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Summary

Summary

Oncogenic HPV types cause up to 5% of all human cancers worldwide, including cervical
cancer. In order to improve cervical cancer treatment options, novel therapeutic strategies are
urgently required. As a prevailing concept in the field, the signal transducer and activator of
transcription 3 (STAT3) protein is considered to be a highly promising therapeutic target in
HPV-positive cancer cells, since it was reported that STAT3 is essential for the proliferation of
cervical cancer cells and, furthermore, undergoes mutually stimulatory interactions with the
HPV EG6/E7 oncogenes. One strategy to block STAT3 could be the application of the iron
chelator Ciclopirox (CPX) which induces the destabilization of STAT3 and inhibits the

proliferation of HPV-positive cancer cells.

This thesis aimed to explore the role of STAT3 for the malignant phenotype of cervical cancer
cells in detail, focusing on its role for cell proliferation, its reported crosstalk with the HPV
oncogenes and its significance for the anti-proliferative effects of CPX. By applying a broad
spectrum of experimental methods to modulate STAT3 activity or expression, several
unexpected findings were obtained. A number of widely used small molecule STAT3 inhibitors
inhibited the proliferation not only of parental cervical cancer cells, but also of corresponding
STAT3 knockout derivatives, indicating that they act through off-target effects. In contrast,
thoroughly controlled depletion of STAT3 by RNA interference or by CRISPR/Cas9 genome
editing did not considerably affect cell proliferation, strongly arguing against an essential role
of STAT3 for the growth of cervical cancer cells. In line, transcriptome analyses revealed that
STATS3 silencing did not affect expression of its putative pro-proliferative target genes in these
cells. Further, despite increased STAT3 activation levels in response to therapeutic drugs,
such as PI3K or MEK inhibitors, this did not provide therapeutic resistance to cervical cancer
cells. In addition, whereas first insights into the mechanism of CPX-induced STAT3
degradation were obtained, STAT3 was found to be dispensable for the anti-proliferative
effects of CPX in cervical cancer cells. Finally, and of particular importance for the field of HPV-
induced carcinogenesis, no evidence for an appreciable crosstalk between STAT3 and the
viral E6/E7 oncogenes was obtained in either direction, by employing multiple experimental

strategies.

Collectively, these findings strongly question the prevailing concept that STAT3 is essential for
cervical cancer cell proliferation as well as for efficient HPV E6/E7 oncogene expression.
Besides providing unexpected novel insights into the significance of STAT3 for the malignant
phenotype of cervical cancer cells, these results are also informative to reshape the discussion

on STAT3 serving as a highly promising therapeutic target in HPV-positive cancers.
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Zusammenfassung

Zusammenfassung

Onkogene HPV-Typen verursachen weltweit bis zu 5 % aller menschlichen Krebs-
erkrankungen, darunter auch das Zervixkarzinom. Um die Behandlungsmdglichkeiten fir das
Zervixkarzinom zu verbessern, werden dringend neue Therapiestrategien bendtigt. In diesem
Kontext wird das ,Signal Transducer and Activator of Transcription 3“ (STAT3)-Protein derzeit
als vielversprechende therapeutische Zielstruktur angesehen, da es nach Literaturlage fur die
Proliferation von Zervixkarzinomzellen essenziell ist und auflerdem wechselseitig
stimulierende Interaktionen mit den HPV EG6/E7 Onkogenen eingeht. Eine Strategie zur
Inhibierung von STAT3 konnte eine Anwendung des Eisenchelators Ciclopirox (CPX) sein,
welches eine Destabilisierung von STAT3 induziert und die Proliferation von HPV-positiven

Krebszellen hemmt.

Ziel dieser Arbeit war es, die Rolle von STAT3 fir den malignen Phanotyp von
Zervixkarzinomzellen im Detail zu untersuchen, wobei die Schwerpunkte auf der Rolle von
STATS3 flr die Zellproliferation, der postulierten Wechselwirkung von STAT3 mit den HPV-
Onkogenen sowie der Bedeutung von STAT3 fur die antiproliferative Wirkung von CPX lagen.
Unter Einsatz eines breiten Spektrums experimenteller Methoden zur Modulation der Aktivitat
oder Expression von STAT3 wurden mehrere unerwartete Befunden erhalten. Multiple,
experimentell haufig verwendete niedermolekulare STAT3-Inhibitoren hemmten nicht nur die
Proliferation parentaler Zervixkarzinomzellen, sondern auch davon abgeleiteter STAT3-
Knockout Zellen, was darauf hindeutet, dass sie durch unspezifische (,Off-Target")-Effekte
wirken. Im Gegensatz dazu hatten sorgfaltig kontrollierte genetische Ansatze zur Hemmung
der STAT3-Expression durch RNA-Interferenz oder durch CRISPR/Cas9 Genom-Editierung
keine nennenswerten Auswirkungen auf die Zellproliferation. Dies spricht stark gegen eine
wesentliche Rolle von STAT3 fir das Wachstum von Zervixkarzinomzellen. Transkriptom-
analysen ergaben zudem, dass eine Inhibierung von STAT3 die Expression vieler seiner
mutmallichen, pro-proliferativen Zielgene in diesen Zellen nicht beeintrachtigte. Auch flhrte
eine gesteigerte STAT3-Aktivierung als Reaktion auf die Anwendung von niedermolekularen
PI3K- oder MEK-Inhibitoren nicht zu einer erhéhten therapeutischen Resistenz von
Zervixkarzinomzellen. Des Weiteren wurden erste Einblicke in den Mechanismus der durch
CPX induzierten STAT3-Destabilisierung gewonnen, die jedoch nicht notwendig fur die
antiproliferative Wirkung von CPX in Zervixkarzinomzellen ist. AuRerdem, und von besonderer
Bedeutung fir die HPV-induzierte Karzinogenese, wurden unter Anwendung verschiedener
experimenteller Strategien keine Hinweise auf eine nennenswerte wechselseitige

Beeinflussung von STAT3 und den viralen E6/E7-Onkogenen erhalten.

VI



Zusammenfassung

Insgesamt stellen diese Befunde das vorherrschende Modell im Arbeitsfeld stark in Frage,
nach dem STATS3 fur die Proliferation von Zervixkarzinomzellen sowie fur eine effiziente HPV-
Onkogenexpression essenziell ist. Die Ergebnisse liefern damit nicht nur unerwartete neue
Erkenntnisse Uber die Bedeutung von STAT3 fir den malignen Phanotyp von
Zervixkarzinomzellen, sondern sollten auch Auswirkungen auf das derzeit favorisierte Konzept
haben, nach dem STAT3 als vielversprechende therapeutische Zielstruktur in HPV-positiven

Tumorformen in Frage kommit.
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1. Introduction

1. Introduction

1.1 Human papillomaviruses

Human papillomaviruses (HPVs) are non-enveloped viruses and possess a circular, double-
stranded DNA genome’. Collectively, more than 400 individual types of HPVs were discovered
up to now'. HPVs are strictly constrained to infect human keratinocytes of the skin and mucosa,
causing mostly benign warts, however certain types of the Alphapapillomavirus genus are
classified as high-risk HPVs according to the International Agency for Research on Cancer?.
These high-risk HPVs are causative agents of a range of invasive cancers in the anogenital
and head and neck region?. Due to their importance, the following chapters relate to high-risk
HPVs, in particular HPV16 and HPV18.

1.1.1 The biology of HPVs

The genome of HPVs is organized into early (E) and late (L) regions as well as the long control
region (LCR) which harbors essential binding sites for transcription factors and other proteins
facilitating replication of the viral genome as well as transcription of viral genes. Generally,
transcription of the HPV16 or HPV18 E6/E7 oncogenes is controlled by the early Po7® or P1os*
promoters, respectively, which are located at the 3’ end of the LCR and induce the generation
of polycistronic transcripts coding for E6 and E7. Besides these, several other promoters exist
to regulate the complex expression patters of viral genes?®, which are tightly coupled to the viral
life cycle. The E region in total contains six open reading frames (ORFs) coding for E1, E2, E4,
ES5, E6 and E7 which enable progression through the viral life cycle. Specifically, E1 encodes
the only HPV protein with enzymatic function — a viral DNA helicase, which is recruited by E2
to the LCR to initiate viral genome replication in conjunction with cellular DNA polymerases
and replication factors® 7. In addition to its role in replication of the viral genome, E2 functions
as a crucial regulatory factor of viral gene transcription, for example by repressing transcription
of EB/E7 in oncogenic HPV types’. The E4 protein is an important factor to support viral
genome amplification, virion assembly as well as viral shedding®. The E5 protein mediates
evasion from elimination by the immune system as well as promotion of cell proliferation® and
can thus be classified as an oncoprotein. However, in vitro, expression of the HPV E5 protein
displays only weak to modest transforming activity®> '© and the gene is often deleted in
advanced cancers''. E5 is therefore presumed to only play a role in early stages of
transformation. The HPV E6 and E7 proteins are major direct and indirect promoters of cell
proliferation, immune evasion, immortalization and cell survival and are the main drivers

responsible for the transforming potential of HPVs'?, as described in more detail below in
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section 1.1.2. Finally, the L regions are only transcribed in late stages of the viral life cycle and

encode the major (L1'%) and minor (L2'*) viral capsid proteins.

The HPV life cycle starts with infection of keratinocytes located at the basal membrane by
attaching to heparin sulfate proteoglycans's. Importantly, only actively proliferating cells in the
basal layer can be successfully infected by HPVs, presumably because entering of viral DNA
into the nucleus of infected cells requires active progression through mitosis'®, which is not the
case for upper layers of the epithelium. Importantly, progression of viral gene expression during
the viral life cycle is coupled to the differentiation state of infected cells with high amounts of
virion release in the uppermost layer of the epithelium only'. Thus, early proteins are
expressed predominantly, but not exclusively, in the basal cell layer while expression of the

late capsid proteins is confined to the more differentiated upper epithelial layers’.

1.1.2 HPV infection and cancer

Overall, cancer incidence is continuously rising'® and around 13% of all cancers are estimated
to be linked to infectious agents'® '°. In total, approximately 4% of all cancers or 31% of virus-
induced cancers are dependent on HPV infection'. Of those, cervical cancer is responsible
for the majority of cases, being the 4" most common'® cancer in women resulting in close to
660,000 new cases and 350,000 deaths per year worldwide, especially in less developed
countries™. Notably, while not all cases of other infection-linked cancers such as gastric
cancer'® can be attributed to infectious agents, virtually all cases of cervical cancer are caused
by HPV infections' 2, in particular by HPV16 and HPV18, which together cause around 70%
of all cases?'. Notably however, although HPV infection is required to induce cervical cancer,
only the lesions of a small minority of women infected with high-risk HPV types will eventually
progress to cervical cancer, since the immune system eliminates approximately 90% of
cervical HPV infections early during the disease?. However, persistent HPV infections can
eventually progress to precancerous cervical intraepithelial neoplasia (CIN), categorized from
stage 1 to 3 by increasing degrees of dysplasia, followed by invasive cancer® 24, Besides
cervical cancer, HPV infection is also the causative agent of a subset of cancers in the head
and neck region, especially the oropharynx, as well as other cancers in the anogenital region’®,

such as vulvar, penile and anal cancers.

The most important oncogenic properties of high-risk HPVs are strongly linked to the
transforming activities of the HPV E6/E7 oncoproteins. E6 and E7 both interact with a multitude
of essential host factors to drive carcinogenesis, the most important of which are described in
the following. Specifically, E7 induces uncontrolled cellular proliferation by targeting pocket
proteins such as the retinoblastoma protein?> %, pRb, for degradation through a cullin-2

ubiquitin-ligase complex?’. Due to the impairment of pRb, the G1/S checkpoint is abrogated
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and entry into the cell cycle is enforced, mediated through release of E2F transcription factors
from pRb and subsequent induction of transcription of pro-proliferative factors?. Inactivation
of pRb by E7 further also leads to induction of transcription of p16™K*A which inhibits
phosphorylation of pRb, and thus inactivation, by cyclin dependent kinases (CDKs)? .
Importantly, in this context, p16™K*A is unable to halt cell-cycle progression in E7 expressing
cells® since pRb is already inactivated by E72°?7. The high levels of p16™K4* expression are
however exploited as a biomarker for diagnosis of CINs®2. Further, the loss of pocket protein
functionality in E7 expressing cells leads to disruption of the DREAM complex (dimerization
partner, Rb-like, E2F and MuvB complex) which is critically involved in controlling cell cycle
progression®. Additionally, E7 inhibits the function of cyclin-dependent kinase inhibitors such
as p21¢PIWalt gnd p27KP! which are important negative regulators of proliferation3.
Importantly, even though E7 exerts these transforming activities on its own, sole expression of
E7 can also lead to increased expression of the pro-apoptotic tumor suppressor p53 via an
increase in p14ARF in response to unchecked cellular proliferation induced by the actions of E7
on pRb3% 3%,

However, in HPV-positive tumor cells, E7 is always co-expressed with EG to cooperatively
drive transformation. E6 interacts with the ubiquitin-protein ligase E3A (UBE3A, also known as
E6-associated protein, EGAP) and subsequently the p53 tumor suppressor, forming a trimeric
complex which leads to the proteolytic degradation of p53%” 3. Thereby, E6 prevents p53-
induced, bax-dependent apoptosis®® in response to the E7-induced deregulation of cell
proliferation and enables evasion from p53-dependent tumor-suppressive activities. Besides
p53, E6 is able to facilitate degradation of bak*® and interfere with the activity of tumor necrosis
factor receptor 1% to block their pro-apoptotic actions. Importantly, E6 proteins of high-risk
HPVs also harbor a PDZ (post synaptic density protein, drosophila disc large tumor
suppressor, and zonula occludens-1 protein)-binding motif allowing the targeted degradation
of critical cellular PDZ-domain containing proteins*?, including several tumor suppressor
proteins. Additionally, expression of high-risk E6 leads to transcriptional activation of
telomerase reverse transcriptase (TERT)*® and the activation of several pro-survival and pro-
proliferative pathways* such as the protein kinase B/AKT, mechanistic target of rapamycin

complex 1 (mMTORC1), notch or wingless and int-1 (wnt) pathways.

Besides these pro-proliferative and anti-apoptotic functions of E6 and E7, both further
contribute to the development of invasive cancer by promoting immune evasion, for example
by affecting interferon regulatory factors and signal transducer and activator of transcription 1
(STAT1) signaling to interfere with the interferon response*® 46 as well as by affecting the
function or expression of interleukin 1B (IL-1B)*, the cytosolic DNA sensor STING*® and toll-

like receptors*® 48, Additionally, through the actions of E6 and E7, genome instability and

5
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chromosomal alterations are promoted which can contribute to the acquirement of mutations
that further drive cancer development*®-°2. Notably, E6 and E7 were further also reported to
affect cellular metabolism®® ®*, intracellular and exosomal miRNA composition®® as well as cell

invasion®®, promoting carcinogenesis.

During the course of cancer development, parts of the HPV genome, typically harboring the
LCR and the EG6/E7 oncogenes, are frequently integrated into the host genome®” %8
Importantly, the ability to express E2, which can repress expression of the E6 and E7
oncogenes, is commonly lost in this process®, for example via disruption of the E2 gene during
the integration event. Alternatively, in cases where functional E2 is expressed in cancer cells,
it is often observed that E2 binding sites in the LCR are epigenetically silenced via DNA
methylation®5'. As a result, E6 and E7 are expressed at high levels and drive transformation
to malignant cancer, as specified above. HPV-induced cancer cells are considered oncogene
addicted", since abrogation of E6 and E7 expression and function by RNA interference
(RNAI)®2 or ectopic expression of E2 leads to rapid induction of cellular senescence® ¢
Underlining the addiction to both E6 and E7 proteins to sustain both cell growth and survival,

sole abrogation of E6 expression or functions leads to efficient induction of apoptosis®®: ©’.

1.1.3 Therapy of cervical cancers

Since preventive measures and prophylactic vaccines are available protecting from most
common high risk HPV types, HPV-induced malignancies are principally to a large part
preventable® 7. However, due to the worldwide low vaccination rates and the long course of
the disease, taking many years from infection to malignancy, cervical cancer will remain an
unresolved medical problem for decades to come®® . In addition, although initially the
treatment options as outlined below are effective, treatment of advanced cervical cancers is
often non-curative and recurrence is often observed’!. HPV-linked transformation processes
are therefore still intensely investigated, also with the aim develop novel and more effective

therapeutic strategies.

In early-stage cervical cancers surgical removal of the lesion is the preferred therapeutic option
while in more advanced or metastatic stages radical hysterectomy is combined with adjuvant
radiotherapy or simultaneous chemo-radiotherapy’'. Additionally, these therapy regimens may
be combined with targeted treatments. In specific, current treatment standards include
platinum-based chemotherapeutics such as cisplatin — sometimes substituted by or combined
with paclitaxel, topotecan or gemcitabine’?. Targeted treatment strategies for advanced
cervical cancer stages include application of the vascular endothelial growth factor (VEGF)-
targeting antibody bevacizumab™ to block angiogenesis or immunotherapeutic approaches

using the programmed cell death protein 1 (PD-1)-targeting antibody pembrolizumab™.
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Since the malignant phenotype of HPV-positive cancer cells critically depends on constitutive
expression of E6 and E7, approaches to exploit this addiction for therapeutic purposes are
intensely studied'* 75, Extensive research was conducted on the identification of inhibitors for
E6 and/or E7, for example via inhibitory peptide aptamers®’, small molecules™® or RNA
interference (RNAI)””. More indirect approaches previously and currently investigated are the
application of proteasome inhibitors’® and immunotherapeutic strategies, for example targeting
major histocompatibility complex 1 (MHC1)-presented EG/E7 peptides via therapeutic vaccines
or autologous T-cell therapies™ 8. Although promising preclinical results were obtained, none
of these approaches was thus far approved for clinical use, warranting further research on
urgently needed therapeutic options'?. One possibility are targeted therapies for example
against the growth-promoting phosphatidylinositol 3-kinase (PI3K) or mitogen-activated
protein kinase (MAPK) pathways since these are often mutated and/or hyperactive in cervical
cancer®'8, Another such novel strategy is the targeting of abnormal cancer cell metabolism,
which is highly altered in HPV-positive cancer cells®® 5. Promisingly, drugs like Metformin®*,
2-Deoxy-D-glucose (2-DG)® and the iron chelator Ciclopirox (CPX)8: 8" were previously found
to repress E6/E7 and block proliferation. However, even though these drugs are — in the case
of Metformin and CPX — already in clinical use for non-malignant indications®® 8, further
research is warranted on their mechanisms in HPV-positive cancer cells before clinical

assessment of their suitability for cancer treatment can be initiated.
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1.2 Iron metabolism

In terms of aforementioned metabolic drugs, iron chelators such as CPX are especially
promising, as these — in comparison to Metformin or 2-DG — strongly induce both apoptosis
and senescence, besides blocking the E6/E7 oncogene expression in treated cervical cancer
cells®* 887 Generally, the target of CPX, iron ions, are essential, evolutionarily conserved co-

factors in a multitude of physiological processes, especially in metabolism®: ',

1.2.1 Physiological functions of iron

Iron in the form of ferrous (Fe?*) or ferric (Fe®*) cations is an essential factor in cells and
therefore its homeostasis is tightly controlled. Systemically, iron is transported in the serum
bound to transferrin while release into the blood by iron storing cells in the liver is tightly
regulated by hepcidin levels® %, Intracellularly, after iron ions are taken up via the transferrin
receptor 194, iron is released into the labile pool®® and subsequently stored in ferritin complexes
which contain around 20% of total iron in humans® %6, A large fraction of the remaining 80%

of iron are incorporated into the heme group in hemoglobin®?.

Expression of many iron-responsive proteins is regulated post-transcriptionally by the iron
regulatory protein-iron responsive element (IRP-IRE) system®. IRPs are iron-responsive
proteins which bind to IREs, cis-regulatory hairpin structures in the 3’ or 5’ untranslated regions
of responsive mRNAs, when levels of the labile iron pool are low®”. IRPs can thereby induce

or repress translation depending on the location of the IRE element in responsive mRNAs.

Generally, iron ions are incorporated in heme groups, Fe-S clusters or in the form of individual
ions, usually in the enzymatically active center of enzymes®. One of the most important
functions of iron lies in oxygen transport by hemoglobin and oxidative phosphorylation
(OXPHOS). Both hemoglobin as well as complex I, Il, 11, IV and cytochrome C (cyt. C) in the
respiratory chain incorporate heme groups or Fe-S clusters and are strictly dependent on
iron®® % Furthermore, iron ions possess important roles for the function of ribonucleotide
reductase M2'%°, certain DNA polymerases' and helicases'®, dioxygenases acting as
histone demethylases'® and the cyclin-dependent kinase 1'°* 1%, Further, iron is indirectly
involved in function or expression, respectively, of the eukaryotic translation initiation

factor 5A'%: 197 and cyclin D108,

1.2.2 Iron and cancer

Because many of the aforementioned factors are critical in maintaining efficient proliferation,
DNA homeostasis and repair, ATP generation as well as mRNA translation, iron-dependent
proteins and processes are often abnormally regulated or expressed in cancer cells'®. In line

with this, high dietary iron intake is associated with increased cancer risk''®, potentially due to
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the critical function of iron in pro-tumorigenic processes, as specified above, as well as
increased levels of reactive oxygen species arising from high levels of iron availability through

the Fenton reaction'".

Generally, to fuel their high metabolic demands resulting from continuous proliferation, cancer
cells often upregulate key factors in iron metabolism. For example, through upregulation of
IRP2'2 and transferrin receptor 1''3 cancer cells increase iron uptake. Furthermore, increased
levels of intracellular as well as serum levels of ferritin have been found to play a crucial role
in tumorigenesis''? 4. In line with this, women with increased expression of ferritin were found
to be less likely to eliminate existing HPV16 infections, exposing these women to a greater risk
for progression to cervical cancer'’®. Thus, due to the increased demand of cancer cells —
including cervical cancer cells — for iron, the therapeutic application of iron metabolism-
targeting compounds is under discussion to possibly serve as a promising anticancer

strategy'® 7.

1.2.3 Iron chelators for cervical cancer therapy

One such strategy is the application of iron chelators such as CPX''8, Notably, as indicated
above, iron chelation by CPX, which is already in clinical use for the treatment of mycoses®®,
was previously found by our laboratory to induce profound anti-tumorigenic effects in cervical

cancer cells, including repression of both proliferation and E6/E7 oncogene expression®: 87,

Interestingly, by investigating the underlying mechanism of CPX in more detail with mass
spectrometry-based proteome analyses, the transcription factor signal transducer and
activator of transcription 3 (STAT3) was found to be a prominent target of CPX'°. Specifically,
we uncovered that the stability of the STAT3 protein is strongly reduced by CPX treatment in
an iron-dependent manner, which could be reversed using the proteasome inhibitor MG132"°,
Importantly, this destabilization led to strongly reduced total STAT3 and STAT3 Y705
phosphorylation levels''®. Furthermore, the downregulation of STAT3 by CPX was observed
to be independent of the HPV-type in the cancer cells''®. As described in detail below, STAT3
is reported as a crucial oncogenic driver in many cancers, including cervical cancer, and is
therefore currently considered a highly interesting therapeutic target for cancer treatment.
Collectively, these considerations raised the possibility that the pronounced destabilization of
STAT3 by CPX could underlie the strong anti-tumorigenic effects of CPX in cervical cancer

cells.
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1.3 Signal transducer and activator of transcription 3 (STAT3)

Signal transducers and activators of transcription (STATs) encompass a family of nine latent
cytosolic transcription factors, including major splice variants, undergoing dimerization and
nuclear translocation upon activation'®. In general, STATs are composed of six domains of
which the coiled-coil domain and the src-homology 2 (SH2) domain are particularly important
for dimerization and activation while the DNA binding and the transactivation domain are in
addition critical for their function as transcription factors'?!. Of all STATs, STAT3 is one of the
most thoroughly investigated members and is associated with a range of diseases, including
cancer'?" 122 |mportantly, STAT3 is also considered to be indispensable for development since
knockout (KO) of STAT3 was found to be embryonic lethal in mice'?. For STAT3 as well as
STAT1 two major splice variants exist'?2. Importantly, in contrast to the well-characterized
alpha variants, the beta variants lack a functional transactivation domain'?. In the following,
my thesis focuses on canonical signaling, i.e. STAT3 function as a transcription factor upon
phosphorylation of the most widely studied STAT3 alpha variant as described below in more
detail. If not indicated otherwise, ‘STAT3’ therefore refers to the alpha variant, as is common
in the literature and ‘STAT3 signaling’ or ‘STAT3 activity’ refers to canonical STAT3 alpha

variant signaling.

1.3.1 Canonical STAT3 signaling

Originally, STAT3 was discovered as an important transcription factor mediating the effects of
IL-6 signaling as it occurs during the innate immune response, hence its alternative name acute
phase response factor (APRF)'?+126_ Thus, cytokine dependent STAT3 signaling is usually
termed canonical STAT3 signaling. Briefly, cytokines such as the IL-6 family cytokines'?” IL-6,
oncostatin M (OSM) or leukemia inhibitory factor (LIF) as well as IL-10 bind to their respective
receptors followed by cross-phosphorylation and subsequent receptor phosphorylation by
receptor-associated janus kinases (JAKs) such as JAK2'?°, This triggers binding of STAT3 to
the phosphorylated cytosolic part of the cytokine receptor via its SH2 domain'?°. JAKs then
phosphorylate receptor bound STAT3 molecules at Y705'% 26 [evels of STAT3 Y705
phosphorylation are therefore usually determined to assess activation levels of canonical
STATS3 signaling. Phosphorylated STAT3 molecules then dissociate from the receptor and
form homo- or heterodimers, for example with STAT1'?8, and subsequently translocate to the
nucleus to induce transcription of target genes harboring binding sites (Figure 1) like gamma-
activated sequences (GAS) in their promoters'®'31. Besides cytokine signaling, STAT3
responds also to epidermal'? "33 vascular endothelial™** or insulin-like growth factor'®

signaling as well as to activity of non-receptor-associated tyrosine kinases such as src-family
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kinases'¢138, All of these also lead to STAT3 Y705 phosphorylation, subsequent dimerization

and translocation of STAT3 to the nucleus.

1 2 3 4 5 6 7 8 9

Figure 1: STAT3 binding motif according to the JASPAR 2024 database’*. Matrix ID: MA0144.3

After translocation into the nucleus in the context of canonical signaling, STAT3 can induce
transcription of a plethora of genes involved in the immune response and homeostasis, cell
proliferation, survival, migration, stem cell renewal and embryonic development 2! 140, The
exact factors determining which particular gene is under control of STAT3 activity in distinct
cellular contexts is not yet fully understood for every target gene, however many different
factors have been discovered which can regulate and fine-tune the transcriptional signature
induced by STAT3 activity, as detailed below.

1.3.2 Regulation of STAT3 signaling

Overall, mutations of STAT3 in cancer are rare and only few have been reported to play a
frequent role for certain hematologic cancers as well as non-malignant diseases™''%4. Instead,
canonical STAT3 signaling in both health and disease is mainly regulated via modulation of
cytokine or growth factor concentrations as well as expression or activity of intracellular
factors'?,

Interestingly, STAT3 signaling was described to induce activation of a positive feedback loop
involving increased transcription of the STAT3 and /L-6 genes itself to drive a second wave of
IL-6 induced gene expression in response to the initial stimulation'®. To counteract cytokine
signaling through STAT3, one of the most important negative regulators is SOCS3, belonging
to the suppressor of cytokine signaling (SOCS) family'¢. SOCS3 directly inhibits activation of
JAKs' and destabilizes the cytokine receptor complex through ubiquitination™®. Importantly,
SOCS3 itself is another well-known target of canonical STAT3 signaling and thereby acts as a
negative feedback regulator'#®''. Furthermore, the protein inhibitor of activated STAT3
(PIAS3) plays an important role in attenuating canonical STAT3 signaling by inhibition of
STAT3 DNA binding'#® 52 while protein tyrosine phosphatases (PTPs) such as PTP receptor
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type D (PTPRD) directly dephosphorylate STAT3 at position Y705, thereby reducing canonical
STAT3 signaling in an early phase'®. Additionally, the STAT3 beta splice variant was
previously considered to act as a dominant negative factor to canonical STAT3 alpha
signaling™3. Recently however, multiple studies indicate that STAT3 beta is not simply a
dominant negative variant but has to be rather considered as a distinct factor inducing a unique

transcriptional signature®* %,

Besides these negative regulators of canonical STATS3 activity, multiple factors were identified
which regulate total amounts of STAT3 protein and consequently affect all postulated functions
of STATS3, including non-canonical signaling (please refer to 1.3.3). Importantly, alterations in
the activity or expression of many of these factors were found to be linked to the high STAT3
activities in various cancers'’%'%2; For example, ubiquitin-specific peptidase 28 (USP28) was
found to increase STATS3 stability through deubiquitination’™” while melanoma-associated
antigen C2 (MAGEC2) was described to inhibit polyubiquitination of STAT3"'%8, On the other
hand, PDZ and LIM domain protein 2 (PDLIM2)'®® and the E3 ubiquitin ligases constitutive
photomorphogenic protein 1 (COP1)'®, tumor necrosis factor receptor associated factor 6
(TRAF6)'®" and F-box and WD repeat domain containing 7 (FBW7)'%2 induce polyubiquitination
and subsequent proteasomal degradation of STAT3. Additionally, besides proteasomal
degradation, the calcium-dependent protease calpain'®* as well as caspases'®® were found to
cleave STAT3 and thereby interfere with STAT3 functions.

Another layer of regulation of STAT3 signaling is conferred by post-translational modification
of STAT3'%. Besides the Y705 phosphorylation site, STAT3 is also phosphorylated at S727,
for example by members of the MAPK pathway'¢’-1®® or mTOR'"°. Phosphorylation at S727 is
important for some non-canonical functions of STAT3, e.g. in the mitochondria'!, while also
being reported to be required for maximal transcriptional activity in the context of canonical
signaling®® 170. 172 Additionally, the presence of S727 phosphorylation was described as an
important negative modulator of Y705 phosphorylation'®”: 173, reportedly by negatively affecting
the half-life of Y705 phosphorylation'”®. Apart from phosphorylation, a range of further post-
translational modifications such as acetylation'’* '7°, methylation'’® and oxidation, for example
by peroxiredoxin 2'"7, were identified. Interestingly, post-translational modifications can
modulate both the spectrum of STAT3 target genes as well as the intensity of STAT3
signaling'® and additionally, whether STAT3 influences transcription in an activating or

repressing manner, the latter of which is considered to be non-canonical’”® 179,

Additionally, the initial stimulus, i.e. which cytokine or growth factor initially induced activation
of the signaling cascade, is a major determinant of the biological consequences'. Overall,

almost 40 cytokine receptors are known to signal through a combination of four distinct JAKs
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and seven (nine including beta variants) STAT family members'®. For example, both the pro-
inflammatory cytokine IL-6 as well as the anti-inflammatory cytokine IL-10 induce canonical
STAT3 signaling®' '82_|n this specific example it was reported that different sensitivities with
respect to negative feedback loops'® as well as the differences in temporal duration'®? of
STAT3 signaling induced by IL-6 compared to IL-10 are major determinants of the differential
biological outcomes between induction of signaling through both cytokines. Furthermore, in
response to different cytokines, the presence and activity of other signaling pathways and
transcription factors such as nuclear factor kB (NfkB)'4% 183184 gctivator protein 1 (AP-1)185-187
or other STATs'?8 185 can contribute to shaping the cellular response. Interplay of these factors
with STAT3 signaling can be mediated through direct physical interaction with Y705-
phosphorylated'® 88 or unphosphorylated™® '8 STAT3, indirect mutual influence of their
transcriptional activities'® or simply by regulating the same cellular processes and genes
independently of each other'®. Thus, STAT3 regulation and activities are part of a central,
intricate signaling network and must be interpreted in the context of partially parallel and

interconnected pathways.

Consequently, many different factors can influence the strength of STAT3 signaling, the
spectrum of affected target genes and the functional consequences of STAT3 activation,
making it difficult to predict the exact role of STAT3 in distinct cellular settings. A further level
of complexity is added by the fact that STAT3 can exert functions, which are independent of

canonical signaling.

1.3.3 Non-canonical STATS3 functions

In general, functions of STAT3 which are not related to its role as a transcription factor in
response to Y705 phosphorylation are considered to be non-canonical'®. One of the most
prominent non-canonical STAT3 functions is related to its translocation to mitochondria’
which was reported to require phosphorylation at S727'% °7, In mitochondria, STAT3 is
involved in regulating OXPHOS via increasing throughput of the electron transport chain (ETC)
complexes |, Il and V'®'1%, However, the exact mechanism underlying this regulation remains
yet to be elucidated. A direct interaction between STAT3 and ETC complexes is rather unlikely
since ETC complexes greatly outnumber the available mitochondrial STAT3 molecules'*. One
hypothesis is that STAT3 promotes the formation of respirasomes or respiratory super-
complexes, which incorporate multiple ETC complexes to increase efficiency and decrease
ROS generation via physical proximity'® 1% In addition, mitochondrial STAT3 was reported to
be able to inhibit the opening of the mitochondrial permeability transition pore (mPTP) by
physical binding of cyclophilin D'7. Mitochondrial STAT3 thereby prevents loss of
mitochondrial membrane potential and subsequent mitochondrial swelling and induction of

apoptosis'" 1%7_ In line with this function, STAT3 was also reported to be associated with the
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endoplasmic reticulum (ER) where it facilitates the degradation of inositol 1,4,5-trisphosphate
receptor, type 3 (IP3R3) which is an important Ca?* channel involved in transferring Ca?* from
the ER to mitochondria which eventually promotes opening of the mPTP followed by induction
of apoptosis'®. Overall, through these mechanisms, mitochondrial STAT3 plays a role for
efficient mitochondrial metabolism as well as the inhibition of the mitochondrial apoptosis

pathway'"".

