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1. Beitrag zu den Publikationen

1.1 Beitrag zu Publikation I

“RIPK1 and RIPK3 are positive prognosticators for cervical cancer patients and C2

ceramide can inhibit tumor cell proliferation in vitro”

Der Ethikantrag fiir die vorliegende Publikation war bereits durch die Betreuerin PD Dr.
Aurelia Vattai gestellt und durch die Ethikkommission der Ludwig-Maximilians-Uni-
versitat Miinchen bewilligt worden (Ethikvotum mit Approval Number 259-16, 2016).
Da diese Dissertation im Rahmen des strukturierten Promotionsprogramms ,Forderung
tiir Forschung und Lehre (FoFoLe)” erfolgte, bestand bereits ein Plan iiber das For-
schungsvorhaben und den Umfang dieser Arbeit. Im Verlauf wurde dieser Plan durch

mich in Zusammenarbeit mit PD Dr. Vattai und Prof. Dr. Jeschke adaptiert.

Das untersuchte Patientinnenkollektiv umfasste 250 Zervixkarzinompatientinnen. Dies
war bereits etabliert und wurde mit aktuellen Daten des Tumorregisters Miinchen sowie
Daten aus den Archiven der Frauenklinik der LMU Miinchen durch mich erganzt. Die
Tumorblocke der 250 Patientinnen wurden von mir aus dem Archiv herausgesucht,
markiert und in das Institut fiir Pathologie der Ludwig-Maximilians-Universitat Miin-
chen transportiert, wo aus den Blocken von einer geschulten pathologischen MTA
Tissue Micro Arrays (TMAs) angefertigt und geschnitten wurden. Diese Schnitte stellen
die Grundlage fiir beide Publikationen dar. Das Material wurde von mir gefarbt und
mittels Immunoreaktivem Score [1] ausgewertet. Die Zellversuche (MTT, BrdU, Live
Cell Imaging, Western Blot, Flow Cytometry) wurden von Prof. Dr. Udo Jeschke, PD Dr.
Aurelia Vattai, Konstantin Bagnjuk, Verena Kast, Katja Eubler und mir entworfen. MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid) und BrdU (Bromdes-
oxyuridin) wurden von mir durchgefiihrt. Nach Einfiihrung in das Statistikprogramm
,SPSS” durch Prof. Dr. Udo Jeschke erfolgten alle statistischen Auswertungen durch
mich. Das gesamte Manuskript, alle Tabellen und Graphen inklusive Fotos wurden von
mir erstellt. Abschlieffend wurde das Manuskript durch PD Dr. Aurelia Vattai, Prof. Dr.
Udo Jeschke sowie durch die weiteren Ko-Autoren evaluiert. Der Reviewprozess wurde
in Riicksprache mit PD Dr. Aurelia Vattai, Prof. Dr. Artur Mayerhofer und Prof. Dr. Udo
Jeschke durch mich geleitet.
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1.2  Beitrag zu Publikation II

“Prognostic Impact of Heat Shock Protein 90 Expression in Women Diagnosed with

Cervical Cancer”

Als Grundlage fiir dieses Paper diente ebenfalls das oben erwahnte und etablierte Kol-
lektiv. Die immunhistochemische Farbung der TMAs, die Auswertung mittels IRS sowie
die statistische Auswertung mittels Kruskal-Wallis-H test, log-rank (Mantel-Cox) und

Cox regression Tests wurden von mir durchgefiihrt.

Ich verfasste das gesamte Manuskript selbststandig und erstellte alle darin enthaltenen
Tabellen, Graphen und Fotos. Anschlieflend wurde das Manuskript durch PD Dr. Aure-
lia Vattai, Prof. Dr. Udo Jeschke sowie durch die weiteren Ko-Autoren evaluiert. Der
Reviewprozess wurde in Riicksprache mit PD Dr. Aurelia Vattai und Prof. Dr. Udo Je-

schke durch mich geleitet.
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2. Einleitung

2.1 Zervixkarzinom

21.1 Epidemiologie

Das Zervixkarzinom stellt mit 660 000 neuen Fallen und 350 000 Todesfallen im Jahr 2022
nach dem Mamma-, dem Bronchial- und dem kolorektalen Karzinom das weltweit viert-
haufigste Karzinom bei Frauen dar [2]. Im Laufe der letzten Jahrzehnte konnte die hohe
Inzidenzrate durch effektive Screenings, wie dem zytologischen Abstrich nach Papa-
nicolaou, und Verbesserungen der Behandlungsmoglichkeiten deutlich reduziert wer-
den [3, 4]. Dieser Trend lasst sich vorwiegend in westlichen Staaten mit organisierten
Screeningmethoden beobachten. Es herrschen, abhangig vom Zugang zu Screening,
Impfung und Behandlungsmdoglichkeiten, grofse regionale Differenzen. So ist die Inzi-
denz der diagnostizierten Zervixkarzinome in Staaten der Subsahara am hochsten [2, 5-
8]. In Deutschland betrégt die 5-Jahres-Uberlebensrate nach Erstdiagnose eines invasi-

ven Zervixkarzinoms 64% [9].

Bei Erstdiagnose des Zervixkarzinoms betragt das mittlere Alter 53 Jahre, mit einem Al-
tersgipfel zwischen 40 bis 59 Jahren [3, 9]. Damit hat sich das mittlere Alter bei Erstdiag-

nose in den letzten 25 Jahren um mehr als 15 Jahre verringert [3].

2.1.2 Histologie, Atiologie und Onkogenese

Histopathologisch ist das Zervixkarzinom mit 80% meist epithelialen Ursprungs. In 20%
handelt es sich um ein Adenokarzinom. Seltene Tumorentitiaten sind adenosquamose,

neuroendokrine oder klarzellige bzw. sers-papilldre Zervixkarzinome [3].

Die Atiologie des Zervixkarzinoms stellt in den meisten Fllen eine persistierende Infek-
tion mit einem der high-risk humanen Papillomaviren (hr-HPV) dar [10]. HPV-negative
Zervixkarzinome sind mit 3-8% aller Zervixkarzinome selten und haben eine schlechtere
Prognose [11]. Die hdufigsten hr-HPV-Typen sind HPV-Typ 16 und 18. Eine persistie-
rende Infektion kommt in nur etwa 5-10% aller Infektionen vor, wobei 3% aller infizier-

ten Frauen an einem Zervixkarzinom erkranken [3, 12].

Auf molekularer Ebene fiihrt eine persistierende Infektion durch Degradierung und In-
aktivierung von p53 und dem Retinoblastom-Protein durch die viralen Onkoproteine E6
und E7 zur Stérung des Zellzyklus, zur genomischen Instabilitat und Hyperprolifera-
tion. Des Weiteren blockieren die Onkoproteine E6 und E7 die Apoptose und starken so

Immortilitatsbestrebungen [4, 13].
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Neben einer persistierenden HPV-Infektion mit den high-risk Typen 16 und 18 stellen
Rauchen, Immunsuppression und haufig wechselnde Geschlechtspartner Risikofakto-

ren fiir die Entstehung eines Zervixkarzinoms dar [14, 15].

2.1.3 Klinik, Diagnostik und Staging

In den friihen Stadien prasentiert sich das Zervixkarzinom meist asymptomatisch. Bei
fortgeschrittener Erkrankung kénnen sich vaginale Blutungen (beispielsweise als azyk-
lische Blutung oder Kontaktblutung nach Kohabitation), tibelriechender Fluor, Hydro-
nephrose infolge von Ureterstenose, Lymphddem, von lumbosakral in den Unterbauch
ausstrahlende Schmerzen sowie Miktions- bzw. Defdkationsbeschwerden zeigen [16,

17].

Neben einer ausfiihrlichen Anamnese (Symptomatik, Sexualanamnese, Nikotinabusus,
Zeitpunkt sowie Ergebnis der letzten Vorsorgeuntersuchung) und der vaginalen Palpa-
tion stellt die Spekulumeinstellung zur makroskopischen Beurteilung der Portio vagina-
lis uteri einen Bestandteil der Diagnositk dar. Die Diagnose des Zervixkarzinoms wird
bei auffdlliger Differentialkolposkopie (und/oder auffélligem PAP-Abstrich) histolo-
gisch anhand einer Biopsie aus der Portio gesichert. Auch die bildgebende Diagnostik

soll stadienabhangig implementiert werden [3, 17].

Zur Stadieneinteilung soll laut aktuellen Leitlinien die TNM-Klassifikation des Union
International contre le cancer (UICC) von 2010 verwendet werden. Optional kann die
kongruente Fédération Internationale de Gynécologie et d’Obstrétique (FIGO)-Klassifi-

kation angewandt werden [3, 18].

2.1.4 Therapie und Priavention

Die primédre Therapie besteht zumeist aus operativem oder radio(chemo)therapeuti-
schem Ansatz abhdngig vom Tumorstadium nach FIGO. Besonders in Friihstadien (IA
bis ITA) wird im deutschsprachigen Raum der unimodale Therapieansatz mittels Ope-
ration bevorzugt [3]. Die primére operative Therapie erfolgt nach der Piver-Rutledge-
Klassifikation, bei welcher nach Ausmafs der radikalen Hysterektomie klassifiziert wird
[3, 19]. Bei Lymphknotenbefall, Inoperabilitat oder bei ausgedehnten Tumorstadien (>
Stadium IIB) wird die primdre Radio(chemo)therapie angewandt. Die Histopathologie
(Adenokarzinom, Plattenepithelkarzinom) spielt bei der Therapieentscheidung eine un-

tergeordnete Rolle [3].

Seit 2007 besteht die STIKO-Empfehlung, Madchen und junge Frauen vor der Kohabitar-
che gegen HPV impfen zu lassen [20]. Auch fiir Jungen und junge Manner gilt diese
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Empfehlung seit 2018 [21]. Die aktuell zugelassenen Impfstoffe sind bivalent bezie-
hungsweise nonavalent und zeigen einen praventiven Effekt vor Infektionen mit den
haufigsten onkogenen HPV-Stammen (u.a. HPV-Typ 16 und 18). Die systematische Im-
plementierung der HPV-Impfung (bspw. als Schulimpfprojekt) kann zu einer erhchten
Impfrate und somit langfristig zu einer weiteren Reduktion der Inzidenz fiihren [3, 22-
26].

2.2 Programmierter Zelltod und HPV

Der Zelltod ist essenzieller Bestandteil irdischen Lebens [27]. Die bekanntesten und am
besten erforschten Formen des Zelltodes sind Nekrose und Apoptose. Wahrend Nekrose
haufig durch chemische, physikalische oder biologische Noxen ausgeldst wird, stellt die
Apoptose eine Form des programmierten Zelltods dar. Typischerweise fiihrt die Nek-
rose zu einer inflammatorischen Reaktion, wohingegen die Apoptose immunologisch
silent ablauft. Neben diesen existieren noch viele weitere Formen des Zelltods, wie bei-

spielsweise NETose, Pyroptose oder Nekroptose [28].

Diese Arbeiten beschéftigen sich mit der Nekroptose, einer Form des programmierten
Zelltodes, welche durch Signalkaskaden stark reguliert ist aber ungleich zur Apoptose
zu einer Entziindungsreaktion fithrt und Caspasen-unabhéngig stattfinden kann [4, 6,

28].

2.2.1 Nekroptose

Diese Form des programmierten Zelltodes fithrt Caspase-unabhéngig zu einer lokal-ent-
ziindlichen Reaktion [4, 28]. Die viralen Onkoproteine high-risk E6 und high-risk E7 sto-
ren den Zellzyklus und beeinflussen Regulatoren der Zellproliferation, Apoptose, Zell-
immortilisierung und Chromosomenstabilitdt [13]. High-risk E7 bindet das Re-
tinoblastom-Protein und fithrt zu dessen Abbau. Durch die Unterbrechung der Bindung
zwischen pRb und E2F, einem wichtigen Regulator des Zellzykus, kommt es zur Hyper-
proliferation [29, 30]. High-risk E6 bindet das zelluldre E6 ubiquitin ligase E6 associated
protein. Dieser Komplex fiihrt zum Abbau von p53 und blockiert dadurch die Apoptose,
fiihrt zur genomischen Instabilitdat und begiinstigt Mutationen [13, 31-33].

Ausgelost wird die Nekroptose durch unterschiedliche Mechanismen. Eine Moglichkeit
stellt die Aktivierung des Z-DNA binding proteins (ZBP1) dar [28]. Z-DNA ist eine Form
der DNA, die durch Torsionsspannung bei schneller DNA-Synthese entsteht. Dies findet
beispielsweise bei viraler Infektion der Zelle statt. Durch die Bindung an Z-DNA oder
Z-RNA wird ZBP1 aktiviert [28]. ZBP1 bindet receptor interacting serine/threonine-pro-
tein kinase 3 (RIPK3) [34]. Diese Interaktion fordert die Autophosphorylierung von
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RIPK3 und fiihrt anschlieffend zur Bindung und Aktivierung von mixed lineage kinase
domain like pseudokinase (MLKL). Dadurch wird MLKL zu pMLKL phosphoryliert
und aktiviert [28, 35]. Der RIPK3-MLKL Komplex wird als zentraler Mediator der Nek-
roptose gesehen [36]. pPMLKL formt ein Oligomer und bindet an Lipide der inneren Zell-
membran, was zur Bildung einer nekroptotischen Pore und der Unterbrechung der In-
tegritat der Zellmembran fiihrt [37]. Die anschlieffende Freisetzung von damage associ-
ated molecular patterns (DAMPs) fithren zur intensiven Aktivierung des Immunsys-
tems [38].

Der komplexere Weg der Aktivierung der Nekroptose wird durch Bindung von tumor
necrosis factor a (TNFa) an den tumor necrosis factor receptor 1 (TNFR1) initiiert [28].
Diese Bindung fiihrt zu Polyubiquitinylierung von receptor interacting serine/thre-
onine-protein kinase 1 (RIPK1) [39] und letztlich zur Hochregulierung von anti-apopto-
tischer Genexpression wie beispielsweise A20 und das cellular FLICE-like inhibitor pro-
tein long isoform (cFLIPL) [28, 40-42]. Caspase 8 (Casp8)- cFLIPL heterodimere inhibie-
ren nicht nur die Apoptose [43], sondern verhindern auch die Nekroptose durch Auf-
spaltung von RIPK3 [44], RIPKP1 [45] und der Deubiquitinase cylindromatosis (Cyld)
durch dauerhafte basale katalytische Aktivitat [42, 46]. Bei nicht vorhandener Po-
lyubiquitinylierung von RIPK1 (z.B. bei Abwesenheit von cellular inhibitor of apoptosis
protein 1 and 2 (cIAP1/2) oder durch Deubiquitinylierung durch Cyld) wird Zelltod in-
duziert [28, 47-49]. Insuffiziente Spiegel an cFLIPL oder cFLIP short isoform (cFLIPS)
fiihren zur Autokatalysierung und Aktivierung von Casp8 und somit zur Induktion der
Apoptose [47]. Bei einem addquat vorliegenden RIPK3-Spiegel blockiert ein gesteigerter
cFLIPL-Spiegel die Nekroptose, wohingegen gesteigerte cFLIPS-Spiegel durch Inhibie-
rung von Casp8 zur Induktion der Nekroptose fithren [47]. Nekroptose kann nur statt-
tinden, wenn Caspasen inaktiviert oder abgebaut sind [48]. Dann kann es zur Aktivie-
rung von RIPK1 kommen, welches einen Komplex mit RIPK3 eingeht, dem sogenannten
Nekrosom oder RIPK1-RIPK3-Komplex [47, 48]. Nach dessen Aktivierung oligomeri-
siert RIPK3 und formt einen Komplex mit MLKL. Dies fiihrt zur Phosphorylierung von
MLKL zu pMLKL und zur Bildung einer nekroptotischen Pore, der Unterbrechung der
Integritat der Zellmembran und der Freisetzung von DAMPs [36-38].

