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Abstract: Ovarian cancer is the seventh most common cancewoinen globally, with approximately 240,000

new cases annually. Although a rare disease tliteisnost lethal gynecologic malignancy. Unspedfimptoms
result in late diagnosis and a generally poor posgn However, ovarian cancer is a heterogenecseasi
comprising different disease entities, which isroportance in clinical decision-making as well asrésearch,
This thesis describes explorative approaches tsiigate the ovarian cancer heterogeneity in aftarg ovarian
cancer subset and in histopathological and molesulatypes of ovarian cancer.

In study I, a gene expression profile differentigtithe rare subgroup of Lynch syndrome-associatedian
cancer from a matched sporadic cohort was idedtifiehe Lynch syndrome-related expression profiles

associated with proliferation and cell death preessAn external dataset was used to refine the gepression

profile, but validation with immunohistochemicahsting of key proteins did not reveal any differeadetween
the hereditary and sporadic cases. A distinct etusf hereditary serous and endometrioid cancers seen,
whereas clear cell carcinomas (OCCCs) clusteredthieg, whether hereditary or sporadic. In studygine
expression profiling of OCCCs revealed extensiveritumor heterogeneity. Targeted deep sequendirgf g
cancer-related genes in an OCCC cohort revealepidre mutations of chromatin remodeling genes uiiog

mutations not previously reported in ovarian can€hese results remain to be validated.

Study Il outlined gene expression profiles in rgadint, borderline, and benign serous ovarian tuners-
defined molecular subtypes of ovarian cancer a$ aglintrinsic breast cancer subtypes were appbedur
cohort. Associations between the most aggressiagav cancer subtypes and the basal-like breasecanbtype
were identified. The results were validated usintarge, external dataset. Furthermore, associatietseen
borderline ovarian tumors and the luminal A breastcer subtype were discovered. The luminal A bremscer
subtype characterizes hormone receptor positivasbreancer. In study IV, we therefore outlined pinetein
expression of estrogen receptor (ERERB, the progesterone receptor (PR), and the andnegmptor (AR) as
well as the prognostic effect of receptor expressioserous and endometrioid ovarian cancer. Esmesf PR
and AR was associated with a favorable prognosid, @-expression of PR and AR conferred an additi
prognostic benefit. The mMRNA levels of the encodgenes were investigated in the molecular subtygde
ovarian cancer using an external dataset. The ssijprevaried between the different subtypes, bytnegnostic
benefit of dual higiPGRandAR levels were revealed.

In conclusion these studies further characterieeatvarian cancer heterogeneity, and support thatefovarian
cancer studies need to be stratified for both pattwlogic subtypes and molecular features
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Thesis at a glance

Study | Question Methods Results and implications

| Does gene expressign Expression profilin Lynch syndrome-associated
profiling differentiate | of 48 matched heredi ovarian cancer conferred a
between Lynch tary and sporadic distinct exprespgrofile, but
syndrome-associated ovarian cancers immunostainegs
and sporadic using FFPE tissue. inconclusive. €helts may
ovarian cancer? Immunostaining. be useful for fistudies.

Il Which molecular Expression profiling OCCCs harbored inter-tumor
events characterize of 67 ovarian cance heterogeneity. Deep sequencing.
ovarian clear cell including 15 OCCCEs| revealed involvement of
carcinomas DNA deep sequen- chromatin remodekmgsg
(OCCCs)? cing of 10 OCCCs. Validation is ongoing.

] Do clinically Gene expression Ovarian and breast cancer
relevant similarities profiling of 59 fresh subggpcorrelated well,
between gene frozen serous ovaria fi including eatboas
expression-based tumors. Applicatior I between owdraaderline
subtypes of ovarian of ovarian and breas H tumodd@aminal A
and breast cancer cancer molecular " breast cafft¢essmay
subtypes exist? subtypes. Validation ' potentialtidate

in an external dataset. endocrine treatment regpons
in subsets of ovarian cancers.

v Does hormone Immunohistochemi PR+ and AR+ expression was
receptor expression,| cal analysis of associattddavavorable
including two or ER, ERB, PR, and prognosis. Dual PR+/AR+
more receptors, AR in 118 serous an expressiofeced an
have a prognostic endometrioid ovariar * additiomagpostic benefit.
role in ovarian cancers. Analysis mRNA valuethefPGRand
cancer? of corresponding ARgenes varied between the

mRNA values in molecular subtypes, without
an external dataset. clear prognostic implication
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Summary in Swedish -
popularvetenskaplig sammanfattning
pa svenska

Varje ar drabbas cirka 700 kvinnor i Sverige avsiggkscancer. Det motsvarar
tva fulla X2000-tag. Bara ett av dessa tdg medtaggspatienter kommer att na
sitt mal - bot. Aggstockscancer ar en ovanlig sjukdoch risken att drabbas ar
liten (jamfort med t.ex. brostcancer, som fyllerlah@2 tag i Sverige), men
prognosen ar dyster. Farre an hélften av dem somidgnosen aggstockscancer
ar i livet fem ar senare. Fa eller diffusa sympteom inte uppenbart signalerar
allvarlig sjukdom, leder ofta till sen diagnos gidkslomen redan hunnit sprida sig.
Operation och cytostatika (cellgifter) botar en,deken majoriteten drabbas av
aterfall i sjukdomen inom tva ar.

Trots detta ar bilden inte nattsvart. Mycket tdfar att Aggstockscancer ar flera
liknande sjukdomar snarare an en enda. Det karaférkvarfor vissa patienter
botas, medan andra far aterfall. En del skillnadeellan de olika
aggstockscancerformerna ar valkanda, som histélagisbtyper (cellutseendet i
mikroskop), muterade (férandrade) gener samt gaffiormer av aggstockscancer.
Mutationer orsakar cancertumorer, men gor ocks®tema sarbara sa att de kan
behandlas med olika lakemedel. Forskningen kringstdgkscancer tar alltmer
hansyn till skillnaderna som beskrivs har, t.estudier pa nya lakemedel, men
manga fragor aterstar att I6sa. | den har avhageliringar fyra delarbeten som
studerar olika former av dggstockscancer och unlerdiur de kan behandlas.

| studie | anvandes metoden genexpressionsprofijefdr att analysera aktiva
(paslagna) gener i arftlig aggstockscancer koppilad_ynch syndrom. Lynch
syndrom medfor en Okad risk att drabbas av flerkaokancersjukdomar.
Genaktiviteten i 24 arftliga &aggstockstumorer skildsig markant fran
genaktiviteten i 24 icke-arftliga tumérer. Nar widerade genaktiviteten i de olika
histologiska subtyperna fann vi att genaktivitetérftlig &ggstockscancer av seros
och endometrioid histologisk typ skilde sig mycKein genaktiviteten i icke-
arftlig serés och endometrioid dggstockcancer. Amgscancer av klarcellstyp
hade daremot liknande genaktivitet vare sig denavtitig eller icke-arftlig. Vi
analyserade ocksa tre viktiga proteiner, p-mTORFE®ch PTEN, som kunde
kopplas till de arftliga tumdrerna. Proteinernadst@des med immunhistokemi
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(antikroppsfargning av proteinerna) i mikroskopotémuttrycket skilde sig dock
inte mellan de arftliga och de icke-arftliga tunie

Aggstockscancer av klarcellshistologi &r ovanlidh arytostatika har ofta délig

effekt. | studie Il genomforde vi genexpression§ifgong av 15 klarcellstumérer

och fann mycket varierande genaktivitet i tumdremtnats att de foreféll valdigt

lika i studie I. Tio klarcellstumérer analyseradkafor med en mutationsanalys
som kallas djupsekvensering. Vi noterade att figraer som ar inblandade i hur
cellernas arvsmassa (DNA) kontrolleras och |asesllaproteiner var muterade.

Generna kallas kromatinreglerande och flera av denkar vara kénsliga for olika
lakemedel. Dessa resultat behdver dock analyséeatigare.

Den vanligaste formen av aggstockscancer ar as $estologi och har likheter -
bl.a. speciella genmutationer - med aggressiv tadser som kallas basal-lik.
Indelning av cancerformer baserad pa bl.a. genion&t kallas molekylar
subtypning. Sadan indelning anvands ofta for bedster, men an sa lange sallan
for &ggstockscancer. | studie Il analyserades &@sa dggstockstumdorer med
genexpressionsprofilering och delades in i olikalekyléara subtyper, bade for
bréstcancer och for aggstockscancer. Vi jamfordaygerna och noterade likheter
mellan de aggressiva aggstockscancerformerna ochm dmsal-lika
brostcancergruppen. Vi fann ocksa likheter mellanf@m av aggstockstumor
som kallas borderline (som kan omvandlas till aggike aggstockscancer) och
hormonberoende brdstcancer. Detta bekraftades iamtiat, stdrre material
bestdende av 285 tumorer.

| studie IV studerade vi hormonreceptorer med imhistokemi i 118 sertsa och
endometrioida &ggstockstumdrer. Hormonreceptorer péteiner pa tumor-
cellernas yta och de styr bl.a. vilka gener sonrgites till vilka proteiner i cellen.
Receptorerna kan blockeras med s.k. antihormotitiemedel. Vi studerade tva
olika Ostrogenreceptorer (ERoch ERB), progesteronreceptorn (PR) samt
androgenreceptorn (AR). Fler av patienterna vamsdter hade manga PR eller
AR levde efter fem ar jamfort med dem som hadeRé&Her AR. De vars tumorer
som hade bade manga PR och manga AR hade annel jé@ttnos, vilket ar ett
helt nytt fynd. Darefter understktes hormonrecepmnerna i de olika molekylara
subtyperna av aggstockscancer i materialet med tAB8®rer. Genaktiviteten
varierade mellan subtyperna, men vi fann inga gydbevis for att hog aktivitet av
PR- och AR-generna kunde kopplas till en battrggpos. Resultaten i studie 11I-
IV kan tyda pa att antihormonella lakemedel mojtiggan vara effektiva mot vissa
former av aggstockscancer, men det behover studiglae.

Sammantaget visar de héar fyra studierna att debhd&d@vandigt att gruppera
aggstockscancer for att kunna ta hansyn till dtlinader, aven mellan tillsynes
liknande tumérer inom samma histologiska subtypt Kz gora det enklare att
identifiera vilka tumortyper som bor fa vilka beldiingar och 6ka sannolikheten
att bada tagen nar sitt mal — att fler kvinnor ragdstockscancer blir botade.
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Preface

Research is all about systematically asking thiet mgiestions in order to increase
knowledge. Or, as Mark Twain phrased it: “Suppostgood, but finding out is
better”. This is as valid in the lab, as in thenidj as in life in general. When
gardening,e.g, one of my main interests outside work, you do settle with
knowing where a plant grows to decide how to treand you definitely do not
treat all flowers the same way just because theyalirred. Historically, though,
that is how we have handled ovarian cancer (andyrodiver cancers as well) in
research and in clinical practice.

It has been known for a long time that ovarian eanodeed comprises several
disease entities. Recent evidence depicts the ityaifrovarian cancers as non-
ovarian originating and challenges old truths. Apaom the histopathologic

features of ovarian cancers, molecular analyses@reroutinely performed and

clinical trials stratify patients with the aim adentifying subgroups of patients
responding to new targeted treatments. Still, thougmor heterogeneity is a
major challenge. Hence, in order to manage the ¢petarogeneity among ovarian
cancers, ovarian cancer research needs to focdistinct questions.

This thesis describes an explorative approach toesof those questions. The
included studies investigate a rare cause of hargdbvarian cancer, distinct
histologic subsets, and prognostic markers. Wesasgene expression profiles in
Lynch syndrome-associated ovarian cancer, studyetigenalterations and
molecular subtypes in clear cell and serous ovatiaamcer, and determine the
prognostic role of sex steroid hormone receptorresgion in serous and
endometrioid ovarian cancer.

With an integrated view on ovarian cancer researocbnsidering origin,
histopathologic, molecular, and clinical featuresd predisposing factors, the
chance of classifying the different ovarian canaagectly increases and most
certainly will lead to better therapeutics and tifedation of treatment predictive
markers. Hence, resembling the botanic approachrenpeu assess thwhole
plant and its environment before you may decidetwba have in front of you.

“He who thus considers things in their first grow#imd origin...will obtain the
clearest view of them.” (Aristotle)

Lund, December 2015
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Background

General introduction

Ovarian cancer comprises two distinct tumor groepéthelial ovarian cancer that
arises in epithelial cells and accounts for appnately 90% of all ovarian cancer
cases, and non-epithelial ovarian cancer thatsafis@erminal cells and in sex
chord stromal cells and accounts for approximateélyo of all ovarian cancer.

Approximately 240,000 women globally, including sori@50 in Sweden, are
diagnosed with ovarian cancer annually, with andigicce peak in the age group
65-69 years [1, 2]. This makes ovarian cancer gwergth most common female
cancer type around the world [1].

The lifetime risk of developing ovarian cancer i#y01.3%, but it is the most
lethal gynecologic malignancy [3]. Unspecific sympis and the lack of specific
biomarkers result in late diagnosis, rendering iavarcancer the unflattering
reputation of being a silent killer. In Europe, dea and fallopian tube cancer
account for 4.1% of all female cancer diagnoses5bf% of all female cancer
deaths. This is to be compared watly. breast cancer that in Europe accounts for
28.6% of female cancers and 16.9% of the femalearadeaths. However, the
age-adjusted incidence of developing ovarian canveeles greatly around the
world, with the highest incidence seen in Europleerg ovarian cancer is the 6th
most common female cancer, compared with easteia WBere it is the 10th
most common female cancer [1]. These differences mobably related to
environmental and lifestyle factors as well as iragygenetic predisposition.

The relative 5-year survival of epithelial ovarieancer is 46%. However, long-
term survival is closely associated with tumor etamd ranges from >80% in
stage | (tumor localized to the ovaries/fallopiabds) to 35% in stage IIl (tumor
spread to the peritoneum outside of the pelvis) [3]

To date there is no evidence that systematic sicrgai women without family
history or without hereditary, disease-predisposingtations leads to earlier
diagnosis or reduces the overall or ovarian caspecific mortality [4-6]. Thus,
population-based screening is not recommended.[Readithe by far largest trial,
the UK Collaborative Trial of Ovarian Cancer Sciegn(UKCTOCS), including
>200,000 women are however awaited late 2015.
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Women with an increased risk of developing ovaancer ie. family history
and/or verified disease-predisposing mutations) aseommended regular
gynecological examinations and/or prophylactic stygbut whether screening
with transvaginal ultrasound and CA125 for thishhrgsk group is useful needs to
be further explored [7, 8].

Histopathology

This thesis specifically studies epithelial ovar@ancer. From here on the terms
ovarian cancer and epithelial ovarian cancer aeel igterchangeably and refer to
epithelial ovarian cancer.

Epithelial ovarian cancer is a heterogeneous diseesnsisting of five major
histopathologic subtypes according to the WHO 20tbésification; high-grade
serous ovarian carcinomas (HGSOCs), endometrioidintanas, ovarian clear
cell carcinomas (OCCCs), mucinous carcinomas, amdgrade serous ovarian
carcinomas (LGSOCs) [9]. Other histopathologic gpés are present at lower
incidences but are not outlined in this thesis.ripd@s of histological subtypes of
ovarian cancer are shown in Figure 1.

Figure 1. Photomicrographs of histological subtypes of amigancer. A. High-grade serous
ovarian cancer. B. Endometrioid ovarian cancer. CaiQiell ovarian cancer. D. Mucinous ovarian
cancer. Published with permission from Anna MasbBapartment of Clinical Pathology, Skane
University Hospital, Lund

12



High-grade serous carcinomas

HGSOC is the most common ovarian cancer subtypmuating for 70% of all
epithelial ovarian cancers [10]. The mean age agrdisis is 63 years [9]. These
tumors are characterized by a high degree of genimsiability and >95% harbor
mutations in the tumor suppressor gene Tumor pr&ai(TP53. Amplifications
of the oncogeneRIK3CA AKT, NOTCH3 andCCNE1lare also common [11].
Clinically, HGSOCs are often advanced at diagnosit) bilateral tumors with
both solid and papillary growth patterns. Microscafly, necrosis and numerous
mitoses are frequently seen. Immunohistochemid4C)Inuclear expression of
WT1 and p53 can be used for diagnosis [9]. This awrtype is highly
proliferating, making it aggressive but also gehgrsensitive to chemotherapy.
Despite the often remarkable initial response tenuttherapy, the prognosis for
advanced HGSOCs is generally poor, with <50% ofpthients alive 5 years after
diagnosis.

HGSOC is the most common ovarian cancer subtypengmeomen with
hereditary mutations in the breast cancer genely, easet 1 and 2BRCAland
BRCA32, which are part of the homologous recombinatiepair system needed
for repair of DNA double strand breaks. Severaleotpossible homologous
recombination repair defects (HRDs) can occur, duede are indications that as
many as 50% of all HGSOCs harbor HRDs in some Wéays is outlined in
Figure 2.

As outlined in the Other targeted treatments sectitRDs and especialBRCAL
and BRCA2 mutations are important for a relatively new taegetherapeutic
regimen for ovarian cancer inhibiting the poly-(AliBose)-polymerase (PARP).

According to the WHO 2014 classification, HGSOC an@SOC should be
viewed as different tumor types and not just tumeith varying differentiation
grade which the previous three-tiered grading systedicated. HGSOCs
correspond to serous carcinomas classified as geade 3 in previous WHO
classifications [9, 12, 13].

Low-grade serous carcinomas

LGSOCs account for <5% of all ovarian cancers aadehonly recently been
identified as a distinct subtype of ovarian carj@efl0]. LGSOCs are diagnosed at
a significantly lower age, mean 42 years, compawil HGSOCs [14]. Like
HGSOCs, the LGSOCs often present with bilateralonsmvith a papillary growth
pattern. Calcifications and psammoma bodies aguéet. Borderline tumors are
often found adjacent to LGSOCs. Approximately twoes of all LGSOCs harbor
mutations inKRAS BRAF, or ERBB2 whereasTP53 mutations are rare [15]. In

13



general, long-term survival for LGSOCs even in ambel stages is favorable,
with a median survival of >6 years compared withyears for HGSOCs [15, 16].

LGSOCs correspond to serous carcinomas previolesbgitied as grade 1 [9, 12,
13].

I srea germiine (9%) [llBRCAL or BRCA2 methylation (10%) e
BRCAL somatic (4%) [ PTEN loss % | Homologous recombination

BRCA2 germline (6%) . Other mutations causing HRD (11%) repair deficient (49%)
BRCA2 somatic (3%)

CCNE1 amplification (18%) Homologous recombination
MMEmyiations  [28) repair proficient (51%)
Other mutations (31%)

Figure 2. Overview of homologous recombination repair deféctHGSOCSs. Figure adapted from
[17].

Endometrioid carcinomas

Tumors of endometrioid histology account for appmately 10% of all ovarian
cancers [10]. Endometrioid tumors are often assetiavith endometriosis (see
Other risk factors). Some 15-20% of the patiens® gdresent with synchronous
endometrial cancer. The mean age at diagnosis y&&&. Endometrioid ovarian
cancers are more often than HGSOCs confined tootregies at diagnosis.
Macroscopically, the tumors appear smooth on théside with a solid,
hemorrhagic, or necrotic inside. The microscopwgh pattern is glandular and
30-50% of endometrioid ovarian cancers display sgues differentiation [9]. The
mutation spectra differ between low- and high-graefedometrioid ovarian
cancers. The former group may harbor mutatior@TNNB1 PIK3CA PTENand
ARID1A whereas the latter group resembles HGSOCs watijuént mutations in
TP53[18, 19]. Hereditary defects in mismatch rep&tMR) genes, associated
with Lynch syndrome (see the Hereditary ovarian ceansection) are
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overrepresented. The prognosis for advanced, higtlegendometrioid carcinomas
resembles that of HGSOCs with a poor 5-year sukviwdereas low- and
intermediate-grade endometrioid carcinomas geryenalle a favorable prognosis.

According to the International Federation of Gyrleg Oncology (FIGO)

recommendations, histological grading of endomigtricovarian cancers
corresponds to the grading of endometrioid utedaecers with grade 1 (well
differentiated), grade 2 (moderately differentiatecind grade 3 (poorly
differentiated) [9, 20]. Due to the worse prognp&iEs0O grade 3 is considered
“high-grade” and FIGO grade 1-2 is considered “igrade”.

