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Abstract

1 Abstract

Pancreatic ductal adenocarcinoma (PDAC) is the most common species of pancreatic cancer
with high lethality. Despite intensive research, no major therapy improvements have been
achieved due to late-stage diagnosis and aggressive tumour biology resulting in low therapy
response and poor survival of patients. Thus, PDAC is predicted to be the second leading cause

of cancer-related death within the next decade. We were thus aiming at new treatment strategies.

We analysed the response of a panel of seven PDAC cell lines against the chemotherapeutic
agent cisplatin, determining two clearly separated response categories, cisplatin-sensitive and
resistant cells. Interestingly, the sensitive cells correspond to the classical form of molecular
PDAC subtypes, displaying a less aggressive biology and relatively good prognosis for the
patients. The cisplatin-resistant cells can be linked to the basal-like subtype, which is
characterised by even higher aggressiveness, lower survival rate and chemo-resistance.
Interestingly, the basal-like cells had a lower degree of platinised DNA upon treatment, which
was reversed by an inhibitor of platinum export from cells. This suggests a higher degree of
platinum export in basal-like cells as a mechanism of their resistance. Besides the transcription
factor GATAG, which was already identified as a marker for the classical subtype, we could
show that the expression of the microRNAs 200a and 200b could be linked to cisplatin-sensitive

cells, serving as potential biomarkers for cisplatin responsiveness.

Previous results suggested that a combination of HSP90 inhibitors and the cisplatin analogue
carboplatin resulted in a strong antitumour synergy in ovarian cancer cells. Here we found that
in basal-like PDAC cells, the combination of HSP90 inhibition and cisplatin treatment resulted
in a synergistic reduction of cell viability, increased DNA damage and chromosome
fragmentation. These effects are mediated by the degradation of the DNA repair pathway
protein FANCA. Further, cisplatin efflux by export transporter seemed compromised upon
HSP90 inhibition, as the platinum-DNA adduct formation was increased upon HSP90
inhibition.

Moving towards clinical application, we transferred our approach into a mouse model with
orthotopically transplanted KPC cells (LSL-Kras®'?®*; LSL-Trp53R*"2H*:  Pdx-1-Cre;
C57/BL6 genetic background). The combination treatment was highly efficient and resulted in

a strong reduction of tumour size with increased apoptosis.
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2 Abstract

Our study suggests that PDAC cells show a distinct response towards cisplatin treatment and
that combination of cisplatin with the HSP90 inhibitor onalespib is able to overcome cisplatin
resistance in basal-like PDAC cells.



Cancer

2 Introduction

2.1 Cancer

In over 50 % of the countries worldwide, the first or second leading cause of death before the
age of 70 is related to cancer. (Nagai and Kim, 2017). Cancer describes a group of diseases with
malignant neoplasms, characterised by the ability to invade other tissues (Hanahan and
Weinberg, 2000). Over the past decades, both cancer incidence and mortality have risen (Sung
et al., 2021), which is linked to the ageing of the population and the improved treatment of

cardiovascular diseases. (Clegg et al., 2009; Wu et al., 2018).
2.2 Pancreatic Ductal Adenocarcinoma

The pancreas is a glandular organ consisting of the endocrinal and exocrine parts. The exocrine
part, which is composed of acinar and ductal cells, is responsible for producing and releasing
digestive enzymes. The endocrinal part is involved in the regulation of blood glucose levels by
balancing glucagon and insulin release. Around 90 % of pancreatic cancers arise in the exocrine
part of acinar cells and belong to the species called pancreatic ductal adenocarcinoma (PDAC)
(Adamska et al., 2017; Xu et al., 2019).

PDAC is the fourth leading cause of cancer-related deaths worldwide (Siegel et al., 2015). The
overall 5-year survival rate of PDAC patients is less than 5 %, with a median survival of 6-12
months after diagnosis, one of the shortest among all malignancies. PDAC presents with rising
incidences due to age, obesity, smoking and metabolic syndromes (Bengtsson et al., 2020) and
is predicted to become the second leading cause of cancer-related deaths within the next decade
(Rawla et al., 2019; Tavakkoli et al., 2020). This high mortality rate is linked to different
reasons: on the one hand, many patients show no symptoms at early stages, and no specific
early detection methods are available. Additionally, PDAC has a high probability of developing
metastasis at this stage, leaving around 80 % of patients with locally advanced unresectable and
metastatic tumours at the time of first diagnosis (Ansari et al., 2019). On the other hand,
pancreatic tumours are often resistant to chemo- and radiotherapy because of heterogeneity,
dynamic cellular plasticity and insufficient treatment strategies (Orth et al., 2019).

In 1988, Smit et al. discovered that PDAC tumours often carry a point mutation of codon 12 in the
Kirsten rat sarcoma (KRAS) gene (Smit et al., 1988). Later on, it was confirmed that this mutation
is the earliest event in a cascade of mutations that drive PDAC formation and occurs in almost 90 %

of PDAC patients (Hingorani et al., 2003; Olive and Tuveson, 2006). Mutations in this gene result
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in constitutive activation of KRAS signalling by reducing its inherent Guanosine triphosphatase
(GTPase) activity. This leads to activation of the RAS/mitogen-activated protein kinase (MAPK)
and the phosphoinositide 3-kinases (PI3K)/Protein kinase B (AKT) signalling pathways, resulting
in enhanced proliferation and cell survival with compromised differentiation (Ellis and Clark,
2000). A progression model has been proposed, where a cascade of mutations drive the
oncogenic alteration from the normal pancreas to pancreatic intraepithelial neoplasia (PanINs)
and then to PDAC (Hruban et al., 2000; Morris et al., 2010).

The PanINs, which are precursor lesions, are classified into three stages (PanIN I, PanIN II,
PanIN I11), depending on their cytological abnormalities and genetic alterations (Hruban et al.,
2001). The initiator of the progress is the KRAS mutation, accompanied by additional mutations
or deletions in genes such as cyclin-dependent kinase inhibitor 2 (CDKN2A), inactivated in
90 % of PanIN Il (Caldas et al., 1994), tumour protein p53 (TP53), mutated in 50-70 % (Barton
and Staddon, 1991; Rozenblum et al., 1997) and mothers against decapentaplegic homolog 4
(SMAD4) (Hahn et al., 1996) inactivated in 55 % of PanIN I1I (Figure 1).

Normal ductal PanIN | PanIN Il PanIN IlI Invasive PDAC
epithelium

increasing desmoplasia

Key genetic alteration KRAS CDKN2A TP53
SMAD4

Figure 1: Progression Model for PDAC. Development of high-grade PDAC from normal ductal epithelium via
low-grade PanIN. This development is associated with the accumulation of mutations and an increase in
desmoplasia. Transformation of normal ductal epithelium starts with KRAS mutation. Mutations of CDKN2A,
TP53 and SMAD4 further progress the PanIN towards invasive PDAC. Adapted from (Guo et al., 2016). Created

with BioRender.com.

2.2.1 Molecular Subtypes of PDAC

A severe challenge for the treatment of PDAC tumours is the therapeutic resistance and
aggressive tumour biology, which is reflected by the high molecular heterogeneity of this
tumour entity. The decoding of the molecular signatures enables an insight into the complexity

of PDAC. Whole-exome sequencing approaches uncovered various mutational and copy
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number variations of oncogenes and tumour suppressor genes in PDAC (Adamo et al., 2017,
Bailey et al., 2016; Jones et al., 2008). This method verified not only the somatic driver
mutations of KRAS, TP53, SMAD4 and CDKN2A but also genetic changes with lower
prevalence, such as breast cancer 1/2 (BRCAL/2) or AT-rich interactive domain-containing
protein 1A (ARID1A) (Bailey et al., 2016; Biankin et al., 2012; Du et al., 2017).

Gene expression profiling for identifying new molecular taxonomy is an emerging approach in
the field of PDAC. In other tumour entities such as lung, melanoma, colon or breast cancer,
molecular characteristics can vary widely in microscopically indistinguishable cancers (Dai et
al., 2015b; Rabbie et al., 2019; Rudin et al., 2019; Singh et al., 2021). Molecular subtyping is
considered a helpful tool to predict the response to chemotherapy and therefore personalise the
therapy options to improve patient prognosis. Since the first subtyping approach in 2011, many
different classifications have been performed (Collisson et al., 2011). However, in the section

below, only the major PDAC classifications are mentioned.

In 2011, Collisson et al. performed the first subtyping approach with microarray-based
transcriptome analysis in mouse and human PDAC cell lines and microdissected PDAC
samples (Collisson et al., 2011). Based on the analysis of 62 genes, three different subtypes
were identified: classical, quasi-mesenchymal (QM) and exocrine-like(Figure 2). The classical
subtype is characterised by an increased expression of epithelial genes, whereas the QM subtype
reveals an increased expression of mesenchymal genes. An enhanced expression of genes
coding for digestive enzymes could be shown for the exocrine subtype. The different subtypes
could further be linked to clinical outcome and therapy response. The classical subtype exhibits

the highest survival, the exocrine-like intermediate and the QM subtype a poor survival.

