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Summary

Summary

Persistent infections with oncogenic human papillomaviruses (HPVs) represent a major risk
factor for the development of cervical cancer. The viral E6 and E7 proteins are the central
driving forces for cervical carcinogenesis by inhibiting important tumor-suppressor pathways
in the host cell and by generating genomic instability. Cervical cancer cells are dependent on
the continuous expression of E6/E7 in order to maintain their malignant phenotype (“oncogene
addiction”). Therefore, the identification and characterization of so far unknown, EG6/E7-
regulated factors should enable a better understanding of the mechanisms behind HPV-linked
tumorigenesis and could possibly reveal new therapeutic starting points.

The present study shows that the expression of the cellular growth differentiation factor 15
(GDF15) gene, a pro-apoptotic stress response gene, is downregulated by E6 in HPV-positive
cervical cancer cells as well as in HPV-immortalized keratinocytes. This GDF15 repression is
observed both at the mRNA and protein level, and mechanistically caused by the interference
of E6 with the p53-dependent transcriptional activation of the GDF15 gene. The C/EBP
homologous protein (CHOP) was identified as a second major activator of GDF15 expression
in HPV-positive cancer cells. While p53 is the key determinant of basal GDF15 levels, it was
found that both p53 and CHOP can differentially contribute to the stress-induced upregulation
of GDF15 expression, dependently on the type of stress. On the phenotypic level, GDF15
overexpression blocked the capacity of cervical cancer cells to form colonies. Moreover, three
anti-proliferative drugs, the ER stressor tunicamycin, the nonsteroidal anti-inflammatory drug
sulindac sulfide, and the chemotherapeutic drug cisplatin, increased GDF15 levels in HPV-
positive cancer cells. This was linked to the induction of apoptosis, as determined by the
detection of apoptosis markers, TUNEL assays, and live cell imaging experiments visualizing
Caspase activation. Both GDF15 knockout by the CRISPR/Cas9 technology and transient
downregulation of GDF15 expression by RNA interference counteracted the pro-apoptotic
stress response of HPV-positive cervical cancer cells towards those three agents.

In summary, these results identify GDF15 as a novel cellular target gene of oncogenic HPVs,
which is repressed by the E6 oncoprotein. The findings of the functional studies indicate that
the downregulation of GDF15 provides HPV-positive cells with a survival advantage, by
increasing their resistance against different forms of cellular stress. From a clinical point of
view, it is interesting that GDF15 also plays a role in the induction of apoptosis by cisplatin, the
major cytostatic agent used for treating cervical carcinomas. This latter observation points out
that the E6-mediated GDF15 repression could contribute to the chemotherapy resistance of

HPV-positive cancer cells.
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Zusammenfassung

Zusammenfassung

Persistierende Infektionen mit onkogenen humanen Papillomyviren (HPV) stellen einen
Hauptrisikofaktor fiur die Entstehung von Gebarmutterhalskrebs dar. Dabei spielen die
Virusproteine E6 und E7 eine zentrale Rolle, da sie in der Wirtszelle Signalwege von wichtigen
Tumorsuppressoren inhibieren und genomische Instabilitat férdern. Zervixkarzinomzellen sind
von einer stetigen E6/E7-Expression abhangig, um ihren malignen Phanotyp
aufrechtzuerhalten (,oncogene addiction”). Daher sollte die Identifizierung und Charakterisie-
rung von bisher unbekannten, E6/E7-regulierten Faktoren dazu beitragen, die Mechanismen
der HPV-assoziierten Karzinogenese besser zu verstehen. Zudem kdénnten dadurch neue
therapeutische Ansatzpunkte aufgedeckt werden.

In der vorliegenden Arbeit wurde gezeigt, dass die Expression des zellularen ,Growth
differentiation factor 15 (GDF15)-Gens, ein pro-apoptotisches Gen in Stressantworten, durch
E6 in HPV-positiven Gebarmutterhalskrebszellen und -immortalisierten Keratinozyten
gehemmt wird. Diese GDF15-Inhibitierung kann sowohl auf der mRNA- als auch auf der
Proteinebene festgestellt werden. In mechanistischer Hinsicht verhindert E6, dass p53
transkriptionell das GDF15-Gen aktiviert. Das C/EBP homologe Protein (CHOP) wurde als
zweiter wichtiger Aktivator der GDF15-Expression in HPV-positiven Krebszellen identifiziert.
Wahrend p53 als Schllisselfaktor die basale GDF-Expression bestimmt, kénnen p53 und
CHOP in Abhangigkeit von der vorliegenden Stressart unterschiedlich dazu beitragen, die
GDF15-Expression nach Stress anzuheben. Auf phanotypischer Ebene minderte GDF15-
Uberexpression die Fahigkeit von Krebszellen, Kolonien zu formen. Darlber hinaus erhéhten
drei Proliferationsinhibitoren, der ER Stressor Tunicamycin, das nichtsteroidale
Antiphlogistikum Sulindac-Sulfid und das Zytostatikum Cisplatin, die GDF15-Level in HPV-
positiven Krebszellen. Dies war verknipft mit der Induktion von Apoptose, wie durch den
Nachweis von Apoptosemarker, TUNEL-Versuche und live cell imaging-Experimenten, die die
Aktivierung von Caspasen sichtbar machten, bestimmt wurde. Sowohl die Deletion des
GDF15-Gens mit der CRISPR/Cas9 Technologie als auch die transiente Unterdrickung der
GDF15-Expression durch RNA-Interferenz wirkten der pro-apoptotischen Stressreaktion der
HPV-positiven Gebarmutterhalskrebszellen gegeniber den drei Agenzien entgegen.
Zusammenfassend identifizieren diese Ergebnisse GDF15 als neues zellulares Zielgen von
onkogenen HPV-Typen, das durch das E6 Onkoprotein gehemmt wird. Die Resultate der
funktionellen Studien weisen darauf hin, dass die Inhibierung der GDF15-Expression einen
Uberlebensvorteil fiir HPV-positive Gebarmutterhalskrebszellen bietet, da sie dadurch ihre
Resistenz gegeniber verschiedenen, zellularen Stressarten steigert. Unter klinischen
Gesichtspunkten ist es daher interessant, dass GDF15 bei der Apoptose-Induktion durch

Cisplatin eine Rolle spielt, das als Zytostatikum standardmaflig gegen Zervixkarzinome
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Zusammenfassung

eingesetzt wird. Letzteres deutet darauf hin, dass die E6-vermittelte GDF15-Repression zur

Resistenz von HPV-positiven Krebszellen gegeniiber Chemotherpaien beitragen kénnte.
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Introduction

1. Introduction

1.1. Human papillomavirus (HPV)-linked cancer

Worldwide, 18.1 million new cases of cancer and 9.6 million deaths from cancer were
estimated for 2018." The global health burden caused by cancer is predicted to rise in the
following twenty years, largely due to the growing world population, increasing life span, and
changes in lifestyle.

The development of cancer is a complex process, which can take several decades and is
triggered by multiple factors. In 1983, Harald zur Hausen and colleagues made a
controversially discussed discovery when they firstly reported a close connection between
human papillomavirus (HPV) infection and cervical cancer and suggested that pathogens
could be involved in the formation of these tumors.? Nowadays, it is estimated that infections
with viruses, bacteria, or parasites are attributable for 2.2 million new cancer cases per year
worldwide.®> Approximately one third of these cases is linked to oncogenic HPVs, which
contribute to the malignant transformation of cervical, other anogenital as well as
oropharyngeal cancers. Increasing evidence indicates that HPVs could also be involved in the
pathogenesis of non-melanoma skin cancers.* Cervical cancer alone accounts for 570,000

new cases and over 300,000 deaths annually.’

1.1.1. Classification and life cycle of HPVs

HPVs belong to the family of Papillomaviridae and are small non-enveloped circular double-
stranded DNA viruses. Their genome (for a scheme of the HPV18 genome see Figure 1A)
consists of approx. 8,000 base pairs and usually encodes eight proteins. These are divided
into “early” (E1, E2, E4, E5, EG, and E7) or “late” (L1 and L2) proteins according to their
expression pattern during the viral life cycle. Remarkably, not all HPV types encode an E5
protein.®

Currently, more than 440 different HPV types are identified according to their L7 nucleotide
sequence and grouped into the five phylogenetic genera “alpha”, “beta”, “‘gamma”, “mu”, and
“nu”.5” HPVs from the alpha genus infect cutaneous or mucosal epithelia and are divided into
low- or high-risk HPV types. Low-risk HPV types can cause benign lesions like skin or genital
warts, whereas high-risk types can take part in the malignant progression of lesions towards
cancer. So far, twelve HPV types have been classified as carcinogenic (HPV16, 18, 31, 33,
35, 39, 45, 51, 52, 56, 58, and 59) and further thirteen have been labelled either as “probably
carcinogenic” (HPV68) or “possibly carcinogenic” (HPV26, 30, 34, 55,66, 67, 69, 70, 73, 82,
85, and 97).2
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Figure 1 Organization of the HPV genome and the HPV life cycle. (A) The HPV18 genome is
comprised of 7,857 base pairs. The two viral promoters, p105 and p811 (black arrowheads), are variably
active during epithelial differentiation and are regulated by several transcription factors (e.g., AP1 and
SP1), which bind to the long control region (LCR, grey box).® P105 controls transcription of E6 and E7
(red arrows), and p811 the transcription of E1, E2, E4, E5 (green arrows), L1, and L2 (orange arrows).
Expression of the late open reading frames (ORFs) is initiated by alternative splicing, which leads to the
switch from the early (PAE) to the late polyadenylation site (PAL). The illustration was created with
SnapGene Viewer. (B) After basal cells of the epidermis have been infected by HPV, E6 and E7 are
expressed and drive cell proliferation beyond the basal layer. In upper epithelial cell layers, increasing
expression of E1, E2, E4, and E5 firstly leads to maintenance and later to amplification of the viral
genome (light blue). L1 and L2 are expressed in late stages of the HPV life cycle and allow the assembly
of virions (black circles). High levels of E4 might promote virus release. Modified from Doorbar et al.'®
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Genital HPV types are sexually transmitted. When upper epidermal cell layers are injured,
HPVs can infect epithelial basal cells. The replication cycle of HPVs is closely linked to
differentiation processes in the infected host cell. This link triggers a distinct chronological order
of viral protein expression and promote the amplification of the viral genome (Figure 1B).

During the life cycle of HPVs, the early proteins E1 and E2 support episomal DNA replication:
E2 recruits E1, a DNA helicase, to the LCR in the HPV genome to initiate replication.'2
Additionally, E2 from genital, oncogenic HPV types can function as a negative regulator of
E6/E7 expression. E6 and E7 promote proliferation by deregulating the cell cycle of the host
cell.”™'* Since they play a major role in the malignant transformation into cervical cancer (see
next chapter), they are classified as viral oncoproteins. The transmembrane protein E5 also
shows some oncogenic activities like stimulating growth signaling pathways or promoting
evasion from host immune responses and apoptosis.’® However, E5 is not essential for late
stages of carcinogenesis because the E5 gene is often deleted in cervical cancer cells.'® In
final phases of the HPV life cycle, E4 is highly expressed and supports efficient genome
amplification, assembly, release as well as transmission of the virus."” L1 and L2 are called
major and minor capsid protein, respectively. They support packing of viral DNA into capsids
and form the icosahedral virion structure.'®'® After virus release and transmission, L1 binds to
heparan sulfate chains of proteoglycans in cell membranes or in the extracellular matrix (ECM)

in order to initiate infection and the next replication cycle.'®

1.1.2. The HPV oncoproteins E6/E7 and cervical carcinogenesis

Approximately 90% of cervical HPV infections are rapidly cleared by the human immune
system and are therefore asymptomatic.2° However, a small proportion of HPV infections can
persist and form cervical intraepithelial neoplasia (CIN) even decades after the first contact to
HPVs. These squamous lesions are histologically classified into one of three CIN scores
according to their grade of dysplasia (CIN1: mild, CIN2: moderate, and CIN3: severe).2! Only
a low percentage of CINs finally give rise to cervical cancer, most commonly in women at the
age of 40-60 years.?? In line with this clinical data, the overexpression of E6/E7 can promote
immortalization of keratinocytes in vitro but is usually not accompanied by the induction of
tumorigenesis.?® Interestingly, virtually all cervical tumors are HPV-positive.?* These
observations indicate that HPV infections are necessary, but not sufficient to cause cervical
carcinomas.

For instance, effective immune evasion, diverse mutations in the host genome, and alterations
in epigenetic patterns are linked to the progression of CINs into cervical cancer. Tumorigenesis
is usually accompanied by the integration of HPV DNA into the host genome.?® During this

process, large parts of the viral genome can get deleted, which stops the production of new
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virions. However, the E6/E7 ORFs and expression of the HPV oncoproteins E6 and E7 are
always retained.'® Remarkably, the rates of E6/E7 transcription can rise during tumorigenesis
because “super-enhancer-like elements” can form after tandem integration of two viral genome
copies into the host DNA.?6 Furthermore, E6/E7 transcripts can be stabilized by deletion of
non-coding AT-rich regions in the 3’ end of the viral early region upon viral integration.?’ In
addition, disruptions in the high-risk E2 gene or methylation of E2 binding sites in the LCR can
increase E6/E7 expression.?® High levels of E6/E7 are maintained during the development and
in later stages of cervical cancer; malignant HPV-positive tumors are described as “oncogene-
addicted” since inhibition of E6 or E7 commonly leads to cell growth arrest by apoptosis or
senescence.?®>%® In line with these observations, the proliferation of HPV-positive cervical
cancer cells is repressed in vivo, in transgenic mice or xenograft models, after interfering with

viral oncoprotein expression.3"%2

%
Apoptosis O 0

induction
O E7 o / Elimination
inhibits E6
PRB e
Deregulation E6 blocks o

of cellular apoptosis
proliferation (p53 o
degradation)
Qutgrowth of

E6 | EGAP deregulated
053 cells

Figure 2 Cooperation of high-risk HPV E6 and E7 in carcinogenesis. E7 dysregulates the cell cycle
and drives proliferation of the host cell by inhibiting the retinoblastoma protein (pRB). Such aberrant
cellular growth stimuli usually induce pro-apoptotic signaling pathways like the p53 tumor suppressor
pathway, which would lead to the elimination of HPV-infected cells. However, E6 blocks this host
defense mechanism because it mediates the binding of the ubiquitin ligase E6-associated protein
(EBAP) to p53, which results in the proteasomal degradation of p53. The figure is derived from Hoppe-
Seyler et al.33

E6 and E7 are rather small proteins of approx. 150 and 100 amino acids, respectively. They
form various complexes with host proteins in order to manipulate important regulatory
pathways in the host cell.3* The E6 and E7 proteins of high-risk HPVs show diverse oncogenic
activities and cooperate in the malignant transformation into cervical cancer (Figure 2).
Collectively, they increase cell proliferation and also induce genomic instability.>>2¢ A high
genomic instability can result in an accumulation of mutations in the host genome leading to
inactivation of tumor suppressor genes or activation of oncogenes, which finally causes the

malignant progress towards cancer.
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The best-characterized target for E7 is the tumor suppressor pRB. In healthy cells, pRB is a
key cell cycle regulator by binding to E2F transcription factors.” For the transition from G1 to
S phase, pRB is phosphorylated and releases E2F proteins. Subsequently, the E2F
transcription factors activate the expression of further cell cycle regulators like p16'NK4A
cyclin A and E, and of several proteins required for DNA synthesis.*® In HPV-infected cells, E7
enforces entry into the S phase by recruiting a ubiquitin ligase complex to pRB, which is
subsequently degraded by the proteasome.®® Consequently, expression of E2F target proteins
are enhanced, and high p16"™K** expression can serve as a marker for HPV-positive tissues.

Apart from pRB, E7 binds to related pocket proteins like p107 and p130 and thereby disrupts
regulatory mechanisms of the DREAM (dimerization partner, RB-like, E2F and MuvB)
complex.*® This effect further promotes cell proliferation because the main function of the
DREAM complex is to suppress expression of cell cycle-related genes when not required.
Additionally, E7 promotes aberrant centrosome duplication, which triggers asymmetric
distribution of chromosomes during mitosis.*® This can cause numerical chromosomal
abnormalities in cervical cells.

After DNA damage, p53 expression is increased, which leads to the transcriptional
upregulation of the cell cycle inhibitor p21 and arrests cells at the G1-S phase checkpoint.*'
This cell cycle arrest is important for efficient DNA repair before the cells move into S phase.
Additionally, p53 can induce apoptosis by transcriptional activation of several pro-apoptotic
genes like PUMA (p53 upregulated modulator of apoptosis) and NOXA (Latin for damage).*’
In HPV-positive cells, present p53 is steadily marked for degradation in the proteasome
because E6 recruits the ubiquitin ligase EGAP to p53.42

Apart from repressing p53, E6 binds to PDZ (firstly discovered in post synaptic density protein
95 (PSD95%), disc large homolog 1 (DIg1) and zonula occludens-1 protein (ZO-1)) domain-
containing proteins (e.g., DLG1), which regulate cell polarity, migration, and attachment for
instance.*® E6 also stimulates the expression of human telomerase reverse transcriptase
(hTERT), the catalytic component of telomerase, and thereby prevents replicative

senescence.*

1.1.3. Prevention and treatment of cervical cancer

Smoking, the number of full-term pregnancies, and long-term use of hormonal contraceptives
were shown to increase the risk of cervical cancer.*>*’ However, the infection with oncogenic
HPVs represents the major risk factor because evidence of single or multiple HPV types is
found in nearly all cervical tumors.?* Hence, the development of vaccines against high-risk

HPV types should represent a substantial step in the progress of preventing cervical cancer.
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Currently, three prophylactic vaccines are approved. They are based on virus-like particles
(VLPs) comprised of the major capsid protein L1. The bivalent Cervarix (GlaxoSmithKline
Biologicals, Rixensart, Belgium) protects against the two most frequent high-risk HPV types in
cervical cancer, HPV16 and HPV18, accounting for 55.8% and 14.3% of the cases,
respectively.*® The quadrivalent Gardasil (MSD Vaccins, Lyon, France) additionally includes
antigens against the two low-risk HPV types 6 and 11, which commonly cause genital warts.*°
Since 2015, the nonavalent vaccine Gardasil9 (MSD Vaccins, Lyon, France) has been
approved. It covers the HPV types 6, 11, 16, 18, 31, 33, 45, 52, and 58. All three vaccines
show excellent safety profiles and efficiencies in seroconversion, which result in higher
antibody titers than observed after natural infection.*®% The German Standing Committee on
Vaccination at the Robert Koch Institute recommends vaccination against HPVs at the age of
9-14 for girls and, since June 2018, also for boys.%" In order to protect against a broader range
of HPV types, vaccines based on the minor capsid protein L2 are under development, which
are expected to be less type-specific.5?

However, low global vaccination rates represent a major drawback in the prevention of cervical
cancer.®® To reduce the costs of HPV vaccines, could be an important step to raise
vaccinations rates. This will be especially helpful in less developed, low-income countries of
Africa and Asia, where the highest incidence rates of cervical cancer cases are found.535
More efficient screening procedures and therapies are needed until a sufficient proportion of
the world population and people of all ages are protected against HPV-linked cancer types by
vaccination. Cytology-based screening for cervical cancer will be increasingly supplemented
or replaced by HPV DNA/RNA testing.?' Currently, precancerous lesions and early stages of
cervical cancer are usually removed by surgery.® In more advanced cancers, radiotherapy is
recommended and can be combined with or substituted by chemotherapy. Cisplatin is the most
frequently used chemotherapeutic drug for cervical carcinomas.>® However, a major obstacle
for successful treatment of cancer patients is the formation of resistance mechanisms against
cisplatin in tumor cells.%®

Since E6 and E7 are essential drivers of cervical cancer cell proliferation and are not expressed
in healthy tissues, they represent attractive targets for immunotherapeutic approaches and the
development of cancer-specific inhibitors.”” However, the success of immunotherapeutic
strategies has often been limited so far because HPVs have developed several mechanisms
to evade the host immune system. For example, they interfere with the antigen-presenting
machinery of the host.>® Dymalla and colleagues showed that E6 can be targeted by peptides
that block the E6AP binding pocket of E6 and therefore prevent the degradation of p53.%°
These small E6-specific, inhibitory peptides as well as siRNAs (small interfering RNAs)

targeting E6 or E6/E7 transcripts, or other known E6/E7-specific inhibitors represent promising
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therapeutic strategies, since they can lead to the induction of apoptosis or senescence

selectively in HPV-positive cancer cells.

1.1.4. Identification of novel HPV targets

The identification and subsequent characterization of novel downstream targets of E6/E7 could
provide deeper insights into the molecular mechanisms how HPVs promote cervical
tumorigenesis. This knowledge might also support the development of new therapeutic
approaches and explain why some therapeutic strategies fail to efficiently reduce tumor
burden.

To this end, Kuner and colleagues knocked down endogenous HPV18 E6/E7 expression in
HelLa cells by RNA interference (RNAI).®° By performing transcriptome analyses, they found
more than 600 host genes to be differentially expressed, which indicates that these genes
might be direct or indirect targets of the HPV oncoproteins E6 and E7.

Among the 288 identified upregulated genes, the growth differentiation factor 15 (GDF15) gene
showed the largest change with a 7-fold increase in mRNA levels. This implies that E6/E7

might strongly repress GDF 15 expression in HPV-positive cancer cells.

1.2. The growth differentiation factor 15 (GDF15)

At the turn of the millennium, GDF 15 was independently discovered in several laboratories as
a cytokine.®'-%6 Hence, GDF 15 has five alternative names: NSAID-activated gene-1 (NAG-1),52
placental bone morphogenetic protein (PLAB),%® placental transformation growth factor beta
(PTGFB),®* prostate-derived factor (PDF),%® and macrophage inhibitory cytokine-1 (MIC-1).%6
The tissue distribution of basal GDF15 expression differs among species.®®57¢ |n humans,
GDF15 is expressed at high levels in the placenta, at medium levels in the prostate and the
urinary bladder, and at low levels in the kidney, the colon, the pancreas as well as in parts of
the brain (pons, medulla, and hypophysis) (Human Protein Atlas available from
http://www.proteinatlas.org).?>%® Upon cellular stress, GDF15 expression seems to be
inducible in almost any tissue or cell type including cervical, ovarian, breast, bone, heart, lung,

and liver cells.%870-74

1.2.1. Regulation and biosynthesis of GDF15

The human GDF15 gene is located on the p-arm of chromosome 19 and consists of two exons,
which are separated by a single intron.” The structure of the GDF15 transcriptional promoter
is illustrated in Figure 3. The transcription factors p53 and CHOP (C/EBP homologous protein;
alternative name: DDIT3 for DNA damage-inducible transcript 3) have been described to boost

GDF15 expression, e.g., after etoposide treatment or after inducing endoplasmic reticulum
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(ER) stress, respectively.”®"® Additionally, C/EBPB (CCAAT enhancer binding protein beta)
was found to stimulate GDF15 transcription upon the exposure to capsaicin, a natural
substance in red peppers.”® As another transcription factor, EGR1 (early growth response
protein 1) is known to trigger GDF15 expression after treatment with NSAIDs (non-steroidal
anti-inflammatory drugs).®® NSAIDs include commonly known pain relievers like aspirin,
sulindac, and ibuprofen. Sp1 is a transcriptional activator of basal GDF 15 transcription.® After
NSAID treatment, however, Sp1 retards the positive effect of EGR1 on GDF15 transcription
because they compete for the same binding sites in the GDF15 promoter.8°8! The
transcriptional activity of the GDF 15 promoter can be strongly inhibited after methylation of two

specific CpG islands, which are closely located to the transcription start site.®?

EGR1/Sp1 EGR1/Sp1

GDF15 eee 5'=im| p53 | @ C/EBPR )X C/EBPR TATA P53 |mON-3'eee

Figure 3 Structure of the GDF15 transcriptional promoter. The GDF15 promoter contains binding
sites for p53 (green boxes), CHOP (light grey oval), and C/EBPf (yellow hexagons). The three binding
sites for EGR1 and Sp1 overlap. Additionally, the location of the TATA box (orange box) and two DNA
methylation sites (small red circles) are shown. A black arrow marks the start site and the direction of
transcription.

Besides transcriptional regulation, posttranscriptional mechanisms are known to affect GDF15
expression.””8-8 The 3’ untranslated region (UTR) of GDF715 mRNA contains conserved
adenylate-uridylate-rich elements (AREs), which promote the degradation of GDF715 mRNA &
Phosphorylation of the extracellular signal-regulated kinases 1/2 (ERK1/2) or binding of human
antigen R (HuR) to the AREs in the 3’ UTR inhibit the decay of GDF15 transcripts.””:84

Figure 4 schematically shows how GDF15 is synthesized and processed in cells, starting from
a 308 amino acid large pre-pro-protein. After translation, two pro-GDF15 molecules are joined
in the C-terminus by a disulfide bridge and can be N-glycosylated at the asparagine
residue 70.878 The N-terminal parts of the pro-GDF 15 dimer are cleaved off at an RXXR motif
(X: random amino acid) in order to form the mature GDF15 dimer. The secondary structure
of GDF15 is further characterized by a cysteine knot, which is generated by four intramolecular
disulfide bonds.?*®* GDF15 can be secreted in its pro- and mature form.®’

In contrast to cytokines of the TGF-B family,%2% neither the N-glycosylation nor the propeptide
seem to be required for processing and secretion of GDF15.%"% Nevertheless, the propeptide
might support correct folding and dimerization of GDF15 and accelerate its secretion.®891:9
Secreted pro-GDF15 is reported to bind to the ECM via its propeptide part.*® Therefore, pro-
GDF15 could be secreted in order to form extracellular depots of mature GDF15 and to delay

the increase of serum GDF15 levels.%
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Mature GDF15 does not represent the only active form of GDF15: Min et al. showed that pro-
GDF15 inhibited the transcriptional activity of Smad (a fusion word formed by Sma and Mad
(Mothers against decapentaplegic)) proteins by using a GDF15 mutant (R193A) that cannot
be cleaved into mature GDF15.%” The biological function of the N-glycosylation in pro-GDF15

is still unclear and requires further research.