Moreover, multiple studies report a role of STAT3 in the regulation of autophagy and lysosomal
activities. Specifically, STAT3 was described to physically associate with protein kinase R
(PKR) which is known to phosphorylate the pro-autophagic eukaryotic initiation factor 2a
(elF2a)'®°, Additionally, STAT3 was also reported to contribute to inhibition of autophagy
through repression of transcription of BECN1 (coding for beclin 1), which is involved in the
autophagic process?®. Further, at lysosomes, STAT3 was found to associate with the vacuolar
H*-ATPase and to increase its activity, contributing to preserving an alkaline cytosol?®'. In this
context, it was interestingly reported that activity of the canonical STAT3 pathway is reduced
upon cytosolic acidification which leads to increased STAT3 recruitment to the lysosomes to

reequilibrate the intracellular pH?°".

Another non-canonical STAT3 function is its ability to repress transcription of various genes,
at least partly through epigenetic mechanisms. For example, repression of transcription of
REDD1 (coding for regulated in development and DNA damage response 1) was found to
crucially depend on Y705-phosphorylated STAT3 binding to non-canonical binding sites within
the REDD1 promoter leading to repression of promoter activity'”® 2°2. Similarly, the above-
mentioned repression of BECN1 by STAT3 depends on STAT3 binding to the BECN1 promotor
in response to IL-6, followed by histone deacetylase 3 (HDAC3) recruitment?®°. Furthermore,
repression of various tumor suppressor genes by STAT3 is associated with DNA methylation
and was reported to depend on acetylated STAT3 followed by association with sin3

transcription regulator family member A (Sin3A) at promoter regions'’8.

Furthermore, even though Y705 phosphorylation is generally considered to be a crucial factor
determining binding of STAT3 to respective promoter regions, there are reports indicating that
STAT3 can also affect transcription while being unphosphorylated'® 2%, Interestingly, it was
reported that Y705 phosphorylation is not necessarily required for dimerization of STAT32%
and that unphosphorylated STAT3 can bind at least some of the same DNA motifs as Y705
phosphorylated STAT32% 206, However, unphosphorylated STAT3 was found to bind these
motifs with lower affinity only?°% 2% while being able to modulate transcription of a set of genes
not responsive towards canonical Y705 phosphorylated STAT3'%> 207, This can be at least

partly explained due to physical interaction of unphosphorylated STAT3 with other factors such
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as NfkB'*® and jun activation domain-binding protein 1 (JAB1)?*®. Moreover, unphosphorylated
STAT3 was found to modulate chromatin structure?*¢-2%¢, for example leading to inhibition of
transcription of a range of pro-apoptotic genes?’’. Taken together, non-canonical functions of
STAT3 can play prominent roles in various cellular contexts and therefore add another layer

of complexity to the regulation and the cellular effects of STAT3.

1.3.4 STAT3 in disease

Since STAT3 is involved in a broad spectrum of key physiological and cellular processes,
alterations of its activity have been implicated in many different diseases'" 22, One large set
of non-malignant diseases with STAT3 involvement is linked to canonical STAT3 signaling and
its prominent role for the immune system in response to cytokines. For example, aberrant pro-
inflammatory STAT3 activity was reported to be a key component of autoimmune diseases
such as psoriasis®®®, diabetes mellitus type 12'°, inflammatory bowel diseases (e.g. Crohn’s
disease)?'" and multiple sclerosis?'. In some patients, these diseases are associated with
certain STAT3 single nucleotide polymorphisms (SNPs) or gain-of-function mutations leading
to elevated basal and cytokine-induced STAT3 activity?'® 23, Interestingly, hyperactive STAT3
is also a critical factor in coronavirus disease 2019 (COVID19), a particularly severe
complication of SARS-CoV-2 infection with characteristics of aberrant immune cell activities?'*.
Vice versa, reductions of STAT3 activity, in this case commonly through STAT3 loss-of-
function mutations, can lead to establishment of the hyper-IgE syndrome, which is often
associated with uncontrolled bacterial infections'#2. Another notable pathologic state in which
STAT3 is a central player is cardiac injury through ischemia, e.g. via cardiac infarction, followed
by reperfusion which often leads to exacerbated cardiac cell death?'s. In this setting, both
canonical STAT3 signaling and non-canonical mitochondrial STAT3 functions are critical for

survival of cardiac cells?'®.

In addition, critical STAT3 involvement has been reported for many cancer entities?'®. This is
not surprising since many of the processes regulated by STAT3, e.g. proliferation®'®,
survival?'®,  migration?'®, invasion™ and aberrant immune responses' (e.g.
immunosuppression), represent hallmarks of cancer?'’. Aberrant canonical?'® and non-
canonical activity'® of STAT3 have been reported for many prevalent cancer types, including
hematologic cancers'®, lung cancer?'8, liver cancer?'®, colorectal cancer®?’, pancreatic
cancer??!, glioblastoma???, malignant melanoma??* 2?4, breast cancer'®® as well as cancers
associated with viral infection by Epstein-Barr virus (EBV) or HPV such as head & neck
cancer??® and cervical cancer (please refer to 1.3.5). Notably, there are also reports describing
STAT3 as a factor associated with favorable prognosis, for example by suppression of
migration and invasion in colorectal cancer??® 227, Similarly, high expression of STAT3 beta

was reported to be associated with favorable prognosis in esophageal squamous cell
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carcinoma and was shown to block the transcriptional activity of STAT3 alpha??®. However, in
most cancers, STAT3 is considered an oncogene?'® 22°, Qverall, it is reported that STAT3 is
constitutively active in over 70% of all cancers, often due to increased inflammatory and growth
factor signaling or the loss of negative regulators?'®. Interestingly, only in the great minority of
cancers or neoplastic diseases gain-of-function mutations of STAT3 or upstream kinases such
as JAK2 have been described''. This is in particular the case for polycythemia vera?*® and
T-cell large granular lymphocytic leukemia (T-LGL)'#': 44231 As a consequence of abnormal
STATS3 activity, cancer cells are often found to increasingly express common oncogenic drivers
and pro-survival factors such as MYC, SOX2, BCL2, BCL2L1, MCL1, BIRC5, CCND1,
members of the MMP family, various cytokines, PD-L1 and many more'40: 216, 223, 224,232,233 |
virus-associated cancers such as cervical cancer, it was additionally reported that STAT3 is
critically involved in promoting the expression of virus-derived oncogenes as described in detail

below in section 1.3.5.

Furthermore, STAT3 has been reported to be a major resistance factor against both
chemotherapy and targeted treatments. For example, canonical STAT3 signaling was found
to be feedback-activated in response to many different inhibitors, targeting the PI3K-, MAPK-
and c-MET pathways?%* 224 234241 Gimilarly, increased levels of STAT3 signaling have been
implicated in cells resistant to human epidermal growth factor receptor (HER)-family-targeting
therapies?®: 242244 |n the context of chemotherapeutics, pro-proliferative and anti-apoptotic
factors which are under transcriptional control of constitutive STAT3 signaling are proposed to
confer resistance to cancer cells?*> 246 Collectively, STAT3 is considered to be a broadly
relevant and highly promising therapeutic target for many diseases, in particular for

autoimmunity-linked diseases and cancers.

1.3.5 STAT3 in cervical cancer

In cervical cancer, STAT3 has been associated with poor prognosis and metastasis?*’ and is
considered as an especially promising target due to its multifaceted activities?4-2%,
Specifically, efficient expression of the HPV EG/E7 oncogenes, which are essential for the
growth and survival of cervical cancer cells, has been proposed to critically depend on
STAT3%'25 However, the underlying mechanism was not yet fully elucidated since inhibitors
targeting canonical STAT3 signaling were found to repress E6/E7 levels?5? 253 while another
study reported that the dependence of EG6/E7 expression on STAT3 is not linked to
transcriptional activity of STAT3 in keratinocytes harboring episomal HPV18 genomes?'.
Additionally, despite the presence of potential STAT3 binding sites in the HPV16 LCR, STAT3
binding to the LCR could not be detected'®”. Rather, it was reported that STAT3 associates
with the AP-1 components c-JUN and c-FOS to promote HPV16 transcription'®, however this

interaction increased upon IL-6 treatment'®” (which can activate canonical STAT3 signaling),
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establishing a potential link to the above-referenced results reported with inhibitors of canonical
STAT3 signaling. This is also compatible with a study reporting an activation of the HPV16
LCR by IL-10 induced STAT3 signaling, either through direct association of STAT3 with the

LCR or via association with transcription factors that bind the LCR?.

Vice versa, the HPV oncogenes have been proposed to activate STAT3 signaling?®" 253 255,
Specifically, STAT3 Y705 phosphorylation was reported to be induced by HPV E6 in an protein
kinase B/AKT and autocrine IL-6 dependent manner?" 253, This finding is compatible with
immunohistochemical analyses showing that STAT3 Y705 phosphorylation levels (indicating
STAT3 activation) are higher in cervical cancers than in the corresponding normal tissue?.
Further, silencing of E6/E7 by RNAI in cervical cancer cell lines was described to repress of
activation of STAT32%’. However, even though IL-6 was found to be highly expressed in cervical
cancer tissue®®2%°, the importance of the IL-6/STAT3 axis for STAT3 activation in the cancer
cells, as specified above, is challenged by other studies reporting a general loss of IL-6
receptor (IL-6R) expression in cervical cancer cells, possibly due to selective pressure to evade
the immune system?': 262 Cervical cancer cells were thus found to be unresponsive to
IL-62¢7- 262 and only when IL-6R was reconstituted, for example via soluble IL-6Rs, the HPV18
LCR was responsive to IL-6 in a STAT3-dependent manner?®, In line, the levels of Y705-
phosphorylated STAT3 were found to increase from CIN1 to CIN3 but decreased upon further
progression to invasive cervical cancer cells, when compared to adjacent CIN3 lesions in the
same tissue sample?®*. Additionally, above-mentioned IL-6 mediated autocrine stimulation of
STAT3 activity is challenged by a study that identified macrophages in the tumor stroma as

the main source of IL-6 protein, while cervical cancer cells did not show any IL-6 staining?%.

Besides this postulated, mutually stimulatory interconnection with the E6/E7 oncogenes,
STAT3 was reported to be essential for promoting the growth and survival of cervical cancer
cells?52250.2%6. 265268 "o g by transcriptional induction of putative oncogenic STAT3 target genes
such as BCL2?%"- 265 BCL 2| 1747 256. 267 | BIRC5%%% 267 MICL 1?7, and CCND1%3 %7  |n addition,
in line with reports on other cancers, STAT3 was described to promote the migration of cervical
cancer cells®®, to correlate with their stemness?® 270 and to contribute to their therapy
resistance, for example to cisplatin treatment?®® 271 272 This latter notion, however, has been
challenged by other studies in cervical cancer cells, which unexpectedly obtained evidence for

a pro-apoptotic role of STAT3 activation when combined with cisplatin treatment?% 273,

Overall, despite remaining open questions regarding the mechanism of the induction of STAT3
Y705 phosphorylation by the HPV oncogenes or, vice versa, regarding the promotion of EG/E7
expression by STAT3 activity, E6/E7 and STAT3 are proposed to form a mutually stimulating

feedback loop promoting the oncogenic activities of each other?*®. Thus, the current model of
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STATS3 in cervical cancer considers STAT3 to be deeply intertwined with the HPV oncogenes
and regards STAT3 as essential for the proliferation of cervical cancer cells?*°. Consequently,
STAT3 is considered to represent a promising target for therapeutic intervention in cervical

cancer cells.

1.3.6 Inhibition of STAT3 signaling

Since STAT3 is known as an important factor in many diseases'?" 22, various approaches to
inhibit STAT3 were developed in the past and are still presently intensely investigated.
Altogether, current strategies to inhibit STAT3 signaling or expression can be grouped in the

following categories?'®:

(1) Small molecule inhibitors targeting STAT3 activity

(2) Small molecule inhibitors targeting upstream kinases which activate STAT3

(3) Small molecules reducing STAT3 protein stability

(4) Oligonucleotide-based molecules interfering with STAT3 expression or function

(5) Protein-based molecules targeting extracellular cytokines and growth factors involved in
STATS3 activation

However, despite intense efforts, none of these approaches achieved regular clinical use yet,
with the exception of upstream kinase inhibitors targeting, for example, JAK, and antibodies
targeting cytokines, for example, 1L-6%'°. These agents, however, were not solely developed
to inhibit STATS3 signaling and can also affect activation of factors other than STAT3, resulting
in limited specificity for STAT3. In contrast, direct chemical small molecule STAT3 inhibitors
such as Stattic?™* or C188-9%"°, in principle, possess the potential to be more selective for
STAT3. However, the development of truly specific inhibitors turned out to be rather difficult
since STAT3, as a transcription factor, functions mainly via interactions with DNA and other
proteins occurring over large, flat areas, which makes it difficult to design small molecules that
inhibit these interactions?’® 277, In contrast, many potent and specific small molecule inhibitors
target the enzymatic activity of kinases, which often occur in deep and specific pockets that
can be targeted by small molecules?’® 2”7, To target ‘undruggable’ proteins like STAT3, novel
technologies are currently being developed, for example proteolysis targeting chimeras
(PROTACSs) which induce specific degradation of proteins which are difficult to target by
conventional means?’® 2”7, For STAT3, multiple PROTACs?"828 were developed showing
potent and specific degradation of STAT3 also in vivo 278 27° as well as in a first clinical trial?8".
In comparison to inhibitors targeting upstream kinases or STAT3 signaling, targeted protein
degradation has the potential advantage to additionally target non-canonical STAT3 functions,

which do not necessarily depend on its phosphorylation state.
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Another class of molecules to inhibit STAT3 are large biological molecules, for example
antibodies and antisense oligonucleotides. Specifically, the antisense oligonucleotide
AZD9150 was developed to leverage RNAI to inhibit STAT3 expression on the transcript level
with early signs of clinical activity?®? 23, On another level, decoy oligonucleotides harboring
STAT3 binding sites can be used to outcompete STAT3 binding sites in the genome?84-2%¢,
However, these approaches are complicated in terms of drug delivery and stability?3® 2% |n
contrast, protein-based large molecules such as the antibodies Tocilizumab?7 or Siltuximab?3®
target the IL-6R or IL-6, respectively, and thereby block canonical STAT3 signaling. However,
these, as mentioned above, lack specificity for STAT3 and do not necessarily block canonical
STATS3 signaling altogether but instead only the fraction of STAT3 signaling which is induced
by the targeted cytokine, IL-6. Collectively, despite a broad range of available STAT3 inhibitors,
further research has to be conducted to finally yield a specific and effective STATS3 inhibitor for

clinical use?'8.
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1.4 Research objectives

The STAT3 protein is currently discussed to represent a highly promising therapeutic target for
cervical cancer therapy, since it has been reported to be essential for the proliferation of HPV-
positive cancer cells. In addition, STAT3 has been described to undergo mutually stimulatory
interactions with the HPV EG6/E7 oncogenes, which are the key drivers of HPV-induced
carcinogenesis. In this light, recent findings revealing that the iron chelator CPX potently blocks
proliferation while inducing the degradation of the STAT3 protein in cervical cancer cells are
of high interest. Therefore, my thesis focuses on addressing the following major open

qguestions:

(1) Is the anti-proliferative effect of CPX related to the degradation of the STAT3 protein in
HPV-positive cancer cells? Is the CPX-induced downregulation of E6/E7 functionally
linked to STAT3?

(2) Which factors could potentially mediate the degradation of STAT3 by CPX? Is this
proteolytic effect limited to HPV-positive cancer cells or observed in other cells as well?

(3) Is STATS3 a decisive factor for the proliferation of HPV-positive cancer cells? Which
potential downstream targets are responsive to STAT3 in these cells?

(4) Do STATS3 and the viral E6/E7 genes undergo a functional crosstalk in HPV-positive
cancer cells, i.e. are STAT3 activities depending on the viral oncogenes and vice
versa?

(5) Can inhibition of STAT3 sensitize HPV-positive cancer cells to drugs which are

employed for targeted therapies?

Overall, this thesis aims to illuminate the role of STAT3 for the malignant phenotype of HPV-
positive cancer cells and to obtain insights into the interplay between STAT3 and the HPV
oncogenes. On the one hand, it is hoped that these investigations improve our understanding
of the functional relevance of STAT3 in HPV-positive cancer cells and the significance of its
interaction with oncogenic HPVs. On the other hand, the results of the planned studies should
be informative for the prevailing concept that inhibiting STAT3 represents a highly attractive

therapeutic strategy in HPV-positive cancer cells.
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2. Results

2. Results

2.1 Investigation of the destabilization of STAT3 by CPX-induced

iron chelation

In view of the pronounced anti-tumorigenic effects of the iron chelator CPX in cervical cancer
cells®® # it was of high interest to gain mechanistic insights into the underlying process. Since
STAT3 was reported to be an essential factor for stimulating proliferation?°2 255 2%. 265-268 gnd
efficient viral E6/E7 oncogene expression'®” 251253 in cervical cancer cells, | aimed to
investigate whether destabilization of STAT3""® is responsible for the anti-proliferative and
E6/E7-inhibitory effects of CPX®, and further, to gain first insights into the mechanism of
STATS3 destabilization by CPX.

Because of STAT3's reported importance for many diseases'?': 22 including HPV-independent
malignant and non-malignant diseases with high need for novel therapeutic options, | first
assessed whether the repression of STAT3 by CPX is independent of HPV and whether it is
conserved across cells of different histologic backgrounds. Thus, HPV-negative MeWo
melanoma, HCT116 colorectal cancer, and FaDu and Cal27 head and neck squamous cell
carcinoma (HNSCC) cells were treated with CPX, revealing that the effect on STAT3 is indeed
HPV-independent, as STAT3 was clearly downregulated after 48 h in all investigated cell lines
(Figure 2A). Additionally, | tested whether CPX could also downregulate STAT3 levels in non-
cancerous cells, normal oral keratinocytes (NOKs)?°. Comparable to the tested cancer cell
lines, STAT3 protein levels were downregulated in NOKs starting after 48 h of CPX treatment
(Figure 2B). These results indicate that the mechanism of STAT3 repression by CPX is
conserved across cells of different histologic origins and is independent of their HPV-status or

malignancy.

STAT3 is known to translocate to the mitochondria where it is reported to play a substantial
oncogenic role'" %, To study whether the mitochondrial STAT3 pool is affected by CPX as
well, protein fractionation was performed after 48 h of CPX treatment in HPV16-positive SiHa
cells, revealing that mitochondrial STAT3 protein levels are also strongly decreased
(Figure 2C). Notably, the mitochondrial marker cytochrome C (cyt. C) is also found in the
cytosolic protein fraction after CPX treatment, possibly due to mitochondrial release of cyt. C
during apoptosis®® which indeed can be induced by CPX treatment®®. Thus, not only the
cytosolic but also the mitochondrial pool of STAT3 with oncogenic potential’”" ' is reduced
by CPX.
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Figure 2: Downregulation of STAT3 protein levels by CPX. (A) HPV-negative MeWo, HCT116, FaDu
and Cal27 cells were treated for the indicated time periods with 10 uM CPX or solvent control (-) and
analyzed by immunoblot for STAT3 protein levels. B-Actin, loading control. FaDu and Cal27 experiments
were performed in cooperation with Maria Weber. (B) NOKs were treated and analyzed as in (A) for 24,
48 and 72h. (C) SiHa cells were treated as in (A) for 48 h followed by fractionation of mitochondrial
proteins and analysis by immunoblot for STAT3 protein levels. a-Tubulin, cytosolic marker. cyt. C,
mitochondrial marker. (D) SiHa cells were treated as in (A) for 24 or 48 h with glucose concentrations of
0 g/L, 1 g/L or 4.5 g/L and analyzed by immunoblot for P-STAT3 (Y705) and STAT3 protein levels.
B-Actin, loading control. (E) SiHa cells were exposed to hypoxia (1 % O3), 2.5 mM Metformin, 5 mg/mL
2-DG, 10 uM CPX or solvent control (normoxic conditions, 21% Oy) (-) for 24 h and analyzed by
immunoblot for STAT3 and HPV 16E7 protein levels. B-Actin, loading control. Subfigure (A) and
corresponding legend from Strobel et al., 2023779,

CPX as an iron chelator strongly affects the cellular metabolism and supplementation with high
amounts of glucose can strongly influence the effects of CPX treatment®’. Therefore, the
question arose whether the repression of STAT3 might be linked to glucose-linked metabolic
alterations in cervical cancer cells. However, in contrast to the CPX-induced repression of HPV
E6/E7 oncogene expression, which can be counteracted by high glucose concentrations
of 4.5 g/L¥, downregulation of total STAT3 and phosphorylated STAT3 Y705 levels by CPX

treatment in SiHa cells was observed under all tested glucose concentrations of 4.5 g/L, 1 g/L
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(standard cell culture concentration) and 0 g/L after 48 h (Figure 2D). These results indicate

that the repression of STAT3 by CPX is largely independent of glucose availability.

Additionally, cells were investigated under further experimental conditions that can strongly
affect the cellular metabolic state. In addition to the glycolysis inhibiting glucose analogue
2-DG?", hypoxia and Metformin were employed which repress OXPHQOS?%2 2% glike iron
chelators such as CPX®" 2% Importantly, whereas all these conditions suppress HPV EG/E7
expression (Figure 2E), as seen for CPX® (Figure 2E), STAT3 protein levels were affected
only by CPX treatment (Figure 2E). These latter results show that the inhibition of OXPHOS or
glycolysis is not sufficient to induce the downregulation of STAT3 and, furthermore, also

indicate that the repression of E6/E7 is not linked to a reduction of STAT3 protein levels.

Besides the metabolic similarities between hypoxia and iron chelator treatment, iron chelators
are often used as hypoxia mimetics?°>2%® due to the stabilizing action of iron insufficiency on
the hypoxia inducible factor 1 alpha (HIF1a) protein®®. Furthermore, both iron chelators,
including CPX, as well as hypoxia induce upregulation of glycolytic genes®” and inhibit mTOR
signaling®. Yet, despite these similarities, application of CPX results in downregulation of
STAT3 protein levels while hypoxia does not (Figure 2E). Therefore, existing proteome
signatures of SiHa cells exposed to hypoxia or CPX8 were systematically analyzed and
compared with respect to factors and gene sets potentially involved in STAT3 degradation by
CPX.

In line with above mentioned similarities between hypoxia and CPX treatment, gene set
enrichment analyses®® (GSEA) of the proteome data clearly shows an upregulation of
hypoxia-linked proteins (gene set: HALLMARK_HYPOXIA) under both conditions (Figure 3A).
Further, | identified in total 12 proteins by direct comparison of hypoxia and CPX proteome
datasets with respect to proteins which are involved in protein degradation processes and are
at the same time differentially expressed after CPX treatment but not under hypoxia. These
factors could therefore potentially be involved in destabilization of the STAT3 protein
(Figure 3B). Among them are one downregulated proteasome inhibitor protein, seven
upregulated proteins with deubiquitinase activity, and four proteins linked to E3-ligase activity
which are upregulated after CPX treatment but not under hypoxia. Additionally, GSEA was
performed on gene sets involving processes potentially involved in protein degradation.
Interestingly, | found the gene set REACTOME_SUMOYLATION_OF_UBIQUITINYLATION_
PROTEINS as well as the gene set REACTOME_SUMOYLATION to be positively enriched in
the CPX proteome screen compared to hypoxia (Figure 3C). This indicates that SUMOylation
processes, which can generally be involved in protein stability®®', might be more active or

involved factors at least increasingly expressed under CPX treatment compared to hypoxia.
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Figure 3: SUMOylation pathways and proteins involved in protein ubiquitination are differentially
expressed after CPX compared to hypoxia treatment. (A) GSEA was performed on existing
proteome data®® derived from SiHa cells treated with hypoxia (1% O2) or CPX for 48 h for the indicated
gene set. (B) proteome data as described in (A) was comparatively analyzed for proteins which are
involved in ubiquitination and protein degradation processes and are differentially expressed under CPX
treatment but not under hypoxia. (C) GSEA was performed as described in (A) for the indicated gene
sets.

The identification of these differentially regulated protein degradation-linked factors (Figure 3B)

as well as the observed effects on SUMOylation (Figure 3C) could represent starting points for

future studies investigating the destabilization of STAT3 on a mechanistic level in more detail.

Collectively, these findings indicate that the destabilization of the STAT3 protein by CPX’ iron
chelating activity effectively depletes cells of their total and mitochondrial STAT3 pool. The
underlying mechanism is independent of the HPV status, is not affected by glucose and is
conserved between cells of different histological origin. These observations indicate that CPX
could be a highly interesting drug candidate to treat various STAT3-dependent diseases.
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2.2 Assessment of the functional significance of STAT3 for cervical

cancer cell proliferation

In view of the literature, which reports that STAT3 is an essential factor for the proliferation of
cervical cancer cells?%2 255 2%, 265268 | next aimed to elucidate whether the powerful anti-

proliferative action of CPX®: 8" in these cells might be linked to the destabilization of STAT3'°.

2.2.1 Chemical STAT3 inhibitors induce heterogeneous effects

Small molecule inhibitors of STAT3 are often used to investigate the oncogenic function of
STAT3 in cancer cells?'. | thus applied the commonly employed STAT3 inhibitors BP-1-102,
C188-9, Cryptotanshinone, Niclosamide, Stattic and WP1066 and assessed their effect on the
growth and cellular morphology of SiHa and HelLa cervical cancer cells by live-cell imaging at
comparable concentrations or, due to observed strong toxicities in initial experiments, at
concentrations lower than used in the literature'” 25% 253 resgpectively. Concentrations of
inhibitors, for which an application was not yet reported for cervical cancer cells, were titrated
to inhibit STAT3 Y705 phosphorylation while inducing phenotypes similar to the phenotypes
reported upon STAT3 inhibition in cervical cancer cells?51-2%3. 255. 265 with other small molecule

inhibitors.

Each inhibitor, apart from BP-1-102 in HelLa cells, led to a strong reduction of proliferation in a
time- and dose-dependent manner (Figure 4), as is found for CPX treatment®® 8. Notably,
however, considerably variable time courses of growth inhibition (Figure 4) as well as different
cellular morphologies were noted for individual inhibitors (Figure 5A, B). For example, the most
widely used STATS3 inhibitor Stattic induced cell death and inhibited proliferation immediately
after starting the treatment while C188-9 did only mildly affect HeLa and SiHa cells in the first
24-48 h followed by a sharp increase in its anti-proliferative activity (Figure 4). This was
followed by the induction of cell death (Figure 5A, B) coinciding with its delayed anti-
proliferative effect. Furthermore, even though growth curves of Cryptotanshinone, Niclosamide
and BP-1-102 look similar in SiHa cells (Figure 4, upper panel), the cellular morphologies after

treatment with these compounds looked vastly different (Figure 5A).

In view of these disparities, | additionally employed the well-established and clinically used
JAK1/2 inhibitor Ruxolitinib'?, as JAK2 is known to be an important activator of STAT3
signaling and was shown to phosphorylate STAT3 at Y705 in cervical cancer cells®®. If STAT3
signaling could be blocked by Ruxolitinib, | expected to observe a strong anti-proliferative
effect, similar to the effects observed with direct STAT3 inhibitors as described above
(Figure 4).
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Figure 4: Small molecule STAT3 inhibitors induce heterogeneous effects on cervical cancer cell
proliferation. SiHa-mKate2 and HelLa-mKate2 cells were treated 48 h after seeding in 96-well plates
(time point 0) with the indicated concentrations of different STAT3 inhibitors or solvent control for up to
96 h and imaged using the Incucyte® S3 live-cell imaging system. Image analysis and red object
quantification (cell counts) were performed using the Incucyte® software package. Figure and legend
from Strobel et al., 20239,
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Niclosamide Cryptotanshinone C188-9 BP-1-102 WP1066

Stattic

Figure 5 (incl. previous page): Chemical STAT3 inhibitors induce heterogeneous effects on
cervical cancer cell morphology. SiHa-mKate2 and Hela-mKate2 cells were treated 48 h after
seeding (time point 0) with 5 uM (SiHa) or 7.5 uM (HeLa) WP1066, 15 uM BP-1-102, 15 uM C188-9,
2.5 uM Cryptotanshinone, 0.75 uM Niclosamide, 3.75 uM (SiHa) or 5 uM (HelLa) Stattic, or solvent
control (-), for up to 96 h and imaged using the Incucyte® S3 live-cell imaging system. Scale bar: 400 um.
Figure and legend from Strobel et al., 202379
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Surprisingly, although STAT3 Y705 phosphorylation, which is integral for activation of
canonical STAT3 signaling'®, was repressed with high efficacy by Ruxolitinib treatment
(Figure 6A), growth curves obtained using live-cell imaging were unaffected in SiHa, CaSki
and HelLa cells over a time span of up to 96 h (Figure 6B). Importantly, the cells retained their
normal morphology during Ruxolitinib treatment and showed no signs of cell death (Figure 7)
despite the depletion of phosphorylated STAT3 Y705.

Additionally, to assess if efficient inhibition of JAK/STAT3 signaling for an extended time period
might influence growth or survival of cervical cancer cells, colony formation assays (CFAs)
were performed in the presence of Ruxolitinib for 10-14 days. However, colony formation rate
was unchanged for SiHa, CaSki and Hela cells treated with Ruxolitinib, compared to solvent
control (Figure 6C). Furthermore, concentrations of Ruxolitinib exceeding those needed to
efficiently block STAT3 Y705 phosphorylation were tested to investigate whether these show
an effect on proliferation, however this was not the case either (Figure 6D). These
concentrations of up to 10 uM did also not induce any signs of cell death and did not severely
alter cellular morphologies (not shown) which is in stark contrast to the tested small molecule
STAT3 inhibitors (Figure 5A, B). In conclusion, these findings reveal striking differences for
different small molecule STAT3 inhibitors regarding their effect on proliferation and cell
morphology of cervical cancer cells. Moreover, the JAK1/2 inhibitor Ruxolitinib showed no
effect on short- or long-term proliferation or cellular morphology of cervical cancer cells despite
efficiently blocking STAT3 Y705 phosphorylation.
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Figure 6 (previous page): Inhibition of STAT3 Y705 phosphorylation by Ruxolitinib does not
affect cervical cancer cell proliferation. (A) SiHa, CaSki and HelLa cells were treated with 1 uM
Ruxaolitinib or solvent control (-) for 96 h and analyzed by immunoblot for P-STAT3 Y705 and total STAT3
protein levels. B-Actin, loading control. (B) SiHa-mKate2, CaSki-mKate2 and HelLa-mKate2 cells were
treated 48 h after seeding in 96-well plates with 1 uM Ruxolitinib (time point 0) or solvent control for up
to 96 h and imaged using the Incucyte® S3 live-cell imaging system. Image analysis and red object
quantification (cell counts) were performed using the Incucyte® software package. (C) 3000 SiHa, CaSki
or HelLa cells were seeded in 6 cm plates followed by treatment with 1 uM Ruxolitinib or solvent
control (-) starting 48 h after seeding. Every 3-4 days, the cell culture medium was exchanged with fresh
medium containing 1 uM Ruxolitinib. Colonies were fixed and stained after 14-15 days. (D) SiHa-mKate2
were treated and analyzed as in (A) with 5 uM or 10 uM Ruxolitinib, or solvent control, for up to 72 h.
Figure and legend from Strobel et al., 202379,

SiHa
0d 1d 2d 3d 4d

Ruxolitinib

HelLa

Ruxolitinib

Figure 7: Cervical cancer cell morphology is not affected by Ruxolitinib treatment. SiHa-mKate2
(upper panels) and HeLa-mKate2 (lower panels) cells were treated 48 h after seeding (time point 0) with
1 uM Ruxaolitinib or solvent control (-) for up to 96 h and imaged using the Incucyte® S3 live-cell imaging
system. Scale bar: 400 um. Figure and legend from Strobel et al., 202379

Since members of the HER-family such as EGFR are reported to activate STAT3'32 33 | also

tested if HERs might participate in regulating STAT3 activity in cervical cancer cells. Further,
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to assess whether HER activity might affect proliferation, potentially through STAT3, HeLa and
SiHa cells were treated with the HER1/2/3 inhibitor Sapitinib®**?> and analyzed using live-cell

imaging.
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Figure 8: Inhibition of HER1/2/3 by Sapitinib does not affect STAT3 Y705 phosphorylation and
proliferation in cervical cancer cells. (A) HeLa-mKate2 and SiHa-mKate2 cells were treated 48 h
after seeding in 96-well plates with 5 uM Sapitinib (time point 0) or solvent control for up to 96 h and
imaged using the Incucyte® S3 live-cell imaging system. Image analysis and red object quantification
(cell counts) were performed using the Incucyte® software package. (B) HelLa, SiHa and MCF7 cells
were treated with 1 uM Ruxolitinib, 1 or 5 uM Sapitinib or solvent control (-) for 96 h and analyzed by
immunoblot for P-STAT3 Y705, total STAT3, P-AKT S473, total AKT, P-ERK1/2 T202/Y204 and total
ERK1/2 protein levels. B-Actin, representative loading control.

Interestingly, despite the reported oncogenic role of EGFR in HPV infected cells®**® as well as
invasive cervical cancer® 305 proliferation was unchanged in HeLa and SiHa cells after
Sapitinib treatment (Figure 8A). Moreover, Sapitinib did neither block STAT3 Y705
phosphorylation nor phosphorylation of other targets further downstream of HERs such as
EGFR, including extracellular signal-regulated kinase 1/2 (ERK1/2)3% and protein
kinase B/AKT?% in HeLa and SiHa cells at 1 yM. Notably, at a higher concentration of 5 uM

only phosphorylation of AKT was reduced (Figure 8B). As a positive control for the efficacy of
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Sapitinib treatment, the breast cancer cell line MCF7 was analyzed, which is described to
express moderate levels of EGFR3®Y. In contrast to HeLa and SiHa cells, Sapitinib reduced
phosphorylation of STAT3, AKT and ERK1/2 in MCF7 cells (Figure 8B), indicating that these

effects are cell line dependent.