Collission et al., 2011 Moffitt et al., 2015 Bailey et al., 2016

Common Exocrine- Quasi- V1A /Pancreatic .
Subtypes like mesenchymal basal-like Immunogenic [2p]= QR [FEl el

Other Stroma Stroma
Subtypes normal activated

Figure 2: Schematic classification model for PDAC. Overview of some transcription-based subtypes in PDAC.
Correlated common subtypes were grouped in columns. The other subtypes could not be correlated and grouped.
ADEX: aberrantly differentiated endocrine exocrine (Bailey et al., 2016; Collisson et al., 2011; Moffitt et al.,
2015). Created with BioRender.com.
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Another subtyping approach was performed by Moffitt et al. in 2015 (Moffitt et al., 2015). They
separated stroma from epithelial tumours by virtual microdissection and analysed the gene
expression in both groups. After an initial microarray analysis, the samples of both
compartments were validated by RNA sequencing (RNA-seq). For the stromal compartment,
two distinct subtypes were described: normal and activated stroma. Also, two subtypes for the
tumour group were discovered: the classical subtype, which show similarities with the Collisson
classical subtype and the basal-like subtype, which overlaps with the Collisson QM subtype
(Moffitt et al., 2015).

In 2016, Bailey et al. published a list of 32 significantly mutated genes involved in 10 molecular
pathways, identified by deep-exome sequencing and RNA-seq analysis. With this analysis, four
subtypes were discovered: the squamous and progenitor subtype, similar to Collisson’s QM and
classical subtype, whereas the aberrantly differentiated endocrine exocrine (ADEX) and
immunogenic subtypes were classified by The Cancer Genome Atlas (TCGA) as less pure
subtypes and likely derived from non-transformed stroma cells. (Bailey et al., 2016).

Rashid et al. investigated the robustness and overall clinical relevance of the subtypes described
by Collisson et al., Moffitt et al. and Bailey et al. They could prove that the basal-like and
classical subtypes by Moffitt et al. were the most replicable and robust classification which is
associated with patient prognosis and treatment response. They further introduced a single-
sample classifier based on the two subtypes, which allows the classification across different

gene expression platforms (Rashid et al., 2020).

Even though these studies identified distinct subtypes, all transcription-based studies
determined a classical and basal-like subtype. The classical subtype is characterized by lower
aggressiveness, relatively good prognosis, and gene signature expression for epithelial
differentiation. However, the basal-like subtype describes poorly differentiated, highly
aggressive tumours associated with reduced survival and chemoresistance (Bailey et al., 2016;
Collisson et al., 2011; Moffitt et al., 2015; O’Kane et al., 2020). These studies highlight the

importance of classifying the molecular PDAC subtypes to improve patient-orientated therapy.

2.2.1.1 Epithelial to Mesenchymal Transition in PDAC

Transcriptional subtyping analysis revealed an enrichment of the epithelial to mesenchymal
transition (EMT) pathway for the basal-like subtype (Dijk et al., 2020). EMT is a developmental

process that naturally occurs during embryonic development, tissue regeneration, wound
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healing and organ fibrosis (Micalizzi and Ford, 2009). Biochemical changes, as invasiveness,
increased migratory capacity, enhanced resistance to apoptosis and upregulated production of
ECM components allow the transformation of epithelial cells into mesenchymal cells in a
dynamic process (Kalluri and Weinberg, 2009; Roche, 2018). By cytoskeletal remodelling and
gain of mobility, the epithelial cells lose their intracellular contacts and apico-basal polarisation
(Larue and Bellacosa, 2005). EMT plays a crucial role in tumour development and progression,
as the cells gain the ability to leave the primary tumour site, enter the bloodstream and
metastasise to a distant site (Guo et al., 2016). The cellular transition to a more mesenchymal
state is mediated by different factors, including transcription factors such as Zeb1, Snail, Twist
and microRNAs (miRNA), e.g. microRNA-200 (miRNA-200) (Kalluri and Weinberg, 2009).
The activation of various signalling pathways, such as hypoxia, Notch, Wnt, and Transforming
Growth Factor beta (TGF-beta), can also induce EMT (Liao and Yang, 2017). Typical epithelial
markers, such as the cell adhesion proteins epithelial cadherin (E-cadherin), epithelial cell
adhesion molecule (Epcam) and occludin, a protein for tight junctions, are lost upon the EMT
process. Mesenchymal markers such as the intermediate filament vimentin, fibronectin, a
glycoprotein of the extracellular matrix, and neural cadherin (N-cadherin) are expressed upon
activation of EMT (Figure 3) (Dongre and Weinberg, 2019).

TGF-beta
Notch
Wnt
Zeb1/2
Snail
Twist
EMT
B MET
[ miRNA200 ]
Epithelial Mesenchymal
Marker I | Marker
E-cadherin ) )
Vimentin
E[?(;r:rg Fibronectin
Occludin N-cadherin

- 1]

aggressiveness
chemo-resistance

Figure 3: Schematic model for epithelial to mesenchymal transition. Epithelial cells are characterised by the

expression of E-cadherin, GATAB, epithelial cell adhesion molecule (Epcam) and occluding. The transcription
factors Zeb1/2, Snai or Twist, as well as the TGF-beta, Notch or Wnt pathways, can induce the epithelial to
mesenchymal transition (EMT). Mesenchymal cells express vimentin, fibronectin, and N-cadherin. The expression
of miRNA-200 can initiate the mesenchymal to epithelial transition (MET). Aggressiveness and chemoresistance

increase from epithelial to mesenchymal state. Created with BioRender.com.
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The major hallmark of EMT is the loss of E-cadherin. The transcription factor Zeb1/2 can
directly bind to the E-cadherin promoter, repressing its transcription and keeping the cell in a
mesenchymal state (Vandewalle et al., 2009). This process can also be reversed by
downregulation of Zeb1/2, leading to mesenchymal to epithelial transition mediated, for
example through miRNA-200 (Park et al., 2008). The transcription factor GATAG is also a
regulator of the EMT process. The binding of GATAG to the E-cadherin and Zebl promotor
inhibits the dedifferentiation and EMT, stabilising the epithelial state (Martinelli et al., 2017).

The EMT marker expression could strongly be linked to the basal-like (Moffitt et al., 2015),
squamous (Bailey et al., 2016) and quasi-mesenchymal (Collisson et al., 2011) PDAC subtypes,
which share common features as dedifferentiation, expression of mesenchymal genes,
metabolism, low survival and poor prognosis (Aiello et al., 2018; Bailey et al., 2016; Collisson
et al., 2011; Georgakopoulos-Soares et al., 2020; Moffitt et al., 2015). Further, Arumugam et
al. revealed that the absence of E-cadherin and expression of Zebl could be correlated to
chemoresistance in PDAC cell lines which has also been shown for the basal-like subtypes,
making these cells challenging to treat (Arumugam et al., 2009; Aung et al., 2019; Bailey et al.,
2016; O’Kane et al., 2020).

2.2.2 PDAC Therapy

The only potentially curative treatment strategy for pancreatic cancer is the resection of the
tumour (Beger et al., 2002; Oettle et al., 2013). However, less than 20 % of patients are eligible
for the surgery at the time of diagnosis (Kleeff et al., 2016). For patients with advanced
pancreatic cancer, the gold standard since 1997 is the treatment with the nucleoside analogue
gemcitabine (Burris et al., 1997). Depending on the age and health status, a combination of
gemcitabine together with the taxane nab-paclitaxel or a combination of folinic acid,
5-fluorouracil (5-FU), which is a thymidylate synthase inhibitor, the topoisomerase | inhibitor
irinotecan and the alkylating-like agent oxaliplatin, summarised as FOLFIRINOX, can be
administered to patients with good performance due to severe toxicity associated with this
therapy (Conroy et al., 2011; Von Hoff et al.,, 2013). Despite the adverse effects of
FOLFIRINOX, this therapy leads to increased disease-free survival, median overall survival

and response rate compared to gemcitabine (Conroy et al., 2011).

Nevertheless, advanced pancreatic cancer therapy options are palliative and only lead to a
slightly improved outcome (Perone et al., 2016). An enhanced understanding of PDAC is
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crucial for improved therapy options as it has been found that therapy response is highly
dependent on the mutational status of patients. While, for example, the alkylating-like agent
cisplatin together with gemcitabine leads to no improved effect in advanced pancreatic cancer
patients in general, the treatment in a subgroup with germline BRCAZ1/2 or Partner and localizer
of BRCA2 (PALB2) mutations, which accounts for 5-9 %, was effective. The results were so
profound that this combination was introduced as a standard-care option for patients with this
mutational status (Heinemann et al., 2006; O’Reilly et al., 2020). Besides the mutations of
BRCA1/2 or PALB2, patients with other defects in the homologous recombination DNA
damage response pathway may profit from the combination of cisplatin-based chemotherapy
(Perkhofer et al., 2021).

2.2.3 Platinum Compounds

In 1844, Michele Peyrone first synthesised cisplatin (cis-diammine-dichloro-platinum);
however, it took till the late 1960s until the anti-proliferative property of cisplatin was
discovered in E.coli bacteria and confirmed in a sarcoma mouse model by Barnett Rosenberg
(Peyrone, 1844; Rosenberg et al., 1965). A few years later, in 1971, the first patient with
testicular cancer was treated with cisplatin, which led to Food and Drug Administration (FDA)
approval in 1978 to treat testicular, advanced ovarian and bladder cancer (Alderden et al., 2006;
Hambley, 1997; Higby et al., 1974). By now, cisplatin has become the mainstay for various
cancer treatments, including advanced pancreatic, breast, cervix, head and neck, esophageal
and non-small cell lung cancer, and some paediatric malignancies (Dasari and Tchounwou,
2014; Ruggiero et al., 2013). Driven by the high organ toxicity, the cisplatin analogue
carboplatin was discovered to reduce the side effects like nephrotoxicity, myelosuppression,

emesis, neurotoxicity, and ototoxicity (McKeage, 1995) (Figure 4A).
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Figure 4: Platinum analogues and formation of cisplatin adducts. A Structure of platinum analogue cisplatin
and carboplatin. B Activation mechanism of cisplatin by aquation. C Formation of cisplatin-DNA adducts
preferably at N7 position of the guanosine but also to adenosine leading to intra- and inter-strand crosslinks.
Adapted from (Rocha et al., 2018). Created with BioRender.com.