GDF15 gene
5 3 GDF15 mRNA
/ signal l mature
sequence region
o - EepiE - oo+ pre-pro-GDF15

N-glycosylation site \ *
endoplasmic O = pro-GDF 15
reticulum ( )
* PDI disulfide

bond

pro-GDF15 dimer

/

l PCSK3, 5 &6 \

= C® ) = secreted GDF1S

Figure 4 Biosynthesis of GDF15. After transcription in the nucleus, GDF15 mRNA is transported to
the rough ER. There, pro-GDF15 is synthesized and translocated into the ER lumen in its pre-pro-form.
Within the ER, the ER signal sequence gets removed fast and pro-GDF15 can be N-glycosylated in its
N-terminal propeptide part. The protein disulfide isomerase (PDI) generates pro-GDF 15 homodimers by
forming a disulfide bond between cysteines in the C-terminus.®® In the Golgi apparatus, three proteases
from the pro-protein convertase subtilisin/kexin (PCSK) family are known to cleave the pro-GDF15 dimer
at amino acid 196 into two propeptide molecules and the mature GDF15 dimer: PCSK3 (alias Furin),
PCSKS5, and PCSK6.9¢ GDF15 can be secreted either as pro-GDF15 dimer or mature GDF15 dimer.6¢

mature GDF15 dimer
(~25 kD)

Golgi C@ )
2pparatu C® )

A
<- [ 1]

1.2.2. Screening for GDF15 receptors

Originally, GDF15 was classified as a divergent member of the transforming growth factor beta
(TGF-B) superfamily.®'-63-6¢ The inclusion of GDF15 into this family was based on similarities

in the gene sequence and on a conserved domain consisting of seven cysteine residues.
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However, the percentage of homologous sequences is rather low: GDF15 shows with 37% the
highest homology to BMP8 (Bone morphogenetic protein 8).54 Since the discovery of GDF15,
there have been conflicting results whether GDF15 signals through TGF-B receptors
(TGFBRs) and affects Smad signaling pathways.®*-'% Direct binding of GDF15 to any of the
known members of the TGFBR family has not been reported. In this context, it should also be
noted that experimental results based on using recombinant GDF15 have to be interpreted
with care because several GDF15 preparations were shown to be of low purity and
contaminated by TGF-B1.1%4

Recently, GDF15 was ascribed to the GDNF (glial cell-derived neurotropic factor) family after
four independent pharmaceutical company laboratories found mature GDF15 to bind to
GFRAL (GDNF family receptor a-like) with high affinity.%*1°5-19" No association of GDF15 with
any TGFBR pair could be observed by these research groups. GFRAL is a transmembrane
protein which requires the receptor tyrosine kinase RET as a coreceptor for signal
transmission.®®1%6.197 \When GDF15 binds to GFRAL, RET is autophosphorylated and
stimulates AKT (alias protein kinase B (PKB)), ERK, and phosphoinositide phospholipase C
gamma (PLC-y) signaling pathways.%%6.197 So far, GFRAL expression has only been detected
in two regions of the hindbrain, the area postrema and the nucleus of the solitary tract.%%106.17
The activation of the GDF15/GFRAL/RET complex in these cells leads to reduced food uptake
and body weight in mice and primates, indicating a regulatory role of GDF15 in weight
homeostasis.’® On mRNA level, there is some evidence that GFRAL is expressed in the
testis.’® No GFRAL expression was traceable in any of the 32 analyzed cell lines including
Hela or in other examined peripheral tissues.%:106.107

After exhaustive screening of all known human transmembrane proteins,®1%5-197 it is unlikely
that another — and in particular ubiquitously expressed — cell surface receptor for GDF15 will
be found.'® Since no GFRAL expression is detectable in cervical cells,'® this thesis mainly
focuses on the function of intracellular GDF15 in HPV-positive cancer cells. Changes of
intracellular GDF15 levels have been linked to the regulation of important cellular processes
such as proliferation, invasion, tumorigenesis, transcriptional regulation, migration, or
apoptosis. For example, Tsui and colleagues reported that silencing of GDF15 by siRNA
promoted cell proliferation, invasion, and tumorigenesis of bladder carcinoma cells, whereas
GDF15 overexpression generated opposing effects.'® Furthermore, a tetracycline-inducible
GDF15 expression cassette repressed several TGF-f3 target genes like TIMP3 (tissue inhibitor
of metalloproteinases 3) and LTBP1 (latent TGFB-binding protein 1) by interrupting Smad
binding to DNA in the osteosarcoma cell line U20S.%” Downregulation of GDF15 by shRNAs
repressed migration of pancreatic cancer cells after solid stress and induction of apoptosis

after ER stress in colorectal cells."®'"" Further examples can be found in chapter 1.2.3.2.
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1.2.3. GDF15 as a stress response protein

Since serum levels of circulating GDF15 can be easily measured and are relatively low in
healthy individuals, GDF15 is discussed as a biomarker for diverse pathological states
(e.g., cardiovascular diseases, diabetes, rheumatoid arthritis, and cancer)."'?"'"5 However,
high GDF15 serum levels alone are rather unspecific and therefore less suitable for diagnostic
purposes because a multitude of stress factors is known to stimulate GDF15 expression (see
next paragraph). In line with this, serum GDF15 is described as a marker for “all-cause
mortality”.''®""7 In contrast to this finding, the transgenic expression of human GDF15 has been
reported to increase the lifespan of mice.''® Furthermore, GDF15 plasma concentrations are
positively associated with age, body mass index (BMI), smoking, pregnancy, intense exercise,
or intake of drugs like NSAIDs. %121

Several stress factors are known to activate GDF15 expression. These include hypoxia,” high
cell density,'? radiation,'? solid stress,'® and ER stress.”” Additionally, GDF15 levels are
strongly induced by numerous anti-tumorigenic drugs, irrespectively of whether they are from
natural origin (resveratrol,'?* capsaicin,’® genestein,'?® camptothecin,'®® etoposide,’® etc.) or
chemically synthesized (doxorubicin,'”® PPAR-y (peroxisome proliferator-activated receptor
gamma) ligands,® 1% diverse NSAIDs,%1?7 cisplatin,'?® etc.). At least one of the transcription
factors p53, CHOP, and EGR1 is typically involved in the activation of GDF15 transcription
after stress.””80122 Fyrthermore, GDF15 is suspected to regulate its own expression in a
paracrine and autocrine manner.'?8

These observations raise the questions whether GDF15 upregulation is a cause or a result of
different pathological states, and whether high GDF15 levels worsen or improve the course of
a disease. Since GDF15 reveals pleiotropic functions, the answers to these questions are

complex and appear to be strongly dependent on the context of the disease.!12129.130

1.2.3.1. ER stress and GDF15

The ER is a dynamic tubular network, which fulfils various cellular functions such as storage
of intracellular calcium, gluconeogenesis, lipid synthesis, and the production and processing
of secretory and membrane proteins.'' High translation rates or accumulation of un- or
misfolded proteins can induce ER stress, which activates signaling pathways of the unfolded
protein response (UPR) (Figure 5).13%

In healthy cells, the UPR attenuates protein synthesis, upregulates expression of chaperons
and other proteins involved in protein folding and maturation, and activates proteasomal
degradation of misfolded proteins.”" The latter process is called ERAD (ER-associated
degradation). Thereby, UPR reduces ER stress and restores protein homeostasis. When ER

stress persists further, the UPR, however, triggers different pro-apoptotic pathways in order to
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eliminate irreversibly damaged cells."® For instance, the pro-apoptotic protein CHOP is
induced by all three major UPR signaling pathways.’* CHOP can function either as a
transcriptional activator or as a repressor, forming heterodimers with other C/EBP family
members. In the former case, CHOP directly binds to certain DNA elements in order to activate
the expression of its target genes, while in the latter case, CHOP represses the transcriptional

activity of other C/EBP family members by binding to them.'3°

UPR gene expression

¥

Quality control Lipid synthesis ERAD
Folding Autophagy Apoptosis
Protein secretion

Figure 5 The three major signaling pathways in the UPR. During ER stress, the accumulation of
unfolded proteins results in the withdrawal of the ER-resident chaperon BiP (binding immunoglobulin
protein; alias glucose-regulated protein 78 (GRP78)) from three signaling receptors. These receptors
are located in the ER membrane and are subsequently activated. After stimulation, IRE1a (inositol-
requiring enzyme 1 alpha) dimerizes and auto-trans-phosphorylates its own serine/ threonine residues.
The autophosphorylation activates the cytosolic RNAse domain of IRE1a, which cleaves the mRNA of
XBP1 (X-box binding protein 1). The cleavage of the transcript induces mRNA splicing and expression
of XBP1. Like for IRE1a, the loss of BiP binding leads to successive oligomerization and
autophosphorylation of PERK (protein kinase R-like ER kinase). Because elF2a (eukaryotic initiation
factor 2 alpha) is phosphorylated by active PERK, global protein translation is inhibited but the
translation of some selective mRNAs, e.g., ATF4 (activating transcription factor 4) mRNA, is enhanced.
Upon activation, ATF6 (activating transcription factor 6) is transported to the Golgi apparatus. There,
the cytosolic fragment of ATF6 is cleaved off and therefore set free by the proteases S1P and S2P. The
three transcription factors XBP1, ATF4, and cleaved ATF6 migrate into the nucleus and upregulate the
expression of multiple UPR proteins, which reduce the effects of ER stress. However, persistent ER
stress induces apoptosis. The illustration was modified from Storm et al.136

Cancer cells exhibit increased ER stress and UPR levels because of elevated protein synthesis
rates, lactic acidosis as well as oxygen and nutrient deprivation.'®” Different anti-tumorigenic

drugs like NSAIDs are reported to shift UPR signaling pathways in cancer cells towards the
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induction of apoptosis.’® For instance, the treatment of colorectal cancer cells with the NSAID
sulindac sulfide (SSide) activates PERK signaling as well as ATF3 (activating transcription
factor 3) and ATF4 expression.'" ATF3 and ATF4 enhance CHOP transcription and
subsequently upregulate GDF15 expression. Both CHOP and GDF15 promote apoptosis in
colorectal cancer cells after treatment with SSide.'"" NSAIDs can increase GDF15 expression
also through ER-stress independent pathways. Namely, NSAIDs support the translocation of
the transcription factor ESE1 (alias E74 like ETS transcription factor 3 (ELF3)) into the nucleus,
where ESE1 subsequently activates the EGR7 promoter."® Afterwards, EGR1 binds to the

GDF15 promoter (Figure 3) and stimulates its transcription.

1.2.3.2. GDF15 in cancer

In cancer, GDF15 exhibit both pro- and anti-tumorigenic activities, which seem to be dependent
on the cell type, the stage of carcinogenesis, and the experimental design (e.g., use of
recombinant GDF15, overexpression or knockdown of GDF15, in vitro vs. in vivo
studies).'?7.140-142 Additionally, high levels of circulating GDF15 can foster tumor-induced
anorexia and weight loss."43 A selection of examples for the pleiotropic functions of GDF15
in cancer is listed in the following paragraphs.

Regarding pro-tumorigenic effects, it has been shown that GDF15 stimulated EMT (epithelial-
mesenchymal fransition) and metastasis of colorectal cancer cells. This was based on the
observation that overexpression of GDF15 repressed E-cadherin and upregulated MMP9
(matrix metallopeptidase 9), Vimentin, and Twist expression.'# Furthermore, proliferation was
enhanced by stable, exogenous expression of GDF15 in the prostate cancer cell line LNCaP,
whereas it was reduced after GDF15 silencing in malignant glioma cells.”>'% Moreover,
silencing of GDF15 in melanoma cells reduced their tumorigenicity after injection into athymic
mice.'*® Further, GDF15 increased uPA (urokinase-type plasminogen activator) expression
and invasiveness of gastric cancer cells.'’

Concerning its anti-tumorigenic functions, it has been found that GDF15 repressed the
expression of EMT markers like SNAIL, SLUG, or N-cadherin and upregulated E-cadherin
levels in bladder carcinoma and breast cancer cells.'%'4® Additionally, silencing of GDF15 has
been shown to increase migration of breast cancer cells by dephosphorylating p38 mitogen-
activated protein kinase (MAPK)."8 In the prostate cancer cell line PC3, exogenous GDF15
expression diminished proliferation.® Ectopic overexpression of GDF15 reduced the size of
mice.?1%0 The induction of apoptosis represents one mechanism by which GDF15 could act
as a tumor suppressor. In this regard, Zhang and colleagues have reported that GDF15
overexpression led to apoptosis of glioblastoma cells in a Smad-dependent manner."’

Furthermore, GDF15 expression is induced by ER stress and anti-tumorigenic drugs like
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NSAIDs, and is involved in their pro-apoptotic effect.’-1%8 In line with this, the tumor-preventive
action of sulindac was abolished by GDF15 knockout in a mouse model of intestinal cancer.'?
In gastric cancer cells, GDF15 overexpression increased SSide-mediated apoptosis by
upregulating the expression of the death receptors 4 and 5 (DR4 and DR5)."®® Furthermore,
GDF15 levels were raised in hepatocellular carcinoma cells after treatment with the flavonoid
derivate GL-V9 and induced apoptosis by lowering the mitochondrial membrane potential
(MMP).86

1.3. Research objectives

A previous transcriptome analysis implies that the expression of the cellular stress response
gene GDF15 might be strongly inhibited by E6/E7. The present thesis aims to explore whether
GDF15 is a novel target gene for oncogenic HPVs and to assess the functional role of GDF15

regulation for the malignant phenotype of HPV-positive cervical cancer cells.

The following major questions will be addressed:

(i) Is GDF15 expression modulated by the HPV E6/E7 oncoproteins? To validate the results
of the transcriptome analysis, E6 or E6/E7 will be silenced in cervical cancer cells as well
as in HPV-immortalized keratinocytes and resulting effects on GDF15 mRNA and protein
expression will be assessed.

(i) Which molecular mechanisms underly the regulation of GDF15 in HPV-positive cells? In
this regard, analyses will focus on two key transcriptional activators of GDF15, CHOP and
p53 (itself a known EG target). Moreover, it will be studied whether deprivation of nutrients
like glucose affect GDF15 expression.

(iii) Does GDF15 affect the proliferation of cervical cancer cells? Proliferation measurements
by live cell imaging, colony formation assays, cell cycle analyses, and apoptosis assays
will be performed after GDF15 overexpression or knockdown/knockout of GDF15 using
RNAi and CRISPR/Cas9 methodology.

(iv) Do HPV-positive cancer cells modulate GDF15 expression to increase their resistance
against different forms of stress? Are p53 or CHOP involved in this process? To address
these questions, the effects of two ER stressors, tunicamycin (TM) and thapsigargin (TG),
the SSide, and the cytostatic drug cisplatin will be used as exemplary stress inducers.
The role of GDF15 for the phenotypic responses of HPV-positive cancer cells towards

these agents will be investigated after silencing endogenous GDF15 expression.

It is hoped that these explorations regarding GDF15 expression and function will add to our

concepts of HPV-linked tumorigenesis. Elucidating the host cell pathways that are deregulated
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by the HPV oncoproteins E6 and E7 is critical to understand how oncogenic HPVs induce and
maintain the malignant phenotype of their host cell. This understanding could also form a basis
for the development of novel strategies to prevent or treat HPV-positive preneoplasias and

cancers.
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2. Results

2.1. Expression of GDF15 in cervical cancer cells

GDF15 may represent a yet unknown target gene of the HPV oncoproteins because GDF15
MRNA expression was highly increased and represented the top hit of a genome-wide
microarray analysis after silencing endogenous E6/E7 expression in HelLa cells.®® This result

suggests that E6/E7 repress GDF15 expression in cervical cancer cells.

2.1.1. Upregulation of GDF15 expression upon silencing of E6 or E6/E7 transcripts

In order to validate this finding by independent methods, E6 alone or E6 and E7 in combination
were silenced in HPV16-positive SiHa and MRI-H186 cells as well as in HPV18-positive HeLa
cells by RNAI (Figure 6A). This led to increased GDF15 mRNA expression in all three cervical
cancer cells lines as measured by qRT-PCR (Figure 6B). E7 alone cannot be downregulated
by RNAI as discussed elsewhere.?®3° Sole silencing of E6 had limited impact on total E6/E7
transcript levels in SiHa and MRI-H186 cells (Figure 6A). This observation is in line with the
report that E6-encoding transcripts represent a minor proportion of total E6/E7 transcripts in
HPV16-positive cancer cells.'

Immunoblot analyses of E6 and E7 verified successful downregulation of the oncoproteins by
RNA. in SiHa (Figure 6C), MRI-H186 (Figure 6D), and HelLa (Figure 6E) cells. GDF15 protein
expression (Figure 6C-E) was elevated in those cells after solely blocking E6 or after combined
knockdown of E6 and E7 expression, in line with the regulation of its mMRNA levels (Figure 6B).
The amplitude of GDF15 upregulation varied between the different cervical cancer cell lines.
The following terminology is used to distinguish the different GDF15 protein forms (Figure 4)
in this thesis: GDF15 refers to the total intracellular GDF15 protein, pro-GDF 15 represents the
approx. 35 kDa pro-form of GDF15, and mature GDF15 denotes the cleaved, 12 kDa form of
GDF15. It is explicitly stated when secreted, extracellular GDF15 is referred to.

Interestingly, pro-GDF15 shifted from the faster migrating, non-glycosylated form (34 kDa)
towards the slower migrating, N-glycosylated form (36 kDa) after blocking both viral
oncoproteins in HelLa cells as detected by immunoblotting (Figure 6E). That observation
suggests that HPV18 E7 alone or E6/E7 in combination might inhibit the N-glycosylation of
pro-GDF15 in HelLa cells. However, the N-glycosylation of pro-GDF15 seems to be regulated
in a cell line-dependent manner because SiHa (Figure 6C) and MRI-H186 (Figure 6D) cells
only showed the faster or the slower migrating pro-GDF 15 form, respectively. A closer analysis

of different pro-GDF15 forms can be found in chapter 2.3.1.1.
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Figure 6 Upregulation of GDF15 expression after silencing E6 or E6/E7 in HPV-positive cells. E6
alone or E6/E7 were downregulated in the HPV-positive cervical cancer cell lines SiHa, MRI-H186,
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Hela, HelLa “p53 null” (A-G), and the keratinocyte cell line HPKII (H, I) by RNAI. (A, B, G, H) gRT-PCR
analyses determining relative transcript levels of HPV16 or HPV18 E6/E7 (A, H), GDF15 (B, H), and
CHORP (G, H). Depicted is the log2 of the mean expression levels relative to siContr-1-transfected cells.
Bars represent standard deviations. Asterisks indicate statistically significant differences to control-
transfected cells as determined by one-sample t-test. *p < 0.05, **p < 0.01, ***p <0.001.
(C-F, I) Immunoblot analyses of pro-GDF15, mature (m.) GDF15, E6, E7, p53, and CHOP expression
in SiHa (C), MRI-H186 (D), HelLa (E), HeLa ‘p53 null” (F), and HPKII (I) cells. For HPKII, one
representative experiment out of two is shown. Vinculin and y-Tubulin are loading controls.

GDF15 might be repressed through E6-mediated degradation of p53,'° since silencing of E6
restored p53 levels and was sufficient to increase GDF15 expression (Figure 6B-E). This
hypothesis is supported by the identification of two activating p53 binding sites in the promoter
of GDF15.7® To test the contribution of p53, the effect of E6/E7 knockdown was analyzed in
the HeLa-derived cell clone HeLa “p53 null”, in which p53 is efficiently downregulated by stable
expression of a shRNA against the TP53 mRNA (Figure 6F).'®® GDF15 mRNA and protein
levels were not appreciably elevated in HelLa “p53 null” cells after transfection of E6 siRNAs.
This is in contrast to the strong GDF15 induction observed in all other studied cervical cancer
cell lines, which express p53 (Figure 6B-E, also see below). Unexpectedly, GDF15 expression
was in fact strongly downregulated when E6 and E7 were concomitantly repressed in HelLa
‘53 null” cells (Figure 6F). This result points out that E7 or E6/E7 can increase GDF15
amounts in this particular cell line through a p53-independent pathway.

CHORP could also mediate the induction of GDF15 expression after E6/E7 inhibition in HPV-
positive cells, since CHOP is another known activator of GDF15 transcription apart from p53."""
However, CHOP mRNA and protein levels were decreased after E6/E7 knockdown in all four
cervical cancer cell lines analyzed (Figure 6C-F). The extent of downregulation varied between
the individual cell lines. CHOP repression was stronger after silencing the expression of both
HPV oncoproteins compared to silencing E6 alone (Figure 6C-F), with the exception of CHOP
mRNA levels in SiHa cells (Figure 6F).

The HPKII cell line is non-cancerous and derived from a human foreskin keratinocyte that was
immortalized by spontaneous integration of HPV16 E6/E7 DNA after transfection.? In HPKII
cells, GDF15 mRNA (Figure 6H) and protein (Figure 61) expression was increased after
knocking down E6 and to a lower extent after knocking down E6/E7 as observed for the cancer
cell lines (Figure 6B-E). P53 levels were also restored after E6 repression (Figure 6l). Alike in
tumor-derived cell lines (Figure 6C-F), CHOP expression was decreased after E6/E7
downregulation in HPKII cells on mRNA (Figure 6H) and protein level (Figure 6l).

For its cytokine functions, GDF15 can be secreted into the extracellular space.®® Thus, an
alternative explanation for the accumulation of intracellular GDF15 after E6/E7 knockdown
could be that the HPV oncoproteins foster the secretion of GDF15. Cell culture supernatants

of HeLa and SiHa cells were analyzed for extracellular GDF15 levels after silencing of E6 or
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E6/E7: increased amounts of secreted GDF15 were detected for both cell lines by Western
blotting (Figure 7).

Interestingly, more complex band patterns were found for pro-GDF15 in the cell culture
supernatant than intracellularly. In supernatants of HelLa cells, two pro-GDF15 forms migrated
faster or slower, respectively, than the 35 kDa marker protein. The two secreted pro-GDF15
forms of SiHa cells run at molecular weights shortly below 35 kDa. The additional pro-GDF15
forms indicate that pro-GDF15 is further posttranslationally processed during the course of

secretion or extracellularly.

supernatant Figure 7 Downregulation of E6 or E6/E7
Hela SiHa increases extracellular levels of GDF15. E6
alone or E6/E7 in combination were
downregulated in HelLa and SiHa cells by
siRNAs. Immunoblot analyses of cell culture
supernatants detecting secreted pro-GDF15 and
L35 kDa mature (m.) GDF15 levels. Loading volumes
were normalized on amounts of total intracellular
protein.
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Overall, these results support the notion that intracellular as well as secreted GDF 15 levels of
HPV-positive cervical cancer cells are downregulated by the viral oncoproteins. The
proteasomal degradation of p53 which is promoted by E6 could be a major mechanism

underlying the repression of GDF15.

2.1.2. GDF15 expression is induced by glucose deprivation

Since several links between nutritional supply and GDF15 are reported,'’ it is possible that
some cell culture conditions influence the expression of the stress protein GDF15 and its
transcriptional regulators. Hence, the effects of prolonged cultivation, fetal calf serum (FCS),
seeding cell numbers, and glucose supply were analyzed. Standardly in this thesis, cells were
cultured in medium supplemented with 5.5 mM glucose (corresponding to physiological
glucose concentrations in human serum) and 10% FCS. Medium was usually exchanged at
the start of the experiment.

Firstly, the effects of prolonged cultivation and FCS supply were investigated in HeLa and SiHa
cells. To this end, medium either lacking or supplemented with 10% FCS was added and cells
were harvested at time point zero or after 24h, 48h, and 72h cultivation (Figure 8A).

In FCS-containing medium, increasing GDF15 mRNA and protein levels were observed in both
cell lines over time by qRT-PCR (Figure 8B and C) and immunoblot analyses (Figure 8D
and E), respectively. After 72h, pro-GDF15 shifted towards the non-glycosylated form in HeLa

23



Results

cells (Figure 8D). CHOP protein expression was upregulated by prolonged cell cultivation as

well (Figure 8D and E). Only minor changes in p53 and EG/E7 protein levels were observed.
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Figure 8 Increase of GDF15 expression under prolonged cell culture. (A) Experimental setup.
One day after seeding, medium was exchanged to medium supplemented with or lacking 10% FCS.
Cells were harvested at time point zero, 24h, 48h, or 72h after medium exchange (ME). (B, C) qRT-
PCR analyses determining relative mRNA expression levels of GDF15 in HeLa (B) and SiHa cells (C).
For Hela, the gPCR data are based on two independent experiments. Depicted is the log2 of the mean
expression levels relative to cells harvested at time point zero. Bars represent standard deviations.
Asterisks indicate statistically significant differences to cells harvested at time point zero (asterisks
above bars) or to other samples (asterisks above connecting crossline) as determined by two-sided
t-test. *p < 0.05, **p <£0.01. (D, E) Immunoblot analyses of pro-GDF15, mature (m.) GDF15, PARP
(Poly(ADP-ribose) polymerase), p53, CHOP, E7, and E6 expression in HeLa (D) and SiHa cells (E).
Uncleaved (uncl.), cleaved (cl.). Vinculin, loading control.
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In FCS-free medium, GDF15 mRNA (Figure 8B and C) and protein (Figure 8D and E) levels
also raised in both cell lines over time. Alike, p53 and CHOP expression were increased and
additionally cleaved PARP indicated the induction of apoptosis (Figure 8D and E).
Interestingly, cultivation in FCS-free medium downregulated HPV16 E6/E7 (Figure 8E) and
HPV18 E6 (Figure 8D) amounts. HPV18 E7 levels remained constant within the here analyzed
time frame (Figure 8D), but also decreased in a comparable experimental setup in which cell
density was higher (Figure 27C).

These results suggest that GDF15 expression increases during prolonged cell cultivation,
which could be mediated by p53 or by rising CHOP levels. In contrast to GDF15 and CHOP,
p53 amounts and PARP cleavage are only boosted in the absence of FCS. The cultivation of
HPV-positive cells in FCS-free medium downregulates E6 and later on also E7 expression.
The decreased EG6 levels could lead to the induction of p53 expression and subsequentially to

apoptosis.
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These effects after prolonged cultivation might be linked to increasing cell numbers. Hence,
three different cell numbers (3 *10°, 6 *10°, or 12 *10°) of respectively HeLa or SiHa cells were
seeded (Figure 9A). Western blot and gPCR analyses showed that high cell seeding numbers
elevated GDF15 and CHOP protein (Figure 9B and C) and mRNA amounts (Figure 9D and E)
while p53 protein levels (Figure 9B and C) remained unchanged in both cell lines.

Limited nutrient supply resulting from increased cell densities, e.g., glucose deprivation, could
cause the observed stimulation of GDF15 and CHOP expression. Therefore, HeLa and SiHa
cells were grown in medium containing no, physiological or excessive amounts of glucose
(0O mM, 5.5 mM, and 25 mM, respectively). Cell lysates and culture supernatants were
harvested after 24h and 48h and analyzed by gPCR and immunoblotting (Figure 10A).