2.2.2 Ceramide

Sphingolipide sind Lipide, die eine zentrale Rolle bei Inflammation, Zellproliferation
und Zelltod spielen [50]. Auch bei der Kanzerogenese sind biologisch aktive Sphingoli-

pide, zu welchen auch Ceramide gehoren, relevant [51]. In Neuroblastom- und Brust-
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karzinomzellen haben Ceramide durch die Induktion von Apoptose einen tumorsupp-
resiven Effekt [4, 52, 53]. In humanen lutealen Granulosazellen konnte mittels C2 Cera-

mid die Nekroptose ausgelost werden [54].

2.2.3 Heat Shock Protein 90

Heat Shock Protein 90 (HSP90) und das Co-Chaperon cell division cycle 37 (CDC37)
werden wahrend der Nekroptose benétigt, um RIPK3 zu aktivieren [55]. Hemmung
oder Abbau von HSP90 fiihrt zur Inhibition von Nekroptose durch Abbau der fiir die
Nekroptose essenziellen Proteine RIPK1, RIPK3 und MLKL [6, 56-59].

Chaperone ,iiberwachen” die Proteinfaltung und dienen der Proteostase (= Protein-
Homeostase) [60]. Wenn die Zelle Situationen wie beispielsweise einem pl6tzlichen
Temperaturanstieg ausgesetzt ist, steigt die Expression von Chaperonen, daher die Be-
zeichnung , Heat Shock Protein” [61]. Probleme bei der Proteostase konnen sowohl zur
Manifestation als auch dem Progress von neurodegenerativen, neoplastischen und kar-
diovaskuldren Erkrankungen sowie Demenz fiihren [60]. Somit stellen Chaperone ein
vielversprechendes Target fiir diverse Therapieansitze dar. Strukturiert werden Chape-
rone anhand ihres molekularen Gewichts (HSP40, HSP60, HSP70 HSP90, HSP100 und
kleine HSPs) [60].

HSP90 hat mit mehreren Hundert Substraten wichtige und vielseitige Aufgaben in
Stress- als auch physiologischen Situationen einer eukaryoten Zelle. Dieses Chaperon
spielt eine essenzielle Rolle in der Proteinfaltung, bei programmiertem Zelltod, bei

DNA-Reparaturprozessen und bei immunreaktiven Prozessen [6, 61, 62].

2.3 Zielsetzung der Arbeit

Die Kanzerogenese des Zervixkarzinoms beruht in den meisten Fallen auf einer persis-
tierenden Infektion mit HPV [4, 10]. Die Inhibition der Nekroptose mittels Herabregula-
tion von RIPKS3, einem zentralen Protein in der nekroptotischen Signalkaskade, ermdg-
licht hr-HPV, in Teilen den immunologischen Abwehrprozessen auszuweichen und so-

mit moglicherweise den Progress hr-HPV induzierter Lasionen zu fordern [4, 63].

Der Fokus der ersten Publikation ist, das klinische Outcome von Patientinnen mit diag-
nostiziertem Zervixkarzinom mit der Expression der Schliisselfaktoren der nekroptoti-
schen Signalkaskade zu korrelieren (RIPK1, RIPK3 und pMLKL). Mittels statistischer
Uberlebens- und Korrelationsanalysen wird deren Potential eines unabhéngigen, prog-
nostischen Markers bei Patientinnen mit Zervixkarzinom evaluiert. Anschliefiend soll in

Zellversuchen Nekroptose in Zervixkarzinomzelllinien ausgelost werden. Hierfiir wird
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mit C2 Cermid eine Substanz verwendet, welche in einer vorausgegangenen Publikation
der kooperierenden Arbeitsgruppe von Prof. Mayerhofer Nekroptose in lutealen Gra-

nulosazellen ausgeldst hat [4, 54].

Da HSP90 im Rahmen der Nekroptose fiir die Aktivierung von RIPK3 einen wichtigen
Faktor darstellt [55] und eine Inhibierung von HSP90 zur Hemmung der Nekroptose
tiihrt [56-59], steht die Korrelation des klinischen Outcomes mit der Expression von
HSP90 im Zervixkarzinom im Mittelpunkt der zweiten Publikation. Hiermit soll ermit-
telt werden, ob HSP90 als unabhéngiger prognostischer Marker bei Patientinnen mit

Zervixkarzinom fungieren kann [6].
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3. Zusammenfassung

Das Zervixkarzinom stellt trotz deutlichem Riickgang der Inzidenz im Laufe der letzten
Jahrzehnte eine der haufigsten Tumorentitaten bei Frauen dar. In einem Grofsteil der
Falle wird das Zervixkarzinom durch high-risk HPV-Stamme verursacht. Pathophysio-
logisch fiihrt eine Infektion der Zelle mit einem hr-HPV Stamm zur Stérung des Zell-
zyklus, der Verstarkung der genomischen Instabilitat, Hyperproliferation sowie Hem-
mung der programmierten Zelltodformen Apoptose und Nekroptose. Die Hemmung
der Nekroptose geschieht durch die Herabregulierung der Expression von RIPK3. Durch
die Ergebnisse dieser Dissertation konnte gezeigt werden, dass Patientinnen, die an ei-
nem Zervixkarzinom leiden, ein besseres klinisches Outcome zeigen, wenn Proteine der
nekroptotischen Signalkaskade (RIPK1, RIPK3, pMLKL) vermehrt exprimiert werden.
Des Weiteren konnte gezeigt werden, dass das Chaperon HSP90, welches unter anderem
tiir die Proteinfaltung der Nekroptoseproteine essenziell ist, ebenfalls als positiv prog-

nostischer Faktor gesehen werden kann.

Mittels eines Ceramids (C2 Ceramid) wurde in der ersten Arbeit versucht, die Nekrop-
tose in den drei Zervixkarzinomzelllinien CaSki, HeLa und SiHa zu induzieren. Hierbei
konnten bei CaSki- und HeLa-Zellen die fiir die Nekroptose typischen morphologischen
Verdanderungen wie Verlust der Konfluenz und , ballooning” der Zellen gesehen wer-

den.

Diese Ergebnisse lassen die Nekroptose, welche aufgrund der einhergehenden inflamm-
atorischen Immunreaktion besonders im kardiovaskuldren Bereich als unwillkommene

Zelltodform gesehen wird, in einem anderen Licht erscheinen.

Nachdem anhand der Ergebnisse dieser Arbeit eine prognostische Relevanz der Schliis-
selfaktoren der nekroptotischen Signalkaskade abzuleiten ist, bedarf es in der Folge ex-
perimentelle Studien, welche die Nekroptose als potenzielles therapeutisches Target se-
hen. Hierbei kénnte insbesondere der Unterschied des proliferations- und viabilitats-
hemmenden Effekts des isolierten Auslosens der Nekroptose zum isolierten Auslosen
der Apoptose von Interesse sein. Dadurch kann die Bedeutung der Nekroptose als Back-

up Mechanismus bei Hemmung der Apoptose durch HPV weiter erldutert werden.
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4, Abstract

Despite a decline of incidence in cervical carcinoma within the past decades, it remains
the 4" most common cancer in females. In most cases, cervical carcinoma is caused by
high-risk human papilloma virus. Besides disturbing the cell cycle, promotion of ge-
nomic instability and hyperproliferation, high-risk human papillomavirus inhibits
apoptosis as well as necroptosis. We hypothesized that women who have a higher ex-
pression of proteins essential for necroptosis (RIPK1, RIPK3 and pMLKL) have a better
clinical outcome including overall survival and progressive free survival. This doctoral
thesis showed that there is a positive correlation between higher expression of RIPK1,
RIPK3 and pMLKL and key clinical outcomes. Furthermore, we examined heat shock
protein 90 which functions as a chaperone for the proteins essential for necroptosis. We
could show that HSP90 is a positive prognosticator for OS and PFS in cervical squamous

cell carcinoma patients.

In cell culture experiments, we examined the effect of C2 ceramide on the three cervical
cancer cell lines CaSki, HeLa and SiHa. In CaSki and HeLa cells we could show that C2
ceramide leads to morphological changes typical for necroptosis, such as loss of conflu-

ency and “ballooning”.

Due to the inflammatory response, necroptosis is often seen as a negative process, espe-
cially in cardiovascular diseases. This work enlightens a different, positive impact of

necroptosis.

More studies will be needed to further characterize the specific microbiological mecha-

nism and to implement necroptosis as a possible therapeutic target.
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Abstract

Introduction: The enzymes Receptor-interacting serine/threonine-protein kinase 1
(RIPK1) und 3 (RIPK3) as well as the protein Mixed lineage kinase domain like pseudo-
kinase (pMLKL) play a role in the signaling cascade of necroptosis. This is a form of
programmed cell death which is caspase-independent. High-risk human papilloma vi-
rus infection can inhibit necroptosis. Thereby, a persistent infection and consequently
the development of cervical cancer can be triggered. Aim of this study was the analysis
of the expression of RIPK1, RIPK3 and pMLKL in cervical cancer tissue and the evalua-
tion of its prognostic value on overall survival, progression-free survival and additional

clinical parameters.

Methods: The expression of RIPK1, RIPK3, and pMLKL in cervical cancer tissue micro-
arrays of n = 250 patients was analyzed immunohistochemically. Further, the effect of
C2 ceramide on several cervical cancer cell lines (CaSki, HeLa, SiHa) was examined. C2
ceramide is a biologically active short-chain ceramide that induces necroptosis in human

luteal granulosa cells.

Results: Significantly longer overall survival and progression-free survival rates could
be detected in cervical cancer patients expressing nuclear RIPK1 or RIPK3 alone or sim-
ultaneously (RIPK1 and RIPKS3). Cell viability and proliferation was reduced through C2
ceramide stimulation of cervical cancer cells. Simultaneous stimulation of C2 ceramide

and the pan-caspase inhibitor Z-VAD-fmk, or the RIPK1-inhibitor necrostatin-1, partly
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reversed the negative effect of C2 ceramide on cell viability. This observation could im-
ply that caspase-dependent and -independent forms of cell death, including necroptosis,
can occur. AnnexinV-FITC apoptosis staining induced a significant increase in apoptotic
cells in CaSki and SiHa cells. The stimulation of CaSki cells with C2 ceramide led to a
significant percentual increase in necrotic/intermediate (dying) cells after stimulation
with C2 ceramide. In addition, after stimulation with C2 ceramide, CaSki and HelL a cells

live cell imaging showed morphological changes which are common for necroptosis.

Discussion: In conclusion, RIPK1 and RIPK3 are independent positive predictors for
overall survival and progression-free survival in cervical cancer patients. C2 ceramide
can reduce cell viability and proliferation in cervical cancer cells by inducing most likely

both apoptosis and necroptosis.
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ceramide can inhibit tumor
cell proliferation in vitro
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Ludwig-Maximilians-University (LMU) Munich, Munich, Germany, *Department of Obstetrics and
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Introduction: The enzymes Receptor-interacting serine/threonine-protein
kinase 1 (RIPK1) und 3 (RIPK3) as well as the protein Mixed lineage kinase
domain like pseudokinase (pMLKL) play a role in the signaling cascade of
necroptosis. This is a form of programmed cell death which is caspase-
independent. High-risk human papilloma virus infection can inhibit
necroptosis. Thereby, a persistent infection and consequently the
development of cervical cancer can be triggered. Aim of this study was the
analysis of the expression of RIPK1, RIPK3 and pMLKL in cervical cancer tissue and
the evaluation of its prognostic value on overall survival, progression-free survival
and additional clinical parameters.

Methods: The expression of RIPK1, RIPK3, and pMLKL in cervical cancer tissue
microarrays of n = 250 patients was analyzed immunohistochemically. Further,
the effect of C2 ceramide on several cervical cancer cell lines (CaSki, Hela, SiHa)
was examined. C2 ceramide is a biologically active short-chain ceramide that
induces necroptosis in human luteal granulosa cells.

Results: Significantly longer overall survival and progression-free survival rates
could be detected in cervical cancer patients expressing nuclear RIPK1 or RIPK3
alone or simultaneously (RIPK1 and RIPK3). Cell viability and proliferation was
reduced through C2 ceramide stimulation of cervical cancer cells.
Simultaneous stimulation of C2 ceramide and the pan-caspase inhibitor Z-
VAD-fmk, or the RIPK1-inhibitor necrostatin-1, partly reversed the negative
effect of C2 ceramide on cell viability. This observation could imply that
caspase-dependent and -independent forms of cell death, including
necroptosis, can occur. AnnexinV-FITC apoptosis staining induced a
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significant increase in apoptotic cells in CaSki and SiHa cells. The stimulation of
CaSki cells with C2 ceramide led to a significant percentual increase in
necrotic/intermediate (dying) cells after stimulation with C2 ceramide. In
addition, after stimulation with C2 ceramide, CaSki and Hela cells live cell
imaging showed morphological changes which are common for necroptosis.

Discussion: In conclusion, RIPK1 and RIPK3 are independent positive predictors
for overall survival and progression-free survival in cervical cancer patients. C2
ceramide can reduce cell viability and proliferation in cervical cancer cells by

inducing most likely both apoptosis and necroptosis.

KEYWORDS

necroptosis, programmed cell death, cervical cancer, human papillomavirus, RIPK1,
RIPK3, pMLKL, C2 ceramide

1 Introduction

Necroptosis is a caspase-independent form of regulated lytic cell
death which was first described in 2005 as a contributor to delayed
ischemic brain injury in vivo (1). Even though it is morphologically
similar to necrosis (organelle swelling, plasma membrane rupture,
inflammatory response), necroptosis is dependent on a highly
regulated signaling cascade (2). Necroptosis might have evolved as
a host defense mechanism against intracellular pathogens encoding
caspase 8 (casp8) inhibitors (3, 4) but is of high pathophysiological
relevance in several medical conditions such as cardiovascular
diseases (atherosclerosis (5), myocardial infarction and stroke (6-
8), ischemia-reperfusion injury (9)), pancreatitis (10), inflammatory
bowel disease and necrotizing enterocolitis (4, 11-13). In cancer,
necroptosis is of interest since escape of regulated cell death and
inflammation play an important role in tumorigenesis (14).