Consistent with my previous results, Ruxolitinib completely blocked STAT3 Y705
phosphorylation in all three analyzed cell lines while showing no inhibitory effect on the
phosphorylation of other tested proteins (Figure 6, Figure 8B). These results indicate that
HERs, including EGFR, do not play a major role for the regulation of STAT3 activity in HeLa
and SiHa cells and thus, to efficiently block STAT3 signaling in these cells, Ruxolitinib was

used in further experiments.

2.2.2 STAT3 repression by genetic interference does not influence proliferation

Considering the discordant observations for the tested small molecule STAT3 inhibitors
(Figure 4, Figure 5) in comparison to Ruxolitinib (Figure 6), | utilized genetic techniques to
further elucidate the role of STAT3 for proliferation in cervical cancer cells. To inhibit both
canonical and non-canonical STAT3 functions | employed RNAi (Figure 9A, C) and
CRISPR/Cas9 gene editing (Figure 9D). For RNAI, four distinct STAT3-targeting small
interfering RNAs (siRNAs), each binding to different exons conserved in all, or almost all,
respectively, known transcript classes were employed (please refer to 4.1.4). Notably, as seen
for STAT3 inhibition by Ruxolitinib, cell proliferation was unaffected when these siRNAs were
applied as pools in HelLa and SiHa cells (Figure 9A). In comparison, blocking expression of
the growth-promoting' 308 39 HPV E6/E7 oncogenes by RNAI virtually completely inhibited
the proliferation of HeLa and SiHa cells under the same experimental conditions (Figure 9B).
Although all individual STAT3-targeting siRNAs efficiently repressed STAT3 at the protein and
RNA level in all three cell lines also when applied individually (Figure 10A), siRNAs #2 and #6
slightly repressed proliferation in SiHa and CaSki cells (Figure 9C). In HeLa cells, siRNA #6
did not affect proliferation but siRNA #2 induced cytotoxic effects in initial experiments (not
shown). This indicates at most only minor STAT3-independent, siRNA-specific off-target
effects on the proliferation of SiHa and CaSki cells for siRNA #2 and #6 while siRNA #2 was

excluded for experiments with HelLa cells.

To further complement and extend these results to also investigate a long-term depletion of
STATS3, | employed two independent STAT3 KO (knockout) single cell clones each of SiHa
and Hela parental origin, respectively. For establishing efficient STAT3 KO, the CRISPR/Cas9
technology with two distinct guide RNAs (gRNAs), each for one HelLa and one SiHa STAT3
KO clone, was used with the objective to reduce potential gRNA-specific off-target effects,

which could lead to misinterpretations.

34



2. Results

A B D
HelLa 500 HeLa 200 HelLa
R 001 4 sictrl 9 +5fContr1 _ —s—parental
E —+—siSTAT3 £ 400 { T+ SIT8EO/ET X600 1 —a—F3
§ 4001 3 S 500 { ——F7
3 % 300 - 5
2 3 2
T 300 - o) E 400 -
° 0 200 - S
Qo 3 g 300 -
£ 200 A < 100 ]
S £ S 200 -
z z
100 — 0 . . . 100 —
0 12 24 36 48 60 0 24 48 72 0 12 24 36 48 60 72
Time [h] Time [h] Time [h]
SiHa SiHa SiHa
X 700 + ] = ] —=—siNe 700 1 g parental
=, —s—siNeg $1250 g _ p
§ 600 1 —a—siSTAT3 E1000 —a—Si16E6/E7 X 600 1 ——G3
8 500 | g ] 8 500 { —*—G7
3 B 750 A S
9400 - ) g 400 -
8 300 g 500 1 g 300 1
€ 200 1 £ 250 1 S 200 |
= 2
100 ——— 0 4 . : . . 100 —r———————
0 12 24 36 48 60 72 0 24 48 72 96 0 12 24 36 48 60 72
Time [h] Time [h] Time [h]
C
HelLa SiHa
— 400 A
S = 500 | \?1500
= = £1300
3 5 5
S 300 A k 3 400 31100
2. - B 3 900
3 —s—siCtrl 300 1 2 700
. [e] [e]
8 200 - +SISTAT3_2 - -
= / ——siSTAT3 4 @ . | @ 500
£ S ——siSTAT3 6 ¢ £ 300
S SISTAT3_10 & g 5
100 e— . . . - £ 100 e . : 2100 ee—————————+—
0 12 24 36 48 60 0 24 48 72 96 0 24 48 72 96 120 144
Time [h] Time [h] Time [h]

Figure 9: STAT3 depletion by genetic interference does not appreciably influence the
proliferation of cervical cancer cells. (A) HelLa-mKate2 and SiHa-mKate2 cells were reverse
transfected in 96-well plates with a STAT3-targeting siRNA pool (siSTAT3) or control-siRNA (siCltrl,
siNeg). Imaging started 48 h after transfection (time point 0) for up to 72 h using the Incucyte® S3 live-
cell imaging system. Image analysis and red object quantification (cell counts) were performed using
the Incucyte® software package. (B) HeLa-mKate2 and SiHa-mKate2 cells were reverse transfected
with the indicated HPV16 or HPV18 E6/E7-targeting siRNA pools or control siRNAs and imaged and
analyzed as in (A) for up to 96 h. (C) HeLa-mKate2, SiHa-mKate2 and CaSki-mKateZ2 cells were reverse
transfected with the indicated STAT3-targeting or control siRNAs and imaged and analyzed as in (A) for
up to 144 h. (D) Parental HeLa and SiHa cells, HeLa STAT3 KO cell clones F3 and F7 and SiHa STAT3
KO cell clones G3 and G7 were seeded in 96-well plates and imaged as in (A), starting 48 h after seeding
(time point 0). Image analysis and cell confluence quantification were performed using the Incucyte®
software package. SiHa STAT3 KO clones were generated in cooperation with Maria Weber. Figure
content and corresponding legends from Strobel et al., 202379,

Importantly, although | did not detect any STAT3 protein expression in all four established

STAT3 KO single cell clones (Figure 10B), proliferation remained largely unchanged
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compared to the corresponding parental cell lines (Figure 9D). These results are in line with
those | obtained for the application of STAT3-targeting siRNAs (Figure 9A, C, D), collectively
demonstrating that genetic depletion of STAT3 expression does not appreciably influence the

proliferation of cervical cancer cells.

Despite the distinct functions for different STAT family members in cancer®'% 3", different STAT
proteins can possess partly overlapping activities *'?, can partly share the same target genes3'?
and can be activated in response to the same cytokines®'* 35 especially upon loss of one
STAT member®'4 315, To exclude the possibility that the STAT3 KO clones might have adapted
to compensate for the loss of STAT3 through upregulation of signaling via other STAT
molecules such as STAT1 or STAT5A/B (STAT5), total protein as well as phosphorylation
levels of STAT1 and STAT5 at Y701 or Y694/699, respectively, were determined by
immunoblotting (Figure 10B). Interestingly, while total levels of STAT1 and STAT5 were, as
expected, unaffected by STAT3 KO, levels of STAT5 Y694/699 phosphorylation were
downregulated in all STAT3 KO clones of either SiHa or HelLa parental origin (Figure 10B). In
contrast, phosphorylated STAT1 stayed largely unchanged, except for HeLa STAT3 KO
clone F7 which showed a slight upregulation of STAT1 Y701 phosphorylation levels
(Figure 10B). Collectively, these findings show that neither STAT1 nor STAT5 signaling are
consistently or considerably upregulated to potentially compensate for the loss of STATS.
Rather, the downregulation of STAT5 Y694/699 phosphorylation in STAT3 KO clones indicates

that activity of STAT5 signaling might be dependent on active STAT3 in cervical cancer cells.

Taken together, these findings demonstrate that the proliferation rate of cervical cancer cells
does not depend on the expression or activation of STAT3 under the tested conditions of short-
or long-term chemical (Ruxolitinib) or genetic (RNAi, CRISPR/Cas9 KO) STATS inhibition.
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2.3 Investigation of the interconnection of STAT3 and the HPV

EG6/E7 oncogenes

Of particular interest for the field of HPV-induced carcinogenesis, STAT3 has been attributed
to promote HPV E6/E7 oncogene expression'8” 251-253 which is essential for the growth and
survival of cervical cancer cells'> 3% 309 (Figure 9B). Vice versa, expression of the E6G/E7
oncogenes, particularly of E6, was described to induce the activation of STAT3%: 253, 255
reportedly via increased IL6-induced STAT3 Y705 phosphorylation?®3. This crosstalk between
viral oncoproteins and STAT3 is thus hypothesized to play a decisive role for driving the
oncogenic phenotype of cervical cancer cells?82%° which may also be important under

therapeutic aspects.

2.3.1 The expression of HPV E6/E7 is not dependent on STAT3

In light of my findings that neither chemical (Ruxolitinib) nor genetic (RNAi, CRISPR/Cas9 KO)
STAT3 inhibition reduced the proliferation of HPV-positive cancer cells, the reported
dependence of EG/E7 expression on STAT3 signaling is surprising: Since the EG6/E7
oncogenes are essential for cervical cancer cell proliferation, a downregulation of E6/E7

through STAT3 inhibition should consequently strongly impair proliferation.

However, in line with my findings that STAT3 is not a relevant factor for proliferation under the
tested conditions while depletion of E6/E7 by RNAI strongly blocked proliferation, efficient
RNAi-mediated silencing of STAT3 in SiHa, HeLa and CasSki cells using four different siRNAs
did not lead to a considerable and consistent downregulation of HPV E6/E7 expression at both
the protein (Figure 10A, upper panels) and the RNA level (Figure 10A, lower panels). In
comparison, | observed a pronounced and significant reduction of transcript levels of the well-
characterized STAT3 target SOCS3'%'%" in SiHa and CaSki cells after silencing of STAT3
expression (Figure 10A, lower panels), indicating that STAT3 signaling is in principle active
and functional in these cells. In contrast, in HelLa cells, expression of SOCS3 remained largely

unaltered.

In addition, also in SiHa and HelLa STAT3 KO cells, EG/E7 protein expression did not
considerably differ in comparison to the corresponding parental cell lines (Figure 10B). In line
with this, E6/E7 was unchanged on transcript levels in SiHa STAT3 KO cells (Figure 10C, left
panel) as well, while in HeLa STAT3 KO cells, | observed a tendency towards slightly reduced
E6/E7 transcript levels (Figure 10C, right panel). To assess the regulation of EG/E7 expression
by an unrelated strategy to modulate STAT3 activities, HeLa cells were transfected with either
empty pcDNA3 expression vector (control), wildtype STAT3-encoding pcDNA3 or pcDNA3

encoding a dominant-negative variant of STAT3 (Y705F-mutated3'® 3'"). As expected, ectopic
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overexpression of wildtype STAT3 resulted in strongly increased STAT3 Y705 phosphorylation
levels while ectopic overexpression of Y705F-mutated STAT3 resulted in modestly decreased
levels (Figure 10D). However, both conditions also did not affect the expression of E6 or E7
(Figure 10D).
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Figure 10: Inhibition, depletion or ectopic overexpression of STAT3 does not influence levels of
E6/E7 in cervical cancer cells. (A) SiHa, HeLa and CaSki cells were reverse transfected with the
indicated STAT3-targeting siRNAs and analyzed by immunoblot for P-STAT3 Y705, total STAT3, HPV
E6 and HPV ET7 protein levels. B-Actin, representative loading control. STAT3 (upper panels), HPV
E6/E7 (middle panels) and SOCS3 (lower panels) transcript levels were analyzed by gqRT-PCR. Shown
are the logs-transformed fold changes (log-FC) of mean expression with standard deviations.
Statistically significant differences in cells transfected with siSTAT3 compared to control siRNA
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(log-FC = 0) were determined by one-way ANOVA. *: p <0.05, **: p < 0.01, ***: p < 0.001. (B) Parental
(par.) SiHa and Hel a cells, SiHa STAT3 KO cell clones G3 and G7 and HeLa STAT3 KO cell clones F3
and F7 were analyzed 72 h after seeding by immunoblot for P-STAT3 Y705, total STAT3, P-STAT1
Y701, total STAT1, P-STAT5A/B Y 694/699, total STAT5A/B, HPV E6 and HPV ET7 protein levels.
B-Actin, representative loading control. (C) Transcript levels of HPV E6/E7 of cells treated as in (B) were
analyzed by qRT-PCR. Shown are the log.-transformed fold changes (log2FC) of mean expression with
standard deviations. Statistically significant differences in STAT3 KO cells compared to parental cell
lines (log2FC = 0) were determined by one-way ANOVA. (D) HeLa cells were transfected with pcDNA3-
STAT3, pcDNA3-STAT3-Y705F or empty (control) pcDNA3 expression vector and analyzed by
immuniblot for P-STAT3 Y705, total STAT3, HPV E6 and HPV E7 protein levels. B-Actin, representative
loading control. (E) SiHa and HelLa cells were treated 24 h after seeding with indicated Ruxolitinib
concentrations or solvent control (-) for 24 h and analyzed by immunoblot for P-STAT3 Y705, total
STAT3, HPV E6 and HPV ET7 protein levels. B-Actin, representative loading control. (F) Analysis of HPV
E6/E7 and SOCS3 transcript levels of cells treated as in (E) by qRT-PCR. Shown are the log,-
transformed fold changes (log-FC) of mean expression with standard deviations. Ruxolitinib- and solvent
control-treated cells (log2FC = 0) were analyzed for statistically significant differences by a two-tailed
t-test. ***: p < 0.001. Subfigures (A), (B) and (F) as well as subfigures (D) and (E) and corresponding
legends are from or extended from, respectively, Strobel et al., 2023779,

Corroborating these results, upon treatment of SiHa and HelLa cells with Ruxolitinib, E6/E7
protein (Figure 10E) and mRNA levels (Figure 10F, left panel) also remained unchanged
despite efficient, dose-dependent inhibition of STAT3 Y705 phosphorylation (Figure 10E). In
comparison, SOCS3 transcript levels were strongly and significantly repressed in SiHa cells
after Ruxolitinib treatment while they were unaffected in HelLa cells (Figure 10F, right panel),

similar to the results obtained after STAT3 silencing by RNAi (Figure 10A).

Conversely, | assessed whether STAT3 might influence EG/E7 expression if the activity of
STAT3 is elevated beyond its constitutive level. Therefore, | employed the cytokine
Oncostatin M (OSM), which is known to strongly induce STAT3 Y705 phosphorylation in
cervical cancer cells?®* 273, As reported®'8, and similar to ectopic STAT3 overexpression
(Figure 10D), levels of STAT3 Y705 phosphorylation were strongly increased in SiHa and
HelLa cells by OSM treatment for 1 h (Figure 11A). Despite this increase, however, E6 and E7
protein levels remained unchanged (Figure 11A). Moreover, HPV E6/E7 transcript levels were
also unaffected (Figure 11B, right panel) whereas mRNA levels of SOCS3 were strongly and
significantly elevated by OSM (Figure 11B, left panel) in both SiHa and HelLa cells. Additionally,
it was tested whether proliferation rate of HelLa, SiHa or CaSki cells is increased when treated
with OSM, however this was not the case either (Figure 11C). In summary, these results,
obtained by using five different experimental methods to modulate STAT3 activity or
expression, provide strong evidence that STAT3 does not play a major role in regulating the
expression of HPV EB/E7 in cervical cancer cells, at least under standard in vitro conditions,

in contrast to previous reports'87. 251-253,
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Figure 11: STAT3 activation by OSM treatment does not increase HPV E6/E7 expression or
proliferation of cervical cancer cells. (A) SiHa and HelLa cells were treated 48 h after seeding with
10 ng/mL OSM for 1 h and analyzed by immunoblot for P-STAT3 Y705, total STAT3, HPV E6 and HPV
E7 protein levels. B-Actin, representative loading control. (B) SiHa and Hela cells were treated as in
(A), followed by analysis of SOCS3 and HPV E6/E7 transcript levels by gqRT-PCR. Shown are the log,-
transformed fold changes (log.FC) of mean expression with standard deviations. Statistically significant
differences in cells treated with OSM compared to solvent control (log2FC = 0) were determined by a
two-tailed t-test. ***: p < 0.001. (C) HeLa-mKate2, SiHa-mKate2 and CaSki-mKate2 cells were treated
with 10 ng/mL OSM or solvent control 48 h after seeding (time point 0) for up to 96 h and imaged using
the Incucyte® S3 live-cell imaging system. Image analysis and red object quantification (cell counts)
were performed using the Incucyte® software package. Figure content and corresponding legends from
Strobel et al., 202319,

2.3.2 Levels of STAT3 Y705 phosphorylation are not decreased by E6/E7 silencing

Vice versa, to analyze if the HPV oncogenes may activate STAT3 signaling in cervical cancer
cells, RNAi was employed to deplete endogenous E6 or E6/E7 levels in HeLa and SiHa cells
for 72 h. In contrast to previous reports?3" 253, STAT3 Y705 phosphorylation was not decreased
despite efficient E6 silencing (Figure 12A). Interestingly, STAT3 Y705 phosphorylation levels
were rather induced by combined silencing of E6 and E7 in HelLa cells while they stayed
unchanged in SiHa cells (Figure 12A).

For further assessment of whether the downregulation of E6/E7 expression may generally lead
to increased STAT3 Y705 phosphorylation levels, as seen in HelLa cells before (Figure 12A),
cells were grown under hypoxia (1% O-) or treated with Metformin (Figure 12B) - two conditions

previously shown to strongly downregulate E6/E7 protein and transcript levels3+ 319 320,
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Figure 12: HPV E6/E7 downregulation by RNAi, hypoxia or Metformin does not affect STAT3 Y705
phosphorylation in a consistent manner in cervical cancer cells. (A) HeLa and SiHa cells were
transfected with siRNA targeting HPV E6 or E6/E7, or with control siRNA (siCtrl). P-STAT3 Y705, total
STAT3, HPV E6, HPV E7 and p53 protein levels were analyzed by immunoblot 72 h after transfection.
B-Actin, representative loading control. (B) Design of experiments performed for the results presented
in (C). MC, medium exchange. (C) HeLa and SiHa cells were cultivated under hypoxia (1% O) or treated
under normoxia (21% O», standard cell culture) with 2.5 mM Metformin, 10 ng/mL OSM or solvent control
(normoxic conditions, 21% Q) as visualized in (B) and analyzed by immunoblot (upper panels) for P-
STATS3, total STAT3 and HPV E7 protein levels. 3-Actin, representative loading control. Vertical lines
between lanes indicate where original images of the same immunoblots were spliced for the purpose of
presentation. Immunoblots for total STAT3, HPV E7 and [3-Actin of SiHa cells have been already shown
in Figure 2E and are reincluded here for didactic reasons. SOCS3 (middle panels) and HPV E6/E7
(lower panels) transcript levels were analyzed by qRT-PCR. Shown are log.-transformed fold changes
(log2FC) of relative expression (solvent control (normoxic conditions, 21% 02): logFC = 0)
corresponding to samples of the same cells also used for immunoblots (upper panels). (D) HeLa and
SiHa cells were transfected as in (A). P-STAT3 Y705, total STAT3 and HPV ET7 protein levels were
analyzed by immunoblot 24 h after transfection. [-Actin, loading control. Subfigure (A) and
correspondonding legend from Strobel et al., 202379,

Interestingly, STAT3 Y705 phosphorylation levels were strongly reduced after both hypoxia or
Metformin treatment in HeLa and SiHa cells while E7 levels were downregulated on protein
and RNA level (Figure 12C) to a similar extent compared to E6/E7 silencing by RNAI
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(Figure 12A). These findings thus differ from the results obtained after RNAi-mediated,
selective silencing of E6/E7 expression under normoxia (Figure 12A), possibly due to the

broad spectrum of additional cellular effects induced by hypoxia or metformin.

Notably, in contrast to metformin treatment or hypoxia, targeted repression of E6 and E7 leads
to rapid induction of senescence®® % which can, for example by using RNAI, already be clearly
seen after 72 h3'% (not shown). Since senescence is often linked to the induction of the
senescence associated secretory phenotype (SASP)*' of which IL-6 is an important mediator
and which can lead to the activation of STAT3%?2 323 the question arose whether the increased
STAT3 Y705 phosphorylation in HeLa cells might be a secondary effect of siE6/E7-mediated
senescence induction. To address this question, E6 or E6 and E7 were silenced for 24 h only
(Figure 12D), after which clear phenotypic changes towards senescence are not yet
observable (not shown) while E7 levels are already knocked down as evidenced by
immunoblotting (Figure 12D). Interestingly, considering levels of total STAT3 and the B-Actin
loading control, STAT3 Y705 phosphorylation remained largely unchanged or only minimally
increased, respectively, under this condition (Figure 12D). This indicates that the increased
STAT3 Y705 phosphorylation in HeLa cells seen after silencing E6/E7 for 72 h by RNAi might

indeed be linked to secondary cellular effects, e.g. related to senescence induction.

Conversely, to assess whether the downregulation of E6/E7 under hypoxia or Metformin
treatment might be related to the repression of STAT3 activity, cells were co-treated under
these experimental conditions with OSM to activate STAT3 (Figure 12B). In line with my
previous results indicating no effect of STAT3 activity on E6/E7 expression (Figure 10,
Figure 11), OSM treatment under hypoxia and Metformin did not reactivate E6/E7 expression
(Figure 12C). At the same time, STAT3 Y705 phosphorylation after OSM treatment under
hypoxia or combined with Metformin treatment reached levels comparable to normoxic
(21% O-) control cells which express E6/E7 (Figure 12C). Collectively, these findings do not
provide evidence for a substantial, mutual stimulatory interconnection between STAT3 and the

E6/E7 oncogenes in cervical cancer cells.

2.3.3 STAT3 may influence senescence induction of HeLa cells after E6/E7 silencing

As STAT3 Y705 phosphorylation was induced in HeLa cells 72 h after E6/E7 silencing, but not
in SiHa cells, and since STAT3 activity was previously described to be linked to
senescence’?> 32 the question arose whether STAT3 might play a role for senescence

induction after E6/E7 silencing in HeLa cells.

To investigate this question, SiHa and HelLa cells were co-transfected with siRNA pools

targeting E6/E7 or STATS3, either alone or in combination (Figure 13A) for 72 h. Interestingly,

42



2. Results

in CFAs (Figure 13B) of HelLa cells, around two times more clones grew out after co-silencing
of E6/E7 and STAT3 (Figure 13C), compared to silencing E6/E7 alone.
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Figure 13: Knockdown of STAT3 increases colony formation rate after E6/E7 silencing by RNAi
in HeLa cells. (A) Experimental setup as performed in (B)-(E). SiHa and HeLa cells were co-transfected
with pools of siRNAs targeting STAT3, E6/E7 or control siRNA (siNeg) as indicated. (B) Exemplary
CFAs and (C) quantification of CFAs. (D) Senescence assays. (E) Analyses of P-STAT3 Y705, total
STAT3, HPV E6 and HPV E7 by immunoblot. Vinculin, representative loading control.

In senescence assays (Figure 13D), lower numbers of senescent Hela cells, as indicated by
blue staining?* 3% (please refer to 4.1.7), were seen under the same condition while STAT3
Y705 phosphorylation was again found to be increased (Figure 13E). None of these effects
were seen in SiHa cells as colony formation assays, senescence assays and STAT3 Y705

phosphorylation were largely unchanged when comparing E6/E7 silencing alone with
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combined E6/E7 and STAT3 knockdown. These results thus correlate with previously
observed levels of STAT3 Y705 phosphorylation after silencing of E6/E7 for 72 h which were

induced in HelLa cells while they remained largely unchanged in SiHa cells (Figure 12A).
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Figure 14: Inhibition of STAT3 activity by Ruxolitinib increases colony formation rate after E6/E7
silencing by RNAIi in HelLa cells. (A) Experimental setup as performed in (B)-(E). SiHa and HeLa cells
were transfected with a pool of E6/E7-targeting siRNAs or control siRNA (siNeg) and co-treated with
1 uM Ruxolitinib as indicated. (B) Exemplary CFAs and (C) quantification of CFAs. (D) Senescence
assays. (E) Analyses of P-STAT3 Y705, total STAT3, HPV E6 and HPV E7 protein levels by
immunoblot. Vinculin, B-Actin, representative loading controls. Vertical lines between lanes indicate
where original images of the same immunoblots were spliced for the purpose of presentation.

| further validated my findings by transfection of SiHa and HelLa cells with E6/E7 targeting
siRNA pools and co-treatment with Ruxolitinib to block STAT3 activity by chemical means
instead of using STAT3-inhibitory siRNAs. To ensure continuous inhibition of STAT3 signaling,

treatment with Ruxolitinib started from transfection until 7 days thereafter and was renewed on
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day 4 (Figure 14A). Interestingly, in line with the results for combined RNAi-mediated E6/E7
and STATS3 silencing, a strong increase in the number of HelLa clones in CFAs was observed
after combined E6/E7 knockdown and Ruxolitinib treatment (Figure 14B, C). Likewise, less
Hela cells stained positive in senescence assays (Figure 14D) under this condition. For SiHa
cells, a similar trend in CFA analyses (Figure 14B) was observed, although this effect was less
pronounced than in HelLa cells. At the same time however, no difference between E6/E7
silencing combined with Ruxolitinib treatment and EG6/E7 silencing alone was seen in
senescence assays for SiHa cells (Figure 14D). On the protein level, STAT3 Y705
phosphorylation was again induced after E6/E7 knockdown in HelLa cells while it remained
unchanged in SiHa cells (Figure 14E). Ruxolitinib treatment efficiently inhibited STAT3 Y705
phosphorylation in both SiHa and HelLa cells (Figure 14E), as expected from my previous
findings (Figure 5A, Figure 10E).

Collectively, these results demonstrate that in HelLa cells, levels of STAT3 Y705
phosphorylation correlate with the extent of senescence induction after knockdown of HPV
E6/E7. However, whether this observation relies on a direct involvement of STAT3 in this
process in HelLa cells must be further investigated in the future. In contrast to the finding in
HelLa cells, no clear correlation between STAT3 Y705 phosphorylation and siE6/E7-mediated

senescence induction was observed in SiHa cells, indicating a cell type-specific regulation.
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2.4 Assessment of STAT3-independent effects of small molecule
STAT3 inhibitors

Next, | addressed the question why all tested small molecule STAT3 inhibitors, many of which
are binding directly to STAT3%’5, induced anti-proliferative effects in cervical cancer cells in
initial experiments (Figure 4). This finding has been linked in the literature to their repressing
effects on E6/E7 expression'®”: 251253 which is in stark contrast to my results obtained on the
JAK1/2 inhibitor Ruxolitinib (Figure 6) or genetic interference with STAT3 expression by RNAI
or CRISPR/Cas9 gene editing (Figure 9). One possible explanation for this discrepancy could
be provided by target-independent toxicities, which are often observed for anti-cancer small
molecule inhibitors, even for those reaching clinical trials®?¢. | therefore aimed to investigate
whether off-target effects might potentially explain the diverse anti-proliferative effects of
chemical STAT3 inhibitors observed in my experiments (Figure 4) as well as in the

literatu r6251—253, 255, 265

2.4.1 STAT3 small molecule inhibitors induce distinct cytotoxicities unrelated to
STAT3

To this end, an approach inspired by Peretz et al.>?” was used: The employed inhibitors were
analyzed in both parental SiHa and SiHa STAT3 KO cells by live-cell imaging, at the same
concentration ranges as used in my previous experiments (Figure 4). Due to the inherent loss
of STAT3 in KO cells, effects of STAT3 inhibitors on proliferation should not be observable if
these effects are truly linked to inhibition of STAT3. In contrast, if the inhibitors induce the same
effects in both parental SiHa and SiHa STAT3 KO cells, these effects are likely STAT3-

independent.

Strikingly, all tested STAT3 inhibitors which acted growth-inhibiting in parental SiHa cells
(Figure 4) also blocked the proliferation of SiHa STAT3 KO cells to a comparable extent
(Figure 15A), indicating that their anti-proliferative effect is STAT3-independent. To
complement these findings, cytotoxicity was analyzed by live-cell imaging using the Incucyte®
Cytotox Green reagent (please refer to 4.1.6). Quantification of Cytotox-positive cells revealed
the induction of cell death in both parental SiHa as well as SiHa STAT3 KO cells (Figure 15B)
by all STAT3 inhibitors, apart from Niclosamide, which however induced a cellular morphology
resembling cell death (Figure 16). Niclosamide might therefore induce a form of cell death not
leading to staining of dead cells by the Cytotox Green reagent. Generally, however, all STAT3
inhibitors induced distinct morphologic alterations similar in both parental and STAT3 KO cells
(Figure 16). In contrast, Ruxolitinib did not induce Cytotox-positive cell death or any
morphologic alteration resembling cell death in neither parental nor STAT3 KO cells

(Figure 17A, B). These results, demonstrating highly similar phenotypic responses of both
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parental and STAT3 KO cells, support the notion that the tested STATS3 inhibitors can induce
substantial STAT3-unrelated effects at commonly used concentrations.
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Figure 15: Small molecule inhibitors of STAT3 repress growth and induce cell-death in both
parental SiHa and SiHa STAT3 KO cells. (A) mKate2-labelled SiHa STAT3 KO G3 cells were treated
48 h after seeding in 96-well plates (time point 0) with the indicated STAT3 inhibitors or solvent control (-)
at the depicted concentrations for up to 96 h and imaged by the Incucyte® S3 live-cell imaging system.
Image analysis and red object quantification (cell counts) were performed using the Incucyte® software
package. (B) Parental SiHa and SiHa STAT3 KO G3 cells were cultivated as in (A) with addition of
100 nM of the cell death marker Incucyte® Cytotox green. Figure content and corresponding legend from
Strobel et al., 202379,
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2. Results

Figure 16 (previous page): Small molecule inhibitors of STAT3 induce cell death and distinct
morphologic alterations similar in both parental SiHa and SiHa STAT3 KO cells. SiHa and SiHa
STAT3 KO G3 cells were treated 48 h after seeding in 96-well plates (time point 0) with 5 uM WP1066,
15 uM BP-1-102, 10 uM C188-9, 5 uM Cryptotanshinone, 1.25 uM Niclosamide, 5 uM Stattic, or solvent
control (-), for 96 h. Cytotox Green reagent was used at a concentration of 100 nM and added at the
time of treatment. Images were acquired by the Incucyte® S3 live-cell imaging system. Scale bar:
400 um. Figure and legend from Strobel et al., 202379,

Moreover, | found that all tested small molecule STAT3 inhibitors affected activation of the
cervical cancer-linked®® 8183 328 P|I3K/AKT/mTOR- or MAPK pathways or altered the
expression of p53 or E6/E7 in parental SiHa cells (Figure 18 left panel). For example, C188-9,
Niclosamide, Cryptotanshinone, BP-1-102, WP1066 and Stattic effectively reduced
phosphorylation levels of AKT or 4E-BP1, indicative of inhibition of the PISK/AKT/mTOR
pathway. Similarly, Niclosamide blocked the phosphorylation of ERK while Cryptotanshinone
and C188-9 treatment led to an induction of ERK phosphorylation levels. Further, C188-9,
BP-1-102 and Niclosamide strongly downregulated the expression of p53. Overall, the different
STAT3 inhibitors each affected a different combination of cervical cancer-linked pathways,
indicating that these modulations are independent of their inhibitory effect on STATS3.

Importantly, and in line with the literature® 251253 gl tested direct STAT3 inhibitors also
repressed E6/E7 on the protein level.
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Figure 17 (previous page): Ruxolitinib treatment does not induce cell death in parental SiHa or
SiHa STAT3 KO cells. SiHa and SiHa STAT3 KO G3 cells were treated 48 h after seeding in 96-well
plates (time point 0) with 1 uM Ruxolitinib or solvent control for 96 h. Cytotox Green reagent was used
at a concentration of 100 nM and added at the time of treatment. Green cell counts (A) and images (B)
were acquired by the Incucyte® S3 live-cell imaging system. Image analysis and green object
quantification (dead cell counts) were performed using the Incucyte® soffware package. Scale bar:
400 um. Figure and legend from Strobel et al., 20239,

The only compound leading to inhibition of STAT3 Y705 phosphorylation that did not show any
considerable modulations of the aforementioned cervical cancer-linked pathways as well as
E6/E7 levels was Ruxolitinib (Figure 18 left panel). Interestingly, Ruxolitinib acts upstream of
STAT3 on JAK1/232% and not on STAT3 directly but was highly effective in blocking STAT3
Y705 phosphorylation at much lower concentrations (Figure 6) than required for many direct
small molecule STAT3 inhibitors. Because of the discrepant cellular responses induced by
different inhibitors and the stark contrast to the effects of Ruxolitinib treatment, these results
further support the notion that the tested direct STAT3 inhibitors can exert considerable effects

on pathways other than JAK/STATS3 signaling.
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Figure 18: Small molecule inhibitors of STAT3 induce distinct alterations of cervical cancer-
linked factors in both parental SiHa and STAT3 KO cells. Parental SiHa or STAT3 KO G3 cells were
treated 24 h after seeding with 20 uM BP-1-102, 10 uM Stattic, 7.5 uM WP1066, 15 uM C188-9, 2.5 uM
Niclosamide (Niclo.), 5 uM Cryptotanshinone (Crypto.), 1 uM Ruxolitinib (Ruxo.) or solvent control (-)
for 24 or 48 h, as indicated, and analyzed by immunoblot for P-STAT3 Y705, P-AKT S473, p53, P-
ERK1/2 T202/Y204, P-4E-BP1 S65 or HPV16 E7 protein levels. GAPDH, representative loading control.
n.d.: not detectable. Figure content and corresponding legend from Strobel et al., 2023779,

To further strengthen this hypothesis, all STAT3 inhibitors were again applied in SiHa STAT3
KO cells and analyzed by immunoblot (Figure 18 middle and right panel). If the findings
described above in parental SiHa cells were due to the STAT3 inhibitors’ effects on STAT3,

none of these effects should be observable in SiHa STAT3 KO cells. Notably, however, all
tested inhibitors acted again in a highly similar way on specific cervical cancer-linked pathways
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as well as on E6/E7 expression in both SiHa STAT3 KO cells and parental SiHa cells
(Figure 18 left panel).

