

compared to the biological backgrounds the layout(for a detail shotdepicting the falbwing
paragraphgefer to Fig.23), dense clustersepresentedtightly connected functional units, which are
simultaneaza f @ F O02dzy i SR F¥2NJ NBALISOGAOPS Y2RdzZ Sa o6& wS
modules can be assigned easily for biological functions. For sarthe one hand, aw S| O 2 YS Q&
pathway annotations are manually curated and follow the biolodicaiwledge these observations

meet an expectation. But, on thether hand, the generated MSM layout follows this principle

expectations, although Reactome data is most often used in a patoasatered way

Furthermore, thecentral, but less tightly clustered wdulesaredistributed in the core region (module

0; growth factor signaling and cytokineer even across major parts of the MSM (modujecé@Il

AY G SNI OGA2yk 2dzy §)hHoding theizLdanyiectimeKcRakattéFids makes biologically

sense, as gmwth factors share multiple components and performensivecrosstalk [Hollandet al.

2003} acting more as reaction networlkg in turn underlining the artificial char OG SNJ 2 F G KS WLI

concept.

Generally, thetop left quarter of the core regionshows the close imraction of components from

both immune systermmand growth factor GPCRelated signaling pathways, afirimarely related to
aSyairy3a O2yRAGAZ2Yy A T N&iracelliid Space) If térsiof iByiuddiogye v Y Sy
componentsC O!  wiSni@didtdd phagocytosis (module d@nate immunity can be founchere,

while the major parts are contributed by the mechanisms of cytokine signaling, especially interleukin
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like oneg(belonging to module 0hose are released into the intracellular spaluring inflammation
reactions and sensed by receptive celldditionally MHC class Il signalifmodule 2)as therespective
component in the adape branch of the immune system, adjoins here. These moleculgzresent
primarely inprofessionalantigenpresenting cells, like dendritic and B cefisoviding antigens from
phagocytosed proteindn contrast, the MHC | cluster is located much more right within the MSM,

showing less proximity to the core region.

Close to module 0, but quite strictheparated components ofhucleus mechanicémodule 6 nuclear
pores, chromatidsappear reflectingthat downstream events oboth growth factor signalingand

immune system reactiongcludehighly regulatedranscription factor relocalizationfrom cytopasm

to nucleus

Fig.23 - Detail from the MSM's central regionExample for theelation between modules 0 (blue), 2 (violet), 3 (olive), 4
(light blue), 5 (yellow), 6 (pink/magenta) and 7 (violet grey).

However, there were someurprises when interpreting the MSM, e.g. when checking for the
localization of cell adhesierelated moleculesCadherins appear topologically separated from all
other components from this supersétvhich form module 1 at the bottom left side of the MSM)

locatedcloser to WNTrelated modules on the top right side. Biologically, this may underline the tight
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mechanistic connection t&WNTpathways(especially in developmentas well as the dual function of

cadherins as mechanical connectors and receptigarids for signaling.

Also, when considering the WN@lated reactions, a separation into three major modul@s11, 13)

was not expectedwhile module 13 may map properly to the WNT ligand biogenesis und trafficking
pathway, the modules 8 and 11 shamader intersectionsin more detail, rodule 8 appears like
integrating all WN¥elated functionsincluding the downstream link to nuclear factors (transcription

T I O h#nh, Demethylasehistones; also assigned to Signaling by Rho GTPases pathway)
Module 10a O2yySOGA2y (G2 GKS w! Cka!t (Ayl@gdeinld §Kgl

receptors, voltagegated potassium channels).

Most interestingly, EGFR &3etuximab target molecule and consequently the starting point of all
literature researchon connected molecular mechanisms, appeared right in the middle of the MSM.
Obviously, as it belongs to the central growth factor signaling representing module 0, it was not
expected to be located in any corner of the map. But from a functional poinie®f, for the given

subset it takes a literally central role, as in contrast to e.g. receptors for foreign molecules (TLRs, LRRS),
there it not only a downstream side from the receptor, but alsouanber ofregulativemechanisms

on the ligand side, pointingp EGFR. Considering that the receptor knows a number of related but
different enda@yenous ligands (EGF,¥BED C [VellX 1999), it is not a simple starting point of a cellular
reaction, butcentral switchof multiple regulative cycles, obviously pulling the respective node into the
MSM core.

Apart from biological interpretation, there is a technical sideiokK S a{ aQ& AYLX SYSy i
Cytoscape During developmensome technical limitationsvere experiencd, mainly due to the

amount of datag although highly connected nodes (e.g. rhodopsins, immune chains) were removed
beforehand during pathway mergingn terms of performance, especially the heavy usage of main

memory is grave: while ujp eightgigabytesare used by Cytoscape in the given setting, usual desktop
computers with less than 16 GB of RAM might struggl&. NB > §( KS dza SNDa SELISNAR Sy
Ultimately, for this reason, excessively connected subsets of nodes were removed fromittallyin

loaded pathways (compu8section2.7.1and Tab.4), redudng objects (nodes and edges) to a number

operable by Cytoscape.

Furthermore, by observation somehow connected to the memory consumption, sessions in Cytoscape
might loose contents (e.gplotting styles edge annotations fetched from ReactomeFir
functionalitites (e.qg. rightlick menun the main panel, with all its function®)Iso freezes of the lole
workbench werefaced and saving sessions takes several seconds to fifoslsessions containing

many objects
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Independent of those issues, tlstatement has to be made that in terms of usability and +espert

user motivation, Cytoscape as an interface is stik dactostandard for graph data.

In summarythe MSM idea of integratinfunctional interaction datavorks, at the modefollows the
annotated biological subject, designatitite MSMas a valid basis for the analyses which incorporate

the NGSderived variation data.

4.3 Finalgene candidates and interpretation

When reviewing the results of the performed analyses on the exome data fronesrsgperspective,
for Sets 1 and 3, representing those which still include the majority of variants being designated by

SNPeff as low impact, no egatching distribution pattern could be observed.

In contrast, the restriction to medium or high impactrigats in both Set 2 and 4 revealed a small
number of remaining genes, suitable for manual review within the MSM itself as well as further
knowledge bases like GeneCafdRappaportet al.2017} dbSNHKitts et al. 201314, PubMed'® and
others. For those candidatethe following subsections introduce findings and, where applicable, basic

hypotheses on how the variant may explain the Cetuxireated skin rash phenomenon.

Taken together, the Sets 2 and 4 proviglevencandidate genes, of whicten are discussedhie
following Subsectiond.3.1to 4.3.1Q With KISS1, extracted from th&GS data variation analysis, but
missed by the MSM design, another gene will be discussed in Subsé&ibh

431 C3

C3plays a central role in activating the complement systewhich works irbalanced cascades of

proteolytic steps andpotentiates antimicrobial responses of both humoral and cellular nafMrerle

et al.2015a; Merleet al.2015b] Mechanistically, three sensoring pathways (classical, alternative and

f SOGAY LI GKgl &0 22 Afifalfintiaihgth@ terminal pahwikagnd ximémbeane 2 2 LIZ
attack complefMerleetal.2015a]Ly NB OSy G &SI NAR GKS O02YLX SYSyid aeé:
as being more than microbial defengklastelloset al. 2016] It plays a central role for tissue
homeostasis, also via the recognition of diseased and damaged cells of the host itself, together with

other immune mechanismfRicklinet al. 2010] An important cleavage product is C3b, acting as

opsonizing factartaggingcells for decay and recruiting phagocytotic get3a meanwhile acts as

13 hitp://www.genecards.org
14 hitps://www.ncbi.nlm.nih.qgov/SNP/
15 https://www.ncbi.nlm.nih.gov/pubmed/
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angphylatoxin triggering potent inflammatory responses in the local tissydaneway 2001]
Interestingly, in cancer setting€3 is described tbe elevated in the tumor microenvironment, and

havingan antiangiogenic effediPioet al.2014] Meanwhile Jowered C3b levels seem telgorrelated

with an improved escape of the tumor from immunosurveillafe® et al. 2014} In human, but not

mouse skin keratinocytes treated with EGFRIs showed elevated expressioh activation of

complement components, together with improved recruitment of neutrdfsy implicating a
chemotactic effecfHolcmann & Sibilia 2015; Atumaidan et al.2014] leading to inflammation and
rash[Holcmann & Sibilia 2015%ince more than thirty years, the relation between C3 polymorphisms

YR / NPEKYQad RA&SFASS | OKNRBRYAO A yHnigleefeYd. I084NE 026 S

In the given SR settinG3occurred to be hihomozygouslyy a variantltering a splice sitan the SR

positive patient group. As the minor allele frequency (MAF) was given with 0.73, in fact, the reference
genome is carrying the less frequent variant, finally switching relations: thee@®ive patient group

carries in eight out of eleven casth® lessfrequent allele of a variation sitén contrast to the dbSNP

information used in the data processing/annotatiorhig variant (rs228784% has already been

switched to the describedpposite casén dbSNP onlinayith a MAF of 0.27Furthermore,tiistagged

with aclinical relevancepointing to C3 deficiency (NCBI MedGerCI33265%5 The ClinVar entf

alldSa woSyAayQ F2N 6KS Y2NB -gogtiveygyp)in thisic@texd ¢ 6 KA C
it is announced that patientwith a C3deficiency may show systematic lupus erythematosus;(SLE
[Tsukamotoet al. 2005). SLEalso inducible by drugs, shows a simjiduenotype to the observed

Cetuximabinduced skin raspAntonovet al.2004]

Interestingly Chowdhuryet al. 2015 already reported a C®olymorphismto have a significant
influence on a treatment. Despite the fact that this publication is about angpdariant and hepatitis

C, it hits quite fair the pharmacogenomics principle, which is part of the working assumptions of this
thesis.In another studyreferencedat MedGen there are three coding variants reported affecting the
exons 24 (frameshift) and 26 (premature stop codon, nonsense mutation), respe¢ivadet al.

2008] An additionalstudy reported about a splice site mutation, leading to a skip of exon 27,
compromising a functional domaiandultimately leading to a complete C3 deficierjdg Silveet al.

2016] In turn, the patient reported irfTsukamotoet al. 2005]was identified with an acceptor site- A

to-G transiton in intron 38,which leadsto skiping exon 39. The parents and two sibblings were
heterozygous for this mutation and showed reduced levels of C3 hemolytic acligign together, a

number of clinically relevant C3 variants are known.

16 hitps://www.nchi.nlm.nih.gov/clinvar/variation/330297/
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For the variant 62287845 etectedin the given skin rash settingeither a clinical phenotype nor an
elevated interest has been reported yet. Hethe affecteddonor splice sitereported by SNPef
locatedafter exon 22 Assuming the splice out signsimpaired, the intron region up to exon 2®uld
remain part of the mature mRNAgetting finally translated intoan amino acid sequencéAs the
additionalregion of127 bpis not divisible by thregthe subsequent nucleotide sequeneesuld be
affected bya frame shift eventAs shown irBox12, 14 ceviating amino acideould becoded untila

premature stop codon terminates the translation.

Box 12 - Predicted sequence change in C3 due to rs22878/A% original sequence of the mature mRNA contains the

transcribed information from exons 22 (yellow highlight) and 23 (cyan highlight), being translated into the reference amino
acidsequence (as shown in bold green). Wittsth NE T SNBy 0SS a0¢ Ay Ay i NiEgelightimgreg)t 2 6 SNI O
converted toa & (i(ighlighted inredl t KS  NB & dzf (1 A y ING YOA9557.ii:4. 2006653 O Yaidis@piion of the

donor splice sitas predicted by SNPeffhus the intronis probablynot spliced out

Consequently,tte amino acid sequence is also changed. In the refersegeence of the mature mRNAthe O2 R2y aD! | €
starting from position 295Tunderlined is assembleaf one basefrom exon 22 andwo basesfrom exon 23.It codes for

glutamicacidd 6 9 ¢ 0 i LR2AAGAZ2Y dpc 28WhénkaBslatiih theSongpliced Suintrdd,Bhé &ving & S ) dzS y ¢
acidsequencewould start deviatingwith a frameshiftfrom the reference(red bold),introducinga mutationp.E955G (with

& Déoded bynew codond D 3 (inélerlined) The 14 following triplett would finally codeor a new stop signald Y. Q

terminating the translation hereTaken together, the modern HGNC nomenclatuild code the eventon the protein level

asa bt ¢ nnnn pYPsGlyFTEIGDLMOteizDNA squence is the reverse complement of the reference, as C3 is coded
on the reverse strand.

original mRNAsequence

2890 CCGAAGGATCAGATAAACAAAACTGTGECTGTICGACCCTGEATCCAGAACEE 2947
933 PEGIRMNKTVAVRTLDPER 952
2948 CTGEGCGTAAGGATEAGRAAGAGAANTACCALCTGCAHACTAGTGAC 3000
953 L GR EGVQKEDIPPADLSD 969
modified sequence after splice site disruption

2890 CCGAAGGATCAGATAAACAAAACTGTGCTGTICGACCCTGSATCCAGAACGC 2947
933 PEGIRMNKTVAVRTLDPER 952

2948 CTGEGCGTEgt gagt flgget geagggggaggggcet gaggggctg geagggtaa ggg 7
953 LGR GELAAGGGAEGLAG*

? gggtaa atg acctgg gtt tag tga ggt aggata gggcgg gagggagct agagcc atc ?