Cervical cancer is the fourth most common cancer in females
worldwide with approximately 604.000 new cases and an estimated
342.000 deaths in 2020 (15). Over the last 30 years the high
incidence rate could be reduced due to early diagnosis and
effective prevention, screening (i.e. Pap smear test) and treatment

Abbreviations: Casp8, Caspase 8; hr-HPV, high-risk human papilloma virus; hr-
E6/hr-E7, high-risk E6/high-risk E7; RIPK3, receptor-interacting serine/
threonine-protein kinase 3; ZBP1, Z-DNA binding protein 1; DAI, DNA
dependent activator of interferon regulatory factors (=ZBP1); DLM-1,
(=ZBP1); TNFRI, tumor necrosis factor receptor 1; TLR, toll like receptor;
TRIF, TIR domain-containing adaptor protein inducing IFNB; MLKL, mixed
lineage kinase domain like protein; pMLKL, phosphorylated MLKL; RIPK1,
receptor-interacting serine/threonine-protein kinase 1; cIAP, by cellular inhibitor
of apoptosis protein; FADD, Fas-ligand associated protein with death domain;
Procasp8, procaspase 8; OS, overall survival; PES, progression free survival; TMA,
tissue micro array; FFPE, formalin fixed paraffin embedded; PBS, phosphate
buffer saline; TBS, Tris buffered saline; IRS, immunoreactive score; MTT,
Thiazolyl Blue Tetrazolium Bromide; DMSO, dimethyl sulfoxide; BrdU,
bromodeoxyuridine; Nec-1, necrostatin-1; pRb, retinoblastoma protein; FLIP,

FLICE-like inhibitory protein; NRF, necrosis-related factor.
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programs (16, 17). Persistent infection with high-risk human
papilloma virus (hr-HPV) is a key factor for cervical cancer to
develop (18). The viral oncoproteins high-risk E6 (hr-E6) and high-
risk E7 (hr-E7) disturb the cell cycle, promote hyperproliferation
and genomic instability and block apoptosis to promote
immortalization (19). Furthermore, hr-HPV suppresses the
induction of necroptosis by downregulating the expression of its
key regulator receptor-interacting serine/threonine-protein kinase 3
(RIPK3) allowing infected keratinocytes to partially evade the
immune system and potentially lead to the progression of hr-
HPV induced lesions (20).

Necroptosis is induced via activation of Z-DNA binding protein
1 (ZBP1, also known as DAI and DLM-1), tumor necrosis factor
receptor 1 (TNFR1), toll-like receptor 3 (TLR3)-TIR domain-
containing adaptor protein inducing IFNf (TRIF), TLR4-TRIF
(21) or interferons (22). The necroptotic pathway critically
depends on MLKL and RIPK3 (23). After activation, e.g., through
binding of ZBP1 to RIPK3 (21), RIPK3 oligomerizes and forms a
complex with mixed lineage kinase domain-like protein (MLKL)
leading to its phosphorylation (pMLKL) which induces membrane
pore induction, disruption of membrane integrity and the release of
cell DAMPs (24-26). The role of Receptor-interacting serine/
threonine-protein kinase 1 (RIPK1) in necroptosis is more
complex, since RIPK1 plays an important role in several
pathways. Ligation of TNFRI can lead to either induction of the
NF-kB pathway (gene expression of proinflammatory and
prosurvival factors), apoptosis, or necroptosis (27-30). After
ligation of TNFRI1, RIPK1 among others is recruited and
ubiquitinated mediated by cellular inhibitor of apoptosis protein 1
and 2 (cIAP1/2) leading to the induction of the NF-xB pathway
(31). When RIPK1 is deubiquitylated by the absence or inhibition of
cIAP1/2, RIPK1 is released from TNFR1 and recruits Fas-ligand
associated protein with death domain (FADD) which itself recruits
procaspase 8 (procasp8) (32). Procasp8 then oligomerizes and
autocatalyzes to autoactivate and induce apoptosis (32). When
casp8 is inhibited, RIPK3 is activated through
autophosphorylation leading to the induction of necroptosis (32).
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Ceramide is a central molecule in sphingolipid metabolism
which can function as a tumor suppressor lipid (33), inducing
apoptotic responses in neuroblastoma cells (34) and breast cancer
cells (35). In human luteal granulosa cells necroptosis can be
induced through stimulation with the soluble C2 ceramide (36).

Aim of this study was to analyze the expression of RIPKI,
RIPK3, and pMLKL in cervical carcinoma patient tissue and to
correlate their expression with clinical parameters, overall survival
(OS) and progression-free survival (PFS). Another goal was the
stimulation of cervical carcinoma cell lines CaSki, HeLa, and SiHa
with C2 ceramide and to characterize its impact on induction of
necroptosis or apoptosis, cell viability and cell proliferation.

2 Materials and methods
2.1 Characteristics of patients and biopsies

All assessable cervical cancer patients (n = 250) who had
undergone surgery for treatment of cervical cancer at the
Department of Gynecology and Obstetrics, Ludwig-Maximilians-
University Munich, Germany, from 1993 until 2002 and whose
paraffin-embedded tumor tissue was available were included in this
study. Patients were not pre-selected. An experienced gynecological

TABLE 1 Description of clinical and pathological variables of the patients.

10.3389/fonc.2023.1110939

pathologist assigned histopathological tumor subtypes (squamous
cell carcinoma, adenocarcinoma, adenosquamous carcinoma) and
grading (G1: well differentiated, G2: moderately differentiated, G3:
poorly differentiated). TNM classification (T = primary tumor site,
N = regional lymph node involvement, M = presence of distant
metastatic spread) was carried out as published by the Union for
International Cancer Control (UICC). FIGO classification was
evaluated according to the criteria of the Fédération
Internationale de Gynécologie et d’Obstétrique (FIGO). Clinical
and patient follow-up data was received from the Munich Cancer
Registry (Table 1). The mean age of patients at diagnosis was 49.0 +
13.0 years with a range between 20.4 and 83.3 years. Patients who
died independently of their tumor or whose cause of death is
unknown were censured. Other histopathological parameters were
examined and published previously, enabling correlation analysis to
the parameters investigated in this study.

2.2 Immunohistochemistry

Directly after surgical resection, the samples were fixed in
neutral-buffered formalin (3.7%) followed by standardized
paraffin embedding. Tissue micro arrays (TMAs) were then
prepared from formalin fixed paraffin embedded (FFPE) cervical

number of cases

(total number of cases: n=250) K

histopathological tumor subtype

squamous cell carcinoma 194 77.6

adenocarcinoma 34 13.6

adenosquamous carcinoma 15 6.0

unknown 7 28
tumor grading

Gl 21 84

G2 143 572

G3 78 312

unknown 8 3.2
extent of primary tumor (pT)

pT1 107 428

pT2 126 50.4

pT3 9 36

pT4 1 0.4

unknown 7 28
regional lymph node involvement (pN)

pNO 145 58.0

pN1 98 392

(Continued)
Frontiers in Oncology 03 frontiersin.org
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TABLE 1 Continued

number of cases

10.3389/fonc.2023.1110939

(total number of cases: %

unknown 7 2.8
presence of distant metastatic spread (pM)

pMO 2 0.8

pM1 7 28

pMX 235 94

unknown 6 24
FIGO classification

FIGO T 79 316

FIGO 1T 64 25.6

FIGO 11T 93 372

FIGO IV 7 2.8

unknown 7 28
progression

none 180 72.0

at least one 63 252

unknown 7 28
survival

censured 211 84.4

dead (tumor-dependent) 33 13.2

unknown 6 24

cancer samples. The tissue sections (3um) were dewaxed in
Roticlear (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) for
20 min followed by immersion in 3% H,O, in methanol at room
temperature (RT) for 20 min to inactivate endogenous peroxidase.
A descending ethanol gradient (S99%, 70% and 50%) was used to
rehydrate the specimens. The sections were prepared for epitope
retrieval in a pressure cooker for 5 min using sodium citrate buffer
(pH 6.0; 0.1 mol/L citric acid/0.1 mol/L sodium citrate) followed by
washing in distilled water and phosphate buffer saline (PBS) (RIPK1
and RIPK3 staining) or Tris buffered saline (TBS) (pMLKL
staining). To block non-specific binding of primary antibodies,
Blocking Solution (reagent 1, ZytoChem Plus HRP Polymer
System (Mouse/Rabbit); Zytomed Systems GmbH, Berlin,
Germany) was applied for 5min at RT for RIPK1 and RIPK3
staining. For pMLKL staining, non-specific binding of primary
antibodies was blocked by applying blocking serum (= two drops
of normal goat serum diluted in 10ml sterile TBS; VECTASTAIN
Elite ABC-HRP Kit, Peroxidase (Rabbit IgG) - PK6101; Vector
Laboratories, Inc., Burlingame, CA, USA) for 20 min at RT.
Specimens were then separately incubated with the following
primary antibodies: anti-RIPK1 (polyclonal rabbit IgG,
HPA015257; Sigma Aldrich, St. Louis, MO, USA) for 17h at 4°C
followed by 30min at RT in a 1:50 dilution in PBS, anti-RIPK3
(polyclonal rabbit IgG;, HPA055087 Sigma Aldrich, St. Louis, MO,

Frontiers in Oncology 04

USA) for 16h at 4°C in a 1:1500 dilution in PBS and anti-MLKL
(phospho $358) (monoclonal Rabbit IgG, ab187091; Abcam,
Cambridge, UK) for 16h at 4°C in a 1:100 dilution in TBS. Then,
the tissue slides for RIPK1 and RIPK3 staining were incubated with
PostBlock Reagent (reagent 2) for 20 min and HRP-Polymer
(Mouse/Rabbit) (reagent 3) for 30 min which contain secondary
antibodies (anti-mouse/-rabbit) and peroxidase according to the
manufacturer’s protocol (reagent 2, reagent 3, ZytoChem Plus HRP
Polymer System (Mouse/Rabbit); Zytomed Systems GmbH, Berlin,
Germany). The tissue slides for pMLKL staining were incubated
with the secondary antibody (= two drops of normal goat serum
and one drop of biotinylated goat anti-rabbit IgG diluted in 10ml
sterile TBS; VECTASTAIN Elite ABC-HRP Kit, Peroxidase (Rabbit
IgG) - PK6101) for 30 min followed by incubation with ABC
complex (= four drops of Reagent A and four drops of Reagent B
diluted in 10ml sterile TBS; VECTASTAIN Elite ABC-HRP Kit,
Peroxidase (Rabbit IgG) - PK6101) for 30 min. All slides were
washed with PBS (RIPK1, RIPK3) or TBS (pMLKL) after every
incubation step. Next, 3,3'-diaminobenzidine chromogen (DAB;
Dako, Glostrup, Denmark) and the according substrate buffer
(Liquid DAB and Substrate Chromogen System, DAKO, Munich,
Germany) were added to the slides. The slides were washed in
distilled water to stop the reaction followed by counterstaining in
Mayer’s acidic hematoxylin. The slides were then immersed in an
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ascending ethanol gradient and Roticlear and finally cover slipped
using ROTI® Mount (Carl Roth GmbH + Co. KG, Karlsruhe,
Germany). Appropriate tissue was used as positive control
(placenta for RIPKI, RIPK3 and pMLKL) and negative controls
(placenta for RIPK1 and pMLKL and colon for RIPK3) (Figure S2).
For the negative controls the primary antibodies were each replaced
with a specific isotype control antibody (BioGenex, Fremont,
CA, USA).

2.3 Quantification

The immunohistochemically stained cervical cancer specimens
were examined using a Leitz Diaplan photomicroscope (Leitz,
Wetzlar, Germany). Quantification of RIPK1, RIPK3, and pMLKL
expression was performed by applying the semiquantitative
immunoreactive score (IRS) which evaluates the intensity and
distribution pattern of antigen expression (37). The IRS is
calculated by multiplying the number of positively stained cells
(in %) (0: no staining; 1: 1% - 10% stained tumor cells; 2: 11% - 50%
stained tumor cells; 3: 51% - 80% stained tumor cells; 4: > 80%
stained tumor cells) with the predominant staining intensity (0:
none; 1: weak; 2: moderate; 3: strong). The scale goes from 0 (no
expression) to 12 (very high expression). Images were taken with
Flexacam C1 (Leica Microsystems (Switzerland) Ltd.,
Heerbrugg, Switzerland).

2.4 Cell lines

The human cervical cancer cell lines CaSki (epidermoid
carcinoma), Hela (adenocarcinoma) and SiHa (squamous cell
carcinoma) obtained from ATCC (Rockville, MD, USA) were
used for in vitro studies. They were maintained in culture using
RPMI Medium 1640 (1X) + GlutaMAX (ThermoFisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum at
standard conditions (humidified incubator at 37°C and 5%
CO, saturation).

2.5 MTT assay

Cell viability was analyzed using Thiazolyl Blue Tetrazolium
Bromide (MTT; Sigma Aldrich, St. Louis, MO, USA; M5655). After
24h, 48h, and 72h of stimulation incubation, 20ul of Thiazolyl Blue
Tetrazolium Bromide (5mg MTT/ml sterile PBS) was added to each
well followed by soft shaking on a plate shaker for 5 min and
incubation for 1.5h at 37°C in a 5% CO, humidified atmosphere.
Then, the supernatant was removed and 200ul dimethyl sulfoxide
(DMSO)/well was added to solubilize the blue crystals. After 5 min
of soft shaking on a plate shaker, optical density was evaluated at
wavelengths of 595nm by the Elx800 universal microplate reader
(BioTek Instruments GmbH, Bad Friedrichshall, Germany) and
Gen5 software (BioTek Instruments GmbH, Bad Friedrichshall,
Germany). All tests were repeated three times with 5 wells
per concentration.