Collectively, these observations provide strong experimental evidence that the tested small
molecule STAT3 inhibitors can induce substantial off-target effects on cell growth, cell death

or EG/E7 expression in cervical cancer cells, which are not linked to STAT3 inhibition.

2.4.2 Lower concentrations of small molecule STAT3 inhibitors induce fewer off-target
effects but do not affect E6/E7 expression and fail to block OSM-induced STAT3

activity

To investigate the possibility that the observed off-target effects of STAT3 inhibitors are
primarily due to high inhibitor concentrations, as they are also commonly employed in the
literature'®” 251. 253 they were titrated with the aim to find the lowest possible concentration,

which still considerably inhibits constitutive STAT3 Y705 phosphorylation (Figure 19).

At these titrated concentrations, no considerable or only weak effects, respectively, on ERK
and AKT phosphorylation were seen (Figure 19, upper panel), indicating fewer off-target
toxicities. Importantly however, the strong repression on E6/E7 levels, which was seen before
(Figure 18), and is an essential finding reported in the literature'®” 25253 was not observed
anymore as well, despite efficient downregulation of constitutive STAT3 Y705 phosphorylation.
In contrast, expression of the well characterized STAT3 target gene SOCS3'%'%! was
downregulated by most tested STAT3 inhibitors under the same experimental conditions
(Figure 19, lower panel), indicating that STAT3 activity is substantially inhibited. This further
corroborates the notion that the previously observed effects of these inhibitors on cervical
cancer-linked pathways (Figure 18) were likely due to off-target effects at higher
concentrations. This applies also to their repressory effects on EG/E7 expression, which are
highly likely not linked to STAT3 in line with my experiments questioning the mutual stimulatory
interdependence of STAT3 and E6/E7 (please refer to 2.3).

Finally, the question arose whether the lower concentrations of STAT3 inhibitors described
above are sufficient to block STAT3 signaling also after exogenic stimulation. Therefore,
STAT3 was activated in SiHa cells using OSM in the presence of different small molecule
STAT3 inhibitors (Figure 19). Interestingly, while constitutive STAT3 Y705 phosphorylation
was blocked by most STAT3 inhibitors at lower concentrations, this was not the case for the
strong induction of STAT3 Y705 phosphorylation through OSM treatment (Figure 19, upper
panel). Furthermore, also the STAT3 target gene SOCS3 was induced on transcript level in
SiHa cells despite the presence of STAT3 inhibitors to levels comparable to treatment with

OSM only (Figure 19, lower panel).
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Figure 19: Lower concentrations of small molecule STAT3 inhibitors able to block constitutive
STAT3 Y705 phosphorylation do not affect expression of cancer-linked factors in cervical cancer
cells. SiHa cells were treated 24 h after seeding with 10 uM BP-1-102, 2.5 uM Stattic, 2.5 uM WP1066,
5 uM C188-9, 0.25 uM Niclosamide (Niclo.), 1 uM Cryptotanshinone (Crypto.), 1 uM Ruxolitinib or
solvent control (-) for 24 h, as indicated. 10 ng/mL OSM were added as indicated 1 h before harvest.
Upper panel: Protein levels of P-STAT3 Y705, P-AKT S473, P-ERK1/2 T202/Y204 or HPV16 E7 were
analyzed by immunoblot. Vinculin, representative loading control. Lower panel: SOCS3 transcript levels
were analyzed by qRT-PCR. Shown are log.-transformed fold changes (log-FC) of relative expression
(solvent control: log2FC = 0) corresponding to samples of the same cells also used for immunoblots

(upper panel).

Notably, neither of these responses were observed under Ruxolitinib treatment, which
efficiently repressed both constitutive and OSM-induced STAT3 Y705 phosphorylation and
SOCS3 expression (Figure 19). Therefore, these tested lower concentrations of STAT3
inhibitors are not sufficient to inhibit STAT3 activation upon stimulation with OSM. Collectively,
these results show that the tested direct small molecule STAT3 inhibitors inherently only
possess a narrow concentration range in cervical cancer cells in which they can efficiently

block endogenous STAT3 Y705 phosphorylation without inducing substantial off-target effects.
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2.5 Analysis of STAT3 transcriptional targets in cervical cancer

cells

The results obtained so far indicate that STAT3 is not an essential factor, neither for
proliferation nor efficient HPV E6/E7 oncogene expression in cervical cancer cells. This raises
questions concerning the transcriptional activity of STAT3 and the regulation of additional

putative STAT3 target genes besides SOCS3 in these cells.

2.5.1 Transcript levels of its putative oncogenic target genes are not affected upon

STAT3 knockdown in cervical cancer cells

According to the literature, genes involved in the regulation of apoptosis like BIRC5 (coding for
survivin) and BCL2L 1 (coding for BCLx.), oncogenic transcription factors like MYC (coding for
c-myc) and pro-proliferative factors such as CCND1 (coding for cyclin D1) are cancer-linked
transcriptional targets of STAT3'*?, thereby mediating the proposed pro-proliferative activity of
STAT3 also in cervical cancer cells?#" 2°% 2%6. 267 Gince | did not observe a critical role of STAT3
for proliferation of cervical cancer cells, Affymetrix Clariom™ S transcriptome analyses were
performed in cooperation with the “Genomics and Proteomics” core facility (DKFZ, Heidelberg)
to gain a more comprehensive understanding of the functional significance of STAT3 and to

identify genes controlled by endogenous STAT3 activity in cervical cancer cells.

Therefore, | transfected SiHa cells with four unique STAT3-targeting siRNAs, as the regulation
of the well-established STAT3 target gene SOCS3'°-'5! seemed to be the most pronounced
in these cells (Figure 10, Figure 11B). Interestingly, despite efficient down-regulation of STAT3
by all four STAT3-targeting siRNAs (Figure 10A), the transcriptome analyses revealed varying
counts of differentially expressed protein coding transcripts (Table 1). In particular, siRNA #10
resulted in substantially fewer differentially expressed transcripts compared to the other tested
siRNAs, including control siRNA compared to mock transfection.

Table 1: Numbers of differentially expressed transcripts after knockdown of STAT3 in SiHa cells.
Colors indicate log2FC threshold, log.FC of STAT3 given as reference for degree of STAT3 depletion.

comparisons /  siSTAT3_2 siSTAT3_4 siSTAT3_6 siSTAT3_10 Mock
log.FC cutoff vs. siCtrl vs. siCtrl vs. siCtrl vs. siCtrl vs. siCtrl
log.FC > 1.5 3 2 1 1 1

log.FC > 1.0 14 13 30 4 5

log,FC > 0.58 192 126 235 63 79
logzFC < -0.58 395 305 330 86 128
log.FC < -1.0 64 42 58 11 14
log,FC < -1.5 7 9 14 4 4

log.FC STAT3 -2.56 -2.58 -1.81 -1.77 -0.36
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Figure 20: Transcriptome analysis reveals differences between the activities of STAT3-targeting
siRNAs. SiHa cells were reverse transfected with indicated siRNAs followed by Affymetrix Clariom™ S
assay and volcano plot analysis using GraphPad Prism. Transcripts reaching the log.FC threshold
(vertical dashed lines) are annotated. Red: Transcripts with log.FC < -1.5, blue: Transcripts with
log-FC = 1.5.

Next, | filtered the data (for details, please refer to 4.2.3) to identify transcripts that are
consistently differentially expressed after knockdown of STAT3 by each of the four siRNAs but
not by the control siRNA (siCtrl). For example, transcripts of genes like ADAR and DHRS2
were filtered out as these are not only regulated by all STAT3-targeting siRNAs but are also

differentially expressed to comparable extent in the siCtrl vs. mock condition as can be seen
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in volcano plots (Figure 20). Surprisingly, filtering resulted in only 5 out of 19525 evaluable
protein coding transcripts being classified as consistently differentially expressed after STAT3
knockdown, besides the STAT3 mRNA itself (Figure 21A). This suggests a strong influence by
the transfection process itself and/or by effects specifically linked to individual siRNAs in
comparison to the effect of STAT3 depletion on the transcriptome.

A B

X X
iRNA / Q 2- e 8 B e 8
;‘ymbol #2 #4  #6  #10 mock § ¥IELERE ‘c‘uéz YYILRE
IFITM1 |25 -165 -1.74 -201 -0.87 = =
STAT3 |-248 -258 -1.81 -1.77 -0.36 5 o 5o
CHAC1|-124 -101 -1.60 -087 -057 s [§J 9] é LALE]
ETS2 [-1.06 076 -120 -0.75 -0.21 £ 11 el E -1 | i
FAM84B|-074 -078 -066 -073 -0.12 s o ox SO 1< Bl A
TGFBR3|0.75 075 112 069 0.06 i [ T
= *kk = Fkk *kk
@ _3- o -3-
C ) S o 5
£ o 28 §, ° 8
SIRNA | SI¥ILRE SR ILew e
svmboll  #2 #4 #6 #10 2 | g
STAT3 [RE28 25800 =181 =77 N 5
FOS | 000 | -017 022 -0.08 s s 07
HIF1IA | 033  -031 -0.16 -0.22 £ 4 ok £ .
MYC | -0.03 | 080 013 @ -0.48 g 2
S o FFF ppnkrx E -2
SOX2 | 018 018 026 022 2 s
NANOG| 001 @ -007 010 -0.08 = = o
BCL2 | -009 029 -016 017 = 5
MCL1 | -0.11 | -043 0.13  -0.09 S 219 o o 3
BCL2L1| -0.33 | -042 @ -046 @ -0.39 § | *® IR%E
BIRC5| 035 -002 -0.08 0.36 = 19
BIRC2 | -0.30 = 024 050 -0.02 g .
CCND1| -042 -072 085 -0.71 <
PIM1 | 037  -018 036 020 ARE N R ]
log2FC E 2] *kk SRk
h 1 0 -1 i ”_J *kk -
[0
—- _3_

Figure 21: Expression of oncogenic putative STAT3 target genes are mostly unaffected upon
silencing STAT3 expression in cervical cancer cells. (A) SiHa cells were reverse transfected with
the indicated STAT3-targeting siRNAs (#2, #4, #6, #10) or control siRNA (siCtrl) followed by Affymetrix
Clariom™ S assay 72 h after transfection and subsequent filtering of protein coding transcripts as
described in section 4.3.2. Shown are log2FC values of consistently differentially expressed transcripts.
(B) Concomitantly prepared RNA was used to determine transcript levels of IFITM1, CHAC1, FAM84B,
TGFBR3 and ETS2 by qRT-PCR. Shown are the log.-transformed fold changes (log.FC) of mean
expression with standard deviations. Statistically significant differences in cells transfected with siSTAT3
(#2, #4, #6, #10) or mock transfection compared to siCtrl (log.FC = 0) were determined by one-way
ANOVA. *: p <0.05, **: p <0.01, ***: p < 0.001. (C) Shown are log.FC values of select transcripts in the
transcriptome data from (A) without filtering. Subfigures (A) and (C) and corresponding legends from
Strobel et al., 202379,

In a second step, expression of the five differentially expressed genes was validated via qRT-
PCR after STAT3 silencing (Figure 21B). As anticipated, transcripts of all five genes were
found to be regulated in a similar manner as found in the transcriptome screen. However, while

this was highly significant for IFITM1, CHAC1, ETS2 and FAM84B, it did not reach significance
for TGFBR3 (Figure 21B). It is further interesting that the expression of a broad array of pro-
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proliferative putative STAT3 target genes'® was not impaired upon STAT3 knockdown in
cervical cancer cells. These include pro-survival factors such as BCL2, BCL2L1 and BIRCS,
oncogenic transcription factors like MYC, and genes linked to cell-cycle progression like
CCND1 (Figure 21C) — some of which have been reported to be important STAT3 target genes
in cervical cancer cells?47: 253.256.267. 268 Thjg observation is consistent with my results indicating
that STAT3 is not an essential factor for cervical cancer cell proliferation, at least under the

tested conditions.

2.5.2 GSEA reveals a lack of consistently regulated gene sets after silencing of STAT3

Next, GSEA using all “GO”, “BIOCARTA” and “HALLMARK” gene sets of the molecular
signatures database (MSigDB) v2023.1.Hs was applied to the transcriptome data obtained
after STAT3 knockdown in SiHa cells. In general, the effect of STAT3 silencing on its putative
target genes was only of modest intensity (Figure 21), if considerable at all. It thus was aimed
to detect sets of genes or pathways, which may be — as a whole — consistently up- or
downregulated after STAT3 silencing, even though fold change values of individual transcripts
might only be weakly affected. Consistent with individual differentially expressed transcripts
(Table 1), the number of positively or negatively enriched gene sets was variable for different
siRNAs, with siRNA #10 resulting in the least and siRNA #6 in the most enriched gene sets
(Table 2).

Table 2: Counts of enriched gene sets after knockdown of STAT3 in SiHa cells.

siSTAT3_2 SiSTAT3_4 SiSTAT3_6 siSTAT3_10 Mock
vs. siCtrl vs. siCtrl vs. siCtrl vs. siCtrl vs. siCtrl

Pos. enriched gene
sets (FDR < 0.25)

Neg. enriched gene
sets (FDR < 0.25)

To find out which gene sets are consistently regulated by all four siRNAs without being affected
by the transfection process itself (mock vs. siCtrl), the top 10 up- and downregulated gene sets
of each condition (Supplementary Table 1 to Supplementary Table 5) were assessed, resulting
in 80 unique gene sets across all conditions. These 80 gene sets were then clustered (for
details, please refer to 4.2.3) (Supplementary Table 6), eventually yielding six clusters of gene
sets. However, none of these clusters is consistently regulated across all STAT3 siRNAs while
being fully unaffected in the mock vs. siCtrl condition. Out of all the tested individual gene sets
only GOBP_CARDIAC_EPITHELIAL_TO_MESENCHYMAL_TRANSITION, GOBP_FATTY_
ACYL_COA_BIOSYNTHETIC_PROCESS, GOBP_FORELIMB_ MORPHOGENESIS as well
as the GOBP_ENDODERM_FORMATION gene set were positively enriched by all four STAT3
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siRNAs while being rather close to unchanged or negatively enriched in the mock vs. siCitrl

condition.
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Figure 22: A cervical cancer proliferation signature gene set is consistently downregulated by
silencing of E6/E7 but not of STAT3. (A) GSEA was applied on unpublished proteomic data of SiHa
cells 72 h after transfection of E6/E7-targeting siRNAs. (B) GSEA was applied as in (A) on available
microarray-based transcriptomic data of HeLa cells®3° 72 h after transfection of E6/E7-targeting siRNAs.
(C) SiHa cells were reverse transfected with the indicated STAT3-targeting siRNAs or control siRNA
(siCtrl) followed by Affymetrix Clariom™ S mRNA analysis 72 h after transfection. GSEA was performed
on the gene set ROSTY _CERVICAL _CANCER_PROLIFERATION_CLUSTER for each condition in

each subfigure.

Finally, | extended the analysis to further gene sets beyond the “GO”, “BIOCARTA” and
“HALLMARK” groups. Specifically, | assessed enrichment of a cervical cancer signature gene

set containing genes, which are strongly associated with E6/E7 expression and cervical cancer
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cell proliferation®' (ROSTY_CERVICAL_CANCER_PROLIFERATION_CLUSTER). To
validate this gene set, | performed GSEA on proteome data of SiHa cells (Figure 22A,
unpublished data) and on microarray-based transcriptome data of HelLa cells®**° (Figure 22B)
after E6/E7 silencing. Under these conditions of efficient E6/E7 depletion, this gene set is
clearly negatively enriched. Similarly, in previous work of our laboratory on Metformin, which
downregulates E6/E7% (Figure 12C), corresponding proteomic alterations were found as

well®4,

Meanwhile, in my transcriptome data obtained after STAT3 silencing by RNAI, regulation of
this gene set is comparable to cluster #2 and #5 (Supplementary Table 6), i.e. positively
enriched by STAT3-targeting siRNAs #2 and #10 while being negatively enriched by
siRNAs #4 and #6 (Figure 22A). Together with my previous results, these inconsistent
enrichments are another indication that STAT3 is likely not directly involved in the regulation
of proliferation and E6/E7 expression in cervical cancer cells. Rather, these results indicate
that siRNA-specific effects are stronger determinants of enrichment of this gene set than the
depletion of STAT3.

Altogether, my results corroborate the notion that the expression of a range of well-defined
oncogenic STAT3 target genes is not under control of constitutive STAT3 activity in cervical
cancer cells and that STAT3 is not essential for the expression of these factors, at least under
the tested conditions. Further, these data are in line with my findings on the lack of a substantial

role of STATS3 for proliferation and E6/E7 expression in cervical cancer cells.

2.5.3 Most transcript levels of its putative oncogenic target genes are not affected

upon induction of STAT3 activity in cervical cancer cells

These findings also raised the question whether the elevation of STAT3 activity beyond the
constitutive level in cervical cancer cells might be necessary to stimulate the expression of
putative oncogenic STAT3 target genes. To investigate this issue and validate potential hits at
the same time, parental SiHa and HelLa as well as corresponding STAT3 KO clones were
treated with OSM for 1 h. Subsequently, | analyzed expression of select oncogenic STAT3
target genes as well as the five newly identified potential STAT3 targets described above using
gRT-PCR (Figure 23).

As expected, OSM strongly induced STAT3 Y705 phosphorylation in immunoblot analyses of
both parental SiHa and HeLa cells while no signal was detectable in the respective STAT3 KO
clones (Figure 23A). Expression of the STAT3 target gene SOCS3 on RNA level was
substantially increased by OSM treatment in parental SiHa and HeLa cells, while it remained
unchanged in the respective STAT3 KO cell clones (except for SiHa STAT3 KO G3, in which

it was induced as well, although to a weaker extent) (Figure 23B). In contrast, mRNA levels of
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almost all other tested cancer-linked putative STAT3 target genes, namely CCND1, BIRCS,
BCL2 and BCL2L1, remained unchanged after OSM treatment (Figure 23B). The only
exception was MYC, however its response to OSM treatment appeared to be cell line
dependent. A modest increase of MYC transcript levels under OSM treatment was observed
in parental SiHa cells but not in SiHa STAT3 KO cells, whereas MYC expression remained
unchanged in both parental HeLa and HeLa STAT3 KO cells (Figure 23B). Therefore, except
for MYC in SiHa cells, even strongly elevated levels of phosphorylated STAT3 Y705 do not
lead to considerably increased transcript levels of genes that have been reported to be relevant

cancer-linked STATS3 targets in cervical cancer cells?47: 253 256, 267, 268

Of the five newly identified potential STAT3 targets in SiHa cells (Figure 23A, B), only ETS2
was convincingly and significantly upregulated by OSM treatment in parental SiHa and, to a
lesser extent, in parental HeLa cells, while the induction was absent or weaker and not
significant in SiHa and HeLa STAT3 KO cells (Figure 23C), similar to regulation of SOCS3
transcripts (Figure 23B). In contrast, regulation of all four other potential STAT3 targets,
namely FAM84B, CHAC1, TGFBR3 and IFITM1 exhibited pronounced interexperimental
variability or remained largely unchanged. Notably, FAM84B transcripts were undetectable in

Hela cells altogether.

Interestingly, in above-described experiments, some transcripts like SOCS3 or ETS2 seemed
to be influenced by OSM treatment in STAT3 KO cells as well (Figure 23B, C). Thus, |
speculated whether these somewhat heterogeneous results upon OSM treatment might be
due to effects on other STAT transcription factors, such as STAT1 or STATS. Indeed, it has
been shown that for example STAT1 activity is induced in response to IL-6 upon loss of
STAT33%'°, Notably, for all STAT3 KO clones except for HeLa clone F7, STAT1 Y701
phosphorylation was largely not altered by OSM treatment, while immunoblotting revealed
strongly induced STAT5 Y694/699 phosphorylation after OSM treatment, especially in SiHa
clone G3 as well as in HeLa clone F3 (Figure 23D). It thus will be interesting to explore in future
analyses whether this finding might explain the STAT3-independent induction of SOCS3 or
ETS2 in SiHa STAT3 KO G3 cells (Figure 23B, C). These results underline the complexity of
STAT signaling and indicate that most of the five identified potentially STAT3-dependent target
genes in cervical cancer cells, are not upregulated by OSM-induced STAT3 activation and
require further experiments to validate whether they are truly under transcriptional control of
STATS.
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Figure 23: Expression of oncogenic putative STAT3 target genes remains mostly unaffected
upon increasing STAT3 activity in cervical cancer cells. (A) Parental (par.) SiHa and HelLa and
respective STAT3 KO cells were treated with 10 ng/mL OSM for 1 h and analyzed by immunoblot for P-
STAT3 Y705 and total STAT3 protein levels. (-Actin, representative loading control. Vertical lines
between lanes indicate where original images of the same immunoblot were spliced for the purpose of
presentation. (B) Parental SiHa, HeLa and respective STAT3 KO cells were treated as described for
(A), followed by analysis of transcript levels of SOCS3, MYC, CCND1, BIRC5, BCL2 and BCL2L1 by
gRT-PCR. Shown are logz-transformed fold changes (log.FC) of mean expression with standard
deviations. Statistically significant differences in cells treated with OSM compared to solvent control
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(log-FC = 0) were determined by one-way ANOVA. ***: p <0.001. (C) SiHa, HeLa and respective STAT3
KO cells were treated as described for (A), followed by analysis of transcript levels of IFITM1, CHAC1,
ETS2, FAM84B and TGFBR3 by qRT-PCR. Shown are the log,-transformed fold changes (log2FC) of
mean expression with standard deviations. Statistically significant differences in cells treated with OSM
compared to solvent control (logFC = 0) were determined by one-way ANOVA. *: p < 0.05, **: p <0.01,
***:p < 0.001. (D) SiHa, HeLa and respective STAT3 KO cells were treated as described for (A) and
analyzed by immunoblot for P-STAT1 Y701, total STAT1, P-STAT5A/B Y694/699 and total STAT5A/B
protein levels. B-Actin, representative loading control. Subfigures (A) and (B) and corresponding legends
from Strobel et al., 202319,

Additionally, to rule out the possibility that the induction of STAT3 Y705 phosphorylation by
OSM for 1 h is too brief to induce an effect on STAT3 target genes, SiHa cells were treated
with OSM for 1, 3 and 6 h (Figure 24). Despite strongly increased STAT3 Y705 phosphorylation
after 6 h of OSM treatment (Figure 12C), again none of the tested STAT3 target genes was
considerably upregulated on RNA level after neither 3 nor 6 h compared to either solvent

control or the 1 h time point of OSM treatment (Figure 24). In contrast, the strongest responses
for both SOCS3 and MYC were observed at the 1 h time point (Figure 24).
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Figure 24: Several putative, cancer-linked STAT3 target genes are not considerably upregulated
after extended stimulation of STAT3 activity by OSM. SiHa cells were treated with 10 ng/mL OSM
for 1, 3 or 6 h and analyzed for SOCS3, MYC, CCND1, HPV E6/E7, BIRC5, BCL2, BCL2L1 and MCL1
transcript levels by qRT-PCR. Shown are the logs-transformed fold changes (log.FC) of mean
expression with standard deviations. Statistically significant differences in cells treated with OSM
compared to solvent control (log.FC = 0) were determined by one-way ANOVA. *: p <0.05, **: p < 0.01,
***:p <0.001. Transcript levels of SOCS3 and HPV E6/E7 after 1 h of OSM stimulation are also depicted
in Figure 11B for didactic reasons. Figure content and legend partly from Strobel et al., 2023779,

Importantly, also the transcript levels of the HPV E6/E7 oncogenes remained unchanged
after 3 and 6 h of OSM treatment (Figure 24) as they were after 1 h (Figure 11, Figure 24),
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further arguing against the idea that the activation of STAT3 signaling is a crucial stimulus for
the expression of the HPV oncogenes. Thus, the lack of a response of transcript levels of
putative STAT3 target genes, including HPV E6/E7, towards increased STAT3 Y705
phosphorylation can likely not be explained by a delayed response to OSM, which would not

yet be observable at the 1 h time point.
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2.6 Evaluation of the role of STAT3 for drug resistance in cervical

cancer cells

In the literature, feedback activation of STAT3 Y705 phosphorylation, as illustrated in
Figure 25, is reported in response to various treatments and has been described as an

important resistance mechanism to targeted therapies in certain cancer models?34-244,

Thus, the significance of STATS3 for resistance to prospective targeted therapies discussed for
cervical cancer treatment was investigated. Specifically, | examined whether STAT3 signaling
might affect cervical cancer cell growth or survival if additional stressors such as anti-
proliferative drugs targeting specific oncogenic pathways or the more broadly acting iron

chelator CPX are applied.
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Figure 25: Potential mechanism of STAT3 activation in response to targeted treatments. Small
molecule inhibitors targeting oncogenic factors such as PISK/AKT, BRAF/MEK or receptor tyrosine
kinases (RTKs) efficiently block cell growth and survival mediated by these pathways in certain cancer
models234-236, 238,332 Thijs can be linked to rapid alterations of the composition of the secretome followed
by increased RTK (e.g. HERs) or cytokine receptor signaling and induction of STAT3 activity through
autocrine stimulation?35 236 238 Increased STAT3 activity then proposedly leads to transcriptional
activation of pro-proliferative factors, thereby mediating drug resistance?3% 236 238, BRAF: v-Raf murine
sarcoma viral oncogene homolog B, MEK: mitogen-activated protein kinase kinase. Figure created with
BioRender.com.
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2.6.1 Inhibition of PI3K- and MAPK pathways induces STAT3 Y705 phosphorylation

Both the PI3K- and MAPK pathways have been reported to play a critical role for the malignant
phenotype of cervical cancer cells®> 328, yet the individual inhibition of both pathways yielded
only insufficient efficacy in a clinical trial**. In addition, resistance-inducing feedback activation
of STAT3, as depicted in Figure 25, was reported for the inhibition of PI3K-2% 23¢ and
MAPK-linked?%: 237. 239241 gjgnaling pathways in certain cancer cells. Thus, the question arose
whether STAT3 Y705 phosphorylation might be induced in response to PI3K- or MAPK-
pathway inhibition in cervical cancer cells as well and whether it consequently might play a role

for resistance to these treatments.
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Figure 26: STAT3 Y705 phosphorylation is induced upon inhibition of PI3K- or MEK-linked
signaling pathways in a JAK1/2-dependent manner. SW756, HelLa, CaSki and SiHa cells were
treated 24 h after seeding with (A) 100 nM Trametinib or (B) 7.5 uM (HeLa) or 10 uM (SW756, CaSki,
SiHa) Pictilisib, or solvent control (-), and analyzed by immunoblot for P-STAT3 Y705, P-ERK1/2
T202/Y204 or P-AKT S473 protein levels. 3-Actin, GAPDH and Vinculin, representative loading controls.
(C) SiHa, HeLa and SW756 cells were treated and analyzed as described for subfigures (A) and (B),
respectively, with addition of 1 uM Ruxolitinib as indicated. Figure content and corresponding legends
from Strobel et al., 20239,

In response to the clinically used mitogen-activated protein kinase kinase (MAPKK; MEK)
inhibitor Trametinib, STAT3 Y705 phosphorylation was strongly upregulated in SW756, HelLa,
CaSki and SiHa cervical cancer cells while phosphorylation of the MEK downstream target

ERK1/2 was efficiently inhibited (Figure 26A). Comparably, in response to the PI3K inhibitor
Pictilisib, STAT3 Y705 phosphorylation levels were strongly elevated in SW756, CaSki and
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SiHa cells, but not in HeLa cells (Figure 26B). Collectively, these results show that some form
of feedback activation of STAT3 in response to these targeted treatments is intact in cervical

cancer cells.

Feedback activation of STAT3 is often reported to be mediated by autocrine secretion of
cytokines or growth factors, followed by stimulation of JAK or HER family signaling which leads
to increased STAT3 Y705 phosphorylation levels, as illustrated in Figure 25235 236, 238
Importantly, in cervical cancer cells, the induction of STAT3 Y705 phosphorylation after both
Trametinib and Pictilisib treatment could be completely blocked by co-inhibition of JAK1/2 with
Ruxolitinib (Figure 26C) while inhibition of HER1/2/3 with Sapitinib treatment did not show any
effect (not shown). This therefore indicates that the observed induction of STAT3 Y705
phosphorylation is JAK1/2 dependent and independent of HER1/2/3 activity.

2.6.2 Feedback induction of STAT3 activity does not affect selected STAT3 target

genes in cervical cancer cells

Next, | investigated whether the strongly increased STAT3 Y705 phosphorylation after
Trametinib or Pictilisib treatment (Figure 26) translates into increased transcript levels of
putative STAT3 target genes, as was reported for resistance-inducing STAT3 feedback
activation in other cancers?#2%_ Interestingly though, in both HeLa and SiHa cells, transcript
levels of most investigated putative STAT3 target genes did not increase with Trametinib or
Pictilisib treatment despite the increase in STAT3 Y705 phosphorylation, and the addition of

Ruxolitinib did not considerably affect these transcript levels further (Figure 27).

As the only one of all tested putative STAT3 targets, the non-oncogenic SOCS3 was
upregulated by Pictilisib treatment in SiHa cells, and this upregulation could be counteracted
by combination with Ruxolitinib (Figure 27). In contrast, in HeLa cells SOCS3 was unchanged
after Pictilisib treatment (Figure 27). All other tested STAT3 target genes, including the putative
target HPV E6/E7, did not exhibit a differential expression pattern that would indicate a STAT3-
dependent induction after Pictilisib or Trametinib treatment as well as a subsequent block of

this induction through concomitant Ruxolitinib treatment (Figure 27).

Collectively, my findings indicate that the observed induction of STAT3 signaling does not lead
to increased expression of putatively STAT3-reponsive factors frequently reported to promote
growth or survival of cervical cancer cells?4": 253 2%. 267,268 gnd neither that STAT3 activity could

thereby possibly counteract PI3K- or MAPK pathway inhibition and mediate resistance.
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Figure 27 (previous page): Transcript levels of putative STAT3 target genes are not increased
after PI3K- or MAPK pathway inhibition in cervical cancer cells. HelLa and SiHa cells were treated
24 h after seeding with 100 nM Trametinib or 7.5 uM (HelLa) or 10 uM (SiHa) Pictilisib, or solvent
control (-) with addition of 1 uM Ruxolitinib as indicated and analyzed for BCL2, BCL2L 1, CCND1, HPV
E6/E7, MYC, SOCS3, MCL1 transcript levels by qRT-PCR. Shown are the log»-transformed fold
changes (log-FC) of mean expression with standard deviations. If three or more data points were
available, statistically significant differences in treated cells compared to solvent control (log.FC = 0)
were determined by one-way ANOVA. *: p < 0.05, **: p < 0.01, ***: p < 0.001.

Of additional note, multiple of the tested putative STAT3 targets like MYC, BCL2L1 or CCND1
were substantially downregulated on transcript level by treatment with Trametinib alone in both
HelLa and SiHa cells (Figure 27), despite the strong induction of STAT3 Y705 phosphorylation

(Figure 26). This indicates that, under the tested conditions, the MAPK pathway plays a greater
role for the expression of these genes than the JAK/STAT3 pathway.

2.6.3 Inhibition of STAT3 does not sensitize cells to PI3K- or MAPK pathway inhibitors

Finally, to directly assess a possible role of STAT3 for the therapy resistance of cervical cancer
cells, | tested whether inhibition of STAT3 activity leads to an increased sensitivity of cervical
cancer cells to Trametinib or Pictilisib. As expected, and in line with the discovery that multiple
pro-proliferative factors such as MYC or CCND1 are downregulated by Trametinib (Figure 27),
treatment with Trametinib, but also with Pictilisib, slowed the proliferation of both SiHa and
HelLa cells substantially, as assessed by live cell imaging (Figure 28). This observation is
supported by studies reporting that PI3K- and MAPK pathways are critical growth promoting

factors in cervical cancer cells® 328,

In contrast to Trametinib and Pictilisib, Ruxolitinib treatment alone did not result in any
reduction in proliferation of both SiHa and HelLa cells (Figure 28A), as expected from my
previous results (Figure 6B). Remarkably however, even though STAT3 Y705 phosphorylation
is virtually completely inhibited (Figure 26C), combined treatment of Ruxolitinib with Trametinib
or Pictilisib did not affect the growth curves of both SiHa and HelLa cells in combination

treatments (Figure 28A).

Likewise, depletion of STAT3 by RNAI did not considerably affect proliferation curves per se,
as observed before (Figure 9A, C). Largely in line with the results obtained for Ruxolitinib,
STAT3-targeting siRNAs also largely did not effectively enhance sensitivity of SiHa and HelLa
cells towards Trametinib or Pictilisib treatment (Figure 28B). However, minimal combinatorial
effects were visible in SiHa cells, when treated with Trametinib or Pictilisib and in HeLa cells
when treated with Pictilisib, each combined with STAT3-targeting siRNAs (Figure 28B).
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Figure 28: Co-treatment of PI3K- or MAPK pathway inhibitors with Ruxolitinib or STAT3 RNAi-
mediated silencing does not lead to considerable combinatorial effects in cervical cancer cells.
SiHa-mKate2 and HelLa-mKate2 cells were treated 48 h after seeding or reverse transfection with
indicated siRNAs, respectively, into a 96-well plate with 100 nM Trametinib, 7.5 uM (HelLa) or 10 uM
(SiHa) Pictilisib or solvent control and imaged using the Incucyte® S3 live-cell imaging system for up to
96 h. Image analysis and red object quantification (cell counts) were performed using the Incucyte®
software package. (A) SiHa-mKate2 and HelLa-mKate2 cells were co-treated with 1 uM Ruxolitinib or
solvent control (DMSQO), as indicated. (B) SiHa-mKate2 and HelLa-mKate2 were reverse transfected
with pools of STAT3 targeting siRNAs (siSTAT3) or control siRNAs (siCtrl, siNeg), as indicated. (C)
SiHa-mKate2 and HeLa-mKate?2 cells were co-treated with 1.2 uM CPX or solvent control, as indicated.
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Subfigures (A) and (B) and corresponding legends from Strobel et al., 2023779,
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In addition, | employed CPX as a third method to block STAT3 activity (Figure 28C).
Interestingly, the combination of Pictilisib or Trametinib with CPX more effectively repressed
proliferation of both SiHa and HelLa cells than either treatment alone. However, in contrast to
Ruxolitinib or STAT3 silencing by RNAi, CPX strongly reduced proliferation of both SiHa and
HelLa cells already when applied as a single treatment (Figure 28C), indicating that the
cooperative effects between Pictilisib or Trametinib, respectively, and CPX may be
independent of STAT3.