? ggt atc tct cactca ccc tgc agAAGRAGIGCAAAGASGAATCCACOGAGA ?

? CCICAGGAC

Considering the positioaf the variation at ~60% of th£663 bpcoding sequence of C3, a truncated
version of the protein as consideredBox12 may be regarded a@so strong. The&SRnegativepatients
show the variant homozygously, and are not describegtanotypicallydifferent to other patients
before treatment. C3 is a central player in all three complement cascade pathwaybeaBiHike
phenotype of complete C3 deficiency announced by[Tsukamotoet al. 2005] has not been

documented forthe given CRC patientSonsequentlyit would be reasonable to assume a new donor

17 https://www.nchi.nlm.nih.gov/nuccore/NM 000064
18 hitps://www.nchi.nlm.nih.gov/protein/NP_000055
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splice site appearingn the unsplicedintron region before the newly introduced stop codon. The

resulting protein wouldaccordinglynot lack major parts, but show a change in its threedimensional
conformation, as additional amino acidsould occurcompared to the wildtype formFrom a
functionaldoma y LR AY UG 2F OASéG3 b/ . Lséaichengnf CONMAERRer5 2 Y I A Y
Baueret al.2017)NB LI2 NIia | WO2 YLX S YSwrtingjust3 anming acilafteRe Y | Ay
affected position(Fig. 24). The respective domain is central for,@3 it containsfour important

features (active site, thioester regipsurface patchand specificitydefining residueks central for

binding of and eaction with other proteins. Presumably, while still present and intact, the domain
YAIKG 0S8 &dzo 2 LJiA Yls thiegdimendldnd striiciire, affestingkely ythe bindiRdg to

factors B or H, the cleavage or the probability to exhibit the thies a A (i S -2RASNKEYH MEISADO |R 2

below).
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|
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Fig. 24 - Conserved Domain Database (CDD) view on C3's protein sequenbe. broader redbox marks the
wO2 YLX SYSy (idpmainywhichdollowstshortly afterthe altered region irwhich an unspliced intron potentially
introduces additional amino acids an a frameshift (red bracket). Top half: full dexeatric view onto protein sequence;
bottom half: zoom to region of interest. Amino acids printed in bold carry dedicated fundti®i3 space.

In a nutshell for the SRhegative patients showing thes2287845alternate allele, C3is probably
somatically slightly impaired, but na@ompletelydysfunctional.On the one hand, this would imply
changes in the regulative potential due édtered conformation may trigger larggale changes in
immune reactions overallC3 is modulatory active on both adaptive and innate immune responses,
affecting human pathophysiology via diverse biological procdséastelloset al.2016] On the other
hand, a highly regulated and usually robusiblogical system like immunity characterizes itself by
deploying adequate mechanisriiszeloglu & lyengar 2015jonstantlybalancing between minimizing
damage bypathogersand autoimmunityBergstrom & Antia 2006; Eberl 2016edbackantrol and

19 https://www.ncbi.nlm.nih.gov/Structure/cdd/docs/cdd search.html
20 https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=cd02896
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redundancy are just two weknown examples described in several signaling cascades and pathogen
elimination strategiegBergstrom & Antia 2006]in fact, for the complement systera clinically
relevant longterm compensation fomprimary deficiencies in CBas beenreported: while those
individuals showan increased risk for infections at young agesadulthood this effect subsides,
suggesting et unknown mechanisifReiset al.2006] Thus,investigations orthe medical historyof

SRnegative patientsnay be informative.

For amechanisticoverall hypothesisregardingC32 gle in the SR settingt should be noticed that
EGFR inhibitiofeads to an elevation of C3 levelskeratinocyte§Abu-Humaidanet al. 2014]. In the
skin which is in a regular contact to the microbial environmenflammatory cascadeare triggered
constantlyvia the alternative pathwaySimultaneously, theactivating forces are counteracted by
inactivation processes, keeping the whagstem in a delicate baland€ipfel 2001] Usually, this
dynamic equillibrium resides on law level, providing homeostasis under physiological conditions
[Harriset al. 2012] Whendue to Cetuxima@ & A y 8rdi@dulgsgr&more abundant than in a
non-treatment setting, its higher concentrations may lead to morelecules being initiallpctivated
(Fig.25). As consequently more units of the cascades subsequent steps are prisepitpbabilityfor
the wholeO2 YLIX SYSy i O & @ould Bicrease, eMedtivelpdshing hé hvieostasis to
inflammation[Harriset al. 2012] Thiswould finally triggerand amplifyimmune cell recruiment and

cytokine actions, resulting in skin ragfiolcmann & Sibilia 2015]

Ly O2yaSljdzsSyOoS 2F /o0Qa NRft S A yumkobinfléngnatanldiseases LI O K
is closely related to dysregulation of the complement system, mostly described as overactivation and
including some individuals showing a skin rash phenotye similar tqRitlin & Lambris 2013;
Truedssoret al. 2007] Regarding therapeutic intervention, silencing of hypersensitive complement
cascade reactions by blocking C3 as central component, is already subject to ongoing[Riakliies

& Lambris 2016]In the given CRC treatment setting, for C3 wildtype patients this overreaction may be
triggered exogenously by systemically appl@etuximab, elevating the levels of cleavable C3. As a

result, the immune equilibrium of the skin gets massively disturbed, leading to a pathogenic state

[Eberl 2016]
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Alternative Pathway (AP) Initiation
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Fig.25- Simplified nodel of C3's hypothetical role in skin rash phenomenaia the alternative pathway (AP)In the APC3
molecules (blue) spontaneously convert to bioactive @3 Hs hydrolysisi$ Y 2 6 Yy -8 & $Wéielet®l 2015a) and

is the starting point for the AP initiation (green area). Hydrolized C3 is structurally diffefésttivelyexposing a binding
site for Factor B (black). Bound Factor B in turn gets cleaved by Factor D, leavis@)BI3(M/ich is capable of binding
stabilizingFactor P (violet). Thimitial C3 convertase of the alternative pathway irreversibly cleaves a number of C3
molecules, which again intact with Factor B, making up an amplificatiop (red area [Lachmann 2009] During
activation, most steps forward (redolid arrows) are counteracted by Factor H and HAHlepresenting a competing
inactivation process (greestlid arrows), effectively creating a dynamic equillibribetween activation and inactivatioifror

the later, the nonreversible exit point for C3b is the cleavage by Factor |, resulting in iC3b (both in initiation and amplification).
In contrast, pon suffciently high turnover rate C3 convertases the amplification loopbind free C3b, resulting in
C3bBbC3bkbomplexeqthe C5 convertase of the ARhose finally triggethe immunologically effective terminal pathway.

2 KSy O2yaiRSNR Yy JoidcrasalgB kxgressid zbotiSifitiat®roaind ainplificatibihe APcould be assumed

to be promoted,as turnover rategyet increasedand the equillibrium gets influenced in favor of the@ & (i ®rwach
direction. A general shift to activation would libe consequencdor SRpositive patients leading to inflammation (rash)
Considering a slightly impaired C3 variant in then8gative patients, protein interactions on all steps of the cascade could
be affected, presumably causing a reduced reaction dpeehe progression to inflammatiom¢eraction withFactors B, D

or P).Consequently, the equillibrium gets shifted backward to inactivation and no inflammation (no ilagtjation and
general mechanistic description followifigipfel 2001land G. Hegasy.

2L http://www.hegasy.de(Downloads > Komplement System)
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For the tumor, the complement systems comes into play with contrasting positicasute
inflammation, lysis, chemotaxis and other mechanisms abntamor activities, whilechronic
AYVFELYYFGA2Y LINRPY20GSa AYYdzy2z2adzZoINBaaizy Ay GKS
progressiorjfKhanet al.2015] Especiallyor the colon, connections have been drawn between chronic
inflammation (inflammatory bowel disease; IBD) and an increased risk of cancer-gssgsated

cancer; CAC). Here, the balance shift from physiological (acute) to pathological inflammatiacichro

is groundlaying for a tumossupportive microenvironmeriDaneseet al.2011] Consideringhe colon,

and especially theolonictumor [Pablaet al. 2015} as EGFexpressive tissue[Wells 1999; Cohen

2003] elevated C3 levela respose to EGFR shutdoidbu-Humaidaret al. 2014]would lead again

to ahomeostasisshi# ¥ (G KS 02 YLX SYSy (i aeé mtad®nofcuteihflaninated | G A S
fA1S FT2N (KS .antheyirstdine 3 eI wibuldybg &Ondoie Sensitive recognition of

malignant cells, supporting the arttimor forces of the immune systefRioet al. 2014] A report on

/| SGdzZEAYI 0Qa | OGAGAGe (2 0 SctivatihgdFastoF HQvagbriefically KA 3K S |
downregulated supports this mode{study in lung cancefHsuet al. 2010). Moreover, the same

authors reported ageneralanti-tumor activity of Cetuximabeinglinked to complement activation via

the classical pathwayesulting in increased prodtion of cytolytic C5BC9 compleXendpoint of the

O2YLX SYSy il &a2adSyQaz2yisiNydeyydt el dKIg RIO FTNRY GKS
influence described abovespeciallff 2 NJ (§ KS (dzy2NJ O2y (i SEG (G KBasO2YLX S

to be consideredelevant for the skin rash phenomendfig.26).
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Fig.26 - Simplified nodel of C3's hypothetical role in skin ragfhenomenonvia the classical pathway (CRh the CP,no
spontaneous activation occurs: initiatigorange areais triggered by the recognition of foreign patterns by antibodiEthe

IgM or IgG typeThe antibodies Fc terminus is subsequently detebiethe C1 complefgolden hexameric structujewhich

gets activated and cleaves both C2 and\drle et al.2015a] C4b and C2a assemble to the CP C3 convertase, whithedike
alternative pathway (APYL3 convertasdrreversibly cleaves a number of C3 molecul@his finally starts up the C3
amplification loop (red area)like describedn Fig.25. Both CP and AE3 convertases bind free C3b, resultingbath
GAbC2aC3b (the Chconvertase of the B) and C3bBbC3b (the C5 convertase of the),ARhich finally triggerthe
immunologically effective terminal pathwaggain, iC3pbut also iC4a, offer a permanent exit from the reaction chains,
effectively supporting dowanegulation.

When considering Cetuximab as a therapeutic antibody of the IgG type, it must be suggested that the C1 complex binds to it,
triggering thecomplementCPwherever it binds to EGFR (comp. green antibodies in figure). While at the same time the
sensitivity of the subsequent C3 amplification loop is increased due to Cetuximabs increasing effect on C3 itself, the C5
convertasemediated activation of the terimal pathway should be considered. Consequently, acute inflammation should be
suggested to occur at EGERpressing tissues (skin, colon, tumor). Again, given a suboptimally working C3 molecule due to
the rs2287845variant in several SRegative patientsthe effects of Cetuximab would be attenuateas the CP triggers get

not as strongly amplified like with wildtype GBo rash, no effectiveness against the tumdtjustration and general
mechanistic description followin@ipfel 2001jand G. Hegas$:

22 http://www.hegasy.de(Downloads > Komplement System)
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Taken together, the detected C3 variant offers a chance to generate a mechanistic paidetjally

explaining the difference between patients being positive or negativefedictive skin rash upon

Cetuximab treatment.The model Fig. 27) includes two effects of Cetuximab: an increased C3
concentration (promoting both the alternative pathway initiation and the amplification loop) as well

a GKS |yGdAo2z2ReQa | Od iCersdnuestlythe prababiity Br th® subsaquen O £ LI
terminal pathway of the complement system to switch over to inflammairaneases. Awcal tissue

changes occur for the majority of patientsis leadgo an overreaction in the skin (rash) and increased

surveillance/destruction of the colonic tumasyrvival).