Ovarian clear cell carcinomas

OCCCs share many molecular features with well difitiated endometrioid
ovarian cancers and account for 5-10% of all ovaancer in Europe and
Northern America and as many as 25% in Asia, eafdgcn Japan [10, 18, 21].
OCCCs are associated wiliMR defects and this ovarian cancer subset is
overrepresented in Lynch syndrome. OCCCs are afitdlateral and confined to
the ovary at diagnosis. Microscopically, these ttgrghow a clear, glycogen rich
cytoplasm, from which the name clear cell is dativEhe nucleus is central and
often hyperchromatic (so called hob nail cells). [Bfore than 70% of OCCCs
have been reported to be associated with endorsistriéctivating mutations in
PIK3CA and inactivating mutations iRTEN and especiallARID1Aare frequent
[18, 22, 23]. Napsin A and HNB1may be helpful diagnostic IHC markers [24,
25]. Although the majority of OCCCs are diagnosedearly stages the overall
prognosis is worse than for the other subtypes 226, Apart from the tumors
being low proliferative and thyser seless responsive to chemotherapy, the poor
prognosis may also be due to a higher degree wigpyi chemotherapy resistance
[28]. OCCCs are not histologically graded.

Mucinous carcinomas

Mucinous carcinomas make up 3-4% of all ovarianceas [10]. These tumors
often present as large, unilateral adnexal masseeciated with borderline
tumors. Microscopically, mucinous carcinomas shogomplex glandular growth
pattern, sometimes cribriform, and may appear iabylike with many mitoses.
Mucinous metastases from the gastrointestinal taaetrelatively common and
represent a differential diagnosis in cases withtdial mucinous ovarian tumors
[9]. KRASand ERBB2 mutations occur in 40% and 20% of mucinous ovarian
carcinomas respectively. Mucinous ovarian carcirorage not histologically
graded.
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Borderline tumors

Borderline tumors constitute a subgroup of epitiiéivarian cancer, comprising
ovarian tumors that morphologically appear to beétween benign cystadenomas
and malignant adenocarcinomas (hence the name €bm&’). The
morphological features display an atypical, proéifere epithelium. The majority
of borderline tumors are serous (55%), followed rbycinous (30-50% of all
borderline tumors). Endometrioid and clear celldeoline tumors are rare (4%
and 1% respectively). There is little evidence taiderline tumors other than the
serous subset actually spread or affect survivdl [he prognosis of a
metastasized serous borderline ovarian tumor igdéter than the prognosis of a
metastasized serous ovarian adenocarcinoma, andetioeis borderline extra-
ovarian extensions are therefore called implartserathan metastases [29]. The
implants can be sub-divided into non-invasive amebsive implants, and this
classification impacts prognosis [29, 30]. Nowadagsous invasive implants are
classified as LGSOCs [9]. There is no resemblaretevden serous borderline
tumors and HGSOCs [12].

Carcinomas of the fallopian tube and the peritoneum

Epithelial tumors of the fallopian tube and theifpmeum are predominantly of
serous histology and resemble their ovarian copatetHGSOC. Both fallopian
tube and primary peritoneal carcinomas frequerdlypbr TP53 mutations and are
associated with germlinBRCAland BRCA2mutations. Diagnosis of a primary
peritoneal cancer requires minimal or no tumor inement of the fallopian tubes
or the ovaries. The diagnosis fallopian tube camtia is more complex.
Historically, the diagnosis ovarian cancer has hesd when tumor was present
in the ovary regardless of the amount of tumoihim fallopian tube, but a change
in praxis is under way. When serous tubal intrdweiial carcinomas (STICsj.e.
small, early carcinomas found in the fallopian taipel fimbriae, are detected, the
diagnosis fallopian tube cancer is often preferBath fallopian tube and primary
peritoneal carcinomas are staged, graded anddriledeovarian cancers [9].

Ovarian cancer carcinogenesis

Despite numerous efforts to outline the moleculaengs that drive ovarian
carcinogenesis, no linear progression model sudhatsdescribed in colorectal
cancer has been defined [31]. It has, logicallyrbthought that the origin was
ovarian. Tumors within the ovary have been thougldrise from inclusion cysts
with ovarian surface epithelium that have undergometaplasia. Thereby, the
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tumors have developed as miillerian like serousomettioid, or clear cell
ovarian tumors, rather than expressing mesothfgdatres like the ovary itself
[32].

In the absence of defined precursors, ovarian carftave been said to aride
novo [33]. This theory was challenged in 2004 when lmd/Shih and Robert J.
Kurman proposed a dualistic model of ovarian camdevelopment, dividing
ovarian cancers into type | and type Il tumors. &ypumors were proposed to be
slowly proliferating from benign adenomas and adibnomas via borderline
tumors to low-grade tumors, and type Il tumors abpevolving to high-grade,
aggressive tumors. LGSOC represents the prototype| tumor and HGSOC the
prototypic type Il tumor [32]. The theory was mal&arly and genetically robust,
and was supported by several reports during thiewiolg years. STICs, for
example, were detected and could be associated lwath serous peritoneal
cancers and as many as 70% of all sporadic ovadaaoers [34-36]. This was in
line with previous findings of hyperplastic changestubal epithelium from
BRCAlandBRCA2mutation carriers who had undergone prophylaclpisgo-
oophorectomies [37]. Furthermore, a limited genpression study revealed that
the expression profile of serous ovarian canceesnim HGSOCSs) resembled that
of the fallopian tube rather than that of the caarsurface epithelium. Likewise,
endometrioid and clear cell cancers displayed gempeession profiles resembling
profiles derived from the endometrium, and expmssprofiles of mucinous
cancers resembled the normal colon epithelium [38]paradigm shift had
occurred and the fallopian tube was proposed toesemt the origin of serous
cancers [39]. The anatomical proximity of the fimaler of the fallopian tube and
the ovary allows for cell drop (@&.g.ovulation) or simply overgrowth from the
fimbriae to the ovary, leading back to the theofyoearian inclusion cysts but
proposing another cell origin. This is further sofpd by the fallopian tube being
of mullerian embryological origin.

The dualistic model has been refined during themegears [12, 40]. Based on the
histologic presentation and the genetic changedglifferent ovarian cancers
LGSOCs, low-grade endometrioid cancers, OCCCs, randinous cancers are
referred to as type |, all with a proposed sucwesprogression from benign via
intermediate precursors. The LGSOC precursor pigbalises in the ovary,
whereas endometrioid ovarian cancers and OCCCghangght to arise from
endometriosis. Th&KRASand BRAF mutations found in LGSOCs and mucinous
cancers as well as theTEN and CTNNB1 mutations found in endometrioid
cancers have also been revealed in their respeptieeursors [32]. The exact
origin of mucinous ovarian cancer remains to beidhated.

HGSOCs and high-grade endometrioid ovarian carmerseferred to as type |
tumors. These tumors rapidly progress into high@igrassive cancers [40].
HGSOCs are thought to originate in the fallopiapetuType | tumors account for
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25% and type Il tumors for 75% of all ovarian cascd.2]. An overview of the
dualistic type | and type Il model is outlined ilg&re 3.

High-grade serous
carcinoma

Benign cystadenoma Serous borderline Low-grade serous
tumor carcinoma

Figure 3. Schematic view of the ovarian cancer pathogemesggel. The top row outlines the so
called type Il tumors, originating from STICs in tfadlopian tube. The left photomicrograph shows
proliferative, irregular intraepithelial carcinoroalls in the left corner. The right picture shows a
infiltrating mass of high-grade carcinoma cellsrkdaurple).

The bottom row outlines the typ | tumor propagatithe left picture shows an inclusion cyst, the
borderline (middle) picture shows a papillary growwattern with atypical, but not invasive, cells
(dark purple). The right picture shows infiltratjigw-grade carcinoma cells (dark pink).
Photomicrographs are published with permission floama Masbéack, Department of Clinical
Pathology, Skane University Hospital, Lund.

Although the dualistic model referred to here ighaoretical, but thoroughly
reinforced, explanation model it is important iratthit may provide part of the
explanation for why screening for ovarian cances hat been successful. If the
precursor is not ovariae,g. HGSOCs will be hard to prevent or detect earlynvhe
focusing on the ovaries. Furthermore, this modeledimes that ovarian cancer
should be regarded as different diseases or at ésadifferent disease entities,
which is of importance when deciding which tissyetto use as reference tissue
for comparison and also for stratification in otial trials.
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Molecular subtypes of ovarian cancer

The purpose with tumor subtyping is to create ification for comparisoni.e.
simply to compare like with like. This is routinetione using histopathological
subtyping, which has evident clinical implicatiofer treatment decisions and
prognosis. During the latest 15 years gene exmedsised molecular subtyping
of tumors has evolved, starting off with the ingimbreast cancer subtypes being
proposed in the year 2000 and being followed byemdhr subtyping of other
tumor types such as bladder cancer and melanomd3yTThe Cancer Genome
Atlas Research Network (TCGA) has published sevstatlies attempting to
decipher the molecular basis for cancer [44-46kebiise, the large amount of
publicly available data within the TCGA, with tumeamples and normal tissue
from 11,000 patients with >30 different cancer gydeelp facilitate the analysis of
tumors and validation of results, especially wheorking with relatively rare
cancer forms like ovarian cancer (http://cancergenaih.gov.).

Gene expression analyses have been used to asffessndes between the
histopathological subtypes of ovarian cancer, émidly similarities with proposed
tissues of origin, and to characterize differenbesveen ovarian tumors with
different malignant potential [38, 47-51]. Thesedits support the dualistic type |
and type Il pathogenesis model [32]. Efforts halso &een made to use gene
expression analyses for prognostication, outlinprgfiles of early stage vs.
advanced stage disease, short-term vs. long-termvivets as well as
chemotherapy responders [52-57].

In 2008, David Bowtell's group outlined molecularbsypes of ovarian cancer
using 285 tumors, primarily HGSOCs, fallopian tulaed primary peritoneal

cancers, but also LGSOCs, endometrioid cancerssarals borderline ovarian
tumors [58]. Six novel subtypes, called C1-C6, eaakth a specific gene

expression profile, were reported. C1, C2, C4, @xdrepresented high-grade
serous and some high-grade endometrioid canceesCBhand C6 profiles were
even more distinct, in line with these subtypessigiimg of borderline and some
LGSOCs (C3) and low-grade endometrioid cancers .(T@e subtypes were
further characterized and the C1 subtype was asocwith a high expression of
stroma genes and desmoplasia, whereas C5 wasadesowith high expression of
proliferation genes and upregulation of Wnt sigmaliC2 and C4 both showed
high expression of immune response genes, butréiffan terms of stroma gene
expression. In terms of survival, the Cl1 expressmnfile had the worst

prognosis, followed by C5, whereas C3 and C6, hibyic conferred a favorable
prognosis [58].

In 2011 the TCGA revised these molecular profilssng only HGSOCs and
established refined signature names referred to“rassenchymal” (C1),
“proliferative” (C5), “immunoreactive” (C2), and Ifferentiated” (C4).
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Surprisingly though, the prognostic effect of thibtypes could not be replicated
in the TCGA dataset [11]. Despite this, moleculanfiing of ovarian cancer,
primarily HGSOC, has continued to gain interestmpeting subtypes based on
different histopathologic subtypes of ovarian care also been proposed [59].
The HGSOC gene expression profiles have been furthésed, but kept their
TCGA-assigned names. The prognostic differencese hbgen successfully
replicated, and the use of molecular subtyping fi@atment prediction is
suggested although not proven [54, 60, 61]. It khalso be pointed out, that so
far an overlap has been noted between the suggesifigs within the different
studies. Thus, no ideal “classifier” exists to dakbe use of molecular ovarian
cancer subtypes in the clinical practice certaimdgds further investigations, but
underlines the heterogeneity of ovarian cancernewvithin an already defined
subgroup like HGSOCs, and is relevant to keep imdnfor future studies.

Hereditary ovarian cancer

Genetic susceptibility represents the strongektfastor for ovarian cancer. Of all
ovarian cancers, 10-15% are estimated to be hargd@&2, 63]. The contributions
of inheritable mutations to ovarian cancer areinedl in Figure 4. The major
contributors to hereditary ovarian cancer BRCAland BRCA2mutations and
mutations in theMMR genes associated with Lynch syndrome [64-66]. kuria
in theBRCA1 BRCAZ andMMR genes have a high penetrarioe,confer a high
risk of developing cancer. Other hereditary mutatiassociated with an increased
risk of ovarian cancer ar€P53 (Li Fraumeni syndrome)CHEK2 and RAD51
[67, 68]. Low penetrance mutations may be due toglsi nucleotide
polymorphisms (SNPs); common amino acid changeghéncoding sequence
which may be disease-predisposing and which mayiafiience the penetrance
of cancers associated withg. BRCAland BRCA2 mutations [62, 69-71]. So
called site-specific ovarian cancer also exists asdrepresented by an
accumulation of ovarian cancer but no other cacases in the family. No defined
mutations have been linked to this syndrome.
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[ 8rca- and BRCA2-associated 10%
Lynch syndrome-associated 2-4%

Site specific ovarian cancer 2%
Other hereditary causes 1-2%
Sporadic ovarian cancer 80-85%

Figure 4. Overview of hereditary causes and their contrdmgito ovarian cancer.

BRCAZ, BRCA2, and Lynch syndrome-associated ovarian cancersulined in
this section. Mutations iBRCAlandBRCAZ2cause approximately 65-85% of all
hereditary ovarian cancers whereas 10-15% of theditary cases are linked to
Lynch syndrome [66, 72, 73]. Hereditary causes lshbe suspected if

« the age at diagnosis is <40 years

e the patient or a relative has been diagnosed with bvarian and breast
cancer

* there are several cases of ovarian and breast rcéespecially breast
cancer diagnosed <40 years of age and/or bilabeegist cancer) in the
family

« there are cases of male breast cancer in the family

« the patient or a relative has been diagnosed wdith lovarian and/or
endometrial or colorectal cancer

» there are several cases of colorectal and end@hedncer in the family

Then the patient should be referred to oncogeregtimseling. In Sweden this
means risk assessment and possibly mutation testiagnutation is verified, the
patient is offered further education and advicerdung prophylactic surgery.

On average, the lifetime risk for a woman to depajwarian cancer when she has
one first degree relative (parent or sibling) watvarian cancer is approximately
5% and when two first degree relatives are affetitedrisk is approximately 7%.
The risk is generally higher before 50 years of ape thereafter gradually
declines [62].

21



BRCA1- and BRCAZ2-associated ovarian cancer

The BRCAL and BRCA2 genes were identified in the early 1990's and were
associated with hereditary breast and ovarian ca(id80OC). BRCAL was
mapped to chromosome 17921 eéBRCA2to chromosome 13ql2 [74-76]. The
presence of families with an accumulation of brezsicer had, however, been
recognized for a long time and was first describgdhe French physician Paul
Broca in the mid 1800’s, though it took more th&® Years before the precise
molecular events were discovered [62].

The BRCAL and BRCAZ2 genes are large, complex tumor suppressor genes.
Mutations in these genes are inherited in an aotesadominant way. As
previously described BRCAT and BRCA2mutated cells have a defective
homologous recombination repair system, resultingn impaired ability to repair
double strand DNA breaks. This increases the stibdép to other DNA
damaging events, resulting in an increased cameguéncy. It does however also
make them sensitive to PARP inhibitors (see Othigyeted therapies).

Hereditary ovarian cancer associated VBRRCALis more common thaBRCA2
and the clinical presentation also differs. Thetiifie risk of developing ovarian
cancer for B8RCA1mutation carrier is 40-50% (70-80% risk of brezestcer) and
the mean age at diagnosis is lower than for sporaerian cancer; 50-55 years
[77]. There is also an increased risk of falloptabe and primary peritoneal
cancer [37]. For BRCA2mutation carrier the lifetime risk of developingasian
cancer is 15-25% (40-50% risk of breast cancer)thadnean age at diagnosis is
somewhat higher, 55-56 yearBRCA2 mutations are also associated with
pancreatic cancer, as well as male breast candgsrastate cancer [76-79].

Histologically, BRCAT and BRCAZ2associated ovarian cancer cannot be
distinguished from sporadic ovarian cancer. HGS®®é& most common subtype
and approximately 20% of all HGSOCs have been tegao harbor germline
mutations in BRCA1 and BRCA2 However, BRCAl and BRCA2associated
ovarian cancers tend to respond better to platibased chemotherapy both as
first line treatment and as repeated treatmenelapse compared with sporadic
ovarian cancers [80].

Hundreds of different mutations in tH®RCA1 and BRCA2 genes have been
identified, but a few mutations account for the oni&y of all germline variants
identified [62]. Among them are several founder ations,i.e. specific mutations
with a high frequency in a defined population groUpree specific founder
mutations (185delAG and 5382insC BRCAl and 6174delT inBRCAJ are
identified in 2% of Ashkenazi Jews, and strong fiemmutations have been
identified also in the Nordic countries [62, 81hiJ is important for identifying
mutation carriers. The most commBRCAlandBRCA2mutations are nonsense
(resulting in truncated, non-functioning proteinahd frameshift deletions
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(resulting in changed proteins with altered or mactions). Among the other
mutations aree.g. missense mutations, which may not necessarily ibease-
predisposing.

Some 40% of all patients with germlireRCA1or BRCA2 mutations have no
family history of breast and/or ovarian cancer, apdo 25% of all HGSOCs may
harbor either germline or somatic mutations inBRCAlandBRCA2genes [11,
80, 82]. These latter mutations are not inherited,e.g. somatic inactivation of
BRCAlor BRCAZ2identifies ovarian cancers that respond to PARi#itors. This
may also be valid for noBRCA1/2HRDs. Hence the guidelines for identifying
patients who should be offered genetic counseleggdrto be modified. In a near
future we will hopefully be able to offer genetiesting forBRCAland BRCA2
mutations to all women diagnosed with HGSOC, relgasdof family history.

Lynch syndrome-associated ovarian cancer

Lynch syndrome, formerly referred to as hereditagn-polyposis colorectal

cancer (HNPCC) was first described in the early 01€0by the American

physician Aldred Warthin, who identified a link faten hereditable

gastrointestinal cancer and endometrial cancer. [B8wever, just like for

BRCA® andBRCAZ2associated cancers it took several decades betprtesence

of this cancer syndrome was confirmed and thorgudiekcribed [84, 85]. In the
early 1990’ Lynch syndrome-associated cancers \weked to mutations in the

DNA MMR genes mutL homolog 1MLH1, chromosome 3p21-23), mutS
homolog 2 MSH2 chromosome 2p21-22), mutS homologi5HG chromosome

2p16), and postmeiotic segregation increadeN32 chromosome 7p22) [86-89].
The term homolog refers to the genes as being legoabk to the genes first
discovered irE.Coli [90].

MMR proteins encoded by the above mentioned gereesecessary for repair of
single strand DNA breaks induced during replicati®l]. Gene complexes
formed byMSH2/MSH3(MutSa) andMSH2/MSHG6(MutSB) interact with a MutL
complex, among which the one constitutedMiyH1/PMS2(MutLa) is the most
common. Together these complexes scan the DNA€lication errors, excise
the nucleotides that are incorrect (mismatched)rasghthesize the DNA [92, 93].

Across the genome there are several so called saitmltites, short DNA

sequences (1-6 base pairs) that are frequenthategeThe microsatellites are
involved in regulation of gene transcription. Thaye prone to errors in MMR
since the polymerase involved in replacement obrirect nucleotides has a
tendency to “slip” on these repetitive sequencéss Tesults in variable lengths of
the microsatellites, referred to as microsateitistability (MSI), which constitutes

a hallmark of Lynch syndrome [67, 92].
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Heterozygou®IMR mutations are inherited in an autosomal, domipattern and
are associated with a high risk of colorectal ces\ceence the previous term
HNPCC. Lynch syndrome is responsible for approxatyab% of all colorectal
cancers, but the lifetime risk of developing cotmad cancer foMMR mutation
carriers is 80% [94]. A range of tumor types arsoamted with Lynch syndrome,
such as ovarian cancer, endometrial cancer, uraklencer, brain tumors, and
skin tumors, and nowadays the name Lynch syndremeeferred [95]. More than
half of the women withtMMR gene mutations will present with a gynecologic
cancer as the first (“sentinel”) cancer [96]. Thare also indications that the risk
of developing endometrial cancer is higher thanrtble of colorectal cancer for
femaleMMR mutation carriers, with a cumulative endometriaheer risk of 40-
60% [97, 98].