To validate whether the small cooperative effects seen with STAT3 silencing and Trametinib
or Pictilisib treatment as well as the substantial cooperative effects seen with CPX treatment
in conjunction with either Trametinib or Pictilisib can in fact be attributed to concomitant STAT3
inhibition, the same validation approach as employed in my previous experiments (Figure 15)
was used: The same treatment conditions, including the transfection of STAT3-targeting
siRNAs or the treatment with CPX, were applied to SiHa STAT3 KO and HeLa STAT3 KO
cells. Due to the inherent loss of STATS3 in these cells, the effects of the combination treatments
should not differ from Trametinib or Pictilisib treatment alone, respectively, if the observed
cooperative effects seen in parental SiHa and HelLa cells are indeed linked to concurrent
STAT3 inhibition.

Of note, for both STAT3 silencing by RNAI (Figure 29A) as well as CPX treatment (Figure 29B),
the cooperative effects seen in parental SiHa and Hela cells could as well be observed in
STAT3 KO clones, indicating that they are independent of concurrent STAT3 inhibition.
Moreover, and importantly, also CPX treatment alone leads to comparable anti-proliferative
effects in STAT3 KO cells and parental cells (please compare Figure 28C and Figure 29B),
indicating that the anti-proliferative effect of CPX is likely unrelated to its destabilizing effect on
STAT3 as well.

Finally, in order to assess if the inhibition of the induction of STAT3 Y705 phosphorylation upon
PI3K- or MAPK pathway inhibition may lead to substantial sensitization upon prolonged
treatment, SiHa, HeLa and CaSki cells were cultured in the presence of Trametinib or Pictilisib
and in combination with or without STAT3 inhibition in CFAs for 10-14 days. For this purpose,
Ruxolitinib was used to inhibit STAT3 signaling as it exerted the least STAT3-unrelated effects
on proliferation compared to STAT3 siRNAs or CPX treatment in previous experiments. In this
setup, as in previous long-term inhibition experiments (Figure 6), the medium was refreshed

along with the treatments every 72-96 h.
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Figure 29: STAT3 does not confer treatment resistance against PI3K- or MAPK pathway
inhibitors in cervical cancer cells. (A) SiHa STAT3 KO G3-mKate2 and HeLa STAT3 KO F3-mKate2
cells were reverse transfected in 96-well plates with pools of STAT3 targeting siRNAs (siSTAT3) or
control siRNA (siCtrl, siNeg). Cells were treated 48 h after transfection (time point 0) with 100 nM
Trametinib and 7.5 uM (HelLa) or 10 uM (SiHa) Pictilisib, or solvent control, for up to 72 h and imaged
using the Incucyte® S3 live-cell imaging system. Image analysis and red object quantification (cell
counts) were performed using the Incucyte® software package. (B) SiHa STAT3 KO G3-mKate2 and
HelLa STAT3 KO F3-mKate?2 cells were treated 48 h after seeding (time point 0) into a 96-well plate with
100 nM Trametinib, 7.5 uM (HeLa) or 10 uM (SiHa) Pictilisib, 1.2 uM CPX, solvent control or a
combination thereof, as indicated. Image acquisition and analysis was performed as in (A).

In line with my results obtained from short-term proliferation assays (Figure 28), Trametinib as

well as Pictilisib treatment showed strong anti-proliferative effects on all cervical cancer cell
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2. Results

lines (Figure 30) with Trametinib being especially effective in SiHa cells and inducing a
senescence-like morphology with large, flat cells. In CaSki cells, Pictilisib was particularly
effective, which was expected because of a driving gain-of-function mutation in PIK3CA in
these cells®**. In contrast, treatment with Ruxolitinib alone did not lead to any effects on colony
formation or cell morphology, as expected (Figure 6C, Figure 7). Furthermore, colony
formation was virtually unaffected in all cell lines when Trametinib or Pictilisib was combined
with Ruxolitinib compared to each treatment alone (Figure 30). Similarly, although clone and
cell morphology differed strongly between Trametinib or Pictilisib and solvent control treatment,

addition of Ruxolitinib did not further alter morphology (Figure 30).

SiHa HelLa CaSki

- Trametinib Pictilisib - Trametinib Pictilisib - Trametinib ictilisib
b\

xé
N
/

Ruxolitinib

Figure 30: Long-term co-treatment of Ruxolitinib with Pictilisib or Trametinib does not provide
evidence for STAT3-induced treatment resistance. 3000 SiHa, HelLa and CaSki cells were seeded
in 6 cm plates followed by treatment with 0.75 uM (CaSki), 2.5 uM (HeLa) or 5 uM (SiHa) Pictilisib,
100 nM Trametinib, 1 uM Ruxolitinib, solvent control or a combination thereof, as indicated, 48 h after
seeding. Every 3-4 days, the cell culture medium was exchanged with fresh medium containing the
respective drugs. Colonies were fixed and stained after 14-15 days. Cell and colony morphology images
were acquired using a brightfield light microscope with 10x magnification. Figure content and legend
from Strobel et al., 2023779,

Taken together, these results do not provide evidence that the observed induction of STAT3
Y705 phosphorylation after application of inhibitors of the PI3K- and MAPK pathways is a
considerable resistance mechanism in cervical cancer cells. Other than suggested for certain
other cancer entities?3+2%, these findings thus do not support the idea that the therapeutic
sensitivity of cervical cancer cells to the tested specific pathway inhibitors (targeted therapy)

can be considerably enhanced by concomitantly blocking STAT3.

2.6.4 Combinatorial effects of CPX and Decitabine treatment are independent of STAT3

Another promising therapeutic agent that is being investigated for the treatment of HPV-
induced cancers such as cervical cancer is the demethylating agent Decitabine (DAC)3®.

Interestingly, | found that CPX strongly enhances the effectiveness of DAC treatment in CFAs
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(Figure 31A) and senescence assays in SiHa cells (Figure 31B) as well as HelLa cells (not
shown). Since CPX treatment leads to the degradation of STAT3"°, the question arose
whether this combinatorial effect might be linked to STAT3.

A B C
SiHa SiHa SiHa
= CPX

DAC

DAC

Figure 31: Ciclopirox strongly sensitizes SiHa cells to Decitabine treatment. SiHa cells were
treated 48 h after seeding with 1 uM DAC, 2.5 uM CPX, solvent control (-) or a combination thereof, as
indicated, for 48 h followed by (A) CFAs, (B) senescence assays or (C) analysis of PARP, total STATS3,
HPV 16E7 or Ferritin protein levels by immunoblot. 3-Actin, representative loading control.

Initial investigations led to the finding that this combinatorial effect is likely due to both
increased induction of a senescence-resembling phenotype (large, flattened, non-proliferating
cells, Figure 31B), as well as an increased induction of apoptosis as evidenced by increased
levels of the commonly used apoptosis marker cleaved poly-(ADP-ribose)-polymerase
(PARP)3%: 337 compared to either CPX or DAC treatment alone (Figure 31C).

Next, to assess whether STATS3 repression by CPX is involved in the observed combinatorial
effect, the same approach as in my previous experiments (Figure 15, Figure 29) was utilized:
If the same combinatorial effect can be observed in STAT3 KO cells, STAT3 is highly unlikely
to be relevant for the phenomenon. Using live-cell imaging, | found that DAC and CPX
treatment as well as the combination of both acted highly similar in SiHa STAT3 KO cells and
parental SiHa cells (Figure 32A). This again indicates that not only the combinatorial effect,
but also the anti-proliferative effect of CPX per se is not linked to STAT3 repression.
Additionally, | exchanged CPX as an STAT3 repressor for the JAK1/2 pathway inhibitor
Ruxolitinib to block STAT3 signaling. This combination also resulted in similar growth curves
in both parental and SiHa STAT3 KO cells and did not lead to the same effects observed when
CPX and DAC are combined (Figure 32B), further pointing towards a CPX-specific, but

STAT3-independent, combinatorial effect.
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Figure 32: Combinatorial effects of Ciclopirox and Decitabine treatment are independent of
STAT3. SiHa-mKateZ2 cells were treated 48 h after seeding (time point 0) into a 96-well plate with 1 uM
DAC or solvent control combined with (A) 1.2 uM CPX or (B) 1 uM Ruxolitinib, as indicated, for 96 h
and imaged by the Incucyte® S3 live-cell imaging system. Image analysis and red object quantification
(cell counts) were performed using the Incucyte® software package. (C) SiHa and SiHa STAT3 KO cells
were treated 48 h after seeding with 1 uM DAC, 1 uM Ruxolitinib, solvent control (-) or a combination
thereof, as indicated, for 48 h followed by CFAs.

Finally, since DAC treatment led to a slight induction of senescence at the applied
concentrations (Figure 31B), it was tested whether STAT3 might affect the outgrowth of
colonies similar as it was observed after combination of STAT3 inhibition by RNAi or Ruxolitinib
with senescence-inducing siRNAs targeting E6 and E7 (Figure 13, Figure 14). In line with the
results obtained in live-cell imaging assays (Figure 32A, B) DAC treatment did not result in
less colony outgrowth when combined with Ruxolitinib or when applied in STAT3 KO cells
compared to parental SiHa cells (Figure 32C). Only in STAT3 KO G7 cells, slightly fewer
colonies are visible after DAC treatment. However, this is already the case in untreated STAT3
KO G7 cells (Figure 32C). In conclusion, these results show that STAT3 highly likely does not
play a role for the combinatorial effect observed when treating cells with CPX and DAC

concurrently.

Taken together, the obtained results indicate that STAT3 does neither play a considerable role
for resistance to the drug DAC nor for resistance to agents employed for targeted therapy, like

Pictilisib or Trametinib, at least under the tested conditions.
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2.6.5 Ectopic overexpression of STAT3 does not confer resistance to CPX treatment

Finally, returning to the starting point of my investigations, | further assessed whether STAT3
plays a major role for the anti-proliferative effects of CPX in cervical cancer cells. The results
showing that CPX is similarly effective as an anti-proliferative agent in STAT3 KO cells and
parental cells (Figure 29B, Figure 32A) already strongly indicate that STAT3 is not a critical
determinant of the CPX-mediated effects in cervical cancer cells.

A B
Hela

pCEP4-
pCEP4 STAT3

- + - + CPX

CPX
Ees

Figure 33: The repressory effects of CPX on cervical cancer cell proliferation and viral oncogene
expression are not affected by ectopic overexpression of STAT3. HelLa cells were transfected with
the indicated plasmids 24 h after seeding followed by treatment after further 24 h with 10 uM CPX or
solvent control (-) for 48 h. Cells were then processed for (A) CFAs (solvent control (-) cells: split 1:200,
CPX treated cells: split 1:50) or (B) analysis of total STAT3 and HPV 18E7 protein levels by immunoblot.
B-Actin, loading control.

This is further supported by experiments in which | ectopically overexpressed STAT3 in HelLa
cells followed by treatment with CPX (Figure 33). If the downregulation of STAT3 by CPX is a

critical determinant of CPX’ anti-proliferative and E6/E7-repressing effects, it was expected

that overexpression of STAT3 might at least partially counteract these effects.

However, in line with live-cell imaging results indicating that STAT3 downregulation is not a
major determinant of the anti-proliferative effects of CPX (Figure 29B, Figure 32A), ectopic
overexpression of STAT3 did not confer resistance to CPX treatment in CFAs (Figure 33A).
Furthermore, it did also not counteract the CPX-induced downregulation of HPV18 E7 levels
(Figure 33B). Although these results have to be interpreted with caution due to potential
unspecific effects of ectopic protein overexpression in general®**, they also do not provide
evidence that the repressing effects of CPX on cervical cancer cell proliferation or on HPV

E6/E7 oncogene expression critically depend on CPX-linked STAT3 inactivation.
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3. Discussion

Despite the introduction of effective prophylactic vaccines targeting the most common high-
risk HPV types®7°, HPV-induced cancers will likely remain a major burden for public health
systems, with especially high incidence in developing countries'®. Therefore, novel therapeutic
options for HPV-induced cancers as well as pre-neoplastic lesions are urgently needed. One
promising possibility could be the iron chelator CPX, which is already in clinical use with an
excellent safety profile since several decades for the topical treatment of fungal infections®®.
Previously, CPX was found to block proliferation as well as expression of the HPV EG6/E7
oncogenes in cervical cancer cells® ® . Interestingly, CPX induces the destabilization of
STAT3"® — a transcription factor reported to be essential for promotion of
proliferation?52 255 256, 265268 gnd efficient HPV EG/E7 expression'®’: 251253 in cervical cancer
cells. Vice versa, E6 is described to induce the induction of STAT3 activity?®'- 253255 reportedly
in an IL-6 dependent manner?, resulting in a critical oncogenic positive feedback loop. Due
to this interconnection, STAT3 is proposed to be a highly promising therapeutic target to
interfere with cervical cancer cell proliferation as well as E6/E7 expression simultaneously. In
my thesis | therefore aimed to assess whether STAT3 plays a critical role for cervical cancer
cell proliferation, HPV oncogene expression and treatment resistance and consequently,
whether the destabilization of STAT3 is a critical contributor to the anti-proliferative effects of
CPX.

After identification of potential factors that could serve as starting points for further
investigations addressing the destabilization of STAT3 by CPX treatment, | obtained several
surprising results with respect to the role of STAT3 in cervical cancer cells. While small
molecule STATS3 inhibitors blocked proliferation and E6/E7 expression in cervical cancer cells,
genetic modulation of STAT3 expression by RNAIi, CRISPR/Cas9 and ectopic overexpression
as well as modulation of the JAK1/2-STAT3 signaling axis by Ruxolitinib or OSM treatment,
respectively, did not yield any evidence pointing to a critical role of STAT3 in HPV-positive
cervical cancer cells for their proliferation, treatment resistance or EG6/E7 expression.
Subsequently, | showed that the effects of CPX as well as various small molecule STAT3
inhibitors are independent of STAT3 in cervical cancer cells. Taken together, my results thus
question the prevailing concept that STAT3 serves as a highly promising therapeutic target to
directly inhibit proliferation and viral EG/E7 oncogene expression in cervical cancer cells. My
findings further highlight the need for carefully controlled, multi-methodological studies when

assessing the potential of STATS3 to serve as a therapeutic target.
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3.1 Anti-proliferative effects of the iron chelator Ciclopirox

3.1.1 CPX-induced anti-proliferative effects are independent of STAT3

In view of CPX’ therapeutic potential for HPV-related diseases®: &', initially the question arose
whether CPX’ anti-proliferative effects depend on the destabilization of the STAT3 protein.
Importantly, most commonly used STAT3 inhibitors only address canonical STAT3 signaling
by inhibition of dimerization or Y705 phosphorylation, which is essential for STAT3’s canonical
function as a transcription factor'?. In addition to canonical STAT3 signaling, however, there
are multiple non-canonical functions of STAT3 with strong oncogenic potential'®. By inducing
the degradation of total STAT3 protein, CPX is in principle not only able to block canonical but
also all non-canonical functions of STAT3, as also indicated by the observed degradation of
mitochondrial STAT3. CPX could therefore be especially promising in comparison to

conventional STAT3 inhibitors.

In cervical cancer cells, | found that the anti-proliferative effect of CPX is comparable to various
STATS inhibitors. Importantly however, | could observe this anti-proliferative effect of CPX to
a similar extent also in STAT3 KO cells. As illustrated in Figure 34, using STAT3 KO cells for
target validation, it was essentially expected that CPX would be inactive in STAT3 KO cells if
its effects could be purely attributed to the destabilization of STAT3, since these cells
proliferate without detectable STAT3 expression and thus targeting STAT3 through CPX
should have had no effect. Furthermore, | found that also ectopic overexpression of STAT3
did not counteract the inhibition of colony formation as well as E6/E7 repression by induced by
CPX. Similarly, | found that, in contrast to the anti-proliferative and E6/E7 repressing effects of
CPX®, the destabilization of STAT3 by CPX was not counteracted by high glucose
supplementation. These findings therefore strongly indicate that the major determinants
underlying the anti-proliferative activity of CPX in cervical cancer cells are independent of
STATS3. This notion is further supported, as discussed in more detail in the following chapters,
by various genetic (Figure 9, Figure 10) and non-genetic methods (Figure 6, Figure 10,
Figure 11) which | used to modulate STAT3 expression and activity. They collectively did not
yield any evidence for an essential role of STAT3 for proliferation or efficient viral oncogene
expression in cervical cancer cells, strongly indicating that the observed effects of CPX on

these parameters are not linked to its destabilizing effect on STAT3.
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Figure 34: Target validation strategy employed in this thesis. CRISPR/Cas9-based KO, RNAI-
based knockdown or small molecule-based inhibition are often employed to investigate the function of
prospective drug targets. These methods not always yield consistent results leading to uncertainty
regarding whether the protein in question is truly critical and thus a promising target for potential future
therapies or whether it is dispensable and thus neglectable and a non-optimal target. If viable and
validated CRISPR/Cas9-based KO cells are available, a reliable strategy to assess this issue is the
application of aforementioned small molecule inhibitors or RNAi techniques in KO cells. If RNAi or small
molecules do not induce any effects in KO cells, it is likely that their effects in parental cells are target
specific and that KO cells adapted to long-term target loss. If, in contrast, the same effects can be
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observed in both KO and parental cells, it is highly likely that these effects are not target specific but
instead represent off-target effects of small molecules or RNAI. Target validation strategy inspired and
adapted from Peretz et al.?2”. Figure created with BioRender.com.

Nonetheless, CPX — which is in clinical use since decades with an excellent safety profile for
topical treatment of fungal infections® — could still possess great therapeutic potential in the
context of HPV-induced diseases. Since CPX strongly downregulates the expression of
E6/E7% # it could for example have potential for the treatment of preneoplastic CIN lesions
which are often easily accessible and may thus possibly be treated via topical CPX application.
Further, CPX may have potential to be utilized for the topical treatment of reportedly STAT3-
dependent diseases such as psoriasis?®. In this regard, it is a promising finding that CPX
treatment leads to STAT3 downregulation in non-cervical cancer cells and non-malignant
keratinocytes as well. For systemic cancer treatment, toxicity of iron chelation as well as
unfavorable pharmacokinetics of CPX could pose a challenge®®. To address the latter,
fosciclopirox was developed to allow oral application®*® and possibly enable treatment of
STAT3-dependent systemic diseases'" 22, For example, T-LGL often harbors STAT3
mutations and is dependent on constitutively active STAT3 signaling#'" 44 231 T-LGL could
thus be particularly sensitive to CPX if systemic concentrations sufficient to induce STAT3

destabilization can be reached.

In addition, CPX has strong potential for effective combination therapies®. In this regard,
combination with DAC could be especially promising since DAC is currently being developed
for the treatment of HPV-induced cancers®* and showed encouraging cooperative potential
with CPX in cervical cancer cells in my experiments (Figure 31, Figure 32). Furthermore, the
strong effects observed for CPX combined with Pictilisib or Trametinib (Figure 28) indicate that
iron chelation might be a promising strategy to enhance the efficacy of anti-proliferative
treatments in cervical cancer cells in general. Importantly, the concentrations of CPX required
to achieve effective cooperative results were almost considerably lower than the CPX
concentrations required to fully block growth of cervical cancer cells as a single agent® 8’
Thus, if CPX as a single agent will prove to be too toxic, combination regimens could be the

key to therapeutically exploit the anti-proliferative effects of CPX in the future.

Notably, similar to applying CPX as a single agent, all tested combination treatments — DAC,
Pictilisib or Trametinib combined with CPX — yielded highly similar results in parental and
STAT3 KO cervical cancer cells, again highlighting the independence of the observed effects
from STAT3. Due to the plethora of cellular functions that directly or indirectly depend on
intracellular iron availability, it is likely that the effects of CPX as a single agent as well as the
cooperative effects seen with CPX are linked to other biological consequences of iron

chelation. For example, inhibition of OXPHOS is considered to alleviate treatment resistance34°
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while application of mTOR inhibitors is a known anti-cancer strategy**'. Importantly, iron
chelation in cancer cells similarly affects these processes®: 2% 342 — the above-mentioned
alterations could thus explain the anti-proliferative and combinatorial potential of CPX. Notably,
also other metabolic conditions and drugs such as hypoxia, Metformin or 2-DG share some of
these effects with CPX and downregulate E6/E7 expression as well3 85319320 \Which features
of iron chelation — besides inhibition of OXPHOS?®" — are the most critically determining factors
for CPX anti-proliferative activity will have to be elucidated in the future. In cervical cancer
cells however, the destabilization of STAT3 highly likely does not play an appreciable role for

the anti-proliferative effects of CPX.

3.1.2 Mechanistic insights into the destabilization of STAT3 by CPX

Nonetheless, it will be of high interest to investigate the detailed mechanism of STAT3
destabilization by CPX in the future. Factors involved in this process could potentially be
targeted to induce STAT3 destabilization without iron chelation-induced side effects of CPX
treatment. This could possibly yield a new class of STAT3 inhibitors, which may be broadly

applicable also to the diverse array of STAT3-linked diseases.

To this end, | found that expression of factors involved in SUMOylation is enriched after CPX
treatment. SUMOylation was described to be able to induce protein degradation®' and
interestingly, one of the most strongly differentially expressed SUMOylation-related factors in
the proteome data® investigated in my thesis is the deSUMOylating isopeptidase 1 (DESI1)
which may thus be involved in STAT3 destabilization. First tests however revealed that
downregulation of DESI1 is only observed in SiHa cells (not shown), questioning whether
DESI1 is a causative factor for STAT3 destabilization, which was observed in all tested cervical
cancer cell lines. Further, | identified 12 proteins involved in ubiquitination and degradation of
polyubiquitinylated proteins which could hypothetically contribute to the reduced half-life of
STATS3 after CPX treatment. However, since protein degradation is a highly complex process
involving the interplay of protein complexes via protein-protein interactions®*®, a mechanism
independent of any of these factors is certainly plausible as well. For example, also post-
translational modifications are known to further affect the function of proteins linked to
proteolysis®** and post-translational modification changes are not identified by the utilized

proteomics methodology.

The identification of factors involved in the degradation of STAT3 by CPX will likely be a
comprehensive long-term research project on its own. This project could start with analyzing
the factors that | identified to be potentially involved in STAT3 degradation and could apply the
conditions that | identified to retain STAT3 protein levels despite similarities to CPX treatment.

For example, 2-DG, hypoxia and Metformin treatment block E6/E7 expression8® 8319 and, in
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the case of hypoxia and Metformin, induce similar metabolic alterations by blocking
OXPHOS%2 2% gnd mTOR signaling® 3'°. Despite these similarities, | found that STAT3 is not
repressed under any of these conditions. Hypoxia in particular closely resembles CPX
treatment since it also upregulates proteins involved in glycolysis®” and stabilizes HIF
transcription factors?®. In fact, iron chelators are often utilized as hypoxia mimetics due to their
similarities?®-2%, These circumstances could be exploited to delineate specific differences
between hypoxia and CPX, which are responsible for the observed STAT3 destabilization. For
example, immune precipitation of STAT3 followed by identification and quantification of
proteins and their post-translational modifications by mass spectrometry could be employed to
discover post-translational modifications or further candidate proteins that differentially interact
with STAT3 or are differentially present, respectively, in cells treated with CPX, hypoxia or a
combination thereof. Eventually, the identified candidate proteins will have to be validated
using techniques like RNAi, CRISPR/Cas9 or the ectopic expression of certain mutants of
candidate proteins and of STATS3.

Notably, it was reported that CPX also induces the destabilization of cell division cycle 25
homolog A (CDC25A)%%: 34 and cyclin D1'%, It might thus also be possible that STAT3 is not
the only protein degraded upon iron chelation. This would potentially undermine the
therapeutic potential of a prospective future drug targeting the mechanism of iron chelation-
induced STAT3 degradation since the degradation of other proteins besides STAT3 by the
same mechanism could lead to an unfavorable safety profile. To investigate this, quantitative
mass spectrometry in combination with pulse-chase metabolic labelling could be employed to
systematically identify proteins that are (de)stabilized and to determine their extent of

(de)stabilization, i.e. their half-life, upon CPX treatment.

Overall, this part of my thesis provides valuable first insights into the destabilization of STAT3
in cervical cancer cells by iron chelators such as CPX, which could lead to the development of
new therapies for STAT3-dependent diseases in the future. However, in view of my
unexpected findings on the functional significance of STAT3 in HPV-positive cancer cells, |
focused a large part of my studies on this latter aspect, since it should have a strong impact
on the prevailing concept that STAT3 serves as a key therapeutic target in HPV-induced

cancers.
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3.2 Endogenous STAT3 as a therapeutic target in cervical cancer

3.2.1 Discordant effects of small molecule STAT3 inhibitors on cellular proliferation

During the investigation of the functional significance of STAT3 in cervical cancer cells, multiple
surprising results were obtained. While STAT3 inhibition by application of commonly used
small molecule STAT3 inhibitors strongly repressed proliferation and induced cell death,
inhibition of the JAK1/2 kinases upstream of STAT3 by Ruxolitinib did not affect growth or
viability of cervical cancer cells. Additionally, | observed highly variable changes in cellular
morphologies as well as differing kinetics of growth inhibition and cell death induction for
different small molecule STAT3 inhibitors but not for Ruxolitinib. Thus, the question arose
whether these discrepancies may possibly be explained by STAT3-independent effects in a

manner similar to CPX.

Considering the discussions around ‘undruggable’ proteins?’-347 it can be speculated whether
the relatively high concentrations which are frequently employed for the application of small
molecule STAT3 inhibitors'®” 2°': 25 might possibly be linked to the scarcity of deep binding
pockets in many transcription factors such as STAT3, thereby complicating development of
potent and specific small molecule inhibitors?’®. Accordingly, many oncogenic transcription
factors such as c-myc, BRD4 (bromodomain-containing protein 4) as well as STAT3 have been
classified as ‘undruggable’ in a sense that it proved to be rather difficult to design inhibitors
with high specificity and potency?’® 277, Intriguingly, a recent report showed that the anti-
proliferative effects induced by one of the most commonly used small molecule STAT3
inhibitors, Stattic, cannot be solely attributed to inhibition of STAT3. Instead the cytotoxic
effects of Stattic are at least partly due to inhibition of histone acetylation®*, inhibition of
glutathione reductase®®° and by acting as an alkylating agent on multiple different STATs and
on NUDTS5 (nucleoside diphosphate-linked moiety X motif 5)3. Similarly, substantial off-target
effects or unexpected modes-of-action were reported for BP-1-102%° and further STAT3
inhibitors such as OBP-516023%" 352 Cpd1883%° and JSI124%%, for example by activation of
NfkB3>® or by mitochondrial alteration through formation of toxic STAT3 aggregates®'.
Interestingly, and provocatively, a comprehensive investigation reported considerable off-
target effects for a wide range of small molecule inhibitors, which already entered the clinical
trial phases, providing a potential explanation for unacceptable toxicities observed for some of

these compounds®?6,

To evaluate whether the observed effects of small molecule STAT3 inhibitors investigated in
this thesis might be attributable to off-target toxicities, the validation strategy illustrated in
Figure 34 was employed. If small molecule STAT3 inhibitors induce the same effects in STAT3

KO cells, a mode-of-action independent of STAT3 is highly likely. Indeed, | found that all tested
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STAT3 inhibitors are also active in STAT3 KO cells. Specifically, compared to parental SiHa
cells, | found that application of these STAT3 inhibitors in SiHa STAT3 KO cells (1) repressed
proliferation to a similar extent, (2) resulted in comparable levels of cell death and (3) induced
similar cellular morphologies. Furthermore, (4) several pathways and factors of critical
relevance in cervical cancer3® 6% 82328 were affected by all tested STAT3 inhibitors in STAT3
KO as well as in parental cells. Importantly, none of these effects was visible under treatment
with Ruxolitinib. Taken together, these four major findings strongly suggest that the observed
effects of the tested STAT3 inhibitors in cervical cancer cells can largely be attributed to off-
target toxicities. Of note, it is plausible that at least part of these effects could be linked to the
observed modulation of p53 or the investigated PI3K and MAPK pathways. In further support
of the hypothesis that most of the effects exerted by the tested STAT3 inhibitors in HPV-
positive cancer cells were unrelated to STAT3, blockage of STAT3 expression through genetic
methods such as RNAi and CRISPR/Cas9 did not affect their proliferation despite efficient
downregulation or depletion of STAT3, respectively. Neither did treatment with OSM have an
impact on the growth of HPV-positive cancer cells, even though STAT3 activity was strongly

induced.

Collectively, these results strongly question the prevailing concept that STAT3 is an essential
factor for the proliferation of cervical cancer cells. Although this finding is surprising in light of
the general idea that STAT3 is an important growth-promoting factor in many cancers, it is
noteworthy that my findings are not exclusive to cervical cancer. For example, a study reported
that the targeted degradation of STAT3 in several acute myeloid leukemia and lymphoma cell
lines did not result in growth suppression or cell death despite considerable constitutive
activation of STAT3 in these cells?’®. Instead this study showed that only a subset of anaplastic

large-cell lymphoma cells was highly responsive to STAT3 depletion?8,

What could potentially explain the discrepancy of my results to the studies reporting STAT3 as
a critical player for cervical cancer cell proliferation? Besides employing off-target prone small
molecule STAT3 inhibitors'®":251-253.2%  other studies utilized RNAI?°2 2%3: 255 ectopic expression
of dominant negative STAT3 mutants?®": 26 or the natural compound Curcumin?®? 2% to inhibit
STAT3 activity and expression. It cannot be excluded that possible off-target effects of these
methods may potentially contribute to the negative impact on cervical cancer cell proliferation.
In fact, in initial experiments for this thesis (not shown), 10 different sequences were tested
regarding their potential for specifically targeting STAT3 by RNAi. Of these, 2 were found to
strongly affect proliferation (albeit in in a cell line-dependent manner), similar to
aforementioned studies utilizing RNAI to inhibit STAT3 expression?®2 25325 However, these 2
siRNAs were also effective in STAT3 KO cells, indicating that they exert STAT3-independent

anti-proliferative effects. These initial experiments highlighted the need to thoroughly assess
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the specificity of the different STAT3-targeting methods applied in my thesis. Notably, off-target
effects of individual siRNAs are reported to be common3** while in comparison, pooling of
many siRNAs was shown to virtually completely eliminate off-target effects by allowing the

application of lower concentrations of individual sSiRNAs>%°.

Therefore, | employed pools of 3 or 4 siRNAs, depending on the cell line, in all key experiments.
Individually, all these siRNAs were found to efficiently downregulate STAT3 expression while
showing no indication of strong STAT3-independent toxicities. Consistently, these pools of
siRNAs did not considerably affect proliferation of cervical cancer cells. In addition, the
CRISPR/Cas9 technique was utilized to generate STAT3 KO clones, since this method is
reported to be less prone to off-target effects than RNAi** 356, Nevertheless, to still account
for potential CRISPR/Cas9-related off-target effects as best as possible, | also employed two
different gRNAs for the generation of STAT3 KO cells. In summary, | applied a range of
different methods to modulate STAT3 activity or expression (Figure 35) as well as extensive
validation strategies (Figure 34). In contrast, most above-referenced studies employed only
one or few different methods to modulate STAT3, often involving very high small molecule or
siRNA concentrations, and none of these studies addressed the issue of potential off-target

effects experimentally.

Furthermore, my experimental results are also supported by published high-throughput data,
which was generated without any bias for STAT3. According to the online database portal

DepMap3®”: 3%  (https://depmap.org/portal), which comprises extensive RNAi and

CRISPR/Cas9 high-throughput data on the cell growth-dependency of various cancer cell lines
on specific genes, cervical cancer cell lines do not critically depend on the expression of STAT3
(Supplementary Figure 1). This is in stark contrast to the E6 interaction partner EGAP which is
critical for facilitating p53 degradation®” 38 in HPV-positive cancer cells and also scores in the
datasets accessible via DepMap as an essential growth factor in cervical cancer cell lines
(Supplementary Figure 1), underlining the validity of these datasets. Furthermore, my own
transcriptome data of SiHa cells depleted of STAT3 by RNAI did not reveal any major influence
on well-known oncogenic STAT3 target genes and gene sets that have been described to
mediate the pro-proliferative action of STAT3 in cervical cancer cells. Moreover, even strongly
inducing the activity of STAT3 by OSM treatment surprisingly only marginally affected the
expression of oncogenic STAT3 target genes, if at all. Meanwhile, the non-oncogenic STAT3
target SOCS3 was — cell line dependently — clearly responsive to OSM as well as STAT3
inhibition by RNAI or Ruxolitinib, demonstrating that STAT3 is in principle functional and active
in cervical cancer cells. However, STAT3 apparently lacks the ability to efficiently induce
transcription of pro-proliferative candidate target genes in these cells under the different tested

experimental conditions.
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Figure 35: Experimental strategies employed in this thesis. During canonical activation of STAT3
signaling, e.g. through cytokines like IL-6, STAT3 can become phosphorylated by Janus Kinases (JAKS),
dimerizes, translocates from the cytoplasm to the nucleus, where it can transcriptionally activate growth-
promoting target genes by binding to specific recognition motifs in their transcriptional promoters. The
dashed lines indicate the proposed action of STAT3 in HPV-positive cancer cells. STAT3 has been
reported to increase HPV E6/E7 oncogene expression through poorly characterized mechanisms, which
may not require direct binding of STAT3 to the viral transcriptional control region (Upstream Regulatory
Region, URR) 187, 251-255 Fyrther, STATS3 signaling has been reported to be activated in cervical cancer
cells by an E6-dependent induction of an IL-6-linked autocrine loop?°'-253 and by phosphorylation through
JAK2 activity?®8. The inhibitory experimental strategies employed in this study analyzing STAT3 and its
postulated crosstalk with the HPV oncogenes are indicated in red (chemical JAK and STATS3 inhibitors,
CPX, siRNAs, CRISPR/Cas9 KO), activatory strategies are depicted in green (OSM, ectopic STAT3
overexpression). Adapted from the templates “PISK/AKT, RAS/MAPK, JAK/STAT Signaling” and
“Cytokine Signaling through the JAK-STAT Pathway”, by BioRender.com (2023). Template retrieved
from https://app.biorender.com/biorender-templates. Figure and legend from Strobel et al., 2023779

Finally, | observed that lower concentrations of the tested small molecule STAT3 inhibitors
resulted in far weaker off-target toxicities when titrated to find the minimal effective
concentration sufficient for inhibition of STAT3 Y705 phosphorylation. This finding further
argues against an uncritical use of small molecule STAT3 inhibitors to study the phenotypic
effects of STAT3 inhibition, since apparently, at least in cervical cancer cells, many of the

tested inhibitors possess only a small therapeutic window in which they inhibit constitutive
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activity of STAT3 without inducing pronounced off-target effects. However, at these lower,
active concentrations, the tested small molecule STAT3 inhibitors are unable to reduce the
OSM-induced high levels of STAT3 Y705 phosphorylation while Ruxolitinib is efficiently able
to do so. It is likely that the potential of STAT3 inhibitors to induce off-target effects is not
restricted to cervical cancer cells. Therefore, their use in clinical trials, as already done for
other cancers with rather limited success®® (for example by treatment with WP1066%*° or

TTI-1013%, also known as C188-9%¢"), should be very cautiously evaluated beforehand.