Frontiers in Oncology
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2.6 BrdU assay

For analysis of cell proliferation, the colorimetric
bromodeoxyuridine (BrdU) assay was performed using the Cell
Proliferation ELISA, BrdU (colorimetric) kit from Roche (F.
Hoffmann-La Roche AG, Basel, Switzerland). The assay was
performed according to the manufacturer’s protocol. CaSki, HeLa
and SiHa cells were incubated with C2 ceramide for 24h, 48h and
72h in 96-well plates as described below. Then, BrdU was added,
and the cells were incubated for another 24h. The medium was
removed and 200yl FixDenat per well was added to fix the cells and
denature the DNA for improvement of accessibility of the
incorporated BrdU for detection by the antibody. Next, anti-
BrdU-POD was added and bound to the BrdU incorporated in
newly synthesized DNA followed by incubation for 90 min at RT.
The supernatant was removed, and the wells were washed three
times with a washing solution. 100ul substrate solution
(tetramethyl-benzidine, TMB) per well was added and incubated
in the dark at RT to detect the immune complexes. Visualization of
the substrate reaction was an increasing deep blue coloration. After
15 min of incubation, the reaction was stopped by adding sulfuric
acid. The plate was then measured at a wavelength of 450nm using
the EIx800 universal microplate reader using Gen5 software. All
tests were repeated three times and with 5 wells per concentration.

2.7 Stimulation with C2 ceramide

For MTT- and BrdU assay, 5x10° CaSki, HeLa and SiHa cells
were incubated in 100l RPMI Medium 1640 (1X) + GlutaMAX
(ThermoFisher Scientific, Waltham, MA, USA) supplemented with
10% FBS in 96-well plates (flat bottom) for four hours. Then,
medium with 10% FBS was removed and 100pl medium without
FBS was added followed by 24h of incubation.

Stimulation with 50uM, 100puM or 200uM C2 ceramide (Enzo
Life Sciences (ELS) AG, Lausen, Switzerland; BML-SL100, Prod.Nr.:
ALX-306-024) was performed by dissolving the substance to
200mM (68.3mg/ml) in DMSO followed by dilution of the
ceramide/DMSO stock 200-fold into a BSA solution which was
prepared using fatty acid-free BSA diluted in water to 66mg/ml
(ImM). At first, a precipitate was formed but dissolved after 30-
60 min of stirring at RT. Then, the ceramide/DMSO/BSA solution
was diluted in 100ul medium without FBS at respective
concentrations (100puM, 200uM or 400pM) and added to the
wells. The 1:1 dilution in the well gave the final concentration of
50puM, 100uM or 200uM.

Necrostatin-1 (nec-1, Santa Cruz Biotechnology, Inc.,
Heidelberg, Germany; CAS 4311-88-0) and Z-VAD-fmk (Selleck
Chemicals, Munich, Germany; Catalog No. $7023, CAS 187389-52-
2) were both dissolved to 50mM and further to 5mM in DMSO. Co-
stimulation of C2 ceramide and nec-1 or C2 ceramide and Z-VAD-
fmk was initiated by pre-stimulation with 1uM, 5uM, 20uM or
50puM nec-1 or 1uM, 5uM, 20uM or 50puM Z-VAD-fmk for 2h by
diluting the substances in 100ul medium without FBS at respective
concentrations (2uM, 10uM, 40uM or 100uM) and adding it to the
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wells. The 1:1 dilution in the well gave the final concentration of
1M, 5uM, 20uM or 50uM. Then, the supernatant was removed and
co-stimulation of 100uM C2 ceramide and 1pM, 5uM, 20pM or
50uM nec-1 or 100uM C2 ceramide and 1uM, 5uM, 20uM or 50uM
Z-VAD-fmk was performed by diluting the substances in 200pl
medium without FBS at respective concentrations (100uM C2
ceramide and 1uM, 5uM, 20uM or 50uM nec-1/Z-VAD-fmk) and
adding it to the wells. The concentrations of the substances were
based on previous studies (36, 38, 39). Unstimulated cells and wells
without any cells served as negative controls. A solvent control
(DMSO) was always conducted.

2.8 Live-cell imaging

For visualization of C2 ceramide’s effect on cervical carcinoma
cells, live-cell imaging was performed. Therefore, 5 x10* CaSki,
HelLa, and SiHa cells were seeded in a glass-bottomed culture dish
(p-Dish, @ 35 mmy; ibidi, Grifelfing, Germany) and incubated under
standard conditions at 37°C and 5% CO,. The cells were then serum
starved for 6h before being stimulated with C2 ceramide by
dissolving C2 ceramide as described above. 100 uM of C2
ceramide diluted in medium without FBS was added to the cells,
and cells were imaged for 72 h using an Axiovert 135 microscope
(Carl Zeiss). To produce a time-lapse series (Micro-Manager 1.3
Microscopy Software Ron Vale’s laboratory at UCSF, USA), images
(ProgRes MF, Jenoptik, Jena, Germany) were taken every 20
minutes. iMovie 9.0.3 (Apple Inc., Cupertino, CA, USA) was used
to create movie sequences.

2.9 Western blot

Cells were cultured under basal conditions and harvested. The
method was described before (36). In brief, cellular protein was
isolated using RIPA buffer containing protease and phosphatase
inhibitors (PI, Thermo Fisher Scientific, Waltham, USA) and 16 pg
were loaded onto a SDS-PAGE gel. Primary antibody (anti-RIPK3,
polyclonal rabbit IgG, HPA055087, Lot: R73206, Sigma Aldrich, St.
Louis, MO, USA) and secondary antibody (IRDye® 680RD Donkey
anti-Rabbit IgG, Secondary Antibody) were used.

2.10 Cell death detection by
flow cytometry

For quantitative detection of cell death, Annexin V-FITC (ALX-
209-256-T100, Enzo Life Sciences, Farmingdale, NY, USA) and
SYTOXTM Red Dead Cell Stain (S34859, Invitrogen, Carlsbad, CA,
USA) based flow cytometry was performed. Briefly, 2 x 10° CaSki,
HeLa, or SiHa cells were seeded and after a 6h starvation step on
medium without FBS the next day cells were treated with 100uM C2
ceramide or the solvent control for 72h, as described above. Cells
were trypsinized, washed in PBS and resuspended in a buffer
consisting of 10mM HEPES, 140mM NaCl and 2.5mM CaCl, at
pH 7.4, followed by incubation with Annexin V-FITC for 10
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minutes according to the manufacturer’s instructions, and
addition of SYTOX Red Dead Cell Stain (1:1000). Labelled cells
were sorted using the BD FACSCanto ™ I (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) and signals (Annexin V-FITC:
488nm, 530/30 bandpass filter; SYTOX™ Red Dead Cell Stain:
633nm excitation, 660/20 bandpass filter) were analyzed with the
BD FACSDiva Software (version 8.0.1, Becton, Dickinson and
Company). This was repeated two times (n = 2).

2.11 Statistical analysis

For statistical analysis, IBM SPSS Statistics Version 26.0.0.0
(IBM, Armonk, New York, NY, USA) was used. p-values of p < 0.05
were considered statistically significant. Kruskal-Wallis-H test was
applied as appropriate for group comparisons of independent
groups regarding clinical and pathological subgroups. Bivariate
correlations between staining results in this study and other
variables and clinicopathological data were determined using
Spearman’s rank correlation coefficient. Differences in OS and
PFS times of cervical cancer patients were tested for significance
by log-rank (Mantel-Cox) test and visualized using Kaplan-Meier
curves. Cox regression analysis was used to ascertain the
independence of the investigated prognosticators. Variables
included in the Cox regression model were patient’s age,
histological subtype, tumor grading, FIGO, nodal status, RIPKI,
RIPK3, co-expression of RIPK1 and RIPK3, and co-expression of
RIPK1, RIPK3, and pMLKL. RIPKI, RIPK3, and pMLKL
expression were divided into low and high expression for survival
analysis. All in vitro analyses were statistically analyzed using
Wilcoxon test and visualized with GraphPad Prism 7.00 (San
Diego, CA, USA). For statistical analysis of AnnexinV-FITC
apoptosis staining followed by FACS analysis the percentual
number of apoptotic cells after treatment was compared to the
percentual number of apoptotic cells in the control and the
percentual number of necrotic and intermediate (dying) cells after
treatment was compared to the percentual number of necrotic and
intermediate (dying) cells in the control using Wilcoxon test.

2.12 Ethical approval and informed consent

The study was approved by the local ethics committee of
Ludwig-Maximilians University of Munich, Germany (approval
number 259-16, 2016). All tissue samples examined in this study
were obtained from material from the archives of the Department of
Gynecology and Obstetrics, Ludwig-Maximilians University of
Munich. The material used in this study was fully anonymized,
declared as left over after finalizing all diagnostic procedures and
was used more than 10 years after surgery. All experiments
involving human participants were performed according to the
standards of the Declaration of Helsinki from 1964 and its later
amendments and were in accordance with the ethical standards of
the institutional and/or national research committee. During
analyses, the observers were fully blinded for patients” data.
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3 Results

3.1 Expression of RIPK1, RIPK3, and
PMLKL in cervical cancer and
correlation with various clinical
and pathological parameters

Immunohistochemical staining showed that RIPK1 and
PMLKL were expressed in the nucleus and cytoplasm while
RIPK3 was expressed in the nucleus in cervical cancer tissue.
Differences in expression of RIPK1, RIPK3, and pMLKL were
examined by comparing the immunoreactive score (IRS) in the
groups of histological subtypes (squamous cell carcinoma,
adenocarcinoma, adenosquamous carcinoma), grading (G1-G3),
TNM- and FIGO-classification.
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FIGURE 1

(A-D) Correlation of nuclear RIPK3 expression with tumor grading in cervical carcinoma (p = 0.011). (A) boxplot of nuclear RIPK3 expression and
tumor grading in cervical carcinoma. (B) cervical carcinoma, grading G1 (n = 18) with a nuclear RIPK3 IRS of 6, magnification x10 and x25 in the
inset. (C) cervical carcinoma, grading G2 (n = 131) with a nuclear RIPK3 IRS of 3, magnification x10 and x25 in the inset. (D) cervical carcinoma,
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3.1.1 Correlation of RIPK1, RIPK3, and pMLKL with
grading and histology

Nuclear RIPK3 expression was significantly higher in cervical
cancer tissue with low grading (G1) compared to grading G2 and
G3 (p = 0.011) (Figures 1A-D).

Nuclear pMLKL expression correlated significantly with low
grading (G1) in comparison to grading G2 and G3 (p = 0.010)
(Figures 1E-H). In grading G1, cytoplasmic pMLKL was expressed
significantly higher compared to grading G2 and G3 (p < 0.001)
(Figures 11-L).

A comparison of grading with nuclear and cytoplasmic RIPK1
using Kruskal-Wallis test showed no significant correlation.

Differences in nuclear pMLKL expression regarding histological
subtypes (squamous cell carcinoma, adenocarcinoma,
adenosquamous carcinoma) were significant (p = 0.033) with

grading G3 (n = 74) with a nuclear RIPK3 IRS of 3, magnification x10 and x25 in the inset. (E-H) Correlation of nuclear pMLKL expression with tumor
grading in cervical carcinoma (p = 0.010). (E) boxplot of nuclear pMLKL expression and tumor grading in cervical carcinoma. (F) cervical carcinoma,
grading G1 (n = 16) with a nuclear pMLKL IRS of 3, magnification x10 and x25 in the inset. (G) cervical carcinoma, grading G2 (n = 119) with a nuclear
PMLKL IRS of 0, magnification x10 and x25 in the inset. (H) cervical carcinoma, grading G3 (n = 72) with a nuclear pMLKL IRS of 0, magnification x10
and x25 in the inset. (I-L) Correlation of cytoplasmic pMLKL expression with tumor grading in cervical carcinoma (p < 0.001). (I) boxplot of
cytoplasmic pMLKL expression and tumor grading in cervical carcinoma. (J) cervical carcinoma, grading G1 (n = 16) with a cytoplasmic pMLKL IRS of
3, magnification x10 and x25 in the inset. (K) cervical carcinoma, grading G2 (n = 119) with a cytoplasmic pMLKL IRS of 0, magnification x10 and x25
in the inset. (L) cervical carcinoma, grading G3 (n = 72) with a cytoplasmic pMLKL IRS of 0, magnification x10 and x25 in the inset. (M—P) Correlation
of nuclear pMLKL expression with histological subtype in cervical carcinoma (p = 0.033). (M) boxplot of nuclear pMLKL expression and histological
subtype in cervical carcinoma. (N) cervical squamous cell carcinoma (n = 169) with a nuclear pMLKL IRS of 2, magnification x10 and x25 in the inset
(O) cervical adenocarcinoma (n = 23) with a nuclear pMLKL IRS of 0, magnification x10 and x25 in the inset. (P) cervical adenosquamous carcinoma
(n = 13) with a nuclear pMLKL IRS of 0, magnification x10 and x25 in the inset.
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similar medians (IRS = 0) (Figures 1M-P). No significant
correlation was found when comparing histological subtype with
nuclear or cytoplasmic RIPK1 expression, nuclear RIPK3
expression or cytoplasmic pMLKL expression.

3.1.2 Correlation of RIPK1, RIPK3, and pMLKL
with TNM- and FIGO-classification

Nuclear RIPK3 overexpression significantly correlated with low
pT (pT1) with a median IRS of 4 in comparison to pT2, pT3 and
pT4 with a median IRS of 3 (p = 0.004) (Figure 2A). Increasing
grade of FIGO was associated with decreasing expression of RIPK3

10.3389/fonc.2023.1110939

in the nucleus (p = 0.022) (Figure 2B). Differences in the expression
of nuclear RIPK3 regarding regional lymph node involvement (pN)
were significant (p = 0.016) with similar medians (IRS = 3)
(Figure 2C). Expression of cytoplasmic pMLKL correlated with
pN showed significant (p = 0.030) differences with similar medians
(IRS = 0) (Figure 2D). A small subgroup of patients diagnosed with
cervical carcinoma FIGO IV (n = 7) had a significantly (p = 0.033)
higher nuclear pMLKL expression (IRS = 3) (Figure 2E).