Cisplatin is a neutral inorganic compound with two inert ammine ligands and two labile chloride
ions. Upon aquation in the cell, both chloro-groups are substituted with water molecules leading
to the activation of cisplatin (Figure 4B) (Davies et al., 2000). In this form, cisplatin composed
of nucleophilic propensity reacting with cysteine-rich, cytosolic peptides or proteins, such as
glutathione (GSH) and metallothionein (MT) (Eastman, 1987; El-Khateeb et al., 1999).
Furthermore, the activated cisplatin can interfere with the DNA, preferably at the nucleophilic
N7-site on guanosine, which leads to the generation of platinum-DNA complexes and DNA
crosslinks (Eastman, 1987). These crosslinks can occur within one DNA strand forming an
intra-strand crosslink (85-90 % of total lesions) or between both DNA strands leading to inter-
strand crosslinks (ICL) in around 1-3 % of all lesions (Dai et al., 2015a) (Figure 4C). After
entering the cell, the formation of platinum-DNA adducts is the central cytotoxic mechanism,
whereby the ICL intensely contributes to the toxicity despite the low formation rate as they
have severe effects on the cell by suppressing replication and transcription and involve complex

repair mechanisms (Wang and Lippard, 2005). Small amounts of cisplatin-induced DNA
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damage lesions can be removed by the DNA repair system of the cell. While intra-strand
crosslinks are most prominently recognized and repaired by nucleotide excision repair (NER),
the ICLs are especially repaired by the Fanconi anemia (FA) pathway (Kee and D’Andrea,
2010).

This pathway mainly involves 22 Fanc proteins, among others BRCA1 and BRCAZ2, along with
FA associated factors, which recognize ICL primarily during S phase of the cell cycle. These
proteins are assumed to cooperate in a common signalling pathway to repair the DNA damage
lesions (Niraj et al., 2019). After recognizing the DNA damage, the FA core complex consisting
of FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL and FANCM, acts as an
E3 ubiquitin ligase and activates the pathway by FANCI-FANCD2 monoubiquitination
(Figure 5) (Walden and Deans, 2014). The activated FANCI-FANCD?2 is translocated to the
chromatin damage, where it recruits and activates additional repair proteins, including BRCA1,
BRCAZ2 and PALB. The monoubiquitination and nuclear foci formation of FANCI-FancD2 are
thereby the essential steps (Duan et al., 2013). This pathway coordinates the different double-
strand break (DSB) repair sub-pathways, preferably the homologous recombination (HR)
pathway, as many FA proteins are well-established HR factors (Liu et al., 2020). FA pathway
deficiency results in enhancement of the error-prone non-homologous end joining, while the
HR efficiency is reduced (Nakanishi et al., 2005).

Complex formation

Activation and
Nuclear foci formation

D1/BRCA2 Recr_mtmen’_[ of downstream
repair proteins

N/PALB S/BRCA1

Figure 5: Schematic overview of Fanconi anemia pathway. The FA core complex consisting of FANCA, B,
C,E, F, G, L and M. activate FANCI/FANCD2 by monoubiquitination. After nuclear foci formation, other repair
proteins as BRCAL/2 and PALB are recruited. Adapted from (Walden and Deans, 2014). Created with

BioRender.com.
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Depending on the severity of the damage, the cell either arrests in the cell cycle to repair the
DNA damage and prevent the cell from abnormal mitosis, or it activates the apoptosis pathway
(McCabe et al., 2009). Although cisplatin displays a potent induction of apoptosis and anti-
proliferative effects and is one of the most effective broad-spectrum anti-neoplastic drugs,

resistance is a significant drawback (Siddik, 2003).
2.2.4 Cellular Resistance Mechanisms towards Platinum Compounds

Although the primary mechanism of platinum cytotoxicity is the formation of platinum-DNA
adducts, four significant mechanisms have been described by which the adduct formation can
be reduced, leading to resistance development. 1. Reduced cellular adduct accumulation by
decreasing the drug influx and increasing the efflux. 2. Increased detoxification activity by
protein binding. 3. Increased DNA damage response, and 4. Inactivation of apoptosis induction
(Figure 6) (Chen and Chang, 2019).

1. Decreased

uptake *

®| 2, Detox'ﬂcati:til \*w% 2

1. Increased
export

4. Inactivation

cell death cell death

. . ) . .
inactive : ( drug exporter m drug importer Detoxification

Cisplatin ¢ ) enzyme

* Cisplatin

Figure 6: Schematic overview of cisplatin resistance mechanisms. Resistance mechanisms include 1. decreased

drug import mediated by copper transporter and increased drug export by copper-transporting ATPase 1 and 2
(ATP7A/B) or multidrug resistance protein 2 (MRP2). 2. Enhanced detoxification by binding of cisplatin to
glutathione (GSH) and metallothionein (MT). 3. Increased DNA damage repair process to remove the cisplatin-
DNA adducts. 4. Failure of the DNA repair system induced apoptosis, which can be neutralized by upregulation
of anti-apoptotic or downregulation of pro-apoptotic signals. Adapted from (Chen and Chang, 2019). Created with

BioRender.com.
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2.24.1 Decreased uptake or increased efflux

The accumulation of platinum compounds in the cell is an essential requirement for
cytotoxicity. Changes in influx and efflux mediated by various transporters can affect platinum

efficacy.

The influx of cisplatin is mediated by passive diffusion and transmembrane transportation
systems. Members of the solute carrier superfamily (SCL) family, such as SCL22A1, SCL22A2
and SCL47Al, are involved in cisplatin uptake (Yonezawa et al., 2006). Mislocation,
downregulation or inhibited activity of these carriers are linked to reduced intracellular
concentrations of cisplatin (Zhou et al., 2020). Another transporter involved in the uptake of
platinum drugs is the copper transporter 1 (CTR1) (Holzer et al., 2006). Song et al. could show
that overexpression of the transporter resulted in enhanced sensitivity of small cell lung cancer

cells towards platinum compounds (Song et al., 2004).

Besides the decreased influx of platinum compounds, increased efflux can also contribute to
resistance. The export is mediated by the copper-transporting ATPase 1 and 2 (ATP7A/B)
(Safaei et al., 2012). Upon binding platinum drugs, the ATP7A/B, located in the trans-Golgi
network, translocate to cytoplasmic vesicle in an ATP-dependent manner and release the
platinum out of the cell upon fusion with the plasma membrane (Safaei et al., 2008).
Overexpression of ATP7A revealed decreased cellular cisplatin intensity and exclusion from
the nucleus, as ATP7A acts as an insulator, preventing the access of cisplatin to the nucleus
(Chisholm et al., 2016). The high expression of ATP7B might be used as a prognostic factor in
colorectal cancer, revealing prolonged progression time (Martinez-Balibrea et al., 2009). In
patients with ovarian cancer, the increased expression of ATP7A/B was associated with shorter

survival (Lukanovi¢ et al., 2020).

Another exporter involved in platinum resistance is the multidrug resistance protein 2 (MRP2),
which belongs to the ATP-binding cassette transporters (Borst et al., 2000). This transporter is
a unidirectional efflux pump that removes cisplatin-bound glutathione from the cells. Intrinsic
resistance and poor clinical outcome in ovarian and small cell lung cancer patients could be
linked to high levels of MRP2 (Surowiak et al., 2006; Ushijima et al., 2007).

2.2.4.2 Detoxification

The initially inert cisplatin gains a high affinity for cytoplasmic nucleophilic species in the
aquated state. Thereby, platinum forms strong bonds to cysteine-rich proteins and peptides, as

13
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glutathione (GSH) or metallothionein (MT) (Eastman, 1987; El-Khateeb et al., 1999). The
glutathione-S-transferase catalyses the binding of platinum to GSH. Platinum-bound GSH is
removed from the cell in cooperation with the MRP transporter (Kuo and Chen, 2010).
Overexpression of GSH or glutathione-S-transferase are linked to resistance by inactivation and
export of platinum compounds in bladder and ovarian cancer (Byun et al., 2005; Surowiak et
al., 2005). Another detoxification mechanism involves the metal-binding protein MT which can
form a chelating complex with platinum resulting in the inactivation of platinum drugs (Kimura
and Kambe, 2016). Platinum agents might also induce the biosynthesis of MT proteins by
binding the metal transcription inhibitor, further contributing to the resistance (Krizkova et al.,
2010). Overexpression of MT could be linked to chemoresistance to cisplatin in neuroblastoma
and oesophageal cancer (Hishikawa et al., 1997; Rodrigo et al., 2021).