For femaleMMR gene mutation carriers the lifetime risk of deyéhgy ovarian
cancer is approximately 6-12% [95]. The age atrmbats is substantially younger
than for sporadic ovarian cancer, <50 years of agd,the majority of tumors are
low stage and low-grade [99-102]. Furthermore, lyrgyndrome-associated
ovarian cancers are often endometrioid, clear oellmucinous, compared to the
most common serous histology among sporadic BRLCALT and BRCA2
associated ovarian cancers [103, 104]. The progrissgenerally favorable; a
retrospective multi-center study with longtime ¢oll up data has reported
approximately 65% 10-year survival for serous aarcancers linked to Lynch
syndrome and >80% 10-year survival for non-seraasian cancers [104]. More
than 20% of Lynch syndrome-associated ovarian cane#so present with
synchronous endometrial cancers [99]

MLH1 and MSH2 mutations make up >90% ardSH6 and PMS2 mutations
account for 7-10% of all mutations associated Wwighch syndrome. The clinical
presentation of the tumors associated with theedsge genes differs somewhat,
with MSH2 and MSH6 mutations conferring a higher risk of ovarian aanihan
mutations inMLH1. The age at diagnosis is also lower for ovariancees
associated with mutations MSH2thanMLH1 [66].

The Amsterdam Il criteria and the Bethesda guidslinan be used as guides to
select patients for whom MMR testing is indicateghart from the general
guidelines regarding identification of patients lwipotential hereditary ovarian
cancer outlined at the introduction of this sectid®5, 106]. However, no
guidelines are perfect. Therefore, routifR gene testing for all colorectal
cancers and endometrial cancers diagnosed beforear of age would probably
be beneficial [107]. For identification of Lynchrsyrome carriers either an MSI
analysis (performed on tumor tissue or blood sas)mead/or MMR IHC staining
can be performed. In Sweden, the method of ch@ddMR IHC, which has a
sensitivity of 90-95% and a specificity of 98-100focolon cancer tissue [108].
The MMR proteins function as heterodimers (as @ pheviously described gene
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complexes), withMLH1 mutated tumors mostly showing concomitant loss of
MLH1 and PMS2 whereddSH2mutated tumors show loss of MSH2 and MSH6.

Surveillance and prophylactic intervention in heredtary cases

The lack of efficient screening methods for ovargancer implies that there is no
truly effective way of identifying early stage oiaar cancers in mutation carriers.
Two Dutch studies including women at high risk efdditary ovarian cancer have
reported advanced stage ovarian cancers desputaregreening visits as well as
a disappointingly low sensitivity for both pelvixaminations and transvaginal
ultrasound [109, 110]. In the absence of bettervesllance, the International
Gynecologic Cancer Society recommends that heaBRCALl and BRCA2
mutation carriers should undergo regular gynecchligi examinations
(wwwe.igcs.org/). As in the general population, thee of oral contraceptives
reduces the risk of ovarian cancer (see Other fa&tors) [111-113].
Epidemiological studies have reported a slight ease in breast cancer risk
among oral contraceptive users, but the risk iy weodest and thBRCAland
BRCA2mutationsper seconfer a considerably higher risk [114-116]. Hoagv
the best intervention to prevent ovarian cancdiléeral salpingo-oophorectomy
(SOEB) once childbearing is completed (but prefigréefore 40 years of age),
which decreases the ovarian cancer specific mtyrtalth approximately 80% and
has also been reported to decrease the risk o$tbcaacer with as much as 50%
[117-119].

Taking into account the pathogenesis model withetypand type Il tumors,
prophylactic salpingectomyi.¢. leaving the ovaries) would potentially be
sufficient to prevent fallopian tube/ovarian canceBRCAlandBRCA2mutation
carriers [120]. Risk-reducing salpingectomy, thaudbes not reduce the risk of
breast cancer since the ovaries are not removegleVidence of a reduced breast
cancer risk after prophylactic SOEB has howeveemtdg been questioned and
may support that salpingectomy is sufficient, astdorBRCAlmutation carriers,
but the data are insufficient to recommend onlypisglectomy before the proven
SOEB [121-124].

For women withMMR gene mutations, annual gynecological examinations,
including transvaginal ultrasound to assess thekiieiss of the endometrium and
endometrial biopsies if indicated, are recommentatthe scientific evidence for
these yearly follow-up procedures is scarce [1®Pfpphylactic hysterectomy,
though, is recommended after completed childbeddifg].
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Other risk factors

Apart from hereditary causes, other risk factons developing ovarian cancer
include nulliparity, endometriosis, and anthropamedtctors.

Obesity, body height, and smoking are generalféstors that confer an increased
risk of ovarian cancer. In epidemiological studidesity (body mass index >30)
has been associated with LGSOCs, endometrioid, raodinous carcinomas

among premenopausal women, whereas height >17(srbden associated with
a general increase in ovarian cancer, althougtbitilegical relationship between

height and ovarian cancer is not clear [126]. Aspeztive study of >145,000

women in the USA has not revealed any associalietseen the level of physical

activity and risk of ovarian cancer [127]. Smokitigough, is associated with an
increased risk of mucinous ovarian cancer [128].

Parity

Nulliparity is a risk factor for developing ovariatancer. In line with this
observation, preghancy and the use of oral conitaes containing estrogens and
gestagen (synthetic progesterone) are protectigmria[112, 129]. In fact, the
more pregnancies, the higher the protection rdtes implies that ovulation has a
role in ovarian cancer carcinogenesis and has keferred to as the “incessant
ovulation hypothesis” due to the repeated ovulati@aking place during the fertile
period of a woman'’s life. During ovulation, a wouimdthe ovary is inflicted. The
“break” from ovulation during pregnancy or the ue€& oral contraceptives
decreases the risk of DNA lesions inflicted by e#pd inflammatory and wound
healing mechanisms initiated during ovulation [1381]. The protective effect
from oral contraceptive use is evident up to 30 yedter the last intake [129].

In the normal ovary, estrogens are growth and miffeation regulating, and also
seem to harbor mutagenic effects [132]. Progesteisngrowth inhibiting and
induces apoptosis, although this effect is likeldent at higher concentrations.
At low concentrations, progesterone may in facghmvth stimulating [132, 133].
In line with this, hormone replacement therapy,eeggly such only including
estrogen, is associated with a slightly increasddaf ovarian cancer. The risk is
highest for the serous subtypes [134-137]. Hormoe@acement therapy for
menopausal symptoms after ovarian cancer treatawed however seem to be
safe [138]. There is conflicting evidence regardihg potential risk of fertility
stimulating drugs. An increased risk of borderltomors has been observed, but
no evident increase in ovarian carcinomas [139].140
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Endometriosis

Endometriosis is a well-known risk factor of enddneéd and clear cell ovarian
cancers [141, 142]. Endometriosis is the presehemdometrial tissue outside of
the uterus, probably due to retrograde menstruatiois a common feature,
though the prevalence varies depending on age e associated factors such
as infertility. Overall, the incidence in the femgbopulation is estimated to be
approximately 5% [141]. Endometriosis is associateith 30-40% of
endometrioid ovarian cancers and 45-70% of OCCgs123]. The high estrogen
and low progesterone concentrations as well asativi stress related to the high
iron concentrations associated with endometrigtgiare hypothesized to be the
link between endometriosis and these specific p@twlogic subtypes [144].
Although endometriosis is often found adjacent idametrioid ovarian cancers
and OCCCs, the majority of women with endometriogis not develop ovarian
cancer. The risk seems to be associated with @lypirclometriosis, differing from
the average benign endometriosis in terms of hyasigand cellular atypia, and
occurring in <4% of all endometriosis cases. Atgpiendometriosis, however,
shares the same molecular changes as endometnididlear cell ovarian cancer
in terms of frequenARID1A PTEN KRASand CTNNB1 mutations [18, 145,
146]. The risk of developing ovarian cancer mayo di& associated with the
anatomical location of endometriosis.

Ligation of the fallopian tubes as a sterilizatiopthod has been associated with a
decreased risk of ovarian cancer [147]. The readonsthis are not fully
elucidated, but are in line with the theory thatvantion of retrograde
menstruation, which contributes to endometriosreag, would potentially reduce
the risk of ovarian cancer. Other mechanisms gleamlist be present as well,
though.

Ovarian cancer in clinical practice

Early diagnostics is challenging in ovarian cardee to unspecific symptoms and
the lack of reliable screening methods [148]. Ttegamity of patients with ovarian

cancer are diagnosed with advanced stage disedbeinwvblvement of lymph

nodes and tumor spread within the abdomen outdidieeopelvis. This is due to
the anatomical location of the ovaries and the laicllisease-specific symptoms.
Many patients suffer from early satiety, bloatidgiaminal swelling, and diffuse
abdominal pain. A woman presenting with symptornet thay indicate ovarian
cancer should undergo a clinical gynecological eration, including abdominal

and transvaginal ultrasound for visualization o&iwan/adnexal cysts, and blood
tests for the tumor marker Cancer associated anfigé (CA125). If the suspicion
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of ovarian cancer is confirmed a computed tomogragifan is advised to reveal
potential tumor spread. Enlarged lymph nodes, esotir pleural effusions should
be assessed using fine needle aspirations. Thedrisfalignancy Index (RMI)
considers CA125, menopause status and gradingrasalnd findings. The RMI
| by Jacobst al. has a sensitivity of 85% and a specificity of 9@¥the cut-off
level 200 [149]. In practice this means that an RADO strongly indicates a
potential malignant adnexal mass that requirehéurinvestigation. Fine needle
aspiration of an ovarian cyst that may represerly stage ovarian cancer should
however not be performed due to the risk of tumelt spread. Patients with
ovarian cancer should be evaluated pre-operatia¢lynultidisciplinary team
conferences with participation from gynecologic @ogy surgeons, gynecologic
oncologists, radiologists, gynecologic pathologisend contact nurses or
coordinators [150].

Tumor staging

Clinically, epithelial ovarian cancer, fallopianbl cancer and primary peritoneal
cancer are managed in a similar way. Tumor staf@nghese tumor types is
uniform and follows the FIGO classification [15J4dequate staging requires
histological/cytological verification of the tum@nd of the tumor spread. The
FIGO classification system and the proportion chrtan cancer diagnosed in the
respective stages are outlined in Figure 5.

Stage Il —44% et N

Tumor in ovaries/fallopian tubes Ssage IV-16%
and extra-pelvic peritoneal extension Distant metastases
or retroperitoneal lymph nodes
e Stage Il - 10%
Stage | -29% Tumor in ovaries/
Tumor confined to fallopian tubes and
ovaries/fallopian pelvic extensions

tubes

Figure 5. Schematic overview of the FIGO staging system withproportion of ovarian cancer
diagnosed in the respecive stages. The numbeobtaimed from [150] and based on Swedish
incidence numbers 2008 through 2012 (1% of theianarancers were unstaged/stage X).
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As outlined here, stage | comprises tumors thatcardined to the ovaries or

fallopian tubes. However, there is great variapilit the prognosis between stage
IA (tumor confined to one ovary with an intact calesand without tumor cells on

the surface) and stage IC (tumors confined to aneoth ovaries/fallopian tubes

but with either capsule rupture or surgical sgilimor cells on the surface or
malignant cells in ascites/abdominal washings) [1%his impacts the treatment

of stage | disease, which is outlined in the Ppstrative chemotherapy section.

Ovarian cancer surgery

Surgery is the single most important treatment ritydfor patients with ovarian
cancer. The principles for ovarian cancer surgemelevolved during recent years
and require tumor-specific gynecological surgiagaipetence [152]. The surgical
procedure depends on the tumor stage, but ovamhim with up-front surgery is
to confirm the diagnosis, allow for a proper tunstaging and, optimally, to
remove all macroscopic tumor tissue (radical syigdf radical surgery is not
possible, removal of as much macroscopic tumoraoasiple, so called debulking
or cytoreductive surgery, is performed. For advdrstage ovarian cancer (stages
[I-1V) radical surgery is extensive and apart frdd®EB, hysterectomy, and
omental resection also includes resection of pegrb carcinomatosis, extirpation
of enlarged lymph nodes, and, if necessary, bowel resection and peritoneal
stripping. Macroscopically radical surgery incresades overall survival (OS), thus
justifying this extensive surgical procedure [1334]. The benefit of total lymph
node resection in advanced stage ovarian cancgersuis under evaluation in
clinical trials.

Post-operative chemotherapy

The purpose of post-operative (adjuvant) chemofyeis to eradicate remaining
tumor cells, increase the chance of cure, and postglisease relapse. Platinum
agents (cisplatin and carboplatin) were introdudeding the 1980's and still
constitute the chemotherapeutic backbone of ovaaacer chemotherapy.

Stage IA-IB LGSOC, grade 1-2 endometrioid tumors] enucinous tumors have
an excellent prognosis with almost 95% 5-year O®radurgery and are not
recommended adjuvant treatment [155, 156]. Postatipe chemotherapy is
reserved for high-risk stage | disease and advadisghse (stages II-IV). High-
risk stage | disease includes OCCCs, any stagedegB and/or any stage IC
tumors. Based on the ICON1 and ACTION trials, whithowed an 8-10%
increase in recurrence-free survival (both studies) OS (ICON1), six cycles of
platinum-based chemotherapy is recommended [157]. 1Blthough no

significant survival differences between carboplatind cisplatin have been
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shown, carboplatin is the most commonly used adantits preferable toxicity
profile.

Based on the GOG 111 and the OV10 trials, the addibf a taxane to the

platinum agent is recommended for any grade 3 tuasowell as for stage Il-IV

ovarian cancer regardless of histopathologic subtjdb9, 160]. The use of

cisplatin/paclitaxel increased the median OS withpraximately 10 months

compared with cisplatin/cyclophosphamide. The aurgelden standard treatment
consists of six cycles of a combination of carbtpland paclitaxel administered
intravenously V).

Neoadjuvant chemotherapy

The role of neoadjuvant chemotherapg, chemotherapy treatment up-front with
the aim of reducing the tumor burden before surgesg been debated in ovarian
cancer during the past 10-15 years. There is nar ddenefit in terms of OS or
progression-free survival (PFS), and outcome sderhe similar for patients who
receive neoadjuvant chemotherapy compared to thdse receive adjuvant
treatment [161, 162]. Another controversial issuaihether neoadjuvant platinum
treatment may induce platinum resistance, and lyeagisk of missing the chance
of radical surgery in platinum resistant cases [1@%4]. Neoadjuvant
chemotherapy therefor remains an option for caseelected patients in stage
IC-IV where up-front radical surgery is not pdssi When neoadjuvant
chemotherapy is applied, three cycles are admieidtdollowed by interval
surgery and post-operative chemotherapy to a obtl least six cycles [165].

Intraperitoneal chemotherapy

Considering that ovarian cancer primarily spreagsodregionally within the
abdomen, administration of intraperitonedP)( chemotherapy is a logical
approach. Several clinical trials have been comdy@nd one of the most cited is
the GOG 172 study published in 2006, which comp&vetisplatin + paclitaxel to
IV cisplatin +IP cisplatin and paclitaxel in first line treatment aptimally
debulked ovarian cancer stage 11l [166]. This stu@g in favor of théP trial arm
for both PFS and OS, and was one of the reasons thdyNational Cancer
Institute the same year announced the superiofity? ahemotherapy in ovarian
cancer treatment. HowevelR? chemotherapy has not really been adopted into
clinical practice due to increased side effectaigea, vomiting, abdominal pain)
which decreased the number of patients fulfilihg themotherapy treatment, and
the risk of catheter-related infections [166-16B}. chemotherapy remains an
option, but is currently not used as a standardtritent for ovarian cancer in
Sweden.
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Chemotherapy for recurrent disease

Although the majority of ovarian cancer patientattiteceive post-operative
chemotherapy initially respond well, the mediangito recurrence is less than two
years [159]. Overall, the prognosis in this sitoatis poor, with a median survival
of only 10 months [169].

A relapse <6 months from the end of a platinum aimitig chemotherapy regimen
is defined as platinum resistant disease and isceded with a worse outcome
compared with a platinum sensitive relapse (>6 m®fiom the end of a platinum
containing chemotherapy). In the case of platinensgive relapse, platinum-
based chemotherapy is repeated if possible.

Several regimens are available for platinum resis@isease.e.g. pegylated
liposomal doxorubicin and single agent paclitaket, the response is often limited
to approximately 20% and the response duration ardyind four months [170].
Apart from chemotherapy, various targeted treatmjesiich as anti-angiogenic
drugs and PARP inhibitors, may be used. Clinicaldrevaluating the effect of
surgery for recurrent disease are ongoing.

Endocrine treatment

Despite the high estrogen receptor (ER), progeséereceptor (PR), and androgen
receptor (AR) expression in the normal ovary andsénous and endometrioid
ovarian cancers, the response to anti-hormonalof@im) treatment is very
modest [171-174]. The overall objective responseht partial ER antagonist
tamoxifen is <20% in recurrent ovarian cancer, veitiomewhat better response
seen in patients who are not platinum resistarb-{Ill78]. This was also ruled out
in a Cochrane database analysis in 2001, whichlaisiconcluded that ER
expression is insufficient to predict responseatadxifen in ovarian cancer [179].
The selective ER antagonist fulvestrant seems stiaiemore efficient, as does
the aromatase inhibitor letrozole, the latter véthobjective response of 20-25%
in recurrent ovarian cancer [180-184]. The PR amiesg mifepristone has not
proven to be effective in recurrent or persisterdrian cancer [185]. Androgen-
targeting agents have also been investigated, agtlariable and disappointing
results as the anti-estrogens [186-188]. Most @dinstudies are carried out on
heavily pre-treated patients. Studies on adjuvesdtinent with tamoxifen and
gonadotropin releasing hormone (GnRH) analogs telge been performed,
without revealing any clear benefits from endocrineatment, but the study
designs have been suboptimal [189].

In conclusion, endocrine treatment has no roletamdard treatment for ovarian
cancer to date. However, endocrine treatment isrgdig well-tolerated compared
to chemotherapy. In selected patients, for whommghikerapy is no longer an
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option or who have intolerable chemotherapy sidects, endocrine treatment
remains an option although the benefit is uncertain

Other targeted treatments

Anti-angiogenic treatment with the vascular endidhegrowth factor (VEGF)
inhibitor bevacizumab has proven effective in asdemhstage ovarian cancer with
remaining tumor burden. Bevacizumab is added tanvadit chemotherapy for
non-radically operated ovarian cancer stage IlIGd aal stage IV. The
recommendations are based on two clinical trighle 60G218 trial and the
ICON7 trial [190, 191]. The benefit from bevacizdma ovarian cancer in
general is modest, but for non-radically operatediepts the median PFS
increased with 4-8 months. Recently, the OS datattie ICON7 trial were
published, confirming the initial results and shogvia five month OS benefit for
the selected high-risk group compared with chenraghe alone [192]. Side
effects include hypertension, venous thromboemiplisnpaired wound healing
and the rare but severe intestinal perforatiores, dlscur in 1-3% of the patients
[190, 191]. The effect of bevacizumab in patienithwecurrent disease has been
evaluated in clinical trials, revealing a PFS iage of approximately four months
[193, 194]

Multi-kinase inhibitors antagonizing different tatg involved in angiogenesis are
also being evaluated. Pazopanib is one such druntéhance therapy with
pazopanib for up to 2 years after completed stahdaemotherapy compared to
placebo yielded a median of 5 months increased iRF8vor of the pazopanib
group [195]. A recent comparable study of nintedahiowever, revealed a very
modest increase in PFS (in median <3 weeks) fonitmedanib group, but a more
evident effect in the optimally debulked subgrolif{].

Tumors that harbor germline or somatic mutation8 RCAlor BRCAZhave a
defective double strand DNA breakage repair. Thasdks rely on the enzyme
PARP and the base excision repair mechanism tar reipgle strand DNA breaks.
PARP inhibitors prevent single strand DNA breakaigpwhich leads to an
accumulation of single strand breaks. Eventualbyhie strand breaks occur and
when these cannot be repairedy. in BRCAlor BRCA2mutant cells, the cells
will die. To date, there are no data from PARP litlon in first line treatment of
ovarian cancer, but a phase Il study of maintendaregment with the PARP
inhibitor olaparib (vs. placebo) in platinum seiv&trelapse of ovarian cancer has
shown an increased PFS fBRCAL and BRCA2 mutation carriers [197]. In
Sweden, olaparib was approved for this indicatioi2015. Response to olaparib
has also recently been described in prostate cdwacboring germline or somatic
BRCA2mutations or other HRDs [79].
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Tumor markers

CA125 is a glycoprotein expressed by coelomic d@slivcells such as the
peritoneum, the fallopian tube, and the endometribot normally not on the
ovarian surface epithelium. Serum CA125 levels iageased in the majority
(>80%) of non-mucinous ovarian cancers. It is n@rian cancer specific, as it is
also elevated in inflammatory conditions in the @bdn. CA125 is used in the
primary diagnostic setting when ovarian cancemuspsected, preferably as part of
the RMI. The sensitivity of an elevated CA125 (>38/ml) alone is
approximately 80% and the specificity 75% (highar ddvanced stage and lower
for early stage ovarian cancer) [198]. CA125 i alsed to monitor treatment
response, where a successive decrease in CA125 leweelates well with the
response to treatment.