The correlation between nuclear and cytoplasmic RIPK1
expression and TNM- and FIGO classification showed
no significance.
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FIGURE 2

Correlation of RIPK3 and pMLKL with pT, pN and FIGO-classification. (A) boxplot of nuclear RIPK3 expression and the size or the extent of the
primary tumor (pT) in cervical carcinoma (p = 0.004), median IRS of nuclear RIPK3 in pT1 was 4 (n = 96) and in pT2, pT3 and pT4 was 3 (n = 130)

(B) boxplot of nuclear RIPK3 expression and FIGO classification in cervical carcinoma (p = 0.022), median IRS of nuclear RIPK3 in FIGO | was 4 (n =
69), in FIGO Il was 3 (n = 61), in FIGO Ill was 3 (n = 89) and in FIGO IV was 2 (n = 7). (C) boxplot of nuclear RIPK3 expression and regional lymph
node status (pN) in cervical carcinoma (p = 0.016), median IRS of nuclear RIPK3 expression in pNO was 3 (n = 133) and in pN1 was 3 (n = 93)

(D) boxplot of cytoplasmic pMLKL expression and regional lymph node status (pN) in cervical carcinoma (p = 0.030), median IRS of cytoplasmic
PMLKL expression in pNO was 0 (n = 120) and in pN1 was 0 (n = 87). (E) boxplot of nuclear pMLKL expression and FIGO classification in cervical
carcinoma (p = 0.033), median IRS of nuclear pMLKL in FIGO | was O (n = 61), in FIGO Il was 0 (n = 58), in FIGO Ill was 0 (n = 81) and in FIGO IV was

3(n=7).
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3.1.3 Correlation of RIPK1, RIPK3, and pMLKL
with histopathological parameters

Spearman’s rank correlation coefficient was evaluated for
RIPK1, RIPK3, pMLKL and various histopathological markers
which were stained and analyzed in the applied cervical cancer
patient collective of previous studies (Tables S1, S2, S3). RIPK1,
RIPK3, and pMLKL showed significant correlations with each
other. Nuclear RIPK1 significantly correlated with cytoplasmic
RIPK1 (Spearman rho: 0.486, p < 0.001), nuclear RIPK3
(Spearman rho: 0.414, p < 0.001), nuclear pMLKL (Spearman rho:
0.184, p = 0.009) and cytoplasmic pMLKL (Spearman rho: 0.310, p
< 0.001). Cytoplasmic RIPK1 significantly correlated with RIPK3
(Spearman rho: 0.471, p < 0.001), nuclear pMLKL (Spearman rho:
0.168, p = 0.016) and cytoplasmic pMLKL (Spearman rho: 0.278, p
< 0.001). Nuclear RIPK3 correlated significantly with nuclear
pMLKL (Spearman rho: 0.158, p = 0.025) and cytoplasmic
pMLKL (Spearman rho: 0.271, p < 0.001). Nuclear pMLKL
correlated significantly with cytoplasmic pMLKL (Spearman rho:
0.363, p < 0.001).

In cervical cancer tissue, nuclear p53 not only correlated
significantly with nuclear RIPK1 (Spearman rho: 0.274, p <
0.001), cytoplasmic RIPK1 (Spearman rho: 0.318, p < 0.001) and
nuclear RIPK3 (Spearman rho: 0.205, p = 0.002) but also with
cytoplasmic pMLKL (Spearman rho: 0.171, p = 0.014).

hr-HPV protein E7 not only interferes with pRb
(retinoblastoma protein) but also with p21, an important
regulator of the cell cycle (40). In our study, p21 correlated
significantly with proteins relevant for necroptosis: p21 showed a
positive correlation with nuclear RIPK1 (Spearman rho: 0.217, p =
0.003), cytoplasmic RIPK1 (Spearman rho: 0.311, p < 0.001),
nuclear RIPK3 (Spearman rho: 0.154, p = 0.039) and nuclear
PMLKL (Spearman rho: 0.197, p = 0.012).

E6 is an important human papilloma virus oncoprotein as one
of its key functions is degradation of p53 (18). E6 correlated
negatively with nuclear (Spearman rho: -0.151, p = 0.030) and
cytoplasmic (Spearman rho: -0.157, p = 0.025) pMLKL.

3.2 Correlation of RIPK1, RIPK3, and pMLKL
with OS and PFS in cervical cancer patients

3.2.1 Nuclear RIPK1 expression correlated with
longer OS and PFS in cervical cancer patients
Nuclear RIPK1 expression (IRS > 0) was associated with
increased survival. Patients expressing RIPK1 in the nucleus had
a significantly longer OS (p = 0.029) and PFS (p = 0.013)
(Figures 3A, B). Multivariate Cox regression analysis was
conducted to test for independent prognosticators for OS and
PFES in the cohort of n = 250 cervical cancer patients and
significantly showed that nuclear RIPK1 expression is an
independent prognosticator for OS (Table 2) and PFS (Table 3).
To validate the overall survival and progression-free survival of
the RIPK1 gene in a large independent cervical squamous cell
carcinoma cohort, the KM plotter database was used (41). Sources of
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the KM plotter database include GEO, EGA and TCGA (41).
Specifically, the use of GEO and TCGA datasets have already
been published on cervical cancer (42, 43). We divided patients
into high and low groups of expression of RIPK1 using auto select
best cut-off. OS was the chosen to compare these groups. A follow-
up threshold of 60 months was chosen. The results showed that the
overall survival time of patients in the high-RIPK1 expression group
(n = 189) was significantly longer than that of the low-expression
group (n=115) (p = 0.04) (Figure S3). The progression-free survival
of patients in the high-RIPK1 expression group (n = 131) was
insignificantly worse compared to patients in the low-expression
group (n = 43). This correlates with the results of our cohort even
though we did not use the C-index, which is a useful tool for
analysing different datasets (42, 43).

3.2.2 High nuclear RIPK3 expression
correlated with longer OS and PFS in
cervical cancer patients

High nuclear RIPK3 expression (IRS > 3) was correlated
significantly with a longer OS (p = 0.010) as well as a longer
PFS (p = 0.004) (Figures 3C, D). To test for independent
prognosticators for OS and PFS in the cohort of n = 250
cervical cancer patients multivariate Cox regression analysis was
performed. It significantly showed that nuclear RIPK3 expression
was an independent prognosticator for PFS (Table 4) but not for
OS (Table 5).

3.2.3 Co-expression of nuclear RIPK1 and
RIPK3 correlated with longer OS and PFS
in cervical cancer patients

Patients expressing both RIPK1 and RIPK3 in the nucleus
(IRS > 0) had a significantly longer OS compared to patients only
expressing one or none of these markers (p = 0.028). Patients
expressing either RIPK1 or RIPK3 had a longer OS than patients
without any expression (Figure 3E).

Co-expression of RIPK1 and RIPK3 in the nucleus correlated
significantly with a longer PFS compared to the expression of only
one or none of these two parameters (p = 0.032) (Figure 3F).
Multivariate Cox regression analysis was conducted to test for
independent prognosticators for OS and PFS in the cohort of n =
250 cervical cancer patients and significantly showed nuclear co-
expression of RIPK1 and RIPK3 as independent prognosticators for
OS (Table 6) and PFS (Table 7).

3.2.4 Co-expression of RIPK1 and RIPK3 and
PMLKL is a positive prognosticator for OS in
cervical cancer patients

Patients expressing RIPK1, RIPK3, and pMLKL in the nucleus
(IRS > 0) had a significantly longer OS compared to patients only
expressing two, one or none of these factors (p = 0.020) (Figure 4A).
The more factors a cervical cancer patient of this cohort expressed,
the longer the OS.
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Co-expression of RIPKI and RIPK3 in the nucleus and  cervical cancer patients. It significantly showed nuclear co-expression
cytoplasmic pMLKL (IRS > 0) also correlated with a longer OS  of RIPK1, RIPK3, and pMLKL as an independent prognosticator for
compared to patients only expressing two, one or none of these ~ OS (Table 8). In another multivariate Cox regression analysis, co-
factors (p = 0.041) (Figure 4B). expression of nuclear RIPKI, nuclear RIPK3 and cytoplasmic

We performed multivariate Cox regression analysis to test for ~ pMLKL presented as a significant independent prognosticator for
independent prognosticators for OS and PFS in the cohort of n =250  OS in cervical cancer patients (Table 9).

>
«@

K]
]
>
3 5
S @
2 °
2 o
5 06 &
K §
€ 04 w04
g RIPK1 (nucleus) a RIPKI (nucleus)
3 neg. 2 neg.
0,2 ~pos. 2 02 ~pos.
heg-censured S | heg ~censured
- pos.-censured s 4 pos.-censured
0,0, *,p=0.029 0,0 *p=0.013
0 50 100 150 200 250 300 0 50 100 150 200 250 300

time after diagnosis (months) time after diagnosis (months)

o
o

1.0 -
M g M N
" ; i,
S— %
< 08 ST " £ os -
H Tows H "
2 9 T
06
3 & 06
3 &
£ 04 2 04
9 RIPK3 (nucleus) s RIPK3 (nucleus)
° neg. £ neg.
02 —pos. 2 02 rpos.
- neg -censured ° neg.-censured
4 pos.-censured s - pos.-censured
0,0 *p=0.010 0,0 *,p=0.004
0 50 100 150 200 250 300 0 50 100 150 200 250 300
time after diagnosis (months) time after diagnosis (months)

m
-

02 —11 factor positive

—712 factors positive 0,2 —1 factor positive

712 factors positive

1,0 = 10
et g
\.Mm -
s h
- 08 5 08
H a
E o
5 06 I 2 06
o & L
= <
T 04 2 04
] RIP1 & RIP3 (nucleus) @ RIPKI & RIPK3 (nucleus)
° 70 factors positive 4 10 factors positive
=
o
2
o

0,0/ *p=0.028 0,0/ *p=0.032
0 50 100 150 200 250 300 0 50 100 150 200 250 300
time after diagnosis (months) time after diagnosis (months)

FIGURE 3

OS and PFS of patients diagnosed with cervical cancer correlated with nuclear RIPK1 expression (A, B) nuclear RIPK3 expression (C, D) and
simultaneous expression of RIPK1 and RIPK3 in the nucleus (E, F). (A) OS of patients diagnosed with cervical cancer correlated with nuclear RIPK1
expression. Nuclear RIPK1 expression (n = 47) was associated with longer OS in cervical cancer patients compared to patients not expressing RIPKL
(n =180) (p = 0.029). (B) PFS of patients diagnosed with cervical cancer correlated with nuclear RIPK1 expression. Nuclear RIPK1 expression (n = 43)
was associated with longer PFS in cervical cancer patients compared to patients not expressing RIPK1 (n = 172) (p = 0.013). (C) OS of patients
diagnosed with cervical cancer correlated with nuclear RIPK3 expression. High nuclear RIPK3 expression (n = 86) was associated with longer OS in
cervical cancer patients compared to patients with low RIPK3 expression (n = 141) (p = 0.010). (D) PFS of patients diagnosed with cervical cancer
correlated with nuclear RIPK3 expression. High nuclear RIPK3 expression (n = 81) was associated with longer PFS in cervical cancer patients
compared to patients with low RIPK3 expression (n = 134) (p = 0.004). (E) OS of patients diagnosed with cervical cancer correlated with
simultaneous expression of nuclear RIPK1 and RIPK3. Expression of both RIPK1 and RIPK3 (n = 48) in the nucleus was associated with longer OS in
cervical cancer patients (p = 0.028) compared to patients expressing only one (n = 162) or no factor (n = 15). (F) PFS of patients diagnosed with
cervical cancer correlated with simultaneous expression of nuclear RIPK1 and RIPK3. Expression of both RIPK1 and RIPK3 (n = 44) in the nucleus was
associated with longer OS in cervical cancer patients (p = 0.032) compared to patients expressing only one (n = 155) or no factor (n = 14)
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TABLE 2 Multivariate Cox regression analysis of cervical cancer patients (n = 250) and their clinical and pathological characteristics including nuclear

RIPK1 expression regarding OS.

covariate hazard ratio 95% Cl p-value
patient’s age (< 49 yrs vs. > 49 yrs) 2.490 1.173-5.289 0.018*
histological subtype 1.923 1.230-3.005 0.004*
tumor grading 0.977 0.873-1.093 0.683
FIGO 1.022 1.001-1.044 0.040%
nodal status (pNX/0 vs. pN1) 1.514 0.729-3.141 0.266
positive nuclear RIPK1 expression 0.212 0.050-0.893 0.035%

Significant independent factors for OS are indicated with asterisks. (*p < 0.05).

TABLE 3 Multivariate Cox regression analysis of cervical cancer patients (n = 250) and their clinical and pathological characteristics including nuclear

RIPK1 expression regarding PFS.

covariate hazard ratio 95% Cl p-value
patient’s age (< 49 yrs vs. > 49 yrs) 1.418 0.810-2.483 0222
histological subtype 1.647 1.130-2.401 0.009%
tumor grading 0.983 0.902-1.070 0.690
FIGO 1.048 1.024-1.072 < 0.001**
nodal status (pNX/0 vs. pN1) 1.854 1.061-3.240 0.030*
positive nuclear RIPK1 expression 0.304 0.109-0.849 0.023*

Significant independent factors for PES are indicated with asterisks. (*p < 0.05).

TABLE 4 Multivariate Cox regression analysis of cervical cancer patients (n = 250) and their clinical and pathological characteristics including nuclear

RIPK3 expression regarding PFS.

covariate hazard ratio 95% Cl p-value
patient’s age (< 49 yrs vs. = 49 yrs) 1.154 0.654-2.036 0.622
histological subtype 1.408 0.968-2.047 0.073
tumor grading 0.977 0.903-1.057 0.561
FIGO 1.046 1.022-1.070 < 0.001**
nodal status (pNX/0 vs. pN1) 1.966 1.121-3.449 0.018*
positive nuclear RIPK3 expression 0.466 0.288-0.950 0.036*

Significant independent factors for PFS are indicated with asterisks. (*p < 0.05, **p < 0.001).

TABLE 5 Multivariate Cox regression analysis of cervical cancer patients (n = 250) and their clinical and pathological characteristics including nuclear
RIPK3 expression regarding OS.

covariate hazard ratio 95% Cl
patient’s age (< 49 yrs vs. > 49 yrs) 1.955 0.915-4.180 0.084
histological subtype 1.596 1.018-2.504 0.042%
tumor grading 0.976 0.885-1.076 0.626
FIGO ‘ 1.021 0.999-1.043 0.061
nodal status (pNX/0 vs. pN1) ‘ 1.651 0.795-3.427 0.179
positive nuclear RIPK3 expression ‘ 0.393 0.147-1.050 0.063

Significant independent factors for OS are indicated with asterisks. (*p < 0.05).
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TABLE 6 Multivariate Cox regression analysis of cervical cancer patients (n = 250) and their clinical and pathological characteristics including nuclear

RIPK1-RIPK3 co-expression regarding OS.

covariate

zard ratio

95% ClI p-value
patient’s age (< 49 yrs vs. > 49 yrs) 2336 1.098-4.967 0.028*
histological subtype 1.722 1.101-2.692 0.017%
tumor grading 0.981 0.882-1.090 0.715
FIGO 1.024 1.003-1.046 0.028*
nodal status (pNX/0 vs. pN1) 1.655 0.803-3.415 0.172
positive nuclear co- expression of RIPK1 and RIPK3 0.386 0.187-0.797 0.010%

Significant independent factors for OS are indicated with asterisks. (*p < 0.05).

TABLE 7 Multivariate Cox regression analysis of cervical cancer patients (n = 250) and their clinical and pathological characteristics including nuclear
RIPK1-RIPK3 co-expression regarding PFS.

covariate hazard ratio 95% Cl
patient’s age (< 49 yrs vs. > 49 yrs) 1.369 0.779-2.406 0274
histological subtype 1.484 1.020-2.161 0.039%
tumor grading 0.985 0.906-1.071 0.719
FIGO ‘ 1.048 1.025-1.073 < 0.001**
nodal status (pNX/0 vs. pN1) ‘ 1.945 1.111-3.408 0.020%
positive nuclear co- expression of RIPK1 and RIPK3 ‘ 0.521 0.296-0.917 0.024*

Significant independent factors for PFS are indicated with asterisks. (*p < 0.05, **p < 0.001).