2.2.4.3 Enhanced DNA repair

The formation of ICL and intra-strand crosslinks inhibits replication and transcription (Wang
and Lippard, 2005). Intra-strand crosslinks activate the NER mechanism, in which DNA
excision repair protein (ERCC-1) and ERCC1-DNA repair endonuclease XPF dimerize and
function as a nuclease (Hashimoto et al., 2016). Upregulation of this complex results in
increased excision of cisplatin adducts and repair of DNA lesions (Ferry et al., 2000). For the
repair of DSB and DNA crosslinks, BRCA plays a crucial role through the FA and HR pathway.
Mutation of BRCA1, BRCA2 and other FA components lead to the impaired detection and
repair of DNA damage caused by cross-linking agents (Fang et al., 2020; Sy et al., 2009). Short-
term treatment of ovarian cancer cells revealed the same levels of platinum-DNA adduct
formation after acquired resistance, suggesting that the upregulation of the DNA repair
machinery is considered to be the most effective mechanism in platinum-resistant cells (Dijt et
al., 1988; Wynne et al., 2007).

2.2.4.4 Evading apoptosis

Pro-apoptotic and anti-apoptotic proteins tightly regulate the intrinsic apoptosis pathway
(O’Brien and Kirby, 2008). An imbalance of this homeostasis by overexpression of anti-
apoptotic or repression of pro-apoptotic proteins prevents the induction of apoptosis (Kim et
al., 2002). For example, the anti-apoptotic myeloid cell leukemia-1 (Mcl-1) protein was found
to be overexpressed in many tumours, preventing apoptosis by sequestering pro-apoptotic
factors (Wang et al., 2021). Upregulation of the anti-apoptotic proteins Bcl-2 (B-cell lymphoma
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protein 2) or Bcl-XL (B-cell lymphoma protein extra-large) are linked to enhanced cisplatin
resistance (Keitel et al., 2014). Also, small non-coding RNAs can regulate pro- and anti-
apoptotic proteins, and dysregulation can interfere with the platinum response (Zhou et al.,
2020).

The tumour suppressor p53 plays a crucial role in the cytotoxic effects of cisplatin since some
of the target genes induce apoptosis. Mutation or loss of p53 occur in over 50 % of tumours
(Hollstein, 1994). Despite cisplatin treatment, the regulation of checkpoint response, cell cycle
arrest, and induction of apoptosis fail, leading to the survival of the cells and resistance to
oxaliplatin and 5-FU. A clear link between p53 status and cisplatin has not been shown (Arango
et al., 2004; Martinez-Rivera and Siddik, 2012).

2.3 microRNA

Various cellular processes involved in cancer biology, as proliferation, differentiation, invasion
and metastasis, apoptosis and drug resistance, are mediated by microRNAs (miRNA) (Chen et
al., 2012). miRNA are small non-coding RNAs, which post-transcriptionally regulate protein-
coding gene expression. Interaction of the miRNA seed sequence with target mMRNAs leads to
translational repression and mRNA degradation. The seed sequence is a 6 to 8 long nucleotide
sequence at the 5’ end of the mature miRNA (Bhayani et al., 2012). This sequence characterizes
the specificity of the miRNA to their targets, whereby one miRNA can bind several mMRNAs,
and different miRNAs can regulate multiple mRNAs (Hashimoto et al., 2013). A mature
miRNA consists of 20-25 nucleotides and is generated by a multi-step process (Figure 7)
(Bartel, 2004).

The miRNA gene is transcribed by RNA polymerase Il within the nucleus (Borchert et al.,
2006). The post-transcriptional structure of this primary miRNA (pri-miRNA) forms a hairpin.
The pri-miRNA is spliced into a 70 nucleotide long precursor miRNA (pre-miRNA) by the
Drosha- DiGeorge syndrome critical region 8 (DGCR8) complex. After nuclear exportation by
Ran-GTP dependent transport receptor Exportin-5, the pre-miRNA is cleaved into the mature
miRNA by the type Il RNase Dicer. Following the processing step, one strand of the duplex
miRNA is degraded, leaving one strand which forms a multimeric protein-RNA complex, called
RNA induced silencing complex (RISC). This complex comprises of Argonaute family

proteins, enabling the cleavage and repression of target mMRNA (MacFarlane and R. Murphy,
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2010). miRNAs mostly form the interaction between their seed sequence and the 3’ untranslated

region (3’-UTR) or the open reading frame of their target MRNA (Grimson et al., 2007).
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Figure 7:Simplified scheme for the biogenesis of miRNAs. RNA Polymerase Il transcribes the miRNA genes
into pri-miRNA. The pre-miRNA is produced by processing the pri-miRNA mediated by the Drosha-DGCR-8
complex. After the nuclear exportation by Exportin-5, the mature miRNA is produced by type Il RNase Dicer.
One miRNA strand gets degraded, and the remaining strand is part of the RISC complex, a multimeric protein-
RNA complex. The RISC complex composes of Argonaut proteins which mediate the targeting and repression of
target MRNA. Adapted from (Winter et al., 2009). Created with BioRender.com.

Depending on the seed and target sequence consensus, the mRNA transcript is repressed by two
different mechanisms. The standard mechanism involves imperfect binding of the miRNA and
the target mMRNA leading to the repression of target gene translation (Martin et al., 2014). The
perfect binding of miRNA and mRNA occurs at a lower rate, resulting in endonucleolytic
cleavage catalysed by the Argonaute complex (Park and Shin, 2014). Around two-thirds of all
protein-coding genes are regulated by miRNAs, therefore being involved in nearly all cellular
processes (Hammond, 2015). With this high impact on regulating signalling pathways and
cellular processes, miRNAs can also act as tumour suppressors or oncogenes, assigning them

an essential role in the development, progression, and treatment of cancer (Zhang et al., 2007).

2.3.1 microRNA-200 Family

One of the most thoroughly investigated functional miRNA clusters, also involved in cancer
development, is the miRNA-200 family. It consists of five members, which can be divided into
two clusters. miRNA-200b/200a/429 are located on chromosome 1 and miRNA-200c/141 on
chromosome 12 (Altuvia et al., 2005). The miRNA-200 family can also be separated into two
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functional groups based on their seed sequences: cluster 1 consisting of miRNA-200b/200c/429
and cluster 2 with miRNA-200a/141 (Figure 8) (Humphries and Yang, 2015).

cluster 1
chromosome1 [ * Functional group 1
miR-200b miR-200a miR-429 miR-200b UAAUACUGCCUGGUAAUGAUGA
cluster 2 miR-200c UAAUACUGCCGGGUAAUGAUGGA
miR-429 UAAUACUGUCUGGUAAAACCGU
Functional group 2
miR-200a UAACACUGCCUGGUAAUGAUGA
chromosome 12 [ miR-141 UAACACUGUCUGGUAAAGAUGG

miR-200c  miR-141
Figure 8: Genomic location and seed sequence of miRNA-200 family members. miRNA-200 family members
can be separated into two clusters as they are located on chromosomes 1 and 12. Based on the seed sequence, two

functional groups can be distinguished. Adapted from (Humphries and Yang, 2015). Created with BioRender.com.

miRNA-200 is highly expressed in epithelial cells and conserved among vertebrates
(Humphries and Yang, 2015). It is mainly regulated by DNA methylation or silencing of the
promotor region by polycomb group-mediated histone modifications. These modifications can
lead to the loss of mMiIRNA-200 expression (Neves et al., 2010) and decreased miRNA-200 level
can significantly impact epithelial to mesenchymal transition, tumour metastasis, cancer cell
renewal, and chemoresistance (Brozovic et al., 2015; Park et al., 2008). The process of EMT is
believed to be an important step in metastasis formation of tumours that originated from
epithelial cells. miRNA-200 is involved in regulating CHD1 by inhibiting Zeb1/2 and,
therefore, stabilizing the epithelial phenotype. Mesenchymal cells mostly lack the expression
of mMiRNA-200 (Mongroo and Rustgi, 2010). It is also enhanced in angiogenesis, inducing the
vascular endothelial growth factor A (VEGFA) (Choi et al., 2011). The expression level of
miRNA-200 could also be associated with the sensitivity towards chemotherapy. In ovarian
cancer cells, the downregulation of miRNA-200 was linked to the resistance of paclitaxel and
carboplatin (Brozovic et al., 2015). Similar effects could be shown in colorectal cancer, where
the downregulation of miRNA-200 and reversal of EMT contribute to the resistance towards
5-FU and oxaliplatin (Senfter et al., 2016; Tanaka et al., 2015).

2.4 The Molecular Chaperone HSP90

Protein structures are vulnerable to stressful stimuli as hypoxia, increased oxygen species and

heat. The unfolding of the proteins may result in the loss of function, and the aggregation of
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misfolded proteins disturbs the proteostasis. The coping mechanism of the cell involves the
upregulation of stress proteins as molecular chaperones (Hartl et al., 2011). Molecular
chaperones assist the folding and assembly of their client structures but are not part of the active
protein complex (Miyata et al., 2013). One of the central chaperones are heat shock protein 90
(HSP90) and heat shock protein 70 (HSP70), which also assist the folding, maintenance, and

degradation of proteins under non-stressful conditions (Buchner, 1999).

HSP90 is mainly located in the cytoplasm, but the HSP90 family members TRAP1 (Altieri et
al., 2012) and GRP94 (Marzec et al., 2012) can also be found in mitochondria or the
endoplasmic reticulum, respectively. Under a non-stress situation, HSP90 is one of the most
abundant proteins, compromising 1-2 % of total proteins (Hoter et al., 2018). Upon stressful
conditions, the master regulator heat shock factor 1 (HSF-1), which is repressed in the absence
of stress, induces the expression of even higher levels of HSP90, HSP70 and other pro-survival
components of the heat shock response pathway (Do et al., 2015; McMillan et al., 1998;
Sistonen et al., 1994).