CA125 levels often rise several months before @pse can be detected clinically
or radiologically. The role of serial CA125 testtea completed chemotherapy
has, however, been guestioned. In 2010 Rudtial. published the results of a
large, British trial, including >1,400 women witbraplete response after first line
platinum-containing chemotherapy. No difference©fd were revealed between
women starting second-line chemotherapy when CAsgtdBed to increase (>70
IU/ml) compared with women who started chemotherapgn clinical and/or
radiological signs of relapse [199]. Hence, theraa evidence supporting the use
of CA125 in follow up of ovarian cancer patientseafcompleted chemotherapy.
CA125 should, however, be assessed if there isigospof a relapse. This
strategy may be modified in the future followingethntroduction of new
biomarkers.

Human epididymis protein 4 (HE4) is a promisingusemmarker which has shown
a superior sensitivity and specificity comparedhw@A125, especially in early
stage cancer [200]. Both CA125 and HE4 are approyetie American Food and
Drug Administration for routine use in ovarian canc but HE4 is not
implemented in clinical practice in Sweden sincaficmatory studies are needed
[201].

Prognostic and predictive factors

There are several clinically useful prognostic dastfor advanced stage ovarian
cancer, but the treatment predictive factors ane felarge, retrospective study of
>1,800 platinum-treated ovarian cancer patients $tamvn that endometrioid

histology is associated with a favorable outcombensas residual tumor after
surgery, clear cell or mucinous histology, incregsage (a 6% increasing risk for
every 10 year increase in age), and inferior peréorce status at diagnosis is
associated with a worse outcome [202]. Furthermadeanced FIGO stage and
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low serum-albumin is associated with an inferioogmosis [203, 204]. The only
reliable markers predicting treatment responseB®€Aland BRCA2mutations,
which, as previously mentioned, indicate respoesBARP inhibitors. Germline
BRCAland BRCA2 mutation carriers also display a generally bepergnosis
than non-mutation carriers [205]. Likewise, it hiasen reported thaBRCA2
mutation carriers respond better to platinum-bageanotherapy thaBRCAland
non-mutation carriers, but this should be considieas a favorable prognostic
marker rather than a true predictive one, and tingysmethodology has also been
questioned [206].
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Aims

The general aims of this thesis were to investiggiee expression profiles and
molecular subtypes in epithelial ovarian cancerréfation to diagnostic and
prognostic subsets. In study |, hereditary ovadancer was investigated, studies
[I-11l investigated molecular features in distingistopathological subtypes, and
study IV focused on prognostic implications of s&eroid hormone receptor
expression

The detailed aims were to:

Outline a gene expression profile of Lynch syndrassociated ovarian
cancer compared to sporadic ovarian cancer aragktdify discriminating
targets of potential relevance for targeted thesagtudy ).

Perform a detailed investigation of the inter-tunh@terogeneity and to
assess the mutation spectrum in ovarian cleacastinomasgtudy I1).

Study whether gene expression profiles in serouari@v tumors,
including malignant, borderline, and benign tumonay identify key
markers of tumor progression and to assess wheth@larities can be
discerned between the molecular subtypes of ovacimcer and the
intrinsic breast cancer subtyp@sudy IIl ).

Investigate the prognostic impact of sex steroidniome receptor
expression, with a specific focus on co-expressidntwo or more
receptors, in epithelial ovarian cancer and wititdnmolecular subtypes
(study IV).
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Materials and Methods

Summary

Table 1.Overview of materials and methods in studies I-IV

Study Design Materials Methods

| Case-control | 24 Lynch syndrome-associated and 24G-DKSL, immunohistochemical

study matched sporadic epithelial ovarian stainRgfinement of gene signature
cancers using a public dataset. Statistical

analyses aimed at class comparison

] Case series 67 epithelial ovarian cancers WG-DA&{eted deep
(for WG-DASL), and 10 clear cell sequencing.
ovarian cancers (for deep sequencing)

] Case series Serous ovarian tumors: Gene exprgssifiing. Application
37 malignant, 5 borderline, and 17 of subtypeatgres (ovarian cance
benign and breast cancer). Statistical

analyses aimed at class comparisons.

v Cohort study | 87 serous and 31 endometrioid Immutotiemical staining.
ovarian cancers Analysis of corresponding mRNA

values in a public dataset. Survival

analyses.

Patients

Study |

This study cohort consisted of patients with Lyrsgindrome-associated cancers.
The tumors were derived from individuals with vidf disease-predisposing
MMR gene mutations and loss of the corresponding MNM®&en expression.
MMR stainings were performed in a study by Ketabal. [100]. Formalin-fixed,
paraffin embedded (FFPE) tumor tissue was obtdimed Swedish and Danish
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Pathology departments, the latter in collaboratigith the Danish HNPCC
register. Sporadic ovarian cancers retrieved fropnogpective, population-based
study were used as controls [65]. From an initexies of 28 Lynch syndrome-
associated ovarian tumors and 44 sporadic ovasranris, high quality expression
profiles were obtained from 25 (89%) hereditary d2d(95%) sporadic tumors.
From these 67 tumors, 24 hereditary and 24 sporeglitrols were matched
according to histology, tumor stage and age atrdisig and were used for further
analysis. In the sporadic controls, absence of Mpi&tein loss andBRCA
mutations was confirmed.

Studies Il and Il

Patients who underwent surgery for cancer suspeotedian masses at the
department of Gynecology and Obstetrics, Skane dygsity Hospital, Lund,
September 2004 through July 2013 were invited baohank study and provided
informed consent to store fresh-frozen tumor tissmel accompanying, pre-
operative blood samples. During this time peridd patients had been recruited,
of whom 390 were diagnosed with malignant diseamduding borderline ovarian
tumors) and 417 with benign tumors. Patients frbim biobank were included in
studies Il and Il

In study Il, two patient cohorts were usé&tbhort 1 consisted of the 67 tumors
recruited for study ICohort 2consisted of all nine clear cell ovarian carcinema
in the local biobank. Since frozen tumor tissue waly/ available for three of
these cases (blood samples from 8/9), we retriejgedmpanying FFPE tissue
blocks from the department of Pathology, Skane &hsity Hospital, Lund. Two
FFPE blocks from sporadic controls frooohort 1 were also included. High
quality DNA was obtained from 10 tumors, which wased for further analyses.

In study IIl, all patients with serous tumors irsdal in the biobank 2004 through
2011 were eligible for the study. Tumor tissue \@mailable from 40/94 (43%)
serous adenocarcinomas stage >IC, from 5/11 (48%)s borderline tumors and
from 17/54 (31%) serous adenomas/adenofibromageTadenocarcinomas were
excluded due to poor RNA quality. Thus in totalr8&lignant, 5 borderline and 17
benign serous tumors were used for further anaiysstsidy IIl.

Study IV

All patients diagnosed with ovarian cancer in tloeiteern Swedish healthcare
region June 1998 through June 2000 were invitepatticipate in a prospective
study. Ascertainment of the tumor material is déscl in detail by Malandegt

al. [65]. In total, 161 patients were included in hrespective study. FFPE blocks
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from 128 (79.5%) of these tumors, together with ERffocks from 18 patients
recruited at the oncogenetic counseling servideuat University Hospital 1981
through 1997 were assembled in a tissue microdfr&hA). This TMA consisted
of 146 ovarian tumors of varying histopathologisabtypes, of which 118 serous
and endometrioid samples were used in study IVceSithis study aimed to
examine the prognostic relevance of sex steroithbine receptor expression in
ovarian cancer, the clear cell and mucinous tumetsich are normally not
expected to express hormone receptors, were extldd®, 171]. Furthermore,
all cancers of unknown primary or mixed or undiéfietiated histologies were also
excluded.

A summary of the patients included in studies lig\provided in Table 2.

Table 2. Summary of the patients included in studies I-IV.

Study
I Il Il 1] v

Cohort 1 Cohort 2
Number of patients 48 67 10 59 118
Median age (years) 50.5 51 48 65 58
range 30-78 27-78 34-60 40-91 26-83
Histology (%)
Serous 20 (42) 31 (46) - 59 (100) 87 (74)
Endometrioid 14 (29) 18 (27) - - 31 (26)
Clear cell 14 (29) 15 (22) 10 (100)
Mucinous - 3(5)
Heredity
BRCA1L/2mutations - - - 30 (25)
MMR gene mutations | 24 (50) 25 (37)
Methods

Immunohistochemistry

IHC staining is a well-established method used deeas the distribution and
localization of proteins in tissue and is widelyedsfor tumor diagnosis. The
indirect IHC technigque was used in the studieshis thesis. To visualize the
protein of interest, the tissue is stained withiiemary antibody that binds to an
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antigen, in this case a protein. A secondary adjitmnjugated to a polymer and
an enzyme,e.g. horse radish peroxidase (HRP), and binding to ghenary
antibody is added. The enzyme in turn is labeleth va color, e.g. 3,3-
diaminobenzidine (DAB), which makes it possibleidentify the protein in the
cells; both the number of stained cells and whikeeprotein is localizede(g. in
the nucleus or cytoplasm). A hematoxylin stainisgoiften added to identify
morphologic structures. The hematoxylin stainingoro the cell nuclei of
unstained cells blue and thus make them easy tectdeind contrasts to the
antibody staining. An overview of the indirect IH@thod is shown in Figure 6.

HRP¢ DAB ¢
colored

secondary =2 ..O c :' product
antibody —

€——— primary
27 N antibody
M <——antigen

tissue

Figure 6. Schematic presentation of the indirect antibodjngtg technique.

Tissue samples are stored frozen or as FFPE btogk®serve tissue morphology
as well as the genetic material within the tis®mth FFPE and frozen tissue can
be used for IHC staining, but require differentgamations in order to visualize
the proteins. In the studies in this thesis onlyPERissue was used for IHC
staining. In FFPE tissue, the epitopes of the pmsfeto which the primary
antibodies bind, are *“hidden” in the formalin. Th#ssue is therefore
deparaffinized and rehydrated and then pre-treafigid heat or microwaves to
retrieve the epitopes before the primary antibaladded. Regardless of tissue
preservation method, the goal with IHC is to acki@vspecific staining with as
little non-specific background staining as possiflais requires optimal tissue
sections, suitable antibody dilution, incubatiameiand temperature, adjusted pH
as well as careful handling of the reagents. Agastn these requirements,
antibody affinity (the binding between antibody aepitope), antibody cross-
reactivity (when an antibody binds to more than @mdigen), and antibody
stability may impact the quality of the staining.

The antibodies used for IHC stainings are eithmpnoclonal i.e. are
immunochemically identical, derived from one clookeplasma cells and react
only with one epitope on the specific antigen (eik, or polyclonal i.e. are
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immunochemically dissimilar, derived from differecell clones and react with
several epitopes. Monoclonal antibodies are monesigee to changes in
temperature and pH than polyclonal antibodies, liaite a higher specificity.
Polyclonal antibodies, on the other hand, normh#lye a high affinity, but may
produce an unspecific background staining due tesereactivity. Examples of
IHC stainings are shown in Figure 7.

Figure 7. Examples of positive (left) and negative (rightickear ER IHC staining of ovarian
cancer tissue. 40x magnification.

IHC was used in studies | and IV. In study I, whossue sections (8m) were
stained with p-mTOR, PTEN, and EGFR antibodies. fl$sie sections were pre-
treated according to the manufacturers’ instrusti¢tetails are outlined in the
appended study), stained in an automated immumestdTechMate 500 plus,
DAKO) and the DAKO EnVision™ Systems (DAKO) was &pgd for
visualization. Non-small cell lung cancer tissuen{pOR), colon tumor tissue
(PTEN), and placental tissue (EGFR) were used asiy® controls. Evaluations
were blinded to hereditary status and gene expmesdata and independently
performed by Katarina Bartuma and Jenny-Maria Jims®etails regarding
antibodies used in studies | and IV are outline@able 3.

Tissue microarray

TMAs were used in study IV. A TMA consists of indiual tissue cores

assembled in a recipient paraffin block in an apattern. Normally, several cores
from the same tissue are retrieved, and the cameter varies from 0.6-2.0 mm
[207]. In general, two core biopsies of 0.6 mm hdeen shown to give a
representative view of the staining pattern [2@ctions from a TMA block are

mounted on microscope slides and stained as prayidescribed.
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Table 3.Overview of antibodies used in the studies in thésis

ng

Antibody Vendor Type Clone Evaluation
p-mTOR Cell Signaling Rabbit 49F 1=any cytoplasmatic
(study I) Technology monoclonal staining
0=no cytoplasmatic
staining
PTEN Dako A/S Mouse 6H2.1 1=equal or stronger staini
(study I) monoclonal than surrounding tissues
0=no or weaker staining
than surrounding tissues
EGFR Dako A/S Mouse E30 1=>25% tumor cells
(study I) monoclonal moderately-intensely stain
O=weak staining and/or
<25% tumor cells stained
ERa Dako A/S Mouse 1D5 1=>10% stained cells
(study 1V) monoclonal 0=<10% stained cells
ERpB Dako A/S Mouse M7292 1=>10% stained cells
(study 1V) monoclonal 0=<10% stained cells
PR Dako A/S Rabbit #A0098 1=>10% stained cells
(study 1V) polyclonal 0=<10% stained cells
AR Dako A/S Mouse M3562 1=>10% stained cells
(study 1V) monoclonal 0=<10% stained cells

*1=positive scoring; O=negative scoring

The advantage of TMAs comprises the possibilityeésily and cost-effectively

evaluate multiple markers and samples using otilyited amount of tissue, and

with minimal differences in staining conditions. éhdisadvantages include
representability and heterogeneitg, the risk of not capturing the region(s) or the
staining pattern(s) of interest in the tissue, ety when using small cores. We
used TMA cores 0.6 mm in diameter, and at leagtetlwores/tumor sample were
evaluated. The construction of the TMA is outlinydMalanderet al. [65].

The TMA slides were stained with BRERB, PR, and AR antibodies. The slides
were pre-treated according the manufacturers’unitns (details outlined in the
appended study), and all stainings were performathgu an automated
immunostainer (TechMate 500 plus, DAKO) and the MAENnVision™ Systems
(DAKO) was applied for visualization. In cases wdeheterogeneity was
observed, the staining pattern representing thenajof the tumor cells was
used. Breast cancer tissue, known to be positivehi® respective proteins, was
used as positive controls. The &EBnd PR stainings were independently evaluated
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by Susanne Malander and Mef Nilbert, whereas thp &Rl AR stainings were
independently evaluated by Nicolai Skovbjerg Adsand Jenny-Maria Jonsson.
A comparison between a whole-tissue section anbla 3lide is shown in Figure

Figure 8. Examples of a whole tissue section (left), a TMides(middle) and an individual TMA
core (right). Photmicrographs of slides in 4x mdigation and the single TMA core in 10x
magnification.

IHC staining, mainly on FFPE tissue, is one of tmest commonly used
diagnostic, prognostic, and predictive methods usegathology. Advantages
include ease, low costs, and high efficiency. Disatlages include staining
quality, which depends on tissue fixation, uncettaivhether the staining reliably
reflects the morphology in question, and evaluatependent results. These
uncertainties underscore the need for defined amatldated cut-offs for

interpretation and the use of established antilsodith stable performance [209].

Polymerase chain reaction

Polymerase chain reaction (PCR), first describethen1980’s, is a method for
amplification of specific DNA sequences used inolabory work around the
world. It is well-established in clinical work fadentification of mutations in
known gene sequences. Briefly, the DNA is denatateligh temperature, thus
forming two complementary strands. DNA oligonucides (short DNA
fragments), called primers, that are complemertatiie DNA regions of interest
are added together with a DNA polymerase and ntideoand the temperature is
lowered. The separated DNA strands become tempiatébe formation of new
double stranded DNA, and the process is catalygeitid DNA polymerase. The
initial DNA separation and the latter formation wéw double stranded DNA
fragments (referred to as annealing and elongatiwa) performed at different
temperatures and the process is referred to asdhercling. The PCR cycles are
repeated in a chain reaction as long as theretigeaggolymerase present and/or
until no more single stranded DNA is available. éatibn of mutations in the
KRAS and BRAF genes using PCR was performed in study lll, usRaghe’s
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cobas K-RAS Mutation Kit, detecting mutations inrdoas 12, 13 and 61 of the
KRASgene, and the cobas BRAF V600 mutational analgs&tecting mutant or
wildtype V600 at theBRAF V600 site in exon 15, respectively (Roche,
Pleasanton, CA, USA). Both tH€RASand BRAF assays were run on the z480
Lightcycler (Roche) and the analyses were perforrméedhe Department of
Pathology, Clinical Research Center, Hvidovre HadpDenmark.

Gene expression profiling

When IHC gives a picture of the expression, but thet function, of proteins,
other methods are needed to measure the activitheobncoding genes. DNA-
based microarray technology allows measurementhef expression levels of
several genes and in several samples at the sange wwhich can thus be
compared and more general patterns discovergdgenes with a high expression
level in a subgroup of tumors) [210]. Since thertsta the mid 1990’s, the
microarray technology field has exploded and aiidki of cells can now be
analyzed using whole transcriptome analysis. Frbeninitial projects studying
just a few tumors, microarray technology can nowged for efficient analysis of
thousands of tumors. In the field of ovarian carbes has been used to discover
and verify prognostic markers as well as inter-tumeterogeneity and molecular
subtypes [58, 211, 212]. Since the technologicahades are rapidly evolving, the
preferred approach today would be to use next géinarsequencing (NGS) for
massive parallel sequencing of genes. Limitatiom$ strengths regarding gene
expression profiling and gene sequencing are adlim the Targeted deep
sequencing section.

Global gene expression profiling is one microateghnology, together witk.g.
array comparative genomic hybridization. Gene esgiom profiling was used in
studies I, II, and Ill. Gene expression analyspumes RNA, which is optimally
obtained from fresh frozen tissue. Most tumor saspre, however, stored as
FFPE blocks, since this is a cheap and easy methgiteserve tissue and its
morphology. The formalin fixation, though, causeess links between nucleic
acids and between proteins and modifies the RNAs Tan make the cDNA
synthesis, a major step in gene expression angtysisaration, difficult [213-
215]. Likewise, the nucleic acids in old FFPE bkakay be at least partially
degraded [216]. Although the superiority of RNA bfyaextracted from fresh
frozen or acetone fixed tissue over formalin fixems been outlined, RNA has
been reported to be successfully extracted fromm#tin fixed tissue using pre-
treatment with proteinase K and incubation in ami@in free buffer at >45°C.
RNA extraction protocols using FFPE tissue are lable and FFPE tissue has
been demonstrated to be suitable for microarrajlyses such as.g. gene
expression profiling in the majority of cases [2245, 217, 218].
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In studies | and |]Ibased on the same cohort, we performed global ggmession
profiling using FFPE blocks of varying ages (ra3gg&4 years). In total, 72 tumor
samples and 26 technical duplicates (the same sammhlyzed twice) were
included in the expression analysis. We usedr@ematoxylin and eosin stained
tissue slides to identify areas with >70% tumotscahd no tumor necrosis, and
extracted RNA from these areas after macro disseclihe samples were pre-
treated with proteinase K and incubated in a fomage (Tris) buffer at 55°C.
RNA extraction was performed using the High Pureafia RNA Kit (Roche),
and RNA concentration was determined using a Nampdpectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). Irnt&RNA will produce a
light peak at a wavelength of 260 nm, whereas disgr&RNA has a peak at 280
nm. The 260/280 ratio is thus a measurement oammeunt intact RNA in relation
to the amount of degraded RNA. For gene expregsiofiling in study I/1l, 200
ng RNA with an RNA 260/280 ratio of >1.8 for eacdngple was required. 68/72
(95%) of the samples fulfilled these criteria.

The Whole Genome cDNA mediated Annealing, Seleceaiension and Ligation
(WG-DASL) assay (lllumina Inc., San Diego, CA, USMas used for gene
expression analysis. The DASL assay allows for &sgion profiling based on a
small amount and partially degraded RNA which, asvipusly described, is
normally the case with RNA extracted from FFPE ugssThe DASL assay
consists of Bead Chipse. microscopic silica beads assembled in microwalts]
hundreds of thousands of oligonucleotide copiesiieehed to each bead, thereby
creating an array pattern. Each oligonucleotide asta capture sequence with an
address tag, and the HumanRef-8 v3 that was usdldeoDASL assay contains
>24,000 probes representing >18,000 unique gengkrown alternative splice
variants from the RefSeq database (release 22)ollgn@nucleotide addresses are
used for mapping and decoding the array, whereasptiobes are used for
quantification of expression levels.