3.2.2 The role of STATS3 for treatment resistance

The absence of a detectable growth-response of cervical cancer cells to the inhibition of STAT3
activity or expression under the tested conditions raised the question whether additional stress
factors might be required to reveal a pro-proliferative potential of STAT3 in HPV-positive
cancer cells. In other tumor models, STAT3 was reported to confer resistance to targeted
treatments such as inhibitors of the PI3K-235 236 MAPK-236. 237, 239-241 or HER-family236. 242-244
pathways. As illustrated in Figure 25, one major cause of this resistance was reported to be
an autocrine feedback loop in which inhibition of the oncogenic driver induces a change in
composition of the secretome, which subsequently activates STAT3 signaling through cytokine
or growth factor receptors2 236, 238 This was described to be followed by STAT3-mediated
induction of transcription of oncogenic target genes promoting cell growth and survival and
thus treatment resistance23% 236. 238 An alternative possibility for STAT3 activation in response
to targeted treatments, in particular in response to MEK inhibitors, is the downregulation of
negative regulators of STAT3 signaling, such as SOCS3, leading to increased STAT3

activity?°.

Since both PI3K- as well as MAPK pathways are important factors also for cervical cancer cell
proliferation® 328 and inhibitors of these were tested in an early clinical trial**, | focused on the
investigation of a potential sensitization of cervical cancer cells by concurrent inhibition of
STAT3 and PI3K- or MAPK pathways, respectively. | found that JAK1/2-dependent STAT3
Y705 phosphorylation is strongly induced by inhibition of PI3K or MEK, respectively, indicating
that some form of this regulation (illustrated in Figure 25) is conserved in cervical cancer cells.
Interestingly, however, this induction of STAT3 activity did not translate into increased
expression of putative oncogenic target genes, such as CCND1, BCL2L1, BCL2, MCL1 or
MYC, which were reported to be mediators of STAT3-induced resistance in other cancer
models?3® 2% and in addition were reported to be under control of STAT3 in cervical cancer
cellg?#7: 253 2%, 267. 268 Noreover, neither did expression of these genes decrease through
concurrent inhibition of STAT3 and PI3K- or MAPK pathways. Instead, the tested putative
STATS3 target genes MYC, CCND1 and BCL2L1 were far more responsive to MEK inhibition
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than to STATS3 inhibition, despite the strong induction of STAT3 activity. In line with these
findings, combined inhibition of STAT3 and PI3K or MEK did not sensitize cervical cancer cells
in short- and long-term proliferation assays. Importantly, the induction of weak cooperative
effects, which | observed when RNAi was employed to inhibit STAT3 in combination with PI3K
or MEK, were also observed in STAT3 KO cells, indicating slight STAT3-independent effects
of the used siRNAs under these particular conditions. Thus, similar to untreated cervical cancer
cells, STAT3 activity does not affect proliferation or provide resistance under conditions where
PI3K- or MEK inhibitors are applied as additional stressors, despite high activation levels of
STAT3. Further, these results indicate that the mechanism responsible for the impaired
influence of STAT3 on putative oncogenic target genes is conserved in HPV-positive cervical

cancer cells under multiple experimental conditions.

In this context, it is also noteworthy that some of the above-referenced studies reporting that
STAT3 provides resistance to targeted treatments, such as PI3K or MEK inhibitors, in certain
cancer models use small molecule STAT3 inhibitors such as Stattic®*®> 23°, which can induce
anti-proliferative off-target effects®#®3%, Additionally, similar to my results, another well-
controlled study on the treatment resistance of melanoma cells to BRAF inhibitors®** also
reported an absence of STAT3-linked regulation of putative oncogenic target genes such as
MYC, BCL2, MCL1 and BIRCS, indicating that this phenomenon is not restricted to cervical
cancer cells. Interestingly, this latter study instead identified another factor, SOX2, to be under
control of STAT3, mediating resistance to BRAF inhibition??*. Since | did not observe any
sensitizing effect of STAT3 inhibition on growth curves as well as on SOX2 transcript levels
upon STAT3 silencing, it is however unlikely that SOX2 mediates resistance also in my

experimental settings.

In addition to Trametinib and Pictilisib, inhibitors of KRAS, which is occasionally found to be
gain-of-function-mutated in cervical cancer cells® *¢2, as for example also in the SW756 cell
line®®3, as well as inhibitors of the cervical cancer-linked3** 305 364 HER1/2/3, and c-MET
pathways, were tested alone and in combination with Ruxolitinib (not shown). Importantly, alike
my findings using PI3K and MEK inhibitors, none of these combination schedules showed
cooperative potential with STAT3 inhibition. However, unlike PI3K and MEK inhibitors, most of
these additionally tested inhibitors did not affect proliferation of cervical cancer cells per se,
underlining the importance of PI3K- and MAPK pathways for cervical cancer cells. In principle,
since STAT3 signaling in cervical cancer cells is sensitive to Ruxolitinib treatment, high-
throughput cellular assays could be employed to investigate a broader range of drugs with
regard to their cooperative potential in combination with Ruxolitinib in the future. However,
given that under all my tested conditions, increased STAT3 activities in response to drug

treatments did not translate into the stimulation of target genes which could mediate treatment
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resistance in cervical cancer cells, it seems questionable whether this strategy will be

successful.

Besides providing resistance towards different forms of targeted therapy, STAT3 is reported
to also play a role for resistance against different chemotherapeutics in various cancers?45 246,
Since Cisplatin represents one of the most commonly used chemotherapeutic drugs in cervical
cancer’!, | also investigated whether STAT3 may confer resistance to Cisplatin. In the
literature, there exist discrepant results regarding this question since there are studies
reporting a sensitization to Cisplatin by JAK/STAT3 inhibition?®® as well as studies reporting a
sensitization to Cisplatin by JAK/STAT3 activation?®* 273, In my experiments, depending on the
STAT3-targeting siRNA or the STAT3 KO clone, somewhat varying results were obtained, but
the effects were generally rather small and ranged from slight enhancement to slight
attenuation of Cisplatin resistance (not shown). Moreover, our group has found that two major
forms of hypoxia present in cancers, chronic and cycling hypoxia provide resistance to
chemotherapy?'® 32° however | did not detect an appreciable effect of STAT3 modulation on
Cisplatin resistance also under these conditions (not shown). Thus, my results do not point to

a major role of constitutive STAT3 activity for Cisplatin resistance in cervical cancer cells.

A promising drug which is currently under investigation to be repurposed for HPV-induced
cancers is the demethylating agent DAC3%®. Interestingly, | found that the concurrent
application of DAC and CPX induced substantial combinatorial effects. However, as discussed
in section 3.1.1, these effects were independent of STAT3, since substitution of CPX with

Ruxolitinib or STAT3 KO did not result in cooperative effects when combined DAC.

Collectively, despite a substantial induction of STAT3 phosphorylation in response to the
investigated drugs used for targeted therapy, my findings do not provide evidence that this

regulatory phenomenon results in increased treatment resistance of cervical cancer cells.

3.2.3 The postulated interdependence of STAT3 and the HPV E6/E7 oncogenes

In addition to an essential role of STAT3 for cervical cancer cell proliferation, a functional
interdependence between STAT3 and the HPV EG6/E7 oncogenes has been
reported?#8-25° (Figure 35), however the exact mechanism has not yet been fully elucidated in
these studies. On the one hand, STAT3 has been reported to activate expression of EG/E7,
since the natural compound Curcumin (which can inhibit JAK/STAT3 signaling) as well as the
small molecule JAK/STAT3 pathway inhibitor AG490 were described to block EG6/E7
expression in SiHa cells?%2. On the other hand, a study assessing the dependence of the HPV
life-cycle on STAT3 function in keratinocytes harboring episomal HPV18 genomes reported
that STAT3-targeting siRNAs as well as Cryptotanshinone treatment downregulated E6/E7

protein levels?®'. Interestingly, these authors also reported that the transcriptional activity of
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STAT3 is not required to promote E6/E7 expression®'. In addition, a study described an
activation of the HPV16 LCR through IL-10-induced STAT3 signaling®®*, while another study
could not detect direct binding of STAT3 to the LCR and instead proposed, using IL-6 and
Stattic to modulate STAT3 signaling, an indirect mechanism through association of STAT3
with c-JUN and c-FOS'®’.

Importantly, however, several of these published studies may have faced experimental
limitations. For example, the JAK/STAT3 inhibitor AG490 is not specific for the JAK/STAT3
pathway since it can affect numerous other factors, such as EGFR and HER2%%%3¢7 HIF1a
through inhibition of hydroxylation®® and guanylyl cyclases®® as well. Accordingly, the
specificity of AG490 as an JAK/STAT3 inhibitor has been challenged by a study indicating that
data solely relying on AG490 should be interpreted with caution®°. Similarly, the high
concentrations of Cryptotanshinone employed®' 2% were highly toxic to cervical cancer cells
in my own experiments — by a mechanism which appeared to be independent of STAT3.
Furthermore, although four different STAT3-targeting siRNAs were used in one of these
studies®’, they only modestly downregulated the expression of STAT3 on RNA level by around
50%2*!, while STAT3 silencing resulted in my experiments in highly efficient repression of
STAT3 transcript levels by approximately 90-95%, without affecting E6/E7 levels. Further, the
study reporting an activation of the HPV16 LCR in response to IL-10%** might possibly reflect
a special biological condition, since it did not assess the role of constitutive endogenous STAT3
signaling on basal E6/E7 expression. Finally, my own experiments, in line with published
data3*8-3%0 show that Stattic is likely not a reliable tool for specific STAT3 inhibition at the

employed concentrations in the report cited above'®, due to substantial off-target toxicities.

These discrepancies and uncertainties warranted the investigation of the functional
significance of STAT3 for E6/E7 expression in more detail and in a carefully controlled manner.
Furthermore, since E6/E7 expression is essential for cervical cancer cell proliferation’? 8365,
the absence of an anti-proliferative effect, which | observed upon STAT3 inhibition, was
unexpected if STAT3 is truly a key driver of E6/E7 expression. Indeed, and in contrast to the
studies referenced above, | found no evidence for a critical role of STAT3 for promoting E6/E7
expression in cervical cancer cells, despite highly efficient inhibition or activation of STATS,
respectively, and the use of five different methods to modulate STAT3 activity or expression in
short- and long-term assays (Figure 35). Further, stimulation of STAT3 signaling by OSM
treatment did also not counteract the repression of E6/E7 by hypoxia®'® or Metformin®
treatment. In addition, | obtained evidence that the inhibitory effects of small molecule STAT3
inhibitors on E6/E7 expression may be related to off-target toxicities when applied at high
concentrations, as discussed in detail in section 3.2.1. Taken together, the results of my

experiments, applying a broad range of different methods to modulate expression or activity of
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STATS3, do not support the notion that the endogenous, constitutive STAT3 activity in HPV-
positive cervical cancer cells is directly or indirectly playing a substantial role for efficient viral

E6/E7 oncogene expression.

Vice versa, a study ectopically expressing HPV E5, E6 or E7 in HPV-negative keratinocytes
described increased levels of STAT3 Y705 phosphorylation?'. This induction of STAT3 activity
by the HPV oncogenes was suggested to be caused by a deregulation of Let-7a and miR-21
microRNAs?® and by an autocrine stimulation with IL-6 followed by the induction of JAK
activity?®® — both of which mechanisms have been reported to depend on the viral E6 protein.
This latter scenario, though, is not supported by previous studies showing that cervical cancer
cells are largely unresponsive to IL-6, since expression of the IL6-receptor, IL-6R, is strongly

reduced in these cells261-263,

In contrast to the above referenced studies, silencing of the E6 oncogene for 72 h by RNAI in
both HeLa and SiHa cells did not affect STAT3 Y705 phosphorylation in my experiments. To
limit the possibility of siRNA-specific off-target effects, pools of three HPV16 E6- or HPV18 E6-
specific siRNAs were employed. Likewise, to assess the possibility of temporary effects and
to mitigate secondary phenotypes induced by long-term knockdown of E6 for 72 h, | also
assessed STAT3 Y705 phosphorylation levels at 24 h after E6 knockdown in both HeLa and
SiHa cells. Notably and in line with my observations after 72 h of E6 silencing, STAT3 Y705
phosphorylation levels were unchanged also after short-term silencing of E6 for 24 h by RNAI,
despite efficient knockdown of E6. These findings indicate that STAT3 activation levels, as
indicated by STAT3 Y705 phosphorylation, are not directly linked to the expression of the E6

oncoprotein is in cervical cancer cells.

Extending my investigations on concurrent silencing of both E6 and E7 by RNAI, | interestingly
found that under these conditions, STAT3 Y705 phosphorylation levels were also not reduced
but were instead even increased in HelLa cells while they remained largely unchanged in SiHa
cells, indicating a cell line specific regulation. In contrast, | could not observe a substantial
induction of STAT3 Y705 phosphorylation upon silencing of E6/E7 in HeLa (and SiHa) cells
for a shorter time period of 24 h. Notably, at the 24 h time point, the induction of senescence
through E6/E7 silencing®'®, which is microscopically detectable after 72 h, is not yet
observable. Interestingly, it was reported, that senescence-induced secretome alterations can
affect the activity of STAT3%?, indicating that the observed induction of STAT3 Y705
phosphorylation in HeLa cells after silencing of E6/E7 for 72 h might be a secondary effect of
senescence induction and not a direct effect of the downregulation of EG/E7. Similarly, it is
plausible that my findings on the repression of STAT3 Y705 phosphorylation in HeLa and SiHa

cells cultivated under hypoxia or treated with Metformin, which both efficiently downregulate
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E6/E7% 31°, may also be confounded by secondary effects of these treatments. For example,
both conditions inhibit OXPHOS?% 23 and mTOR-signaling® 3'°® while additionally, hypoxia

was also reported to induce a change of the secretome composition®’".

Collectively, my results do thus not provide experimental evidence for a substantial, mutually
stimulatory crosstalk or an interdependence of E6/E7 and STAT3 in cervical cancer cells:
Neither did the modulation of STAT3 activity or expression by five different methods
considerably influence the expression levels of E6 and E7 nor did the silencing of E6 or E6/E7

primarily influence the levels of STAT3 activation.

3.2.4 Why is the stimulation of STAT3 target genes impaired in cervical cancer cells?

Overall, | found that STAT3 is dispensable for efficient EG/E7 expression, proliferation and
treatment resistance in cervical cancer cells under the tested conditions — despite detectable
constitutive STAT3 Y705 phosphorylation, indicative of activation. Hence, in view of the
literature describing STAT3 as a powerful oncogene in cancer?'®, including cervical
cancer®®2%  the question emerged as to why the oncogenic capacity of STAT3 as a
transcriptional activator of cancer-linked genes is not detectable in cervical cancer cells under

all different experimental conditions employed in my studies.

In principle, | found that STAT3 is active and functional in cervical cancer cells as both
constitutive as well as induced STAT3 activity translated into functional impact on transcript
levels of the well-characterized STAT3 target gene SOCS3. However, no considerable
influence on the expression of a number of putative oncogenic STAT3 target genes was
observed in my experimental settings. These include genes which also have been linked to
cervical cancer 247 253 256, 267, 2688 gnd were reported to mediate the effects of STAT3 on the

proliferation and treatment resistance in cervical cancer cells?47: 253 256, 267, 268

One possible explanation for the impairment of STAT3-dependent transactivation in cervical
cancer cells may relate to reports indicating that certain post-translational modifications are
required for this activity'®®, with the most prominent example being the phosphorylation at
Y705, which was thoroughly investigated in my thesis. Another important phosphorylation site
is S727, which was described to be required for full transcriptional activity of STAT3168 170.172,
In initial experiments, | analyzed STAT3 S727 phosphorylation as well and found that it is
detectable under standard cell culture conditions in both HelLa and SiHa cells (not shown).
Apart from phosphorylation, a range of further post-translational modifications such as
acetylation'* 175, methylation'”® and oxidation'”’, were shown to modulate the transcriptional
activity of STAT3. Thus, there are multiple potential post-translational modifications which can
increase or decrease STAT3-mediated transcriptional transactivation and may underlie the

apparent impairment of STAT3-dependent transactivation of its oncogenic target genes.
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However, since | also found that SOCS3 is responsive to STAT3, one would have to assume
that the transactivation of SOCS3 by STAT3 does require a different set of post-translational

modifications than the unresponsive oncogenic STAT3 target genes.

Another possibility could be epigenetic silencing of the investigated STAT3 target genes in
cervical cancer cells, resulting in very low expression levels. However, this seems unlikely,
since transcripts of most of these genes were readily detectable in my qRT-PCR experiments
and their expression is detectable on protein and/or RNA level in the cervical cancer cell lines

used in this thesis?4” 253 256, 267, 268

as well as cell lines of other cancers?®. Additionally, some
of these targets such as BIRC5 or CCND1 were independently reported to be overexpressed
in cervical cancer®2. Overall, these findings do not provide evidence for a general silencing of
the investigated STAT3 target genes. It can however not be formally excluded that their
promoters may be only partially silenced, for example at or around STAT3 binding sites,
thereby specifically interfering with STAT3-mediated transactivation. To the best of my
knowledge, however, there is no published example of this mechanism for the control of these

STAT3-regulated genes.

Alternatively, negative regulators of STAT3 could be responsible for the impairment of STAT3-
mediated transactivation in HPV-positive cancer cells. For example, SOCS3™" 4 or
PIAS3'46: 152 gre known to inhibit STAT3 activation or DNA binding capacity, respectively.
Whereas | found that SOCS3 is indeed induced in response by STAT3 in cervical cancer cells,
it seems unlikely to be responsible for the impairment of STAT3-mediated transactivation,
since SOCS3 acts upstream of STAT3*”® and should diminish STAT3 Y705 phosphorylation
levels, which however was not observed in my experiments even after 6 h of OSM treatment.
At this time point the induction of SOCS3 itself in response to OSM treatment was almost back
at baseline levels while elevated levels of STAT3 Y705 phosphorylation were still present. In
this context, it is also noteworthy that the type of cytokine initially stimulating JAK/STAT
signaling could play an important role in determining the transcriptional response’°. It thus
cannot be formally excluded that the stimulation of STAT3 by a cytokine other than OSM might
have resulted in a different effect on STAT3 target genes. However, for my thesis, | chose to
work with OSM since OSM was shown to potently activate STAT3 in cervical cancer cells
previously?% 273 and, additionally, overexpression of the OSM receptor is associated with poor
survival of cervical cancer patients®* 375, indicative of an oncogenic role of OSM in cervical
cancer cells. This is further in line with a study reporting that HPV16 E6/E7 can induce the
upregulation of OSM?378,

Interestingly, it was also reported that certain cellular pathways such as PI3K- or MAPK

signaling, can suppress STAT3 activity*”’. In cervical cancer, both pathways are important
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oncogenic factors®? 328 and are occasionally mutated, as are some regulators of these
pathways® 362, For example, multiple cervical cancer cell lines, such as HeLa and SiHa, harbor
deletions of STK71 (coding for liver kinase B1, LKB1) leading to a deregulation of mTOR3"8,
which acts downstream of the PI3K pathway. Furthermore, PIK3CA in CaSki cells*** and KRAS
in SW756 cells*? harbor gain-of-function-mutations. In line with the importance of these
pathways in cervical cancer cells and their suppressive role on STAT3 activity*’’, | observed
that inhibition of PI3K or MEK strongly induced STAT3 Y705 phosphorylation in most tested
cervical cancer cell lines. However, this fails to explain the impaired response of oncogenic
STAT3 target genes when PI3K- or MAPK pathways are inhibited and STAT3 activity is
induced. Vice versa, in other cancer models it was reported that signaling through the MAPK
pathway can be induced by inhibition of STAT3 and that MAPK signaling can thereby partly
compensate the inhibition of oncogenic functions of STAT3%° 38 However, this scenario is
rather unlikely to explain my observations, since Ruxolitinib treatment, as well as knockdown
of STAT3 by RNAIi (not shown), did not consistently increase the levels of phosphorylated
ERK1/2 throughout my experiments, which would have been expected from the reported
MAPK pathway activation. Similarly, small molecule STAT3 inhibitors, applied at
concentrations, which do not cause appreciable off-target toxicities, did not increase the levels
of phosphorylated ERK1/2.

Further, despite the distinct functions of different STAT family members in cancer®'® 3
different STAT proteins can possess partly overlapping activities®'?, can partly share the same
target genes®'® and can be activated in response to the same cytokines®'* 35, especially upon
loss of one STAT member3'™ 315 Thus, it could be possible that another STAT protein can
functionally compensate for STAT3 inhibition, thereby maintaining the expression of STAT3-
responsive genes. In this context, STAT5 could be particularly interesting, which also is
reported to play an oncogenic role in multiple cancer entities®'°, including cervical cancer?%.
However, at least in the STAT3 KO cells tested here, a compensatory STAT5 activation was
not observed and, surprisingly, STAT5 Y694/699 phosphorylation levels were instead strongly
diminished. This finding indicates that STAT5 activity might be dependent on STAT3 in cervical
cancer cells and, further, that STAT5 may be neglectable for proliferation and E6/E7
expression. This latter result is noteworthy since one of the same studies reporting an
important role of STAT3 also described STATS5 to be a critical pro-proliferative factor in cervical

cancer cells®.

The third cancer-linked STAT family member, besides STAT3 and STATS5, is STAT1®'". In
contrast to STATS, | found that STAT1 Y701 phosphorylation levels remained largely
unchanged in untreated STAT3 KO cells with the exception of a slight induction in HeLa STAT3
KO clone F7. Since it was reported that expression of some shared STAT1/STAT3 target
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genes were only downregulated if both STAT3 and STAT1 were depleted®'®, the maintained
levels of STAT1 Y701 phosphorylation in STAT3 KO cells could therefore possibly mask the
effect of STAT3 on these target genes. However, this would be counterintuitive for the
expression of the oncogenic STAT3 target genes | focused on, since high STAT1 levels were
described to be associated with longer survival®®' and increased sensitivity to radio-*®? and

chemoradiotherapy?® in cervical cancer, suggesting an anti-tumorigenic function.

Generally, the literature describing that STAT3 and other pathways are able to compensate
for each other are in line with the notion that proliferation pathways can be redundant and/or
work in parallel®®. For example, different rat sarcoma (RAS) proteins as well as many different
receptor tyrosine kinases (RTKs) and JAK/STAT pathways are all able to promote proliferation
and were found to be important drivers in certain cancer entities®*. Since not all of them are
active at the same time in every cancer cell of every cancer entity, inhibition of a critical
proliferation pathway may be compensated by activation of another pathway, for example
through the promotion of expression of shared downstream targets by the compensating
pathway®+ 35 |n cervical cancer cells, E6 and E7 are highly potent oncogenes, modulating a
plethora of cancer hallmarks for driving carcinogenesis®. Additionally, as mentioned above,
it is known that the PI3K- and MAPK pathways are oncogenic key factors®? 328 and are often
mutated® 362, Possibly, due to the contribution of multiple different pathways to the malignant
phenotype of HPV-positive cancer cells, additional STAT3 signaling might be redundant and

inhibition of STAT3 could thus be without major consequences.

The pathways that actively promote proliferation in a certain context are specific for cell types
and states®* and thus also depend on the biological consequences of signaling through a
certain pathway besides the promotion of proliferation. Since JAK/STATS3 signaling is known
to also control transcription of a broad range of genes involved in immune responses'?': 122 140,
the impairment of the transactivation function of STAT3 in cervical cancer cells might stem
from evolutionary adaptation processes to escape anti-viral and/or anti-tumor immune
responses. Supporting this hypothesis, it was reported that cervical cancer cells lack
expression of the IL-6R?" 262 to avoid induction of the chemokine MCP-1 (monocyte
chemoattractant protein-1) attracting mononuclear immune cells?? 387, Since STAT3 is one of
the major downstream effectors of IL-6 signaling®'®, it could be possible that cervical cancer
cells adapt to avoid expression or functional activation of factors such as IL-6R and STAT3 to
evade detection and elimination by the immune system. The role of STATS3 for the expression
of immune system-related factors in cervical cancer cells is further supported by two studies
reporting the STAT3-dependent induction of interferon regulatory factor 1 (IRF1) by OSM
treatment, leading to increased Cisplatin sensitivity?%* 273, Of note, IRF1 was also found to be

targeted for inactivation by the E7 oncogene during carcinogenesis to promote immune
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evasion%-3%_ Fyrthermore, in my own transcriptome screen, one of the factors identified as a
potential STAT3 target gene was IFITM1, coding for interferon-inducible transmembrane
protein 1. Interestingly, IFITM1 is downregulated in cervical cancer tissue**' and loss of IFITM1
in cervical cancer cells is associated with reduced protein expression of interferon-inducible
factors and components of the major histocompatibility complex (MHC) class 1 in response to
interferon-y3%2. Further, IFITM1 inversely correlates with metastatic cervical cancer, possibly
due to the reduced expression of MHC class 1, aiding immune escape®®. In line with these
reports, high risk HPVs were described to downregulate IFITM1 expression in infected
keratinocytes to withstand the immune response and avoid growth-inhibitory effects of

interferon-y3%3,

These considerations raise the possibility that for cervical cancer cells, exploiting alternative
oncogenic pathways such as the PI3K- or MAPK pathways® 328 to drive carcinogenesis in
addition to E6 and E7 may be more advantageous than relying on the JAK/STAT3 pathway
which can lead to the induction of factors involved in anti-viral and/or anti-tumor immune
responses. Viewed from a different perspective, cervical cancers with high levels of STAT3
signaling in the tumor cells might possibly be eliminated early, in line with a report showing that
activation of STAT3 is reduced in invasive cervical cancer tissue in comparison to precursor
lesions (CIN3), in the same tissue sample®®. It thus will be interesting for future analyses to
investigate whether cervical cancer cells might be selected to exploit alternative pro-
proliferative pathways due to the induction of factors involved in the immune response by
STATS3. This will require experimental models which also incorporate the interplay of HPV-
positive cancer cells with the tumor microenvironment, including animal models for

papillomavirus-induced carcinogenesis®®.

3.2.5 Influence of STAT3 signaling on the senescence response to E6/E7 repression

Interestingly, during the investigation of a potential interdependence of STAT3 and EG/E7, |
found that in HeLa cells, inhibition of STAT3 activity or expression attenuated the induction of
senescence after silencing of E6/E7 by RNAI. Further, the induction of senescence in HelLa
cells correlated with the increase of STAT3 Y705 phosphorylation upon E6/E7 silencing for
72 h and was not observed after a shorter duration of E6/E7 silencing for 24 h after which no
senescence-like phenotype was observed yet. In the literature, STAT3 has been reported to
be activated in response to senescence®?? 323 and was also described to be causally involved
in IL-6-induced premature senescence of fibroblasts®*®. Thus, my findings indicate that STAT3
might possibly be a modulator of senescence induction in response to E6/E7 silencing in HelLa

cells.
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Since future therapies for cervical cancer, as well as other HPV-induced malignancies, might
rely on the anti-proliferative effect of E6/E7 inhibition'?, identifying factors influencing the
phenotype of cells depleted of EG/E7 is of high interest. Future experiments could firstly aim to
validate whether STAT3 is indeed causally involved in the induction of senescence in HelLa
cells in response to E6/E7 silencing. To this end, a similar strategy as for other parts of my
thesis using STAT3 KO cells could be employed (Figure 34). If STAT3-targeting siRNAs or
Ruxolitinib show no senescence-attenuating effect after E6/E7 silencing in STAT3 KO HelLa
cells, this effect is likely indeed dependent on STAT3. Additionally, since | did not observe
these effects to a considerable extent in SiHa cells, it will be of high interest to investigate
whether the observed alleviation of the senescence induction is specific to HelLa cells upon
EG/E7 silencing or whether it is also conserved in additional cervical cancer cells and for other

senescence-inducing stimuli such as chemotherapy.

Secondly, if the observed phenotype proves to be STAT3-dependent, it will be interesting to
elucidate the underlying mechanism. One factor that may potentially be involved is ETS2, since
ETS2 transcripts were downregulated by STAT3 silencing in my transcriptome screen and
since ETS2 can reportedly induce expression of p16™K4A 3% g tumor suppressor which can
mediate senescence induction®® 37 and was speculated to also contribute to senescence
induction upon E6/E7 repression®®. Furthermore, STAT3 could also be causally involved via
IL-6-induced reactive oxygen species generation followed by p53 induction, similar to how it
was reported for fibroblasts undergoing premature senescence3%. Alternatively, non-canonical
functions of STAT3 may be relevant for the attenuating effect of STAT3 inhibition on E6/E7
silencing-induced senescence, for example via the impact of STAT3 on mitochondria'": 9°,
since mitochondria can play a crucial role for senescence induction®®. However, since |
observed senescence alleviation also with Ruxolitinib treatment, this latter hypothesis is rather
unlikely, as Ruxolitinib primarily blocks canonical STAT3 signaling rather than non-canonical

functions of STAT3 in mitochondria.

3.2.6 Therapeutic implications: STAT3 as a therapeutic target in HPV-positive

cancers?

Despite the introduction of effective prophylactic vaccines for most cancer-linked HPV types,
incidences of HPV-induced malignancies will likely remain high in the future, primarily due to
the long course of carcinogenesis, typically taking decades from infection to cancer, as well as
the low vaccination rates, especially affecting less-developed regions' 8 €870 Moreover, the
prognosis of advanced disease is still poor’”, including for cervical cancers, which worldwide
constitute the majority of HPV-induced cancers. Thus novel and effective therapeutic

strategies for the treatment of HPV-induced cancers are urgently required.
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Currently, STAT3 is under intense discussion to serve as one of the most promising targets of
prospective treatment strategies for cervical cancer®*®2°° | a therapeutic approach which is also
considered for other HPV-linked cancer entities such as oropharyngeal HNSCC3%. Likewise,
due to many reports indicating its multi-faceted oncogenic functions?'¢, STAT3 is also thought
to be a promising therapeutic target in multiple other cancer entities?'® such as non-small-cell
lung cancer*®. Therefore, various pharmacological strategies have been developed to inhibit
STAT3 activities, including small molecule inhibitors?'®, anti-sense?®® and decoy
oligonucleotides?®* as well as PROTACs?’®. However, the therapeutic benefit in early clinical
trials evaluating STAT3 inhibition for cancer treatment was rather limited?3 359 401407 “ mainly
due to a lack of efficacy in the great majority of treated solid cancer patients and/or pronounced

treatment-related toxicities.

In the field of cervical cancer, the prevailing concept considers STAT3 as an especially
promising target since it was reported to be essential for promoting
proliferation?52 255 2%6. 265268 \hyjle also being critically involved in inducing the expression of the
E6/E7 oncogenes through mutually stimulatory interactions?°1-2% 2% Therefore, as the E6/E7
oncogenes are potent drivers of cervical carcinogenesis'?, interfering with this duality of STAT3
activities may theoretically even provide some degree of treatment specificity for HPV-positive
cancer cells and lead to a particularly pronounced efficacy of STAT3-targeting therapies in

cervical cancer.

Importantly, however, the concept of viewing STAT3 as a promising therapeutic target in
cervical cancer is based on studies attributing a critical role to STAT3 signaling in HPV-positive
cancer cells. My results strongly question this basis and, in contrast, reveal that constitutively
active STATS3 in cervical cancer cells is neither an essential factor for their proliferation, nor
was any evidence for a substantial crosstalk between STAT3 and the viral E6/E7 oncogenes
obtained. In addition, and in line with two studies which observed a reduced activity of STAT3
in HPV-positive compared to HPV-negative HNSCC#*% 409 initial experiments indicated that
STAT3 may also be dispensable for HPV-positive HNSCC cells (not shown). It will thus be of
high interest to further investigate whether the absence of a substantial role of STAT3 for cell
proliferation and viral oncogene expression is also conserved in cancer cells representing

other HPV-positive cancer entities.