A positive correlation was observed between glucose deprivation and GDF15, CHOP as well
as TP53 expression in HeLa and SiHa cells. GDF15 (Figure 10B and C) and CHORP (Figure
10D and E) mRNA levels were strongly upregulated in cells cultivated in glucose-lacking
medium. After 48h, GDF15 (Figure 10B and C) and CHORP (Figure 10D and E) transcripts were
also increased after cultivation in 5 mM compared to 25 mM glucose medium, probably due to
glucose depletion. Alike, decreasing glucose concentrations also raised TP53 mRNA
expression (Figure 10F and G) although this positive effect was less pronounced (~ twofold)
than the effects on GDF15 (Figure 10B and C) and CHOP expression (Figure 10D and E) (both
up to 32-fold).

In accordance to the mRNA data (Figure 10B-E), GDF15 and CHOP protein levels were also
upregulated in HeLa (Figure 11A) and SiHa cells (Figure 11B) by glucose deprivation. Whereas
SiHa cells cultivated in 25 mM glucose medium showed the N-glycosylated form of pro-GDF15,
cells lacking glucose presented the non-glycosylated form (Figure 11B). This probably is a
direct consequence of missing glucose molecules because they are needed for the
biosynthesis of carbohydrate chains which are linked to proteins.’®® P53 expression was only
slightly induced after 48h in the absence of glucose (Figure 11A and B), which matches the
limited changes of its transcript levels (Figure 10F and G).

To sum up, the lack of FCS during cultivation seems to barely affect regular GDF15 expression.
However, FCS deficiency can downregulate firstly E6 and later on E7 levels and induce
apoptosis over time. In contrast to that, glucose deprivation strongly increases GDF15 mRNA
and protein levels in cervical cancer cells explaining why GDF15 amounts are elevated after
prolonged cultivation and in samples with high seeding cell numbers. CHOP and/or p53 levels
are regulated similarly to GDF15 expression indicating that they could activate GDF15
expression in this context. The rise of p53 expression after glucose deprivation is low
suggesting that rather an increase in p53 activity than in its expression levels might be

important for GDF15 upregulation.
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Figure 10 Glucose deprivation upregulates GDF15 transcript levels. (A) Experimental setup. Two
days after seeding, medium was exchanged (ME) to medium containing either 0 mM, 5.5 mM, or
25 mM glucose. Cells were harvested 24h or 48h after medium exchange. (B-G) gqRT-PCR analyses
determining relative mRNA expression levels of GDF15 (B, C), CHOP (D, E), and TP53 (F, G) in HelLa
(left column) and SiHa cells (right column). Depicted is the log2 of the mean expression levels relative
to cells cultured in medium with 5.5 mM glucose and harvested 24h after medium exchange. Bars
represent standard deviations. Asterisks indicate statistically significant differences between samples
connected by crosslines as determined by two-sided f-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Because of these findings, it is important to consider glucose-related effects in GDF15
expression analyses, especially when samples with divergent cell numbers are compared

(e.g., control vs. drug-treated samples, see Figure 28A and C).
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Figure 11 Glucose deprivation increases GDF15 protein levels. Two days after seeding, medium
was replaced by medium containing either 0 mM, 5.5 mM, or 25 mM glucose. Cells were harvested
24h or 48h after medium exchange. The experimental setup is depicted in Figure 10A.
(A, B) Immunoblot analyses of pro-GDF15, mature (m.) GDF15, CHOP, and p53 expression in
Hela (A) and SiHa cells (B). For each protein, cuttings from the same blot and exposure time are
shown. Vinculin, loading control.

2.1.3. CHOP and p53 are activators of GDF15 expression after glucose deprivation

The correlation between GDF15, CHOP, and p53 levels suggests that CHOP and/or p53 affect
basal GDF15 expression in cervical cancer cells (Figure 6) and increase GDF15 levels during
glucose deprivation (Figure 10 and Figure 11). To test this hypothesis, TP53 and CHOP
expression were knocked down individually or in combination by RNAi in HelLa cells. Cells
were cultivated in medium either supplemented or lacking 5.5 mM glucose.

The successful silencing of TP53 and CHOP expression was validated by gPCR (Figure 12A
and B) and immunoblotting (Figure 12D). After cultivation in standard cell culture medium
(supplemented with 5.5 mM glucose), GDF15 transcripts were strongly (sixfold) or slightly
(twofold) decreased upon downregulation of p53 or CHOP, respectively (Figure 12C). The
decline of GDF15 amounts was minimal larger after combined p53 and CHOP knockdown than
after silencing TP53 mRNA alone.

Cultivation of HelLa cells in glucose-free medium increased TP53 (Figure 12A), CHOP (Figure
12B), and GDF15 (Figure 12C) mRNA expression as observed before (Figure 10 left column).
This upregulation of GDF15 transcripts turned out lower after silencing p53 or CHOP alone
and was completely erased after simultaneous knockdown of both transcription factors (Figure
12C).
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Figure 12 P53 and CHOP activate GDF15 expression in HeLa cells after glucose deprivation.
P53 and CHOP were downregulated in HelLa cells by RNAI either alone or in combination. Two days
before harvest, medium was exchanged to medium either with or without 5.5 mM glucose. Results of
a representative experiment are presented. (A-C) qRT-PCR analyses determining relative mRNA
expression levels of TP53 (A), CHOP (B), and GDF15 (C). Depicted is the log2 of the mean expression
levels relative to siContr-1-transfected cells cultured in medium supplemented with 5.5 mM glucose.
(D) Immunoblot analyses of p53, CHOP, pro-GDF15, and mature (m.) GDF15 expression. For both
GDF15 forms, a shorter (short exp.) and longer exposition (long exp.) of the blots are shown. y-Tubulin,
loading control.

GDF15 and CHOP protein levels sharply raised during cultivation in medium without glucose
in contrast to p53 levels, which remained unchanged (Figure 12D). Silencing of p53 alone or
in combination with CHOP strongly diminished basal GDF15 expression and inhibited the
glucose deprivation-induced GDF15 upregulation (Figure 12D). This further supports the
notion that p53 activity (rather than p53 amounts) might be increased in HPV-positive cells
during glucose deficiency. CHOP knockdown did not appreciably affect basal GDF15 levels
but attenuated the induction of GDF15 after lacking glucose (Figure 12D). Downregulation of

both p53 and CHOP completely abolished GDF15 induction after glucose deprivation.
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Collectively, these results indicate that basal GDF15 transcription in cervical cancer cells is
primarily activated by p53 and only to a minor extent by CHOP. However, p53 and CHOP

seem to cooperate in the upregulation of GDF15 levels after glucose deprivation.

2.1.4. GDF15 does not affect expression of HPV oncoproteins, p53, or CHOP

GDF15 is reported to modulate gene transcription,®” including the expression of its own gene
in an autocrine manner.'?® Hence, it was next investigated whether GDF15 may influence the
expression of its regulators in a feedback mechanism. To this end and for following analyses
of GDF15 functions (section 2.2 and 0), several tools (siRNAs targeting GDF15 mRNA,
episomal vectors for overexpression of GDF15 and GDF15 knockout (KO) cells) were
generated.

Applying the CRISPR/Cas9 technique to introduce a GDF 15 knockout in HeLa and SiHa cells,
three different guide RNAs (gRNAs) were used to establish three KO clones per cell line. All
used gRNAs targeted the first exon of the GDF15 locus. The successful knockout of GDF15
expression was validated on protein level by immunoblot analyses (Figure 13). To this end,
cells were cultured for three days without medium exchange to rise potential GDF15
expression by glucose depletion. GDF15 expression was neither detected in the three Hela
(Figure 13A) nor in the three SiHa GDF15 KO clones (Figure 13B).
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Figure 13 GDF15 knockout does not alter E7, p53, or CHOP levels in cervical cancer cells.
GDF15 was knocked out in HeLa and SiHa cells by the CRISPR/Cas9 system. Three GDF 15 knockout
clones (KO #1-3) were established per cell line. Same cell numbers were seeded for parental cell lines
and GDF15 KO clones. Medium was exchanged on the next day, and cells were harvested 72h later.
Immunoblot analyses of pro-GDF15, mature (m.) GDF15, E7, p53, and CHOP expression in HeLa (A)
and SiHa cells (B). y-Tubulin, loading control.

GDF15 seemed not to regulate CHOP, p53, or E6/E7 expression in HPV-positive cancer cells.
Firstly, E7, p53, and CHOP amounts remained unchanged in both HeLa and SiHa cells after
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knockout of GDF15 (Figure 13) or transient downregulation of endogenous GDF 15 expression
using siRNAs (Figure 14A). Secondly, HelLa cells were transfected with an episomal vector
expressing GDF15. The overexpression of GDF15 did also not affect E7, p53, and CHOP
levels as determined by Western blot (Figure 14B). P53 amounts can serve as a surrogate for
E6 expression in cervical cancer cells because E6 strongly promotes the degradation of p53.
Hence, the unchanged p53 levels after permanent (Figure 13) or transient (Figure 14A)
knockdown of GDF15 expression or after GDF15 overexpression (Figure 14B) indicated that
GDF15 does not influence EG6 levels.
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Figure 14 Transient knockdown or overexpression of GDF15 do not modulate E7, p53, and
CHOP expression. (A) Cervical cancer cells (left panel: Hela, right panel: SiHa) were transfected with
a control siRNA (siContr-1) or with an siRNA pool against GDF15 (siGDF15). Cells were harvested
three days after transfection. Immunoblot analyses of pro-GDF15, mature (m.) GDF15, E7, p53, and
CHOP expression. y-Tubulin, loading control. (B) HelLa cells were transfected with either 0.1 ug empty
pCEP4 vector as control or 0.1 ug pCEP4_GDF 15 for overexpression of GDF15. Cells were harvested
two days after transfection. Immunoblot analyses of pro-GDF15, mature (m.) GDF15, E7, p53, and
CHOP expression. y-Tubulin, loading control.

2.2. Effects of GDF15 on proliferation of cervical cancer cells

Next, the question was addressed whether GDF15 repression by the HPV oncoproteins
contributes to the malignant phenotype of cervical cancer cells. To this end, the proliferation
of cervical cancer cells was analyzed by two different technical approaches, live cell imaging
and colony formation assays (CFAs).

2.2.1. GDF15 is not a key regulator of cervical cancer cell proliferation in live cell
imaging analyses

HeLa mCherry H2B and SiHa mCherry H2B cells stably express a nuclear red fluorophore,

which enables quantification of proliferation by live cell imaging with the IncuCyte system.
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Proliferation rates of HeLa (Figure 15A) and SiHa (Figure 15B) mCherry H2B cells were not
altered by GDF15 knockdown via RNA. In addition, the proliferation of the respective HelLa
(Figure 15C) or SiHa (Figure 15D) GDF15 KO clones, which were generated by the
CRISPR/Cas9 methodology (chapter 2.1.4), was not affected by the knockout except for two
clones. HeLa GDF15 KO clone #3 and SiHa GDF15 KO clone #1 grew slightly slower in
comparison to the parental cells, possibly due to some peculiarities of these clones which are

independent of their GDF15 expression.
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Figure 15 GDF15 is not essential for the proliferation of cervical cancer cells in live cell imaging
analyses. (A, B) One day after seeding, HeLa mCherry H2B (A) and SiHa mCherry H2B cells (B) were
transfected with a control siRNA (siContr-1) or an siRNA pool against GDF15 mRNA (siGDF15) (for
knockdown efficiency see Figure 14A). Medium was exchanged 24h post transfection. Afterwards, cell
numbers were determined with the IncuCyte system (every 6 hours for 5 days). (C, D) Cells from
parental cell lines and derived GDF15 KO clones #1-3 were seeded in the same cell number, and
relative proliferation of HeLa (C) and SiHa cells (D) was determined with the IncuCyte system (every
6 hours for 5 days). Relative proliferation rates were calculated by normalizing the current cell
confluence of each cell line on its initial confluence at time point zero. For SiHa, a representative
experiment out of two is shown.
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In summary, these results indicate that GDF15 expression is not a key determinant for the
basal proliferation rate of cervical cancer cells. This was further substantiated that transient
silencing of GDF 15 expression by RNAi did not appreciably modulate the cell cycle profile of
Hela cells (Figure 16).
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Figure 16 Silencing of GDF15 does not affect the cell cycle distribution of HeLa cells. Cells were
transfected with either a control siRNA (siContr-1) or with an siRNA pool against GDF15 mRNA
(siGDF15) (for knockdown validation see Figure 14A), and harvested 72h after transfection. Cell cycle
profiles were measured after DNA staining with propidium iodide by flow cytometry analyses. The
Watson model'®® was applied to determine the cell cycle distributions.

2.2.2. Both a de- and an increase of GDF15 levels can reduce colony formation of

cancer cells

Furthermore, the effect of GDF15 on proliferation of cervical cancer cells was analyzed by
CFAs. For this purpose, episomal pCEP vectors which encode shRNAs targeting GDF15
mRNA were designed. The efficiency of GDF15 downregulation was evaluated by
immunoblotting. The pCEP constructs expressing shGDF15.1 and shGDF15.5 were selected
for further use because they showed the highest knockdown efficiency (Figure 17A).

The knockdown of GDF15 reduced the colony formation capability of the cervical cancer cell
lines HelLa, SiHa, and MRI-H186 (Figure 17B) as well as of the colorectal cancer cell line
HCT-116 (Figure 17C). For the analysis of HCT-116 cells, a pCEP construct carrying the empty
shRNA expression cassette (pCEP_sh) was used as negative control (Figure 17C) because
pilot experiments indicated that shNeg inhibits the colony formation capability of HCT-116
cells. Importantly, less colonies were also formed after GDF15 overexpression in HelLa, SiHa
(Figure 17E), and HCT-116 cells (Figure 17F) compared to control-transfected cells.

These findings raise the possibility that a narrow corridor for GDF15 expression exists and
either too high or too low levels are detrimental for long-term cellular proliferation. This seems
not to be a peculiarity of HPV-positive cells, as it was observed both in cervical cancer cell

lines and in HPV-negative, colorectal HCT-116 cells.
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Figure 17 Knockdown as well as overexpression of GDF15 downregulate colony formation
capabilities of cervical and colon cancer cells. (A) HelLa cells were transfected with pCEP
constructs that encode either a control shRNA (shContr-1) or shRNAs targeting GDF15 mRNA
(shGDF15.1, shGDF15.3, shGDF15.4, or shGDF15.5). Cells were harvested 72h post transfection.
Validation of GDF15 knockdown by immunoblot analyses of pro-GDF15 and mature (m.) GDF15
expression. Vinculin, loading control. (B, C) Colony formation assays of cells transfected with either
control pCEP vectors, pCEP_shGDF15.1, or pCEP_shGDF15.5. (B) As control samples, HelLa (upper
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panel), SiHa (middle panel), and MRI-H186 cells (lower panel) were transfected with pCEP plasmids
coding for control shRNAs, i.e. shContr-1 and shNeg. (C) HCT-116 cells were control transfected either
with pCEP_shContr-1 or with pCEP_sh, which contains an empty shRNA expression cassette.
(D, E) Colony formation assays of HeLa (D, upper panel), SiHa (D, lower panel), and HCT-116 cells (E)
that were transfected with either 1 ug empty pCEP4 vector as control or with 1 yg pCEP4_GDF15 for
the overexpression of GDF15. Validation of GDF15 overexpression vector can be found in Figure 14B.

2.2.3. GDF15 does not protect against low, anti-proliferative levels of DNA damage

The reduced colony formation capabilities of HeLa and SiHa cells after silencing GDF15
(Figure 17B) seem to contrast the results of live cell imaging experiments, where the
knockdown of GDF 15 did not attenuate the proliferation of HeLa (Figure 15A) and SiHa (Figure
15B) cells. One important difference between the two methods is that the proliferation of
transfected cells in CFAs is monitored over a period of 1.5-3 weeks under hygromycin B
(HygB) selection. Hence, cervical cancer cells may benefit from moderate GDF15 levels in the
presence of HygB. HygB is commonly used as an antibiotic against pro- and eukaryotic cells
because it inhibits protein translation by blocking ribosomal translocation.'®® However, HygB
was also found to induce DNA damage, which could result in decreased proliferation or survival
of cells when DNA repair is disturbed.’®%2 Hence, it was investigated whether GDF15 is
needed in response to DNA damage by HgyB, Camptothecin (CPT), cisplatin, or doxorubicin
(Doxo). Each agent generates DNA damage by a different mode of action: HygB alkylates
purines,’® CPT inhibits the DNA topoisomerase |,'%® cisplatin preferentially crosslinks
neighboring guanines,’® and Doxo blocks the topoisomerase Il by intercalating into DNA
strands.'® Firstly, GDF15 expression was silenced in HeLa mCherry H2B and SiHa mCherry
H2B cells. Then, cells were treated with sublethal doses of the DNA-damaging agents and cell
proliferation was measured for five days by live cell imaging with the IncuCyte system.

The selected low doses of DNA-damaging agents still allowed the cells to proliferate after
treatment, although the proliferation rates were clearly reduced (Figure 18). GDF15
knockdown did not alter this drug-induced retardation of proliferation in HeLa mCherry H2B
cells (Figure 18 left column). Similarly, no difference in proliferation was seen between control-
and siGDF15-transfected SiHa mCherry H2B cells after adding cisplatin (Figure 18F) or
doxorubicin (Figure 18H). Analyzing the effects of HygB (Figure 18B) and CPT (Figure 18D),
treated, but also untreated SiHa mCherry H2B cells in which GDF15 expression was
downregulated proliferated slightly better at late time points.
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Figure 18 GDF15 knockdown does not sensitize cervical cancer cells towards low,
antiproliferative levels of DNA damage. HeLa mCherry H2B (left column) or SiHa mCherry H2B cells
(right column) were transfected with a control siRNA (siContr-1) or with an siRNA pool against GDF15
mRNA (siGDF15) (for knockdown efficiency see Figure 14A). One day later, the cells were treated with
sublethal doses of HygB (A, B), cisplatin (Cis) (C, D), CPT (E, F), or Doxo (G, H), respectively. Data
for F and H were derived from the same experiment and therefore share proliferation curves for
untreated samples. Proliferation was monitored by live cell imaging with the IncuCyte system every
6 hours for 5 days.

These observations lead to the conclusion that GDF15 does not protect cancer cells against
antiproliferative effects of DNA-damaging agents like HygB. Therefore, the application of HygB
as an antibiotic in CFAs does not explain the divergent results of CFAs and live cell imaging

experiments after silencing GDF15 expression.
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2.3. A functional role for GDF15 in stress-induced apoptosis of cervical cancer

cells

Evidence from the literature shows that GDF15 expression is strongly upregulated in cancer
cells after diverse, pro-apoptotic stress types and that GDF15 contributes to the observed
induction of apoptosis.6286.111.124 Additionally, very high GDF15 levels led to reduced colony
formation capabilities in HPV-positive cervical cancer cells (Figure 17E) as well as in HCT-116
colon carcinoma cells (Figure 17F). Hence, it was interesting to investigate whether the
downregulation of GDF15 represents a growth advantage for cervical cancer cells under lethal
stress conditions. The role of GDF15 for the survival of cervical cancer cells that suffer from
excessive ER stress or are treated with the NSAID SSide or the chemotherapeutic agent
cisplatin was examined. Both drugs are reported to stimulate UPR signaling pathways (Figure

5) in order to induce apoptosis.'!"-166

2.3.1. ER stress-induced apoptosis involves GDF15 in cervical cancer cells

Several external factors like hypoxia or nutrient deprivation can alter protein homeostasis of
tumor cells and induce ER stress. In order to cope with this imbalance, tumor cells take
advantage of a cytoprotective mechanism, the UPR (described in 1.2.3.1). Signaling pathways
of the UPR promote cell survival by attenuation of protein synthesis, stimulation of chaperon
expression, and activation of ER-associated degradation of misfolded proteins.”®' However,
prolonged UPR can lead to the induction of apoptosis. This principle is used in several
therapeutic approaches against cancer, including cervical cancer.'®” Therefore, GDF15
repression by E6 might present a strategy of cervical cancer cells to increase their resistance

against apoptosis induced by excessive ER stress.

2.3.1.1. Increase of GDF15 expression during ER stress

Both TM and TG induced ER stress in HeLa (Figure 19A) and SiHa (Figure 19B) cells as
indicated by rising BiP and CHOP levels in Western blot analyses. Total GDF15 expression
and PARP cleavage were upregulated after 48h TM or TG treatment whereby Hela cells
seemed to be more sensitive towards TG (Figure 19A) and SiHa cells towards TM treatment
(Figure 19B). In later experiments, HelLa cells were treated with a higher TM concentration
(5 M) to enhance apoptosis levels. TM and TG downregulated HPV18 E6 in HeLa (Figure
19A) and TM HPV16 EG6 in SiHa cells (Figure 19B), which correlated with a rise in p53 levels.

E7 expression was not appreciably altered by ER stress.
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Figure 19 Intracellular GDF15 levels are upregulated by ER stress in cervical cancer cell lines.
Cervical cancer cells were treated with solvent control (dimethyl sulfoxide, DMSO), 1 yM TM, or
0.5 yuM TG. They were harvested either after 48h for immunoblot analyses of cell lysates (A, B) or after
24h for gRT-PCR analyses (C-H). (A, B) Immunoblot analyses of pro-GDF15, mature (m.) GDF15,
PARP, E7, E6, p53, CHOP, and BiP expression in cell lysates from HelLa (A) and SiHa cells (B).
Uncleaved (uncl.), cleaved (cl.). Vinculin, loading control. (C-H) gRT-PCR analyses determining
relative mMRNA expression levels of GDF15 (C, D), TP53 (E, F), and CHOP (G, H) in HeLa and SiHa
cells. Depicted is the log2 of the mean expression levels relative to DMSO-treated cells. Bars represent
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standard deviations. Asterisks above bars indicate statistically significant differences to DMSO-treated
cells as determined by one-sample t-test. *p < 0.05, **p < 0.01, ***p < 0.001.

The increased levels of the transcription factors CHOP and p53 implied that GDF15 expression
might be induced on the mRNA level. This assumption was supported by qRT-PCR analyses
of TM- or TG-treated HelLa (Figure 19C) and SiHa (Figure 19D) cells. Both cervical cancer cell
lines also showed upregulated TP53 (Figure 19E and F) and CHORP transcript levels (Figure
19G and H) during ER stress. Only SiHa cells did not show higher TP53 expression after TG
treatment (Figure 19F).

In contrast to the increase of intracellular GDF15 protein levels (Figure 19A), TM and TG
treatment of HelLa cells decreased total levels of secreted GDF15 (Figure 20). Remarkably,
only pro-GDF15 forms below 35 kDa were found intra- (Figure 19A) or extracellularly (Figure
20) after adding TM to Hela cells, while faster and slower migrating pro-GDF15 forms were
observed after TG-induced ER stress (Figure 19A and Figure 20). The two ER stressors have
different modes of action in order to generate ER stress: TM blocks the first step of
N-glycosylation,'®® whereas TG inhibits a calcium pump in the ER.'®® Hence, the bands below
and above 35 kDa may represent the unmodified and N-glycosylated forms of pro-GDF15,
respectively.®’

supernatant Figure 20 TM or TG treatment decrease total

Hela extracellular levels of GDF15. Hela cells were
treated with solvent control (DMSO), 1 uM TM,

= = E O] 5uM TM, 0.5 yM TG, or 2 uM TG. Cell culture
8 E E = '; supernatants were harvested after 48h.

= 3 3 W =5 .
O «~ 1 & o Immunoblot analysis of cell culture supernatants
from HelLa cells is shown detecting secreted
pro-GDF15 "% ®E ms5kDa pro-GDF 15 and mature (m.) GDF15 expression
at the same exposure time. Loading volumes
were normalized on amounts of total

intracellular protein.

m. GDF15 | (- L 12 kDa

To investigate this notion, GDF15 or its mutant N70A, which cannot be N-glycosylated
anymore, were overexpressed in HelLa cells and analyzed by immunoblotting (Figure 21A).
The expression levels of GDF15 and its mutant N70A were comparable. Both pro-GDF15
bands were found after ectopic expression of GDF15 wildtype, while only the 34 kDa band was
detected after overexpressing the GDF15 mutant (Figure 21A). The band pattern was
analogous to that after TM treatment of HeLa cells (Figure 19A). Remarkably, mutation of the
N-glycosylation site in pro-GDF15 also reduced levels of extracellular GDF15, in particular in
the case of the GDF15 pro-form as shown by immunoblotting of HeLa cell culture supernatants
(Figure 21B).
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To sum up, intracellular GDF15 levels are upregulated by ER stress in cervical cancer cells.
This stimulation could be mediated by p53 and CHOP, which both can also be activated by
TM or TG treatment. Addition of TM or TG as well as mutation of the N-glycosylation site in
pro-GDF15 downregulate the amounts of secreted GDF15. Furthermore, GDF15 could be
involved in the induction of apoptosis after ER stress because upregulated GDF15 expression

largely correlates with increased PARP cleavage.
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Figure 21 Inhibition of N-glycosylation reduces extracellular levels of GDF15. HelLa cells were
transfected with 0.1 pg empty pCEP4, pCEP4_GDF15, or pCEP4_GDF15(N70A). Cell lysates or
culture supernatants were harvested 48h post transfection. (A) Immunoblot analysis of intracellular
pro-GDF15 and mature (m.) GDF15 expression. y-Tubulin, loading control. (B) Immunoblot analysis
of cell culture supernatants from HelLa cells detecting secreted pro-GDF15 and mature (m.) GDF15
levels. Loading volumes were normalized on amounts of total intracellular protein. A representative
blot out of two independent experiments is shown.

2.3.1.2. CHOP contributes to the upregulation of GDF15 levels during ER stress

In colorectal cancer cell lines, Yang et al. identified CHOP as an important activator of GDF15
expression after ER stress.”” HCT-116 and Hela cells were treated with TM or TG after
silencing CHOP mRNA to validate this finding. The ER stressors were also added to p53-
deficient HeLa “p53 null” and HCT-116 p53™ cells, since p53 seems to play a major role in
GDF15 regulation and can be induced during ER stress as well.