The first step in the DASL assay is conversion diARo complementary DNA
(cDNA) using primers, both biotinylated oligo (dRybridizing to the 3’ poly A-
region of the RNA, and random nonamer primers. blatinylated cDNA is
annealed to the probes and each probe consistS’@lral 3’ oligonucleotide with
a specific gene sequence and a universal PCR preequence. The 5%
oligonucleotide hybridizes to the cDNA, which istexded and ligated until it
reaches the complementary oligonucleotide at theer®1 and forms a PCR
template, which in turn is amplified. A fluorochreris attached to one of the PCR
strands, followed by hybridization to a BeadChimédt. Thereafter the BeadChips
are scanned and the intensity data are analyzexth@matic overview of gene
expression profiling is outlined in Figure 9.
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Figure 9. Overview of the main steps in gene expressionlprofusing bead arrays.

In study I, we performed whole-genome expresgioofiling using fresh frozen
tumor tissue from the biobank (see the PatientSasecstudies Il and 1ll, above).
The samples (approximately 2 Ynmwere collected from macroscopic tumors at
surgery. Where pathology reports verified that wiele tissue section removed
consisted of tumor cells, the biobank sample wasl disr further analysis. When
guestions arose regarding tumor cell content, grimhwas used for verification
of tumor cells in the current sample and analyzgdabsenior gynecologic
pathologist (Anna Masbéack).

In total, 40 malignant, 5 borderline and 17 bertigmors were used for expression
profiling, together with 13 biological replicateise( a second tissue sample from
either the contralateral ovary, omentum, or thevipelwall; 9 malignant, 1
borderline, 3 benign). RNA was extracted using thiéprep kit (Qiagen,
Heidelberg, Germany). As in Study |, the Nanodrope@rophotometer
(Nanondrop Technologies) was used to assess thed@Néentration, with 200 ng
RNA with 260/280 ratios >1.8 regarded sufficienheTRNA quality was further
analyzed using RNA Integrity Numbers (RINS), caitetl using a Bioanalyzer
(Agilent technologies, Santa Clara, CA, USA). Imgarison with the 260/280
ratios, RINs use the total electrophoretic tracehef sample RNAI.e. take into
account both intact and degraded RNA simultaneoasty facilitate comparison
between samples using numerals. RINs >6 were redaslifficient. 37/40
(92.5%) malignant tumors met the RNA concentratammd quality criteria.
lllumina’s cDNA synthesis, labeling and subsequeyttridization to the Human
HT12 v4 expression BeadChips (lllumina Inc.) wesed for gene expression
analysis of the remaining 59 samples and 13 rapbcd his assay is similar to the
DASL assay in terms of cDNA conversion and PCR #ingation, but consists of
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>47,000 probes representing >28,000 genes andcesgdidants from the Refseq
database (release 38).

The gene expression profiling analyses in studigls &nd Il were performed at
the SCIBLU Genomics Centre, Lund University, Sweden

The raw data from study I/l are freely available the National Center for
Biotechnology and Information’s Gene Expression @ms under the accession
number GSE37394 and the raw data from study llleuride accession number
GSES7477 [219].

Data analysis

The larger the dataset used for gene expressidysaahe greater the chance of
detecting small differences in gene expression Idev&he aim with gene
expression profiling, however, is of course to deteeliable and biologically
relevant differences. Data handling is thereforatreg for the validity of the
results and the interpretation thereof [220]. Psolyth low signal intensityi.e.
probe signals that may be unspecific, are normeltyoved from the dataset. The
remaining probes araormalized aiming at making arrays comparable by
eliminating differences in sample preparatierg(different signal intensity due to
different amount of staining when labeling the cDN#fferences in hybridization
time or temperature, different amount of samplestioa individual arrays).
Briefly, to eliminate variations that have nothitg do with variations in gene
expression levels.

Different normalization methods may be used. Irdigtsl I, 1l, and Il we used
quantile normalization and in study | we also usedlic spline normalization.
Quantile normalization is a rank-based method agnainmaking the distribution
of probe intensities equal across arrays [221]general, each gene expression
value in each sample and each array is assignadka The highest rank in each
gene and array is changed to the value of the gmoraling rank (or more exactly
the value of the rank for the corresponding quehntiicross arrays, which makes
the gene expression values across arrays compa€libéc spline normalization
is another quantile method, where a curve is agljuii the quantiles and gives a
smoother distribution of gene expression valuegieneral though, the results of
quantile and cubic spline normalization are comiplarg220].

After normalization, gresence filtemay be added, with the goal of only keeping
probes with a sufficient (statistically significamixpression in a defined number of
samples. An 80% presence filter implies that prokiés expression in fewer than
80% of the samples and p-values above a specifioftare removed. Without a
presence filter, a probe that is just present mesof the arrays may be interpreted
as highly expressed when it in fact has a reldoweexpression. The p-value for
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each probe is calculated using the Mann-Whitney. tdaving defined which
probes to analyze, the data &g,-transformed This procedure makes each step
on the scale comparable, regardless of directiothdt log-transformation, an
increase in intensity from O to 1 appears stromgggéer than a decrease from 0 to
-1. Thus the logtransformation allows for a more true identificatiof intensity
changes. To decide whether a specific gene haghadmnilow expression.é. is
up- or down-regulated), a center is defined andhgba are deemed up or down in
relation to this value. This procedure is calleghtering and the data can be
centered on a mean or a median valuevatiance filter can also be added,
selecting a specified number of probes or geneb We greatest expression
variation across samples.

Hierarchical cluster analysiwvisualizes samples and groups of samples through
ordering them in a hierarchical cluster tree. Astdu analysis can hesupervised

or supervisedin unsupervised clustering, the smallest distdrara the first to the
second sample is calculated, followed by the nemlkest distance and so forth,
leading to groups — clusters — of samples with laimexpression values. In
supervised clustering the samples are already rexsig group and this cluster
analysis aims at discovering differences betweempth-defined groups. lnkage
methodis used to measure the distance between clustdradistance metric test

to measure similarities in patterns of over- andeurexpression.

The difference in gene expression between two grafigenes can be described
using a fold change, where a fold change of 1.5n@al.5 times upregulation of
the one group compared with the other and a folthgh <1.0 means a relative
downregulation. Significance Analysis of Microarrays (SAM3 a statistical
method determining whether differences in gene esgion between groups are
statistically significant, performing a gene spiecif-test with each gene assigned
a score based on its change in gene expressiafaiion to the standard deviation
of repeated measurements for that gene [222]. Gassgned scores greater than
a defined cut-off are considered significantly apesh The percentage of genes
assigned such scores by chance is calledrétiee Discovery Raté-DR), and is
adjusted for large amounts of data. Likewise, mdtodf a standard p-value
defining statistical significance,cgvalue(an FDR adjusted p-value) is used. SAM
is a non-parametric teste. it does not assume that the data follow the normal
distribution. A hierarchical tree is shown in FigurO.
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1st branching

2nd branching

Figure 10. Hierarchical cluster tree. Colored boxes represgtitidual samples. Green and blue
samples are similar in terms of gene expressidarb{asching) compared with the yellow ones,
which form a separate cluster. Subclustef$§eanching) reveal that also the green and blugkm
express some differences in gene expression. Thespiaced” blue and yellow samples seem to
share features with samples of another color inr@xpected way.

In studies | and Il the arrays were scanned in adBeray™ Reader using
BeadScan software (v 4.2). An average signal iitiemalue >250 for each probe
and >8,000 detected genes/sample were requireduftmer analyses of the
samples. Using the GenomeStudio software (lllunhitg) the data were quantile
normalized and an 80% presence filter with a prddection p-value <0.01 was
applied, leaving 12,897 probes for analysis. 1/68%) sample was removed in
this analysis step. Thereafter the remaining dasewog-transformed and mean
centered across samples. In Study | this was peein the Mev 4.6.02 software
and in study Il using R version 3.1.0 [223]. Thehtaical reproducibility was
granted through inclusion of duplicate samples. fig&an correlation of duplicate
samples was 0.98 (range 0.90-0.99) and the nfeaiue 0.96 (range 0.81-0.99).
Comparison of gene expression data in the duplgateples was performed using
Pearson distance metric. In study I, multiple @®lzorresponding to the same
gene were removed, leaving 10,000 probes for furdmalyses, prior to lgg
transformation.

In study lll, arrays were scanned using an i-Sdbumngina inc.) and uploaded to
the GenomeStudio software (lllumina inc.). The datxe quantile normalized,
background corrected, and jegansformed. Probes with a mean intensity <2.5
and a variance (in signal intensity between samptésl were removed, leaving
approximately 16,000 probes corresponding to >1Pd¥hes. The data were then
uploaded to the MeV 4.6.02 software, mean centaretla 20% variance filter
was applied.

In studies I, Il, and Ill, unsupervised hierarchicduster analyses using the
complete linkage method and Pearson correlatiorriceetvere performed; in
study | on the 48 matched samples (see Patient®rsexbove) and in study Il
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using the whole dataset (67 tumors) from study Wwall as a smaller subset (15
tumors) encompassing only clear cell cancers. SAMlyses including 100
permutations were then performed to identify ddfarally expressed genes
between Lynch syndrome-associated and sporadic reurggtudy ), between
histopathological subtypes (study Il) and betwaendars of different malignant
potential (study lll). Permutations are used ta tee extremes of the dataset and
estimate their potential impact on the results.

To ensure data robustness, we reanalyzed therdataltie 48 matched samples in
study | using alternative parameters. This prooeduncluded cubic spline
normalization and a 70% presence filter with pralstection p-value <0.01,
leaving 3,380 probes for further analyses. As diesdrabove, hierarchical cluster
analysis and SAM analysis were applied to this Enalataset Leave-one-out
analysis,which estimates how well a predictive model wdrka new setting, was
performed to control whether the data could be @tely divided into hereditary
and sporadic tumors. In the 3,380 probe datasesupanvised hierarchical
clustering was also performed in the separate lbgt subtypes and SAM
analyses (FDR <0.01) were performed in the serndssadometrioid subtypes.

An independent, publicly available dataset congjstbf 285 ovarian, fallopian
tube and primary peritoneal tumors (high-grade a&mg-grade serous and
endometrioid tumors and borderline serous tumorsld a4,732 probes
corresponding to 2,844 unique genes were appliethéocohorts in study |
(matched sample set of 48 tumors) and study Il].[68 study I, this was done
with the aim of further testing the data robustnamsg the robustness of our
results. The independent dataset was downloadegttrimsformed and mean
centered, and the 1,346 genes overlapping betweetiatasets were used to study
differences between the Lynch syndrome-associatetl sporadic tumors as
described above.

In study llIl, the aim was to validate the molecubaarian cancer subtypes. The
independent dataset was normalized-tognsformed, and low quality probes
(intensity <4, variance <0.15) were removed, leg\vr099 probes corresponding
to 2,725 genes. Of these, 1,295 genes overlapptd our dataset. Firstly, the
molecular classifier was validated using the oygpiag genes and thus the tumors
in the independent dataset were re-assigned subt@eeondly, the classifier was
applied to our cohort, assigning each of our tunaonsolecular subtype. This was
also performed using a gene signature for moleauatyping of breast cancer
[224]. For validation purposes, the breast candgmasure was applied to the
independent ovarian cancer dataset. The method fwedpplication of the
ovarian and breast cancer subtypes is caikarest centroid classificatiorand
identifies gene subsets within each specific sulggrthat best classifies the
subgroup [225]. The centroid of a subgroup is etuébk mean expression profile.
Likewise, the mean expression profile of each sarmpbur cohort was computed
and compared with the centroids of the independatdsets using a correlation
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test, and assigned the subgroup whose centroidstolosest to. A similar method
using computed module scores was used for applicaif breast cancer gene
modules to our cohort [226].

Gene ontology

One strategy to reduce the risk of exaggeratingeipeession of individual genes
detected among large number of genes in small t®i®to apply gene ontology
(GO) analyses. GO sorts genes with similar funstion involved in the same
processes and makes it easier to discover paienosg groups of genes up- or
down-regulated in a dataset. Likewise, tools idgimi signaling pathways in
which many of the genes are involved can be usedstudy | we used the
Ingenuity Pathway Analysis (www.ingenuity.com), study Il the PANTHER
tool, and in study Ill we used the GOrilla and TGgme tools to analyze GO
terms focusing on functional and biological diffeces between subgroups [227-
229].

Targeted deep sequencing

While gene expression profiling allows for detesti@and investigation of
numerous genes and their relative expression asessples, a major drawback is
the limitation of the arrays. Gene sequences ne¢real by the probes cannot be
investigated. Likewise, the data processing filteus low intensity probes, with
the risk of losing information about minor gene mgsion changes, and,
conversely, equalizes high intensity probes withribk of underestimating major
changes. The method of choice today is RNA-basessive parallel sequencing
(RNAseq), an effective method to uncover the whdascriptomei.e. all forms

of RNA in the cell. The term RNAseq covers varitNSS techniques, with NGS
simply meaning the ability to sequence millionsgeines in parallel, compared
with the initial chromatography and electrophordsised methods developed in
the 1970's. RNAseq was first described in 2008, praved to be at least as
accurate as cDNA and oligonucleotide microarrays$,visthout the limitations of
requiring predefined gene sequences, and alsoinguie non-coding part of the
RNA where the activity of a gene is often regulaf280, 231]. The procedure
used for actual sequencing in different analysébdssame regardless of whether
RNA or DNA is analyzed, (but the sample preparatidfers) [232]. Thus, both
DNA and RNA sequencing may be referred to as efficihigh through-put
techniques.

One high through-put sequencing methodaigieted deep sequencingnd this
technique was used in study Il. This methadetssequences in predefined genes
of potential interest for the material that is lgestudied. The terrdeeprefers to
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the high number of repetitive gene sequencing phaes performed (for cancer
cells sequencing is normally performed up to thodseof times). The number of
sequences thus read is defined as the reading, depthoutlined “x”, with 300x
meaning that the sequencing is performed 300 tiMasant, or mutation, calling
refers to the percentage of alleles with detectednges needed to define a
mutated sequence. ldentification of 100% mutatdelesl would infer that the
mutation most certainly is a germline SNP, preserdll cells in the body (and
thus heritable, regardless of whether the SNPristional or not). A basic model
of gene sequencing is outlined in Figure 11.

Figure 11.Schematic overview of the principle of gene segiren DNA is sequenced by the
addition of labeled nucleotides (colored balf§,fRjure from the left). The individual labeled
nucleotides together form a copy of the specifitegeequence and sequencing is performed in a
massive parallel fashion. Courtesy by Illlumina Inc.

In study I, we used targeted deep sequencing oA Bim FFPE tissue. DNA
preservation in FFPE blocks harbors the same limmita as previously described
for RNA, but is still feasible [233]. Prior to sespcing, the histopathologic
subtype was reviewed by two gynecologic patholsgidnna Masback and Sofia
Westbom-Fremer). @m hematoxylin stained slides, retrieved beforegbetions
used for DNA extraction, were also reviewed by &&tiestbom-Fremer to ensure
that tumor cells were present in the part of tmedusample used and to assess the
percentage of tumor cells in each section (med@#,3ange 65-99%). DNA was
extracted from 1@m whole-tissue sections using the Allprep DNA/RNA k
(Qiagen) and >{1g DNA was obtained from all samples.

DNA concentrations were measured using the Qubibrieimetric Quantitation®
(Life technologies, Thermo Fisher Scientific, Walth MA, USA), which

quantifies the amount of intact DNA using fluorasoe. The Trusight Tumor
Sample Preparation Kit (lllumina Inc.) was useddsesessing DNA quality. This
is a quantitative PCR method, assessing deljacycle threshold (Ct) values,
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where Ct values indicate how many times the cyicde the PCR analysis) has to
be repeated for the fluorescent signal to exceedbtickgroundife. cross the
threshold). The Ct number is inversely correlatethe amount of nucleic acid in
the sampleA-Ct values <6.5 were considered sufficient, and 1@91%) samples
met this criterion. 600 ng genomic DNA/sample (8fuf) was used for targeted
single strand DNA sequencing. Sample preparatiod aequencing were
performed at Oxford Gene Technology™ (OGT, Oxf@deat Britain).

The NGS SureSeq™ solid tumor panel, consistinglok&y cancer genes, was
used for targeted sequencing. This panel is vadi®or research use on FFPE
tissue, and is a hybridization-based tool targetihgcodons of the exons in the
included genes. Data analysis was performed bylali&kovbjerg Arildsen. The
public ENSEMBL Genome Browser was used for clasaiion of the mutations
according to severity across genes [234]. Only tiarta classified as “serious” by
ENSEMBL and concurrently defined as “deleterious” by the COiNses
DELeteriousness (CONDEL) score of non-synonymousglsi nucleotide
variations (SNVs) were used for further analyse85]2 “Serious” mutations
according to ENSEMBL are major non-conservativeremgcid changes, splice or
frameshift variants or changes resulting in stodots, which affect SNVs or
insertions or deletions (indels) of DNA bases. C@\lDclassifies mutations
based on an average of predictive scores derioed diifferent tools. Synonymous
mutations, affecting the DNA sequence but not #guence of amino acids, were
thus entirely removed. The reading depth cut-offswset to 300x. Details
regarding technical equipment and software usedafatyses are outlined in the
appended study.

Statistical analyses

Study |

Immunohistochemical stainings in study | (p-mTORTEN, EGFR) were
dichotomized as previously described and thus dceats categorical, binary
variables and were compared using Fisher's exastt f&-values <0.05 were
considered statistically significant. Comparisongahe expression data in the
duplicate samples was performed using the R softward comparisons of IHC
stainings were performed in SPSS statistics verkon
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Study Il

In study Ill, our in-house cohort was stratifietoimlifferent gene expression-based
molecular subtypes; five molecular ovarian canceignatures (C1-C5), five
intrinsic breast cancer subtypes (luminal A, lurhiBa normal-like, basal-like,
HER2-enriched), and seven functional breast cageee modules (“invasion and
metastasis”, “immune response”, “estrogen signaling'angiogenesis”,
“proliferation”, “apoptosis”, “HER2 signaling”). Dfierences in gene expression
between the subtypes were assessed in separageemnal

The stratification into ovarian cancer C-signatunes assessed separately within
each of the breast cancer modules. In each ofebensmodules, one C-signhature
was chosen and the mRNA levels of the genes defithia breast cancer module
were compared with the other C-signatures usingMlaan-Whitney test. The
Mann-Whitney test is a non-parametric test used domparisons between
independent groups. The natural stratification imalignant, borderline, and
benign tumors was also assessed separately witdth breast cancer gene
module. The three tumor groups in each of theseersesomparisons were
compared using Kruskal Wallis test, which is aneaged version of the Mann-
Whitney test used for comparisons between >2 groups

The external dataset used for validation was ajresichtified into six ovarian
cancer C-signatures (C1-C6). We assigned thesersutine five gene expression-
based intrinsic breast cancer subtypes as welleaseéven functional breast cancer
modules. Differences in gene expression betweenstheovarian cancer C-
signatures were separately investigated within ezfcthe seven breast cancer
modules. Like in our in-house cohort, one C-sigraatwas compared with the
other C-signatures using the Mann-Whitney test.

Comparisons between tumor group (malignant, baragerbenign) and assigned
molecular subtype (either ovarian or breast canegived subtypes) as well as
cross-comparisons between molecular ovarian andsbrancer subtypes were
performed using Fisher's exact test. P-values <@@fe considered statistically
significant. Analyses were performed using SPS&stts version 19.

Study IV

In study IV, the prognostic value of ERERB, PR, and AR as well as the
prognostic effect of co-expression of PR and AR assessed using PFS and OS
time as clinical endpoints. PFS time was definethadime interval between date
of diagnosis and time to recurrence (clinical aiobogical) or death of any cause,
which ever came first. OS time was defined as ithe interval between date of
diagnosis and death of any cause. PFS and OS asalysre censored after a
follow-up time of five years. The censoring aftéref years was performed to
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allow for a sufficient number of remaining patienis each group _(>4
patients/group) [236]. Within this time frame, aleaths were due to ovarian
cancer and no patients were lost to follow-up. RR8 OS were also used for
assessment of the prognostic value of high vemusiRNA levels of th&eSR1
ESR2PGR,andAR genes in an external dataset. Due to limited ¥ollip time in
this cohort, these analyses were censored thrae gftar diagnosis. PFS and OS
were defined as previously described and patieststd follow-up were censored
at the date of last notification. PFS time and @&etfor both datasets were
estimated using the Kaplan-Meier method and congpleéveen groups using the
Log Rank test.