3.2.5 Nuclear pMLKL expression is a positive
prognosticator for PFS in the subgroup of
grading G2 cervical cancer patients

In the subgroup of grading G2 cervical cancer, patients
expressing nuclear pMLKL (IRS > 1) had a tendentially longer OS
(p = 0.056) (as shown in Figure S1A). Furthermore, patients
diagnosed with grading G2 cervical cancer expressing nuclear
PMLKL (IRS > 0) had a significantly longer PFS (p = 0.043) (as
shown in Figure S1B).
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3.3 Cell viability and cell proliferation

3.3.1 C2 ceramide reduces cell viability and cell
proliferation

In a previous study we could show that C2 ceramide can induce
necroptosis in human luteal granulosa cells (36). To investigate C2
ceramide’s effect on viability and cell proliferation in cervical cancer
cells we conducted MTT and BrdU assays.

In MTT assay, CaSki, HeLa and SiHa cells showed a
concentration-dependent decreasing viability after stimulation

B

< 08 A

2

z

5 06

:

T o4

2 RIPK1, RIPK3 (nucleus) pMLKL (cytoplasm)
©

10 factors positive

0,2 —1 factor positive
712 factors positive
713 factors positive

0,0 *p=0.041
0 50 100 150 200 250 300

time after diagnosis (months)

OS of patients diagnosed with cervical cancer correlated with co-expression of RIPK1, RIPK3, and pMLKL. (A) OS of patients diagnosed with cervical
cancer correlated with co-expression of RIPK1, RIPK3, and pMLKL in the nucleus. Expression of all three factors (RIPK1, RIPK3, and pMLKL) (n = 22) in
the nucleus was associated with longer OS in cervical cancer patients (p = 0.020) compared to patients expressing only two (n = 75), one (n = 97) or
no factor (n = 9). (B) OS of patients diagnosed with cervical cancer correlated with co-expression of nuclear RIPK1 and RIPK3 and cytoplasmic
PMLKL. Expression of all three factors (nuclear RIPK1, nuclear RIPK3 and cytoplasmic pMLKL) (n = 20) was associated with longer OS in cervical
cancer patients (p = 0.041) compared to patients expressing only two (n = 51), one (n = 122) or no factor (n = 10).
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TABLE 8 Multivariate Cox regression analysis of cervical cancer patients (n = 250) and their clinical and pathological characteristics including nuclear

RIPK1-RIPK3-pMLKL co-expression regarding OS.

covariate hazard ratio 95% Cl p-value
patient’s age (< 49 yrs vs. > 49 yrs) 1.995 0911-4.368 0.084
histological subtype 1.849 1.188-2.878 0.006%
tumor grading 0.980 0.881-1.089 0.704
FIGO 1.022 1.000-1.044 0.052
nodal status (pNX/0 vs. pN1) 2.071 0.974-4.405 0.059
positive nuclear RIPK1, RIPK3, and pMLKL expression 0.573 0.340-0.964 0.036*

Significant independent factors for OS are indicated with asterisks. (*p < 0.05).

with 50pM, 100uM and 200uM C2 ceramide after 24h, 48h and 72h
in comparison to the corresponding DMSO control (Figures 5A-C;
Figure S3).

BrdU assay was performed for 48h and 72h because the effect of
C2 ceramide in MTT assay was most present in these time frames.
While stimulation of CaSki cells with C2 ceramide led to a
significantly concentration-dependent decrease of cell
proliferation after both 48h and 72h, cell proliferation in HelLa
and SiHa cells was concentration-dependently inhibited only after
72h (Figures 5D-F; Figure $4).

3.3.2 Necrostatin-1 did not significantly inhibit
the cell viability reductive effect of C2 ceramide

Nec-1 is an inhibitor of RIPK1. To identify the form of induced
cell death caused by C2 ceramide, simultaneous stimulation of C2
ceramide and nec-1 or C2 ceramide and the pan-caspase inhibitor
Z-VAD-fmk, respectively, was conducted. For that, CaSki, HeLa
and SiHa cells were incubated with different concentrations of nec-1
(1uM, 5uM, 20pM and 50pM) followed by stimulation with 100pM
C2 ceramide.

In Hela cells, incubation with nec-1 did not lead to inhibition of
the reduction of cell viability caused by C2 ceramide. Instead, cell
viability decreased with higher concentration of nec-1. After 48h,
co-stimulation of 100uM C2 ceramide and 50uM nec-1 showed a
slight increase in CaSki and SiHa cell viability compared to the
solvent control, which was insignificant. All other concentrations in
all other time frames showed a decrease in cell viability
(Figures 5G-I; Figure S5).

3.3.3 Z-VAD-fmk partially inhibited C2 ceramide’s
reductive effect on cell viability

CaSki, HeLa and SiHa cells were incubated with different
concentrations of Z-VAD-fmk (1pM, 5uM, 20uM and 50uM)
followed by stimulation with 100uM C2 ceramide.

In both CaSki and HeLa cells, co-stimulation of Z-VAD-fmk
and C2 ceramide led to a significant concentration-dependent
increase in viability after 72h. Co-stimulation of Z-VAD-fmk and
C2 ceramide decreased cell viability in SiHa cells (Figures 5]-L).

3.4 Live-cell imaging showed necroptotic
morphological changes in CaSki and Hela
cell lines stimulated with C2 ceramide

Live-cell imaging was performed over 72h after stimulation
with C2 ceramide to investigate morphological changes. Incubation
of CaSki and HeLa cells with C2 ceramide showed a visible
reduction of confluency, and ballooning of the cells was observed.
Treatment of SiHa cells with C2 ceramide did not have any visible
effect on the morphology of cervical cancer cells.

3.5 C2 ceramide induced apoptosis and
necroptosis in AnnexinV-FITC apoptosis
staining followed by FACS analysis

To further specify the type of cell death induced by C2
ceramide, AnnexinV-FITC apoptosis staining followed by FACS

TABLE 9 Multivariate Cox regression analysis of cervical cancer patients (n = 250) and their clinical and pathological characteristics including nuclear

RIPK1-RIPK3 and cytoplasmic pMLKL co-expression regarding OS.

covariate
patient’s age (< 49 yrs vs. > 49 yrs)
histological subtype
tumor grading
FIGO
nodal status (pNX/0 vs. pN1)

positive nuclear RIPK1 and RIPK3 and cytoplasmic pMLKL expression

Significant independent factors for OS are indicated with asterisks. (*p < 0.05).
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hazard ratio 95% Cl p-value
2337 1.064-5.131 0.034%
1.959 1.258-3.051 0.003*
0.979 0.882-1.088 0.694
1.023 1.001-1.045 0.041*
1.770 0.823-3.807 0.144
0492 0.272-0.890 0.019*
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FIGURE 5
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analysis was performed after 72h stimulation with C2 ceramide
(100uM). A significant percentual increase in apoptotic as well

In SiHa cells, a significant increase in apoptotic but not in
necrotic/intermediate (dying) cells was observed (Figures 6B,
E). Treatment of HeLa cells with C2 ceramide did not show a

as in necrotic/intermediate (dying) cells compared to the
respective control was observed in CaSki cells (Figures 6A, D).

SiHa cells

10.3389/fonc.2023.1110939

significant percentual increase in apoptotic or necrotic/
intermediate (dying) cells (Figures 6C, F).

3.6 RIPK3 expression in CaSki, HeLa and

The results of Western Blot showed that RIPK3 of expected size
(~57kDa) was detected in all three cell lines examined (Figure S8).
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(A=F) MTT- and BrdU assay results of cervical cancer cell lines (CaSki, Hela, SiHa) after 72h stimulation with C2 ceramide (50uM, 100uM, 200pM)
compared to the respective DMSO control. (G-L) MTT assay results of cervical cancer cell lines (CaSki, Hela, SiHa) after 48h stimulation with C2
ceramide (100uM) and necrostatin-1 (1uM, 5uM, 20pM and 50uM) compared to the respective DMSO control (G-I) and after 72h stimulation with
C2 ceramide (100pM) and Z-VAD-fmk (1uM, 5uM, 20uM and 50uM) compared to the respective DMSO control (J-L) (for each concentration

respectively control:
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4 Discussion

Necroptosis has been of growing interest in recent years. It was
long considered as a “back-up” cell death mechanism in the TNFR1
pathway in case casp8 was blocked but since necroptosis can be
induced not only via TNFR1 but also TNFR1-independently via
ZBP1 and other receptors, the concept of necroptosis being only a
“back-up” is being discussed (32). In the model of a hr-HPV-
infected cell, this concept might still be of interest since the
oncoprotein E6 binds to TNFR1 (44). Hr-HPV can block
apoptosis and necroptosis (20, 45, 46). Inhibition of apoptosis
through hr-HPV can either function via an increase of Bcl-2 and
decrease of BAK caused by E6 and E7 (45) or by binding of the large
isoform of E6 to procasp8, accelerating its degradation (46).
Inhibition or degradation of casp8 prevents cleavage of RIPK1
and RIPK3 by the procasp8- cFLIP, heterodimer allowing
autophosphorylation of RIPK3 and the induction of necroptosis
(32). Since infection with hr-HPV also leads to downregulation of
RIPK3 expression through a yet unknown mechanism, necroptosis
is also blocked (20). The inhibition of necroptosis might enable
infected cells to partially evade the effector mechanisms of the
immune system and thereby facilitate a persistent infection with hr-
HPV and ultimately, the progression of hr-HPV-induced lesions
(20). Consistent with this study depicting necroptosis as a positive
mechanism in cervical cancer, we found that patients with high
nuclear RIPK3 expression, a key factor in the necroptotic pathway,
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had a significantly longer OS as well as PFS compared to patients
with low expression of nuclear RIPK3. High nuclear RIPK3
expression was significantly associated with lower FIGO
classification, low extent of the primary tumor (pT1) and negative
lymph node status (pNO) in cervical cancer. This is supported by the
findings indicating that RIPK3 is active in the nucleus and that
nuclear RIPK3 is involved in necroptosis (47). Hence, we conclude
that downregulation of RIPK3 via hr-HPV has a negative
prognostic impact on OS and PFS in cervical cancer patients.

If necroptosis is induced via TNFR1, RIPK1 plays a key role in
recruiting RIPK3 (21). In cervical cancer patients, expression of
nuclear RIPK1 is an independent positive prognosticator for OS
and PFS. Simultaneous expression of RIPKI and RIPK3 in the
nucleus is an independent positive prognosticator for OS and PFS
further underlining a potential positive effect of necroptosis in
cervical cancer patients.

RIPK3 phosphorylates MLKL in the nucleus (47), followed by
translocation to intracellular and plasma membranes leading to
disruption of membrane integrity and ultimately necroptotic cell
death (26, 48, 49). In our study, we could show that expression of
nuclear pMLKL is a positive prognosticator for PFS in patients
diagnosed with G2 cervical cancer and that expression of
cytoplasmic pMLKL is associated with negative regional lymph
node involvement (pN0). While the expression of pMLKL seems to
positively impact cervical cancer patients, high levels of pMLKL are
associated with poor OS in esophageal and colon cancer (50). This
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discrepancy in OS in different cancer types might be explained by
different mechanisms of tumorigenesis with persistent hr-HPV
infection being the leading cause of cervical cancer development
(18). A reason for worse OS and PFS in cervical cancer patients not
expressing the proteins necessary for necroptosis could be that E6
and E7 immortalize infected cells, targeting crucial regulators of
proliferation and genomic stability (19), which might lead to the
progression of HPV-induced lesions.

The presence of all three factors important for necroptosis
(RIPK3, RIPK1, and pMLKL) is associated with a significantly
longer OS compared to patients only expressing two, one or none
of these factors. Since the expression of all three factors necessary
for necroptosis is associated with longer OS, necroptosis could
effectively regulate persistent hr-HPV infections and the
progression of hr-HPV-induced lesions.

Persistent infection with hr-HPV not only leads to degradation
of p53 through viral protein E6 (19) but also resists the induction of
necroptosis in keratinocytes (20). p53 is an essential regulator of the
cell cycle, acting as a tumor suppressor, and plays an important role
in the regulation of necroptosis by leading to an increase of RIPK1
and RIPK3 through activation of necrosis-related factor (NRF)
expression in cardiomyocytes (51). Consistent with these studies,
we showed that expression of p53 correlated significantly with
expression of nuclear and cytoplasmic RIPK1, nuclear RIPK3 and
cytoplasmic pMLKL in cervical cancer tissue. Furthermore, E6
correlated negatively with nuclear and cytoplasmic pMLKL. hr-
HPV oncoprotein E7 inactivates p21, an important cell cycle
regulator and tumor suppressor (40). In this study, expression of
p21 significantly correlated with most proteins relevant for
necroptosis (nuclear and cytoplasmic RIPK1, nuclear RIPK3,
nuclear pMLKL). The correlation of p53 and p21 with several
proteins relevant for necroptosis indicates that insufficient
degradation or insufficient inactivation of p53 and p21 through
hr-HPV is associated with the preserved capability of necroptosis.
We could also show strong positive correlation of all three
examined factors (RIPK1, RIPK3, pMLKL) with each other. This
could indicate that cervical cancer cells are capable of inducing
necroptosis, specifically in those where RIPK3 is
not downregulated.

Ceramides are biologically active sphingolipid metabolites that
are important for cell death regulation in cancer cells, and the
potential of ceramide analogs for treatment of ovarian cancer is
currently being tested in several dose-escalating phase 1 clinical
trials (33, 52). In human head and neck squamous cell carcinoma
and human hepatocellular carcinoma, ceramide species are reduced
(53, 54). Through induction of programmed cell death, ceramides,
such as C2 ceramide, present as a potent tumor suppressor and,
therefore, as a possible therapeutic strategy (55-58). In our study,
C2 ceramide concentration-dependently reduced viability and
proliferation in the cervical cancer cell lines CaSki, HeLa, and
SiHa leading to the assumption that cell death can be induced by
C2 ceramide in cervical cancer cells. Morphological changes after
stimulation with C2 ceramide were evaluated using live-cell
imaging. In CaSki and Hela cells, signs typical for necro(pto)tic
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cell death, such as ballooning and reduction of confluency, could be
detected after stimulation with C2 ceramide, whereas treatment of
SiHa cells did not have any visible effects. To further identify the
form of induced cell death, we tried to neutralize C2 ceramide’s
effect by simultaneous stimulation of C2 ceramide together with the
RIPK1 inhibitor nec-1 or the pan-caspase inhibitor Z-VAD-fmk.
Nec-1 did not significantly reverse C2 ceramide’s effect on cell
viability but showed a tendency (p=0.108) in SiHa cells when co-
stimulated with 50nM of nec-1 for 48h. This is in favor of a
necroptotic event. Z-VAD-fmk significantly inhibited C2
ceramide’s effect in CaSki and HeLa cells after 72h.