P53 levels were elevated 48h after TM and TG treatment of HelLa cells (Figure 22A). However,
p53 is probably not essential for the upregulation of GDF15 because GDF15 protein (Figure
22A) and mRNA expression (Figure 22B) was increased after inducing ER stress in both
p53-expressing Hela and in HeLa “p53 null” cells. Additionally, HCT-116 and HCT-116 p53™
cells showed comparable, elevated GDF15 protein levels after adding ER stressors (Figure
22C). Lacking p53 expression did also not prevent ER stress-mediated activation of CHOP
and BiP expression in HeLa cells (Figure 22A). Similar CHOP induction was also observed in
both HCT-116 and HCT-116 p53™ cells after adding TM or TG for 24h (Figure 22C). Notably,
HeLa “p53 null” cells exhibited increased PARP cleavage after 48h when solely DMSO was
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added as solvent control (Figure 22A). Thus, they in general appeared to be more sensitive

towards induction of apoptosis.
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Figure 22 P53 is not essential for the upregulation of GDF15 expression after ER stress.
(A, B) HeLa or HelLa “p53 null” cells were treated with solvent control (DMSO), 5 yM TM, or 0.5 yM TG.
(A) Immunoblot analyses of pro-GDF15, mature (m.) GDF15, PARP, p53, CHOP, and BIP expression
after 24h or 48h treatment. Uncleaved (uncl.), cleaved (cl.). Vinculin, loading control. (B) gqRT-gPCR
analyses determining relative mRNA expression levels of GDF15 24h after treatment. Depicted is the
log2 of the mean expression levels relative to DMSO-treated cells. Bars represent standard deviations.
Asterisks indicate statistically significant differences to DMSO-treated cells as determined by one-
sample t-test. *p < 0.05, ***p < 0.001. (C) HCT-116 and HCT-116 p53-- cells were treated with DMSO,
5 uM TM, or 0.5 uM TG for 24h. Immunoblot analyses of pro-GDF15, mature (m.) GDF15, PARP, p53,
and CHOP expression. Uncleaved (uncl.), cleaved (cl.). Vinculin, loading control.
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Silencing of CHOP by RNAI (Figure 23A and B) reduced GDF15 protein expression (Figure
23A) in TM- and TG-treated HelLa and HelLa “p53 null” cells. On mRNA level, CHOP
downregulation only decreased GDF 15 expression after TG, but not after TM treatment (Figure
23C). This findings indicates that CHOP might not only be a transcriptional activator of the
GDF15 gene but has additional regulatory effects on GDF15 expression in HPV-positive
cancer cells. This notion is further supported because GDF15 expression levels were even
slightly raised in control-treated cells after CHOP knockdown (Figure 23B and D), which could
also be observed in other experiments of this thesis (Figure 29B and D; Figure 33B and D).
Furthermore, CHOP downregulation reduced p53 protein (Figure 23A) and mRNA levels
(Figure 23D) in TM- and TG-treated HelLa cells.

In conclusion, these results indicate that CHOP has an important role for the increased GDF15

expression in cancer cells under ER stress.
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Figure 23 CHOP upregulates GDF15 expression after ER stress. HelLa or HelLa “p53 null” cells
were transfected with control siRNA (siContr-1) or with an siRNA pool targeting CHOP mRNA
(siCHOP). Two days after transfection, cells were treated with solvent control (DMSO), 5 uM TM, or
0.5 uM TG for 24h. (A) Immunoblot analyses of pro-GDF15, mature (m.) GDF15, CHOP, and p53

43



Results

expression. y-Tubulin, loading control. (B-D) gRT-analyses determining relative mRNA expression
levels of CHOP (B), GDF15 (C), and TP53 (D). Depicted is the log2 of the mean expression levels
relative to DMSO-treated and siContr-1-transfected cells. Bars represent standard deviations.
Asterisks indicate statistically significant differences between samples connected by crosslines as
determined by two-sided t-test. *p < 0.05, **p < 0.01, ***p < 0.001.

2.3.1.3. GDF15knockout increases the resistance of HelLa cells against ER stress-induced
apoptosis
Next, it was analyzed whether GDF15 downregulation can protect HPV-positive cervical

cancer cells against ER stress-induced apoptosis.
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Figure 24 GDF15 knockout increases resistance of HelLa cells against ER stress-induced
apoptosis. Parental HelLa cells or HeLa GDF15 KO clones #1-3 were treated with solvent control
(DMSO) or with 5 yM TM for 48h. (A) Representative images after TUNEL and DAPI staining
(apoptotic cells: green, cell nuclei: blue). Scale bar: 50 uM. (B) Rel. quantification of TUNEL-positive
cells on total cell number. Shown are means of at least five images per sample from a representative
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replicate. Bars represent standard deviations. Asterisks indicate statistically significant differences
between samples connected by crosslines as determined by two-sided t-test. ***p < 0.001.
(C) Immunoblot analyses of pro-GDF15, mature (m.) GDF15, PARP, and cleaved Caspase-9
expression. Uncleaved (uncl.), cleaved (cl.). y-Tubulin, loading control.

Firstly, a higher percentage of parental HelLa cells than of HeLa GDF15 KO clones #1-3 were
stained positive for apoptosis in TUNEL assays after TM treatment (Figure 24A and B).
Secondly, less PARP and Caspase-9 cleavage was detected by immunoblot analyses after
GDF15 KO in TM-treated cells (Figure 24C).

Altogether, these results provide strong experimental evidence that GDF 15 repression protects
cervical cancer cells against apoptosis via ER stress pathways. Notably, several anti-
tumorigenic agents are known to alter ER stress signaling pathways in cancer cells.'8'” This
raises the question whether GDF15 repression also provides resistance to HPV-positive cells

against chemopreventive or -therapeutic drugs.

2.3.2. GDF15 can sensitize cervical cancer cells towards SSide treatment

In the past years, increasing evidence has shown that — particularly regular — intake of NSAIDs
may reduce the risk of various cancer types, including cervical cancer.'®'" Among other
modes of action, NSAIDs induce apoptosis of cancer cells by stimulating ER stress signaling
pathways, which lead to an increase of the pro-apoptotic protein CHOP."""'72 GDF15 was also
reported to mediate apoptosis after NSAID treatment in the colorectal cancer cell line
HCT-116.%2

As a prototype NSAID, SSide was used to assess the effects of NSAIDs on proliferation of
HPV-positive cancer cells. SSide is the active metabolite of the prodrug Sulindac, which has
been reported to promote growth arrest and apoptosis in cervical carcinoma cells.' For all
following SSide experiments, cells were cultivated in FCS-free medium because SSide is
known to bind to serum albumin.'* SSide treatment (50 uM) blocked the proliferation of HelLa
mCherry H2B (Figure 25A) and SiHa mCherry H2B cells (Figure 25B) in live cell imaging
experiments with the IncuCyte system. Untreated control cells proliferated in FCS-free medium
for several days (Figure 25), although proliferation of SiHa mCherry H2B cells stopped
between two and three days after start (Figure 25B).

2.3.2.1. SSide activates GDF15 expression and induces apoptosis in HPV-positive cancer

cells

Historically, GDF15 was identified as NSAID activated gene-1 (NAG-1), which mediated the
induction of apoptosis in NSAID-treated colorectal cells.®> The strongest activating effect on
GDF15 expression could be observed after SSide treatment of HCT-116 cells.®? In line with

this, GDF15 levels were also upregulated with increasing SSide concentration in HeLa (Figure

45



Results

26A), SiHa (Figure 26B), and MRI-H186 (Figure 26C) cells as detected by immunoblotting.
Notably, SSide preferentially promoted the N-glycosylated form of pro-GDF15 in HeLa (Figure
26A) and SiHa cells (Figure 26B). MRI-H186 cells showed both pro-GDF15 forms after adding
50 uM SSide (Figure 26C). GDF15 mRNA expression was also increased in SSide-treated
Hela (Figure 26D) and SiHa cells (Figure 26E) as analyzed by qRT-PCR. In contrast, SSide
treatment reduced the levels of extracellular GDF15 as shown by Western blotting of HelLa cell

culture supernatants (Figure 26F).
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Figure 25 SSide inhibits proliferation of cervical cancer cells. HeLa mCherry H2B (A) and SiHa
mCherry H2B cells (B) were treated with solvent control (DMSO) or 50 uM SSide in FCS-free medium.
Cell proliferation was monitored for 4 days every 6 hours by live cell imaging with the IncuCyte system.

In all three investigated cervical cancer cell lines, high concentrations of SSide induced
apoptosis, which was indicated by PARP cleavage (Figure 26A-C). Furthermore, SSide
treatment activated p53 and CHOP expression (Figure 26A-C). After 24h, SSide treatment
showed remarkably different effects on HPV oncoprotein levels between the individual cervical
cancer cell lines. HPV16 EG/E7 expression was upregulated in SiHa cells (Figure 26B). In
Hela cells, E7 levels remained largely unchanged, whereas EG levels decreased (Figure 26A).
Both E6 and E7 amounts were diminished in MRI-H186 cells (Figure 26C).

In order to analyze how SSide influences the expression of GDF15 and E7 in more detail,
parallel time courses with solvent control (DMSQO) or SSide were performed in HelLa (Figure
27) and SiHa cells (Figure 28). SSide stimulated GDF15 mRNA expression immediately after
treatment start and maintained high expression levels in HeLa (Figure 27A) and SiHa cells
(Figure 28A) over the whole course of the kinetics. In DMSO-treated cervical cancer cells,
GDF15 mRNA levels increased with time (Figure 27A and Figure 28A). This could result from
the observation that control cells further proliferate in contrast to SSide-treated cells (Figure

25) and therefore have a higher demand for glucose. At late time points, control cells may
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strongly induce GDF15 expression (Figure 25B) because of glucose depletion as described in
chapter 2.1.2.
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Figure 26 Intracellular GDF15 levels are increased in cervical cancer cells by SSide. Cells were
treated with DMSO (solvent control) or with SSide in the indicated concentrations for 24h in FCS-free
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medium. (A-C) Immunoblot analyses of pro-GDF15, mature (m.) GDF15, PARP, E7, E6, p53, and
CHOP expression in cell lysates from HelLa (A), SiHa (B), and MRI-H186 cells (C). For HeLa and
MRI-H186, representative blots are shown out of two independent experiments. Uncleaved (uncl.),
cleaved (cl.). Vinculin, loading control. (D, E) qRT-PCR analyses determining relative GDF15 mRNA
expression in HelLa (D) and SiHa cells (E). Depicted is the log2 of the expression relative to DMSO-
treated cells. Shown data are representative for two or three experiments conducted in HelLa or SiHa
cells, respectively. (F) Immunoblot analysis of cell culture supernatants from HelLa cells detecting
secreted pro-GDF15 and mature (m.) GDF15 levels. Loading volumes were normalized on amounts
of total intracellular protein.

The regulation of the HPV oncogene transcripts was also time-dependent (Figure 27B and
Figure 28B). In HelLa cells, SSide treatment induced E6/E7 expression after 12h and then
started to repress it after 36h (Figure 27B). While E6/E7 transcripts were upregulated in SSide-
treated SiHa cells until 24h, they were strongly downregulated between 36h and 60h (Figure
28B).

On protein level, GDF15 expression increased slightly in DMSO-treated HelLa cells and was
strongly upregulated by SSide treatment throughout the time course (Figure 27C). Additionally,
SSide induced high levels of cleaved PARP in HelLa cells (Figure 27C). A slight increase in
PARP cleavage could also be detected in control cells after 60h, probably caused by the long-
term FCS-free cultivation. After an initial induction, SSide treatment downregulated HPV18 E7
levels after 36h (Figure 27C). E7 amounts were also reduced 48h and 60h after adding DMSO
to HelLa cells, likely due to cultivation in FCS-lacking medium.

In time course experiments of SiHa cells, GDF 15 protein amounts were upregulated by SSide,
too (Figure 28C). After 36h, GDF15 levels strongly increased in DMSO-treated SiHa cells and
even surpassed the SSide-induced GDF15 levels after 48h. While N-glycosylated pro-GDF15
was observed after adding SSide, the non-glycosylated pro-form of GDF15 dominated in
control cells (Figure 28C). PARP cleavage indicated that SSide induced high levels of
apoptosis in SiHa cells after 60h (Figure 28C). In addition, control cells started to die of
apoptosis after 36h. These effects in DMSO-treated SiHa cells could be due to their ongoing
proliferation (Figure 25B), which leads to an increasing deficiency of nutrients and finally to cell
death.

After an initial induction by SSide, HPV16 E7 expression was downregulated after 24h in both
DMSO- and SSide-treated SiHa cells (Figure 28C). At late time points in control cells, E6/E7
mRNA levels (Figure 28B) were stimulated, while protein levels (Figure 28C) were repressed.
This divergence points towards the involvement of mechanisms that negatively affect E7

translation or protein stability.
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In summary, SSide upregulates intracellular GDF15 expression in cervical cancer cells, which
associates with the induction of apoptosis. This implies that intake of NSAIDs can have
GDF15-mediated chemopreventive effects against cervical cancer cells. The regulation of
EG6/E7 levels in this experimental setup is time-dependent and could be negatively affected by
two different factors: at late time points, E6/E7 expression seems to be downregulated by
SSide treatment and by prolonged FCS-free cultivation. GDF15 amounts correlate with
increased CHOP and p53 expression in SSide-treated cervical cancer cells, suggesting that
the two transcription factors might be involved in the upregulation of GDF15 after SSide

treatment.
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2.3.2.2. P53 contributes to the upregulation of GDF15 after SSide treatment

To analyze whether CHOP and/or p53 play a role in the stimulation of GDF15 by SSide, CHOP
or TP53 mRNA levels were downregulated by RNAI in SSide-treated HelLa cells. Protein and

MRNA expression analyses were carried out by immunoblotting and gqRT-PCR, respectively.

Firstly, the role of CHOP was investigated. CHOP was upregulated on mRNA (Figure 29A)

and protein level (Figure 29D) after adding SSide to HelLa cells. Notably, silencing of CHOP

did not affect the SSide-induced increase of GDF15 transcripts (Figure 29B) and protein

(Figure 29D) levels. CHOP downregulation also had no or a limited negative impact on PARP
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cleavage (Figure 29D) or p53 expression (Figure 29C and D), respectively. This suggests that
CHOP neither takes part in the upregulation of GDF15 nor in the induction of apoptosis by

SSide treatment, but other pro-apoptotic factors are involved.
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Figure 29 Activation of GDF15 expression by SSide is CHOP-independent. Firstly, HeLa cells
were transfected either with a control siRNA (siContr-1) or with an siRNA pool targeting CHOP mRNA
(siCHOP). Afterwards cells were treated with DMSO as solvent control or with 50 yM SSide in FCS-
free medium 24h before harvest. (A-C) gRT-PCR analyses determining relative expression levels of
CHOP (A), GDF15 (B), and TP53 mRNA (C). Depicted is the log2 of mean expression levels relative
to siContr-1-transfected and DMSO-treated cells. Bars represent standard deviations. Asterisks
indicate statistically significant differences between samples connected by crosslines as determined
by two-sided t-test. *p £ 0.05, **p < 0.01. (D) Immunoblot analyses of pro-GDF15, mature (m.) GDF15,
PARP, p53, and CHOP expression. Uncleaved (uncl.), cleaved (cl.). y-Tubulin, loading control.

Secondly, the role of p53 was examined. To this end, SSide was added to Hela cells
expressing p53 and to HelLa “p53 null” cells, which raised PARP cleavage and GDF15
expression in both cell lines (Figure 30A). However, the increase in GDF15 amounts was lower
in HeLa “p53 null” than in parental HeLa cells (Figure 30A), suggesting a contribution of p53
to the SSide-induced upregulation of GDF15 expression in HelLa cells.
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Figure 30 P53 contributes to the SSide-induced upregulation of GDF15. (A) HeLa and HelLa
“p53 null” cells were treated with DMSO (solvent control) or SSide for 24h in FCS-free medium.
Immunoblot analyses of pro-GDF15, mature (m.) GDF15, PARP, p53, and CHOP expression.
Uncleaved (uncl.), cleaved (cl.). y-Tubulin, loading control. (B-F) HelLa cells were transfected with
either control siRNA (siContr-1) or siRNA targeting TP53 mRNA and treated with DMSO or
50 uM SSide 24h prior to harvest. (B) Immunoblot analyses of pro-GDF15, mature (m.) GDF15, PARP,
p53, and CHOP expression. Uncleaved (uncl.), cleaved (cl.). y-Tubulin, loading control.
(C-F) gRT-PCR analyses determining relative expression of TP53 (C), GDF15 (D), CHOP (E), and
EGR1 mRNA (F). Depicted is the log2 of mean expression levels relative to siContr-1-transfected and
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DMSO-treated cells. Bars represent standard deviations. Asterisks indicate statistically significant
differences between samples connected by crosslines as determined by two-sided t-test. *p < 0.05,
**p <0.01, **p < 0.001.

In a further approach, HelLa cells were transfected with either a control siRNA or an siRNA
targeting TP53 mRNA and subsequently treated with SSide. The activation of GDF15
expression by SSide was reduced after p53 knockdown (Figure 30B). Interestingly, decreased
levels of p53 and GDF15 correlated with reduced PARP cleavage in HelLa cells after adding
SSide. On transcriptional level, SSide stimulated slightly TP53 (Figure 30C) and strongly
GDF15 (Figure 30D) mRNA expression in HelLa cells. On average, silencing of p53 attenuated
the activation of GDF15 mRNA levels by a factor of 2 (Figure 30D). The divergence between
GDF15 protein (Figure 30B) and mRNA levels (Figure 30D) indicates that p53 could
additionally stimulate GDF15 expression on protein level.

Whereas CHOP levels were similarly upregulated by SSide after transient p53 knockdown
(Figure 30B and E), HeLa “p53 null” cells showed lower CHOP levels than parental HelLa cells
(Figure 30A). This divergence could results from a lower cell number of HeLa “p53 null” cells
after cultivation in FCS-free medium, which is linked to reduced CHOP expression (Figure 9B
and E).

In addition, the role of the transcription factor EGR1 for the response of the GDF15 gene
towards SSide was investigated. This is based on studies of Baek et al., who identified binding
sites for EGR1 in the GDF15 promoter and reported that increased EGR1 amounts mediated
the stimulation of GDF 15 expression by SSide in HCT-116.8° Indeed, EGR1 mRNA levels were
also elevated after treating HelLa cells with SSide (Figure 30F). This effect was not affected by
silencing of TP53.

Altogether, these results suggest that p53 contributes to the SSide-induced upregulation of
GDF15 expression in cervical cancer cells, while it is independent from CHOP. Additional
factors could be involved such as EGR1, which is also increased by SSide treatment. Whether

EGR1 is involved in GDF15 regulation of HPV-positive cells, awaits further exploration.

2.3.2.3. Knockout of GDF15 protects HelLa cells against SSide treatment

The next interesting point is whether the downregulation of GDF15 by HPV EG6 protects cervical
cancer cells towards NSAID-induced apoptosis. A first hint in this direction was that GDF15
upregulation correlated with PARP cleavage after SSide treatment (Figure 26A-C). To this end,
parental HeLa and three HeLa GDF15 KO clones were treated with SSide and apoptosis rates

were compared by three different methods.
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Figure 31 Downregulation of GDF15 can protect HelLa cells against SSide-induced apoptosis.
Parental HeLa cells or HeLa GDF15 KO clones #1-3 were treated with DMSO (solvent control) or with
50 pM SSide for 20h (A-C) or 36h (D) in FCS-free medium. (A) Representative images after TUNEL
and DAPI staining (apoptotic cells: green; cell nuclei: blue). Scale bar: 50 uM. (B) Rel. quantification
of TUNEL-positive cells on total cell number. Shown are means of at least five images per sample
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gained from a representative replicate. Bars represent standard deviations. Asterisks indicate
statistically significant differences between samples connected by crosslines as determined by two-
sided t-test. **p < 0.01, ***p < 0.001. (C) Live cell imaging assay detecting activated Caspase-3/7
(IncuCyte). Apoptotic cells as determined by positive staining with IncuCyte Caspase-3/7 Green
Reagent were normalized on cell confluence. Shown are means of two independent replicates at the
time point where the number of green cells was half-maximal in the SSide-treated parental HelLa cells.
Bars represent standard deviations. Asterisks indicate statistically significant differences between
samples connected by crosslines as determined by two-sided t-test. **p < 0.01, ***p < 0.001.
(D) Immunoblot analyses of pro-GDF15, mature (m.) GDF15, PARP, and cleaved Caspase-9
expression. Uncleaved (uncl.), cleaved (cl.). y-Tubulin, loading control.

Comparison of parental HeLa with HeLa GDF 15 KO clones #1 and #3 indicates that HelLa cells
are protected by GDF15 knockout against SSide-induced apoptosis: HeLa GDF15 KO
clones #1 and #3 showed a lower percentage of TUNEL-positive (Figure 31A and B) or
activated Caspase-3/7-stained cells (Figure 31C) after SSide treatment. Additionally, GDF15
KO clone #1 presented less SSide-induced PARP and Caspase-9 cleavage in comparison to
parental HelLa cells (Figure 31D). HeLa GDF15 KO clone #2, however, behaved differently
towards SSide treatment than the other two GDF15 KO clones. Although, apoptosis rates of
GDF15 KO clone #2 were lower in TUNEL assays (Figure 31A and B), increased activity of
Caspase-3/7 (Figure 31C) and similar levels of cleaved PARP and Caspase-9 (Figure 31D)
were found in GDF15 KO clone #2 compared to GDF15-expressing HelLa cells. This indicates
that HeLa GDF15 KO clone #2 has a similar apoptotic response towards SSide as parental
Hela cells.

Considering all results, the knockout of GDF15 protects two out of three HelLa clones against
SSide-induced apoptosis. This observation would be consistent with data from other tumor
entities indicating that GDF 15 is an important mediator in the pro-apoptotic response of cancer

cells towards NSAID treatment.52153.175.176

2.3.3. Downregulation of GDF15 expression can protect cervical cancer cells against

cisplatin treatment

In the treatment of cervical carcinoma, chemotherapy with cisplatin plays a major role besides
surgery and radiotherapy. It has been reported that GDF15 expression was upregulated after
y-irradiation and cisplatin treatment of human breast cancer cell lines.'?® Moreover, cisplatin is
known to activate ER stress pathways.'®® Therefore, it is of clinical interest to analyze whether
the repression of GDF15 can increase the resistance of HPV-positive cervical cancer cells

against chemotherapy with cisplatin.
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2.3.3.1. Induction of GDF15 levels by cisplatin is p53-dependent

Firstly, GDF15 expression after cisplatin treatment was studied in cervical cancer cells by
immunoblotting. Secondly, it was investigated whether p53 and/or CHOP are mechanistically
involved by CHOP knockdown experiment in cisplatin-treated HeLa and HelLa “p53 null” cells.
Transcript levels were determined by qRT-PCR analyses.

GDF15 expression was strongly upregulated by cisplatin treatment of HeLa (Figure 32A) and
MRI-H186 cells (Figure 32B), which correlated with an induction of PARP and Caspase-9
cleavage, indicating apoptosis. Treatment of HelLa cells with cisplatin also raised levels of
secreted GDF15 as detected by immunoblotting of cell culture supernatants (Figure 32C).
Especially the N-glycosylated form of GDF15 was detected after treatment (Figure 32).
Furthermore, cisplatin repressed E7 levels, while it activated p53 expression and generated

ER stress in both cell lines as indicated by increased BiP expression (Figure 32A and B).
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Figure 32 Cisplatin upregulates GDF15 levels in HeLa and MRI-H186 cells. Cells were treated with
10 uM or 15 uM cisplatin (Cis). Protein lysates and cell culture supernatant were collected 24h (HeLa)
or 20h (MRI-H186) later. (A, B) Immunoblot analyses of pro-GDF15, mature (m.) GDF15, PARP,
cleaved Caspase-9, E7, p53, and BiP expression in cell lysates of HeLa (A) and MRI-H186 cells (B).
Uncleaved (uncl.), cleaved (cl.). Vinculin and y-Tubulin are loading controls. (B) Immunoblot analysis
of cell culture supernatants from HelLa cells detecting secreted pro-GDF15 and mature (m.) GDF15
levels. Loading volumes were normalized on amounts of total intracellular protein.

Since CHOP mediated the upregulation of GDF15 levels after TM- or TG-induced ER stress
(Figure 23A and C), CHOP could have similar functions in the response towards cisplatin
treatment. In control-transfected HelLa cells, CHOP mRNA (Figure 33A) and protein (Figure
33D) expression levels were downregulated by cisplatin. Silencing of CHOP did not impair the
upregulation of GDF15 mRNA (Figure 33B) and protein levels nor PARP and Caspase-9
cleavage (Figure 33D) in cisplatin-treated cells. Whereas the CHOP knockdown did not alter

56



Results

TP53 mRNA expression (Figure 33C), it lowered the increase of p53 protein levels after

cisplatin treatment of HelLa cells (Figure 33D).
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Figure 33 P53 mediates the upregulation of GDF15 levels in cisplatin-treated HeLa cells. HeLa
or HelLa “p53 null” cells were transfected either with control siRNA (siContr-1) or with an siRNA pool
targeting CHOP mRNA expression (siCHOP) and were treated with 10 uM cisplatin 24h before harvest.
(A-C) gRT-PCR analyses determining relative expression of CHOP (A), GDF15 (B), and TP53
mRNA (C) in HelLa cells. Depicted is the log2 of mean expression levels relative to untreated,
siContr-1-transfected cells. Bars represent standard deviations. Asterisks indicate statistically
significant differences between samples connected by crosslines as determined by two-sided t-test.
*p £ 0.05, **p < 0.01. (D) Immunoblot analyses of pro-GDF15, mature (m.) GDF15, PARP, cleaved
Caspase-9, p53, and CHOP expression in HeLa and HelLa “p53 null” cells. Uncleaved (uncl.), cleaved
(cl.). y-Tubulin, loading control.

To further analyze the function of p53, HelLa “p53 null” cells were also treated with cisplatin.
No appreciable cleavage of PARP and Caspase-9 was observed and the stimulation of GDF15
levels by cisplatin was completely suppressed in cisplatin-treated HelLa “p53 null” (Figure 33D).
These findings provide evidence that the upregulation of GDF15 expression by cisplatin

treatment is critically dependent on p53. Moreover, the increasing GDF15 levels could be
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involved in cisplatin-induced apoptosis of HelLa cells, since PARP and Caspase-9 cleavage

correlated with GDF15 expression.

2.3.3.2. Transient silencing of GDF15 expression affects the sensitivity of cervical cancer
cells against cisplatin treatment

To investigate the functional role of GDF 15 for cisplatin-induced apoptosis, GDF15 expression

was transiently suppressed in cisplatin-treated cervical cancer cells lines and apoptosis rates

were measured.
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Figure 34 Transient repression of GDF15 levels reduces cisplatin-induced apoptosis of HelLa
cells. Hel a cells were transfected either with control siRNA (siContr-1) or with an siRNA pool targeting
GDF15 mRNA (siGDF15) and were treated with 15 uM cisplatin (Cis) for 20h. (A) Representative
images after TUNEL and DAPI staining (apoptotic cells: green; cell nuclei: blue). Scale bar: 50 pM.
(B) Rel. quantification of TUNEL-positive cells on total cell number. Shown are means of at least five
images per sample from a representative replicate. Bars represent standard deviations. Asterisks
indicate statistically significant differences between samples connected by a crossline as determined
by two-sided t-test. ***p < 0.001. (C) Immunoblot analyses of pro-GDF15, mature (m.) GDF15, and
PARP expression. Uncleaved (uncl.), cleaved (cl.). y-Tubulin, loading control.