For protein expression of the respective receptéazard Ratios (HRs) with 95%
Confidence Intervals (Cls) were calculated usingvanable Cox regression
models as well as multivariable Cox regression risoddjusted for clinical factors
with known impact on prognosis (histopathologic tgpk, stage, histological
grade, age at diagnosis and presendR{EAlor BRCA2mutation). In line with
the REMARK criteria, all prognostic factors wereclided in the multivariable
analyses, regardless of outcome in univariableyaeal[237]. Histological grade
was treated as a categorical factor on three levigls grade 3 as reference. All
other factors were binary,e. categorical factors separated into two outcome
groups (typically yes/no).

Since data on chemotherapy were missing for 24/R186) of the patients,
multivariable analyses without the chemotherapyiatde were consistently
performed throughout the study. As a stability gsial though, we assessed the
effect of chemotherapy by including it in the mudiiiable analysis, and verified
that the observed prognostic effect of the markardied remained approximately
the same.

Fisher's exact test was used to assess assocignween dichotomized protein
receptor expression and the clinical factors meetio above. For stage and
histological grade, though, the Mann-Whitney tesiswised, since these factors
are ordinal,.e. categorical factors with an inherent natural or@eg. grade 3 is
worse than grade 2, which in turn is worse thamgrd). In the external dataset,
MRNA levels of the hormone receptor genes were eoetpwithin the molecular
ovarian cancer subtypes using Kruskal Wallis tédl.tests were two-sided.
Statistical analyses of protein expression werdop@ed using SPSS statistics
version 22, and of mRNA levels using the R softwamesion 3.1.0.

As outlined here, Fisher's exact test was condistarsed for comparison of
binary variables throughout studies I, 1ll, and [Mis test is valid regardless of
the cohort size and was therefore preferred rathen the Chi2 test, which
requires at least 5 expected (calculated) freqesnnieach compared subgroup to
obtain a valid p-value.
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Studies I, I, and Il

Pearson’s distance metric (correlation test) ardude of FDR and fold change,
which were used to analyze gene expression datudies I-11l as well as the use
of nearest centroid classifications in study Ite described in detail in the section
Gene expression. In studies | and 1ll, FDRs <0.@tewused to determine which
genes were regarded as significantly deregulatédele® groups. In study I, a
different approach based on the 500 most diffeaiptexpressed genes between
groups was used, and therefore the FDR was highBR (<0.05). For GO
analyses in study | a p-value <0.001 was requiretia study 11l FDR <0.05 and
>3 genes/biological function were required to cdesia function significantly
affected.

Statistical analyses in study Il were performedgshe R software version 3.1.0.

Methodological considerations

Limitations and strengths

Limitations regarding RNA and DNA extraction frorkFE blocks as well as with
array-based gene expression profiling in general described in previous
sections. The remaining methodological considematare common for all studies
included in this thesis, and are therefore disaigsgeneral in this section.

All studies were retrospective, a study design #iflatvs for efficient evaluation of
risk factors established at study start, especielign studying rare events or risks.
With follow-up data already available, this studysin is also time-efficient. The
risk of bias and confounding is however greatemthdth prospective study
designs and thus implies potential limitations. @way of overcoming the risk of
systematic bias ip.g.evaluation of IHC stainings is to blind the evatra to data
used for stratification. In study |, hereditary teta was not known to the
investigators when evaluating the antibody staisirigkewise, in both studies |
and 1V, two investigators evaluated the stainimgiependently and thereafter the
results were compared. Confounders are factors ditlaer do not impact the
outcome variable or, in fact, contribute to thecoute in such a way that
evaluation of the variable of interest will not fgdiable. Different methods may be
used to overcome confounders. In study I, the Lysghdrome cohort was
matched to a sporadic cohort. In study I, theuiafice of FFPE block age, tumor
cell content, and the number of genes with gooe gepression quality was taken
into consideration. In study lll, the ability ofdlstatistical classifiers to correctly
group the tumors was assessed, and in study IVivart#ible Cox regression
analyses were used to adjust for known clinic&l fastors.
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The material size in all studies was numericalllatieely small. Results from
small cohorts should always be interpreted withtioay but similarly the limited
size aggravates the probability of demonstratirsglte with a sufficient statistical
strength. The material size must however be pat @ontext. Study | included 24
Lynch syndrome-associated tumors (and 24 sporatitrals), a relatively large
cohort since approximately 15-20 new cases of Lysghdrome-associated
ovarian cancer are expected to be diagnosed eeanyily Sweden [238, 239]. The
material size thus strengthens study |. However simples were collected during
a very long time period, with the oldest FFPE blbekng 54 years old, which is a
limitation since tissue handling and storage cawtbe influenced. Likewise, the
15 and 10 OCCCs in study Il could be compared &oekpected 35-50 OCCC
cases diagnosed in Sweden each year, but wherexgegience from our local
biobank reveals that it is difficult to gather tmae tumor type (see the Patients
section above) [239]. Studies Il and IV were restd to serous and
serous/endometrioid tumors respectively, which ceduthe number of tumors
available for analysis. Focus on defined subtypd®ivever a strength due to the
heterogeneity of ovarian cancer. Furthermore, thdirfgs in both study | and
study Ill remained when investigated in larger, eépdndent cohorts, which
strengthens the results.

The associations between borderline ovarian turaos the luminal A breast
cancer subtype in study Il and the prognostic bepé tumors expressing both
PR and AR in study IV are based on statistical ag@atfons. Since the material
sizes are limited and several associations werkigedl in the respective studies
(associations with different subtypes and outcontfe different receptor
combinations) there is a substantial risk of owénfy, i.e. minor findings may be
exaggerated and the results must thus be intedovata caution. The results are
however reinforced by biological similarities angpmnation models [132, 240,
241].
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Results and Discussion

Lynch syndrome and its impact on ovarian canceegen
expression

Study |

In study I, we aimed to investigate gene exprespiofiles and to identify genetic
discriminators in Lynch syndrome-associated ovamamcer. Whereas Lynch
syndrome-associated colorectal and endometrial ecanare relatively well
characterized and gene expression changes haveléiseated in MSI colorectal
cancers, gene expression data from the rare MMBctieé ovarian tumors are
scarce [242-245].

Unsupervised as well as supervised hierarchicat&ling of gene expression data
revealed distinct clustering between the Lynch syme-associated and the
sporadic cancers in study I, indicating that thar@n tumors linked to Lynch
syndrome share more genetic features with eachr attam with the sporadic
tumors of the same histopathologic subtype. This warified also in an
independent analysis using different analyticalhods. Furthermore, a leave-one-
out analysis correctly classified 79% of the hedgegitumors and 62.5% of the
sporadic tumors. The interpretation is that thesktt itself is relatively stable and
that the predictive model that classifies tumorshaseditary or sporadic works
favorably. Genes overlapping between our datasgtasnindependent, publicly
available dataset containing serous and endongri@idénocarcinomas as well as
serous borderline tumors were also used for unsigael hierarchical clustering in
our cohort, thus refining the discriminative genegression profile of Lynch
syndrome-associated tumors [58].

A SAM analysis revealed 349 significantly deregedagenes between the Lynch
syndrome-associated and sporadic tumors (FDR <0A0fpng the up-regulated
genes in the hereditary subset wBfEPRH a protein tyrosine phosphatase with
both tumor suppressor and oncogenic functi@RC3that affects NF-kappa)
B-signaling and is associated with both resistancapoptosis and chemotherapy
and TNFRSF6Balso known a®CR3J, which is a member of the tumor necrosis
factor super family protecting against apoptosisd aassociated with
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adenocarcinomas of the colon [246] (www.genecardk.tn line with this, a GO
analysis revealed involvement of processes relateell growth and proliferation
as well as cell death. This in turn may be assediatith the fact that Lynch
syndrome-associated ovarian tumors encompass episgonate enrichment of
well-differentiated endometrioid as well as cleall tumors, which are generally
thought to proliferate slowly from benign and imediate precursors and more
often being confined to the ovary at diagnosis thenous tumors [12, 247].

The histological distribution and the shift towamnors diagnosed at early stages
(stages I-1I) likely contribute to the generallywémable outcome for patients with
Lynch syndrome-associated ovarian cancer [104,.247the same time, well-
differentiated endometrioid cancers and clear calicers respond less well to
chemotherapy [40]. Therefore, the identificationnoflecular targets is crucial to
improve survival in this patient group.

To further assess potential genetic targets in hysymdrome-associated ovarian
cancer, IHC stainings were performed with antibsdieected at p-mTOR.é. the
phosphorylated, active, form of the protein), PTEBNd EGFR. The genes
encoding these proteins are functionally linkedthe genes discovered in the
SAM analysis and involved in the processes derfuvaieh the GO analysis, which
suggests that these genes represent potential deggetd. EGFR is located
upstream of many targets and pathways, among therRAK pathway, in which
PTPRHis involved.EGFRpromotes cell proliferation, and is also assodiatéh
activation of NkB-signaling (seeBIRC3 above). MoreoverPTPRH induces
apoptosis via inhibition of PI3K mediated signaliagd also affectdAPK
activation. TNFRSF6Bis also associated with the MAPK pathway, which is
connected to the PI3K pathway as well as the mT@mRwvpay. The phospholipid
PIP3, which is a major component of the PI3K pathveativates the downstream
protein target AKT, which is essential for cell gttt and is in turn inhibited
(dephosphorylated) by PTEN, a phosphatase crumialefyulation of the delicate
balance between cell survival and cell death. LaS®TEN will thus lead to
enhanced cell survival. The pathways describedlagid connections are outlined
in Figure 12.

Our hypothesis was that EGFR and p-mTOR would beexpressed, whereas
PTEN loss would be more frequent in the Lynch sgnur-associated cancers
compared with the sporadic ovarian cancers. Degpiepotential connections
found in cluster analyses and in GO analyses, goifgiant differences in IHC
staining patterns were discovered, but a ratheilagirdistribution between the
groups. This may have several causes; up-reguldiédined in gene expression
analyses is always relative to another group. Heapeegulation in one group
may indeed rather signify down-regulation in thenparative group. Likewise,
proteins function through signaling cascades arwar&s, which implies that
other primary target proteins may be relevant. Buéhe limited possibilities to
obtain high-quality RNA from FFPE blocks, we refradl from validation using
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PCR or Western blotting. The validation methodlitsiC, represents another
source of bias since various protein modificaticathier than expression may be
relevant to regulate protein function. Epitope sbm may also influence the
staining results. For IHC validation we could alsve chosen to assess some of
the top upregulated genes. Several therapeutiorsptare available to achieve
EGFR inhibition and mTOR inhibition, and althoughetresults from IHC
stainings in study | were negative the findingsnfrthe gene expression data
remain. It would be interesting to further analyize involvement of these targets
in Lynch syndrome-associated ovarian tumorigenesis.

PAK pathway
angiogenesis

PAK

MAPK/ERK pathway
EGFR [--->| RAS [ | RAF |—>| MEK |—>| ERK cell migration/invasion

PI3K [—> PIP, —2| AKT

3 mTOR pathway
mTOR cell differentiation

PI3K pathway —|— 1

cell cycle progression LI NFkB pathway
> NFkB cell survival

PTEN

Figure 12. Oveview of signaling pathways and their intrinsémnections, in which the top up-
regulated genes in Lynch syndrome-associated tuarersvolved. Each box represents a protein.
Colored boxes represent proteins assessed usig iofmstochemistry in the present study. The
circle represent a key phospholipid. Arrows indéctiite direction of signaling and represent
stimulating actions.

During recent years, several reports and revievclest have been published
regarding the clinical features of ovarian canggdd to Lynch syndrome as well
as screening of mutation carriers [66, 83, 101,, Z¥®]. A more biological
approach has been taken on by Niskakeatkal, who have assessed promotor
methylation of tumor suppressor genes [102, 250fthylation of tumor
suppressor genes normally results in gene sileneing is thus important for the
understanding of the underlying biologic mechanismstumor development.
Promotor hypermethylation of tumor suppressor gewes more frequently
observed among the Lynch syndrome-associated carmmmpared with the
sporadic cases, and was more frequent in non-séransn serous ovarian cancer.
Hypomethylation of LINE-1, which is part of a groopa self-amplifying genetic
elements (Long Interspersed Nuclear Elements, L)MIEd a biomarker for global
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DNA hypomethylation, was, however, more common agnitre sporadic tumors
[102]. Hypomethylation of LINE-1 has been describesl a poor prognostic
marker in both ovarian and colorectal cancer anddcpotentially be related to the
favorable prognosis in Lynch syndrome-associatethpawed with sporadic
ovarian cancers [251, 252]. Among the most freduanéthylated genes in Lynch
syndrome-associated ovarian cancer reported byakiiskiet al., only two genes
were affected in our studyyPC was upregulated and/T1was downregulated in
our Lynch syndrome cohort. Although our data aslveasl the observations
reported by Niskakoslet al. need further validation, the results point in saene
direction of a distinct molecular profile of ovamiacancer linked to Lynch
syndrome. Likewise, a distinct gene expression tetirgy pattern has been
described in colorectal cancers linked to Lynchdsgme by members of our
research group [253]. The upregulated genes insthdy did however not overlap
with the ones in our study (a stricter cut-off t@fining significantly upregulated
genes was used in study ), thus precluding furthenparisons, but still our result
is in line with the studies discussed here.

Lynch syndrome is inherited in an autosomal domimaanner; the penetrance
varies between the affected genes and the syndpoedisposes to a number of
malignancies [65, 94, 95, 254]. Although Lynch symde-associated ovarian
cancer is rare, Lynch syndrome-associated coldranthendometrial cancers are
not [95, 254-256]. Identification of mutation cams thus may prevent other
tumors in both the affected patient and her fanmgmbers. Likewise, the
preventive measurebse. screening for ovarian cancer in predisposed groangs
generally not very effective. To perform risk-rethgchysterectomy and SOEB is
effective, but a brutal intervention if not abselytnecessary [249]. As previously
mentioned, type | ovarian tumors, to which the Uynsyndrome-associated
ovarian tumors in general belong, are also morestegg to chemotherapeutic
agents due to the low proliferation rate thus desply warranting refined
therapeutic strategies and also research intet@pt |

In study |, apart from the failure of the ICH vaditbn, the data remained stable
using different data analysis approaches. To furtssess the homogeneity of
Lynch syndrome-associated tumors, we analyzed riiedl subgroups of serous,
endometrioid, and clear cell tumors independentinsupervised hierarchical
clustering revealed a strong clustering of serausemmdometrioid tumors linked to
Lynch syndrome, whereas the clear cell tumors warermingled. The
observation that the clear cell histology seemsoverride the influence of
heredity, led us to continue our investigation imlis distinct ovarian cancer
subset in study II.
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Ovarian clear cell carcinomas and chromatin remogel

Study I

In study II, we aimed to characterize OCCCs usangdted deep sequencing. This
tumor type has distinct clinical features, but niydifficult to distinguish from
other histopathological subtypes using immunohlsoustry. Transcriptional
signatures of OCCCs have been described, but dy stiart only a few OCCC
specific genes had been thoroughly characterizedi sance OCCCs are rare most
studies encompassed a limited number of case2]14].

In cohort 1 a multiclass supervised clustering analysis basethe 5% (n=515)
most differentially expressed genes across all tarand using the histopathologic
subtypes as groups revealed great transcriptionfrehces between the
histologies analyzed. In line with the result indst I, the OCCCs were distinct
and created a seemingly homogenous subcluster. guthenupregulated genes in
the OCCC subclusteERBB2 which was identified also in a previous publioati
was identified [257]. The observation of a homogen®CCC cluster is also in
line with a previous publication by Zoet al, who noted that clear cell tumors
regardless of origin (ovarian, endometrial, or terdisplayed similar gene
expression profiles. This contrasted to serous emdometrioid tumors which
displayed different gene expression profiles irfedént organs [48]. The 515
differentially expressed genes identifiedcivhort 1were used in a GO analysis of
biological processes, revealing involvement ofdigransport, morphogenesis,
developmental processes, and the signaling patbytagkeletal regulation by rho
GTPase.

A comparison of the deregulated genes identifiedun cohort with the genes
upregulated in the study by Zoret al. revealed 14 overlapping genes
corresponding to the GO enrichment terms metahmiorzesses and structure-
specific DNA binding, among others. Many of the e@enalso revealed
associations with inflammatory response and cy®kictivation, of interest since
inflammation is proposed to be pro-tumorigenic ICTEC development [258].
Among the overlapping geneBCL6is of particular interest since it is involved in
chromatin binding, which was to attract our intérdsring the work with this
project [259].

Unsupervised cluster analysis of the 5% (n=500)tndifferentially expressed
genes across the 15 OCCCscimhort 1displayed a heterogeneous pattern that
contrasted to the previously mentioned homogeneiynpared with other
histologies. This observation is in line with aoeis publication that revealed
distinct OCCC clusters in 50 OCCCs (in its contexelatively large cohort) using
comparative genomic hybridization arrays [257]. &fwichment of GO terms was

63



discovered among the 500 differentially expressegeg or among the 55 genes
overlapping between the whole dataset (n=67 tunad)the 15 clear cell tumors

in our study, indicating large inter-tumor variaic@among the OCCCs. We

therefore performed targeted deep sequencing ier aodfurther investigate the

OCCCs. Due to lack of tissue availability, this lgas was performed using a

partially overlapping cohort consisting of 10 OCCG&short 2

We sequenced 60 cancer-related genes with mininxrc8verage for >99% of
the target bases across all 10 tumor samples. Bam target coverage was 534x
(range 314-698x), and approximately 3,000 varigattered DNA sequences)
were called, of which 1,590 were considered serame®rding to ENSEMBL and
CONDEL as previously described (see Targeted degpencing in the Materials
and Methods section). Serious gene variants chigmegeoding sequenciee. may
alter the protein structure or function, and ardssguently referred to as
mutations. Since the dataset displayed a variagufncy peak around 50% for
SNVs, possibly due to germline heterozygous mutatithis range was removed
to improve the call for potential somatic mutatiob&ewise, variance frequencies
<5% (most likely not true mutations) or >95% (tonve possible germline SNPs
creating a hit at 100%), were removed for both SNWisl indels. Hence, the
mutation call cut-off was set to 5-45% or 55-95% $NVs and 5-95% for indels,
and left us with 114 mutations in 15/60 genes i@ #® tumors. Some genes
harbored more than one mutation/individual tumarg ahe median number of
mutations/tumor was 12.5 (range 8-16).

BRCAlwas mutated in two tumors, a mutation not likaetyoccur in OCCCs.
Therefore these mutations were further analyzed idedtified as commonly
occurring, non-disease causing germline variamtsin the case of genetic testing
they would not have been reported*. AERBB2mutation was identified in one
tumor, but this mutation was not activating andsthprobably not of clinical
relevance. Overall, the mutations identified irstbiudy were not related to age off
FFPE blocks, a relevant concern due to the difiiesil regarding DNA
extraction/quality from formalin-fixed tissue. Elv previously unreported
mutations were identified in 9 gend§MT2C, ARID1A PIK3CA TP53 ZFHX3
ERBB2 NF1, SMARCA4 and SPOP) The mutations identified in study Il are
outlined in Table 4.

*http://www.ncbi.nlm.nih.gov/clinvar/variation/4181
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Table 4. Overview of mutations identified in study Il. Tgene names of chromatin modifiers are
highlighted in red. The colored boxes representhtation frequency in the individual tumors.
Green=1 mutation, orange=2 mutations, yellow= >3ations (the exact number specified within
each box).

Sampleld| 3| 6|4|9|10/7|8|2|1|5
Gene name
KMT2C 11| 8 |12|10]|12| 7|8 9|87
ARID1A
CHD1
PIK3CA
BRCA1
TP53
ZFHX3
ASXL1
ATM
CDKN2A
ERBB2
KRAS
NF1
SMARCA4
SPOP

As expected, mutations iARID1A (identified in 3/10 tumors) and iRIK3CA
(identified in 2/10 tumors) were found @ohort 2 although in a somewhat lower
frequency than expected [19, 23, 260]. Furtherm@&BJD1A and PIK3CA
mutations have been reported to co-exist in OC®Us,0nly co-existed in one
tumor in our study [261]. The result in our studplpably reflects the limited
cohort size rather than true differences. Usingouse model, it has even been
proposed that co-existence MRID1AandPIK3CA mutations drive OCCC tumor
development, although this is controversial anthsmot replicated [258, 262].