AP equillibrium Tissue
shift towards " permeability
inflammation / Skin: rash, anti-
\ / # microbial
; i Lysis by C5-C9 7 reactions
4 ~ attack complex /

=3

Cetuximab =00} )| [y Pn_)r_!wt_Ed e bamiogl € i.«’\/
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.. Chemotaxis for \
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CP activation by b
Ab recognition “ Phagocytosis

.

Fig.27 - Overall model of C&entric Cetuximab mechanismsausing rash in SRositive patients Cetuximab application
triggers both the activation of the Classical Pathway (CP; yblejof the complement systerand higher expression of the
complement factor C3. The latter potentially promotes both the (constantly active) alternative pathway (APbgxreand

the amplification loop (redbox). In sum, the gradual signal feeding the terminal pathway is elevatetpaced to no
application of Cetuximab, leading to the activation of the terminal pathway. This switches the whole system to inflammation
(orangeboxeg, causing the tissue effects in skin and colon/tumor (drexyes.

In contrast for SRnegative patientswith rs2287845C3 is altered and although principally functional,
considered to be less active at least in the amplification loop. Speakihe sfvitch from a balanced
steady stateto massiveémmunologiccascades forcing locahti-tumor effects the probability might
consequentiybe loweredoverall, leaving those patients less sensitive to associated immune triggers
as Cetuximab in the given settinggher levelsof (slightly impaired) Cohay be necessary to trigger
both the adverse effect (skirash) as well as the artimoral effects, leaving Cetuximahkith an
undesirably low efficacgt usualtherapeutical dosage levela similarely delayedignal switch upon

an increasing gradual signal relseadybeen simulated fothe MAPKsignaling cascke [Veitia 2004].

Interestingly, thenodel2 ¥ / SGdzEA YI 6 Qa ST TS 0 isimulideduslyiokeds th® 2 Y LI SY
observation byfChunget al.2005]that Cetuximab therapy may also show agdincer activity in those

patients whose tumors do not express EGFR. Also in those adthesigh for the lack of molecular
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targets the antibody recognition by the classical pathwagy fail,i K S I y activatiddefe€ an

the complement system at leastthe alternative pathwayvould remaing given C3 is fully functional

4.3.2 CCNK

CCNK codes for a member of the transcription cyclin family, cy(indK)Cyclinsn generakregulate
the cell cycle both positively and negatively by interacting with Ggelpendent Kinases (CDKBpr

a subgroup of CDKsanscriptionregulating functionalities have been describ@8artkowiak &
Greenleaf 2011]These are facilitated by phosphorylation of t@derminal domain (CTD) of RNA
polymerase Il (Pol llFor CycK, two binding partners are known, namely CDK12 and {Bak&k8wiak

& Greenleaf 2011; Kohoutek & Blazek 20Mhile for CDK13 there is little specific knowledge, the
Cyclin K/Cdk12 compldxas been described to maintain genomic stability via the regulation of
expression of DNA damage response gefidlazeket al. 2011] Also, central functions during
development are controlled by the complex. Moreover, links tmawigenesis have been drawim
high-grade serous ovarian cancer (HGS@GSsof-function mutations of CDK12 have been described,
predominantly leading to an inability to properly bind CyBKumiet al. 2015; Joshet al. 2014]
ultimatelyleading to genomic instabilitfMeanwhile, irHER2amplifiedbreasttumors, overexpression

of CDK12 and an association with high tumor grades ocafifsring a dual role as both tumor
suppressor and oncogene for CDK&Bd making it a potential pharmacological targigéaculova &
Kohoutek 2017]Cyclin K itselhas been described as oncogenic in myelpwith inhibitory effects on
cell migration[Marsaudet al. 2010] and both proliferative and anrtipoptopic in prostate cancer,
associating witlpoor recurrencefree surviva[Schecheet al.2017] Interms of regulation Cyckhas
been suggested as a direct transcriptional target of the p53 tumor supprésknt et al. 2002]
Regarding anttancer treatments, cyclin K expression has been detected to be -gegiiated upon
application ofNS398, anongeroidal antrinflammatory drug associated with decreasing mortality in

colorectal cancefZhang & DuBois 2001]

In terms of variationn the given datasetCCNK shows wits2069492a quite commorSNRMAFke=
0.447), although homozygouly and exclusivly assigned tothe SRpositive group. Being located
immediately upstream of exon 3, a splice region is annotatebdetaffected. Taking the interaction
with CDK12 to be crucial for cell viability, slight variations in binding capabditieycKmight

predispose to human disease, as suggesteBdskeret al.2014

CNRY (KS a{ aQENKLISohEdIE © ESERSeXclusively via SMAD2/8kkch edge
Fyy2idl G§SR $MADawdirattlddwistie&zdmponentsof TGF aA Ay f Ay 3T GKA OF
described to interplay with RTKs like EGFR in tumor developfsmt& Chen 2017]However,
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PubMed? does not reveal provide any evidencefor b Y Q& 02y y S OMorka¥ef neither { a! 5 & ¢
CDK12 nor CDK13 are paftloe MSM.While interactions to thesewo proteins haveaecentlybeen

added to Reactome according to the web pott&, they were not listed in the functional interaction

data provided by the Reactomgpiugin within Cytoscape at the time of buildittge MSM Functional

interactions are updated once a ygavu et al.2014]

Taken together, thes2069492variant in CCNK might be a candidate of interest to check for in more

patients, but should be rgardedratherasa factor than a cause for the SR phenomenon.

4.3.3 CD86

CD86(or B72), expressed by antigepresenting cells, is a esgimulatory transmembrane molecule
regulating the balance between anergy and immunity of T lymphocy{eewn binding partnes are
CD28 and CTEA[PentchevaHoanget al. 2004} the latter being primarely expressed in CD8+
(cytotoxic) T celldn cancer settings, CTi4fhas an important role when considering immune evasion
Ay GKS (dzy2 NDa[Webb & ARA ] ashitidiavStielactivation of T effector cells
by negatively regulating their proliferatigBrunneret al. 1999] Whie in EGFmutant nonsmall cdl
lung cancer CTEA levels werenegativelyassociated with overall survivfBoo et al. 2017} for
metastatic melanoma an FEapproved antiCTLAL antibody, Ipilimumab, is availallepson & Drake
2011] For thisdrug, similar to EGFRIs, skin rashs reportedas a possible adverse effdflikaet al.
2017] Regarding genomic variants, witll#281995 &JTRo Q NSN\P ha een described altering
the binding of five differenmiRNAs, effectively influencing pesanscriptional regulatioflLandiet al.
2012]

In the given Cetuximatreated patient cohortwith rs2681417a missensevariant has been detected

to be homozygouslynbalanced between the patient group.K S @I NA F yi Qa £t St Sa N
valin in the protein sequence, both being unpolar amino acids at slightly different sizes and structure

in/f/ 5ycQa AYYdzy23t20dzZA Ay R2YFAy®d ! OO2NRAy3If &z (KS
domain facilitates binding functiori@ork et al. 1994] a change in strengtbf bindingto CTLA4 or

CD28 appears possiblelitimately, this would affect the reguise balance of T cell anergy and

activation. Similar to other candidatgenes, e.g. C3 or P3H3 (compb&ections4.3.1 and 4.3.8

respectively) these regulative differences according to genetic variation might not be striking under

physiological conditions, while under cancer treatment, balance outcomes imégtisciminative.

23 https://www.ncbi.nlm.nih.gov/pubmed
24 hitp://www.reactome.org/content/detail/RHSA6797090
25 http://www.reactome.org/content/detail/RHSA6797100
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In terms of SR group assignmeritw alternate allele appears to be the most common ohreturn,
the minor, reference allele withraallele frequency of 0.133s assigned to the Sfegative group.
Assuming the minor allele is associated veithalance shift to anergy, botibservationsas well as the
reduced antitumor efficacyin this patient groupcould be supportedCytotoxicT cells are a central
resource of inflammation (reduced or missing skin rash), and in the cancer context, theylate a
identify and kill tumor cell§MartinezLostaoet al. 2015] designating them to be an important

biomarker in cancer researchspeciallyn CRZDeschoolmeesteet al. 2010}

Taken together, CD86 deserves further study, presumably with immunostaining experiments or

approaches on the composition and activity of cytotoxic T cells.

4.3.4 CDH11

Cadherinll (CDH11) is a cell adhesion molecule regulated by the Wnt patiwveatyal. 2012] and
TGHF [Torreset al. 2013] In turn, it regulatescollagen and elastin sthesis[Row et al. 2016]
Although mainly expressed in borieand brairt’, but alsoaorta, bladder and skifRowet al. 2016]
several observations for CDH11 have been observed in cancer sefiegstalreports describe
epigenetic silencing of CDH11 in metastasizing cancerdQaugnora et al. 2012). WhileCDH11 has
been described apro-apoptotic tumor suppressofLi et al. 2012] and for osteosarcoma patients,
CDH11 expressionas associated with surviviflakajimaet al.2008] contradictory reports alsexist.
In CRC, CDH11 expression was markly increased in tumor[@gkeet al. 2015] and in terms of
statistic evaluation, a correlation with tumor invasiveness has beerighda very recentljZhuet al.
2018] Overall, the reports indicate for a dependency on the tissue type or other molecular factors like

CALUTorreset al.2013] but leave the big picture contradictory.

Mechanistically, no direct association with EGFR signaling could be found: neither the literature, nor
the MSM revealed a functional connection. When reviewing the shortest path between CDH11 and

EGFR, ubiquitidriven protein degradation turns out to b&éé connective element.

The variant ¢.1319C>T itself has been annotated as being a p.255P>M missense event. Regarding
potential functional impacts on the protein level, it is located in an extracelluar cadherin domain, but

without immediately influencinghte C&*™-binding site amino acid positioffs

26 hitp://www.genecards.org/cgbin/carddisp.pl?gene=CDH11
27 http://www.uniprot.org/uniprot/P55287
28 https://www.ncbi.nlm.nih.gov/proteinNP_001788.2
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Summing upthe findings leave no space for a mechanistic model linking the detected@Rive

associated CDH11 variant to the skin rash phenomenon.

4.35 COL4A4

COL4A4 codes for one of the six known chains of dflagen IVmulti-meric molecule, which is the
major structural compnent of the basement membrane§Kalluri 2003] for general details on
collagens refer to @section 4.3.8and Fig.31) and is associated with diseases of the eye tad
kidneyg®. In terms of cancer, collagen IV plays a central role in the tumor microenvironment, providing
signals regulating tumor gveth and metastasi§Tanjore & Kalluri 2006])n the same journal issue,
Ikeda et al. reported expression levels of COL4A5/COL4A6 to be decreased in tumors by

hypermethylation of the promotor regions, effecting a disrupted basement membrane.

For thecodingvariation position encoded by 1800517 four allelesare known. Again, the reference
allele is not the major one. In fadtje alternate allele¥ ! detected in all SRRositive patients except
one, is most common with a MAF of 0.54For rd800517 a clinVar entry exists, designating the

alternate allele tdoe the benign one. The associated disease is the Alport syndaffeeting the eye.

Anyhow, for none of the patients, relevant alterations of eyes or kidneys were repditsal,. several
of the patients were detected with heterozygous variants, relatigjzffects if given. Homozygous
patients could be located in both groups. Together with lacking evidence for connectici800517
to inflammation or cancer COL4A4 was considered to be no promising candidate fohefurt

investigations in the given ditg.

43.6 GRIP2

GRIP2assigned to neurons as part of a multiprotein signaling combleauld not be related to either
inflammation or cancer in a functional or mechanistic way. Anyhow, one report on prediction of colon
cancer recurrence and prognosis stated GRIP2 as part of a signature of 15 differentially expressed

genes, derived from aupport vector machine (SVM) approafuet al.2017]

Regarding the detected variant9845816Ro { bt Qa $S06 AYUGSNFI OS RSOf I NBz

levelto be silent, as both reference and alternate allele code for the same amindr&isds in contrast

29 https://www.genecards.org/cgbin/carddisp.pl?gene=COL4A4
30 https://www.genecards.org/cgbin/carddisp.pl?gene=GRIP2
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to the results calculated offline (stating missense effeats)l assumed to be ecording to recent

reference sequence updates.

Taken together, GRIP2 agars of limited interest for further investigations.