The primary function of HSP90 is the binding of client proteins at a late stage to mediate correct
folding of the native structure or stabilization of the clients. Missing HSP90 function leads to
ubiquitination of clients, followed by proteasomal degradation (Blacklock and Verkhivker,
2014). The importance of HSP90 in eukaryotes is also reflected by the highly conserved
sequence, which shares 60 % identity between the human and yeast HSP90 sequence (Chen et
al., 2006). HSP90 is expressed in two different isoforms: the heat shock inducible form HSP90a
and the constitutively expressed form HSP90B (Johnson, 2012). Both isoforms share 85 % of
sequence identity. However, it could be shown that both isoforms have distinctive roles,
although their diverse function is poorly understood (Millson et al., 2007). HSP90 acts as a
homodimer, whereas dimerization, mediated by the C-terminal dimerization domains, is
essential for its function (Harris et al., 2004; Mayer and Le Breton, 2015). The middle domain
is responsible for client binding, whereas the N-terminal region harbours the ATP binding
pocket (Hainzl et al., 2009; Prodromou et al., 1997). HSP90 molecular chaperones display
structural similarities to histidine kinase, MutL DNA-mismatch-repair and DNA remodelling
DNA gyrase to the GHKL superfamily (Dutta and Inouye, 2000). The shared similar
characteristics are the Bergerat fold, an ATP-binging domain crucial for ATP binding and
hydrolysis (Prodromou et al., 1997). HSP90 function is therefore characterized by ATPase
activity and cycling between the open and closed form. On the one hand, ATP binding promotes
the closer and more compact complex of HSP90 by a lid segment that twists the HSP90 complex

and, on the other hand, the association of the N-terminal region to form a catalytically active
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state. This state enables most clients to interact with the dimer. After ATP hydrolysis, the folded
client protein, as well as ADP and Pi, are released, restoring HSP90 to the open state again
(Figure 9) (Prodromou, 2000).

open ATP-bound

ADP' ADP

P
A —
B ————
semi-open
ADP bound
closed dimerisation

ATP hydrolysis

Figure 9: Scheme of the ATPase cycle of HSP90. HSP90 homodimer in the open V-shaped conformation can
bind the client (green bundle) and ATP at the M- and N-terminal domain, respectively. The binding of ATP induces
the dimerization of the N-terminal domain and a conformational change to the closed state. After ATP hydrolysis,
the dimers dissociate into a semi-open conformation with ADP bound, releasing the client. Release of ADP recycle
the dimers into the open conformation allowing a new ATPase cycle. Adapted from (Lackie et al., 2017). Created

with BioRender.com.

An extensive network of co-chaperones further regulates the activity of HSP90. Many co-
chaperones contain a tetratricopeptide repeat (TRP), a motif of anti-parallel alpha-helices
enabling the binding to the chaperone (Kenneth Allan and Ratajczak, 2011; Lamb et al., 1995).
HSP70, assisted by heat shock protein 40 (HSP40), recruits client proteins (Cintron and Tofft,
2006). The TRP-co-chaperone Hop/Stipl binds to the open conformation of HSP90 and
mediates the client protein transfer between HSP70 and HSP90 (Wegele et al., 2006).
Immunophils also interact with HSP90 to facilitate client protein maturation (Mazaira et al.,
2016). The non-TPR co-chaperones p23/Sbal binds to the closed formation and helps with the
maturation of client proteins by partially inhibiting the ATP hydrolysis (McLaughlin et al.,

2006; Richter et al., 2004). Cdc37 is a kinase-specific co-chaperone involved in around 60 %
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of human kinase maturation and oncogenic kinases (Citri et al., 2006). The most important
activator of Hsp90 ATPase activity is Ahal (Panaretou et al., 2002).

2.4.1 HSP90 and its Role in Cancer

HSP90 was found to be constitutively expressed in cancer cells with a 2-to-10-fold higher
expression than normal cells, which is why the disruption of the HSP90 folding machinery
might result in a higher impact on cancer cells (Ferrarini et al., 1992). Around 800 proteins are
described as HSP9O0 clients, including transcription factors like protein kinases and hormone
receptors, but also oncogenic proteins covering all cancer hallmarks (Figure 10) (Echeverria et
al., 2011; Miyata et al., 2013; Picard, 2021). By also stabilizing mutated and conformationally
unstable proteins, HSP90 is a key factor for cell survival, growth control and developmental
processes, all needed to maintain tumour formation (Mahalingam et al., 2009). Active HSP90
preserves the function of mutated client proteins and further protects them from proteasomal
degradation (Theodoraki and Caplan, 2012). Thereby, they interfere with processes as
angiogenesis (e.g. Hypoxia-inducible factor 1-alpha HIF1a), immortalization (e.g. telomerase),
genome instability (e.g. FancA), apoptosis evasion (protein kinase B (AKT)) and proliferation
(e.g. Receptor tyrosine-protein kinase ErbB2/Her2) (Shibbiru, 2016). The most prominent
tumour suppressor p53, which is mutated in around 50 % of tumours, is also described as an
HSP90 client (Peng et al., 2001). Interestingly, the mutant variant forms a more stable complex
than the wildtype that underlies a high turnover by proteasomal degradation. Thus the

stabilization leads to an accumulation of mutant p53 protein (Mdller et al., 2005).
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Figure 10: The central role of HSP90 client stabilization for the hallmarks of cancer. HSP90 plays a crucial
role in supporting all six hallmarks of cancer, published by Hanahan and Weinberg, by stabilizing a subset of
clients, as depicted. ErbB2 receptor tyrosine-protein kinase erbB-2, RTKSs receptor tyrosine kinases, AKT protein
kinase B, MMP2 matrix metalloproteinase-2, HIF-1a hypoxia-inducible factor 1-alpha, Src proto-oncogene
tyrosine-protein kinase Src, VEGF vascular endothelial growth factor, MET tyrosine-protein kinase Met, CDK4,6
cyclin-dependent kinase 4, 6. Adapted from (Shibbiru, 2016). Created with BioRender.com.

Cancer cells are strongly dependent on HSP90 to ensure proteostasis, as in these cells high
amounts of misfolded and mutated proteins are present. Upregulation of HSP90 leads to an
increased protein folding and degradation, preventing proteotoxic stress (Park et al., 2020). To
fulfil this task, HSP90 assembles with co-chaperones to a stable, highly active complex called
the super-chaperone complex (Figure 11) (Seo, 2015). It displays a higher ATPase activity and
higher affinity to ATP compared to normal cells. This enhanced affinity to ATP allows the
specific, up to 100-fold increased, inhibition of HSP90 in cancer cells by inhibitors targeting
the ATP binding site (Kamal et al., 2003). Besides the specificity, the simultaneous targeting
of different transforming signalling pathways makes HSP90 inhibitors a promising target for

cancer therapy (Powers and Workman, 2006).
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Figure 11: The HSP90 super-chaperone complex. In normal cells, the native form of HSP90 is present. A multi-
chaperone complex is formed upon cellular stress, consisting of HSP90 and its overexpressed co-chaperones

leading to increased client stabilization. Adapted from (Seo, 2015). Created with BioRender.com.

2.4.2 Inhibition of HSP90 as Cancer Treatment

Geldanamycin (GA), found in 1970, was the first discovered HSP90 inhibitor isolated from
Streptomyces hygroscopicus (DeBoer et al., 1970). It was initially investigated for the weak
antibiotic effects; however, the HSP90 inhibitory effect was displayed when an oncoprotein
v-Src driven transformation could be reversed (Whitesell et al., 1992). The second natural
compound inhibiting HSP90 was radicol (RD), originally isolated from the root of Dictamnus
radicis and the most potent natural inhibitor of HSP90 (Delmotte and Delmotte-Plaquee, 1953).
Both compounds inhibit the HSP90 activity by selectively binding to the N-terminal domain,
preventing ATP binding and hydrolysis (Roe et al., 1999). However, GA and its analogue
17-AAG (tanespymicin) failed clinical trials because of high hepatotoxicity induced by the
quinone moiety (Figure 12A). Furthermore, they revealed a low bioavailability, poor solubility,
and weak target potency (Solit and Chiosis, 2008). These significant drawbacks resulted in the
development of the second generation of ATP competing HSP90 inhibitors, which are mainly

developed on the base of RD to reduce hepatotoxicity (Butler et al., 2015).
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Until now, 18 pharmacological HSP90 inhibitors have been under clinical development,
however, none of them has been approved by the FDA so far (Park et al., 2020). Two of these
inhibitors are ganetespib and onalespib, which are second generation inhibitors developed
based on the structure of radicol (Figure 12B) (Lin et al., 2008b; Woodhead et al., 2010). They
are under investigation against various cancer types as monotherapy or combined with
cytostatic compounds (e.g. carboplatin (NCT03783949), docetaxel (NCT01798485),
capecitabine (NCT01554969)) or small molecule inhibitors (crizotinib (NCT01579994),
olaparib (NCT02898207)). Second generation inhibitors are more potent than those of the first
generation, based on the ability to bind the ATP binding pocket of HSP90 in the open and closed
conformation, in contrast to the first generation, which is limited to the open conformation due
to their larger size (Ying et al., 2012). The main advantage of HSP90 inhibitors is the ability to
target multiple oncogenic proteins and pathways, including targets that are difficult to drug or
evade therapy resistance of well-established drugs. Pharmacological HSP90 inhibition
particularly interferes with the proliferation and survival of cancer cells, which is associated
with the degradation of oncogenic HSP90 clients (Rong and Yang, 2018). The inhibitors also
reveal tumour selectivity based on the higher binding affinity to HSP90 in tumours than normal

tissue.