Involvement of chromatin remodeling genes in OCGgshowever, identified
[23]. The tumor suppressor geARID1Ais a member of the BAF (SWI/SNF)
family, a complex ensuring proper chromatin segiegaand thus essential for
transcription of genes otherwise suppressed byedehomatin ARID1A affects
the chromatin structure around the genes and tkeilitranscription. Since
chromatin remodeling is fundamental for regulataintranscription, remodeling
may affect gene regulation without interferencenviNA sequences [263]. It has
been proposed thaaRID1A inactivation is an early event in development of
OCCC and endometrioid ovarian cancer, tA&ID1A and TP53 co-operate to
maintain normal cell growth in healthy cells, ahdtta mutation in only one of the
genes is required for carcinogenesis [18]. Thigeats a plausible explanation for
why these mutations seem to be mutually exclusiM®@CCCs [261, 264]. So far,
this remains a hypothesis and it is uncertain wédredRID1Amutationsper seare
sufficient for OCCC development or [258, 263, 264terestingly, in our study

65



only two single nucleotide deletions P53 were found in one single tumor,
which was noARID1Amutated.

In line with the involvement ofARID1A in OCCCs,KMT2C was the most
frequently mutated gene across all tumors in stldKMT2C, also known as
MLL3, is a methyltransferase gene in the Mixed-Lindagigkemia (MLL) family
involved in epigenetic moadification of chromatin.hd involvement of
KMT2C/MLL3in leukemias is well characterized, and it is affected in several
solid tumor types [265, 266]. Truncating germlinatations inKMT2C/MLL3
have also recently been described in HGSOC [2@L]. genes are identified as
part of fusion genes in leukemias. Interestinglwo ttruncating indels in
KMT2C/MLL3 which may make the gene more prone to fuse witlerogenes,
were revealed in our study [268{MT2C/MLL3 accounted for 91/114 (80%) of
all mutations called in this study, and the numb&mutations in each tumor
ranged from 7 through 12. Several mutation locievesmmon between tumors.
Eighteen (20%) of theKMT2C/MLL3 mutations were found in functional
domains.

Apart from KMT2C/MLL3 and ARID1A, three additional chromatin modifiers
were identified among the 15 mutated genes in stigdyHD1 (mutations in 3/10
tumors), SMARCA4(1/10 tumors) andSPOP (1/10 tumors). Just lik&RID1A
SMARCA4also known a8RG]) is part of the BAF family and together these two
proteins are required for proper chromatin binddfgppoisomerasedl (TOP2A),
which facilitates DNA breaking and rejoining [269[OP2A inhibitors such as
etoposide and doxorubicin are widely used in clihigractice and thus further
studies of the potential use of these drugs in O£®auld be interesting [270]. A
schematic diagram of the relationship betwddtiD1A SMARCA4 TP53 and
TOP2Ais shown in Figure 13.

To the best of our knowledge, mutations@iD1 and SPOP have not been
described in ovarian cancer, but these genes agedntly mutated in prostate
cancer [272, 273]SPOP mutations have also been described in endometrial
cancer, although the clinical utilization hereofsiill uncertain [274]. Although
our study is limited in size and validation is Isth be performed, the results
suggesting involvement of chromatin remodeling I€QCLs are in line with
several previous studies discussed here. Chromatiodeling is essential in
cancer evolution, and the identification of sevetalomatin remodeling genes in
OCCCs is of potential interest for refined therdjpestrategiesin vitro studies
with  small molecules targeting chromatin remodelingre ongoing
(https://clinicaltrials.gov/).
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Figure 13. Overview of the BAF complex witBMARCA4ARID1AandEZH2 In a healthy cell
they co-operate to maintain a proper chromatircstre, allowing fore.g. TOP2Ato bind to the
chromatin. Mutations iTP53andARID1Aseem to be mutually exclusive, and mutationstimeei
gene can enhance carcinogenesis. In the eveé&kRIiid1Amutation the significance of its catalytic
subunitEZH2increases, which promotes proliferation. Adaptechf[271].

Similarities between subtypes of serous ovariacean
and breast cancer

Study I

The purpose of study lll was to investigate gengression profiles in malignant,

borderline, and benign serous ovarian tumors ardsess potential similarities to
the intrinsic subtypes of breast cancer. As outliimethe Background part of this
thesis, gene expression analyses have been usedferthan a decade to identify
differences between histopathological subtypesvafrian cancer and to explore
the potential prognostic impact [38, 47, 53, 57]. @he motives for our study

were the evolving evidence that the different lpatbologic subtypes may indeed
represent distinct diseases and that heterogermitsts within the defined

subtypes as well as between individual tumors 218, 276].
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Molecular subtypes of breast cancer were described than a decade ago and
are now partly used in clinical decision-making][44 similar effort to investigate
subtypes of serous and endometrioid ovarian camasmmade by David Bowtell's
group in 2008, and has been followed by severakrofprojects aiming at
delineating subtypes of mainly HGSOCs [54, 58, G0].2012, the TCGA
published a thorough work on breast cancer thataled striking similarities
between basal-like breast cancer (in the cliniettirgy often equalized with triple
negative tumorsi.e. breast cancers not expressing hormone receptoHEBR?2
amplification) and HGSOC in terms of tumor heterogjgy, genomic instability,
frequent TP53 mutations and an aggressive growth pattern [44jarA from
studying gene expression in different serous omataors, we aimed to compare
ovarian and breast cancer subtypes, with the gea@raof identifying breast
cancer markers that could be of potential inteedso in the field of ovarian
cancer.

Gene expression profiling was performed using 3ligmant, 5 borderline, and 17
benign ovarian tumors. Unsupervised hierarchiaadtering of the malignant and
benign cases using the 20% most differentially esxped probes revealed stable
clusters related to malignant potentiak. the malignant tumors formed one
cluster and the benign tumors formed another, with exception of four
malignant cases that were intermingled among theghd¢umors. Of these, 3 were
grade 1 or 2, though. Pairwise clustering of alt bne of the 13 biological
replicates was seen in study lll, and the clustensained stable after removal of
the replicates.

A SAM analysis revealed 5,944 significantly deregedl genes in the malignant
compared with the benign tumors. Several cell cyilemses were among the
upregulated genes, and a GO analysis revealechareit of cell cycle-associated
biological processes. The few borderline tumorsewevestigated using a similar
approach; first an unsupervised clustering of nmaid, borderline and benign
tumors was performed (using the 20% most diffeadigtiexpressed genes) to
explore the borderline affinity in an unbiased memnmand then a clustering
analysis supervised by the 5,944 genes from thégnaalt-benign analysis was
performed. As in previous analyses two clusterg wralignant and one benign,
were seen, and the borderline tumors were intefdedhbetween clusters. This
stable clustering, implying robust transcriptiopabfiles of malignant and benign
tumors, is in line with previous reports [49, 50].

Although our finding that the borderline tumors eelivided between the benign
and malignant clusters differs from a previous gtbg Bonomeet al, with a
larger borderline cohort, it is in line with thestats recently published by Curey
al., revealing a heterogeneous pattern among seraderine tumors [50, 277].
Our study with five borderline tumors and a total58 ovarian tumors and the
study from Curryet al. with 13 borderline tumors and a total of 24 ovariamors
both suffer from the limitation of small numberstamors, making it difficult to
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draw any firm conclusions. Despite the limited shargizes, though, the results
are consistent and further studies of the transengl landscape of borderline
ovarian tumors would be of interest. For instarCarry et al. outlined a gene
profile separating borderline tumors into maligniéke or benign-like tumors and
validated this signature using the independentligybavailable dataset from
Tothill et al, which wasfirst used to describe the molecular ovarian cancer
subtypes; the same dataset as we used in studg8jll Our borderline tumor
subset was too small to allow meaningful clasdifocausing the gene profile by
Curry et al, but the result warrants further investigationsiass their finding of
an enrichment of claudin genes in the malignam-blorderline tumors. Claudins
are described also in breast cancer, where a lgeteeous, poor-prognosis
claudin-low intrinsic subtype has been proposed8]27The proposal of a
borderline heterogeneity does not necessarily imfilgt the tumors are
evolutionarily different, but may reflect differensteps of the malignant
transformation.

We stratified our cohort into the six gene expm@sdiased ovarian cancer
molecular subtypes (“C-signatures”) proposed byhillogt al. [58]. A C-signature
was assigned to each of the 59 tumors in studyGitbup comparisons revealed
significant correlations between the malignant tenio our cohort and the C1
(nowadays termed “mesenchymal”), C2 (“immunore&i)iv and C4
(“differentiated”) signatures as well as between loorderline and benign tumors
and the C3 (“pborderline and low-grade serous”) aigre. No significant
correlations were, however, identified between awohort and the C5
(“proliferative”) signature. No tumors in our colowere assigned to the C6
signature (“low-grade endometrioid”), which is iind with our study not
encompassing any endometrioid tumors. For appdicadf the ovarian cancer C-
signatures, we used nearest centroid classificatibrthe genes overlapping
between the datasets. The C-signatures encompas&iigood quality genes, of
which 1,295 (47.5%) were present in our dataset. dassifier itself worked well;
239/251 (95.2%) of the tumors in the Tothill cohadre correctly re-assigned to
their respective subtype.

To outline the similarities between ovarian andabteancer subtypes, apart from
those already established by the TCGA, we strdtifiee tumors in our cohort to
the gene expression-based intrinsic breast canbdyres (luminal A, luminal B,
Normal-like, Basal-like, HER2-enriched). Here weedsthe breast cancer
signatures outlined by Het al, that comprise 306 genes of which 208 (68%) were
present in our dataset [224]. Other breast canessifiers are available.g.the
commercially available 50-gene signature Pam50s{Bna®), but since members
of our group already were acquainted with the Hynaiure from previous work
on male breast cancer we chose to work with thHéd,[280].
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As expected, the cross-comparisons identified Bagmit correlations between our
malignant ovarian tumors and the basal-like breaster subtype [44]. Outcome
could not be fully evaluated due to few and unbaannumbers of tumors in the
different groups, but the five luminal-like maligrtaovarian tumors seemed to
harbor a favorable prognosis compared with theiamarancers that corresponded
to the basal-like breast cancer subtype. Borderind benign tumors did, as
expected, correspond to the normal-like breast erarsubtype which was
originally derived from normal breast epitheliuniJ4Further analysis of the five
borderline ovarian tumors revealed strong cormfatito the luminal A breast
cancer subtype. This correlation was not seendratfalysis of the whole cohort,
probably due to the skewed numbers of the resmectiimor types. The
correlations between our ovarian tumors and bathotrarian cancer C-signatures
and the intrinsic breast cancer subtypes are eutlim Table 5.

Table 5. The serous ovarian tumors in study Il with cop@sding ovarian cancer C-signatures and
intrinsic breast cancer subtypes. The rows outliegumor types, with the representation in each
subtype in percent within paranthesis

Ovarian cancer C-signatures

C1 C2 C3 C4 C5
Tumor feature Total
Malignant, n (%) 12 (32.4) 8 (21.6) 38.1)| 9(24.3) 5(13p) 37
Borderline, n (%) 0(0) (0.0) 5 (100.0 0 (0) 0(0) 5
Benign, n (%) 1(5.9) 0(0) 15 (88.2 0 (0) 1(5.9 17

Intrinsic breast cancer subtypes
Luminal A Luminal B Basal Normal HER2

Tumor feature Total
Malignant, n (%) 2 (5.4) 3(8.1) 21(56.8) 6(16.2) 5(13.5) 37
Borderline, n (%) 4 (80.0) 0 (0) 0 (0) 1(20.0 0 (0) 5
Benign n (%) 1(5.9) 0 (0) 0 (0) 16 (94.1 0(0) 17

p<0.001 (Fisher's exact test) for comparison batwemor features and C-signatures and comparisiveba

tumor features and breast cancer subtypes reselgctiv

To further strengthen the potential correlationsvieen the ovarian cancer and the
breast cancer molecular signatures, the latter \apptied to the tumors in the
Tothill cohort, revealing a connection between tvarian cancer C2 signature
and the basal-like breast cancer subtype, as wdletween the ovarian cancer C3
signature and the normal-like breast cancer subtypelication of the breast

cancer subtypes to our tumors with assigned C-giges displayed the same
results. In general, breast cancers correspondiriget normal-like breast cancer
subtype have been shown to have a low percentagenadr cells [281]. The
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cellularity of the Tothill tumors was not availabte us, but the connection
between the ovarian cancer C3 (borderline) sigea&und the normal-like breast
cancer subtype seems logical since borderline tsrper se have a lower

malignant (semi-malignant) potential.

Although a limited-size cohort, the results froradst Ill demonstrate similarities

between the molecular classifiers of serous (ankb@etrioid) ovarian cancer and
breast cancer, not only for HGSOC and basal-lilka&trcancer, but probably also
for other subgroups of the respective tumor tydée findings observed in our

study are outlined in Figure 14.

Tumor feature
C-signature

i) Breast cancer subtype
Tumor feature C-signature Breast cancer subtype
W Benign [ Jet cz M uwminaia [ Normal-like
B sorderline c3 c4 tuminal B [ HER2-enriched
. Malignant c5 Basal-like

Figure 14. Clustering of the serous ovarian tumors in stutlwith corresponding, assigned ovarian
cancer C-signatures according to [58] and intribs&ast cancer subtypes according to [224].

It is tempting to rationalize gene expression pesfinto specific features, which is
done in clinical practice when the luminal breastaer signature is translated into
hormone receptor positive breast cancer, the Wi&salsignature into triple
negative breast cancer, and the HER2-enriched tsignanto HER2-amplified
breast cancer. This is motivated by clinical amglan of the intrinsic breast
cancer subtypes [282, 283]. Although the molecalad clinical breast cancer
subtypes show strong resemblance, overlap is prasenthe picture is not clear-
cut. Most tumors in the basal-like subtype areldripegative, but not all triple
negative tumors are basal-like, and even when #neybasal-like they may be
further sub-classified [281]

Another way of addressing this problem is to uses &4 functionally related
genes, gene modules, defined by gene expressifihngr§226, 284]. We applied
seven such gene modules corresponding to key tufeatures such as
“proliferation”, “immune response”, “apoptosis”, rigiogenesis”, “HER2
signaling”, “ER@) signaling”, and “invasion and metastasis” to study cohort
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[226]. These gene modules are based on genes @uwdlv key biological
processes related to breast cancer developmenigthhseveral features are
relevant for multiple tumor types. Differences iRMA levels between malignant,
borderline, and benign tumors within each breasicea gene module were
assessed, and a strong association between thgnardtliovarian tumors in our
cohort and five of the seven modules, excluding tBR(a) signaling” and
“invasion and metastasis” modules, was revealed Bbrderline and benign
tumors in our cohort, however, corresponded to‘Bi(«) signaling” module, in
line with the previous findings in this study aslives the notion that the lower the
malignant potential of the ovarian tumor the highbe hormone receptor
expression [171, 240]. The lack of association ketwour malignant tumors and
the “invasion and metastasis” module may be du¢héowide distribution of
MRNA values for the included genes among the malgriumors. However,
when our cohort was stratified into the ovariancearC-signatures and the mRNA
levels of the separate breast cancer gene modwdes @ompared between C-
signatures, a strong association between the Cbrtumnd the “invasion and
metastasis” gene module was revealed, which ignawith the poor prognosis
seen among tumors classified as C1 (“mesenchynid’) 58]. Furthermore, an
association was detected between the C2/immunetiveaovarian cancer
signature and the “immune response” module and deiwthe C3/borderline-
assigned tumors and the “EfRGignaling” module.

The results were stable also when the tumors inlgtger Tothill cohort were
compared within the separate breast cancer genalesod o assigh gene modules
to gene expression derived signatures with singiferacteristics may seem self-
fulfilling. Since the molecular breast cancer splety have shown a strong
prognostic and predictive value and are wide-spreaal way that the molecular
ovarian cancer subtypes are not, it is howeverntérest to investigate the
robustness of the ovarian cancer subtypes as welb&ntial correlations to other
subtypes. Thus the finding of a favorable resentddretween the ovarian cancer
subtypes and the breast cancer classifiers (betinttinsic subtypes and the gene
modules) in this study supports the use of the ocutde subtyping in ovarian
cancer. Even better would of course be to invetgigane modules based on key
features in ovarian cancer, and such gene modotesdlecular subtypes) should
preferably consist of fewer genes than the bremster derived modules assessed
in this study, in order to make the analysis eal; hopefully, clinically useful.

One of the distinctive features between type | e Il ovarian tumors is the
mutational spectra, witKRAS BRAF, andPTEN mutations frequently occurring
in type | tumors (such as LGSOCs), wheré®&3 mutations are found in >95%
of type Il tumors (such as HGSOCs) [11, 1RRAS and BRAF mutations are
considered early events in the stepwise developofelpe | tumors from benign
precursors, via intermediate borderline tumors]ow-grade malignant tumors
[285]. We were therefore interested in whether tmma in these genes
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corresponded to the molecular subtypes and in tpeitential prognostic
implications. Mutation analysis was performed ie tmalignant and borderline
tumors, andKkRASmutations were detected in two malignant and texalérline
tumors, andBRAF mutations were identified in two borderline tumoi&he
numbers are limited but broadly supporting an etqubcate, since only 5/37
(13.5%) of the malignant tumors in our cohort wgrade 1.

The two malignanKRASmutated tumors were both grade 1 and correspotaded
the C3 and normal-like subtypes and the C4 andrlah® subtypes respectively.
This further supports the explorative results a$ ttudy revealing associations
between the molecular subtypes of ovarian cancer laeast cancerKRAS
mutations have been identified in benign ovariamcess, and mutation analysis of
the benign tumors in our cohort had potentiallyrbileistrative in that they may
have contained information regarding possible malig transformation [286].
The KRASmutated borderline tumors all corresponded toGBeand luminal A
subtypes. Luminal breast cancers also frequentlgbdna mutations in the
MAPK/ERK pathway, hence another feature in commetwken ovarian and
breast cancers [44]. KRAS and BRAF are upstreagetarof the MAPK/ERK
(MEK) pathway, and MEK inhibitors are available drale been investigated in a
phase Il trial with recurrent LGSOCs, so far witlhmising results [287].

The associations revealed in this study may beaexgdl by differences in
proliferation and cell growth rate, since both HG&3Oand basal-like breast
cancers are highly proliferative, in contrast toS@Cs and luminal breast cancers
[11, 44]. Other biological similarities should albe investigated, including the
MAPK/ERK pathway and hormone receptor expressiaméntioned previously,
benign and borderline ovarian tumors also generaXgress higher levels of
hormone receptors than their malignant counterpft®l]. The association
between borderline ovarian tumors and the lumindiréast cancer subtype is of
interest not least in relation to our further olaépns in study IV.

Impact of endocrine receptors on prognosis andypalst

Study IV

Although a number of prognostic factors have belemtified in ovarian cancer,
predictive markers are scarce [54, 61, 202, 288-2@ativated by the histologic,
genetic, and clinical heterogeneity of ovarian eanstudies of prognostic and
predictive markers need to be better stratified [0 32, 54, 58, 172, 292]. In
study IV, we aimed at further exploring the role tbe sex steroid hormone
receptors ER, ERB, PR, and AR (from here on referred to as hormeaeptors)
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in ovarian cancer in general and within the molacslbtypes described in study
lll. The studies were performed on both protein amiRNA levels. We
hypothesized that hormone receptor expression chalte prognostic impact
similar to survival differences reported in ER pes/PR positive vs. ER
positive/PR negative breast cancers [293]. Furtbezmwe aimed to explore
MRNA levels of the genes encoding the hormone tecepseparately in the
defined molecular subtypes of ovarian cancer.

A TMA consisting of in total 118 ovarian cancers (8erous, 31 endometrioid)
was used for analysis of protein expression of,HER3, PR, and AR. Regarding
the clinical information, there was an overreprésgon of stages IlI-IV and grade
3 tumors in the serous subset compared with thereettioid cases, which
displayed a more even distribution of tumor stamas histological grades. These
differences, however, resemble the scenario obdeiwethe clinic [3, 294].
Among the 118 patients, 77 (65%) had received ppstative platinum
containing chemotherapy, 17/118 (14%) were repantgdo have received post-
operative chemotherapy, and treatment data wergngisor 24/118 (21%) of the
patients. Verified mutations iIBRCAlor BRCA2were reported in 30/118 (25%).
Information on residual tumor burden after surgerg, whether the patients
underwent macroscopically radical surgery or ndt, waell as information
regarding the use of post-operative hormonal treatrwas not available. The lack
of information on residual tumor burden is a lirtita of this study, but relates to
the collection of the cohort in study IV prior tO@@1, after which this factor has
received increased attention [295]. Thus, thisrimfation would still have been
difficult to interpret. Hormonal treatment (alsdewed to as endocrine treatment)
is not standard treatment for ovarian cancer awodligrarely used in the palliative
setting. It is therefore unlikely that it was adistared to the patients in this
cohort to such an extent that it may have affetitedesults [172, 173].