4.3.7 NUP210

NUP21@ncodeghe nuclear pore glycoprotein 21ucleoporin210 kDaor gp210) which isa major
structural compoundf the nuclear pore complefGreberet al. 1990] NUP210 gets phosphorylated
in the course of mitosis, when the pore complex gets disassembled. In the MSM, thisciediepg.
by the edge to CDC42, which is on a shortest path to EGFR.

Although no mechanism is known yet, NUP210 has been reported to occur in risk studies[bar@dRC

et al. 2012; Cipollinet al. 2014] expression profiling of cervical cand®ajkumaret al.2011]and an

RNAseq analysis airigadenocarcinomgKikutake & Yahara 2®], indicating a role in tumorigenesis.

In the CR&elated studies, withs354476a UTRo ¢ariant has been described, in which tlederence
FffStS weQ Aa NBO2NRSR (i 2 honbzygh®R tizf S K dABIF CINE K SA 2 f
allele is associated with an increased CRC risk. The authors draw the connectiorttansesiptional

NB3IdzA I GA2Yy DAL YAwb! aY 6KAOK KE@ONARRAIT S dheliK &dz
translation to proteinsinterestingly, inprimary biliary cirrhosis (PBQ significant association could

be drawn between antgp210 antibody production and a SNP in-@TAibaet al. 2011] which isa

binding partrer of CD86 (comp.uBsection4.3.3 andtherefore potentially links NUP210 to T cell

immunity.

In the given SR use caseuyif imbalanced variants could be foundNivP21QFig.28). Among them,
rs354478s the onlyheterozygousne. Here thereference, buty A y 2 NJ | i§agsi§riedto the SQ
negative patient group. Although annotated to trigger a missense mutaiid@8a/al>Met, both

amino acids are unpolar, presumably not disturbing the local transmembrane Pégfathe protein.

All three homozygous varian{ss2280084ys2271504rs2271509 occurexclusivelyin the sameSR
negative patients, although showinglistances of around 10 kB to each other. This makes them
independent from individual short reads. Anyhow, just rs2280084 is declared to be a missense variant

(Arg786Leu).

31 http://www.uniprot.org/uniprot/ Q8 TEM1#subcellular location
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# | Regionv NUP210[ | | NM_024923.3 [« ] W | 4«p0O0O0O00000000000000000000000000000@!
Gene Transcript Exons: click an exon above to zoom in, mouse over to see details
9 2 nNcooooozii- Q0 @ @ 4% ==
K 1 T sk S 125K 13380k K 230K €

Genes, NCBI Homo sapiens Annotatiion Release 105
€ e b e i e e e e o e i — — — = e — e —H— —
ClinVar Short Variations based gn dbSNP Build 150 (Homo sapiens Ennotgtion R..
dbvar ClinvVar Large Variations
dbSNP Build 150 (Homo sapiens Ennotation Release 105) all data
- - - . 1 Ll B " - wi - - L] mn - L L] - L)
3 K l13,36l3 K 13,365 K 13,378 K 13,375 K 13,380 K 13,385 K 13,398 K 13,395 K

NC_000003.11: 13M..13M (63Kbp)

Fig.28- Overview on imbalanced variants in NUP2EXcept rs354478 (orange), all variants occur homozygously and in the
same patients. As NUP210 is located on the reverse strand of chromosome 3, the first variant in order is rs2280084 (red) in
the beginning of exon 17. While rs2271504 (green) and rs2Z¥ {5I0e) are annotated to cause synonymous amino acid
exchanges, the other two variants are labeled to be missense. For details cofrgdark2 and Tab.14. Screenshot from

b/ .LQ& DSy2Y8 510G xAS6SNJ

Anyhow, considering MAFs, impacts or patient group assignments (rs228008422Yd504both
appearwith the minor allele as being reference), in terms of causing the SR phenomenon all these

candidate SNPs appear of limited interest.

Consequently, NUP210, although tagged with several variants (also d@hdl0), appears of no

deeper interest.

4.3.8 P3H3
Prolyl 3hydroxylase 3 (P3H&lso known as LEPREIr2GRCRBis an enzymeof the leprecan family,

modifyingcollagenchains postranscriptionallylt is part ofa hydroxylation complex, whicis located

in the endoplasmatic reticulum (Eftleardet al.2016).

In breast cancer, P3H3 is a frequent target to epigenetaaihg by methylation and has been linked
to carcinogenesis via association with higher tumor grades and Nottingham Prognosti§Shebet

al. 2009] On the one hand, this is in line with reports on silenced collagkted genes, e.g. P3H2
[Shahet al.2009] COL4A5/A6 (being major substrates the P3H faftiirlaet al.2006) and COL1A2
(the most frequent collagen; in primary CEBenguptaet al.2003).

In the giveninvestigation sevenSRnegative patients were tagged witha frameshift mutation
rs57050687 at thend of exon 1domp.Fig.29). Consequentlymajor parts of the protein should be

assumed to be dysfunctional.

32 https://www.ncbi.nlm.nih.gov/genome/qgdv/browser/?context=gene&acc=23225
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Fig.29 - Detall view on rs57050687 in NCBI dbSNP (Genome Viewés.geen horizontal line depicts the mRNA of P3H3,

with boxesrepresentingexons.The geen vertical line marks the position of the frameshift mutatisb7050687at the end
ofexon 1, affectil (G KS aS1jdzSy0S (2 (KS NARIKGZ LINRolofteé KIFENRte& | FFSO
functionality. Viewer screenshot from dbSRP

Confusinglyaccording tothe Thousand Genomes Project (1KG as used in the pipeline) as well as
ExAE the references allele could not been observed in these coffotisus the MAF is 0 (and 1 for

GKS EtGSNYyIFGS tfStS g-ESPK22lindividhals averddetBdied With e @  h y €
LJ- NI A Odzt I NE ONI N 4D QR0 =S 0N8R15 Alfioligh $hid maly ife diie toatHe @ct 2 F

that 70 % to 80 % of the human reference genome originate from one indiidsakegaweet al.

2001] in the given setting this implies that all-B&sitive patients carry a quite rare variant. However,

as coverage of théocus is low in the analysis, P3H3 is poorly studied and simultaneously highly
interesting in the context of the use case, the gene was further studied, assurfriageshift event,

marking a difference between the SR patient groups.

Hydroxylation on praollagens is the most important modification during maturation, occurs on both
proline and lysine residues after and even during translation, providing binding sites and consequently
stability [Hudsonet al. 2015] This holds both for the formation of the quaternary structure of the
collagen typical triple helix in fibrillar types (prolines) as well as forhigaer ordernetwork-like
assemblien the extracelluarmatrix (ECM; lysinefiludsonet al.2015] Overall 28 different collagen

types with various functions are knowto date [Cesconret al. 2015] Referring to this variety, the
abundance £30%of the wholebody protein conten{Lehninger 1975]and the complexity of proper

maturation, a number of diseases is rootedcollagerrelated pathobgy[Parvizi & Kim 2010]

Prolyl hydroxylases subdivide into two classes, depending on the targeted proline sites. While patterns
of the form GlyX-Y occurubiquitouslyin collagens (with X und Y being any amino acid, but mostly
proline), hydroxylasework either on the Y position (P4H) or the X position (P3H) and convert proline
to 4-hydroxyproline (4Hyp) or-Bydroxyproline (3Hyp), respectively. In quaative terms, one in four

amino acids irthe ~1000 residue longollagenchairs is a proline residue, of which about 40% are 4

33 https://www.n cbi.nlm.nih.gov/projects/SNP/snp _ref.cqi?rs=57050687
34 hitp://exac.broadinstitute.org
35 http://evs.gs.washington.edu/EVS/
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hydroxylated but just up to 10 sites are-lydroxylated(depending on collagen typgfudsonet al.
2015] However, at least the latter is found to be highly conserved in the whole animal kingdom

[Hudsa & Eyre 2013; Weist al.2010]

Unfortunately, h comparison to P4the general role and particular function remains largely unknown
for the P3Hfamily [Weiset al. 2010] The family overall consists of three homologdwysiroxylases
P3H1 (LEPRE), P3H2 (LEPREIdIP3H3 (LEPREL2) plus two-eomymatic, highly homologous
paralogs CRTAP (LEPREL3) and SC65 (LER&EDhAThaekt al.2012; Gruenwalet al.2014] P3H1
(LEPREZ1) has been linked to $ipecific3-hydroxylation ofPro986 incollagen type thainsand, inthe
caseof biallelic mutationsn either P3H1 itsébr its complex partners CRTARJ CypBwith recessive
forms of osteogenesis imperfectgMarini et al. 2014] In contrast,P3H2 targets multiple sitesin at
leastcollagen types, Il, IV and YHudsonet al.2015] Here, in terms of diseasepnnectiorsto myopia
have been drawn(e.g in [Mordechaiet al. 2011). Solely forP3H3 substrateas well asdisease
assaiated mutations still remaionknown[Hudsonret al.2017] Meanwhile at least theP3H3tomplex
formation with SC65and, potentially, CypBand lysyl hydroxylasg (LH1has been discoverdtHudson

et al.2017] WhileCypBis the same protein like in the P3H1 complex, the reported interaction with
LH1 reveald an interesing relation between the two most common pesanslational modifications

of collagensprimarelyfor SC6%, but also foP3H3" mice, themajor physiological collagens (types I,
I, IV and Ytype lll is known to contain no 3Hyp at any §itéeiset al. 2010) were clearly under
hydroxylated on lyise residues but not on any of the known proline-Bydroxylation site§Hudson

et al. 2017] The formerbservationeffectivelyphenompiedthe EhlersDanlos syndroméEDS}ype
VIA (six Acaused by loss the PLOD1 gene encoding&tdinmannet al. 2003). The helial domain
crosslinking sites of collagen type lespecially in theskin, appeared to be undehydroxylated.
HoweveE (G KS &a1AyQa NBadzZ GAy3a €101 Ay a&iNigtthezNI f
than on physical appearance comparedititd type micelnterestingly, heterozygous P3#3nice did

not reflect the described phenotypgHudsonet al. 2017] indicating loss of function just for

homozygous variations. Similarely, P3H3 variations detected in the given SR setting also appeared

exclusively homozygous.

The much more interesting observation from thecent study ofHudsonet al. 2017]s that for the
major collagens ofypes |, II, IV and V no change in prolidgy@roxylation could be recorded, although
for both SC6% and P3H3 mice the P3H3 complex could not have formed. In other words: on major
collagens, the prolyl-Bydroxylation 3 complex is essential for hydytation of lysyls, but not for
prolyls. The authorprovide two explanations: on the one hand, and in line with the suggestion on
collagenmodifying proteins to provide a dual function as both enzymes and chapeftateisawaet

al. 2009] P3H3 may have lost its hydroxylation functionality in the course diggn, retaining the
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LHZXsupporting chaperone functionality. On the other hand, simply the proline substrate of P3H3 is

still unknown, as the number of collagens goes far beyonddbked major types

At this point, thelook back to the MSM turnsut to be helpful. As depicted iRig.21 and Fig.22, all
shortest pathes of functional interactions from P3H3 to EGFR (tlgettaf Cetuximab)un across
nodes belonging to five different collagen types: IV (COL8)]VI (COL6AJ3,5,6]), IX (COLOARID),
XVII (COL17A1) and XVIII (COL18A1). As type &ltdwdybeen excludedo be a target of P3H3

investigations could beoncentrated to just fouout of 23remaining type®f collagens

Collagen typeVlis unusatompared to other fibrillar typedue to itsintracellular complexation going
beyond trimerization of the helix structure. Rather more, tetramers of heterotrinteglices of chains

hmM o6/ h[c! MOZ hy 6/ h[c!HO0O YR ho 6/h[clo0 NB 3§
and secreted afterwarddn terms of function, collagen type VI has been described as mechanically
relevant due to crostinkage with variou&€CM proteins (perlecan, collagens type I, Il, IV and other),
but also important for tissue homeostasis, e.g. by interaction with several membrane receptors linked
to intracellular signaling pathway€escoret al.2015] In a not yeffully understoodtissuespecificity

h o oOxabsition may beoccupied by alternative chailsn 6/ h[ c! nvo X hp o6/ h[c! pbo
suggesting different roles of COLVI variants in distinct tigse@smet al.2011; Cescost al. 2015} In

the skin,where collagen Vis expressed by fibroblasts, itpsesent in the dermis, abundant in the
basement membrane, but absent in the epiderrf&araet al. 2011} Although several skin related
abnormalities have been describficettmannet al.2014] none of them resembles the SR phenotype.