Feoktistova et al. (2011) postulated that HeLa cells lack basal
RIPK3 expression (59). We could show that HeLa cells, as well as
CaSki and SiHa cells, express sufficient levels of RIPK3, potentially
enabling CaSki, HeLa and SiHa cells to necroptosis. AnnexinV-
FITC apoptosis staining followed by Flow Cytometry proved a
significant increase in apoptotic CaSki and SiHa cells after
treatment with C2 ceramide compared to the control. It also
showed a significant increase in necrotic/intermediate (dying)
CaSki cells compared to the control. C2 ceramide induces
necroptosis in human luteal granulosa cells (36). It can also
induce apoptosis in human malignant glioma cells (58) and
human colon carcinoma cells (60). In head and neck squamous
cell carcinoma, both necroptosis and apoptosis are induced by C2
ceramide (57). It is possible that C2 ceramide induces cell death
independently of RIPK1 and that this is the reason why
simultaneous stimulation of C2 ceramide and the RIPK1 inhibitor
nec-1 did not show any inhibitory effects of C2 ceramide in the
MTT assay. Taken together, these are indicators that C2 ceramide
induces both necroptosis and apoptosis in the two cervical cancer
cell lines CaSki and HeLa. Further studies are required to identify
the exact mechanism by which C2 ceramide induces cell death.

In conclusion, this study showed that RIPK1 and RIPK3
correlated with longer OS and PFS in cervical cancer patients and
can therefore be described as positive prognosticators for cervical
cancer. pMLKL was associated with longer PFS in the subgroup of
G2 grading. These results comply with the current understanding of
hr-HPV infection, which can inhibit programmed cell deaths to
evade effector mechanisms of the immune system and thereby
potentially promote tumorigenesis (20, 45, 46). This study further
elucidated the effect of C2 ceramide on cell viability and cell
proliferation. Consistent with in vitro studies in other cancer cell
lines (36, 57, 58, 60), C2 ceramide reduced cell viability and cell
proliferation in cervical cancer cell lines. AnnexinV-FITC apoptosis
staining followed by FACS analysis supported the results indicating
that cell viability is reduced through the induction of both apoptosis
and necroptosis.
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Heat Shock Protein 90 (HSP90), a major molecular chaperone, plays a crucial role in cell
function by folding and stabilizing proteins and maintaining proteostasis. This study
aimed to elucidate the prognostic impact of HSP90 in cervical cancer. We analyzed
HSP90 expression using immunohistochemistry in cervical cancer tissue microarrays
from 250 patients. This study investigated correlations between HSP90 expression levels
and key clinical outcomes, including overall survival (OS), progression-free survival
(PES), and FIGO classification. The statistical analyses employed included the Kruskal-
Wallis-H test, log-rank (Mantel-Cox), and Cox regression. Our findings indicate that
high nuclear HSP90 expression is associated with improved OS, while high cytoplasmic
HSP90 expression correlates with better PFS and a lower FIGO classification in cervical
squamous cell carcinoma patients. These results suggest that HSP90 could serve as a
positive prognostic factor in patients diagnosed with cervical squamous cell carcinoma,
underlining its potential as a biomarker for patient prognosis and as a target for thera-

peutic strategies.



Publikation II

39

International Journal of
Molecular Sciences

Article

Prognostic Impact of Heat Shock Protein 90 Expression in
Women Diagnosed with Cervical Cancer

Tilman L. R. Vogelsang 1.2 Elisa Schmoeckel 3, Nicole Elisabeth Topalov 1 Franziska Ganster !, Sven Mahner !,

Udo Jeschke 14

check for
updates

Citation: Vogelsang, TL.R.;
Schmoeckel, E.; Topalov, N.E.; Ganster,
F; Mahner, S.; Jeschke, U.; Vattai, A.
Prognostic Impact of Heat Shock
Protein 90 Expression in Women
Diagnosed with Cervical Cancer. Int.
J. Mol. Sci. 2024, 25,1571. https://
doi.org/10.3390/ijms25031571

Academic Editor: Robert Garfield

Received: 29 December 2023
Revised: 21 January 2024
Accepted: 24 January 2024
Published: 26 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Aurelia Vattai 1'*

Department of Obstetrics and Gynecology, University Hospital, LMU Munich, 80337 Munich, Germany
Department of Obstetrics and Gynecology, Medical University of Graz, 8010 Graz, Austria

Institute of Pathology, Faculty of Medicine, LMU Munich, 80337 Munich, Germany

Department of Obstetrics and Gynecology, University Hospital Augsburg, 86156 Augsburg, Germany
Correspondence: aurelia.vattai@med.uni-muenchen.de; Tel.: +49-89-4400-74775

oW N e

*

Abstract: Heat Shock Protein 90 (HSP90), a major molecular chaperone, plays a crucial role in
cell function by folding and stabilizing proteins and maintaining proteostasis. This study aimed
to elucidate the prognostic impact of HSP90 in cervical cancer. We analyzed HSP90 expression
using immunohistochemistry in cervical cancer tissue microarrays from 250 patients. This study
investigated correlations between HSP90 expression levels and key clinical outcomes, including
overall survival (OS), progression-free survival (PFS), and FIGO classification. The statistical analyses
employed included the Kruskal-Wallis-H test, log-rank (Mantel-Cox), and Cox regression. Our
findings indicate that high nuclear HSP90 expression is associated with improved OS, while high
cytoplasmic HSP90 expression correlates with better PFS and a lower FIGO classification in cervical
squamous cell carcinoma patients. These results suggest that HSP90 could serve as a positive
prognostic factor in patients diagnosed with cervical squamous cell carcinoma, underlining its
potential as a biomarker for patient prognosis and as a target for therapeutic strategies.

Keywords: HSP90; chaperone; cervical cancer; human papillomavirus; necroptosis; programmed
cell death

1. Introduction

Cervical cancer remains a significant global health challenge, with roughly 604,000
new cases and approximately 342,000 related deaths in 2020, ranking it as the fourth most
common cancer among women worldwide [1]. This burden, however, is unevenly dis-
tributed, with a higher prevalence in developing countries due to disparities in access
to screening, vaccination, and treatment. The main histological subtypes of cervical can-
cer are squamous cell carcinoma (accounting for about 80% of cases), adenocarcinoma
(15-20%), and the less common adenosquamous carcinoma [2,3]. A key factor in the ma-
jority of cervical cancer cases is persistent infection with high-risk human papillomavirus
(hr-HPV) [4], highlighting the importance of preventative measures such as HPV vacci-
nation and effective screening programs. Upon intracellular hr-HPV replication, the viral
oncoproteins E6 and E7 are expressed and promote genomic instability, hyperproliferation
and immortalization, block apoptosis and disturb the cell cycle [5]. Hr-HPV also suppresses
the induction of necroptosis [6]. Necroptosis, a regulated form of cell death, is critically
dependent on the proteins RIPK3 (receptor-interacting serin/threonine-protein kinase 3),
MLKL (mixed lineage kinase domain-like protein), and, in some cases, the kinase activity of
RIPK1 (receptor-interacting serin/threonine-protein kinase 1) [7]. In the context of cervical
cancer, hr-HPV can interfere with this cell death pathway. This interference occurs through
the downregulation of RIPK3, leading to a partial evasion of the immune responses. This
evasion potentially facilitates the progression of hr-HPV induced lesions [6]. Furthermore,
research has demonstrated that the low expression of RIPK3 and RIPK1, as observed
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through immunohistochemical staining, is associated with a worse prognosis in cervical
cancer patients. Specifically, these proteins have been identified as positive prognostic
indicators for both overall survival (OS) and progression-free survival (PFS) [8].

Opver the last three decades, there has been a notable decrease in the incidence and
mortality rates of cervical cancer in several regions, largely attributable to the effectiveness
of the Papanicolaou (Pap) smear test, the introduction of HPV vaccination, and advances
in treatment programs [3,9,10]. However, it is important to recognize that this trend is
primarily observed in Western countries with organized screening programs. In contrast,
the majority of cervical cancer cases occur in developing countries, where access to such
screening, vaccination, and advanced treatments is often limited [9,11]. The global impact of
HPV vaccination, while promising, may not yet be fully realized due to its relatively recent
implementation and varying coverage levels worldwide. Additionally, the introduction
of HPV testing as a primary screening method has shown potential for further improving
early detection, especially in countries where it has been integrated into national screening
programs. This development, however, highlights the disparities in access to advanced
screening techniques between developed and developing countries.

Molecular chaperones are defined as any protein that stabilizes, interacts or helps a non-
native protein to gain its native conformation without being present in its final structure [12].
They are crucial for protein quality control and proteome homeostasis, also known as
proteostasis, ensuring that proteins are folded correctly and functional [13]. Chaperones
are upregulated in stress conditions, such as a sudden rise in temperature (hence, the
term “heat shock protein”), but are also important under physiological conditions [14].
Deficiencies in proteostasis are associated with the progression and manifestation of various
diseases including cancer, cardiovascular diseases, neurodegeneration, dementia and type
2 diabetes [15]. Chaperones are classified according to their molecular weight (HSP40,
HSP60, HSP70, HSP90, HSP100 and small HSPs) [15].

Heat shock protein 90 (HSP90) regulates the conformation, activation, function and
stability of a large number of so-called ‘client proteins’, including transcription factors
and kinases [16]. It can assist protein folding, the assembly of multiprotein complexes
or the binding of a ligand to its target or receptor [14]. HSP90 is also involved in several
cellular processes including regulated cell death, DNA repair, development, and immune
response [14,17]. During necroptosis, a complex of HSP90 and its co-chaperone cell division
cycle 37 (CDC37) is required for the activation of RIPK3 [18]. Furthermore, the inhibition
or disruption of HSP90 leads to the inhibition of necroptosis and the degradation of client
proteins relevant to necroptosis, such as RIPK1 [19,20], RIPK3 [19,21] and MLKL [21,22].

The aim of this study was to evaluate the prognostic impact of HSP90 in cervical carci-
noma patients. This focus stems from the known importance of HSP90 in the necroptosis
process [17], coupled with evidence that the expression of necroptosis-related proteins is
associated with improved OS and PFS in these patients and that expression of proteins
relevant to necroptosis is associated with better OS and PFS [8].

2. Results
2.1. Correlation of HSP90 with Histology, Grading and TNM- and FIGO-Classification

Cytoplasmic HSP90 expression was significantly higher in adenocarcinoma and
adenosqamous carcinoma (median IRS 3) compared to squamous cell carcinoma (median
IRS 2) (p = 0.040) (as depicted in Figure 1la—d).

High cytoplasmic HSP90 expression showed a significant correlation with the pNO
status (p = 0.003), exhibiting a median Immuno-Reactive Score (IRS) of 2, in contrast to
patients with the pN1 status, who had a median IRS of 0 (as depicted in Figure 2a). High
cytoplasmic HSP90 expression was also found to significantly correlate with a low FIGO
classification (p = 0.004), exhibiting a median IRS of 2. This contrasts with patients who
have a high FIGO classification, demonstrating a median IRS of 0 (as depicted in Figure 2b).
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Figure 1. Correlation of cytoplasmic HSP90 expression with histological subtype in cervical carci-
noma (p = 0.040). (a) Boxplot of cytoplasmic HSP90 expression and histological subtype in cervical
carcinoma. (b) Cervical carcinoma and squamous cell carcinoma (1 = 180) with a cytoplasmic HSP90
IRS of 1; magnification x10 and x25 in the inset. (c) Cervical carcinoma and adenocarcinoma (1 = 32)
with a cytoplasmic HSP90 IRS of 4; magnification x10 and x25 in the inset. (d) Cervical carcinoma
and adenosquamous carcinoma (1 = 13) with a cytoplasmic HSP90 IRS of 4; magnification x10 and
%25 in the inset.
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Figure 2. Correlation of HSP90 with pN and FIGO-classification. (a) Boxplot of cytoplasmic HSP90
expression and regional lymph node status (pN) in cervical carcinoma (p = 0.003); median IRS of
cytoplasmic HSP90 expression in pNO0 is 2 (7 = 125) and in pN1is 0 (n = 94). (b) Boxplot of cytoplasmic
HSP90 expression and FIGO classification in cervical carcinoma (p = 0.004); median IRS of cytoplasmic
HSP90 expression in FIGO I'and II'is 2 (1 = 125) and in FIGO Il and IV is 0 (1 = 125).
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2.2. High Nuclear HSP90 Expression as a Positive Prognostic Factor for OS in Patients Diagnosed
with Cervical Squamous Cell Carcinoma

Patients with cervical squamous cell carcinoma exhibiting high nuclear HSP90 ex-
pression (IRS > 2) demonstrated a significantly better OS compared to those with low
nuclear HSP90 expression (p = 0.012), as illustrated in Figure 3. Further, a multivariate
Cox regression analysis, conducted on a cohort of 174 cervical squamous cell carcinoma
patients, identified nuclear HSP90 expression as an independent prognostic factor for OS,
as detailed in Table 1.
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Figure 3. OS of patients diagnosed with cervical squamous cell carcinoma correlated with nuclear
HSP90. Nuclear HSP90 expression (1 = 53) is associated with a better OS in cervical squamous cell
carcinoma patients compared to patients not expressing nuclear HSP90 (1 = 127) (p = 0.012).

Table 1. Multivariate Cox regression analysis of cervical squamous cell carcinoma patients (n = 174)
and their clinical and pathological characteristics including the nuclear HSP90 expression regarding
OS. Significant independent factors for OS are indicated with asterisks. (* p < 0.05).

Covariate Hazard Ratio 95% CI p-Value
patient’s age (<49 years vs. >49 years) 1.372 0.540-3.488 0.507
tumor grading 0.986 0.895-1.086 0.769
extent of the primary tumor [7] 2.510 1.048-6.015 0.039 *
nodal status (pNX/0 vs. pN1) 2.311 0.813-6.570 0.116
FIGO classification 0.407 0.171-0.971 0.043 *
positive nuclear HSP90 expression 0.127 0.017-0.957 0.045 *

2.3. High Cytoplasmic HSP90 Expression Correlates with Improved PFS in Patients Diagnosed
with Cervical Squamous Cell Carcinoma

Patients diagnosed with cervical squamous cell carcinoma and exhibiting high cyto-
plasmic HSP90 expression (IRS > 3) demonstrated a significantly improved PFS compared
to those with low cytoplasmic HSP90 expression (p = 0.033), as depicted in Figure 4. Mul-
tivariate Cox regression analysis, conducted on a cohort of 168 patients with cervical
squamous cell carcinoma, identified high cytoplasmic HSP90 expression as an independent
positive prognostic factor for PFS, as detailed in Table 2.
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Figure 4. PFS in patients diagnosed with cervical squamous cell carcinoma was found to be associated
with cytoplasmic HSP90 expression. Specifically, patients exhibiting high cytoplasmic HSP90 ex-
pression (1 = 38) demonstrated significantly improved PFS compared to those with low cytoplasmic
HSP90 expression (n = 133) (p = 0.033).