In HeLa cells, GDF15 knockdown by RNAI reduced the number of TUNEL-positive cells (Figure
34A and B) and PARP cleavage (Figure 34C) after cisplatin treatment. These results support
the notion that GDF15 downregulation protects HelLa cells against cisplatin-stimulated

apoptosis.
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Figure 35 GDF15 knockdown has divergent effects on the response of MRI-H186 and SiHa cells
towards cisplatin treatment. Cells were transfected with either a control siRNA (siContr-1) or an
siRNA pool targeting GDF15 mRNA (siGDF15). Subsequently, they were treated with 15 uM or
20 pM cisplatin (Cis) for 20h (MRI-H186) or 28h (SiHa). Immunoblot analyses of pro-GDF15, mature
(m.) GDF15, p53, PARP, and cleaved Caspase-9 expression. Uncleaved (uncl.), cleaved (cl.).
y-Tubulin, loading control.

Similar to HeLa cells, GDF15 and apoptosis levels were strongly increased in MRI-H186 cells
after adding 15 pyM cisplatin, as indicated by cleaved PARP and Caspase-9 (Figure 35A).
Repression of GDF15 during cisplatin treatment also decreased cleavage of PARP and
Caspase-9 in these cells (Figure 35A). In contrast, cisplatin treatment, however, did not induce
GDF15 expression in SiHa cells, although p53 levels were still upregulated by the treatment
(Figure 35B). Another difference was that cisplatin promoted the N-glycosylation of pro-GDF15
in only half of the analyses of SiHa cells. GDF15 downregulation hardly affected Caspase-9
cleavage and, in some experiments, even increased cleaved PARP levels in cisplatin-treated
SiHa cells (Figure 35B).

Thus, for both HPV18-positive HeLa and HPV-16-positive MRI-H186 cells, GDF15 appears to
be a major mediator of cisplatin-induced apoptosis. However, the data obtained for SiHa cells

suggest that this regulatory principle is not necessarily shared by all HPV-positive cancer cells.

2.3.3.3. GDF15 KO protects HelLa cells against cisplatin treatment

To further corroborate the decisive role of GDF15 for cisplatin-induced apoptosis in cervical
cancer cells, Hela cells were compared with HeLa GDF15 KO cells after cisplatin treatment.

Consistent with findings from transient transfection experiments (Figure 34), the knockout of
GDF15 protected Hela cells against cisplatin treatment. The number of TUNEL-positive cells
after cisplatin treatment was strongly decreased in HeLa GDF15 KO clones #1-3 in comparison
to parental HelLa cells (Figure 36A and B). All three GDF15 KO clones also presented lower
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levels of PARP and Caspase-9 cleavage (Figure 36C) and reduced apoptosis rates in live cell

imaging experiments visualizing Caspase activation (Figure 36D) after cisplatin treatment.
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Figure 36 Knockout of GDF15 protects HelLa cells against cisplatin-induced apoptosis. Parental
HelLa or HeLa GDF15 KO clones #1-3 were treated with 15 uM cisplatin (Cis) for 20h (A, B, and D) or
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for 16h (C). (A) Representative images after TUNEL and DAPI staining (apoptotic cells: green; cell
nuclei: blue). Scale bar: 50 uM. (B) Rel. quantification of TUNEL-positive cells on total cell number.
Shown are means of at least five images per sample from a representative replicate. Bars represent
standard deviations. Asterisks indicate statistically significant differences between samples connected
by crosslines as determined by two-sided t-test. ***p < 0.001. (C) Immunoblot analyses of pro-GDF15,
mature (m.) GDF15, PARP, and cleaved Caspase-9 expression. Uncleaved (uncl.), cleaved (cl.).
y-Tubulin, loading control. (D) Live cell imaging assay detecting activated Caspase-3/7 (IncuCyte).
Apoptotic cells as determined by positive staining with IncuCyte Caspase-3/7 Green Reagent were
normalized on cell confluence. Shown are means of two independent replicates at the time point where
the number of green cells was half-maximal in the cisplatin-treated parental HelLa cell line. Bars
represent standard deviations. Asterisks indicate statistically significant differences between samples
connected by crosslines as determined by two-sided f-test. *p < 0.05.

Overall, these data show that GDF15 can be a major promoter of the pro-apoptotic effects in
cisplatin-treated HPV-positive cancer cells. The ability of the viral E6 oncoprotein to reduce
GDF15 expression thus contributes to the chemotherapeutic resistance of HPV-positive

cancer cells.
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3. Discussion

HPV-linked cancer cells rely on the E6/E7 expression of high-risk HPV types in order to fulfil
the six hallmarks of cancer: sustained proliferation, growth suppressor evasion, tissue invasion
and metastasis, infinite replicative potential, neo-angiogenesis, and resistance against cell
death.””” To this end, the viral oncoproteins dysregulate numerous host cell pathways, which
have not yet been completely illuminated. The identification of novel target genes and
characterization of phenotypic consequences can contribute to a better understanding of
cervical carcinogenesis. The gained insights may reveal new strategies to prevent and treat
cervical carcinomas. The present thesis exhibited that the stress response gene GDF15 is
downregulated by oncogenic HPVs. Key regulators of basal and stress-activated GDF15
expression in cervical cancer cells were identified. It was also revealed that HPV-positive
cervical cancer cells are more resistant towards apoptotic stress induced by different drugs via

GDF15 repression.

3.1. GDF15 expression in cervical cancer cells

3.1.1. GDF15 as a novel target gene of oncogenic HPVs

E6/E7 knockdown experiments showed that GDF15 was strongly upregulated both at the
mRNA and protein level after repressing E6 or E6/E7 in HPV16- and HPV18 positive cancer
cell lines as well as an HPV16-immortalized keratinocyte cell line. Moreover, levels of secreted
GDF15 were also elevated after silencing E6 or E6/E7. These results imply that E6 represses
GDF15 expression in HPV-positive cells. This hypothesis is in line with the transcriptome data
from Kuner et al.®® and is further supported by following microarray analyses, which used
different cell lines and/or had alternative approaches to alter E6/E7 expression. For instance,
Kelley and colleagues reported that GDF15 transcript levels were upregulated after silencing
E6 in HelLa, Caski, or SiHa cells.'”® Additionally, GDF15 mRNA expression was increased after
re-introducing HPV18 E2 into HeLa cells, which also downregulates E6/E7 expression.'® Vice
versa, transfection of HPV16 E6/E7 DNA into foreskin led to decreased GDF15 transcript
levels.'® Remarkably, mere expression of HPV16 E6 diminished GDF15 mRNA levels in
cervical keratinocytes, whereas HPV16 E7 did not appreciably modulate them, 8" which further
corroborates that GDF15 expression is inhibited by E6 and not by E7.

Mechanistically, the increase in GDF15 levels after E6 knockdown observed in the present
studies was likely dependent on the reconstitution of p53 because the effect on GDF15
expression was abolished in HeLa “p53 null” cells. The role of p53 as a key transcriptional
regulator of GDF15 expression was further supported by the result that silencing of p53

reduced basal GDF15 mRNA and protein levels in HPV-positive cancer cells. Interestingly,
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downregulation of EGAP by RNAI also upregulated GDF15 expression in HPV18- and HPV16-
positive cervical cancer cell lines.'”® This report complements the findings of the present work
because E6 inhibits p53 by recruiting the ubiquitin ligase E6AP to p53, which is subsequently
marked for proteasomal degradation.*? Altogether, these results indicate that E6 represses
GDF15 expression by mediating the degradation of its transcription activator p53.

Since CHOP was previously identified as another positive key regulator of GDF15 expression
apart from p53,7’ the effects of CHOP were also analyzed in more detail. In the present work,
it was found that CHOP does not function as a transcriptional activator of basal GDF15
expression in cervical cancer cells. GDF15 levels were either not appreciably affected or
slightly increased (< twofold) by CHOP silencing in the absence of stress. In order to negatively
affect basal GDF15 expression, CHOP might inhibit C/EBPB,'*>'® which is another
transcription activator of the GDF15 promoter.”®

Interestingly, the performed E6/E7 knockdown experiments of this thesis suggest that CHOP
itself may represent a hitherto unreported target gene for E6/E7. After silencing E6/E7 (and to
some extent E6 alone), CHOP mRNA and protein expression was downregulated in HPV-
positive cell lines. These observations indicate that E6/E7 induce the expression of CHOP.
Mechanistically, the HPV oncoproteins possibly stimulate UPR signaling pathways and thereby
CHORP levels as reported for other oncoproteins. Expression of H-ras G12V or K-ras G12D
mutant, for example, activated CHOP expression via PERK signaling in human melanocytes,
rat fibroblasts, or murine lung cell.'8%'8 Additionally, E6/E7 could increase CHOP expression
on the protein level by blocking the enzymatic activity of p300, since acetylation of CHOP by
p300 promotes its proteasomal degradation.'85-187

Unexpectedly, the present work revealed that GDF15 mRNA and protein levels were
decreased after EG/E7 knockdown in HelLa “p53 null” cells, pointing to a positive effect of EG/E7
on GDF15 expression in this particular cellular background. A possible explanation for this
observation is that CHOP compensates for the missing p53 expression and therefore has an
activating impact on GDF15 levels in HeLa “p53 null”. In summary, these findings point out that
CHOP has a subordinate role to p53 in regulating basal GDF15 expression of HPV-positive
cancer cells. Vice versa, GDF15 probably does not influence the expression of the HPV
oncoproteins, p53, or CHOP as analyzed by GDF15 overexpression, knockdown, and
knockout experiments.

Interestingly, cervical cancer cells exhibited a cell line-dependent expression pattern of GDF15
pro-forms. The major levels of pro-GDF 15 in MRI-H186 cells were N-glycosylated whereas the
non-glycosylated pro-form was predominant in SiHa cells. HeLa cells showed both pro-GDF15
forms, but the knockdown of E6/E7 caused a shift towards the N-glycosylated pro-GDF15 form.
This indicates that E7 or E6/E7 might inhibit the N-glycosylation of pro-GDF15 in HelLa cells.

The band pattern of extracellular pro-GDF15 featured additional bands, which suggests that
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pro-GDF15 is further modified during the secretion process or extracellularly. A potential
mechanism for this effect could be that complex N-linked oligosaccharide chain of pro-GDF15
are altered by glycosyltransferases or glycosidases while passing the Golgi apparatus during
secretion.®" 88 Pro-GDF 15 might alternatively represent a target for extracellular proteases like
matrix metalloproteinases as it was shown for mature GDF15 by Abd EI-Aziz.'8°

To sum up, these results support the notion that GDF15 expression is repressed in HPV-

positive cells, predominantly via E6-mediated degradation of p53.

3.1.2. Glucose deprivation upregulates GDF15 expression via p53 and CHOP

In this thesis, increased GDF15 mRNA and protein levels were also detected under cell culture
conditions in which nutrient supply was depleted in cervical cancer cells, e.g. after prolonged
cell cultivation. In closer analyses of medium components, glucose deprivation strongly
upregulated GDF15 expression, while the lack of FCS barely affected it. In support of the
former findings, the literature reveals that glucose deprivation is very common in tumor tissues
and also induces GDF15 expression in various other cell types.’%%11 The supply of oxygen
and essential amino acids like lysine or methionine can be limiting for the proliferation of cancer
cells as well.’®>1% Both hypoxia and lysine or methionine-deficient diets have also been
reported to induce GDF15 expression.”" 74195

CHOP knockdown experiments performed in this thesis suggest that the rise in GDF15 levels
after glucose deprivation is due to increased CHOP expression in cervical cancer cells.
Previously, it was shown by using rat fibroblasts or HelLa cells that ER stress pathways mediate
this CHOP upregulation.®1% P53 silencing studies of the present work strongly imply that p53
increases GDF15 levels after glucose deprivation besides CHOP. However, p53 levels were
not appreciably modulated after glucose deprivation in cervical cancer cells, pointing out that
alterations in p53 activity could account for this result instead of increased p53 expression
levels. In line with this, Kelly and colleagues have reported that p53 stimulates GDF15
expression in prostate cancer cells in relation to their cell density.'? In addition, activating
posttranslational modifications of p53 have been shown to be important in this context, since
restricted glucose supply arrested the cell cycle of lung cancer cells upon the phosphorylation
of p53 at Ser15."%” Glucose deprivation also promoted the phosphorylation of the Ser46
residue in p53 in osteosarcoma cells, leading to their cell death.'®® Vice versa, high glucose
level inhibited this p53 phosphorylation in colorectal and lung cancer cells.’®®

In summary, glucose deprivation can increase CHOP expression and p53 activity and thereby

upregulates GDF15 levels in HPV-positive cancer cells.
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3.1.3. Regulation of intra- and extracellular GDF15 levels by TM- or TG-induced ER

stress

Some chemotherapeutic drugs like TM or TG can generate unresolvable, excessive ER stress,
which leads to the induction of apoptosis.’' As previously shown for a spectrum of different
tumor cell lines and murine hepatocytes,’72%0 both GDF15 mRNA and protein levels were
found in the present study to be upregulated by TM or TG treatment in HeLa or SiHa cells.
There is strong evidence in cancer and non-cancerous cells from human or murine origin that
ER stress induces GDF15 expression via CHOP, which can be inhibited by interrupting the
PERK signaling pathway at different regulatory interfaces upstream of CHOP.74.77.78111.195.200
Accordingly, CHOP knockdown studies of this thesis revealed that increasing CHOP levels led
to the raised GDF15 protein levels in TM- or TG-treated HelLa cells. Notably, CHOP silencing
by RNAIi decreased GDF15 mRNA levels only after exposure to TG, but not after adding TM.
This discrepancy between mRNA and protein levels suggests that CHOP may affect GDF15
expression by additional means than by directly regulating transcription, potentially dependent
on the nature of the stress-inducing agent. From the literature, CHOP is known to promote
protein synthesis in general after ER stress by transcriptional activation of GADD34 (growth
arrest and DNA damage-inducible protein 34) and subsequent dephosphorylation of
elF20.291202 As another feasible mechanism, CHOP might increase GDF15 translation
specifically by inhibiting the expression of microRNAs (miRs) which target GDF15 mRNA. For
example, CHOP was shown to modulate rhodopsin expression during ER stress via
miR-708.2 It is also known that GDF15 translation can be regulated by miRs since miR-132,
miR-873, and miR-1233 have been identified to downregulate GDF 15 protein expression.204:205
This thesis shows that the levels of p53 were elevated after prolonged TM or TG treatment of
cervical cancer cells, as the literature reported for other cell types as well.'952%6207 However,
p53 might not be essential for this increase in GDF15 expression because ER stress also
raised GDF15 levels in colorectal and cervical cancer cells expressing no or extremely low
levels of p53, respectively. The literature supports these findings of the present study. For
example, TM stimulated p53 expression via NF-kB (nuclear factor “kappa-light-chain-
enhancer” of activated B-cells) signaling in breast cancer cells.?” Similarly to TG and TM
treatment, a methionine-choline-deficient diet can increase ER stress, p53, and GDF15 levels
in mice, whereas inhibition of p53 did not significantly affect the induction of GDF15 in this
model system.®®

Interestingly, both TM and TG reduced the amounts of secreted GDF15, while they raise
intracellular GDF15 mRNA and protein levels in the present study. This indicates that TM and
TG disturb GDF15 secretion. TM may partly inhibit GDF15 secretion, since it blocks the first

step of N-glycosylation. In line with this hypothesis lower amounts of the GDF15
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N-glycosylation mutant N70A could be detected extracellularly in comparison to GDF15
wildtype despite being equally expressed. In further support of this notion, Fairlie and
colleagues found another GDF15 N-glycosylation mutant (N70S) to be secreted less.®® These
results imply that N-glycosylation is in fact not essential for, but promotes the secretion of
GDF15.

Altogether, these results indicate that ER stress signaling mediates the TM- or TG-induced
upregulation of GDF15 protein expression in cervical as well as in other cancer cells via CHOP.

Furthermore, GDF15 secretion can be promoted by N-glycosylating of its propeptide part.

3.1.4. P53 is involved in the upregulation of GDF15 by SSide

NSAIDs are also known to stimulate pro-apoptotic ER stress signaling pathways.’®83 |n
cervical cancer cells, the NSAIDs sulindac, aspirin, and celecoxib have been described to
cause apoptosis.'”32%8-217 The present work reveals that the active metabolite of sulindac,
SSide, also induces PARP cleavage as well as GDF15 mRNA and protein levels in HPV18-
and HPV16-positive cancer cells, even though amounts of secreted GDF15 were not altered
by the treatment. Other researchers showed that SSide strongly activates GDF15 expression
and apoptosis in colorectal and ovarian cancer cells as well.?2176218 |mportantly, the present
thesis exhibits that the downregulation of p53 decreased GDF15 induction in SSide-treated
Hela cells, indicating a key role for p53 in this context. In contrast, CHOP seemed not to be
involved in the upregulation of GDF15 expression as indicated by knockdown experiments,
although SSide treatment increased CHOP amounts in cervical cancer cells. These findings
are supported by the literature because p53 is also described to mediate GDF15 expression
and apoptosis after diclofenac treatment of oral cavity and breast cancer cells.?'%:220

The significance of p53 for the rise of GDF15 levels after SSide treatment does, however, not
exclude that additional factors could be involved. Possible candidates include the UPR
signaling molecule ATF3, which can promote the transactivation activity of C/EBPB on the
GDF15 promoter.” EGR1 represents another potentially interesting transcription factor in this
context because EGR1 stimulated the GDF15 promoter in SSide-treated colorectal cancer
cells. In experiments of this thesis, EGRT mRNA levels were also upregulated by SSide in
cervical cancer cells. Notably, the mechanisms behind SSide-activated GDF 15 expression can
be cell type-dependent because different regulatory factors were found to be important in this
context for colorectal than for cervical cancer cells. In the literature, PERK signaling and
CHOP, but not p53 are reported to increase GDF15 levels in SSide-treated HCT-116
Ce"S_111,221

These results indicate that p53 is an important mediator for increased GDF15 expression in

SSide-treated cervical cancer cells, whereas CHOP-dependent pathways are not involved.
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3.1.5. Cisplatin induces GDF15 expression via p53

Cisplatin is used in the treatment of cervical cancer patients besides surgery or irradiation
because cisplatin can induce apoptosis in cancer cells by generating excessive DNA damage
and ER stress.'86:222223 |nterestingly, it was found in the present study that cisplatin treatment
not only stimulated apoptosis in HeLa and MRI-H186 cells, but also increased GDF15 mRNA
as well as intracellular and secreted GDF15 protein levels in a dose-dependent manner. In
support of these results, cisplatin treatment also raised GDF15 blood serum levels in mice and
humans as well as intracellular GDF15 expression in diverse other cancer cell types.®%123224-
226 RNAI analyses of the present thesis indicate that p53 mediates this upregulation of GDF15
expression, which is in line with similar findings reported for cisplatin-treated embryonal
carcinoma cells.?® In the present study, CHOP expression was decreased and not involved in
cisplatin-induced GDF15 expression, although other studies showed that CHOP expression in
HelLa and OV-2008 cells is increased by cisplatin treatment at earlier time points or after drug
release.?23227.228 Since increased BiP levels pointed towards ER stress after cisplatin treatment
of cervical cancer cells in the present work, CHOP-independent ER stress signaling could be
involved. ATF3 represents a promising candidate here because ATF3 expression was shown
both to be upregulated in cisplatin-treated cancer cells and to stimulate GDF15
expression.??%23%0 Additionally, ATF3 can interfere in the E6-mediated degradation of p53 in
HPV16-positive cancer cells.?'

In contrast to CHOP, it is very likely that p53 is essential for the induction of GDF15 and
apoptosis levels in cancer cells after cisplatin treatment.

Table 1 P53 and CHOP are key regulators of GDF15 expression in HPV-positive cervical cancer
cells (“-“: probably not involved; “+”: involved; ?: unclear).

Involvement of p53 CHOP
after E6 knockdown
after E6/E7 knockdown
regarding basal levels

?

+ |+ |+ |+

Regulation of

GDF15 expression during glucose deprivation

after TM/TG treatment - +
after SSide treatment

+
1

after cisplatin treatment + =

In conclusion, the results of this thesis show that both p53 and CHOP can activate GDF15
expression in HPV-positive cancer cells, but their significance depends on the context.
Whereas p53 predominately affects basal GDF15 expression levels, p53 and/or CHOP
individually contribute to the induction of GDF 15 expression in stress responses (Table 1).
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3.2. Phenotypic effects of GDF15 downregulation in HPV-positive cervical

cancer cells

Both pro- and anti-tumorigenic functions have been reported for GDF15 (chapter 1.2.3.2).
Furthermore, GDF15 can promote apoptosis after treating cancer cells with various anti-
tumorigenic drugs.'?” Hence, the effects of GDF15 on proliferation and response to pro-
apoptotic drugs were analyzed in cervical cancer cells in order to elucidate possible phenotypic

consequences of the HPV-mediated downregulation of GDF15 expression.

3.2.1. Effects of GDF15 on proliferation of cervical cancer cells

The link between GDF15 and the proliferation control of cervical cancer cells turned out to be
complex and could be dependent on several factors, such as GDF 15 expression levels or the
analyzed timescale. In the present work, GDF15 was found to be dispensable for the
proliferation of HPV-positive cancer cells in following experiments: transient silencing of
GDF15 expression by RNAi had no effect in live cell imaging analyses, and four out of six
GDF15 KO clones did also not differ in their proliferation rate from their parental cells.
Accordingly, GDF15 knockdown did not modulate the cell cycle profile of HeLa cells. However,
these in vitro results do not exclude that GDF15 expression can influence tumor growth of
cervical cancer cells in vivo. For example, Hegyesi et al. showed that GDF15 knockdown by
RNAI did not significantly affect the proliferation of the breast cancer cell line LM2 in vitro, but
distinctly repressed tumor growth in vivo after cell injection into nude mice.?*

Interestingly, ectopic GDF15 overexpression strongly decreased the colony formation
capability of cervical and colorectal cancer cells, which indicates that very high GDF15 levels
inhibit their proliferation. This effect could be due to the notion that strongly elevated GDF15
levels function pro-apoptotic in cervical cancer cells, as it was observed in the present
investigations after TM, SSide, or cisplatin treatment. Likewise, GDF15 overexpression or TM-
or SSide-mediated upregulation of GDF15 expression led to the induction of apoptosis in
HCT-116 cells.5277:233

Interestingly, not only GDF15 overexpression, but also the knockdown of GDF15 reduced the
colony formation capability of HeLa, SiHa, MRI-H186, and HCT-116 cells. This implies that too
low or too high GDF15 levels might be detrimental for the cell proliferation of cervical and
colorectal cancer cells. These latter observations diverge from the results of live cell imaging
experiments in which transient downregulation of GDF15 did not affect proliferation of HeLa
and SiHa cells. In this context, it is important to consider that the colony formation capability is
dependent on several cellular features and thereby not a mere indicator for proliferation. For
example, the reduced colony formation capability could be a result of decreased plating

efficiency.
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The found difference does likely not stem from using HygB as selection agent in CFAs, since
control and GDF15 knockdown cells proliferated similarly in live cell imaging experiments after
treatment with sublethal doses of HygB or other genotoxic agents. Alternatively, GDF15
downregulation might reduce proliferation of cervical cancer cells only in the long run because
the analyzed timescale was 2-4x longer in CFAs (1.5-3 weeks) than in live cell imaging
experiments (5 days). However, this is not supported by the findings that four established
GDF15 KO clones had similar proliferation rates as their parental cell lines.

In contrast to the results of this study, Li et al. reported that high GDF15 expression levels
promote the proliferation of cervical cancer cells and that GDF15 has pro-tumorigenic actions
like activating ERK1/2 and PI3K (phosphatidylinositol-4,5-bisphosphate 3-kinase)/AKT
signaling pathways.?** For their analyses, they used recombinant GDF15 preparations. A
major problem with these preparations is that they are potentially contaminated with other
bioactive substances,'* and co-treatment experiments with anti-GDF 15 antibodies to assess
specificity have not been performed. Further, they blocked endogenous GDF15 expression
only in HT-3 cells. However, HT-3 is a cell line which is not a good cell model for cervical
cancer cells because HT-3 cells are HPV30-positive and have mutated TP53 and RB
genes.?%:2% The prevalence of the “possibly carcinogenic” HPV30 type with 0.2% is very low
and both TP53 and RB are typically not mutated in cervical carcinomas.*®2%" In addition, much
higher GDF15 levels were detected in HT-3 cells than in HPV16- or HPV18-positive cervical
cancer cell lines.?** In contrast to the work of Li et al., the effects of endogenous GDF15 levels
were analyzed in the present thesis by performing experiments with cervical cancer cell lines
which show typical features of cervical carcinomas. Here, the used cell lines are either positive
for HPV16 or HPV18, which are the most common HPV types in cervical tumors,*® and have
intact TP53 and RB genes.?¢

Summing up the proliferation-related data of this thesis, cervical cancer cells largely do not
require GDF15 for proliferation. However, too high and too low GDF15 levels can inhibit the
ability of cervical cancer cells to form colonies. This points towards a small corridor for GDF15

expression in which cervical cancer cells maintain their colony formation capacity.

3.2.2. Downregulation of GDF15 protects cervical cancer cells against stress-induced
apoptosis

Since GDF15 is known as a pro-apoptotic stress response protein,'?:'4 it was examined in

this thesis whether GDF15 repression by E6 may increase the response of cervical cancer

cells towards three different anti-proliferative drugs. A limitation of the experimental

approaches chosen in the present study is the fact that it is technically difficult to directly

analyze whether E6 modulates the stress resistance of HPV-positive cells via GDF15
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downregulation because of various experimental restrictions. On the one hand, silencing of
endogenous E6 expression itself leads to the rapid induction of apoptosis in HPV-positive
cancer cells,?® an effect that would overlap with a possible pro-apoptotic effect of GDF15. On
the other hand, EG could be expressed in HPV-negative cervical cells, however this approach
has also several pitfalls to consider. Ectopic expression may not represent physiologically
relevant E6 protein levels. Further, the cellular response to E6 expression could be affected
by differences in the cellular background. Primary cervical keratinocytes, for example, miss the
additional genetic alterations which are necessary for HPV-linked carcinogenesis.
Alternatively, E6 could be expressed in the cell line C33A, which is widely used as a rare
example for HPV-negative cervical cancer cells. However, C33A cells express the p53 mutant
R273C,2% which shows an altered DNA binding behavior®® and thereby probably regulates
GDF15 expression differently than the wildtype p53.

The results of this study, however, provide strong evidence that GDF15 plays an important role
for the apoptosis regulation in HPV-positive cancer cells. It was found that elevated GDF15
levels were associated with PARP cleavage in cervical cancer cells after TM or TG treatment.
This is in line with similar findings in colorectal cancer cells.”” In addition, the present works
showed that the knockout of GDF15 decreases apoptosis rates after TM treatment in HelLa
cells as indicated by the reduction of different apoptosis markers (DNA double stand breaks,
cleaved PARP, and cleaved Caspase-9). This result also suggests that N-glycosylation of pro-
GDF15 is not essential for the pro-apoptotic function of GDF15, since it is inhibited by TM.