In terms of cancer, a set of cytoprotective functigmmteresting: inhibition of apoptosisd oxidative
damage, regulation of autophagy and cell differentiation, maintanance of stemness, and finally
promotion of tumor growth, cancer progression and drug resistgd@ascoret al. 2015; Cheret al.
2013a] Taken together, collagen VI contributes to at least five of the cancer halljdaksihan &
Weinberg 2011]When considering collagen type VI as substrate for P3H3, at least for a mechanistic
model explaining the SR phenomendime potential of the candidate from both the skin and tumor
perspective is given. Anyhotine available information is insufficierds no connection could be drawn

to either EGFR or Cetuximabeither integrins (ITGB3, ITGAV), ntatget-derived growth factor
(PDGFA, PDGFB) offered further meaningful interpretations of connections to EGFR.

Gollagen type 1>Xhas been described aéstinct componenof cartilageand expressed in joionts, spinal
RAala yR (KS [GseblQw]Treforellig agd unsugpBrive for a model explaining

the SRphenomenon.

Collagen typeXVlllis ubiquitouslyexpressedn different basement membranesf the whole body

[Seppinen & Pihlajaniemi 2014hd maintains its integritiBager & Karsdal 2018Jollagen XVIlII is the
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prime example for a functionauaism: the intact form holding structural properties, while signaling
capabilities come into play upon degradati@ager & Karsdal 2016[his second function is provided
by the Gterminal fragment, endostatinit can be poteolytically cleavedrevealinganti-angiogenic
effects[Marneros & Olsen 2005jnd an inhibition of tumor growth by restiction pfoliferation and
migration as well as induction apoptosis in epithelial cel[Seppinen & Pihlajaniemi 201Bnyhow,

in the course oSR model generation, collag type XVIII turns out not to be supportive. On the one
hand, the defects in this collagen type are associated with abnormalities of thfBager & Karsdal
2016] while noneof thosehave been reported for SRegative patients. On the other hanlike for

collagen type VIno connection to EGFR or Cetuximab could be drawn

Collagen typeXVl| also known asBP180 BPA2 or BPAGZ2revealed to be the most interesting
molecule for a model connectiradteredP3H3n the sense of the SthenomenonThis is in a nutshell
due tothe abundanceat the & 1 Ab@s@rient membranea functional dualisnoffering a direct link
between cell adhesion and immunjtgnda bidirectional regulative connectiowith EGFRupported

by literature

The molecule itselfs a type Il transmembrane proteiffrig. 304), spanning the lamina lucida and
projecting into the lamina densa of the epidermal basement membfblkjies et al. 2010} Structurally
it isa major component of the hemidesmosorttdD)type | (Fig.30B), but not in type Il [Moilanenet

al. 2015) complex and crucial for stable adhesion of dermis and epidermis

For collagen XVII, no investigations on 3Hyp sites have yet been reported. Anyhow, two closely similar
alR O2YyaSNWSR Y20ATFa KI @S 0SSy LIdz0ARGPRERR FTNRY
hydroxylated proline highlighted) and collagen typ&SlPGPIGPGPRLA | conversionn italics)[Weis

et al.2010] A BLAST search on the amino acid sequence of collagen XVII using these motifs revealed
some imperfect hits Tab. A), providing hints on where such motifs could occur in the collagenous
domains Box A). In any case, published knowledge on 3Hyp and its mechanisms is sparse, leaving

space for experiments investigating on the yet hypothetical modification of collagen XVII by P3H3.

Defects in the HD protes are associated with chronic skiagility and blisteringBrucknerTuderman

& Has 2012]In turn, for e.g. tissue repair and immune cell invasion, but also keratinocyte migration,
disassembly of hemidesmosomes is requifleiiffeket al. 2014] Growth factors like EGF are capable

2F GNRAIISNAY3I (KA& STFS dUargadantetak 2088 KsaliNdsdernblyAssy 3 h ¢ |
mostly transient, HD stability has been suggested to be viewed as a dynamic equilibrium, with its
components (primarely?6 4 integrin) in rapid turnover [Wells 2006] In cancer settings, this

equilibrium may be shifted towards migration, facilitatiigsueinvasionand metastasifLoffeket al.

2014]
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Fig.30- Collagen XVII molecular structure and as component of the hemidesmosa@m€ollagen XVII (according[®iudice

et al. 1992} there named BP18@®s type Il transmembrane protein consists of-gefninal extracellular part, one trans
membrane domain and a-irminal intracellular part. The authors numbered 15 collegenous dom@@i 1 to COL15)
startingfrom the C terminus, interrupted by 14 numbered noollagenous (NC) domains. The last domain NC16 divides into
the subdomains a (juxtanembraneous), b (membrargpanning) and ¢ (containing four tandem repeals)Classical type |
hemidesmosomegaccordng to [Walko et al. 2015)) are celkmatrix junction complexes, besides collagen BARG2
consisting ofti NI ya YSY 6 NI y S antl €D15lintragelul&r-BRIPPAGLeand plectin While the extracelluar
components bind to lamini332and collagen I{Nishieet al.2011]in the basement membrane (BM), the intracellular side
binds tothe intermediate filament(IF)cytoskeleton(Keratins K5 and K14)
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As indicaed by the MSM, the connectimpdesbetween EGFR and collagen type XVII arelbsely
related sheddases ADAM10 and ADAMt@mp.Fig.21, Fig.22), which generally show overlapping
substrate specificityGooz 201Q]Interestingly this connectiondiscriminates the COLXVII node from
all other shortest path nodes indicating for collagens of types IV, VI, IX and XVIItdhoes via cell
adhesion molecules (M®11, IGTB3, ITGAV) or thewth factos PDGF[A/B].

Sheddasegdn particular ADAMs, both constantyd upon signaling, cleave various membriogeind
proteins on the extracellular domain, often initiating further reacsohy the cleavage products
[Giebeler & Zigrino 2016]n fact, both collagen typXVII[Nishieet al. 2011]and membranebound

EGF €.g. amphireguliroy ADAM1(0Lao & Gady 2012] HBEGFoy ADAM17Yin & Yu 2009]are
constitutively shed from the cell surfacen physiological processes and theretgfeased into the
intracellular spacelnterestingly, in particular levels of ADAM17 are elevated in human colorectal
tumors [Arribas & Essdens 2009] designating it as target for combination therapies with EGFRIs
[McGowaret al.2013] While ADAMs act on the extracellular domains of proteins, it can assumed that
collagen type XVHoleculesbound to hemisdesmosomal complexaee stericallyinaccessible and
consequently uncleavable. Similarely, lipid rafts seem to play a role in regulatiddiistpeas collagen

. xLL FYyR hcin AYyGSaNARy & 15 O02YLRYySylgmhae OF GS [
et al. 2005] while ADAM10 and ADAM17 are excludktlirai 2012] While sheddase activity on EGF
family memberdrans-activates the EGFR and the subsequent pathway down to griwathidaet al.
2004] sheddim of collagen type XVII triggdts secondary functiorlLikedescribed forcollagen XViIlI
above collagen XVII comes with a dsel beyond mechanic stability. In fact, thehedding of
extracellular domais(ecto-COLXViI[Nishieet al.2011) triggers local immune reactiorfsomplement
activation,mast cell degranulation and neutrophil infiltratigRanelius & Meri 201%jas well agell
migration[Parikkaet al. 2003] Besides the physiological fragment, at least two diseatsed ones

are known (LAEL, LABD97[Hirakoet al.2003). Althoughantibodies are assumethe binding partner

of the soluble fragmenin terms of immunologic reactionemains unknowifiNishieet al.2011; Nishie

et al.2015; Moilaneret al.2015]

Thus, the hemidesmosomal form might be referred to as adhestated, while the unbound form is

more dedicatedo signaling. From a tissue point of view this makes sense, as inflammation goes along

with decreasedellcell adhesion, providing a tissue structure permissive for recruited immune cells.

The other way round, healthy tissue in homeostasis benefits fight teltcell interactions, especially

T2N) GK2aS tF&8SNB AydSyRSRi Sif27 @ S0 A © SAAYSLISINKYSS | 301t ASy G &l

Immunologicdly, collagen XVII has been reported to have an attenuating effect on interl8ukig)
@Al Jvadden Bergret al. 2012} IL-8 is an immunological key factor, pnoting neutrophil
recruitment, angiogenesis and inflammatiflaneway 2001 ]butalso growth e.g. by transactivating
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EGFRrough ADAM10[Tanidaet al. 2004] Thistrans-activationmechanismin factis induced by H8

itself [Itoh et al. 2005] offering a signaling link between collagen XVII and EGFR as indicated by the
functional interaction data behind the MSNIo this point, the MSM cdd only deliver statements on
independent, pairwise interactions between molecules of the given shortest pathes, not necessarely

acting together in one scenario.

Taken together, for P3H3 a hypothetical model of action could be constructed, potentialfyrexg
the SRphenomenon in Cetuximatreated CRC patient{$ig.31).

In the skin of untreatedndividuals with wildtype P3H3collagen XVII gets regularely modified on its

secretion to the cell membrane. EFGR pathway activity is well balanced and decreases with the
keratinocytes developmental progress, during which they undergo maturation on the way from the

a1 AyQa o Ingtdthe bt AadabEEandiet al.2005] With progress in maturation, the grade

of differentiation increases, and motility decreag€ésichs & Raghavan 200Regarding the balance
0SG6SSy O2ffF3Sy - +LLQa 2LkaAray3a aidlisSaz 9bCcw (N
early stages, promoting cell migratifwwalkoet al. 2015] The weaker EGFR signaling gets, the more

the balance of collagen XVII states shift to adhesion via assembly of hemidesmosomes, triggering
linkage to collagen IV and laminin of the intercellular space. Simultaneously, growth signaling is
attenuated by a egative feedback inhibition on the downstream pathway being linked to collagen

-+ LLQ& -bound dr Sot),0nhidh may be related to the increasing inhibition ef IL @A b CS . X
effectively lowering the activity of sheddagean den Berglet al.2012]

In a Cetuximalireatment of P3H3 wildtype individualsthe systenically applied therapeutic antibody
reaches the skin and silences EGFR, consequently disturbing the dynamic equillibrium of skin
maturation processes. Molecularely, in such a setting the balance of collagen XVII states would be
affected, shifting the balace in favor of the hemidesmosomal conformation, leading to a premature
differentiation of keratinocytes. Consequently, the skin barrier gets impaired, ingesting bacteria from
the skin surface into deeper laydtdolcmann & Sibilia 2015Here, immune cells, but also epithelial
cells, detect ndrobe-associated molecular patterns (MAMPS) like lipopolysaccharides (LPS; by TLR4
[Rayet al. 2013) or flagellin (by TLRMiller et al. 2005). Recognition of those molecules triggers
proinflammatory immune rgsonses e.g. via interleukin )8 expressiorjvan den Berglet al. 2012;
FraserPitt et al. 2011] As many bacteria at a time infiltrate the skin, immune reactions can be
expectal to be strong, leading to local, visible inflammation, i.e. skin rash. Simultaneously, early and
Y2RSaG AYYdzyS NBFOGA2ya Ay@21Ay3a 02ttt 3Sy - xLL

sheddable collagen XVII molecules outside hemidesmosomes are rare.
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Fig.31- Model on P3H3, collagen XVII and ADAlven shedding mechanism€£ollagen XV(red rod for an amino acid

level depiction compBox A), synthesized in the endoplasmatic reticulum, gets gomtslationally modified by various
enzymesjncluding P3H3, which is organized in a hydroxylation conjpleardet al. 2016] Through the endomembrane

a2adsSy Al NBIFIOKSa (KS OSftftQa 2dziSNI YSYONIYySd ¢KS SEGNI OSt £
IV and laminirB32 [Nishieet al.2011> Ly | Re@ylF YA O SljdzA f A 6 NX dzY { K-Blatae2lipid Odz2t S 2
raft-located hemidesmosomédound state (promotingdratinocyte differentiation) and an unbound state, which is signaling
related. Disassembly of the hemidesmosome (HEpromoted by protein kinase C (PKKitajimaet al. 1992) and can be
induced by growth factors like E@Blivaet al. 2005] Upon leaving the lipid raftollagen XVII gets expos&n ADAMS. If,
ADAM10 or-17 (the later alsmamed TACE) sheds the extracellular domain in the jongmbranous regioiriNishieet al.
2011] given that such cleavage is not hindered due to target phosphorylation bjZ@kRaet al.2007] Sheddingenables
pro-inflammatory signaling and promotes cell migration, as theleoule is not available for HD-essemblyanymore.
Presumably, at least major parts of theservedmmune reactions @ based onreleaseofiLz | & O2f t | ISy
STFTFSOG ol KNR dpide B2fglet all2D18)Rsdolst2Also 1B [Itoh et al. 2005} and additionally EGFR ligands
(HBEGF, ARE@.a0 & Grady 2012; Yin & Yu 200%kt shed by ADAMRading toactivation ofEGFR signalingromoting
growth and closing the cycle to PKC (leading to further HD disasserblyhe IL8 receptor (IL8R), like several other G
protein-coupled receptors (GPCH%ang 2016] transactivates EGFR via ERK1/2 and increased A&laféd sheddase
activity[Yin & Yu 2009} second, potentially amplifying cycle may be considered here.