OH

geldanamycin 17-AAG ganetespib onalespib
Figure 12 HSP90 inhibitors. A Structures of geldanamycin and its derivate 17-AAG. B Structures of the radicol

based second generation HSP90 inhibitors ganetespib and onalespib.

However, the use of HSP90 as a single agent in clinical trials only showed limited clinical
efficacy, leading to the investigation as combined therapy (Hong et al., 2013). As HSP90
protects the cell under stress conditions, such as chemotherapy or targeted therapy, the
inhibition of the protective HSP90 can potentiate the anti-neoplastic effect. In, for example,
pancreatic, cervical, breast cancer and adenocarcinoma, HSP90 inhibitors were able to sensitise

the cells towards radiotherapy (Bisht et al., 2003; Nagaraju et al., 2019; Spiegelberg et al.,
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2020). Proia et al. could show that a combination of ganetespib and taxanes improved the
treatment of non-small cell lung cancer cells (Proia et al., 2012). Colorectal cancer cells could
be successfully treated with a combination of chemotherapeutic 5-FU and ganetespib (Nagaraju
et al., 2014). The combination of platinum-based chemotherapy, like cisplatin or carboplatin
with HSP90 inhibitors, displayed a prominent response and synergy in head and neck, gastric
and ovarian cancer (Klameth et al., 2017; Kramer et al., 2017; McLaughlin et al., 2017). In
ovarian cancer cells, the inhibition of HSP90 by ganetespib upon carboplatin treatment leads to
the degradation of Fa components and consequently a failure of ICL repair, resulting in
increased double-strand breaks (Kramer et al., 2017). In addition, the effect of targeted therapy
such as Jak2 or MEK inhibitors could also be improved by adding HSP90 inhibitors (Acquaviva
etal., 2014; Hobbs et al., 2018).

2.5 Scope of the study

In this study, we aim to investigate the response of PDAC cells to cisplatin chemotherapy.
Despite intensive research, the overall survival of PDAC patients remains very low. Cisplatin
is the most widely used cytotoxic agent against cancer, with a broad efficacy in various cancer
types; however, many tumours display resistance. It is vital to understand which PDAC patients
benefit from the cisplatin treatment, allowing the treatment of only those patients who benefit.
To address this problem, markers correlating with the response to therapy can help to improve
the personalised treatment. On top of finding potential biomarkers, we are also aiming at
combining cisplatin with sensitising drugs for treating resistant cells.

To gain further insights into the treatment options for PDAC with cisplatin, we addressed the

following questions.
1. How do PDAC cells of different lines and subtypes respond to cisplatin treatment?

Gemcitabine and FOLFIRINOX could only slightly improve the clinical outcome for metastatic
PDAC patients. Treatment with cisplatin leads to no improvement of clinical outcomes in
PDAC patients. However, the subgroup of patients with BRCA1/2 or PALB mutations showed
a favourable outcome. To elucidate the cisplatin response in PDAC cells from different
subtypes, we used a panel of seven PDAC cell lines and measured the cell viability with an
ATP based viability assay. We then quantified the DNA damage and cisplatin-DNA adduct

formation by immunoblot analysis and immune-cytological assay, respectively. To assess
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potential causality between the response and marker expression, silencing and overexpression

studies of the markers were performed.
2. Are there markers that predict cisplatin sensitivity?

Pancreatic cancer reveals a high molecular heterogeneity. It is essential to understand which
patients benefit from a treatment to avoid unnecessary side effects. For FOLFIRINOX, Rashid
et al. could already show that the basal-like subtype revealed reduced treatment response
compared to the classical subtype. For personalised therapy, there is the need for a set of
markers that predict the response. To identify marker genes, we correlated their expression with
the response of PDAC cells to cisplatin. In search for candidates, we analysed RNA-seq data

and verified our findings by RT-PCR and immunoblot analysis.
3. Is there a way to sensitise resistant cells to cisplatin?

In ovarian cancer, Kramer et al. could show that the combination of platinum-based
chemotherapy and HSP9O0 inhibitors resulted in a strong synergism. The inhibition of HSP90
leads to the degradation of Fanconi anemia pathway components, removing the central repair
mechanism of cisplatin-DNA crosslinks. Without the repair mechanism, the cells are left with
double-strand breaks resulting in chromosome fragmentation and induction of cell death. We
asked the question whether this successful combination might also be active in PDAC,
especially in the cisplatin-resistant cells. We investigated the response by assessing cell
viability after combination treatment, using an ATP-based viability assay, immunofluorescence
of the DNA damage marker phospho H2A histone family member X (phospho-H2AX),
immunoblot analysis against FANCA, and metaphase chromosome spreads. Finally, we tested
our hypothesis in an orthotopic and syngeneic PDAC transplant model.
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3.1 Abstract

To improve the treatment of pancreatic ductal adenocarcinoma (PDAC), a promising strategy
consists in personalised chemotherapy based on gene expression profiles. Investigating a panel
of PDAC-derived human cell lines, we found that their sensitivities towards cisplatin fall in two
distinct classes. The platinum-sensitive class is characterised by the classical subtype and the
expression of GATA6, miRNA-200a and miRNA-200b, which might be developable as
predictive biomarkers. In the case of resistant, basal-like PDAC cells, we identified a synergism
of cisplatin with HSP90 inhibitors based on the degradation of Fanconi anemia pathway factors
upon HSP90 inhibition. Treatment with the drug combination results in increased DNA damage
and chromosome fragmentation, as we have reported previously for ovarian cancer cells. On
top of this, HSP90 inhibition also enhanced the accumulation of DNA-bound platinum. We
next investigated an animal model consisting of tumours arising from orthotopic transplantation
of KPC cells (LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx-1-Cre, C57/BL6 genetic
background). Here again, when treating established tumours, the combination of cisplatin with
the HSP9O0 inhibitor onalespib was highly effective and almost completely prevented further
tumour growth. We propose that the combination of platinum drugs and HSP90 inhibitors might
be worth testing in the clinics for the treatment of basal-like, cisplatin-resistant PDACs.

3.2 Highlights

e Basal-like PDAC cells are not responsive to cisplatin treatment

« miRNA-200 and GATA6 may serve as biomarkers, not only for classical subtype but
also for cisplatin sensitivity

e A combination of HSP90 inhibitors and cisplatin can sensitise basal-like subtype

e Cisplatin cooperates with HSP90 inhibitor in the KPC mouse model of PDAC
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3.3 Introduction

Pancreatic ductal adenocarcinoma (PDAC) represents one of the most devastating
malignancies, with a 5-year survival rate below 5 %, raising the need for novel therapies
(Bengtsson et al., 2020). Most tumours are inoperable at the time of detection. Concerning
chemotherapy, gemcitabine has long been used, albeit with limited success, i.e. extending
survival by a few months (Burris et al., 1997). More recently, platinum-based drugs such as
cisplatin or oxaliplatin were employed with somewhat better success, at least when compared
to gemcitabine (Conroy et al., 2011; Golan et al., 2019; Jameson et al., 2020). However, the
extent of response strongly varies with either drug, or reliable predictive markers for therapeutic
efficacy remain to be determined. Such biomarkers would be important to avoid futile attempts
of chemotherapy and to maintain a reasonable balance of therapeutic benefit and drug-induced

toxicities.

As an approach towards personalised treatment, PDACs were classified based on genomic
alterations and gene expression patterns. In particular, the distinction between ‘classical’ and
‘basal-like” subtypes emerged. The basal-like subtype partially — but not entirely — coincides
with a squamous cell type and with epithelial-to-mesenchymal transition (Aiello et al., 2018;
Bailey et al., 2016; Collisson et al., 2011; Moffitt et al., 2015; Puleo et al., 2018). A
characteristic gene set was distilled from a number of gene expression analyses to distinguish
the classical vs. the basal-like subtype most accurately (Rashid et al., 2020). In particular, the
transcription factor GATAG is mostly found in classical but not in basal-like PDAC (O’Kane
et al., 2020). Basal-like PDACs tend to be more resistant to various chemotherapeutics, but
there is still a need for strongly predictive biomarkers (Collisson et al., 2011; Moffitt et al.,
2015; O’Kane et al., 2020).

Importantly, alternative therapeutic approaches are desperately needed in those cases where
tumour cells turn out resistant against currently established chemotherapeutics. In this context,
we have reported a way to fortify platinum-based therapy by combining it with inhibitors of the
chaperone HSP90. This combination was strongly synergistic when treating a panel of ovarian
cancer cells. Inhibiting HSP90 led to the degradation of the Fanconi anemia pathway factors,
thus abolishing the major repair pathway for adducts between DNA and platinum. As a
consequence, tumour cells treated by platinum drugs and HSP90 inhibitors turned these adducts
into double-stranded DNA breaks, leading to extensive fragmentation of chromosomes, failed

mitosis, and cell death (Kramer et al., 2017). This raises the question of whether the same
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combination might also be active against PDACs, and in particular against those cells that are

resistant to cisplatin alone.