Yet, whereas my results strongly question the idea that targeting constitutive STAT3 signaling
in HPV-positive cancer cells directly is a powerful therapeutic strategy, it is still possible that
STATS3 inhibition may be of value for cervical cancer treatment, for example by reshaping the
tumor microenvironment. Specifically, in the cervical tumor stroma STAT3 activity was reported

to support carcinogenesis by instructing non-malignant cells to establish a pro-tumorigenic and
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immunosuppressive microenvironment, primarily mediated via paracrine IL-6 stimulation*'°. In
this context, IL-6/JAK/STAT3 signaling was shown to impair dendritic cell function*!” and to
stimulate accumulation of M2 macrophages*'?, which are considered to be pro-tumorigenic
and express PD-L1 to prevent cytotoxic T-cell activation*'?. Additionally, STAT3 signaling,
partly induced by IL-6, instructs stromal fibroblasts to recruit immunosuppressive Th17 cells
via chemokine (C-C motif) ligand 20 (CCL20) secretion*'® while in stromal monocytes STAT3
activity induces the expression of MCP-1, which subsequently leads to matrix
metalloprotease 9 (MMP-9) expression, triggering angiogenesis*'® 4. Furthermore, OSM
secreted by macrophages in the cervical cancer stroma reportedly stimulates STAT3 signaling
in cervical cancer cells to upregulate genes that are for example involved in wound healing,
the inflammatory response and angiogenesis while downregulating differentiation
signatures*'S. This latter study*'® thereby indicates an oncogenic role of STAT3 in cervical
cancer cells which is different from the prevailing concept of oncogenic STAT3 activities. Thus,
it will be of high interest to investigate these aspects, especially the role of STAT3 for the
interaction of cancer cells with mesenchymal and immune cells, in recently developed animal

models, which allow to study papillomavirus-induced carcinogenesis in natural hosts®%.

Collectively, my findings provide novel insights into the functional role of STAT3 in HPV-
positive cancer cells. By employing multiple different experimental approaches and extensive
control experiments, my results strongly argue against the prevailing concept that constitutively
active STAT3 signaling is essential for the proliferation of cervical cancer cells. They also put
into question the reported mutually stimulatory crosstalk between STAT3 and the HPV
oncogenes. Further, no evidence was obtained for a role of STAT3 as a resistance factor
against multiple different anti-cancer drugs in cervical cancer cells. It is hoped that these
unexpected results regarding a factor thus far considered to be essential for the growth of
cervical cancer cells will not only add to our understanding of the molecular pathogenesis of
cervical cancer, but will also reshape the ongoing discussions suggesting that inhibiting STAT3

in these cells could serve as a highly promising future therapeutic strategy.
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4. Materials & Methods

All experiments were conducted in a well-controlled manner including appropriate technical
and biological replicates to ensure high reproducibility of each individual result. Individual
experiments that failed due to technical reasons were disregarded for final analysis. If not

indicated differently, all buffers were set up using distilled H.O.

Whenever feasible and available, molecular biology grade reagents where utilized. All
standard laboratory materials and reagents not specified in detail below were sourced from
AppliChem (Darmstadt, Germany), BD Biosciences (Franklin Lakes, NJ, USA), Bio-Rad
Laboratories (Hercules, CA, USA), Biozym Scientific (Hessisch Oldendorf, Germany), Carl
Roth (Karlsruhe, Germany), Corning (Corning, NY, USA), Enzo Life Sciences (Farmingdale,
NY, USA), Eppendorf (Hamburg, Germany), GE Healthcare (Chicago, IL, USA), Gerbu
Biotechnik (Heidelberg, Germany), Greiner Bio-One (Kremsminster, Austria), Merck
(Darmstadt, Germany), New England Biolabs (Ipswich, NA, USA), Nerbe Plus (Winsen,
Germany), Promega (Fitchburg, WI, USA), Sigma-Aldrich (St. Louis, MO, USA), Thermo
Fisher Scientific (Waltham, MA, USA), Roche Diagnostics (Basel, Switzerland), Gabler-Saliter
Milchwerk (Obergtinzburg, Germany), Santa Cruz Biotechnology (Dallas, TX, USA), Sartorius
(Géttingen, Germany) or Vector Laboratories (Newark, CA, USA). Manufacturers of other
materials, compounds, systems or biologics are specified in the corresponding section or table

below.
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4.1 Cell-based methods

4.1.1 Cell culture

All cell lines (Table 3) were of human origin and were obtained from the German Cancer

Research Center tumor bank (Heidelberg, Germany), were authenticated by single-nucleotide

polymorphism (SNP) profiling (Multiplexion GmbH, Heidelberg, Germany) and were validated

to be free of mycoplasma contamination.

Table 3: Overview of used cell lines, their properties and alterations. AC: adeno carcinoma, SCC:

squamous cell carcinoma.

Cell line Origin HPV status RRID Modifications
SiHa Cervical SCC HPV16+ CVCL_0032 | -
CaSki Cervical SCC HPV16+ CvCL_1100 | -
HelLa Cervical AC HPV18+ CVCL_0030 | -
SiHa-mKate2 Cervical SCC HPV16+ - nuclear mKate2
CaSki-mKate2 Cervical SCC HPV16+ - nuclear mKate2
HelLa-mKate2 Cervical AC HPV18+ - nuclear mKate2
SW756 Cervical SCC HPV18+ CVCL_1727 | -
Cal27 HNSCC negative CvCL_1107 -
FaDu HNSCC negative CvCL_1218 | -
HCT116 Colorectal AC negative CVvCL_0291 | -
MeWo Malignant negative CVCL_0445 | -

melanoma
SiHa-STAT3 KO G3 Cervical SCC HPV16+ - STAT3 KO
SiHa-STAT3 KO G7 Cervical SCC HPV16+ - STAT3 KO
HelLa-STAT3 KO F3 Cervical AC HPV18+ - STAT3 KO
HelLa-STAT3 KO F7 Cervical AC HPV18+ - STAT3 KO
SiHa-STAT3 KO G3- Cervical SCC HPV16+ - STAT3 KO +
mKate2 nuclear mKate2
HelLa-STAT3 KO F3- Cervical AC HPV18+ - STAT3 KO +
mKate2 nuclear mKate2
NOK Oral negative?8? - Spontaneous
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4. Materials & Methods

HeLa mKate2, SiHa mKate2 and CaSki mKate2 cells stably express a nuclear-restricted form
of the fluorescent mKate2 protein and were generated as described before®’. Spontaneously

immortalized NOKs were established by Dr. Ruwen Yang, DKFZ, Heidelberg, Germany?°.

All cells except for NOK cells were cultivated in Dulbecco’s minimal essential medium (DMEM,
Gibco, Thermo Fisher Scientific) containing 1 g/L (5.5 mM) glucose, 10% fetal bovine serum
(FBS, PAN-Biotech, Aidenbach, Germany) and supplemented with 100 U/mL Penicillin,
100 pg/mL Streptomycin, and 2 mM L-glutamine (all by Sigma-Aldrich) at 37 °C, 5% CO,, and
21% O2. NOK cells were kept in Keratinocyte-SFM (serum free medium; Gibco, Thermo Fisher
Scientific) supplemented with human recombinant epidermal growth factor (EGF 1-53) and
bovine pituitary extract (BPE) (Gibco, Thermo Fisher Scientific). For experiments involving
hypoxic conditions, cells were cultured at 1% O2 and 5% CO: in an InvivO2 400 physiological
oxygen workstation (Ruskinn Technology, Bridgend, UK). For experiments requiring seeding
of a certain number of cells, cell counting was performed using trypan blue and the Countess™
Automated Cell Counter (Invitrogen, Carlsbad, CA, USA).

4.1.2 Generation of KO cells

STAT3 KO cells were established from HeLa and SiHa cells using the CRISPR/Cas9 gene
editing technology*'® with two distinct STAT3-specific guide RNAs (gRNAs). Plasmids
encoding both Cas9 and a STAT3-specific gRNA (please refer to 4.1.4) were generated by
cloning of DNA sequences coding for either one of the STAT3 specific gRNAs (Table 4) into
pLenti-CRISPRv1 plasmids. Subsequently, plasmids were transfected into parental HeLa and
SiHa cells™®.

Table 4: DNA sequences coding for gRNAs used for CRISPR/Cas9-based STAT3 KO.

Sense sequence Antisense sequence Clones

5-CACCGAAAGTGGTAGAGAATCTCC-¥ 5-AAACGGAGATTCTCTACCACTTTC-3* | SiHa: G3
HelLa: F3

5-CACCTGTACAGCACCGGCCGATGC-3 | 5-AAACGCATCGGCCGGTGCTGTACA-3 | SiHa: G7
HelLa: F7

Two days after transfection, 1 pg/mL Puromycin was added. Three days after transfection,
cells were split 1:10 in 6 cm plates. Six days after transfection, cells were split and transferred
into 96-well plates at densities of 0.5-10 cells per well to allow generation of single cell clones.
Using the Incucyte® live-cell imaging system (Sartorius), single cell clones were confirmed and
subsequently expanded. Clones with successful STAT3 KO and harboring mutations
incompatible with expression of functional full-length STAT3 protein were identified using

immunoblotting as well as sequencing (Table 5, Eurofins Scientific, Luxembourg City,
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Luxembourg) of the corresponding region of the STAT3 gene. SiHa STAT3 KO clones G3 and

G7 were generated in cooperation with Maria Weber, DKFZ.

Table 5: Sequences of primers used for amplification and subsequent sequencing of the
STAT3 gene after CRISPR/Cas9-based KO.

Forward sequence Reverse sequence Clones
Amplification: Amplification: SiHa: G3
5-GGCTCCTTTGAGGACCCGTA-3’ 5-AAGCCTCGGGCAGGGAG-3’ HelLa: F3
Sequencing: Sequencing:
5-CCCGCCTTAAGATCTAAACAGA-3 5-GCCTTCTCTTGGGGATACTGC-3
Amplification: Amplification: SiHa: G7

5-GCAACAAATTTCAACCCCGCA-3’ 5-CCCAACATGGTGAAAAATTCCTCTT-3  Hela:F7
Sequencing: Sequencing:

5’-CCACACCTGGAAAGAATGACCC-3’ 5-ATCCTTGTCCCTTTCCCTCATCTA-3’

4.1.3 Generation of mKate2 expressing STAT3 KO cells

Expression of the nuclear restricted red fluorescent protein mKate2 enables efficient
quantification of cell counts by live-cell imaging (please refer to 4.1.6). Generation of mKate2
expressing STAT3 KO cells was performed as described before for the generation of mKate2
expressing Hela, SiHa and CaSki cells®’. Briefly, STAT3 KO single cell clones were first
assessed regarding their resistance to Puromycin treatment, since the generation of mKate2
expressing cells requires Puromycin-based selection of transduced cells. Sensitivity of SiHa
STAT3 KO clone G3 and HeLa STAT3 KO clone F3 to Puromycin treatment was determined
to be comparable to the respective parental cell lines. Next, SiHa STAT3 KO clone G3 and
HeLa STAT3 KO clone F3 were lentivirally transduced in 24-well plates with the Incucyte®
NucLight Lentivirus reagent (Sartorius) according to the manufacturer’s instructions.
Lentiviruses were utilized at a multiplicity of infection of 3, supplemented with 8 ug/mL
polybrene in DMEM. Puromycin-based selection was started 48 h after viral transduction to
eliminate non-transduced cells. After expansion of Puromycin resistant cells, successful
integration of nuclear mKate2 was assessed using the Incucyte® live-cell imaging system as
described in section 4.1.6. After confirmation of nuclear mKate2 positivity, cells were

cryopreserved in liquid nitrogen for future use.

4.1.4 Transfection, RNA interference and ectopic overexpression

Synthetic siRNAs (Silencer® Select, Thermo Fisher Scientific) were reverse transfected using
Lipofectamine RNAIMAX (Invitrogen, Thermo Fisher Scientific) to reach a final siRNA

concentration of 30 nM if not specified otherwise. All transfections were performed using 5 pL
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RNAIMAX in 2.5 mL final volume in 6 cm plates according to the instructions of the

manufacturer. Medium was exchanged 24 h after transfection.

Table 6: Employed siRNAs and their target sequences.

siRNA Target sequence

siNeg (negative control; no target) 5-UACGACCGGUCUAUCGUAG-3'
siCtrl (negative control; no target) 5'-CAGUCGCGUUUGCGACUGG-3'
SiSTAT3_2 5-GGCUGGACAAUAUCAUUGA-3’

SiSTAT3_4 5-GGACAUCAGCGGUAAGACC-3

SiSTAT3_6 5’-GCAGCAGAUGCUGGAGCAG-3’
SiSTAT3_10 5-GCUUCCUGCAAGAGUCGAA-3’
Si16E6/E7_1 5-CCGGACAGAGCCCAUUACA-3’
Si16EG/E7_2 5'- CACCUACAUUGCAUGAAUA-3’
Si16E6/E7_3 5’- CAACUGAUCUCUACUGUUA-3’
si18E6/E7_1 5'-CCACAACGUCACACAAUGU-3
Si18E6/E7_2 5-CAGAGAAACACAAGUAUAA-3
si18E6/E7_3 5-UCCAGCAGCUGUUUCUGAA-3’

Si16E6_1 5-ACCGUUGUGUGAUUUGUUA-3’

Si16E6_2 5-GGGAUUUAUGCAUAGUAUA-3'

Si16E6_3 5-UUAGUGAGUAUAGACAUUA-3'

si18E6_1 5'-GACAUUAUUCAGACUCTGU-3'

Si18E6_2 5-CAGACUCUGUGUAUGGAGA-3'

si18E6_3 5-CUCUGUGUAUGGAGACACA-3'

For reverse transfection of siRNAs in 96-well plates, 0.2 uL RNAIMAX per well were used for
HelLa, SW756 and CaSki cells in a total volume of 100 pL. In SiHa cells, RNAIMAX was titrated
to 0.15 uL per well to reduce toxicity of the transfection. Additionally, for all cell lines, instead
of exchanging the medium after 24 h, 200 uL fresh medium were added to each well to avoid
loss of cells exhibiting incomplete adherence after 24 h. Medium was then exchanged 48 h

after transfection to 200 L per well.

All STAT3 siRNAs (Table 6) target distinct exons (Table 7) and cover all known and predicted
transcript variants of STAT3 according to the NCBI RefSeq database*'”, except for siRNA #6,
which does not bind to transcript variant 17 (NM_001384989.1). If not indicated otherwise,
STAT3 siRNAs were used in pools to reduce the risk of potential off-target effects. For SiHa
and SiHa-derived cells, the employed siSTAT3pool contained siRNAs #2, #4, #6 and #10 while
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the siSTAT3pool only contained siRNAs #4, #6 and #10 when used in HeLa or HeLa-derived
cells to avoid STAT3-independent cytotoxicities of sSiRNA #2, which were exclusively observed
in HelLa cells for siRNA #2.

The siRNAs targeting E6 or E6/E7 (siEG; siE6/E7) of HPV16 or HPV18 have been used in
pools of three each. The negative control siRNAs siCtrl and siNeg harbor four or more

mismatches to transcripts of all known human genes*'é.

Table 7: Transcript coverage of STAT3 siRNAs.

siRNA Targeted STAT3 transcripts Targeted exon (of variant
#1)

SiSTAT3_2 Exon 19
All known and predicted transcript variants according

i E 20/21 (juncti i
SISTAT3_4 to the NCBI RefSeq database*'”. xon (junction spanning)
siSTAT3_10 Exon 3
SiSTAT3 6 All variants, except for variant 17 (NM_001384989.1) Exon 5

Table 8: Utilized plasmids and their purpose.

Plasmid Purpose Provider
pLenti-CRISPRv1 Base vector for CRISPR/Cas9 kind gift from Feng Zhang,
Addgene plasmid #49535
pLenti-CRISPRv1- pLenti-CRISPRv1 expression vector = generated in cooperation with
gRNA5 for Cas9 and gRNAS or gRNA6 Maria Weber
pLenti-CRISPRv1-
gRNAG6
pcDNA3 Base vector for transient expression | Invitrogen, Carlsbad, CA, USA
pcDNA3-STAT3 pcDNA3 expression vector for kind gift from Jie Chen,
wildtype human STAT3 Addgene plasmid #74433
pcDNA3-STAT3-Y705F | pcDNAS3 expression vector for kind gift from Jie Chen,
Y705F-mutated human STAT3 Addgene plasmid #74434
pCEP4 Base vector for episomal Invitrogen, Carlsbad, CA, USA
expression
pCEP4-STAT3 pCEP4 expression vector for generated in cooperation with
wildtype human STAT3 Claudia Lohrey

Plasmids (Table 8) used for ectopic overexpression of wildtype STAT3 and Y705F-mutated
STAT3 as well as plasmids used for the generation of STAT3 KO clones were transfected
using the calcium phosphate coprecipitation technique*'®. The pCEP4-STAT3 plasmid was
established by transfer of STAT3 cDNA from pcDNA3-STAT3 into the pCEP4 vector.
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Generation of pLenti-CRISPRv1-gRNA5 and pLenti-CRISPRv1-gRNAG expression vectors is
described in section 4.1.2.
4.1.5 Drug Treatment

Treatment of cells with the listed compounds (Table 9) was performed alone or in combination

using the concentrations and time spans indicated in corresponding text or figure legend.

Table 9: Compounds and their corresponding solvents and manufacturers.

Drug Solvent Manufacturer

Ciclopirox olamine (CPX) EtOH Santa Cruz Biotechnology
Niclosamide (Niclo.) DMSO

Deferoxamine mesylate DMSO Sigma-Aldrich
2-deoxy-D-glucose (2-DG) | DMEM

Ruxolitinib (Ruxo.) DMSO MedChemExpress, South Brunswick, NJ, USA
Sapitinib DMSO

Decitabine (DAC) DMSO

Pictilisib (Pict.) DMSO Selleck Chemicals, Houston, TX, USA

Cryptotanshinone (Crypto.) | DMSO
Trametinib (Tram./Tramet.) | DMSO Cayman Chemical, Ann Arbor, MI, USA

Stattic DMSO

C188-9 DMSO AdooQ BioScience, Irvine, CA, USA
WP1066 DMSO

BP-1-102 DMSO TargetMol Chemicals, Boston, MA, USA
Metformin DMEM Enzo Life Sciences

Oncostatin M (OSM) H20 GenScript Biotech, Piscataway, NJ, USA

If not indicated otherwise, medium was always exchanged immediately before addition of the
drug treatment. Solvent controls were used at a maximum final concentration of 0.1% in the
medium, which did not result in any detrimental effects on cell growth or viability. Oncostatin

M was generally used at a concentration of 10 ng/mL.

4.1.6 Live-cell imaging

Live-cell imaging was employed for proliferation assays as previously*?° to precisely track cell
counts and enable detection even of small differences in proliferation upon treatment. If
possible, live-cell imaging experiments employing the Incucyte® S3 system (Sartorius) were

performed with mKate2-labelled cells to enable determination of red object counts (= red nuclei
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counts, corresponding to cell counts). Per well, 3000 cells were seeded into 96-well plates and
treated after 48 h or as specified in the corresponding section. When siRNAs were reverse
transfected, 6000 cells were seeded to account for slightly slower initial proliferation rates due
to the transfection process, followed by drug treatment 48 h after reverse transfection. Every
4 h, four images were taken of each well with 10x magnification. Each experimental condition
was assessed in triplicates resulting in 12 images per condition per time point. Shown are the
average cell counts or confluences, respectively, of these 12 images for each time point and
condition. To analyze proliferation rates, viable cell numbers (red objects) were assessed using
the Incucyte® 2019B Rev2 software over a course of 96 h, if not stated otherwise. To account
for slight variations in seeded cell counts between wells, growth curves were normalized to the

first time point (0 h), i.e. the time point at drug treatment or 48 h after transfection, respectively.

For determining dead cell counts, the Incucyte® Cytotox Green Dye (Sartorius, Cat. No. 4633)
was employed at a concentration of 100 nM over a course of 96 h and was added to the
medium along with the indicated drug treatment. The Cytotox Green Dye permeates impaired
plasma membranes and subsequently stains DNA, thereby enabling determination of cells
undergoing cell death (green objects). Representative images of phase, red, green and/or
merged channels, respectively, were exported by using the Incucyte® 2019B Rev2 software

(Sartorius) at 10x magnification. The scale bars indicate 400 uM.

4.1.7 Senescence assay

For identification of senescent cells, activity of the senescence-associated B-galactosidase
(SA-B-gal) was assessed. In senescent cells, detectable ($-galactosidase activity at pH 6.0 is
strongly induced, while in non-senescent cells B-galactosidase activity typically only occurs at
pH 4.0 within lysosomes®* 32° The activity of SA-B-gal as a senescence marker was
determined using X-gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside), an artificial
chromogenic substrate resulting in a blueish staining of senescent cells while non-senescent

cells typically remain unstained.

For SA-B-gal staining, cells were washed with phosphate buffered saline (PBS), fixed using 1
mL paraformaldehyde solution (2% PFA, 0.2% glutaraldehyde in PBS) for 3 min, washed with
PBS again and subsequently incubated in 1.5 mL of senescence assay buffer (Table 10) at
37 °C for 24-48 h until staining of senescent cells could be clearly observed. Senescence
assay buffer was then discarded, cells were washed with PBS followed by image acquisition
using the EVOSxI Core Cell Imaging System (Invitrogen, Thermo Fisher Scientific) at a

magnification of 20x.
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Table 10: Senescence assay buffer ingredients.

Senescence assay buffer

e 40 mM citric acid

e 150 mM NaCl

e 2 mM MgCl2

e 5 mM Ks[Fe(CNe)]

e 5 mM K4[Fe(CNe)]

e 1 mg/mL X-gal in DMF

e adjusted to pH 6.0 with NazHPO4

4.1.8 Colony formation assay

Colony formation assays were performed in two variations as indicated in the corresponding
text or figure legend, respectively. The first variant was employed to assess long-term
proliferation and colony formation of cells under continuous presence of a compound. This
assay thus aims to determine whether inhibition of the compound’'s target may affect
proliferation or colony formation upon prolonged inhibition. In contrast, the second variant was
employed to assess the remaining proliferative or colony formation capacity of a cell population
after a certain treatment. This assay thus aims to determine whether and to what extent a
certain treatment induces phenotypes that are not compatible with continued proliferation after

the treatment, i.e. the induction of cell death or senescence.

For the first variant, cells were seeded at a density of 3000 cells per 6 cm plate followed by the
indicated treatments 48 h after seeding to allow full attachment of cells before treatment
application. Every 72-96 h, the medium was exchanged with fresh medium including the
specified drug concentrations for a total of 14 days or as indicated in the corresponding text or
figure legend, respectively, until colony size was sufficient for staining. Drug exposure was

thus maintained throughout the colony growth phase.

In the second variant, 4x105 to 8x10° cells, depending on the cell line, were seeded and treated
as indicated. After 48-72 h, depending on the experiment, cells were split 1:50, 1:100 and
1:200 and further incubated for 10-14 days without presence of the drug to allow outgrowth of

cells without terminal phenotype to colonies. Medium was exchanged every 72-96 h.

For both colony formation assay variants, colonies were then washed with PBS and fixed and
stained with 350 L of formaldehyde-crystal violet solution (12 mM crystal violet, 29 mM NacCl,
3% formaldehyde, 22% EtOH) per 6 cm plate for 5 min followed by a washing step with PBS.
Dried 6 cm plates were scanned using the Epson Perfection 4990 Photo Scanner (Epson,

Suwa, Japan).
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To obtain close images of individual colonies, plates were partly destained using 1 mL of 33%
acetic acid solution on each plate for approximately 20 s followed by image acquisition using
the EVOSxI Core Cell Imaging System (Invitrogen, Thermo Fisher Scientific) at a magnification
of 20x%. For colorimetric quantification of colony formation, stained colonies were destained as
described above until no crystal violet was visibly bound to colonies anymore. Colorimetric
extinction of the solution containing crystal violet was then measured at 570 nm using the

SpectroStar Nano Photometer (BMG Labtech, Ortenberg, Germany).
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4.2 RNA-based methods

4.2.1 RNA extraction

RNA extraction was performed according to the instructions of the PureLink™ RNA Mini Kit
(Invitrogen, Thermo Fisher Scientific). Cells were treated according to the indicated
experimental conditions in 6 cm plates followed by cell lysis using 600 pL of PureLink™ RNA
Mini Kit lysis buffer. For 96-well plates, 100 uL lysis buffer were used per well. Optional washing
and DNA digestion steps using the PureLink™ DNase set (Invitrogen, Thermo Fisher
Scientific) were performed. Finally, total cellular RNA was eluted in nuclease free water
followed by determination of each sample’s RNA concentration using the NanoDrop ND-1000
spectrophotometer (Peqlab, Erlangen, Germany). Extracted RNA was stored at -80 °C for
further use in Affymetrix Clariom™ S microarray analyses (please refer to 4.2.3) or cDNA

generation for quantitative real-time PCR (please refer to 4.2.2).

4.2.2 Reverse transcription & quantitative real-time PCR

To generate cDNA suitable for subsequent use in quantitative real-time PCR (qRT-PCR)
experiments, the previously extracted total cellular RNA was reverse transcribed using the
ProtoScript® Il First Strand cDNA Synthesis Kit (New England Biolabs) according to the
instructions of the manufacturer. For each sample, 500 ng of RNA were reverse transcribed
into cDNA using a 1:1 mixture of random and oligo-dT primers in the MJ Research PTC 200
Gradient Thermal Cycler (Marshall Scientific, NH, USA). Final cDNA samples were stored at -

20 °C until further use.

Before use in gRT-PCR experiments, cONA samples were diluted 1:5 with nuclease free water.
Relative levels of indicated transcripts were determined in duplicates in 96-well qRT-PCR
plates. Each well contained a mixture of 7.2 yL H>O, 0.4 uL of forward and reverse primer
each, 10 L of SYBR® Green PCR master mix (Applied Biosystems, Thermo Fisher Scientific)
and 2 pL of the diluted cDNA. Forward and reverse primers (Table 11) were used at a
concentration of 5 pM each. The gRT-PCR was performed for 40 amplification cycles on a
7300 Real Time PCR System (Applied Biosystems, Thermo Fisher Scientific). Transcript levels
were quantified relative to TMBIM6 mRNA as an internal reference by applying the

comparative ct (2724¢t) method*?".
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Table 11: Forward and reverse primer sequences for qRT-PCR.

Target Forward primer Reverse primer
STAT3 5-GAAGCTGACCCAGGTAGC-3’ 5-CATCGGCAGGTCAATGGTA-3
TMBIM6 5-GTGGTCATGTGTGGCTTCGT-3 5-GGAAAGGCTGGATGGTCACT-3
HPV16 E6/E7 5-CAATGTTTCAGGACCCACAGG-3’ 5-CTCACGTCGCAGTAACTGTTG-3
HPV18 E6/E7 5-TTGGAACTTACAGAGGTGCC-3 5-TTGGAGTCGTTCCTGTCGTG-3’
SOCS3 5-GTGGGACGATAGCAACCACA-3 5-CGAAGTGTCCCCTGTTTGGA-3’
MYC 5-CAGATCAGCAACAACCGAAA-3 5-GGCCTTTTCATTGTTTTCCA-3
CCND1 5'-CCTCCTCCTCGCACTTCTGT-3’ 5-CCGTCCATGCGGAAGATC-3’
BIRC5 5-TTCTCAAGGACCACCGCATC-3’ 5-CCAAGTCTGGCTCGTTCTCA-3’
BCL2 5-ATGTGTGTGGAGAGCGTCAACC-3 5-GCATCCCAGCCTCCGTTATC-3

BCL2L1 5’-GATCCCCATGGCAGCAGTAAAGCAAG-3'  5-CCCCATCCCGGAAGAGTTCATTCACT-3’

McL1 5-CCAAGGCATGCTTCGGAAA-3’ 5’-TCACAATCCTGCCCCAGTTT-3’
IFITM1 5’-CCTACTCCGTGAAGTCTAGGG-3’ 5’-GAGCCGAATACCAGTAACAGGA-3’
CHAC1 5-GTTTCTGGCAGGGAGACACC-3’ 5’-CCCAAGTGCAGCCCTCAT-3'

ETS2 5-GCAGCGGCAGGATGAATGA-3' 5’-AATCCAAGCCTGTTGGCACT-3’

FAM84B 5-TCTCCGCGGGTAGCCT-3 5-GCAAGGGGAGAAAGCGAAAC-3
TGFBR3 5-TGCACTTTCCTATCCCGCAA-3’ 5-TCAGGAGGCACACACTTAGG-3’

4.2.3 Microarray-based gene expression analysis

Microarray experiments were performed by the Microarray Unit of the Genomics and
Proteomics core facility (DKFZ Heidelberg) using the RNA from my experiments. Briefly,
Clariom™ S Assay GeneChips (Thermo Fisher Scientific), allowing the relative quantification
of transcript levels of more than 20.000 well-annotated genes, were used to analyze the
transcript expression of SiHa cells transfected with either control siRNA (siCtrl) or four different
STAT3-targeting siRNAs (siSTAT3_X), or without siRNA (mock). Total cellular RNA was
extracted, as described before in section 4.2.2, 72 h after transfection. Total cellular RNA was
then reverse transcribed to cDNA followed by subsequent in vitro transcription to cRNA
modified with biotin-tagged uracil bases. After random fragmentation of the cRNA into 30-400
nucleotide long pieces, the cRNA fragments were hybridized with oligonucleotide probes on
the Clariom™ S GeneChips. Bound hybridized RNA was subsequently stained using
Cy5-streptavidin and quantified by laser scanning. Transcript levels of all conditions were
determined in biological triplicates. Quality of the Clariom™ S assay was monitored and

validated by the Microarray Unit of the Genomics and Proteomics core facility at all times. The
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Microarray Unit of the Genomics and Proteomics core facility provided basic data analysis,

including basic relative quantification of transcript levels.

Upon receiving the microarray data, potential STAT3 target genes were identified. In total,
19525 protein-coding transcripts were evaluable across all conditions. In a first step, transcripts
were filtered using a logz-transformed fold change (log2FC) cutoff of £0.58 (1.5x fold change).
Transcripts which did not consistently meet this criterion across each of the four STAT3 siRNAs
compared to siCtrl were discarded, yielding 25 transcripts. Next, transcripts, which can likely
be considered to be differentially expressed solely due to effects of the control siRNA (siCtrl)
or the transfection reagents or process per se, were disregarded. For this, transcripts for which
the absolute difference between the mean log2FC of the four siSTAT3 vs. siCtrl conditions and
the log2FC of the mock transfection vs. siCtrl was smaller than 0.58 were filtered out. Overall,
disregarding the STATS3 transcripts themselves, this process resulted in 5 genes which score

as potential STATS3 targets.

Volcano plots of all conditions depicting all detected transcripts were prepared using GraphPad
Prism 9.5.1 (GraphPad Software, CA, USA). All transcripts reaching a log.FC of = 1.5 were
colored in blue while all transcripts reaching a log2FC of < -1.5 were colored in red. Individual

symbols are depicted for all transcripts reaching a log2FC of = 1.5 or < -1.5.

Gene set enrichment analysis®® (GSEA) was performed using GSEA v. 4.0.3 and
MSigDB v2023.1.Hs from which all gene sets belonging to the HALLMARK, BIOCARTA and
GO family of gene sets were selected. From every condition, gene symbols and log2FC values
were loaded into the GSEA software to perform pre-ranked enrichment analysis. The following
parameters were used: number of permutations, 1000; enrichment statistic, weighted; max
size: exclude larger sets, 500; min size: exclude smaller sets, 15; normalization mode,
meandiv; seed for permutation, timestamp. From these results the top 10 negatively and top
10 positively enriched gene sets according to the normalized enrichment score (NES) were
selected for every condition. Then, doubles were removed, resulting in 80 gene sets for which
a heatmap was generated based on the NES for each condition. This enabled assessing
whether there are any gene sets among the most strongly enriched gene sets, which are
similarly regulated after knockdown of STAT3 across all four STAT3-targeting siRNAs.
Furthermore, these 80 gene sets were clustered in six distinct groups using K-means clustering
with Euclidian distance based on the NES using the Morpheus software (Broad Institute,
Cambridge, MA, USA). Additionally, the transcriptome datasets of the four siSTAT3-targeting
conditions compared to the siCtrl condition as well as available microarray-based data of HeLa
cells depleted of E6/E7 by RNAiP¥® were analyzed regarding enrichment of the
ROSTY_CERVICAL_CANCER_PROLIFERATION_ CLUSTER?®® gene set.
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4.3 Protein-based methods

4.3.1 Cell harvest and protein extraction

For all protein-based methods, cells were cultured in standard 6 cm plates. For protein
extraction cells were washed with ice cold PBS once. Then, cells were scraped in ice cold PBS
and pelleted in a microreaction tube by centrifugation at 13.200 rcf for approximately 15 s at
4 °C. The cell pellet was then resuspended and incubated on ice for 30 min in 20-100 yL CSK-1
buffer (Table 12), depending on the size of the pellet. Afterwards, the lysed cells were
centrifuged at 13.200 rcf for 5 min at 4 °C followed by transfer of the protein containing
supernatant into a new microreaction tube. To determine protein concentration, 1 uL of each
sample was transferred into semi-micro cuvettes containing 1 mL of Bradford solution (Bio-
Rad Laboratories), followed by assessment of the absorption at 595 nm using a photometer
(Eppendorf). Each sample was finally mixed with the respective volume of 4x SDS-PAGE
loading buffer (Table 12), heated to 95 °C for 5 min to denature all proteins. Final samples

were stored at -80 °C until further use.

Table 12: CSK1 lysis and 4x loading buffer ingredients.

CSK1 lysis buffer 4x loading buffer

e 10 mM PIPES (pH 6.8) e 8% SDS

e 300 mM NaCl e 250 mM Tris-HCI (pH 6.8)
e 1mMEDTA e 20% B-mercaptoethanol

e 300 mM sucrose e 40% glycerol

e 1 mM MgCI2 e 0.008% Bromophenol

e 0.5% Triton X-100

900 pL CSK-1 were freshly supplemented with:

e 100 pL of PhosSTOP phosphatase inhibitor
cocktail (Roche Diagnostics, Switzerland; one
tablet per 1 mL stock)

e 25 L of 100 mM Pefablock (Merck)

e 10 pL of P8340 protease inhibitor cocktail
(Sigma-Aldrich)

4.3.2 SDS-PAGE and Western blot

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) separates proteins
depending to their electrophoretic mobility, which correlates with molecular weight due to the
binding of SDS to denatured proteins. Gels were manually casted and prepared according to
Table 13. Per lane, 20 pg of total protein were separated at 100 V for approximately 3 h,
depending on the size of the investigated protein. The PageRuler™ Prestained Protein Ladder

(Thermo Fisher Scientific) was used as a marker. Following SDS-PAGE, the proteins
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underwent semi-dry electrotransfer onto a PVDF membrane. The membrane was activated by
soaking in methanol, while Whatman filter paper was soaked in Towbin transfer buffer
(Table 14). The membrane was then positioned below the gel in the Trans-Blot® system (Bio-
Rad Laboratories), with four Whatman papers placed below and above. Electroblotting onto

the membrane took place at 20 V for 1 h.