I+

LLQa

84



In the colon collagenXVIl is supposed to lgenerallymore dedicated to signaling arwll migration

rather than adhesion and tissue integrifyloilanen et al. 2015] which would significantly support

tissue invasiorin the case of carcinoma cells fact, collagen XVII expression has been reported as
significantly associated thi higher TNM stage, decreased disefi®® and cancespecific survival

[Moilanenet al.2015] Anyhow, EGFR signaling is expected to influence hemidesmosomal integrity, as
FOGAGEGAZ2Y | fa2 OFdzaSa (GKS Oed2LXlFaYAO LIK2aLIK2N
being part ofthe hemidesmosomal complex type[Mariotti et al. 2001} which is found in siple

epithelia of the intestindWalkoet al. 2015}

When consideringSRnegative patients carrying the rs57050687 variaantd consequentlympaired

P3H3 a suboptimal postranslational modification of GLXVII in might occur in terms of prolyl 3
hydroxylation. Wfortunately, collagen XVII has not yet been examined for such positions, designating
it still as a hypothetical target to P3H®&hile to date not a single target is kno@jaltema & Bank
2017). In terms of proline residues suitable forh§droxyhtion, literature revealed just twexplicit
similar P3H motifs being conserved across vertebrate speci@though generalized evolutionary
studies exisfHudsonet al.2014. In humancollagen type this is GLPGPRBGPRand GIPGPRPGPR

in human collagen type [Weiset al.20100 C2 NJ (0 K2aSx | . [!{¢ aSI NOK A
ended inten positions with an expect value= 0.01 (complab. A), distributed over ten collageneous
domains (OL5 to GOLL5; comp.Box A). Considering at least one position beifagt, an altered
hydroxylation pattern can be assumédthe case of defect P3Haffecting the final conformation of

the collagen XVliprotein.

Takng into account the dual function of collagen XVII, adhesion and signaling, conformational changes
might influence both. Referring #ig.31, two particular mechanisms may be affected: the assembly
disassembly switch at the hemidesmosome (HD), as well as the shedding of the extracellular
membrane, in both cases due to steric hindering during the interaction with other proteins (integrin in
HDs and BAMs at shedding). Overall, the equilibriumetween adhesion and prmflammatory
signaling would be affected. As-B&gative patients show less inflammation in the skin, a shift to the
adhesion state can be assumedpotentially due to impaired sheddingemoving less molecules
LISNXYIFySyidte FTNRY GKS WLR2tQ 2F (GK2aS I @FAtlofS
adhesion tomoleculesin the extracellular matrix (ECM), proper binding of collagen ¥\éither
collagen IV or lamini832[Nishieet al. 2011]appears questionable. Thinkingiofpaired expression

of at leasttype IV collagen to be an early event for invasive phenotyjiesiaet al. 2006] altered

tissue behaviour ithe tumor andeffects onsurvival should be considerelth terms ofcollagen XV &

immunological role, considered to be negatively influenced by P3H3 failure, tumor surveillance could
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be simultaneously loweredConsistently, d&ct antiproliferative effects of active P3H3 have been

reported at least in breast cancer setting@hahet al. 2009]

From a clinical point of viewindividuals with suloptimally processed collagen XVII due to P3H3
failure would not necessarily show a phenotype in daily lfs.reported for the P3H3mouse model,
skinouter appearance is unremarkablalthough of reducedtructural integrity upon mechanic lab
examination[Hudsonet al. 2017] As stated earlier, mutations in P3H3 may be responsible for mild
variants of the EDS YHeard et al. 2016] For the SRiegative patients affected by the detected
homozygous P3H3 mutationsemple clinicatheck for soft skin, lax joints and kyphoscoliosis may be
helpful in order to proof or rejedthe hypothesis of P3H3 being causati®éso, mild changes in general

hair developmenmight be a visual marker ahead of therapy, as expression of collagen XVII is high in
hair follicle stem cellfGude 2011]

In a nutshell, P3H3 deserves deeper investigatipagijcularlyin the light of overall sparse knowledge
on this protein and its function®As a key point occur HD assembly and disassembly, as their exact

dynamics remain elusiy&Valkoet al.2015]

4.3.9 STUB1

STUBLI1 (also known as CHIP or STIBbjhsa ubiquitinE3 ligase and ca&haperone associated wh

heatshock proteingJoshiet al. 2016] Due to a variety of ubiquitgtion targetsthere are several

relations to biological mechanismgiown, e.g. baseexcision repairfParsonset al. 2008} ¢ D Ci
signaling[Shanget al. 2014] T cell ifmunity activation[Chenet al. 2013b; Wanget al. 2013] and
autophagy[Joshiet al. 2016). Consequently, a role in multipidiseaseshas been described.g.
ataxias[Heimdal et al. 2014] systemic lupus erythematosy&uo et al. 2016)> ! £ | KSA YSND a
tF NJ Ayazy[dshietRah 2086 8¢ GSN¥a 2F OFyOSNE Y2aid LINRY
suppressing role, facilitatechainlythrough the LKBAMPK pathwayGaudeet al. 2012] While LKB1

is a master kinase controlling metabolism, growth and pelhrity, it is known to be inactivated

through mutation during carcinogenediShackelford & Shaw 20Q9h colon cancer settings, STUB1

KFra faz2 0SSy NBLRNISR G2 I Odnediaded dignaiingeVapgdtala dzLILINES &

2014b] In contast, STUBAIsoenhances angiogenesis, at least aftardiacinfarcts [Xuet al.2013]

Most interestinglya direct regulative link between STUB1 and EGFR has been reforreed culture
[Chunget al. 2016]as well as pancreati@ocer[Wanget al. 2014a] In the cell culture experiments,
overexpressed STUB1 turned out to specificially ubiquitinate mutant EGFR, resufinogeaisomal
degradation of the targeted receptor aswellas/ KA A GA 2y 2F OStf LINRPf ATSNI
growth. As mutant EGFR is directly related to EGRResistance, the authors suggest STUB1 & be
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potential novel therapeutic target to @rcome such settingdVithout restricting these observations

to mutant EGFR, in the pancreatic cancer settirgoberservations were made as well. Additionally,
reduced tumor migration and invasion were reported. Not last, enhanced apoptosis induced by
Edotinib and a negative correlation of STUB1 expression with tumor differentiation and overall survival
marked clinical significanc8imilarely, in gastric cancer low STUB1 expression levels correlate with a

clinically aggressive phenotyp8anet al.2012]

Although for the patients in the SR setting EGFR is gindts iwildtype form, the detectedariants

indicate for structuralariations of STUB(Fig.32). Again, the reference but less common allele, is

assigned to the SRegative group. SNPeff annotates these variations to be locatednnatisplice

regiond ¢ KS 3IASySQad o0Q SyYyR O2RSa F2NJ I LINRBGIGSAYyQa OI N
the E3 ligaser U-box domain[Joshiet al. 2016] facilitatingubiquitylationand consequently protein
degradation.An altered efficacy of STUB1 in consequence of stigbttural modifications in this

important domain should be considered.

pl2.3 piz.2 pizld p12 pn.2 plll  qil.2 Q21 qi3 g2 q22 q23 q24
( m — S . — -
1 1 1
4 | Regions STUB1 v/ |NM_005861.2 ] MW |4p ooooooo
Gene Transeript Exons: click an exon above to zoom in, mouse over to see details
9 = ncooooi69 - 0| @ @ A% == HKeTools+ L | LTracks» @ 7 -
7@K,  [73e5ee |,
Genes, NCBI Homo sapiens Annotation Release .. | ¥
STUB1
NM_BB58612 » —-——E——-ER--EE >
S o« o« o«
ClinVar short Variations based on dbSNP Buil.. | %
1]2]2] a
dbVar clinvar Large Variations | %
dbsNP Build 150 (Homo sapiens Annotation Release 105) all data | ®
1 i L fRuiam " Ll i 1 e ma e - L] ] "
L l?3@h L 73}3,58;1 L ?Cj’-l!l( _______ l??:l,s@al L ]?32}\ _______ 7?:2,5-@3. L
NC_000016.9: 730K..733K (2.9Kbp) " £¥ Tracks shown: 5/97

Fig.32- Location of detected SNPs in STUB1 gene structlihe position locates right after exon 6 in a stretch annotated
to beasplice regionf ONBS Sy akKz2d FTNRY b/ .3 Qa DSy2YS 5F0GF ASsSNJ

Taken together, investigating the actiohSTUBIn the cell offers chances for closer insights into the
SR phenomenorMeasurements of expression and activity levels in botm&gative and-positive

patientsappear necessary

36 https://www.ncbi.nlm.nih.gov/genome/qgdv/browser/?context=gene&acc=10273
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4.3.10 TLR5

Tolkike receptor 5 (TLR5) is a member of groupattern recognitionreceptors PRRs), which being
part of the innate immune response detect a variety of microlf@ pathoger)associated molecular
patterns (MAMPs/PAMP$Kollischet al. 2005] In the case of R5 this is bacterial flagellin, which is
quite ubiquitously present at environmental contact surfaces like skin and célpart from immune
reactions, TLR5 takes part in the induction of epithelial cell responses including cell migration, wound
repair, proliferation and survivgBhaykhiewet al. 2008] Transactivation of EGFR via the reteas
TGFh 06 & & K SRR ubaeStidng.8. ey a ¢entral mechanigiviuet al.2012] In terms

of cancer, TLR5 has been described to modulate tumor developfsmise xenograft model of
human colon canae [Rheeet al. 2008). In several studies an altered T gellated immunity was
observed upomLR5 activation (e.fOginoet al.2013), with some reportig ametastasis suppressive
activity on metastasis[Brackett et al. 2016] as well as tumor rejectiofMarshall et al. 2012]
Interestingly,in a5-fluorouracil(5-FU)application setting, a reduction of systemic toxicity, selectively
for norrtumor cells, has been reportefdr Entolimod(an TLR 5 agonistolon adenocarcinomanouse
model [Kojouharowet al.2014). Similarely, a bioinformatidiedy revealed TLR5 to be one of six genes
whose expressionsere closely related to responsiveness to oxaliplatin treatnjtaharet al.2016]

Both drug were applied (U as Capecitabine in the CIOX study), additionally to Cetuximab.

Severalfunctional polymorphismsare knownfor TLR5, including connections systemic lupus
erythematosus(SLE[Hawn et al. 2005) and psoriasigLoft et al. 2017} The detected ariation
rs5744174s not yet linked to a disease, betidsto a missens variant F616L, located witin the LRRCT
region of the proteid’. LRRCT is a binding interface domain intended to support dimerization of the
receptor upon complexation with flagelliBerglundet al. 2015] Therefore, variations in this region
potentially affectbinding affinites and consequently downstream signaling. In the case of TLRS5,
besidesEGFRhis is such a downstream element, as well as the-ipftammatory interleukn-8
chemokine (I18; [FraserPitt et al. 2011). In fact, those two interact widely independent, with-8L
aA3YylrtAy3a 60SAy3 RSLIS)HCGase al.2610] féadwhile, pfeinflammdatonK ¢ | &
effects of TLRS5 signalingre attenuated via a negative feedback loop; here, activated EGFR
phosphorylates MUC1, whosgtoplasmic taiconsequently associates with TLR&to et al. 2016]
effectively competing with My88 as downstream signafsagtner [Katoet al.2012]

Anyhow, the minor missense variamajppearsto be enriched in the SPositive patient group.
Considering the low fraction of SfRgative patients, the TLR5 variamiported heremight not be

consideredhs causative.