Here we show that the expression of markers of the classical PDAC subtype GATAG6 and the
newly identified markers miRNA-200a and miRNA-200b strongly predict the sensitivity of
PDAC cell lines towards cisplatin. On the other hand, basal-like PDAC cells, albeit resistant to
cisplatin alone, respond synergistically to the combination of cisplatin and HSP90 inhibitors.
Employing the KPC mouse model, this drug combination almost entirely restricted the growth

of established, orthotopically transplanted PDAC tumours.
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3.4 Methods and Material

Lead contact and materials availability

Further information and requests for reagents and protocols should be directed to and will be
fulfilled by the Lead Contact Matthias Dobbelstein (mdobbel@uni-goettingen.de).

Cell culture and treatment

Human pancreatic MIA Paca-2 and Panc-1 cells, and murine KPC cells were maintained in
Dulbecco's modified Eagle's medium (DMEM). The medium was supplemented with 10 %
fetal bovine serum (FBS), antibiotics and 1 % non-essential amino acids for KPC cells. The cell
lines PaTu8988T and Suit-028 were cultured in DMEM with 5 % FBS. ASPC-1, BxPC-3 and
Capan-1 cells were maintained in RPMI medium containing 10 % or 20 % FBS, respectively,
and antibiotics. All cells were kept at 37 °C in a humidified atmosphere with 5 % CO>. For
treatment of the cells, onalespib (100 mM in DMSO, Selleckchem) and cisplatin (1 mg/ml,
Teva GmbH) were diluted in the corresponding medium and added to the cells for the indicated

concentration and time.
Transfections

In MIA PaCa-2 and Panc-1 cells, transfection of miRNA precursors was performed using
10 nM Pre-miR™ miRNA Precursors (200a-3p and 200b-3p) (ThermoFisher Scientific) or a
Pre-miR™ miRNA precursor negative control with Lipofectamine 3000 (Invitrogen) for
reverse transfection. The Pre-miR™ miRNA inhibitor (200a-3p and 200b-3p) and the Pre
miR™ miRNA inhibitor negative control was used in Capan-1, As-PC-1 and BxPC-3 cells. The
medium was changed 24 hours after transfection followed by 24 hours further incubation and

a second transfection for 24 hours. Afterwards, cells were treated for 72 hours.
Immunofluorescence

For immunofluorescence analysis, treated cells were fixed with 4 % formaldehyde for 30 min.
After permeabilization with 0.5 % Triton X-100/PB, the cells were blocked in PB buffer
containing 10 % normal goat serum (NGS, Sigma Aldrich) for 1 hour and incubated at 4 °C
with an antibody against phospho-H2AX (05-636, Millipore) over night at 4 °C. Washing steps
were followed by staining with the secondary antibody (AlexaFluor568, Invitrogen) and nuclei
counterstained with DAPI (Sigma Aldrich). The coverslips were mounted with ImmuMount

(ThermoFisher Scientific).
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Immunoblot analysis

Cells were harvested in protein lysis buffer (20 mM TRIS-HCI pH 7.5, 150 mM NaCl, 10 mM
EDTA, 0.1 % SDS, 1 % deoxycholic acid, 1 % Triton X 100, 2 M urea) containing protease
inhibitor cocktail (Roche). After 30 min of lysis on ice, the samples were sonicated to disrupt
DNA-protein complexes and centrifuged to obtain the protein lysates in the supernatant. Total
protein concentration was determined by BCA Protein assay kit (ThermoFisher Scientific).
After boiling the samples in Laemmli buffer at 95 °C for 5 min, equal amounts of protein
samples were separated by SDS-PAGE and transferred onto nitrocellulose (0.4 uM, GE
Healthcare) blocked in 5 % of non-fat milk in PBS containing 0.1 % Tween 20. The primary
antibody was incubated overnight at 4 °C followed by 1 hour incubation with the peroxidase-
conjugated secondary antibodies (donkey anti-rabbit or donkey anti-mouse, Jackson
Immunoresearch or mouse anti-goat, Santa Cruz). The proteins were visualised with either
Immobilion Western Substrate (Millipore) or Super Signal West Femto Maximum Sensitivity
Substrate (ThermoFisher Scientific).

Antibodies Source (Catalog number)
E-Cadherin BD (610181)

FancA Bethyl (A301-980A)
Phosho-H2AX (S139) Cell Signaling (#2577)
GAPDH Abcam (ab8245)

GATA6 R&D (AF1700)

HSP70 Cell signaling (#4872)
PARP1 Cell signaling (#9542)
Vimentin Santa Cruz (#6260)

Zebl Santa Cruz (#25388)

Viability assays and determination of drug synergism

Cell viability assays were performed using the Cell TiterGlo Kit (Promega). Therefore, cells
were seeded according to cell growth 24 hours before treatment. 1Cso drug concentration of
onalespib and cisplatin was determined after incubation of increasing concentrations for 72
hours. Cell viability was assessed by luminometry, setting vehicle control to 100 % cell
viability, and the relative cell viability on drug treatment was calculated from three independent

biological replicates for each drug concentration.
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Synergism between HSP90 inhibitors and cisplatin was assessed by combined treatment of
these drugs. Control treated cells were set to 100 %, whereas the fraction affected (Fa) of each
treatment was calculated by the difference of remaining cell viability and control-treated cells.
The combination index (CI) was calculated according to the Chou-Talalay algorithm, along
with the Fa. A CI below 1.0 indicates synergism of the drug combination, ClI equals 1 additive
effect, and CI value greater than 1 corresponds to antagonistic or non-synergistic effects (Chou
and Talalay 1984).

RNA isolation and RT-PCR

Total RNA was extracted from cells using TRIzol® (Invitrogen). The mRNA was reverse-
transcribed with random hexameric primers and oligo-dT, followed by SYBR Green-based
gRT-PCR (Invitrogen). For the reverse transcription of the miRNA, the miRNA was reverse
transcribed using TagMan™ microRNA Kit (ThermoFisher Scientific). For the real-time PCR
analysis, the TagMan™ MicroRNA-Assay with target-specific stem-loop primer was used.
Gene expression levels were normalized to 36B4 or U6 snRNA (for miRNA) as a reference

gene and calculated using the AACt method. qRT-PCR primer sets were chosen as follows:

Forward Reverse
hRPLPO

5’-GATTGGCTACCCAACTGTTG 5’-CAGGGGCAGCAGCCACAAA
(36B4)
hZebl 5‘-GCGCAGAAAGCAGGCGAACCC 5-CCCTTCCTTTCCTGTGTCATCCTCC

hGATAG 5’-TCTACAGCAAGATGAATGGCC  5’-CTCACCCTCAGCATTTCTACG
hVimentin 5*-CGTGTATGCCACGCGCTCCT 5-TCGAGCTCGGCCAGCAGGAT
hEcadherin 5*-CTTTGACGCCGAGAGCTACA 5‘-AAATTCACTCTGCCCAGGACG

hsa-miR-200a-3p Thermo Fisher 000502
hsa-miR-200a-3p Thermo Fisher 002251
U6 snRNA Thermo Fisher 001973

Chromosome spreads

Chromosomal structures were analysed after 24 hours of incubation with the indicated
onalespib concentration in the presence of 20 UM zVad. To drive the cells in mitotic arrest with
condensed chromosomes, the cells were treated with 2 uM Dimethylenastron for 4.5 hours
before harvest. After 15 min incubation in hypotonic solution (40 % supplement-free medium,
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60 % dest. H20), the cells were fixed with Carnoy's fixative (3 acetic acid: 1 methanol). The
cells were then taken up in 100 % acetic acid and spread on slides. The staining was performed
with 8 % Giemsa solution (Carl Roth). Analysis was performed with a x 100 objective in oil on
a Zeiss AxioVert microscope (Carl Zeiss, Jena, Germany). For quantification, 40 random cells

from three independent experiments were counted per treatment group.
Immuno-cytological assay for Pt-(GpG)adducts in DNA

Cells were treated with cisplatin for 4 hours, washed with PBS and placed onto microscopic
adhesion slides (Super-frost Plus Gold Adhesion Slides; Thermo Fisher Scientific). The DNA
platination product Pt-(GpG) was stained, visualised, and quantified as described (Melnikova
and Thomale, 2018). Briefly, cells were fixed at -20 °C in methanol and denatured in an alkaline
solution (60 % 70 mM NaOH/140 mM NacCl; 40 % methanol; 5 min at 0 °C). The digestion
with pepsin and proteinase K (400 pg/mL) was performed at 37 °C for 10 min each. After
blocking in 5 % non-fat milk in PBS, the cells were stained with Pt-(GpG)-specific rat antibody
R-C18 (20 ng/mL in PBS/BSA overnight at 4 °C) (Liedert et al. 2006). Slides were stained with
Cy3-labeled rabbit anti-(rat 1gG) antibody (#312-165-003; Dianova) for 1 hour at 37 °C, and
the nuclear DNA was counterstained with DAPI (1 pg/mL in PBS). The Cy3 and DAPI signals
were measured for each nucleus and integrated separately using a microscope-coupled digital
image analysis system (Zeiss Axioplan; ACAS 6.0 Image Analysis System). Cy3 fluorescence
signal was normalized to corresponding DAPI signal and expressed as arbitrary fluorescence

units (AFU). Values were calculated as means of > 100 measured cells per sample.
In vivo study using a syngenic orthotopic mouse model