Table 13: Ingredients of 5% and 12.5% acrylamide gels for SDS-PAGE.

Chemical Stacking gel (5%) Resolving gel (12.5%)
H20 2mL 5.7mL
30% acrylamide 620 uL 6.4 mL
0.47 M Tris-HCI (pH 6.7) 1200 yL n.a.
3 M Tris-HCI (pH 8.9) n.a. 1.8 mL
10% SDS 458 uL 137.5 uL
10% APS 183.3 uL 176 pL
TEMED 1.8 L 3.4 yL

Table 14: Towbin transfer buffer ingredients.
Towbin transfer buffer (pH 8.3)

e 2.5mM Tris
e 19.2 mM glycine
e 20% methanol

Subsequently, the membrane was incubated in 5% skim milk and 1% BSA in 0.2 % PBS-T at
room temperature for 1 h. Depending on the protein to be analyzed, the membrane was cut
into distinct pieces, guided by the protein marker for orientation. The membrane was then
incubated overnight at 4 °C with the primary antibody according to Table 15. The following day,
the membrane was washed at least thrice for 10 min each in 0.2 % PBS-T and subsequently
incubated with the corresponding secondary antibody (Table 15) at room temperature for 1 h.
The primary and secondary antibodies were diluted in 5% skim milk and 1% BSA in 0.2 %
PBS-T. After incubation with the secondary antibody, the membrane was washed again at
least thrice, 10 min each, in 0.2 % PBS-T.

Finally, Western blots were analyzed using the enhanced chemiluminescence (ECL) system
(ECL Prime Western Blotting Detection Reagent, Cytiva, Marlborough, MA, USA and
WesternBright Sirius HRP Substrate, Advansta, San Jose, CA, USA) and utilizing secondary
antibodies coupled to horseradish peroxidase (HRP), which catalyzes the oxidation of luminol
to 3-aminophthalate (3-AP). The light emitted through decay of 3-AP was then detected using

the Fusion SL Gel Detection System (Vilber Lourmat, Eberhardzell, Germany).
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Table 15: Primary and secondary antibodies and their corresponding properties.

Target Dilution Source Clone Product Supplier
B-Actin 1:50000 mouse C4 sc-47778 Santa Cruz
GAPDH 1:4000 rabbit FL335 | sc-25778 Biotechnology
Vinculin 1:4000 mouse 7F9 sc-73614
STAT3 1:1000 rabbit n.a. sc-482
phospho-STAT1 (Y701) 1:500 mouse A-2 sc-8394
p53 1:1000 mouse DO-1 sc-126
Cytochrome C 1:1000 mouse A-8 sc-13156
anti-chicken IgY-HRP 1:5000 goat n.a. sc-2428
phospho-AKT (S473) 1:1000 rabbit 193H12 #4058 Cell Signaling
AKT 1:1000 rabbit n.a. #9272 Technology (Boston,
phospho-p4a4/42 111000 rabbit n.a. #9101 MA, USA)
ERK1/2 (T202/Y204)
p44/42 ERK1/2 1:1000 mouse L34F12 #4696
phospho-4E-BP1 (S65) 1:1000 rabbit n.a. #9451
STAT1 1:1000 rabbit D1K9Y #14994
phospho-STAT3 (Y705) 1:500 mouse 3E2 #9138
STAT5A/B 1:1000 rabbit D206Y #94205
phospho-STAT5A/B 1:500 rabbit D47E7 #4322
(Y694/Y699)
PARP, cleaved Asp214 1:1000 mouse 19F4 #9546
HPV16 E7 1:1000 mouse NM2 n.a. Prof. Dr. Martin Muller
(DKFZ2)
HPV18 E7 1:1000 chicken E7C n.a. Prof. Dr. Hanswalter
Zentgraf (DKFZ)
HPV18 E6 1:2000 mouse | AVC 399 n.a. Dr. Johannes
HPV16 E6 1:3000 = mouse | AVC 843 n.a. Schweizer (Arbor Vita,
Fremont, CA, USA)
a-tubulin 1:5000 mouse CPO06 CPO06 Calbiochem,
Darmstadt, Germany
anti-mouse IlgG-HRP 1:10000 goat n.a. W4021 Promega Fitchburg,
anti-rabbit IgG-HRP 1:10000 goat n.a. W4011 WI, USA
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4.3.3 Mitochondrial protein fractionation

For analysis of mitochondrial protein levels, fractionation was performed. Cells were seeded
in 10 cm plates, treated after 48 h and harvested after 96 h. At harvest, cells were washed in
PBS, centrifuged at 4000 rpm for 4 min at 4 °C and resuspended in 200 uL of 10 mM HEPES
at pH 7.4, 0.25 M sucrose and 1 mM EGTA, as well as protease inhibitors as described in
section 4.3.1. The homogenized cell solution was then processed 50 times in a 2 mL douncer
on ice and centrifuged at 2000 rcf for 15 min at 4 °C. The remaining supernatant was
transferred into a new tube followed by centrifugation at 10000 rcf for 15 min at 4 °C. The
remaining supernatant was then transferred into a new tube, corresponding to the cytosolic
protein fraction. The pellet, corresponding to the mitochondrial protein fraction, was lysed as
described in section 4.3.1 using CSK1 buffer and protease inhibitors. Both fractions were

further processed and utilized for SDS-PAGE and Western blot as described in section 4.3.2.

4.3.4 Proteome-based gene expression analysis

Analysis of previously published proteome data® of CPX treated or hypoxic SiHa cells was
performed to identify factors involved in protein degradation. All genes of the
KEGG_UBIQUITIN_MEDIATED_PROTEOLYSIS, REACTOME_DEUBIQUITINATION,
REACTOME_PROTEIN_ UBIQUITINATION and GO_POLYUBIQUITINATION gene sets of
the MSigDB v2023.1.Hs were assessed. Detected proteins were filtered for log,FC = 0.58
or < -0.58 in CPX treated cells while being largely unaffected (log2FC < 0.58 or = -0.58) under
hypoxia. Proteins, which differential expression pattern was not compatible with the hypothesis
of increased protein degradation through CPX treatment in view of each proteins specific
function, were disregarded. Furthermore, GSEA was performed of the aforementioned and on
the REACTOME_SUMOYLATION, REACTOME_SUMOYLATION_OF_UBIQUITINATION_
PROTEINS and GO_SUMOYLATION gene sets with parameters as described in section 4.2.3.
GSEA Analysis of unpublished proteome data of SiHa cells depleted of E6/E7 by RNAi was
performed to as described in section 4.2.3 on the gene set ROSTY_CERVICAL_CANCER _
PROLIFERATION_CLUSTER®3".
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4.4 Statistical analysis

To assess statistical significance, GraphPad Prism 9.5.1 (GraphPad Software) was used. For
statistical analysis of gqRT-PCR experiments, values were transformed logarithmically (logz)
followed by statistical comparison of relative log, values via two-sided paired t-tests or one-
way analysis of variance (ANOVA) tests. For statistical analysis of CFA quantification, obtained
values were normalized to the corresponding control followed by log, transformation and
assessment of statistical significance by one-way ANOVA. For ANOVA, Sidak’s multiple
comparisons test was applied if selected pairs of means were compared while Dunnett’s
multiple comparisons was performed if every mean was compared to a control mean.
Generally, (adjusted) p-values < 0.05 (*), <£0.01 (**) and < 0.001 (***) were considered

statistically significant.
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Supplementary figures
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Supplementary Figure 1: Cell growth dependency scores DEMETER2 and Chronos are
considerably higher for STAT3 than for E6AP in cervical cancer cell lines. Cell growth dependency
gene effect scores DEMETER?Z (left panel) or Chronos (right panel), respectively, for UBE3A (E6AP)
and STATS3 in cervical cancer cell lines were plotted as downloaded from the DepMap3%’: 358 database
portal using R Statistical Software#??-424, For cell growth dependency based on RNAi-based gene
depletion experiments, the “RNAI (Achilles+DRIVE+Marcotte, DEMETER?2)” dataset was used while for
CRISPR-based gene-depletion experiments, the “CRISPR (DepMap Public 24Q2+Score, Chronos)”
dataset was used. The red line indicates a score of -1.0, corresponding to the median score of all pan-
essential genes. Accordingly, a score of 0 indicates that a gene is non-essential for the respective cell
line. If present in the dataset, the cell lines HelLa, SiHa and CaSki as well as the HPV-negative cervical
cancer cell lines C33A and HT3 are labelled in green. Boxes range from the 25" to the 75" percentile,
the horizontal black line in each box indicates the median. If applicable, vertical black lines range indicate
the 1.5 fold of the inter-quartile range extending below the 25" and above the 75" percentile,
respectively.
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Supplementary tables

Supplementary Table 1: Top 10 positively and negatively enriched gene sets in transcriptome
data obtained from Affymetrix mRNA analysis in SiHa cells transfected with siSTAT3 #2
compared to siCtrl.

SiSTAT3 #2 vs. siCtrl

Gene Set NES P-value FDR
HALLMARK E2F TARGETS <0.001 < 0.0001
Sgglcc:)ﬁONDENSED CHROMOSOME CENTROMERIC <0.001 <0.0001

GOBP CHROMOSOME SEPARATION
GOCC CONDENSED CHROMOSOME
GOCC CHROMOSOME CENTROMERIC REGION

< 0.001 < 0.0001
< 0.001 < 0.0001
< 0.001 < 0.0001

GOBP REGULATION OF CHROMOSOME SEGREGATION <0.001 < 0.0001

HALLMARK G2M CHECKPOINT

GOBP CHROMOSOME CONDENSATION

GOBP MITOTIC SISTER CHROMATID SEGREGATION
GOBP KINETOCHORE ORGANIZATION

<0001 | <0.0001
<0.001 | <0.0001
<0001 | <0.0001
<0001 | <0001

GOBP NEGATIVE REGULATION OF VIRAL LIFE CYCLE <0.001 0.0011
HALLMARK INTERFERON ALPHA RESPONSE < 0.001 0.0005
Sgg_ll:_’ (l;lEES-ATIVE REGULATION OF VIRAL ENTRY INTO <0.001 0.0007
HALLMARK UNFOLDED PROTEIN RESPONSE <0.001 0.0005
GOCC TRANS GOLGI NETWORK < 0.001 0.0017
GOBP CELLULAR RESPONSE TO ZINC ION <0.001 0.0014
HALLMARK INTERFERON GAMMA RESPONSE <0.001 0.0024
GOBP REGULATION OF VIRAL ENTRY INTO HOST CELL <0.001 0.0050
BIOCARTA IL6 PATHWAY <0.001 0.0095
GOMF ATPASE COUPLED INTRAMEMBRANE LIPID <0.001 0.0122

TRANSPORTER ACTIVITY
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Supplementary Table 2: Top 10 positively and negatively enriched gene sets in transcriptome
data obtained from Affymetrix mRNA analysis in SiHa cells transfected with siSTAT3 #4

compared to siCtrl.

SiSTAT3 #4 vs. siCtrl

Gene Set NES P-value FDR
GOBP EMBRYONIC FORELIMB MORPHOGENESIS <0.001 0.0151
GOBP POSITIVE REGULATION OF OSSIFICATION - <0.001 0.0248
GOMF ANTIGEN BINDING - <0.001 0.0201
GOBP GLANDULAR EPITHELIAL CELL DIFFERENTIATION - <0.001 0.0167
GOBP PROTEOGLYCAN METABOLIC PROCESS - <0.001 0.0186
GOBP FORELIMB MORPHOGENESIS - <0.001 0.0362
GOBP GLANDULAR EPITHELIAL CELL DEVELOPMENT - <0.001 0.0328
GOBP CARDIAC ATRIUM MORPHOGENESIS - <0.001 0.0438
GOBP POSITIVE REGULATION OF BONE
MINERALIZATION - <0.001 0.0603
GOBP POSITIVE REGULATION OF ANIMAL ORGAN
MORPHOGENESIS - <0.001 0.0611
HALLMARK E2F TARGETS - <0.001 | <0.0001
HALLMARK G2M CHECKPOINT - <0.001 | <0.0001
GOBP MITOTIC SPINDLE ORGANIZATION - <0.001 | <0.0001
GOCC NUCLEAR CHROMOSOME - <0.001 | <0.0001
GOBP DNA TEMPLATED DNA REPLICATION - <0.001 | <0.0001
GOCC SPINDLE POLE - <0001 | <0.0001
GOMF SINGLE STRANDED DNA BINDING - <0.001 | <0.0001
GOBP MICROTUBULE CYTOSKELETON ORGANIZATION
INVOLVED IN MITOSIS - <0.001 0.0001
GOBP SIGNAL TRANSDUCTION IN RESPONSE TO DNA
D AAGE - <0.001 0.0001
GOBP DNA REPLICATION INITIATION - <0.001 0.0001
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Supplementary Table 3: Top 10 positively and negatively enriched gene sets in transcriptome
data obtained from Affymetrix mRNA analysis in SiHa cells transfected with siSTAT3 #6
compared to siCtrl.

SISTAT3 #6 vs. siCtrl

Z
m
(2]}

Gene Set
GOBP PHARYNGEAL SYSTEM DEVELOPMENT

GOBP LONG CHAIN FATTY ACYL COA BIOSYNTHETIC
PROCESS

GOBP CARDIAC EPITHELIAL TO MESENCHYMAL
TRANSITION

GOBP FATTY ACYL COA BIOSYNTHETIC PROCESS
GOBP COLLAGEN FIBRIL ORGANIZATION

P-value FDR

< 0.001 0.0728

< 0.001 0.0532

<0.001 0.0444

<0.001 0.0336
< 0.001 0.0311

BIOCARTA ALK PATHWAY < 0.001 0.0282
GOBP NUCLEOSIDE BISPHOSPHATE BIOSYNTHETIC
PROCESS < 0.001 0.0262

GOBP THIOESTER BIOSYNTHETIC PROCESS
GOBP ENDODERM FORMATION

GOMF PEPTIDE ANTIGEN BINDING
HALLMARK E2F TARGETS

GOCC MITOTIC SPINDLE

GOBP MITOTIC SPINDLE ORGANIZATION
HALLMARK G2M CHECKPOINT

GOBP SPINDLE ORGANIZATION

BIOCARTA IL6 PATHWAY

GOBP ATTACHMENT OF SPINDLE MICROTUBULES TO
KINETOCHORE

<0001 | 0.0250
<0001 | 00224
0.002 0.0246
<0.001 | <0.0001
<0001 | 0.0018
<0.001 | 0.0021

<0001 | 0.0064
<0001 | 0.0066
<0001 | 0.0063

< 0.001 0.0093

GOBP INTERLEUKIN 6 MEDIATED SIGNALING PATHWAY < 0.001 0.0157

GOCC SPINDLE POLE
GOBP RESPONSE TO INTERLEUKIN 6

< 0.001 0.0164
< 0.001 0.0177
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Supplementary Table 4: Top 10 positively and negatively enriched gene sets in transcriptome
data obtained from Affymetrix mRNA analysis in SiHa cells transfected with siSTAT3 #10

compared to siCtrl.

siSTAT3 #10 vs. siCtrl

Gene Set NES P-value FDR

HALLMARK E2F TARGETS <0.001 | <0.0001
GOBP MITOTIC SISTER CHROMATID SEPARATION - <0.001 | <0.0001
GOBP KINETOCHORE ORGANIZATION - <0.001 | <0.0001
GOBP CELL CYCLE DNA REPLICATION - <0.001 | <0.0001
GOBP REGULATION OF MITOTIC NUCLEAR DIVISION - <0.001 | <0.0001
GOBP CHROMOSOME SEPARATION - <0.001 | <0.0001
GOBP CENTROMERE COMPLEX ASSEMBLY - <0.001 | <0.0001
SSC?SERGEAeriJIc;ﬁTION OF MITOTIC SISTER CHROMATID - <0001 | <0.0001
GOBP NEGATIVE REGULATION OF NUCLEAR DIVISION - <0.001 | <0.0001
GOBP MEIOTIC CHROMOSOME SEGREGATION - <0.001 | <0.0001
BIOCARTA IL6 PATHWAY - <0001 | 0.0389
GOBP CLEAVAGE INVOLVED IN RRNA PROCESSING - <0001 | 0.3359
BIOCARTA MET PATHWAY - <0001 | 0.3501
cosP Eggggg;l_’\l%owﬂc CLEAVAGE INVOLVED IN - 0.002 0.3380
BIOCARTA ERK PATHWAY - <0001 | 02732
GOBP INTRACELLULAR STEROL TRANSPORT - <0001 | 02978
S%ELFZ\ EEI%UPL:TTFIWAS()F TOLL LIKE RECEPTOR 4 - 0.002 02634
GOBP MATURATION OF 5 8S RRNA FROM TRICISTRONIC- 0.002 02384
RRNA TRANSCRIPT SSU RRNA 5 85 RRNA LSU RRNA

GOMF MONOATOMIC ANION MONOATOMIC CATION - <0001 | 02302
GOBP NEGATIVE REGULATION OF VIRAL LIFE CYCLE - 0.006 0.2199
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Supplementary Table 5: Top 10 positively and negatively enriched gene sets in transcriptome
data obtained from Affymetrix mRNA analysis in SiHa cells mock transfected compared to
siCtrl.

Mock vs. siCtrl

Gene Set NES P-value FDR

GOBP REGULATION OF MITOTIC CELL CYCLE SPINDLE
ASSEMBLY CHECKPOINT

GOBP NEGATIVE REGULATION OF NUCLEAR DIVISION

GOBP REGULATION OF MITOTIC SISTER CHROMATID
SEGREGATION

GOBP CHROMOSOME SEPARATION
GOBP MITOTIC SISTER CHROMATID SEPARATION
GOBP REGULATION OF MITOTIC NUCLEAR DIVISION

GOBP REGULATION OF CELL CYCLE CHECKPOINT

GOBP POSITIVE REGULATION OF CHROMOSOME
SEPARATION

GOBP POSITIVE REGULATION OF MITOTIC SISTER
CHROMATID SEPARATION

GOBP POSITIVE REGULATION OF CELL CYCLE
CHECKPOINT

GOCC ENDOPLASMIC RETICULUM EXIT SITE
HALLMARK PROTEIN SECRETION
GOBP GOLGI ORGANIZATION

< 0.001 0.0081
< 0.001 0.0122
< 0.001 0.0097
< 0.001 0.0077
< 0.001 0.0063
< 0.001 0.0307
0.002 0.0611

< 0.001 0.0558

0.004 0.0603

< 0.001 0.0610

< 0.001 0.0209
< 0.001 0.0402
< 0.001 0.0323

< 0.001 0.0585
HALLMARK UNFOLDED PROTEIN RESPONSE

GOBP NLS BEARING PROTEIN IMPORT INTO NUCLEUS

HALLMARK UV RESPONSE DN

GOBP NEGATIVE REGULATION OF RHO PROTEIN
SIGNAL TRANSDUCTION

< 0.001 0.1027
< 0.001 0.0900

0.002 0.0829

< 0.001 0.0875
GOBP CIRCADIAN REGULATION OF GENE EXPRESSION

< 0.001 0.0815

HALLMARK TNFA SIGNALING VIA NFKB

GOBP CELL SUBSTRATE JUNCTION ORGANIZATION <0.001 0.0876
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Supplementary Table 6: Clustered top 10 positively and negatively enriched gene sets of each
condition after STAT3 knockdown in SiHa cells.

Gene set

GOBP NEGATIVE REGULATION OF
VIRAL LIFE CYCLE

GOBP NEGATIVE REGULATION OF
VIRAL ENTRY INTO HOST CELL

HALLMARK UNFOLDED PROTEIN
RESPONSE

GOCC TRANS GOLGI NETWORK

GOBP REGULATION OF VIRAL ENTRY
INTO HOST CELL

BIOCARTA IL6 PATHWAY

GOBP RESPONSE TO INTERLEUKIN 6

GOBP REGULATION OF TOLL LIKE
RECEPTOR 4 SIGNALING PATHWAY

GOBP INTERLEUKIN 6 MEDIATED
SIGNALING PATHWAY

HALLMARK TNFA SIGNALING VIA
NFKB

GOBP INTRACELLULAR STEROL
TRANSPORT

BIOCARTA ERK PATHWAY

GOBP GOLGI ORGANIZATION

GOBP CIRCADIAN REGULATION OF
GENE EXPRESSION

BIOCARTA MET PATHWAY

GOBP MATURATION OF 58S RRNA
FROM TRICISTRONIC RRNA
TRANSCRIPT SSU RRNA 5 8S RRNA
LSU RRNA

GOBP CLEAVAGE INVOLVED IN RRNA
PROCESSING

GOBP ENDONUCLEOLYTIC
CLEAVAGE INVOLVED IN RRNA
PROCESSING

GOBP SIGNAL TRANSDUCTION IN
RESPONSE TO DNA DAMAGE

GOMF SINGLE STRANDED DNA
BINDING

Clust.

GOBP MITOTIC SPINDLE
ORGANIZATION

GOCC SPINDLE POLE

GOCC MITOTIC SPINDLE

GOBP SPINDLE ORGANIZATION

GOBP MICROTUBULE
CYTOSKELETON ORGANIZATION
INVOLVED IN MITOSIS

N NINN NN

GOBP DNA REPLICATION INITIATION

GOBP CELL CYCLE DNA
REPLICATION

GOCC NUCLEAR CHROMOSOME

GOBP ATTACHMENT OF SPINDLE
MICROTUBULES TO KINETOCHORE

GOBP DNA TEMPLATED DNA
REPLICATION

GOBP MITOTIC SISTER CHROMATID
SEGREGATION

HALLMARK G2M CHECKPOINT

GOCC CHROMOSOME CENTROMERIC
REGION

GOCC CONDENSED CHROMOSOME

GOCC CONDENSED CHROMOSOME
CENTROMERIC REGION

HALLMARK E2F TARGETS

NN NN INDNINININDNDN

Clusters

4 -3.0

NESNES NES NES NES
#02 #04 #06 #10 Mock|

NESNES NESNES NES
#02 #04 #06 #10 Moc

Gene set Clust.

HALLMARK INTERFERON ALPHA RESPONSE

GOBP CELLULAR RESPONSE TO ZINC ION

HALLMARK INTERFERON GAMMA RESPONSE]|

GOMF ATPASE COUPLED INTRAMEMBRANE
LIPID TRANSPORTER ACTIVITY

HALLMARK PROTEIN SECRETION -1.1

1.1
-0.5
{2

112
152

HALLMARK UV RESPONSE DN k2

52

GOCC ENDOPLASMIC RETICULUM EXIT SITE -0.8

GOBP NEGATIVE REGULATION OF RHO

PROTEIN SIGNAL TRANSDUCTION 50:9

GOMF MONOATOMIC ANION MONOATOMIC

CATION SYMPORTER ACTIVITY L

1.3

GOMF ANTIGEN BINDING 0.8

12
0.8

13

-0.8

0.6

l1]

-0.9

1.3

GOBP FORELIMB MORPHOGENESIS

-1.0

GOMF PEPTIDE ANTIGEN BINDING 1.0

22

1.1
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0.8
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=120
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{12
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AlA DDA DD DN D PO WO W WL
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GOBP REGULATION OF MITOTIC CELL
CYCLE SPINDLE ASSEMBLY CHECKPOINT

GOBP POSITIVE REGULATION OF MITOTIC
SISTER CHROMATID SEPARATION

GOBP REGULATION OF CELL CYCLE
CHECKPOINT

GOBP MEIOTIC CHROMOSOME
SEGREGATION

GOBP POSITIVE REGULATION OF
CHROMOSOME SEPARATION

GOBP REGULATION OF MITOTIC SISTER
CHROMATID SEGREGATION

GOBP NEGATIVE REGULATION OF NUCLEAR
DIVISION

GOBP MITOTIC SISTER CHROMATID
SEPARATION

GOBP REGULATION OF MITOTIC NUCLEAR
DIVISION

GOBP CENTROMERE COMPLEX ASSEMBLY

GOBP KINETOCHORE ORGANIZATION

GOBP CHROMOSOME CONDENSATION

GOBP REGULATION OF CHROMOSOME
SEGREGATION

GOBP CHROMOSOME SEPARATION

GOBP LONG CHAIN FATTY ACYL COA

BIOSYNTHETIC PROCESS S

-0.6
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11

4
-1.0
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respectively, which are presented in Figures 2, 4, 5, 6,7, 9, 10, 11, 12, 15, 16, 17, 18, 21, 23,

24, 26, 28, 30 and 35 were taken and/or extended and/or adapted, respectively, from

Strobel et al., 2023""° as indicated in the corresponding figure legend.

Figure #

Figure 1
Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

130
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STAT3 binding motif according to the JASPAR 2024 database.
Downregulation of STAT3 protein levels by CPX.

SUMOylation pathways and proteins involved in protein ubiquitination are

differentially expressed after CPX compared to hypoxia treatment.

Small molecule STAT3 inhibitors induce heterogeneous effects on cervical

cancer cell proliferation.

Chemical STAT3 inhibitors induce heterogeneous effects on cervical cancer cell

morphology.

Inhibition of STAT3 Y705 phosphorylation by Ruxolitinib does not affect cervical

cancer cell proliferation.
Cervical cancer cell morphology is not affected by Ruxolitinib treatment.

Inhibition of HER1/2/3 by Sapitinib does not affect STAT3 Y705 phosphorylation

and proliferation in cervical cancer cells.

STAT3 depletion by genetic interference does not appreciably influence the
proliferation of cervical cancer cells.

Inhibition, depletion or ectopic overexpression of STAT3 does not influence
levels of E6/E7 in cervical cancer cells.

STAT3 activation by OSM treatment does not increase HPV E6/E7 expression

or proliferation of cervical cancer cells.

HPV E6/E7 downregulation by RNAI, hypoxia or Metformin does not affect
STAT3 Y705 phosphorylation in a consistent manner in cervical cancer cells.

Knockdown of STAT3 increases colony formation rate after E6/E7 silencing by
RNAi in HelLa cells.

Inhibition of STAT3 activity by Ruxolitinib increases colony formation rate after
E6/E7 silencing by RNAi in HeLa cells.
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Figure 15 Small molecule inhibitors of STAT3 repress growth and induce cell-death in both 47
parental SiHa and SiHa STAT3 KO cells.

Figure 16 Small molecule inhibitors of STAT3 induce cell death and distinct morphologic 49

alterations similar in both parental SiHa and SiHa STAT3 KO cells.

Figure 17 Ruxolitinib treatment does not induce cell death in parental SiHa or SiHa STAT3 50
KO cells.
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Figure 19 Lower concentrations of small molecule STAT3 inhibitors able to block 52
constitutive STAT3 Y705 phosphorylation do not affect expression of cancer-

linked factors in cervical cancer cells.

Figure 20 Transcriptome analysis reveals differences between the activities of STAT3- 54

targeting siRNAs.

Figure 21 Expression of oncogenic putative STAT3 target genes are mostly unaffected 55

upon silencing STAT3 expression in cervical cancer cells.

Figure 22 A cervical cancer proliferation signature gene set is consistently downregulated 57
by silencing of E6/E7 but not of STAT3.

Figure 23 Expression of oncogenic putative STAT3 target genes remains mostly 60
unaffected upon increasing STAT3 activity in cervical cancer cells.

Figure 24 Several putative, cancer-linked STAT3 target genes are not considerably 61
upregulated after extended stimulation of STAT3 activity by OSM.

Figure 25 Potential mechanism of STAT3 activation in response to targeted treatments. 63

Figure 26 STAT3 Y705 phosphorylation is induced upon inhibition of PI3K- or MEK-linked 64

signaling pathways in a JAK1/2-dependent manner.

Figure 27 Transcript levels of putative STAT3 target genes are not increased after PI3K- or 67
MAPK pathway inhibition in cervical cancer cells.

Figure 28 Co-treatment of PI3K- or MAPK pathway inhibitors with Ruxolitinib or STAT3 68
RNAi-mediated silencing does not lead to considerable combinatorial effects in
cervical cancer cells.

Figure 29 STAT3 does not confer treatment resistance against PI3K- or MAPK pathway 70
inhibitors in cervical cancer cells.

Figure 30 Long-term co-treatment of Ruxolitinib with Pictilisib or Trametinib does not 71

provide evidence for STAT3-induced treatment resistance.
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Abbreviations

Abbreviation Meaning

2-DG
3-AP
AC
AKT
ANOVA
AP-1
APRF
BPE
BRAF
BRD4
CCL20
CDC25A
CDK
cDNA
CFA
CIN
COP1
COVID19
CPX
cRNA
Crypto.
cyt. C
DAC
DESIM
DMEM
DMSO
DREAM
EGAP
EBV
ECL
EGF
EGFR
elF2a
ER
ERK
ETC
EtOH
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2-Deoxy-D-glucose

3-aminophthalate

adeno carcinoma

AKT serine/threonine kinase 1/protein kinase B
analysis of variance

activator protein 1

acute phase response factor

bovine pituitary extract

v-Raf murine sarcoma viral oncogene homolog B
bromodomain-containing protein 4
chemokine (C-C motif) ligand 20

cell division cycle 25 homolog A

cyclin dependent kinase
complementary DNA

colony formation assay

cervical intraepithelial neoplasia
constitutive photomorphogenic protein 1
coronavirus disease 2019

Ciclopirox

complementary RNA

Cryptotanshinone

cytochrome C

Decitabine

desumoylating isopeptidase 1
Dulbecco’s minimal essential medium
Dimethyl sulfoxide

dimerization partner, Rb-like, E2F and MuvB complex
E6-associated protein

Epstein-Barr virus

enhanced chemiluminescence
epidermal growth factor

epidermal growth factor receptor
eukaryotic initiation factor 2a
endoplasmic reticulum

extracellular signal-regulated kinase
electron transport chain

Ethanol



FAM57A
FBS
FBW7
FDR
GAS
gRNA
GSEA
HDAC3
HER
HIF1a
HNSCC
HPV
HRP

IL
IL-6R
IP3R3
IRE
IRF1
IRP
JAB1
JAK
KO
KRAS
LCR
LIF
LKB1
log2FC
MAGEC2
MAPK
MAPKK
MCP-1
MEK
MHC1
MMP-9
mPTP
MSigDB
mTOR
mTORCH1
NES
NfkB

family with sequence similarity 57 member A
fetal bovine serum

F-box and WD repeat domain containing 7
false discovery rate

gamma activated sequences

guide RNA

gene set enrichment analysis

histone deacetylase 3

human epidermal growth factor receptor
hypoxia inducible factor 1 alpha

head and neck squamous cell carcinoma
Human papillomavirus

horseradish peroxidase

interleukin

interleukin 6 receptor

inositol 1,4,5-trisphosphate receptor, type 3
iron responsive element

interferon regulatory factor 1

iron regulatory protein

jun activation domain-binding protein 1
janus kinase

knockout

Kirsten rat sarcoma virus

long control region

leukemia inhibitory factor

liver kinase B1

log2(fold change)

melanoma-associated antigen C2
mitogen-activated protein kinase
mitogen-activated protein kinase kinase
monocyte chemoattractant protein-1
mitogen-activated protein kinase kinase
major histocompatibility complex 1

matrix metalloprotease 9

mitochondrial permeability transition pore
molecular signatures database
mechanistic target of rapamycin
mechanistic target of rapamycin complex 1
normalized enrichment score

nuclear factor kB

Appendix

137



Appendix

Niclo. Niclosamide

NOK normal oral keratinocytes

NUDTS nucleoside diphosphate-linked moiety X motif 5
ORF open reading frame

OSM oncostatin M

OXPHOS oxidative phosphorylation

PARP poly-(ADP-ribose)-polymerase

PBS phosphate buffered saline

PCR polymerase chain reaction

PD-1 programmed cell death protein 1

PDLIM2 PDZ and LIM domain protein 2

PDz post synaptic density protein, drosophila disc large tumor suppressor, and zonula

occludens-1 protein

PFA paraformaldehyde

PI3K phosphatidylinositol 3-kinase

PIAS3 protein inhibitor of activated STAT3

Pict. Pictilisib

PKB protein kinase B

PKR protein kinase R

pRb retinoblastoma protein

PROTAC proteolysis targeting chimera

PTP protein tyrosine phosphatase

PTPRD protein tyrosine phosphatase receptor-type D
gRT-PCR quantitative real-time PCR

RAS rat sarcoma virus

RNAI RNA interference

RTK receptor tyrosine kinase

Ruxo. Ruxolitinib

SASP senescence-associated secretory phenotype
SA-B-gal senescence-associated B-galactosidase
SCC squamous cell carcinoma

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis

SH2 src-homology 2

Sin3A sin3 transcription regulator family member A

siRNA small interfering RNA

SNP single nucleotide polymorphism

SOCS3 suppressor of cytokine signaling 3

STAT1 signal transducer and activator of transcription 1
STAT3 signal transducer and activator of transcription 3
STATS signal transducer and activator of transcription 5 A/B
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TERT
T-LGL
TRAF6

Tram.

Tramet.

UBE3A
URR
USP28
VEGF
Whnt
X-gal

telomerase reverse transcriptase

T cell large granular lymphocytic leukemia

tumor necrosis factor receptor associated factor 6
Trametinib

Trametinib

ubiquitin-protein ligase E3A

upstream regulatory region

ubiquitin-specific peptidase 28

vascular endothelial growth factor

wingless and int-1

5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside
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Units
Symbol Unit
°C degree celsius
ct cycle threshold
Da dalton
gram
h hour
L liter
m meter
min minutes
rcf relative centrifugal force
rpm rounds per minute
s second
U enzymatic activity unit
\Y volt
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