As previously observed for colorectal cancer cells,®>'"" the present work exhibited that the
downregulation of GDF15 levels can also attenuate the activation of apoptosis in SSide-treated
cervical cancer cells. Two out of three HeLa GDF 15 KO clones showed lower apoptosis rates
compared to parental HeLa cells in TUNEL, immunoblot, and live cell imaging analyses. It is
unclear why HeLa GDF15 KO clone #2 responded differently from clone #1 and clone #3 but
similarly to parental cells. For example, clone #2 did not show altered p53 levels, reduced
proliferation, or changed cell morphology in live cell imaging assays. The divergent behavior
of clone #2 may be an effect of clonal variation and, interestingly, seems to be specific for
SSide treatment because it was not observed after TM or cisplatin treatment.

Remarkably, SSide treatment in this study diminished E6/E7 mRNA and E7 protein
expression. Prolonged cultivation in FCS-free medium also reduced E7 expression, but — in
comparison to SSide — at later time points and only on the protein level. This is further
substantiated by results of another research group which show that sulindac also strongly
decreased E6/E7 mRNA and E7 protein expression in HelLa cells.'”® These findings indicate
that regular sulindac intake has the potential to prevent or reduce cervical neoplasia formation

because E6/E7 expression is an essential driving force in the cervical carcinogenesis.®>3¢
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Regarding clinical aspects, it is particularly interesting that GDF15 downregulation in cervical
cancer cells can also lead to a higher resistance against cisplatin-mediated apoptosis.
According, experiments of the present thesis revealed that HeLa GDF 15 KO clones had lower
apoptosis levels than parental HelLa cells after cisplatin treatment. Transient downregulation
of GDF15 levels by RNAI decreased cisplatin-induced apoptosis in HeLa and MRI-H186 cells
as well. However, findings in cisplatin-treated SiHa cells point towards some heterogeneity
between cervical cancer cells regarding the regulation and function of GDF15 in this context.
In cisplatin-treated SiHa cells, GDF15 expression was not upregulated despite increasing p53
levels and did not promote apoptosis, at least under the chosen experimental conditions. The
divergent cellular response is apparently not due to different histological origins (squamous
cell carcinoma MRI-H186 and SiHa cells vs. adenocarcinoma Hela cells) or HPV types
(HPV16-positive MRI-H186 and SiHa cells vs. HPV18-positive HelLa cells). Notably, SiHa cells
seemed to be generally more resistant towards cisplatin treatment because similar cisplatin
concentrations induced less PARP cleavage in SiHa cells than in HeLa and MRI-H186 cells.
In line with this hypothesis, the reported IC50 (half maximal inhibitory concentration) value of
cisplatin for 24h treatment is 5-6x higher in SiHa cells (38 uM) than in HeLa or C33A cells.?*°

Very little is known about the mechanisms downstream of GDF15 which lead to the induction
of apoptosis. GDF 15 secretion seems not to be essential for mediating its pro-apoptotic effects
since it was differently affected by the tested drugs. TM, TG, and SSide led to reduced and
cisplatin to increased GDF 15 levels in the supernatant of treated cells. Notably, the subcellular
localization of GDF15 could be important for its function because GDF15 co-localized with
mitochondria after GL-V9 treatment and induced apoptosis by lowering the MMP.%
Accordingly, GDF15 downregulation during TM, SSide, and cisplatin treatment was observed
in this thesis to decrease the cleavage of Caspase-9, which is a key mediator of the
intrinsic/mitochondrial apoptotic pathway.4°

In summary, the results of this study indicate that very high GDF15 levels are detrimental for
the proliferation of cervical cancer cells. Moreover, GDF15 mediates the pro-apoptotic
response of cervical cancer cells towards different anti-proliferative drugs. These findings
suggest that HPV-positive cancer cells are protected against miscellaneous forms of stress by

blunting the GDF15-linked apoptotic response through E6 (Figure 37).

73



Discussion

Tunicamycin

SSide — — Apoptosis
Cisplatin

Figure 37 Increased drug resistance of HPV-positive cancer cells. E6 downregulates GDF15
expression in HPV-positive cervical cancer cells and thereby reduces pro-apoptotic effects of
tunicamycin, SSide, and cisplatin.

3.3. Implications of GDF15 expression and its inhibition by oncogenic HPVs for

prevention and therapy of cervical carcinomas

Remarkably, GDF15 levels are higher in cervical carcinomas than in normal cervical
tissues.'®2% At first, this finding seems counterintuitive in regard to the GDF15 repression by
E6 and the potentially anti-tumorigenic function of GDF15, which were observed in this thesis.
However, an increased expression in tumors does not necessarily mean that a protein has
oncogenic effects. For example, host cells could induce the expression of an anti-proliferative
protein to counteract and compensate exceeding pro-proliferative stimuli. The difference in
GDF15 expression is in fact rather small (< twofold) between cervical cancer and healthy
tissue.?®** Notably, the survival data of cervical cancer patients point towards a tumor-
suppressive function of GDF15 since patients with high GDF15 mRNA levels had better
survival rates than patients with low levels (Human Protein Atlas available from
http://www.proteinatlas.org).®® For instance, the 5-year survival rate of patients with high
GDF15 expression was almost 10% higher compared to patients with low GDF15 expression
(p = 1.9%). The gap between the survival rates of the two study groups became larger with
increasing years. These findings are compatible with the experimental data of this thesis,
favoring an anti-tumorigenic function for GDF15 by promoting apoptosis in cervical cancer
cells.

Although CHOP expression is induced by E6/E7 and higher in cervical cancer than in CIN3
tissues,”*' CHOP might have anti-tumorigenic functions in cervical carcinomas as well.
Similarly to GDF15, higher CHORP transcript levels were also associated with better survival
rates of cervical cancer patients, although the difference between the 5-year survival rates of

the two study groups was not statistically significant (p = 5.3%) (Human Protein Atlas available
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from http://www.proteinatlas.org).%® For a clear pro- or antitumorigenic classification of CHOP,
additional experiments are required in order to identify further CHOP functions in cervical
cancer cells, beyond increasing GDF15 expression after ER stress and glucose deprivation as
observed in this thesis.

Taking the tumor-suppressive effects and the role of GDF15 as a pro-apoptotic stress
response protein into account, two opposing driving forces may determine GDF15 levels in
cervical carcinomas. On the one hand, it is possible that proliferating tumor cells inevitably
induce GDF15 expression because they have high bioenergetic and biosynthetic demands
and therefore often face stress caused by limited nutrient supply and misfolded proteins.?*?
Accordingly, the present work shows that limited nutrient supply (in form of glucose deprivation)
leads to an upregulation of GDF15 levels in cervical cancer cells. Likewise, hypoxia, amino
acid deficiencies, and solid stress could increase GDF15 levels because they also represent
common stress types in tumor tissues and stimulate GDF15 expression.”!74110.192193.243 Qn the
other hand, however, tumor cells must establish mechanisms to regularly cope with excessive,
cellular stress and prevent stress-associated apoptosis in order to survive. In the case of HPV-
positive cancer cells, they could blunt apoptotic stress responses via E6-mediated GDF15
repression, thereby keeping GDF15 levels below a threshold which is needed to efficiently
induce apoptosis.

The results of this thesis indicate that this also applies to the stress generated by
chemotherapeutic drugs, which could contribute to the therapeutic resistance of HPV-positive
cancer cells in the clinic. In this regard, a promising therapeutic approach may be the
reinforcement of GDF15 expression in cervical tumors towards apoptotic levels. To this end,
pro-apoptotic drugs could be combined which increase GDF15 levels synergistically, for
example by activating different positive regulators of GDF15 expression, in order to overcome
the repression of GDF15 expression by EG. In line with this notion, co-treatment with NSAIDs
or TM raised apoptosis rates in diverse cisplatin-treated cancer cells, including HelLa
cells.211:226.244.245 Depletion of glucose or of other nutrients may represent an alternative way to
reinforce apoptotic GDF15 levels in cervical carcinomas during chemotherapy because
experiments of the present work show that glucose deprivation can strongly upregulate GDF15
expression. This is further supported by the report that fasting or fasting-mimicking diets, which
inter alia decrease glucose or amino acid levels in the blood, sensitize different cancer cell
types towards chemotherapy.?#®

In the present thesis, pro-apoptotic effects of GDF15 were observed in HeLa and MRI-H186
cells after using cisplatin at concentrations (10-20 uM) which correspond to the concentrations
found in the blood of treated cancer patients (8-18 uM).226247:248 However, SiHa cells were
more resistant towards cisplatin because they showed only low apoptosis levels in treatment

experiments performed in this work. Interestingly, SiHa cells also failed to appreciably increase
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GDF15 expression in this context. In the therapy of cervical cancer patients, resistance
mechanisms also represent one of the major drawbacks of cisplatin chemotherapy. Apart from
elevated DNA repair and increased export/decreased import of cisplatin,®® high glucose
concentrations have, notably, been shown to impair cisplatin-mediated cell death.'®® In
cisplatin-treated A459 lung and OV-2008 ovarian cancer cells, high glucose levels mediated
dephosphorylation of p53 at Ser46 and thereby reduced the transcriptional activation of diverse
pro-apoptotic p53 target genes.' In the present thesis, it was found that high glucose levels
decreased GDF15 expression in cervical cancer cells, which thus might contribute to the
inhibition of cisplatin-induced apoptosis in this context.

Remarkably, there are also links reported between cisplatin resistance and impairment of ER
stress signaling, which was observed in this thesis to mediate GDF15 upregulation after
glucose deprivation and TM/TG treatment. For instance, cisplatin was able to induce lethal ER
stress pathways in cisplatin-sensitive ovarian or pleural mesothelioma cancer cells, but not in
their cisplatin-resistant counterparts.?42%° ER stress can also be attenuated by diverse pro-
survival proteins like the chaperon BiP, the pro-autophagic protein p62, or the vesicle protein
NAPA (N-ethylmaleimide-sensitive factor attachment protein alpha).??? Increased expression
of these survival proteins has been shown to reduce cisplatin sensitivity in different cancer cell
types.???

Using an additional, ER stress-inducing drug might therefore enhance the anti-tumorigenic
effect of cisplatin. For co-treatment with cisplatin, TM and TG cannot be applied in cervical
cancer patients because both agents also generate cytotoxic effects in non-cancerous cells.
In animal experiments, they were found to damage endothelial and liver cells in particular.>'-
253 However, mipsagargin, a prodrug of TG, is currently under investigations in clinical trials for
the treatment of hepatocellular cancer because mipsagargin is specifically processed and
activated at tumor sites.?" Alternatively, fucoidan, tocotrienols, and curcumin were reported to
activate ER stress pathways, CHOP expression, and apoptosis in cervical cancer cells.?54-2%
Whether CHOP and GDF15, however, are involved in the induction of apoptosis by those drugs
awaits further exploration.

Since NSAIDs upregulate GDF15 expression as reported in this thesis and in the literature,'?’
GDF15 may not only play a role for cancer treatment, but also for cancer prevention. There
are many studies in which NSAID intake decreases the incidence of diverse cancer types, in
particular of colorectal, gastric, and esophageal cancer.?®"?® Importantly, regular intake of
aspirin or non-aspirin NSAIDs like celecoxib can also lead to the regression of CINs and reduce
the formation of cervical carcinomas.'”%1712% For example, frequent users of aspirin in a case-
control study showed half the risk of developing cervical cancer compared to the control
group. This is in line with the finding of this thesis that GDF15 upregulation by SSide

treatment can lead to the elimination of HPV-positive cancer cells. Although E6 might limit
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NSAIDs-related effects by inhibiting GDF15 expression, prolonged SSide treatment
downregulated E6/E7 expression, which was accompanied by the induction of apoptosis.

In summary, increased GDF15 levels could be beneficial both for cervical cancer prevention
via intake of NSAIDs and for cisplatin-based chemotherapy of cervical carcinomas. However,
E6 interferes in the pro-apoptotic effects of these drugs by downregulating GDF15. The
combination of cisplatin with special diets, NSAIDs, or ER stress-inducing drugs might be a
promising strategy to overcome GDF15 repression by oncogenic HPVS, thereby raising the

chemosensitivity of cervical cancer cells.

3.4. Conclusions

This study identifies GDF15 as a novel cellular target gene of oncogenic HPVs. E6 represses
GDF15 via the downregulation of p53 and thereby protects cervical cancer cells against pro-

apoptotic stimuli like nutrient deprivation or ER stress (see model in Figure 38).

- p

HPV-positive
cancer cell

Stress

; ﬁl}f-“lﬁ e Apoptosis

~N
CHOP — -
N /

Figure 38 Schematic regulation of GDF15 expression in HPV-positive cervical tumor cells.
Highly proliferating cervical cancer cells often suffer from stress, which can be induced inter alia by
glucose deprivation, ER stress, or anti-tumorigenic drugs. The different stress factors individually
upregulate GDF 15 expression via CHOP and/or p53. However, E6 mediates the degradation of p53 in
cervical cancer cells and thereby strongly counteracts the induction of GDF15 expression and
apoptosis after stress.

9' p53
~

CHOP and p53 represent key activators of GDF15 expression in response to different forms
of cell stress. These findings may also be clinically relevant because GDF15 inhibition by
oncogenic HPVs could increase the resistance of HPV-cancer cells against cancer-preventive
effects of NSAIDs as well as against chemotherapy. Relieving GDF15 repression, e.g., by

combining chemotherapy with other GDF15-inducing agents, may therefore represent a
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promising strategy to improve current treatment regimens employed for the therapy of HPV-

positive cancers.
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4. Material and Methods

4.1. Reagents and material

Molecular biology grade reagents were applied where possible. Buffers and solutions were
prepared with Millipore water if not stated otherwise. All standard material and reagents for
buffers and media were supplied by Abcam (Cambridge, United Kingdom), Addgene
(Cambridge, MA, USA), Agilent Technologies (Santa Clara, CA, USA), AppliChem (Darmstadt,
Germany), Applied Biosystems (Foster City, CA, USA), Arbor Vita Corporation (Fremont, CA,
USA), BD Biosciences (Heidelberg, Germany), Becton Dickinson (BD, Franklin Lakes, NJ,
USA), Bio-Rad (Hercules, CA, USA), Carl Roth (Karlsruhe, Germany), Cayman Chemical (Ann
Arbor, MI, USA), Cell Signaling (Cambridge, United Kingdom), Corning (Corning, NY, USA),
Dharmacon (Lafayette, CO, USA), Enzo Life Sciences (Lorrach, Germany), Eppendorf
(Hamburg, Germany), Essen Bioscience (Goéttingen, Germany), Eurofins Scientific
(Luxemburg, Luxemburg), Eurogentec (Littich, Belgium), GE Healthcare (Chicago, IL, USA),
Greiner Bio-One (Kremsmuinster, Osterreich), Jackson ImmunoResearch Laboratories (West
Grove, PA, USA), Merck (Darmstadt, Germany), New England Biolabs (NEB, Frankfurt,
Germany), Promega (Madison, WI, USA), QIAGEN (Venlo, Netherlands), Roche Applied
Science (Penzberg, Germany), Santa Cruz Biotechnology (Dallas, TX, USA), Sigma-Aldrich
(St. Louis, MO, USA), Thermo Fisher Scientific (Waltham, MA, USA), Vector Laboratories
(Burlingame, CA, USA) and VWR International (Radnor, PA, USA). Manufactures of specific

reagents are named in the text.

4.2. Cell-based methods and assays

4.2.1. Human cell lines and cultivation

All cell lines used in this thesis are listed in Table 2 with their origin, HPV status and culture
medium (Gibco, Thermo Fisher Scientific). As standard, human cells were cultivated in
medium containing 5.5 mM glucose and supplemented with 10% fetal calf serum (FCS, Gibco,
Life Technologies), 100 U/ml penicillin, 0.1 mg/ml streptomycin and 2 mM L-glutamine (“PSG”,
all from Sigma-Aldrich). All cells were incubated in a humidified atmosphere at 37 °C, 5% CO:
and 21% O.. Selection agents were omitted from the media during experiments.

The cell line HCT-116 p53", in which TP53 is partially deleted, was generated by the
Vogelstein lab.?®® HeLa “p53 null” cells stably express a shRNA targeting TP53 mRNA and
hence repress p53 expression efficiently.’® HeLa mCherry H2B and SiHa mCherry H2B cells
are expressing the nuclear fluorophore H2B_mCherry (Binder Lab, DKFZ Heidelberg,
Germany). HPKII cells are derived from a human foreskin keratinocyte that was immortalized
by transfecting HPV16 DNA.%
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Routinely, stock cultures were supplied with fresh medium or - in case of confluence — were
split every 3-4 days. After washing with phosphate-buffered saline (PBS; 137 mM NacCl,
27mMKCI, 4.3 mM NaHPO.;, 1.4 mM KH:PO4, pH 7.4) cells were detached with
0.25% Trypsin-EDTA (Gibco, Thermo Fisher Scientific).

For seeding, cells were trypsinized and viable cells were counted after staining with Trypan
Blue Stain 0.4% (Thermo Fisher Scientific) using the Countess™ Automated Cell Counter
(Invitrogen). Seeding cell numbers ranged from 3-12 *10° cells for a 6 cm dish (3 ml medium)
and 1,000-6,000 cells per well for a 96-well plate (100-200 yl medium/well).

Table 2 Human cell lines and corresponding medium

Cell line Origin HPV Medium
status

HCT-116 Colorectal carcinoma - McCoy's 5A
HCT-116 p53-- Colorectal carcinoma - McCoy's 5A
Hela Cervical adenocarcinoma HPV18 DMEM
HelLa “p53 null” Cervical adenocarcinoma HPV18 DMEM + 0.7 mg/ml G418
el ey Cervical adenocarcinoma HPV18 DAL +.1 Hg{mi
H2B puromycin
HPKII HPV—_|mmortaI|zed foreskin HPV16 DMEM

keratinocyte
MRI-H186 Cervical squamous cell carcinoma HPV16 RPMI-1640
SiHa Cervical squamous cell carcinoma HPV16 DMEM
SilF 2 e Cervical squamous cell carcinoma HPV16 DAL +.1 2
H2B puromycin

4.2.2. Cryopreservation and thawing of cells

For cryopreservation, cells were trypsinized, pelleted by centrifugation at 140x g for 3 min and
resuspended in medium supplemented with 30% FCS and 10% DMSO and aliquoted into
cryotubes. The cryotubes were set into a freezing container (Nalgene, Thermo Fisher
Scientific), filled with isopropanol and slowly frozen at -80 °C. After several days, the cryotubes
were transferred into liquid nitrogen for long-term storage.

For rapid thawing, a frozen cell aliquot was warmed up in a 37 °C warm water bath, pelleted
by centrifugation at 140x g for 3 min and resuspended in fresh medium to remove DMSO

residuals before seeding the cells into a culture flask. The next day, medium was renewed.

4.2.3. Transfection of nucleic acids
4.2.3.1. Plasmid transfection using calcium phosphate coprecipitation

Calcium phosphate transfection as described by Chen and Okoyama?®' was used as standard

method to transfect plasmids. A list of used plasmids can be found in the appendix (Table 14).
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Cells were seeded into 6 cm dishes to reach 20% confluence the following day. Because
temperature and pH value are important for successful transfection, CaCl, solution (0.25 M)
and BES buffer (60 mM BES, 280 mM NaCl, 1.5 mM Na;HPO4, pH 6.95) were prewarmed to
room temperature (RT). Afterwards, 0.1-6.5 pg plasmid DNA was replenished with
pBluescript Il vector (pBS, Stratagene, Heidelberg, Germany) to a final mass of 6-6.5 ug DNA
per dish. Firstly, 150 yl CaCl; solution and then 150 pl BES buffer were added to the DNA and
were gently mixed by inversion. After incubation for 15 min at RT, the transfection mix was
added dropwise onto cells cultivated in 3 ml DMEM. Cells were kept at 35 °C and 3% CO, for
16-18h in a humidified atmosphere. Having washed twice with PBS, cells were further
cultivated in their standard medium for 24h in case of protein overexpression or for 48h in case

of shRNA expression.

4.2.3.2. Plasmid transfection using FUGENE Transfection Reagent

Cells were seeded into 6 cm dishes for 30-40% confluence the following day. Opti-MEM |
Reduced Serum Media (Gibco, Thermo Fisher Scientific) and FUGENE HD Transfection
Reagent (Promega) were prewarmed to RT. Firstly, 100 ul Opti-MEM were mixed with
0.1-2 pg plasmid DNA, which was adjusted to a final mass of 2 ug DNA with pBS. Then,
7 ul FUGENE HD was added and the transfection mix was vortexed briefly. During incubation
of the transfection mix for 5-15 min at RT, the medium of the dishes was replaced by 2 ml PSG-
free medium supplemented with 10% FCS. Afterwards the transfection mix was added
dropwise onto the cells. The medium was exchanged to 3 ml standard medium 24h post

transfection and cells were further cultivated until harvest.

4.2.3.3. Transfection of siRNAs using DharmaFECT Transfection Reagent

DharmaFECT (DF) Transfection Reagents (Dharmacon) were applied for transfection of
synthetic siRNAs (Silencer Select siRNA, Ambion, Thermo Fisher Scientific). Type and volume
of DF Reagent were optimized for best transfection efficiency in each cell line. The used type
and volume are listed in Table 3.

Cells were seeded into 6 cm dishes for 30-40% confluence the following day. A DF master mix
was prepared by adding 194-196 pl Opti-MEM to 4-6 ul DF Reagent for a final volume of 200 pl
per dish. The DF master mix was inverted and incubated for 5 min at RT. In parallel, 2 pl siRNA
(pool) (10 uM, Ambion Silencer Select, Thermo Fisher Scientific) and 198 uyl Opti-MEM were
mixed per dish for a final siRNA concentration of 10 nM.

An exception was the double knockdown experiment in Figure 12. Here, 20 nM siP53 and/or
20 nM siRNA pool targeting CHOP were applied as indicated in the legend of the figure. Each

sample was filled up with siContr-1 to a final siRNA concentration of 40 nM if needed.
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Table 3 Assignment of cell lines to DharmaFECT Transfection Reagents

Volume per
Cell line DharmaFECT Reagent
6 cm dish well (96-well plate)

HelLa DF Reagent | 6 ul -

HelLa “p53 null” DF Reagent | 4 ul -

HelLa mCherry H2B DF Reagent | - 0.4 pl

HPKII DF Reagent llI 4 ul -

MRI-H186 DF Reagent | 4l -

SiHa DF Reagent | 6 pl -

SiHa mCherry H2B DF Reagent | - 0.4 pl

Subsequently, 200 pl DF master mix and 200 pl siRNA mix were combined and incubated for

20 min at RT. Meanwhile, the medium of the dishes was replaced by 1.6 ml PSG-free medium

supplemented with 10% FCS. After the incubation, 400 ul transfection mix was added dropwise

onto the cells. Medium was exchanged to 3 ml standard medium 24h post transfection.

Table 4 siRNA sequences and pools

Target transcript Name Sequence siRNA pool

- siContr-1 CAGUCGCGUUUGCGACUGG -

CHOP siCHOP.3 AAGAGAAUGAACGGCUCAA siCHOP
siCHOP.4 GGCUCAAGCAGGAAAUCGA

GDF15 siGDF15.1 UCCCAUGGUGCUCAUUCAA SIGDF15
siGDF15.5 GCUACAAUCCCAUGGUGCU
Si16E6-1 ACCGUUGUGUGAUUUGUUA

HPV16 E6 si16E6-2 GGGAUUUAUGCAUAGUAUA si16E6
Si16E6-3 UUAGUGAGUAUAGACAUUA
Si16E6/E7-1 CCGGACAGAGCCCAUUACA

HPV16 E6/E7 Si16E6/E7-2 CACCUACAUUGCAUGAAUA Si16E6/E7
Si16E6/E7-3 CAACUGAUCUCUACUGUUA
si18E6-1 GACAUUAUUCAGACUCTGU

HPV18 E6 Si18E6-2 CAGACUCUGUGUAUGGAGA si18E6
Si18E6-3 CUCUGUGUAUGGAGACACA
si18E6/E7-1 CCACAACGUCACACAAUGU

HPV18 E6/E7 Si18E6/E7-2 CAGAGAAACACAAGUAUAA si18E6/E7
si18E6/E7-3 UCCAGCAGCUGUUUCUGAA

TP53 siP53 GACUCCAGUGGUAAUCUAC -
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For transfections in 96-well-plate-format, 2,500-6,000 cells were seeded per well and volumes
of the transfection protocol were adjusted as following. Per well, 10 yl DF master mix (0.4 yl DF
reagent and 9.6 ul Opti-MEM) and 10 pl siRNA mix (£ 0.1 pl of 10 yuM siRNA (pool) and
9.9 ul Opti-MEM) were gently mixed and added to 80 ul of PSG-free medium supplemented
with 10% FCS. Medium was replaced by 200 pl standard medium 24h after transfection and
cells were harvested 72h post transfection if not indicated otherwise.

All used siRNAs are listed in Table 4. As control sample, cells were transfected with siContr-1.
The sequence of siContr-1 mismatches to all known human genes in at least four DNA bases.
To reduce off-target effects, a pool of 2-3 siRNAs was used at equimolar concentrations where

possible.

4.2.4. Expression analyses under different cell culture conditions

To analyze protein and mRNA expression in the course of cell cultivation (see Figure 8),
4-6 *10° cells were seeded into 6 cm dishes. The next day, one dish was harvested as
reference value for time point zero. The medium of the residual dishes was removed and
3 ml medium with or without 10% FCS was added. Cells were harvested 24h, 48h, and 72h
after medium exchange.

For the cell seeding experiments of Figure 9, 3 *10°, 6 *10°, or 12 *10° cells were seeded into
a 6 cm dish. Medium was replaced with fresh medium the following day. Cells were harvested
48h later.

In order to analyze whether glucose levels in the medium affect protein and mRNA expression,
6-7.5 *10° cells were seeded into 6 cm dishes. Two days later, medium was replaced by
medium containing either 0 mM, 5.5 mM, or 25 mM glucose. Cells were either harvested 24h
or 48h later.

4.2.5. Treatment with chemical compounds

Two days after seeding or 24h post transfection, cells were supplied with fresh medium and
treated with drugs if not stated otherwise. The equivalent volume of solvent was applied to
control cells. Used compounds and their solvents are listed in Table 5.