37 http://www.uniprot.org/uniprot/O60602#family and domains
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4.3.11 KISS1

After all, one candidate missed by the MSM remains worth shortly mentioKilg$1. SNPeff reported
with rs71745629a frameshift varian{MAFwlI' N ®HHH O RdzS G2 |y RSt SGSR W
reading direction)which in dbSNP appear@timediatelydestructive for the stop codon at the end of

the terminalexon3 of the canoiical transcript (p.39Ter>Trp). Consequently, the transcript would be
elongated. In fact, although SNPeff reports one transcript, Ensemble knows two isoforms26GI3S1

and a 21 bp longer form KIS302%°, NCBI RefSétreports the common length of 138 anairacids for

the fully translated protein, and also mentions the polymorphic site encoded by rs71745629.
Furthermore, it is thereby stated that in the case of the absence of the stop codon a downstream one
is utilized instead, extending the protein for atidinal seven amino acid residues. Interestingly, several
authors refer to eitheiLeeet al. 19960r Westet al. 1998 stating a length of 145 amino acids for the
protein. This difference in length of seven amino acids implies that the earliest publications describing
KISS1 studied the less frequent isoform. As anyhow the gene prod#dS8fl is a precursor being
cleaved into active peptidés(so-called kisspeptines (KP); confjig.33), which act as natural ligands

for the G proteincoupled receptoiGPR54Kotaniet al. 2001}

Signal peptide
NH, 1 1 20 68 121 145 COOH

KP-54, metastin B -F\H2  5.9KDa

KP-14 RF-NH2 1.7kDa

KP-13 RF-NH2 1.6kDa

KP-10 RF-NH2 1.3kDa

Fig.33- From KISS1 gene product to active peptid&be full length gene product has been described both to be composed
of 138 and 145 amino a3, possibly referring two isoforms not being discussed in one common study yet. In any case, after
cleavage of the full length precursor protein,-B4# forms, with an amidated-@rminus at the RF motif (R = arginine, F =
phenylalanine). All shorter pepkes are formed by further cleavage, preserving thei@inal end. A cleavage of the last
three amino acids 119 to 121 by MMPs is possible, effectively inactivating the pgpékimoet al. 2003] Scheme from
[Teleset al.2011]

GPR54 (or KISS1R) appears overexpressed in triple negative breast cancer (no expressagenf
NBEOSLIIi2NJ 3 LINR3ISAGSNER Y Sgrows fadorjécepiar 2), yyremoinda¥fugy S LIA |

38 https://www.ensembl.orgHomo_sapiens/Transcript/Summant?=core:q=ENSG00000170498:r=1:20419aB3196486,t=ENST00000367194
39 https://www.ensembl.orgHomo_sapiens/TranscrifitroteinSummary?q=ENSG00000170498;r=1:20419@082 92876;t=ENST00000625357
40 https://www.ncbi.nlm.nih.gov/protein/NP_002247.3

4L http://www.uniprot.org/uniprot/Q15726#ptm_processing
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resistancgBlakeet al.2017] Several other authors, in contrast, reported the expression of the ligand
precursor KISS1 tbe an important antmetastatic factor, setting disseminated cancer cells to a
dormant state[Beck & Welch 2010jvithout affecting tumourigenicity or local invegnesgMiele et

al. 1996] Complementary, methylation of KISSHatecreased expression level correlate with higher
tumor stages and grades, shorter survival and recurrence in colorectal cBHvioga et al. 2013;
Okugaweet al. 2013; Huoet al. 2018] but also other cancer entitigdng 2015] Anyhow, in further
reports, e.g. for patients witltolorectal adenocarcinomaontradictory observations were reported:
levels of KISS were higher in larger tumors and stage I1I/IV cancerpaticts with greater KISS1
levels had worse prognodisostakiset al.2015] There, GPR54 could not be detected in either normal

or the malignant colonic epithelial cells

Functionally, for kisspeptinexpressing cells, both inhibition of chemotaxis and iogksion coulde
observedMeadet al.2007] possibly mediated by downregulation of matrix metalloproteases (MMPS)
by KPgHeslinget al.2004] KRdriven regulatiorof MMPsmay occur orboth the transcriptional and
protein level. Whilenuclear facto# B binding to the MMP pronoter regionhas been reported to be
reduced by KPgranet al.2001] stable complex formation has been describedtfos Nterminal 48
amino acids othe KISS1 full length protein prodwtd proMMP-2 or proMMP-9, yet without further
knowledge orthe actual physiological consequences of this interact{iMead et al. 2007] In turn,
active MMPsare able tocleave thebond between Gi118andLeull9n K, leading to inactivation

of KPand potentiallyrepresening a regulatory feedback mechanism between KP and MNMBkino

et al.2003] Downstream signaig ofthe KISS1 peptide recept@PR54seems to be a separate way
of action, involving numerous molecular factors (like ERK1/2, MAPKs, PKC, PLC and several more;
comp. Mead et al. 2007, potentidly explaining the various physiologial roles described for
kisspeptines, which also include endocrinologic functions in the p@aRkleyet al. 2009] preghancy
[Meadet al.2007]and puberty[Teleset al.2011]

Interestingly, GPR54 has been reported to transactivate EGFR, promoting cell invasiveness in breast
cancer[Zajacet al.2011] Transactivation of EGFR by peptide G preteimpled receptors has been
reported as important mechasm in cancer cell proliferation relatively recenfiang 2016] While

agonists for such receptors may bypass EGFR blockade in EGFRI treatments, antagonists are supposed
to potentially support treatment by increasing cytotoxicity of TKisody et al. 2016} In fact, the

clinical exploitation of KISS1 to treat metastases has already been clfiBead& Welch 2010]

However neither for the skin nor for the colorectal tumors expression is yet known for GPR54. This

anyhow leaves space for theories related to MMPs and modifications of the extracellular matrix. The

core question is in fact, whether the additional seven aminidsaof the less common KISS1 isoform

shows a deviant mechanistic behaviour in cleavage or binding to either GPR54 or MMP precursors.
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Although speculative, the mRNA of the less common might not be less stable, as the last exon also

encodes the polyadenylatih signa[Harms & Welch 2002]

In a nutshell, in terms of cancer mechanisms and epidemiology, KISS1 appears as interesting as

contradictory, with its exact systemic modes of action remaieiugive.

4.3.12 Furthercandidatesand summary

Due to the MSM filtering effect, some candidates from the initial list ep&SRive associated variants
(comp.Tab.9 and Tab.10) have been ut. Among themseveral appear anyhow ¢dw potentiat for
HNRNPK(Heterogeneous Nuclear Ribonucleoprotein Eh exceptional number of synonymous
variations were detected in exarBand 13, of which only one could be linked to a dbSNP ID (rs code).
Neither the gene, nor associated diseasepoedicted mechanisticvariation effects offered a link to

the SR phenomenon. Similarely, 8APN116 OF £ LI Ay mMwmZI | LINGAIMCPHIST 0Q
(microcephalin,a DNA damage response proteduring cell cycle missense event leading to a

p.875Pro>Leu substitutigmo links could be established.

BAIAP3(BAI1 associated protein) encodegyanetargeted by p53 has been described asbrain
specific angiogenesis inhibitand is associated with the KEGGhgat &ranstriptional misregulation

in cancef The detected splice site varian35632might prevent splicing out during transcript
maturation, but a mechanistic role for the dial SR setting remains elusiveRBZCrumbs 2a el
polarity complexcomponeni, shows anissensevent in exon 3coding for aalciumbinding EGHike
domairf2. Howeveran exchange of the two smallest amino acids p.159Gly>Ala may be considered to
be largely without an effectFor this gene, no connection in terms of disease or general regulation

could drawn.

Considering those variasbeing linked to gene represented in the MSM, two appegustbeing low
impact {ntronic; in CASkand MARK3. Even a medium impact, like the missense eventOBEN

(obscurin, does not imply a connection to the clinical seeting: OBSCN is related to muscular tissues

In a nutshell, these other candidates do not appear promising for further investigations. Accardingly
CCNK, CDH11, COL4A4, GRIP2, N@R@IQRXould not belinked to the SR phenomenon by public

knowledge.

In summary, his results in a list dive genesto be considered as being potentialipked to the SR
phenomenon:C3, CD86, P3H3, STUB1 and KISS1

42 hitps://www.ncbi.nlm.nih.gov/protein/NP_775960.4
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4.4 Conclusions

Skin rash occurrence or absence upon Cetuximab treatment is used as predictive phenotypic
biomarker, but still not understood in terms of the underlying molecular mechanisms. For some cases,
polymorphisms of EGFR have been described as beliegant, as binding affinity of the therapeutic

antibody might be negatively influencefdakaet al. 20140 ! £ 823 F2NJ CO' NBOSL
polymorphisms have been reported and suggested for lowering the efficaagtiliody-dependent
cellmediated cytotoxicity (ADC(Bibeauet al. 2009] Both conditions have been precluded for the

patients underlying this work.

However given data with 23 exome datasets was sparse, reasonetly just two available clinical
studies. The Cancer Genome Atlas (T€Gfortunately does not offer clinical information on the

skin toxicity grade. Hence, statistically a quite low sample size is opposed to a very high number of
variables, which ithis setting are the genomic variants. Consequently, just an exploratory analysis
was possible, lacking validation by dedBitkelet al. 2009] Also the imbalance criterion, assuming
bionomial distributions, appears simple, but should be regarded as pragmatic, providing basic statistic
grounds for primary selection of variants.drder to compensate, a clustering@oach on the gene

level was performed, taking into account the biological mechanisms of interest only and therefore
acting as a filter. Simultaneously, graphical interactive presentation supports hypothesis generation by
field experts, as the functionabntext is instantly visible. This method, implemented in Cytoscape, has
0SSY YyIYSR Wa2fSOdz I NJ {eadsSvya al LJQ 6a{av YR Aa
some technical shortcomings, the advantages of the MSM method could be demonstrdiiéidras
visualization and platform for graph algorithms. In contrast to initial considerations, no obvious

enrichment of detected gene variants could be detected in domains of the MSM (¢a80119).

Considering the central biomedical question, in this wfivk candidates overall could be named,
associated with findings andgvided with an hypothesis eac63, CD86, P3H3, STUB1 and KI3&il.
indicates them to beansiderable for further investigationéccordingo the depth of the developed
hypotheses, C3 an&3H3(Subsections4.3.1 and 4.3.8 respectively), appear most worth toe
reviewed. For thosethe respectivemechanistic mdels should be considereds working hypotheses

for future validation studies. These models include proteins being connected to either C3 or P3H3
according to literature and therefore offer several molecular targets to measure. As both models imply
balan@ shifts in regulation, quantitative experiments appear most supportive for determining the
background of discriminative skin rash phenotypes upon Cetuximab treatment on -demmd

perspective.

43 http://cancergenome.nih.qo
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For C3 (com@ubsectiord.3.1), major implications concern immune system mechanisms. The protein

is the regulative core element of the complement cascade, which is simultaneously, although
accounted for innate immunity, tight linked to adaptive immune systeme mechanisms.
Consequently, a range of immobiochemistry assays might help to quantify the reactivity of C3 and its

effects on complement cascade as well as Froelfiated antitumor activity.

For P3H3 (compuBsection4.3.8), also immune system effects should be considered to be measured,

odzii I OO2NRAYy3 (2 (GKS Syl eavysSQa LINE LR dBddasgaysTt dzSy O
should investigate on this yet hypothetical relation and its mechanistic role in hemidesmosome
assembly and disassembly. If upon EGFR inhibition measureable differences occur depending on the
P3H3 phenotype, other players of the proposed model (stggddases) might be interesting to

considered as additional targets.

In spite of everything, one has to consider the quite low number of individuals taken into account for
this work. Still, these are just eleven patients of the group of intereshésfaive), with limited quality

of the underlying NGS data. Hence, a targetedaquencing of the claimed loci in more patients of

both groups should be performed first for the sake of experimental validation. Therefore, for those
loci a chip layout would have be designed and applied on additional patients, of which some more

are listed in the CIOX and FIRE3 study. In contrast, referencing public datasets like TCGA for validation
appears difficult, as like stated above clinical information like survivabktame especially the skin rash

status are not available.

Coming back to the methodology, one candidate revealed a usability issue in the current
implementation of the MSM: Wile fourcandidateqC3, CD86, P3H3 and STUkzl)e been located in

the MSM,KISShas beermmissed its identification depends othe listof imbalanced candidatesnly.
Althoughthis gene offersan interesting hypothesist, was simply not contained in any of the broadly
selected pathways underlying thekin rash MSMHowever, it couldoe foundin the most recent

functional interaction list of Reactome.