PR protein expression was detected in 36/118 (3Ufdrs and AR expression in
52/118 (44%) of the tumors, in line with the expgiea frequency of these
receptors described in previous publications [1723, 296]. ER staining was
detected in 52/118 (44%) of the tumors, a lowegudency than in previous reports
[173, 288, 297]. ER staining was detected in 102/117 (82%) of the nsma
much higher frequency than expected [174, 288].gbmeral the receptor
expression varies somewhat even between the peewimdies referred to here.
This can probably be explained by antibody spdtjfiand differences in cut-off
levels used, not to mention that tumor tissuesh@iegical specimens and never
exactly the same although the diagnosis and cliféedures may be so. Likewise,
validation of IHC stainings may suffer from limiteceproducibility, which
underscores the need for validated antibodies aihedi cut-offs [209]. The
unexpectedly high ER expression identified in study IV may reflect such
limitations.
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Although hormone receptor expression in differemar@an tumors has been
assessed in several studies, with reports of higheaptor levels in benign and
borderline tumors compared with malignant tumors| also higher expression in
endometrioid tumors than in serous tumors, limdath are available on receptor
co-expression [132, 171, 172, 240, 298, 299]. Guession of ER and AR as
well as ERr and PR has been described, but without really sassg the
functionality of such a co-expression [171, 2970]30 he observation that PR+/
ERa- expression may confer a better prognosis thaaratbmbinations of these
receptors, mostly reported in older studies, mag besult caused by the favorable
prognosis associated with PR+ tumors [171, 240,].3@lthough a recent
publication reported an unfavorable prognosis aatet with hormone receptor
expression, the finding that PR expression is poetically favorable seems well-
established [299, 302, 303]. In line with this, tlesults in study IV revealed an
association between PR negativity and advancede stagl grade. We also
identified an association between AR negativitygdgr, and older age (>70 years
at diagnosis) as well as betweenpEpositivity and high grade. No associations
were identified between ER and clinical characteristics, or between
histopathologic subtype BRCA1 or BRCA2 mutation status, and clinical
characteristics. A detailed table of the clinicatadstratified for hormone receptor
expression can be viewed in the appended study.

Positive PR expression and AR expression was imikpely associated with an
improved 5-year PFS (52.8% vs. 18.3% for PR+ and tBRiors respectively;
44.2% vs. 16.7% for AR+ and AR- tumors respectivélgg Rank p=0.001 for
both analyses) and 5-year OS (63.9% vs. 24.4% f®+ Rnd PR- tumors
respectively; 57.7% vs. 19.7% for AR+ and AR- tumogspectively, Log Rank
p<0.001 for both analyses) whereas no such assmsgaivere seen for ERor
ERB. As outlined in Table 6., patients whose tumorsexpressed PR and AR
(PR+/AR+) had a significantly better PFS and OS parad with those whose
tumors displayed discordant (PR+/AR- or PR-/AR+)absent (PR-/AR-) protein
expression. This is also visualized in Figure 1Be Tata remained stable after
adjustment for stage, histological grade, age agrdisis,BRCAl1and BRCA2
mutation status, and histopathological subtypex BRI ER were not included in
the multivariable analyses since their expressidmdt correlate with survival.

Table 6. A multivariable Cox regression analysis of 5-yeB6SRnd OS adjusted for stage, grade,
age at diagnosi8RCAlandBRCA2mutation status, and histology.

Endpoint | Variable n (events)| HR 95% ClI p
5.year PES | PR*/AR+ vs. PR-and/or AR- | 101 (69) 0.32| 013 0.790.014

5-year OS PR+/AR+ vs. PR- and/or AR- 101 (64) 0.24 0.080 0.70 | 0.009
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Figure 15. Overall survival curves outlined using the KapMaier method for positive vs. negative
staining for the respective receptors analyzedudyslV. IHC stainings are displayed under each
plot, with positive IHC receptor staining to thetlahd negative receptor staining to the right. p-
values are calculated using the Log Rank test.
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Since treatment data were missing for 21% of thdepts, the impact of
chemotherapy on the results was difficult to evi@uaPlatinum containing
chemotherapy vs. no chemotherapy was thereforeudadl in a separate
multivariable analysis (stability analysis) and viasnd to only slightly dilute the
independent effect of co-expression of PR and ARl,(as expected from the
decreased sample size, weakened the evidenceeffeat). We also assessed the
effect of co-expression of PR and AR in the serand endometrioid tumor
subsets separately, due to the great imbalancesmwiidgies in the study. These
analyses too showed that the favorable prognoscesged with PR+/AR+ status
remained within each subset, and thus we felt adstlrat we could report the
analyses in this study using the whole cohbe. @&djusted for histopathological
subtype instead of separated into serous and erdoiietumors) and withut
including the variable chemotherapy.

In addition to the positive prognostic effect seerwomen whose tumors co-
expressed PR and AR, we also assessed the addéftew of co-expression.e.
whether the effect of co-expression was greater the combined positive effects
expected from the independent effects of the tupeing PR+ and AR+. This so
called interaction analysis revealed an evidentitiathél effect of PR/AR co-
expression which remained even in a multivariabdalysis adjusted for the
previously mentioned clinical factors (PFS, p foteraction=0.004 and OS, p for
interaction=0.016) and is outlined in Figure 16.

s = PR-
1.6 + 4= PR+

1.0
0.8

0.4

0.2+
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AR- AR+

Figure 16. A graphical view of the independent effects onrallesurvival of PR and AR in relation
to absent receptor expression (PR-/AR-). ifhieraction effecof co-expression of PR and AR
(PR+/AR+) is visible as PR has an effect only wittiia AR+ tumors (and vice-versa for AR). The
graph is based on a multivariable analysis adjustestage, grade, age at diagnoBRCAland
BRCA mutation status, and histology. PR-/AR- is usedeference (HR 1.0).
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To further explore the prognostic relevance of hame receptor expression, we
analyzed the mRNA levels of the geneSR1 ESR2 PGR, and AR, encoding
ERa, ERB, PR, and AR respectively, using the dataset albyirused to describe
the molecular subtypes of ovarian cancer and @dlim study Il [58]. The
MRNA levels of the respective genes were assesseédlation to the different
subtypesj.e. Cl/mesenchymal, C2/immunoreactive, C3/borderlineé BGSOC,
C4/differentiated, C5/proliferative, and C6/low-deaendometrioid. This revealed
higher median mRNA levels d?GR in the C3/borderline and C6/endometrioid
subtypes, in line with the high frequency of PRteim expression reported in
borderline tumors compared with malignant tumord anendometrioid tumors
compared with serous tumors [132, 240]. Likewides higher median mRNA
levels of ESR1 observed in the C2/immunoreactive, C4/differeptiat and
C6/endometrioid subtypes seem logical. The C2 ahdubtypes consist of serous
malignant tumors associated with the best prografdise aggressive C1, C2, C4,
and C5 signatures, in line with the notion of higi#Ro protein expression in
tumors with less malignant potential and a previoggort showing that ER
expression was prognostically favorable in seroud endometrioid malignant
tumors [172, 240]. Slightly higher median mRNA leveof ESR2were also
observed in the C3/borderline and C6/endometrialitygpes, which can probably
be explained in the same way as the associatiavebetthese subtypes aRGR

In a review article from 2007 it was also noted tEBRB protein expression might
be protective against malignant transformation,ciwhwould be in line with our
finding [299]. TheARMRNA levels were similar across the different gpbs.

We assessed the potential association betweenRiNANtevels and survival. The
median mMRNA levels for the respective genes weeel @s cut-offs, allowing for
comparisons of low vs. high expressiae.(below compared with equal or higher
levels) and thus resembling the negative vs. p@sitprotein expression
comparisons previously described. Using the whal@agkt, no associations were
seen between the respective genes and prognoda, dual highPGR and high
AR levels compared with the other possible outcon®hen assessed in the
different subtypes, a weak tendency towards anceggm between higlPGR
levels and 3-year OS in the C2/immunoreactive fuéignd between loWwGR
levels and 3-year OS in the C5/proliferative subtypere observed. The most
apparent association, though, was revealed=®iR1 where evidence of a weak
association between higgeSR1 levels and 3-year PFS and 3-year OS were
observed in the Cb5/proliferative subtype (PFS, HR50[95% CI 0.19-1.0],
p=0.058; OS, HR 0.19 [0.041-0.89], p=0.035). Thintcasts to the lack of impact
of ERa protein expression on survival in our study cohand may reflect the fact
that two different cohorts were used in this studwd/or that regulation of
hormone receptor expression is more complex andtouly approach too simple
to truly capture this. Both these potential expteomes are further supported by the
fact that weak evidence of an effect on survivayéar PFS) of dual higeGR
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and AR levels was only observed in the C2/immunoreactivbtype (PFS, HR

0.43 [0.17-1.0], p=0.063).e. the very strong finding on the protein level was n
readily captured on the mRNA level. On the othenchadifferences in mRNA

levels between the molecular subtypes were exadtigt we hypothesized and
indeed variability was seen. As previously noté@, €2/immunoreactive subtype
is the serous subtype associated with the besivalirgupporting the observation
of a weak association of highGR/ARlevels in this particular subtype [54, 58].

Ovarian cancers harboriBRCA1mutations most commonly develop as HGSOC.
Such tumors are expected to have a lower expres$ioormone receptors, in line
with BRCAlmutated breast cancers often being hormone raceegative [304].
We could, however, not reveal any association betwack of) hormone receptor
expression andBRCALlor BRCA2 mutations. This observation supports similar
findings in a previous study that also assessedxpeession of E®R ERB, PR,
and AR in a matched cohort of 22 ovarian cancet BRCAlmutations and in
22 sporadic controls, revealing no differences amnfone receptor expression
between the two groups [305]. A possible explamatior hormone receptor
expression being prognostically favorable lies ififiecences in proliferation rate,
as proposed in study lll (associations betweendybng ovarian tumors and the
luminal A breast cancer subtype) and supportedhiey differences in receptor
expression frequency in benign, borderline, andignaht ovarian tumors
previously discussed here [171, 297]. This hypashisscontradicted by the lack
of differences in hormone receptor expressioBRCAlmutatedvs BRCAland
BRCA2wildtype ovarian tumors ie.g.our study. The latter observation may in
fact imply that the hormone receptor status is posgjcally far less important
than the HRD irBRCA1mutated tumors, with HRD also sensitizing thesadrs

to cytotoxic agents, [306]. Besides, a comparisohoomone receptor expression
in BRCA2 mutated and wildtype tumors may potentially be enatarifying,
supported by BRCA2mutated breast cancers showing a more variableotiad
positive hormone receptor expression tB&RCAlmutated breast cancers [304].

Our finding of dual PR/AR positivity as a prognasily favorable factor requires
validation, but is supported by the evidence o&#Hect in the interaction analysis.
The biological background for this result also reeeldrification,e.g.in relation to
the cellular benefit from receptor co-expressiod #re limited effect of endocrine
treatment in ovarian cancer [175, 176, 178, 184, 188, 307]. Explanations for
the lack of response to endocrine treatment maludectreatment of different
histopathological subtypes, limited numbers andvihe@re-treated patients, and
lack of stratification for hormone receptor expressstatus. Likewise, AR
expression has been reported to decrease afteodhnem@py treatment, suggesting
that adjuvant treatment may be more efficient [3@8]other explanation is that
the regulation of hormone signaling is somewhafedtint in ovarian compared
with breast cancer, supported by the very weaktiogiship between hormone
receptor expression on the protein and mRNA legglen in this study, and
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contrasting to the strong predictive value of hammaeceptor expression in
relation to endocrine treatment observed in breaster [309].

Functional interactions between PR and AR are fitseifitly described, although
ERa may constitute an important link. Together withligands ER regulates the
expression of PR, and androstenedione constitut@sk ebetween progesterone
and the estrogen precursor testosterone, as aliffin€éigure 17. Considering that
estrogens also have a direct genotoxic effiexta non-receptor mediated effect,
this may suggest a plausible explanation for theeg® lack of anti-estrogen
response, but the slightly better effect of arosatahibitors, which prevent the
conversion of androgen to estrogens rather thackinlg the ERs, that has been
reported in ovarian cancer [182, 184, 310].

PR Progesterone AEaiEe

| @

AR Androstenedione ¢ummmmmm$ Testosterone AR

l

ERa Estrone 4mmm——) Estradiol ERa/p

Figure 17.Overview of the relationship between progesteranérogens, and estrogens as well as
their receptors.

Recently, work by Jason Carroll's group was pulgicsin Nature, reporting novel
functional interactions between PR andoERhere progesterone was revealed to
modulate the chromatin binding and transcripticefédcts of ER in breast cancer
cells [241]. This is in line with the low-prolifelige status of breast cancers co-
expressing ER and PR. Loss of PR could potentially cause, rathan be an
effect of, altered ER activity. This takes us back to the potential iattions
between PR, AR, and, possibly, &RSeveral studies, including ours and as
discussed previously in this text, have reportedgpostic effects of hormone
receptor expression in ovarian cancer. Although thsults are sometimes
contradictory, what remains is that the receptarcfion probably is of greater
importance than the receptor expression, and mdg tiee key to whether
hormone receptors actually do affect ovarian casoevival and, if so, in which
subgroup of tumors endocrine treatment may havela Our study did not
identify associations between the mRNA and prol@wels of hormone receptors,
but the receptor expression in the different mdeecaubtypes varied, and there
seems to be an additional effect of co-expressibiP® and AR. Until the
functional questions are resolved, future studiemikl preferably take histologic
as well as molecular subtypes into consideratiorerwhssessing the role of
hormone receptors in ovarian cancer in order teaktrue relationships.
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Conclusions and Future Perspectives

Studies |-

These studies demonstrate:

« Differences in gene expression profiles between chyrsyndrome-
associated and sporadic ovarian cancers with deteguof genes related
to cell growth, proliferation, and apoptosis.

* No differences in expression levels of p-mTOR, PTENEGFR in Lynch
syndrome-associated and sporadic ovarian cancer.

e Separate clustering of Lynch syndrome-associatet sporadic serous
and endometrioid ovarian cancers.

¢ Involvement of several chromatin modifiers, whichaym represent
potential therapeutic targets, in clear cell owarieancers identified
through targeted deep sequencing.

Studies | and Il are explorative and identify aréasfurther investigation rather

than provide firm conclusions. As for similaritiaad differences between Lynch
syndrome-associated and sporadic ovarian cancestigated in study |, we

revealed involvement of proliferation and cell gtbwenes, though other markers
for targeted therapies would also be relevant teestigate. Furthermore, the
distinct clustering of serous and endometrioid @racancers in hereditary and
sporadic clusters was striking compared with thearcicell cancers that were
seemingly unaffected by the hereditary influencac& both endometrioid and

clear cell cancers are overrepresented in ovaramcers linked to Lynch

syndrome, the differences in gene expression pofilbetween these
histopathologic subtypes warrant further invesiaye.

An area of great interest is the similarities (affedences) between Lynch
syndrome-associated cancers of different histofogied of different organs of
onset. Comparison o€.g, the gene expression profiles as well as the nountat
spectra in colorectal, endometrial, and ovarianceewould potentially reveal
pertinent information regarding the tumor dependamaon the origin of detection
and/or the hereditary influence. Such an approamhidvprovide a more unbiased
estimate of potential targets relevant for futuneical trials. Furthermore, detailed
studies of metachronous tumors MIMR mutation carriers may be useful to
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predict why some individuals develop colorectal amtometrial cancer, and
some colorectal and ovarian cancer (apart fromreleance of the specifidMR
gene mutations that is) and how they are best nemhaDefinition of key
carcinogenic steps may contribute to refined riskineates and surveillance
strategies. Furthermore, the ability to stratifytation carriers according to risk of
cancer development would potentially be of intefespreventive interventions.

Study Il indicates that the seemingly homogenou€Of£indeed show extensive
heterogeneity, although they share features suelitex®d chromatin remodeling.
The finding of frequent mutations KMT2C/MLL3 warrants validation, as does
the involvement of other genes involved in remaugliof chromatin. Small
molecules targeting chromatin modifiers are cutyamider evaluation in OCCCs,
but a larger clear cell cohort is needed to tridgess the utility thereof. Exome
sequencing would also be of interest to assess tagyets outside of the
preconceived genes. Gene expression profiling uaimgncer directed platform
instead of whole-genome expression profiling mago abe clarifying, although
less comprehensive. Ongoing preclinical studieshefapeutics directed against
ARID1A and related proteins are promising. It woblowvever also be interesting
to assess the utility of TOP2A inhibitors, sincelstherapeutic agents already are
available, as well as evaluating PI3K inhibitorsARID1A mutated vs. wildtype
OCCCs. The heterogeneity revealed in OCCCs warrtoi®ugh stratification
based ore.g.mutation spectrum, but other inter-tumor discriators also need to
be investigated.

Endometriosis is associated with endometrioid @vadancer and OCCC, and is
thus relevant for studies of sporadic as well aschy syndrome-associated
cancers. To date, we are probably not aware ofrtleeendometriosis prevalence
in relation to ovarian cancer development, sinaa@cer diagnosis, logically, is
more important for clinical decision-making. Thusetfirst step would be to
thoroughly investigate ovarian cancer tissue fgnsiof endometriosis. Thereatfter,
differences between endometriosis-related and eettmsis-unrelated cancers
would be assessable. If such differences are pretdmy may potentially be of
clinical relevance if they indicate different kegivetr changes. Such a study would
also preferably assess the relation between aneabemdometriosis location and
ovarian cancer development, including the histoglatiic differentiation, as well
as involvement of inflammation and immune resparesees.
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Studies -1V

These studies demonstrate:
« Potential heterogeneity within the borderline caariumors.

¢ Common alterations in the molecular subtypes ofusemovarian cancer
and breast cancer beyond those previously desdiddtgh-grade serous
ovarian cancer and basal-like breast cancer.

* Biological similarities between the serous borederlovarian tumors and
the normal-like and luminal A breast cancer suldgypguch ase.g.
hormone dependency.

e A prognostic effect of co-expression of PR and ARswevealed for
serous and endometrioid ovarian cancers.

* The prognostic benefit of PR/AR co-expression wasagr than the
combined effect caused by solitary expression @fitdividual receptors.

* No clear relationship between protein receptor esgion and
corresponding mRNA levels in an independent cotibaiigh the mRNA
levels of the receptors varied between the molecuatypes of ovarian
cancer.

Studies Il and IV were explorative and limited size. As for similarities and
differences between malignant, borderline, anddrenvarian tumors investigated
in study 1ll, we identified involvement of cell cgcgenes, which is in line with a
high proliferation rate in malignant tumors. Largehorts would, however, be
needed for further investigations and for detectbsmall changes. A study with
high power would require thousands of patientssTikinot feasible due to the
relatively low incidence of ovarian cancer and @war borderline tumors.
Proportional numbers of the different tumor tygesugh, would potentially make
the calculations more reliable. Based on the resblf Curry et al, who
investigated 50 ovarian borderline tumors, appratety a hundred HGSOCs,
LGSOCs, borderline, and benign tumors respectiweiyld probably be needed in
such a study. Exome sequencing of these tumorsdnbel relevant to reveal
information regarding carcinogenic transformatideps. Apart from requiring
substantial resources such a project would alspinegvidened collaborations to
gather tumor material. It would, though, estabéistolid platform for comparisons
with the breast cancer subtypes. Genes of inténe&ioth ovarian and breast
cancer could then be sequenced and functionalestuafie.g. genes involved in
hormone signaling and in the MAPK/ERK pathway coldd performed to
investigate potential therapeutic targets. Thisldidae relevant not least due to the
need for refined therapeutic regimens for advarmed/or recurrent low-grade
ovarian cancer.
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An adjacent area of interest is liquid biopsiesjclwltould be retrieved frora.g.
ascites fluid. Investigation of ascites fluid affelient time points during the
course of disease may reveal information regardowuired mutations and could
potentially be relevant for prediction of diseagegoession and chemotherapy
resistance. It could also be used for further iftation of patients, which may
potentially be useful in future clinical trials. Aquid biopsy study should
preferably aim at investigating one ovarian carscdatype at a time to consider the
tumor heterogeneity and to achieve sufficient powmst since this area is
relatively new, a comprehensive investigation egé@ limited number of well-
characterized patients would be relevant.

The information in study IV on prognostic impacbrit PR/AR co-expression is
promising, but needs further validation. Functiosalidies on the hormonal
actions in ovarian cancer would be very interestimge they may reveal the true
interactions between the receptors and the ligamdssthus help predict whether
and in which subgroup endocrine treatment wouldfdeesible. Furthermore,

insight into the non-receptor mediated, gene mdihglaeffect of sex steroid

hormones may be useful. Investigation of the horthameractions and functions
betweene.g. the fallopian tube and the ovary would be releviantissess the

potential hormonal dependence, and differencegithen HGSOC and LGSOC.
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