Table 2. Multivariate Cox regression analysis of cervical squamous cell carcinoma patients (1 = 168)
and their clinical and pathological characteristics including cytoplasmic HSP90 expression regarding
PFS. Significant independent factors for PFS are indicated with asterisks. (* p < 0.05).

Covariate Hazard Ratio 95% CI p-Value
patient’s age (<49 years vs. >49 years) 1.032 0.525-2.030 0.927
tumor grading 0.986 0.902-1.077 0.751
extent of the primary tumor [7] 2.104 1.096-4.038 0.025*
nodal status (pNX/0 vs. pN1) 2.438 1.167-5.091 0.018 *
FIGO classification 0.496 0.259-0.950 0.034 *
positive cytoplasmic HSP90 expression 0.316 0.108-0.923 0.035*

2.4. Correlation of Nuclear and Cytoplasmic HSP90 Expression with Histopathological Parameters

Nuclear and cytoplasmic HSP90 expression were correlated with the histopathological
parameters previously published in the applied cervical cancer patient collective using
Spearman’s rank correlation coefficient (as shown in Table S1). Nuclear and cytoplasmic
HSP90 expression were associated strongly with each other (Spearman rho: 0.422; p < 0.001)
and with the expression of proteins that are important for necroptosis: Nuclear HSP90
expression was significantly correlated with nuclear RIPK1 (Spearman rho: 0.309; p < 0.001),
cytoplasmic RIPK1 (Spearman rho: 0.410; p < 0.001), and nuclear RIPK3 (Spearman rho:
0.517; p < 0.001). Correspondingly, cytoplasmic HSP90 expression was also significantly
associated with these proteins, showing correlations with nuclear RIPK1 (Spearman rho:
0.226; p = 0.001), cytoplasmic RIPK1 (Spearman rho: 0.426; p < 0.001), and nuclear RIPK3
(Spearman rho: 0.422; p < 0.001).

Cytoplasmic HSP90 expression was found to correlate positively with cytoplasmic
E6 expression (Spearman rho: 0.138; p = 0.042). Additionally, nuclear p53 expression was
associated with both nuclear (Spearman rho: 0.208; p = 0.002) and cytoplasmic HSP90
expression (Spearman rho: 0.254; p < 0.001). Similarly, p21 expression showed a positive
correlation with both nuclear (Spearman rho: 0.229; p = 0.002) and cytoplasmic HSP90
expression (Spearman rho: 0.180; p = 0.015).

Nuclear HSP90 expression was found to positively correlate with the expression of mu-
tated p53 (Spearman rho: 0.178; p = 0.007), nuclear LCoR (Spearman rho: 0.181; p = 0.007),
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and glucocorticoid receptor (Spearman rho: 0.171; p = 0.010). Conversely, it negatively corre-
lated with the expression of EP3 (Spearman rho: —0.192; p = 0.004), cytoplasmic H3K4me3
(Spearman rho: —0.215; p = 0.001), and MDM2 (Spearman rho: —0.156; p = 0.022).

Cytoplasmic HSP90 expression was positively associated with the expression of mu-
tated p53 (Spearman rho: 0.176; p = 0.008), PRA in both the nucleus (Spearman rho: 0.155;
p = 0.020) and cytoplasm (Spearman rho: 0.165; p = 0.013), as well as with cytoplasmic
GPER (Spearman rho: 0.163; p = 0.016). In contrast, it was negatively associated with the
expression of cytoplasmic p53 (Spearman rho: —0.150; p = 0.025) and mutated cytoplasmic
p53 (Spearman rho: —0.205; p = 0.002).

3. Discussion

HSP90, expressed both in the nucleus and cytoplasm, plays diverse roles in cellular
functions. In the nucleus, it is involved in modulating DNA structure, RNA synthesis and
processing [23], and regulating transcription factors [24]. In the cytoplasm, HSP90 performs
critical chaperone functions [25]. Its overexpression, which is currently under discussion for
a potential role in tumorigenesis [26], has been associated with poor prognosis in cancers
such as breast cancer [27,28] and colorectal cancer [29]. Consequently, HSP90 inhibitors
have been explored in clinical trials for breast cancer [30,31]. Our study demonstrates that
high nuclear HSP90 expression serves as an independent positive prognosticator in cervical
squamous cell carcinoma. Furthermore, high cytoplasmic HSP90 expression correlates
with improved PFS, lower FIGO classification, and a negative regional lymph node status
(pNO). Given that HSP90 interacts with over 400 client proteins and is integral to numerous
cellular pathways [32], its prognostic value could vary across different tumor entities.

In the context of cervical cancer, which is reliant on persistent hr-HPV infection [4],
the viral oncoproteins E6 and E7 disrupt the cell cycle, promote immortalization, genomic
instability, hyperproliferation, and inhibit apoptosis and necroptosis [5]. Previous research,
including our own, has shown that the expression of necroptosis-relevant proteins (RIPK1,
RIPK3) correlates with a better OS and PFS in cervical cancer patients [8]. These proteins are
HSPI0 clients, and inhibiting HSP90 leads to necroptosis suppression [19,33]. Our findings
support this, showing a positive correlation between HSP90 expression and RIPK1 and
RIPKS3 in cervical cancer. While necroptosis is an undesirable mechanism in diseases like
respiratory distress syndrome and chronic heart failure [34,35], in cervical cancer, it acts as
a ‘backup’ mechanism, enabling infected cells to undergo regulated cell death, triggering
immune responses, and potentially hindering the progression of hr-HPV-induced lesions [6].
This aligns with our key finding of a correlation between nuclear HSP90 overexpression
and a better OS in cervical cancer patients.

In our study, correlations were observed between both nuclear and cytoplasmic HSP90
and nuclear p53 expression in cervical cancer, aligning with the known role of p53 as a
client protein of HSP90 [36]. p53 functions as a tumor suppressor and is degraded by
E6 in cervical cells with persistent hr-HPV infection [5]. Mutated p53 loses its tumor
suppressor function and gains oncogenic properties [37]. The inhibition of HSP90 stabilizes
mutated nuclear p53 in cancer cells [38], and HSP90 inhibitors have been shown to induce
apoptosis in cervical cancer cell lines in vitro, albeit with limited efficacy in xenograft
models [39]. The inhibition of HSP90 inhibits necroptosis [33]. This study’s finding that
high HSP90 expression correlates with better OS in cervical cancer may seem contradictory
to the growth inhibition observed with HSP90 inhibitors in vitro. This discrepancy can be
reconciled by considering necroptosis as a potential ‘backup’ cell death mechanism when
apoptosis is inhibited [40]. High HSP90 expression might facilitate necroptosis in hr-HPV
infected cells, negating carcinogenic effects, while HSP90 inhibitors induce apoptosis with
tumor-suppressive outcomes.

Moreover, we observed a negative correlation between cytoplasmic HSP90 and cytoplasmic
p53, which is known for its pro-apoptotic effects [41]. This supports the notion that cytoplasmic
HSP90 overexpression could inhibit apoptosis while promoting necroptosis, due to its essential
chaperone role for proteins involved in necroptosis [19-22,25]. These findings suggest a dual
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role of HSP90 in programmed cell death: it appears to be anti-apoptotic on one hand, while
potentially facilitating necroptosis on the other. Further experiments are warranted to explore
these complex interactions and their implications for cervical cancer therapy.

In conclusion, our study reveals that high nuclear and cytoplasmic HSP90 expression
serves as a positive prognostic indicator for OS and PFS, respectively, in patients with
cervical squamous cell carcinoma. These findings underscore the dual role of HSP90 in
modulating cell death pathways, particularly in the context of hr-HPV infection. The
complex interplay between HSP90 and the proteins involved in apoptosis and necroptosis
pathways highlights its potential as a biomarker and a therapeutic target in cervical cancer.
Further research is warranted to fully understand HSP90’s multifaceted role and to explore
its implications in targeted cancer therapy.

4. Materials and Methods
4.1. Characteristics of Patients and Biopsies

In this study, we included all cervical cancer patients (n = 250) treated surgically at
the Department of Gynecology and Obstetrics, Ludwig-Maximilians-University Munich,
Germany, between 1993 and 2002, for whom paraffin-embedded carcinoma tissue was
available, without any pre-selection. An experienced gynecological pathologist deter-
mined the histopathological tumor subtypes (squamous cell carcinoma, adenocarcinoma,
adenosquamous carcinoma) and grading (G1: well differentiated, G2: moderately differen-
tiated, G3: poorly differentiated). TNM classification (T = primary tumor site, N = regional
lymph node involvement, M = presence of distant metastatic spread) was performed in
accordance with the Union of International Cancer Control (UICC) guidelines, and the
FIGO classification was assessed according to the Fédération Internationale de Gynécologie
et d’Obstétrique (FIGO) criteria. Clinical and patient follow-up data were obtained from
the Munich Cancer Registry (as presented in Table 3). The mean age of the patients at
diagnosis was 49.0 & 13.0 years, ranging from 20.4 to 83.3 years. Patients with an unknown
cause of death or death unrelated to cervical cancer were censored. Correlation analyses
with HSP90 expression were enabled by evaluating the other histopathological parameters
in various previously published papers.

Table 3. Description of the clinical and pathological variables of the patients.

Number of Cases

o,
(Total Number of Cases: n = 250) U

Histopathological tumor subtype

squamous cell carcinoma 194 77.6
adenocarcinoma 34 13.6
adenosquamous carcinoma 15 6.0

unknown 7 28

Tumor grading

Gl 21 84
G2 143 57.2
G3 78 31.2
unknown 8 32

Extent of primary tumor [7]

pT1 107 428
pT2 126 50.4
pT3 9 3.6

pT4 1 0.4

unknown 7 28

Regional lymph node involvement (pN)

pNO 145 58.0
pN1 98 39.2
unknown 7 2.8

Presence of distant metastatic spread (pM)

pMO 2 0.8

pM1 7 2.8

pMX 235 94

unknown 6 24
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Table 3. Cont.

Number of Cases

o,
(Total Number of Cases: n = 250) K

FIGO classification

FIGOI 79 31.6
FIGOII 64 25.6
FIGO 1II 93 37.2
FIGO IV 7 28
unknown 7 28
Progression

none 180 72.0
at least one 63 252
unknown 7 28
Survival

censured 211 84.4
dead (tumor-dependent) 33 13.2
unknown 6 24

4.2. Immunohistochemistry

The cervical cancer tissue samples were fixed in 3.7% neutral buffered formalin imme-
diately after resection, and then embedded in paraffin using standard procedures. Tissue
microarrays (TMAs) were created from these formalin-fixed, paraffin-embedded tissues. For
the immunohistochemical analysis, 3 pm tissue sections were first deparaffinized in Roticlear
(Carl Roth GmbH + Co. KG, Karlsruhe, Germany) for 20 min, briefly washed in 100% ethanol,
and then immersed in 3% H,O, in methanol at room temperature for 20 min to inactivate
the endogenous peroxidase. After rehydration through a descending ethanol gradient and
a brief rinse in distilled water, the sections underwent epitope retrieval in a pressure cooker
for 5 min using a sodium citrate buffer (pH 6.0; 0.1 mol/L citric acid/0.1 mol/L sodium
citrate). Post retrieval, the slides were washed in distilled water and phosphate-buffered
saline (PBS) twice for 2 min each. To block non-specific binding, Blocking Solution (ZytoChem
Plus HRP Polymer System (Mouse/Rabbit); Zytomed Systems GmbH, Berlin, Germany)
was applied for 5 min at room temperature. The sections were then incubated overnight
at 4 °C with anti-HSP90 antibody (monoclonal mouse IgG, ab13492; Abcam, Cambridge,
UK) diluted 1:1000 in PBS. This was followed by incubation with PostBlock Reagent and
HRP-Polymer (Mouse/Rabbit) for 20 and 30 min, respectively, which contained secondary
antibodies and peroxidase. After each incubation step, the slides were washed with PBS. For
visualization, 3,3'-diaminobenzidine chromogen (DAB; Dako, Glostrup, Denmark) and its
substrate buffer were applied for 30 s, and the reaction was halted by immersing the slides in
distilled water. The tissue was counterstained with Mayer’s acidic hematoxylin, dehydrated
in an ascending ethanol gradient and Roticlear, and finally cover slipped with ROTI® Mount
(Carl Roth GmbH + Co. KG, Karlsruhe, Germany). Fallopian tube tissue served as a positive
control. Negative controls were processed by replacing primary antibodies with specific
isotype control antibodies (BioGenex, Fremont, CA, USA).

4.3. Quantification

For the examination of the immunohistochemically stained cervical cancer slides, a
Leitz Diaplan photomicroscope (Leitz, Wetzlar, Germany) was used. The staining of each
specimen was quantified by the application of the semi-quantitative immunoreactive score
(IRS), which is used for the optical evaluation of the intensity and distribution pattern of
antigen expression [42]. The IRS was calculated by multiplying the number of positively
stained cells (in %) (0: no staining; 1: 1-10% stained tumor cells; 2: 11-50% stained tumor
cells; 3: 51-80% stained tumor cells; 4: >80% stained tumor cells) with the predominant
staining intensity (0: none; 1: weak; 2: moderate; 3: strong). The scale goes from 0 (no
expression) to 12 (very high expression). Images were taken with Flexacam C1 (Leica
Microsystems (Switzerland) Ltd., Heerbrugg, Switzerland).
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4.4. Statistical Analysis

IBM SPSS Statistics Version 26.0.0.0 (IBM, Armonk, New York, NY, USA) was used
for data analysis. p-values of p < 0.05 were considered statistically significant. Group
comparisons of independent groups regarding the clinical and pathological subgroups were
tested with the Kruskal-Wallis—H test. Spearman’s rank correlation coefficient was applied
for the bivariate correlations between staining results in this study and the histopathological
variables. The OS and PFS of the cervical cancer patients were tested for significance using
the log-rank (Mantel-Cox) test and compared using Kaplan-Meier curves. A Cox regression
model was established for a multivariate analysis of the investigated parameters. The
variables included in the Cox regression model were the patient’s age, histological subtype,
tumor grading, TNM and FIGO classification, and HSP90 expression. HSP90 expression
was divided into low and high expression for survival analysis. During analyses, the
observers were fully blinded to the patients’ data.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms25031571/s1.
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