For sulindac sulfide (SSide) treatment, a pre-mix with SSide in FCS-free medium was freshly
prepared. Cells were washed with PBS prior to addition of the SSide solution in order to avoid

binding of SSide to serum albumin.
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Table 5 Chemical compounds

Compound Abbreviation | Supplier Solvent Final concentration
Camptothecin CPT Cayman Chemical | Medium 10-30 nM

Cisplatin Cis EMD Millipore 0.9% NaCl | 0.75-20 uyM
Doxorubicin Doxo Enzo Life Sciences | H20 30-60 nM
Hygromycin B HygB Invitrogen - 20-250 pg/ml
Sulindac sulfide | SSide Cayman Chemical | DMSO 1-50 uM
Thapsigargin TG Enzo Life Sciences | DMSO 0.5 uM

Tunicamycin ™ Cayman Chemical | DMSO 1-5 yM

4.2.6. GDF15 knockout and generation of single cell clones (CRISPR/Cas9)

Cloning of CRISPR/Cas9 plasmids and background information on the technique are
described in chapter 4.3.5.3. Transfection with Fudgene HD was used to transfer
CRISPR/Cas9 plasmids into cervical cancer cells. To select successfully transfected cells,
culture medium was replaced by medium supplemented with 1 pg/ml puromycin 36-40h post
transfection. Cells were kept under selection until all cells of a mock-transfected plated died
(about 3-4 days later). Selected cells were split, serially diluted, seeded into 96-well plates,
and further cultivated in standard medium. Single cell clones were identified using light
microscopy. The knockout was evaluated by detecting target protein expression using
immunoblot analyses. Clones with a successful knockout of the target gene were

cryopreserved (see section 4.2.2) in an early passage.

4.2.7. Cell cycle analysis

Flow cytometry was used to analyze cell cycle distribution after DNA staining with propidium
iodide (PI). For that reason, cells were harvested by trypsination after washing with PBS. Cells
were pelleted by centrifugation at 1,000x g for 5 min, washed with pre-cooled PBS and
resuspended in 300 pl cold PBS. After cells were fixed by adding 900 ul ice-cold ethanol during
vortexing, they were kept at -20 °C overnight for permeabilization. To remove residual ethanol,
cells were pelleted by centrifugation and resuspended in 925 pl cold PBS. Subsequently,
25 pl 1 mg/ml PI solution and 50 yl 10 mg/ml RNAse were added for a final concentration of
25 pg/ml and 0.5 mg/ml, respectively. The staining mix was incubated in the dark at RT for
30 min. The cell suspension was filtered through gaze and cell cycle distribution was analyzed
by flow cytometry using the BD LSRFortessa cell analyzer and the BD FACS Diva software
version v8.0.1 (BD). The Watson model'°® was applied to quantify cells in the different cell

cycle phases. lllustrations were generated with the FlowJo software version 10 (BD).
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4.2.8. Live cell imaging (IncuCyte system)
4.2.8.1. Cell proliferation analysis

To analyze cellular proliferation in real-time, 1,000-5,000 cells per well were seeded into
96-well plates. Confluence or — in case of labeled cells — fluorophore counts were measured
every six hours for several days with the IncuCyte S3 system (Essen BioScience). Following
standard settings were applied: 10x magnification, 4 images/well, phase and red (400 ms). As
required, the analysis of proliferation was started 15 min after settlement, transfection and/or

treatment of cells using the IncuCyte S3 2019A software (Essen BioScience).

4.2.8.2. Activated Caspase-3/7 assay

Another possibility to detect the induction of apoptosis over time is the use of a cell membrane-
permeable dye, which is cleaved during apoptosis by activated Caspase-3 or Caspase-7. After
this activation, the released fluorophore is able to intercalate into nuclear DNA in order to stain
apoptotic cells during live cell imaging.

For the Caspase-3/7 assay, 4,000 cells per well were seeded into a 96-well plate. Two days
later, cultivation medium was freshly prepared by adding the drug of interest or the solvent
control, and the inactivated, green dye (IncuCyte Caspase-3/7 Reagents for Apoptosis #4440,
Essen Bioscience) in a ratio of 1:1000 (final concentration of dye: 5 uM). After removal of old
culture medium, 100 ul Caspase-3/7 assay master mix was added into a well. To exclude
potential toxicity of the dye, control cells were also treated with the drug of interest or the
solvent control without adding the green dye to the medium. Confluence and green fluorophore
counts were measured every 2h for about 5 days with the IncuCyte S3 system and analyzed
using the IncuCyte S3 2019A software. Following settings were applied: 10x magnification,

4 images/well, phase, green (300 ms).

4.2.9. Colony formation assay

Cells were seeded and transfected with episomal pCEP expression vectors (listed in Table 14,
appendix) by calcium phosphate transfection (4.2.3.1). Two days post transfection, cells were
washed with PBS, trypsinized and re-plated in 6 cm dishes in an adequate ratio dependent on
the used cell line, transfection rate, and target gene. The culture medium was supplemented
with hygromycin B (SiHa, HeLa and MRI-H186: 250 pg/ml, HCT-116: 150 pg/ml) on the next
day. For 1-3 weeks, cells were further cultivated under selection with refreshing medium every
3-4 days until all mocked-transfected cells died on the control plate and colonies were formed.
After washing with PBS, colonies were stained with 350 pl crystal violet staining solution
(12 mM crystal violet dye, 29 mM NaCl, 3% formaldehyde, 22% EtOH) for 5 min under slow

shaking. Excess dye was removed by washing dishes with water. After drying the dishes at

86



Material and Methods

37 °C, they were digitalized with the Epson Perfection 4990 Photo Scanner (Epson, Suwa,
Japan).

4.2.10. TUNEL assay

One method used to detect apoptotic cells was the terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assay. Hereby, the DNA-specific enzyme terminal
deoxynucleotidyl transferase catalyzes polymerization of labeled nucleotides to free
3’-hydroxyl termini. These typically form at single or double strand breaks after cleavage of
genomic DNA during apoptosis.

Cells were seeded on coverslips in 6 cm dishes, treated and harvested at time points specified
in the text. Following washing in PBS, coverslips were incubated in fixation solution
(4% paraformaldehyde in PBS) for 15 min. Afterwards, coverslips were washed twice with PBS
and kept in 70% ethanol at -20 °C for storage. Coverslips were washed twice with PBS,
incubated in permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate in PBS) at4 °C
for 2 min and washed twice with PBS. For 60-90 min, coverslips were incubated with
25 pl TUNEL staining solution (/n Situ Cell Death Detection Kit, Fluorescein, Roche Applied
Science) in a wet chamber at 37 °C. After several PBS washing steps, coverslips were stained
with 4’,6-diamidino-2-phenylindole (DAPI, 1 ug/ml in PBS, Roche Applied Science) in the dark
for 5 min. Coverslips were subsequently washed: five times with PBS, once with water and
once with ethanol. Finally, stained coverslips were air-dried and covered with a small layer of
Vectashield Antifade Mounting Medium (Vector laboratories). Then, they were placed on
microscope slides and could be stored short-time at 4 °C. Images were generated with the Cell
Observer microscope (LED module colibri.2, 20x/0.4 LD PInN Ph2 DICII objective) from Zeiss
(Jena, Germany). Fiji ImageJ 1.52p software was used for image adjustments, representation
and quantification. The percentage of TUNEL-positive cells per coverslip was determined as
the mean of at least five images using an Imaged Macro (written by Damir Krunic, Light

Microscopy Core Facility, DKFZ).

4.3. DNA-based methods

4.3.1. Transformation of bacteria

A heat-shock-based protocol as described by Hanahan?®? was used for transformation of the
E. coli strains TG2 and StbI3. TG2 was used as standard strain, whereas Stbl3 was chosen in
the context of lentiviral constructs, e.g., pLentiCRISPRv1.

The bacterial culture was incubated at 37 °C with continuous shaking until the culture reached
an ODeoo nm value of 0.3-0.4 (2 log phase). To generate competent E. coli cells, all used buffer

and materials were pre-cooled. Firstly, 500 ml Lysogeny Broth (LB; 1% Bacto tryptone,

87



Material and Methods

0.5% yeast extract, 1770 mM NaCl, pH 7.0) medium was inoculated with 2 ml of a
20 ml overnight culture (37 °C, LB medium). The culture was put on ice for 20 min to cool down
and the cells were harvested by centrifugation at 3,800x g for 10 min at 4 °C. The bacteria
pellet was resuspended on ice in 20 ml TSS buffer (10% polyethylene glycol 8000, 5% DMSO,
50 mM MgCl; in LB medium, pH 6.5) and 8 ml glycerin was added. The cell suspension was
aliquoted, immediately frozen in liquid nitrogen and stored at -80 °C until use. Finally,
transformation efficiency was determined by transforming 50 pg plasmid DNA. Batches of
competent cells with a transformation efficiency above 5 *107 were used for further
experiments.

For transformation, an aliquot of competent E. coli was thawed on ice. Then 100 pl cell
suspension was gently mixed with DNA and incubated for 30 min on ice. Afterwards, cells were
heat-shocked in a 42 °C warm water bath for 60 s and immediately incubated on ice for 3 min.
After addition of 900 ul LB medium, cells were incubated at 37 °C for 20-60 min while shaking.
Either 10%, 20%, 50% or all of the gained bacteria were streaked in a volume of 100-200 pl
on a LB agar plate (1.5% agar agar for bacteriology (Gerbu, Heidelberg, Germany))
supplemented with the appropriate antibiotic (e.g., 100 pug/ml ampicillin (Amp) or
30 pg/ml kanamycin (both from Sigma-Aldrich)). The LB agar plate was incubated at 37 °C

until colonies formed.

4.3.2. Plasmid isolation from bacteria

As needed, plasmids were isolated either from 3 ml bacterial cultures (overnight, LB medium
supplemented with the appropriate antibiotic) using the PureLink Quick Plasmid DNA Miniprep
Kit (Invitrogen, Thermo Fisher Scientific) for small or from 50 ml cultures applying the PureLink
HiPure Plasmid Filter Midiprep Kit (Invitrogen, Thermo Fisher Scientific) for medium amounts
of plasmid.

For large-scale purification, plasmids were extracted from 250 ml cultures performing a
maxipreparation protocol based on a CsCl-ethidium bromide gradient as described by
Sambrook and Russell.?®® Here, cells were pelleted by centrifugation at 3,800x g for 10 min,
thoroughly resuspended in 10 ml solution | (50 mM glucose, 25 mM Tris, 10 mM EDTA, pH
8.0) and lysed in 20 ml solution Il (0.3 M NaOH, 1% sodium dodecyl sulfate (SDS), freshly
prepared) at RT for max. 10 min. Lysis was stopped by adding 15 ml solution Il (3 M potassium
acetate, 11.5% acetic acid, pH 4.8). After incubation for 5 min on ice, cell debris was pelleted
by centrifugation at 4,400x g and 4 °C for 10 min and the supernatant was transferred into a
fresh tube. An equivalent volume of isopropanol was added. The mixture was incubated for
30 min on ice. Precipitated nucleic acids were pelleted by centrifugation at 4,400x g and 4 °C
for 25 min, resuspended in 4 ml TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and mixed with
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4 ml 5 M LiCl solution. After incubation for 30 min on ice, RNA was removed by centrifugation
at 3,500x g and 4 °C for 5 min. The supernatant was transferred into a new tube, and DNA
was precipitated by adding 16 ml ethanol, mixing and incubation at -20 °C for 45-60 min. After
centrifugation at 4,400x g and 4 °C for 25 min, the DNA pellet was resuspended in 4 ml TE.
The CsCl-gradient was prepared at RT by adding 4.4 g CsCl and 120 yl 10 mg/ml ethidium-
bromide solution. This solution was transferred into 6 ml PA Ultraclimp tubes (Sorvall, Thermo
Fisher Scientific), which were precisely tared, before ultracentrifugation was carried out at
220,000x g and 20 °C for 15-16h. Supercoiled plasmid DNA was physically separated from
other DNA according to their densities in a CsCl-gradient. Several extraction steps with water-
saturated iso-butyl alcohol were performed until all residual ethidium-bromide was removed
from the plasmid DNA. Subsequently, the DNA solution was filled up with water to a volume of
10 ml. The DNA was precipitated by addition of 20 ml ethanol, mixing and incubation at -20 °C
for 1h. After centrifugation at 4,400x g and 4 °C for 25 min, the DNA pellet was resuspended
in 4 ml solution IV (0.2 M NaCl in TE) and mixed with 10 ml ethanol. Following precipitation at
-20 °C for 1h and centrifugation at 4,400x g and 4 °C for 25 min, the DNA pellet was washed
with 1 ml 70% ethanol and air-dried. Finally, the purified plasmid DNA was dissolved in an
appropriate volume of TE and the DNA concentration was measured with the NanoDrop ND-
1000 spectrophotometer (NanoDrop; PEQLAB, VWR International).

4.3.3. Agarose gel electrophoresis and gel purification of DNA fragments

To separate DNA fragments according to their size, horizontal agarose gel electrophoresis
was performed. Firstly, 1-2% agarose was dissolved by boiling in 80-120 ml electrophoresis
buffer (EP; 40 mM Tris, 5 mM sodium acetate, 1mM EDTA, pH 7.8). When the solution was
cooled down to approx. 50-60 °C, the nucleic acid dye peqGREEN (PEQLAB) was added to
the agarose solution in a ratio of 1:20,000, mixed, and poured into a gel tray. DNA samples
were prepared by adding 6x DNA loading buffer (0.25% bromophenol blue, 0.25% xylene
cyanol, 15% Ficoll 400) and loaded on the agarose gel, which had been placed in an
electrophoresis chamber (PEQLAB) filled with EP. At least one lane of the gel was loaded with
5 yl SmartLadder (Eurogentec), a DNA size and mass marker. The gel was run at 70-120 V
for 30-90 min. Separated DNA fragments were visualized via UV transillumination in a gel
documentation system (Intas Science Imaging Instruments, Géttingen, Germany). To extract
DNA fragments from the gel for further experiments, the respective gel band(s) was/were cut
out, extracted, and purified with the QlIAquick Gel Extraction Kit (QIAGEN) according to the

manufacturer’s protocol.
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4.3.4. Precipitation and enzymatic modification of DNA

Restriction enzyme digest (RED)

To cut DNA molecules, restriction endonucleases and their corresponding buffers from NEB
were used according to the manufacturer’s protocol. For preparative restriction enzyme digests
(REDs), 10-20 ug DNA were incubated with 30-60 Units (U) restriction enzyme in a 37 °C warm
water bath for 2h or in case of polymerase chain reaction (PCR) amplicons at 37 °C overnight.
An exception was the preparative digestion of the pLentiCRISPRv1 vector, which was cut with
BsmBIl at 55 °C for 1h. In analytical REDs, 0.5-1 ug DNA was digested in a final volume of
20 pl and incubated in a 37 °C warm water bath for 1h before DNA fragments were analyzed

for size and mass via gel electrophoresis (4.3.3).

DNA precipitation with ethanol

DNA was precipitated to remove impurities such as proteins or salts or to reduce the volume
of the DNA solution for further molecular biological steps, e.g., ligation or (de)phosphorylation.
For that, 1x volume DNA solution was mixed with 2.5-3x volume ethanol and 0.1x volume
3 M sodium acetate (pH 5.2) and incubated at -20 °C for 30 min. The DNA was pelleted by
centrifugation at 4 °C and 13,000x g for 25-30 min and air-dried. As needed, the DNA was

dissolved either in water or in TE buffer.

Dephosphorylation of 5’ ends

In order to avoid self-ligation of vectors during cloning, digested vectors were
dephosphorylated at their 5’-termini. For a total volume of 50 ul, 10-20 pg target DNA was
mixed with 50 U Calf Intestinal Alkaline Phosphatase (NEB) in 1x NEBuffer 3 (NEB) and

incubated in a 37 °C warm water bath for 60 min.

Phosphorylation of 5’ ends

For phosphorylation of 5’ termini, 2 ul of oligonucleotides (100 uM) or PCR amplicons were
mixed with 1 pl 10x T4 Polynucleotide Kinase Forward Buffer A (Thermo Fisher Scientific),
1 Wl T4 Polynucleotide Kinase (10 U/ul, Thermo Fisher Scientific) and 1 pl 10 mM adenosine
triphosphate, and filled up with water to a finale volume of 10 pl. The mixture was then
incubated at 37 °C for 30 min. After the kinase was heat-inactivated at 70 °C for 10 min in a

water bath, the sample was slowly cooled down to 40-50 °C.
Ligation

For a final volume of 20 ul, 3-7x molar excess of the insert was added to 20-100 ng prepared
vector and 5 U T4 DNA Ligase (Thermo Fisher Scientific) in 1x T4 DNA Ligase Buffer (Thermo
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Fisher Scientific), mixed, and incubated for 1-2h at 21 °C. To inactivate the T4 DNA Ligase,

samples were heated to 65 °C for 5 min.

4.3.5. Plasmid cloning strategies
4.3.5.1. Cloning of pSUPER plasmids
In 2002, Brummelkamp et al. introduced the pSUPER (suppression of endogenous RNA)

vector as a system to express shRNAs in mammalian cells for downregulation of target
genes.?®* A small RNA is transcripted under the control of a polymerase-lll H1-RNA gene
promoter and contains a 19-nucleotide-long sequence in sense and antisense orientation
which is unique for the targeted mRNA. The palindromic repeats of this sequence are
separated by a short spacer. After expression, the shRNA forms a hairpin structure and is

further processed into functional siRNAs in mammalian cells.

Table 6 Primer sequences

Name Sequence Application Target

. GATCAAGCTTTCATATGCAGTGG .
GDF15_Hindlll_rev CAGTCTTTGGCTA Cloning GDF15

GATCGGTACCACAGCCATGCCCG .

GDF15_Kpnl_for GGCAAGAACTCAGG Cloning GDF15
ACTB_F3 ACAGAGCCTCGCCTTTGCC gPCR ACTB
ACTB_R3 CCTCGTCGCCCACATAGGAA gPCR ACTB
CHOP_for1 AAGGCACTGAGCGTATCATGT gPCR CHOP
CHOP_rev1 GCTTTCAGGTGTGGTGATGTAT gPCR CHOP
EGR1_for AGCCCTACGAGCACCTGAC gPCR EGR1
EGR1 _rev GAGTGGTTTGGCTGGGGTAA gPCR EGR1
GDF15 F1 ATTCGAACACCGACCTCGTC gPCR GDF15
GDF15_R1 CGAGAGATACGCAGGTGCAG gPCR GDF15
HPV16EB6all_for CAATGTTTCAGGACCCACAGG gPCR 16E6/E7
HPV16EB6all_rev CTCACGTCGCAGTAACTGTTG gPCR 16E6/E7
HPV18E7_for ATGCATGGACCTAAGGCAAC gPCR 18E6/E7
HPV18E7_rev AGGTCGTCTGCTGAGCTTTC gPCR 18E6/E7
p53 F2 CTGAGGTTGGCTCTGACTGT gPCR TP53
p53_R2 CAAAGCTGTTCCGTCCCAGT gPCR TP53
CMV_for CGCAAATGGGCGGTAGGCGTG Sequencing pCEP
GDF15 seq_F1 AGGCTGGAATGGTGTCCTCAT Sequencing GDF15
GDF15 seq R1 GATATTCCTACCCAGGGCACAG Sequencing GDF15
hu6_for ACGATACAAGGCTGTTAGAGAGA Sequencing pLenti_ CRISPR
M13 rev CAGGAAACAGCTATGAC Sequencing pSUPER

To generate pSUPER plasmids, synthetic oligonucleotides with Bglll and Hindlll compatible
ends were ordered from Sigma-Aldrich. For annealing, equimolar amounts of the sense and

antisense oligonucleotides were solved in 50 pl 1x TNE buffer (100 mM NaCl, 10 mM Tris
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(pH 7.5), 1 mM EDTA). After a short denaturation step at 95 °C for 5 min, the sample was
incubated in a 70 °C warm water bath for 10 min and slowly cooled down to 30-40 °C. The
pSUPER vector was sequentially digested with Hindlll and Bglll and ligated with the annealed
oligonucleotides (see 4.3.4). E. coli TG2 were transformed (see 4.3.1) with the ligation mix and
selected with Amp. Successful cloning was validated by analytical double RED with EcoR1
and Hindlll (see 4.3.4) and sequencing with primer M13_rev. Primer and other oligonucleotides
used in this thesis were ordered from Sigma-Aldrich. Primer sequences are listed in Table 6.
Sequencing services were provided by Eurofins Scientific. Gained sequences were analyzed
with the Basic Local Alignment Search Tool provided by the National Center for Biotechnology
Information.

The shRNA target sequences encoded by pSUPER constructs are listed in Table 7. The
control shRNAs, shContr-1 and shNeg, are characterized by mismatching to all known human

genes in at least four DNA bases.

Table 7 Target sequences of shRNAs

Plasmid Target sequence
pSUPER/pCEP_sh -

pSUPER/pCEP_shContr-1 CAGUCGCGUUUGCGACUGG
pSUPER/pCEP_shNeg UACGACCGGUCUAUCGUAG
pSUPER/pCEP_shGDF15.1 UCCCAUGGUGCUCAUUCAA
pSUPER/pCEP_shGDF15.3 CCAAAGACUGCCACUGCAU
pSUPER/pCEP_shGDF15.4 UGCAAGUGACCAUGUGCAU
pSUPER/pCEP_shGDF15.5 GCUACAAUCCCAUGGUGCU

4.3.5.2. Subcloning of pCEP plasmids

Several pCEP plasmids were subcloned from the episomal pCEP4 vector (Thermo Fisher
Scientific) for the stable expression of shRNAs in CFAs or the overexpression of proteins in
human cells. Hygromycin B is used for the selection of pCEP-transfected human cells.

For the subcloning of pCEP constructs coding for shRNAs, the pCEP4 vector was digested
with Bglll and Xhol. After the shRNA expression cassette was cut out from the corresponding
pSUPER construct with BamHI and Xhol, it was ligated with the prepared pCEP backbone.
E. coli TG2 cells were transformed with the ligation mix and selected with Amp. For validation
of cloning, plasmids from formed colonies were analyzed by RED with Sall or by sequencing
with primer CMV_for. The shRNA target sequences encoded by pCEP constructs are listed in
Table 7. The pCEP_sh vector contains only the empty shRNA expression cassette from
pSUPER.
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For the overexpression of GDF15, the cDNA of GDF15 wildtype and its N-glycosylation mutant
GDF15(N70A) were subcloned from pcDNA3.1/NAG-1%2 and pNAG1GFP_N70AY,
respectively, by PCR. The used PCR primers were designed to introduce a Kozak sequence
and a Kpnl restriction site into the 5’ end and a Hind/lI restriction site into the 3’ end of the PCR
amplicon. For the PCR mix, 100 ng plasmid DNA, 0.25 yM forward primer (GDF15_Kpnl_for),
25 PM reverse primer (GDF15_Hindlll_rev), 200 uM of each dNTP, 2.5 U of cloned Pfu DNA
polymerase AD and 10 uyl 10x Cloned Pfu Reaction Buffer AD were filled up with water to a
final volume of 100 ul. PCR program 1 (listed in Table 8) and the PTC-200 Peltier Thermal
Cycler (MJ Research, Bio-Rad Laboratories) were used for amplification. The PCR product
and pCEP4 were digested with Kpnl and Hindlll and subsequently ligated. E. coli TG2 cells
were transformed with the ligation mix and selected with Amp. For verification of successful

cloning, analytical REDs with Rsrll and sequencing with primer CMV_for were performed.

Table 8 PCR program 1

Step Temperature | Time | Cycle
Initial denaturation | 94 °C 3 min
Annealing 58 °C 1 min
Elongation 72 °C 1 min | 30x
Denaturation 94 °C 30s

Final annealing 58 °C 1 min

Final elongation 72 °C 10 min

4.3.5.3. Cloning of pLentiCRISPR plasmids

In order to knockout GDF15 in cervical cancer cells, the CRISPR (clustered regularly
interspaced short palindromic repeats)/Cas9 (CRISPR-associated protein 9) system was
used.?%® Cas9 was originally discovered in the bacterial strain Streptococcus pyogenes as part
of an adapting defense mechanism against phages (reviewed by Horvath and Barrangou).25¢
The used pLentiCRISPR _v1 vector (Addgene, USA, plasmid #49535) encodes for both
essential components of this technique, the endonuclease Cas9 and a (single) guide RNA
((s)gRNA). At its 5 end, the gRNA contains 20 nucleotides that are complementary to a
sequence in the gene of interest that is directly followed by a so-called protospacer adjacent
motif (PAM; here NGG). The 3’ end of the gRNA forms a hairpin-like structure, which serves
as binding site for Cas9 in order to recruit the nuclease to the target gene. At the target site,
Cas9 introduces double-strand breaks in the DNA close to the PAM sequence, which are

repaired in the transfected cells, inter alia also by error-prone repair mechanisms like the non-
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homologous end joining. This can finally lead to permanent alterations in the reading frame
and therefore to the knockout of the gene of interest.

The online tool E-CRISP version 5.4 (http://www.e-crisp.org/E-CRISP/, provided by the
Boutros lab, DKFZ Heidelberg, Germany) was used to identify suitable gRNA sequences
targeting the first exon of GDF15. In addition to the directing 20 nucleotides, the sense strand
(alias top strand) contained the short sequence CACC at its 5’ end and the antisense strand
(alias bottom strand) was extended at its 5’ end with the motif AAC in order to provide sticky

ends for cloning after annealing. Designed oligonucleotides are listed in Table 9.

Table 9 Sequences of top and bottom oligonucleotides for gRNAs targeting GDF15

Name of gRNA Sense Sequence of oligonucleotide

top CACCGGACCTGCTAACCAGGCTGC
sgGDF15_1

bottom AAACGCAGCCTGGTTAGCAGGTCC

top CACCTTCGAACACCGACCTCGTCC
sgGDF15_2

bottom AAACGGACGAGGTCGGTGTTCGAA

top CACCGAGTGCAACTCTGAGGGTCC
sgGDF15_3

bottom AAACGGACCCTCAGAGTTGCACTC

top CACCGGCTCGCCTCGGCCAGAGAC
sgGDF15_4

bottom AAACGTCTCTGGCCGAGGCGAGCC

For the cloning of the pLentiCRISPR constructs a protocol from Sanjana et al. was used.?” To
this end, the top and bottom oligonucleotides for each gRNA were denatured by heating to
95 °C for 5 min and then annealed by slowly ramping down to 25 °C (5 °C/min) in a
thermocycler. The pLentiCRISPRv1 vector was digested with BsmBI and ligated with the
annealed insert (4.3.4). E. coli StbI3 cells were transformed with the ligation mix (see 4.3.1)
and streaked on LB-Amp agar plates. For validation of successful cloning, plasmids were

sequenced with primer hU6_for.