This observation points out oreirrentdrawbackof the MSM while the calling of imbalanced variants
is completely automated, the generation of tharget map still includes a series afanual steps.
Consequently, the MSharticularlydeveloped for this work remained statgincethe point where
variants had been (serautomatically) mapped to itA higher degree of automation within the

Cytoscape environment is therefore necessary alatiped (comp. chaptes).

Summing up, the MSM principle appearsll applicable for closing the gap between highoughput
genomic data (e.g. exome sequencing) and domain experts in the course of explorative analysis. This

is primarely due to the biologlgased restriction to the relevant contextes, but also to the af a
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graphical representation in an interactive environment. Projecting higher degrees of automation, even
for noncomputer scientists the use caspecific adaption of the MSM principle appears easy:
choosing a formatted pathway database, picking thesats of interest, remove undesired nodes or
edges, and merge all networks to an MSM. As soon as the tasks can be reduced to these major points,
ommitting all norexporatory editing work in text files or the graphical workbench, any domain user is
capableof performing hypothesis generation beyond scrolling annotated variant call or gene lists.

Importantly, validation studies have to be considered.
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5. Outlook

Methodologically, the MSM implementation should be considered for improvements, especially in
terms of automation. The example of KISS1 demonstrated that the manual multistep generation of the
map from Reactome pathways may lead to update issues, as the integration of new knowledge is
comparably cumbersome. Information on functional interactions amvigled on an roughly annual
basisfWu et al.2014]} and a MSM generated once does not motivate to start the process from scratch
when such an update is released. The main reason is the necessity tttrélolstea columns on origin

to both the nodes and edges when iteratively merging the FI networks converted from Reactome
pathways. While the process repeated clicking and labeling is not sophisticated at all, it it both error
prone and annoying. In turn, ilhmakes it well suitable for a programmatic solution. Cytoscape comes
with a constantly growing application programming interface {ABho et al. 2015)), offering the
possibility for both automated data analysis and visualization workfltfwisy interconnecting

Cytoscape with Pythdh Jupyter notebook$ or RStudié'.

Although the capabilities and limitations remain subject to further evaluation, Python as a
programming language and Jupyter notebooks or RStudio amlkm interactive environments
predestines the whole approach for integration into Galgifganet al.2016] Galaxy isurrently the

most widely used workflow analready hosting the genomic variant calling workfliovthe given use

case. As data processing platform forarioushighthroughput data, & LISOA I f £ & FNRY G(GKS
alsothe mapping o (i K S NJda&tigew ihf@@atiorshould be considered to be mapped to the MSM.
Furthermore, selecting subsets oflyraph (i.e. genes of interest) may lead to continuative questions

on further data, e.g. from other studies or public resources. These could be seemlessly treated in
Galaxy, as the integrated interactive environments allow a backport of results. Forakee of
reproducibility and documentation, the grapklated analyses can be saved as a notebook, being part

2F DIFIfFIEE& 62N]Ft26 tA1S (KS (2 3ector2.dzdiSnuever sfichO2 YY 2y
advanced, noteboockased approaches might be primarely dedicated to computational biologists,

bioinformaticians or data scientists.

Alternatively, with Cytcscape.j$ a JavaScript implementation is available,owlhg for less
encapsulated, more straigbrward visualization of the MSMuitable for biologists or cliniciank

such settings, graplelated processing steps could be implemented as classical Galaxy workflows of

44 http://apps.cytoscape.org/apps/cyrest
45 https://www.python.org

48 http://jupyter.org

47 https://www.rstudio.com

48 http://js.cytoscape.org
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regular, configurable tools. In angse, the deeper integration and automation of the MSM principle
desires attention, as it also opens the principle to a broader community in afusedly way.
/| 2NNBaLRyRAy3It e AG 62dAd R FdzNIKSNI NBRdzOS GKS

scientist.

In terms of providing further biological information for hypothesis refinement an integrated
connection to literature knowledge appears desirable. In fact, in the course of this work, such
information had to be collected by browsing through portals likdN¥ed, GeneCards, dbSNP and
others. This included the generation of queries, checking aefssences and comprehending
information in various formats, including tables, figures and and full texts. Although this meets in parts
the biologists classical waf dealing with such information and several knowledge sources already
list particular evidences instead of just publication references, it appears time consuroingure,
PubMedfor exampleoffers the possibility for restricting queries fmdings inhuman experiments.
However a fully semantic searckngine like SCAIviéi[Younesiet al. 2012]would also allow more
precisefilters like pregnting publications with cancers of the gastrointestinal tract or skin, @&igo,
crossreading would be speeded up by clagmecific entity highlightingModeling such public
information again as networks (e.g. using the Biological Expression Lan@Efls comp. Slater
2014 offers chances for faster and deeper integration of knowledge as well as the identification of
burried links. Consequently, this coadd further supportfor hypothesis generation, as such networks

could be mterconnected with the MSM.

Scientifically, thdive candidates should be subject to deeper discussion with biomedical experts from
oncology, immunology, cell biology and related fields. Targetedeqriencing should be aimed,
starting with the identificaibn of suitable patients offering both biomaterial and clinical information

on treatment and adverse effects. If a relevant collective can be assembled, a chip design for the loci
of interest would have to be created, enabling deep sequencing e.g. ofuarink MiSeq platform.

From this, the developed workflow could be principallyused. Anyhow, variant calls from other
platform like lon Torrent PGM/Proton are also applicable, but might require appropriate setup of an

adequate workflow.

Generally, the M8 principle is assumed to have the potential to serve as helpful tool in biomedical
research for such settings where outcomes of untargeted approaches do not provide hypotheses for
further investigations. As the presented principle depends on genes oEsitée.g. those attributed

with called variants) and pathways being assembled to a functional interaction network in a usecase

specific manner, it is not restricted to a certain particular field in biomedical research. Currently, an

49 http://academia.scaiview.com/academia/
50 http://openbel.org
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MSM is being set up faa usecase in neurodegeneration (amyotrophic lateral sclerosis; ALS), where
prior analyses revealed a limited number of genes, for which mechanistic hypothesis on the mode of
action are lacking. The MSM principle is suggested to bring these genes inbadebfunctional

context. Nevertheless, the unvalidated status of the hypotheses generated in such way have to be

taken into account, claiming for further lab work.
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7. Appendix

Tab. A - BLAST results for finding prolyH8/droxylation motifs from collagens type | and Il in collagen XVII's sequence.
With GLPGPIGPPGaRI GIPGPIGPPGBE&Nng queries and the full amino acid sequence of collagen XVII being the subject
(database), in the latter eleven unique, although partly overlapping hits could detected with an expedtée <= 0.01.
Consequentlythe proline residues highlighted in red are supposed to by potential 3Hyp sites and target to a referring P3H,
presumably P3HZX ontext to the overall sequence depictecBox A.

Match score expect identities
Query 3 PGPIG PPGPR 12 27.8 bits(58) 2e-04 9/10
PGP GPPGPR

Shjct 1217 PGPPG PPGPR 1226

Query 2 IPGPIG PPGP 11 27.8 bits(58) 2e-04 9/10
IPGP G PPGP

Sbjct 1213 IPGPPG PPGP 1222

Query 1 GLPGPIG ~ PPG 10 26.5 bits(55) 6e-04 9/10
GLPGP G°PG

Sbhjct 885 GLPGPPG PPG 894
Sbjct 1146 GLPGPPG PPG 1155

Query 2 LPGPIG ~ PPGPR 12 26.1 bits(54) 9e-04 9/11
L GP G PPGPR

Shjct 855 LQGPPG PPGPR 865

Query 3 PGPIG  PPGP 11 25.7bits(53) 0.001 8/9
PGP GPPGP

Sbict 673 PGPQG ~ PPGP 681
Sbict 857 GPPG PPGPR 865
Sbict 862 PGPRG ~ PPGP 870
Sbjct 908 PGPPG  PPGP 916
Sbjct 995 PGPPG ~ PPGP 1003
Sbjct 1038 PGPPG  PPGP 1046
Query 3 PGPIG PPGP 11 24.4 bits(50) 0.004 8/9
PGP GPPGP
Sbjct 908 PGPPG  PPGP 916
Sbjct 995 PGPPG ~ PPGP 1003
Sbjct 1038 PGPPG  PPGP 1046
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Box AL - Protein sequence of collagen XV{krey = transmembrane domain, violet = recognition site for ADAM17, red =
NBO23ayAlA2y &AGS F2NJ / YH O06AGK 02fR W{Q YINJAYy3 BoSNAYS RS
dzy RSNI Ay SR adzoaSljdzsSyodSa Ay a@ibdylhatiendstterdzdy skitarty viayBBASTY(EoNb.

Al), with double underlining or additional character strike out indicating for two oreloeerlapping patterns, respectively.
Wt Qa YIFN] GKS LINE-hrgxGationR3typpdsiicns). B&Rehod lanid $idnairs 2accarding to

wSR

Giudiceet al. 1992 recognition sites according #iminaet al. 2007.

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441

MDVTKKNKRDGTEVTERIVTETVTTRLTSLPPKGGTSNGABKGGGSRLEKQSLTHG 60
SSGYINSTGSTRGHASTSSYRRAHSPASTLPNSPGSTFERKTHVTRHAYEGSSSGNSSPE0
YPRKEFASSSTRGRSQTRESEIRVRLQSASPSTRWTELDDVKRLLKGSRSASVSPTRNSS80
NTLPIPKKGTVETKIVTASSQSVSGTYDATILDANLPSHVWSSTLPAGSSMGTYHNNMTT 240
QSSSLLNTNAYSAGSVFENNMASCSPTLHPGLSTSSSVFGMQNNLAPSLTTLSHGTTT 300
TSTAYGVKKNMPQSPAAVNTGVSTSAACTTSVQSDDLLHKDCKFLILEKDNTPAKKEMEI360
LIMTKDSGKVFTASPASIAATSFSEDTLKKEKQAAYNADSGLKAEANGDLKTVSTKGKTT 420
TADIHSYGSSGGGGSGGGGGVGGAGGGPWGPAPAWCPC@BECCEINIWLLLLG 480

LEFGLIALA EEVRKLKARVDELERIRRSILPYGDSMDRIEKDRL GENEESEDEDEE 540
HSESEE /M FVRKKLMVEQEN BBSPGPKEDMESPCPKEDRGEPGTRGIPGRLGHPG600
PQGPKGQKGSVGDPGMEGPMGQRGREGPMGPRGEAGPPGSGEKGERGAAGEPGPHIERH

PGSVGPKGSSEEPQEPGR/GLQGLRGEVGLPGVKGDKGPMGPPGPKGDQGEKGPRGT20
TGEPGMRGLPGAVGEPGAKGAMGPAGPDGHQGPRGEQGLTGMPGIRGPPGPSGDPGHRG

TGPQGPQGLPGTPGRPGIKGEPGARGEEGSSMLTVBPPGPPGANMGPPGPPGAPGP 840
AGPAGLPGHEYLN.QSPRGRGRIG PGFSIPGPPGPRGPPGELPGPPEPGSFLSNS 900
ETFLSGRPGPPEPGIKGDQGPPGPRGHQGEQGLSES SSFGLNLGPPGPPGPQG 960
PKGDKGDPGVPGALGIPSGRSGSSSTMY \GPGPPEPGIPGSISSSGQEIQQYISE 1020

YMQSDSIRSYLEVQGPGPPEPGRTTITGETFDYSELASHVVSYLRTSGYGVSLFSS 1080
SISSEDILAVLQRDDVRQYLRQY BPREGPPGPPGASEGDGSLDYAELSSRILSYMSS 1140

SGIS| GEPGPPEPEIPGTSYEELLSLLRGSEFBIVGPPGPPGPPGIPGNVSSISVED 1200
LSSYLHTAGLSFPERRCPPCPPGIRGPPGVSGATYAAENSDSFRSELISYLTSPDVR 1260
SFIV GPPGPPGPQGPPGNS STDASHSRGSSSSSHSSSVRRGSSYSSSMBBBGS 1320
LGAGGAFGEAAGDRGPYGTDIGPGGEAEBEMYAGNGGLLGADFAGDLDYNELAVRY 1380
SESMQRQGLLQGMAY BRPGQPGPQGPPISFSAYSNVTADLMDFFQTYG /P 1440
GQKGEMGTPGPKGDRGPAGPPGHPGPPGPRGHKGENSAGEBRRRRSIAVKP 1497
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