4.4. RNA-based methods

4.41. RNA extraction from mammalian cells

The PureLink RNA Mini Kit (Thermo Fisher Scientific) was applied to purify total RNA from
mammalian cells according to the manufacturer’s protocol. Here, cells were washed with ice-
cold PBS. Then, 600 ul RNA lysis buffer was freshly mixed with 6 ul 2-mercaptoethanol per
sample and was used to lyse cells of a 6 cm dish or of three wells of a 96-well plate. An
additional 15-min-step at RT was conducted with PureLink DNase (Thermo Fisher Scientific)
to digest DNA. The concentration of the purified RNA was measured with the NanoDrop.

Purified samples were stored at -80 °C.
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4.4.2. Reverse transcription

For the transcription of MRNA into cDNA, the ProtoScript First Strand cDNA Synthesis Kit from
NEB was used, and incubation steps were conducted in a thermal cycler. In brief,
0.5 ug purified total RNA was mixed with 1 yl Random and Oligo d(T)2sVN primer mix
(ratio 1:1) and filled up to a volume of 4 ul with RNAse-free water. This RNA-primer solution
was incubated at 70 °C for 5 min and afterwards cooled down to 4 °C for removal of secondary
RNA structures and efficient annealing of primers. After addition of 1 yl M-MuLV enzyme and
5 ul 2x M-MuLV Reaction Mix, the 10 ul mixture was incubated at 25 °C for 5 min for an initial
elongation of in particular random primers and then at 42 °C for 1h for cDNA strand
polymerization. After the reverse transcriptase was inactivated by heating to 80 °C for 5 min,

the cDNA products were diluted with 40 ul RNAse-free water and were stored at -20 °C.

4.4.3. Quantitative real-time polymerase chain reaction (QRT-PCR)

The amounts of target MRNAs were determined by guantitative real-time polymerase chain
reaction (QRT-PCR) by the comparative Ct method.?%® To this end, ACTB mRNA expression
was used as endogenous control. For statistical analyses, the fold change data were
transformed logarithmically. Prior to use, all primers were evaluated for sufficient amplification
efficiency (90-110%) by generation of a standard curve running serial dilutions. Additionally,
gPCR amplicons of the primer standard curve were tested for the right fragment size in agarose
gel electrophoresis. Samples were measured in duplicates and a control sample in which
cDNA was replaced with water was included for each primer mix. For each sample,
dissociation curves were determined to detect potential unspecific amplification artefacts. The
sequences of used qPCR primers can be found in Table 6. The primer sets for HPV16 E6/E7

and HPV18 E6/E7 recognize all three classes of their respective transcripts.

Table 10 PCR program 2 (qRT-PCR)

Stage | Step Temperature | Time Cycle | Purpose
o ) Normalization on internal
1 Initiation 50 °C 2 min 1x
standard dye ROX
2 Initial denaturation | 95 °C 10 min | 1x Removal of secondary structures
Denaturation 95 °C 15s
3 40x Quantification of samples
Elongation 60 °C 1 min
Denaturation 95 °C 15s
Elongation 60 °C 1 min
4 1x Measuring of dissociation curves
Denaturation 95 °C 15s
Elongation 60 °C 15s
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Firstly, primer master mixes were prepared for each primer set of a qPCR run. To this end,
10 pl 2xSYBR Green PCR Master Mix (Thermo Fisher Scientific), 0.4 pl 5 yM reverse primer
and 0.4 pl 5 uM forward primer were mixed with water to a final volume of 18 ul per sample.
After the primer master mix was aliquoted into wells of a 96-well plate (MicroAmp Optical
96-Well Reaction Plate, Thermo Fisher Scientific), 2 ul diluted cDNA (see chapter 4.4.2) were
added. If the cellular copy number of MRNA was very low, the volume of the diluted cDNA was
increased (max. 9.2 pl) by replacing the corresponding volume of water in the 20 yl gPCR
mixture. The qPCR plate was sealed with MicroAmp Optical Adhesive Film (Thermo Fisher
Scientific) and was run in a 7300 Real Time PCR System (Thermo Fisher Scientific) with PCR
program 2 (Table 10).

4.5. Protein-based methods

4.5.1. Protein extraction from mammalian cells

To collect protein extracts for immunoblot analyses, all used buffers were cooled down to 4 °C
and steps were carried out on ice if possible. Cultured cells were washed with PBS and
harvested by scrapping in 0.5 ml PBS. The cell suspension was transferred into a
1.5 ml reaction tube and centrifuged at 13,000x g for 10 s. The cell pellet was either stored at
-20 °C or directly resuspended in 30-150 pl CSK1 lysis buffer (300 mM NaCl, 300 mM sucrose,
10 mM Pipes, 1 mM MgCl,, 1 mM EDTA, 0.5% Triton X-100; freshly added: 10% PhosSTOP
phosphatase inhibitor cocktail (Roche Diagnostics), 2.5 mM of the serine protease inhibitor
Pefabloc (Merck) and 1% P8340 phosphatase inhibitor cocktail (Sigma-Aldrich)). The cells
were lysed for 30 min on ice, and the lysate was centrifuged at 13,000x g and 4 °C for 5 min
to remove cellular debris. Afterwards, the supernatant was transferred into a new
1.5 ml reaction tube. For kinetics, all samples were harvested at the corresponding time points
and the cell pellets were frozen at -20 °C. Finally, all collected samples were thawed and
purified together.

The Bio-Rad Protein Assay (Bio-Rad) was applied to measure the total protein concentration
according to the manufacturer’s protocol. The assay is based on the Bradford protein assay,?%°
in which the absorbance of the dye Coomassie Brilliant Blue G-250 is shifted when binding to
protein under acidic conditions. For spectroscopic analyses of this shift at 595 nm, disposable
cuvettes (Sigma-Aldrich) and the BioPhotometer D30 (Eppendorf) were used. The protein
concentrations were determined by comparison to values gained from a bovine serum albumin
(BSA) standard curve.

In order to remove secondary protein structures and to reduce disulfide bonds, protein lysates
were adjusted to the desired concentration (1-5 pg/ul) by adding 4x protein loading buffer
(250 mM  Tris-HCI (pH 6.8), 40% glycerol, 20% 2-mercaptoethanol, 8% SDS,
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0.008% bromophenol blue) and incubated at 96 °C for 5 min for denaturation. The cooled

samples were analyzed by immunoblotting and stored at -80 °C.

4.5.2. Collection of cell culture supernatant

For immunoblot analyses of proteins in the cell culture supernatant (CCS), 2 ml CCS of
6 cm dishes were transferred into a reaction tube and were centrifuged at 1,000x g and 4 °C
for 5 min to remove remaining cells. After moving the supernatant into a new reaction tube,
further cell debris was pelleted by centrifugation at 13,000x g and 4 °C for 15 min. Then,
1.5 ml supernatant was transferred into a new reaction tube. As needed, 3x volume purified
CCS were diluted with 1x volume 4x protein loading buffer, heated at 96 °C for 5 min and
stored at -80 °C. Meanwhile, intracellular proteins were extracted from the cultured cells as
well and total protein concentration was determined by the Bio-Rad Protein Assay as described
above. In order to compare proteins of the CCSs in immunoblot analyses, the loading volumes

of the purified CCSs were normalized on amounts of total intracellular protein.

4.5.3. SDS polyacrylamide gel electrophoresis (SDS-PAGE)

For comparison of protein samples, they were separated according to their size by SDS
polyacrylamide gel electrophoresis (SDS-PAGE).?"° SDS-PAGE gels were prepared according
to the recipe in Table 11 and poured into disposable gel cassettes (NUPAGE empty gel
cassettes mini, Thermo Fisher scientific) or in glass plates of the same size, which have been
sealed with 1% agarose solution. For storage at 4 °C, polymerized gels were wrapped in paper
towels soaked with SDS-PAGE running buffer (19.2 mM glycine, 2.5 mM Tris, 0.1% SDS,
pH 8.3).

Table 11 Recipe of SDS-PAGE gel. For the running gel, 3 M Tris-HCI buffer (pH 8.9) and for the
stacking gel, 0.47 M Tris-HCI buffer (pH 6.7) were used.

Component Running gel (12.5%) Stacking gel (4.6%)
Water 2.85 mi 1 mi

Tris-HCI buffer 0.9ml 0.6 ml

30% acrylamide/bisacrylamide solution (29:1) 275 ml 0.31 ml

10% SDS 68.8 pl 23.4 pl

TEMED 1.7 ul 0.9 ul

10% ammonium persulfate (APS) 88.0 pl 91.7 ul

After fixing gels into an Xcell SureLock Mini-Cell Electrophoresis System (Thermo Fisher
Scientific), the chamber was filled with 500 ml SDS-PAGE running buffer. Per lane, equal

amounts of prepared protein extracts (10-20 ug) or adjusted volumes of CCS samples were
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loaded and were run at 80-120 V for approx. 2h. As size marker, 1-2 pl peqGOLD pre-stained

Protein Marker IV (PEQLAB) was loaded at least on one lane per gel.

4.5.4. Western transfer and immunodetection of proteins

Immediately after SDS-PAGE, the separated proteins were transferred onto an Immobilon-P
PVDF Membrane (Merck Millipore) by semi-dry electroblotting to increase their accessibility
for immunodetection. This procedure is also called Western blot.?”' To this end, the
polyvinylidene difluoride (PVDF) membrane was activated by short wetting with methanol
followed by incubation in Towbin transfer buffer (19.2 mM glycine, 2.5 mM Tris, 20% methanol,
pH 8.3). For each gel, 8 Whatman papers fitting to the gel size were soaked in Towbin transfer
buffer. A “Western blot sandwich” was formed by stacking 4 Whatman papers, the activated
membrane, the gel and further 4 Whatman papers in the stated order on the anode of the
Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad). After removal of air bubbles
in the “Western blot sandwich”, the transfer device was assembled completely and the

electroblotting was performed at 20 V for 1h.

Table 12 Primary antibodies

Name Species Supplier # Dilution
Anti-BiP/GRP78 Mouse BD 610979 1:3,000
Anti-CHOP (L63F7) Mouse Cell Signaling 2895 1:1,000
Anti-cleaved Caspase 9 , . .

R I I 1 1:1
(Asp330) abbit Cell Signaling 950 ,000
Anti-cleaved PARP . .

Mouse Cell Signaling 9546 1:1,000
(Asp214) (19F4)
Anti-GDF15 (EPR19939) Rabbit Abcam ab206414 1:500
Anti-HPV16 EG6 (clone 849) Mouse Arbor Vita Corporation 1:3,000

) Kind gift of Mller lab,
Anti-HPV16 E7 (NM2) Mouse i 1:2,000
DKFZ, Heidelberg
Anti-HPV18 EG6 (clone 399) Mouse Arbor Vita Corporation 1:2,000
) ) Kind gift of Zentgraf lab,
Anti-HPV18 E7 Chicken ] 1:1,000
DKFZ, Heidelberg

Anti-p53 (DO-1) Mouse Santa Cruz sc-126 1:1,000
Anti-Vinculin Mouse Santa Cruz sc-173614 1:4,000
Anti-y-Tubulin Mouse Merck Millipore CP06 1:5,000

After the blotting, the membrane was incubated in blocking buffer 1 (0.2% Tween-20, 5% milk
powder (Gabler-Saliter Milchwerk, Oberginzburg, Germany) and 1% BSA in 1xPBS) or
blocking buffer 2 (137 mM NaCl, 20 mM Tris (pH 7.5), 0.2% Tween-20 and 5% BSA) for at
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least 1h under gentle shaking in order to block unspecific antibody binding sites of the
membrane. For simultaneous detection of proteins with dissimilar sizes, the blot was cut into
pieces. The pieces contained proteins in the expected size range of the target protein. The
primary antibodies were diluted either in blocking buffer 1 or blocking buffer 2. All used primary
antibodies are listed in Table 12.The membrane was incubated with primary antibody solution
at 4 °C under gentle shaking overnight.

The blot was washed with PBST (0.2% Tween-20 in PBS) three times for at least 10 min.
Afterwards the blot was incubated with the appropriate secondary, horseradish peroxidase
(HRP)-coupled antibody under gentle shaking for at least 1h at RT. All used secondary
antibodies were diluted in blocking buffer 1 and are listed in Table 12. After three washing
steps with PBST, target proteins were detected by enhanced chemiluminescence (ECL), a
process in which the coupled HRP catalyzes the oxidation of its substrate luminol. This reaction
emits light proportional to the amounts of bound target protein.

To this end, luminol and peroxide solution (Amersham ECL Prime Western Blotting Detection
Reagent, GE Healthcare) were mixed in a ratio of 1:1 and added to the membrane. After
incubation for 1 min at RT, the produced light was detected with the Fusion SL Detection

System (Vilber Lourmat, Eberhardzell, Germany).

Table 13 Secondary antibodies

Name Species Supplier # Dilution
Anti-Chicken IgG-HRP | goat Jackson ImmunoResearch 103-035-155 1:5,000
Anti-Mouse 1gG-HRP goat Jackson ImmunoResearch 115-035-071 1:5,000
Anti-Rabbit IgG-HRP goat Jackson ImmunoResearch 111-035-003 1:5,000

4.6. Statistical analyses

Unless otherwise stated, all experiments in this thesis were performed in at least three
biological replicates. Microsoft Excel (Microsoft Office 2017, Microsoft, Albuguerque, New
Mexico, USA) or SigmaPlot Version 13 (Systat Software, Erkrath, Germany) were used to
calculate mean values and standard deviations. Statistical significance was determined by
one-sample Student’s t-test for foldchange data and by two-sided Student’s t-test for
comparing two unpaired samples using SigmaPlot. P-values of < 0.05 (*), < 0.01 (**),

< 0.001 (***) were considered statistically significant.
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List of plasmids

Table 14 Plasmids

Plasmid Purpose ::;?;tngenel Source
pBluescript Il (pBS) Carrier DNA - Stratagene
pcDNA3.1/NAG-1 Protein expression GDF15 62

bCEP4 E:glﬁ:ion of proteins or i 'llz'ihse;ren:o
pCEP4_GDF15 Protein expression GDF15 See 4.3.5
pCEP4_GDF15(N70A) Protein expression GDF15 (N70A) | See 4.3.5
POEP._sh creasion -
pCEP_shContr-1 Expression of control shRNA | - 28
pCEP_shGDF15.1 Expression of shRNA GDF15 See 4.3.5
pCEP_shGDF15.3 Expression of shRNA GDF15 See 4.3.5
pCEP_shGDF15.4 Expression of shRNA GDF15 See 4.3.5
pCEP_shGDF15.5 Expression of shRNA GDF15 See 4.3.5
pCEP_shNeg Expression of control shRNA | - 273
pLenti_ CRISPRV1 E’;Z;essm of gRNA and Addgene
pLenti CRISPRv1_sgGDF15_1 Séilrzsgon of Cas9 and GDF15 See 4.3.5
pLenti CRISPRv1_sgGDF15_2 gér"\lrf\sgon of Cas9 and GDF15 See 4.3.5
pLenti CRISPRv1_sgGDF15_3 Sémssm of Cas9 and GDF15 See 4.3.5
pNAG1-GFP_N70A Protein expression &3’;1\5) GEP 27
pSUPER Expression of shRNA 264
pSUPER_contr-1 Expression of control shRNA | - 2
pSUPER_neg Expression of control shRNA | - 274
pSUPER_shGDF15.1 Expression of shRNA GDF15 See 4.35
pSUPER_shGDF15.3 Expression of shRNA GDF15 See 4.3.5
pSUPER_shGDF15.4 Expression of shRNA GDF15 See 4.3.5
pSUPER_shGDF15.5 Expression of shRNA GDF15 See 4.35

102




Appendix

List of figures

Figure 1 Organization of the HPV genome and the HPV life cycle............ccoooii 4
Figure 2 Cooperation of high-risk HPV E6 and E7 in carcinogenesis...............ccccccvvueeee.n... 6
Figure 3 Structure of the GDF 15 transcriptional promoter. ............ccccovviiiiiiiieiieeee e, 10
Figure 4 Biosynthesis of GDF 5. .. ... 11
Figure 5 The three major signaling pathways in the UPR. ..........ccccoi i, 14

Figure 6 Upregulation of GDF15 expression after silencing E6 or E6/E7 in HPV-positive

CEIIS. e 21
Figure 7 Downregulation of E6 or E6/E7 increases extracellular levels of GDF15. ............ 23
Figure 8 Increase of GDF15 expression under prolonged cell culture...............cccoooeeeee. 24
Figure 9 Higher cell seeding numbers increase GDF15 expression.............cccceeeveeeeeeeeenn. 25
Figure 10 Glucose deprivation upregulates GDF 15 transcript levels.............cccovvvvviceeneen. 27
Figure 11 Glucose deprivation increases GDF15 protein levels..........ccccccooviiiiiiiiiiiiienn e, 28

Figure 12 P53 and CHOP activate GDF15 expression in HelLa cells after glucose
(o= 0] V7= 1110} o 29

Figure 13 GDF15 knockout does not alter E7, p53, or CHOP levels in cervical cancer
(o= ]| £ 30

Figure 14 Transient knockdown or overexpression of GDF15 do not modulate E7, p53,

ANA CHOP EXPreSSION. ....uuiiiiieiiieeitee et e e e e e e et e e e e e e e e eeaaees 31

Figure 15 GDF15 is not essential for the proliferation of cervical cancer cells in live cell

Tpgt=To laTo IR a T YT 32
Figure 16 Silencing of GDF15 does not affect the cell cycle distribution of HelLa cells......... 33

Figure 17 Knockdown as well as overexpression of GDF15 downregulate colony

formation capabilities of cervical and colon cancer cells. ...........ccccccciniiiiininnnnns 34

Figure 18 GDF15 knockdown does not sensitize cervical cancer cells towards low,

antiproliferative levels of DNA damage. ...........ccooiiiiiiiiiiiieiiieeee e 37

Figure 19 Intracellular GDF15 levels are upregulated by ER stress in cervical cancer cell

S e 39
Figure 20 TM or TG treatment decrease total extracellular levels of GDF15....................... 40
Figure 21 Inhibition of N-glycosylation reduces extracellular levels of GDF15. ................... 41

103


file:///E:/Doktorarbeit%20JM/DA_JM_12.05.2020.docx%23_Toc40250525

Appendix

Figure 22 P53 is not essential for the upregulation of GDF15 expression after ER stress....42
Figure 23 CHOP upregulates GDF15 expression after ER stress. ... 43

Figure 24 GDF15 knockout increases resistance of HelLa cells against ER stress-induced

= 0] ) (o 1] - 7P 44
Figure 25 SSide inhibits proliferation of cervical cancer cells. ............cccccccvvviiiiiiiiiiiiiiiinnnn. 46
Figure 26 Intracellular GDF15 levels are increased in cervical cancer cells by SSide.......... 47

Figure 27 Time-dependent regulation of GDF15, E7, and PARP cleavage in HelLa cells in
SSide EXPErMENTS. ...eiii e 49

Figure 28 Time-dependent regulation of GDF15, E7, and PARP cleavage in SiHa cells in

SSide EXPEIMENTS. ..oueiiii e 50
Figure 29 Activation of GDF15 expression by SSide is CHOP-independent. ....................... 51
Figure 30 P53 contributes to the SSide-induced upregulation of GDF15. ...........ccccceee 52

Figure 31 Downregulation of GDF15 can protect HelLa cells against SSide-induced

= 0o 0] (01 1< 75N 54
Figure 32 Cisplatin upregulates GDF15 levels in HeLa and MRI-H186 cells........................ 56
Figure 33 P53 mediates the upregulation of GDF15 levels in cisplatin-treated HelLa cells. .. 57

Figure 34 Transient repression of GDF15 levels reduces cisplatin-induced apoptosis of
HELA CeIIS. .ot e e e et e e e e e e enanees 58

Figure 35 GDF15 knockdown has divergent effects on the response of MRI-H186 and

SiHa cells towards cisplatin treatment. ..., 59
Figure 36 Knockout of GDF15 protects HelLa cells against cisplatin-induced apoptosis. ..... 60
Figure 37 Increased drug resistance of HPV-positive cancer cells...........ccccccvvvviiiiiiiiinnnnnn. 74

Figure 38 Schematic regulation of GDF15 expression in HPV-positive cervical tumor cells. 77

104



Appendix

List of tables

Table 1 P53 and CHOP are key regulators of GDF15 expression in HPV-positive

CEIVICAl CANCEN CEIIS ... 69
Table 2 Human cell lines and corresponding medium ...............oiviiiiiieieiiiiiiiccee e, 81
Table 3  Assignment of cell lines to DharmaFECT Transfection Reagents........................ 83
Table 4 siRNA sequences and POOIS.............ciiiiiiiiiiiiiicce et e e, 83
Table 5 Chemical COMPOUNGS ......coiiiiiiieieeiis e e e e e e e e e eeeeeenees 85
Table 6 PrimMer SEQUENCES .......uuuiii i et ee e e e e e e et aa e e e e e e e e eeaettnaaaaeaaaaeennnes 91
Table 7 Target sequences of ShRNAS ..........oooviiiiiiiiiiiiiiieee 92
Table 8  PCR Program 1 ...ttt ettt e e e et e e e e e e eeeeees 93
Table 9 Sequences of top and bottom oligonucleotides for gRNAs targeting GDF15 ....... 94
Table 10 PCR program 2 (QRT-PCR)......coouiiiiiii et 95
Table 11 Recipe of SDS-PAGE JEL. .....c.oooviiiiii et 97
Table 12 Primary antibDOdies........ccoooeiniii e 98
Table 13 Secondary antibOIES .........ccooiiiiiiiiiiii e e 99
LI o) ST R o P= 11 01T PP PPPPPPPPPP 102

105



Appendix

Abbreviations

Abbreviation

Full form

Amp
ATF3
ATF4
ATF6
Bcl-2
BD
BiP/GRP78
BMI
BMP
BSA
C/EBPB
Cas9
CCS
cDNA
CFA
CHOP
CIN

Cis

cl.

CPT
CRISPR
DAPI
DDIT3
DF
DMSO
Doxo
DR4
DR5
DREAM
EGAP
ECL
ECM
EGR1
elF2a

106

ampicillin

activating transcription factor 3
activating transcription factor 4
activating transcription factor 6
B-cell ymphoma 2

Becton Dickinson

binding immunoglobulin protein/glucose-regulated protein 78

body mass index

Bone morphogenetic protein

bovine serum albumin

CCAAT enhancer binding protein beta
CRISPR-associated protein 9

cell culture supernatant

copy DNA

colony formation assay

C/EBP homologous protein

cervical intraepithelial neoplasia

cisplatin, cis-diamminedichloridoplatinum(ll)
cleaved

camptothecin

clustered regularly interspaced short palindromic repeats
4' 6-diamidino-2-pheylindole

DNA damage-inducible transcript 3
DharmaFECT

dimethyl sulfoxide

doxorubicin

death receptor 4

death receptor 5

dimerization partner, RB-like, E2F and MuvB
E6-associated protein

enhanced chemiluminescence

extracellular matrix

early growth response 1

eukaryotic initiation factor 2 alpha
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ELF3
EMT
EP
ER
ERAD
ERK
et al.
exp.
FCS
GADD34
GDF15
gDNA
gRNA
HPV
HRP
hTERT
HuR
HygB
IC50
IGF1
indels
IRE1a
KO
LB
LCR
LTBP1
m.
MAPK
ME
MIC-1
miR
MMP
MMP9
mRNA
NAG-1
NanoDrop

E74 like ETS transcription factor 3
epithelial-mesenchymal transition
electrophoresis buffer

endoplasmic reticulum
ER-associated degradation
extracellular signal-regulated kinase
et alii

exposed

fetal calf serum

growth arrest and DNA damage-inducible protein 34

growth differentiation factor 15
genomic DNA

guide RNA

human papillomavirus

horseradish peroxidase

human telomerase reverse transcriptase
human antigen R

hygromycin B

half maximal inhibitory concentration
insulin-like growth factor

insertions and deletions
inositol-requiring enzyme 1 alpha
knockout

Lysogeny Broth

long control region

latent TGFB-binding protein 1
mature

mitogen-activated protein kinase
medium exchange

macrophage inhibitory cytokine-1
microRNA

mitochondrial membrane potential
matrix metallopeptidase 9
messenger RNA

NSAID-activated gene-1

NanoDrop ND-1000 spectrophotometer
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NAPA N-ethylmaleimide-sensitive factor attachment protein alpha
NF-kB nuclear factor “kappa-light-chain-enhancer” of activated B-cells
NEB New England Biolabs

NSAID non-steroidal anti-inflammatory drug

ORF open reading frame

PARP poly(ADP-ribose) polymerase

PBS phosphate-buffered saline

pBS pBluescript Il

PCR polymerase chain reaction

PCSK proprotein convertase subtilisin/kexin

PDI protein disulfide isomerase

PDZ post synaptic density protein 95, disc large homolog 1, zonula occludens-1 protein
PERK protein kinase R-like ER kinase

Pl propidium iodide

PI3K phosphatidylinositol-4,5-bisphosphate 3-kinase

PKB protein kinase B

PLAB placental bone morphogenetic protein

PLC-y phosphoinositide phospholipase C gamma

PPAR-y peroxisome proliferator-activated receptor gamma

pRB retinoblastoma protein

PSG 100 U/ml penicillin, 0.1 mg/ml streptomycin, 2 mM L-glutamine
PTGFB placental transformation growth factor beta

PUMA p53 upregulated modulator of apoptosis

PVDF polyvinylidene difluoride

gqRT-PCR quantitative real-time PCR

RED restriction enzyme digest

RNAI RNA interference

RT room temperature

SDS sodium dodecyl sulfate

SDS-PAGE SDS-polyacrylamide gel electrophoresis

SERCA sarco-endoplasmic reticulum Ca?*-ATPase

shRNA short-hairpin RNA

siRNA small interfering RNA

Smad Sma, Mad (Mothers against decapentaplegic)

SSide sulindac sulfide

TG thapsigargin
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TGFBR
TGF-B
TIMP3
™
TUNEL
uncl.
UPR
VLP
XBP1
Yip1A

transforming growth factor beta receptor

transforming growth factor beta

tissue inhibitor of metalloproteinase 3

tunicamycin

terminal deoxynucleotidyl transferase dUTP nick end labelling
uncleaved

unfolded protein response

virus-like particle

X-box binding protein 1

Yip1 interacting factor homolog A

The one-letter code for nucleotides was applied according to declarations by the International
Union of Pure and Applied Chemistry (IUPAC).
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Units and prefixes

Units
% percent
°C degree Celsius
Da Dalton
g gravitational acceleration
g gram
h hour
I liter
M molar, mol/|
m meter
min minute
mol mole
S second
U enzyme activity unit
Vv volt
Prefixes

Symbol Prefix Factor

p pico 107
n nano 10
u micro 10
m milli 103
c centi 102
k kilo 103
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