C57BL/6-J mice (Janvier labs) were used for syngenic orthotopic transplantation studies. Mice
were transplanted at the age of 8 weeks. 200.000 viable KPC-BL6 PDAC cells (20 pL) were
mixed with an equal volume of matrigel (Matrigel GF R Red/F, Th. Geyer). This 40 puL mixture
was injected into the tail of the pancreas of each mouse (Hingorani et al., 2005). After 10 days,
high-resolution ultrasound was performed on each mouse to detect the tumour (Goetze et al.,
2018). Briefly, mice were anaesthetized with isoflurane, and Visual Sonics Vevo 2100 high-
resolution ultrasound system with a Vevo 2100 MicroScan Transducer MS-550-D was used to
scan the mouse abdomen to detect tumour formation in the pancreas. Before treatment, mice
were randomized into 4 groups with 8 mice per group: vehicle (10 % DMSO, 18 % Cremophor
RHA40 (Sigma-Aldrich), 3.6 % Dextrose, 68.4 % H.0) 3 times a week, 25 mg/kg onalespib in

vehicle solution 3 times a week, 4 mg/kg cisplatin in 0.9 % saline once a week and combination
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of 25 mg/kg onalespib (three times) with 4 mg/kg cisplatin (once). The mice were treated for
10 days and weighed three times a week. To compare the tumour weight, only the pancreatic

tumours were removed after scarification of the mice and weight.
Immunofluorescence staining

The paraffin blocks were cut in 4 uM thick slices and dewaxed and rehydrated. For
immunofluorescence, the paraffin sections were boiled in 10 mM citric acid pH 6.0 for antigen
retrieval. After washing steps with TB buffer, the slides were blocked with 10 % normal goat
serum (NGS, Abcam) in 0.4 % PBT solution for 2 hours. The slides were incubated with both
primary antibodies, phosho-H2AX (#2577, Cell Signaling) and with E-cadherin (610181, BD
Science). Sections were washed, incubated with secondary fluorophore (Alexa-488, Alexa 568,
ThermoFisher Scientific) for 2 hours, counterstained with DAPI and mounted with
ImmuMount (ThermoFisher Scientific). For apoptosis determination, a TUNEL assay Kit
(Promega) was used. 10 pictures per mouse were taken on a Zeiss AxioVert microscope (Carl
Zeiss) with a magnification of 40x. The intrinsic phospho-H2AX and TUNEL intensity was
quantified using Image J software.

RNA-seq data analysis

RNA-seq data was obtained from GEO (https://www.ncbi.nIm.nih.gov/geo/) under accession
GSEG64558 (Diaferia et al., 2016). SRA files were converted to fastq files using a fastq-dump
tool (version: 2.8.2), and the resultant reads were then mapped against hg38 using STAR
(version: 2.6.0c, (Dobin et al., 2013)). Subsequently, PCR duplicates were removed using
samtools (version: 1.9, (Li et al., 2009)). Reads counting was done using HTSeq (version:
0.11.2, (Anders et al., 2015)), and DESeq?2 (version:1.24.0,(Love et al., 2014)) was utilized to

normalize read counts and conduct the differential analysis.
Quantification and Statistical Analysis
Nuclear quantification of immunofluorescence

Images were taken with the Axio Scope A1l microscope (Zeiss) equipped with an Axio Cam
MRc/503 camera with the same exposure time for all images for each fluorescent channel. For
automated analysis and quantification of phospho-H2AX intensity, the Fiji software was used.
As a nuclear counterstain, DAPI was used to mask the region of interest prior to the
measurement of the mean intensity of the Alexa Fluor 568 staining (phospho-H2AX). At least

200 cells were subjected to analysis and quantification.
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Statistical analysis

Statistical testing was performed using Graph Pad Prism v5.04 software (GraphPad Software
Inc). Data were analyzed with one-way ANOVA or two-way ANOVA. Bonferroni post-tests
were also applied for multiple comparisons. Significance was assumed where p-values <0.05.
Asterisks represent significance in the following way: *p <0.05, **p<0.01, ***p<0.005,

kD < 0.0001.
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3.5 Results

Human PDAC-derived cell lines segregate in two distinct groups regarding their

sensitivity towards cisplatin

We first analysed the response to human cell lines derived from PDAC toward treatment with
cisplatin in parallel and standardized assays. After incubating the cells with cisplatin at a series
of concentrations, we determined cell viability by measuring the ATP content of the cells
through a luciferase assay. This revealed a characteristic dichotomy in that one class of cells
responded to roughly 10-fold lower concentrations of cisplatin than the other class, with no
intermediate responders (Figure 1A). We refer to the first class as cisplatin-sensitive and the
other class as cisplatin-resistant from here on. Assessing another major chemotherapeutic used
to treat PDAC, gemcitabine, also yielded a range of sensitivities, but not the same sharp
distinction of two different groups with the classical cell line AsPC-1 as an intermediate
responder. No classification applies for the chemotherapeutics doxorubicin and irinotecan
(Supplemental Figure 1A-C). We further characterized the response of these cells by
determining the DNA damage response upon cisplatin treatment through detecting
phosphorylated Histone 2AX (phospho-H2AX), again identifying the same classes
(Figure 1B, C). Thus, cisplatin-sensitive cells show a two- to four-fold increased DNA damage
response to the same concentration of 20 UM cisplatin than the resistant class. Finally, we
determined the formation of platinum adducts upon short-term treatment with cisplatin, using
antibodies that specifically detect platinated DNA. And again, sensitive cells showed a two- to
three-fold stronger signal than resistant ones (Figure 1D, E). An inhibitor of platinum export,
diphenhydramine (DIPH), restored the accumulation of platinised DNA in resistant cells,
perhaps suggesting that drug export represents a mechanism of resistance in these cells. In any
case, these observations argue that the two classes of PDAC cells not only differ by platinum-

induced cell killing but also by the formation of platinated DNA in the first place.

GATAG6 and microRNAs of the miRNA-200 family serve as biomarkers to predict not only

the classical subtype but also cisplatin sensitivity

Next, we sought to determine if the expression of specific genes correlates with the sensitivity
of human PDAC cells towards cisplatin. Based on previous characterizations of these cell lines
(Adamsetal., 2019; Kloesch et al., 2021), we suspected that the basal-like vs. classical subtypes
correlated with the resistant vs. sensitive group of cells respectively. In particular, the two

subtypes were previously distinguished by the expression levels of the master regulator of
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transcription, GATA6 (O’Kane et al., 2020). RNA-seq analysis revealed a differential
expression for members of the miRNA-200 family in classical and basal-like PDAC cells
(Supplemental Fig. 2A). And indeed, the expression of GATAG, miRNA-200a and 200b were
found almost exclusively in the cisplatin-sensitive set of cells (Figure 2A-D), arguing that the
expression levels of these genes are not only characteristic for the classical subtype but can also
serve to identify cisplatin-sensitive cells. Thus, the detection of these genes might be further
developable into biomarkers for PDAC cells that respond to cisplatin, thus contributing to a

personalised use of platinum-based therapy of this tumour.

In contrast to previous studies of Arumugam et al., we did not observe a significant correlation
of markers of epithelial-mesenchymal transition (EMT) with cisplatin sensitivity (Figure 2E)
(Arumugam et al., 2009). For instance, the sensitive cells AsPC-1 and Suit-028 still expressed
readily detectable amounts of vimentin, a typical marker of a mesenchymal phenotype.
Moreover, the re-expression of mMiRNA-200 in the cisplatin-resistant Panc-1 cells led to the re-
expression of E-cadherin, an epithelial marker; nonetheless, this did not alter the response of
the cells towards cisplatin (Figure 2F, G). In conclusion, miRNA-200a and 200b as well as
GATAG expression are characteristic for cisplatin-sensitive cells as well as for the classical
subtype of PDAC, perhaps making them suitable as biomarkers. In contrast, this degree of

correlation was not found for epithelial vs. mesenchymal markers.

HSP90 inhibitors synergize with cisplatin, reduce Fanconi anemia pathway mediators,

enhance platinum-DNA adduct formation and sensitise basal-like PDAC cells

Next, we sought to evaluate an approach to sensitize the resistant, basal-like PDAC cells
towards cisplatin therapy. We applied a strategy that we had previously found effective in
ovarian cancer cells, i.e. combining a platinum drug with inhibitors of the HSP90 chaperone
(Kramer et al., 2017). Indeed, this combination also decreased the viability of basal-like PDAC
cells in a synergistic fashion, as determined by the remaining ATP content of the cells after
treatment (Figure 3A). The combination index, calculated according to the algorithm by Chou
and Talalay (Chou and Talalay, 1984), was less than 1, corroborating the synergistic activity of
the drugs (Figure 3B). Furthermore, we found that HSP90 inhibitors reduced the levels of
Fanconi anemia factors such as FANCA, defining a plausible mechanism of how HSP90
inhibition compromises the repair of platinum-DNA adducts and thus sensitizes the cells
towards cisplatin. Interestingly, the sensitive cell lines did not display a strong reduction of
FANCA protein after HSP90 inhibition (Figure 3C). Accordingly, damage signaling, as
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revealed by phospho-H2AX, was enhanced when both drugs were combined (Figure 3D-F).
Further, the combination of both drugs led to chromosome fragmentation, compatible with the
triggering of double-strand DNA breaks by unrepaired platinum adducts (Figure 3G-1). All
these features had been found and characterized in a completely analogous fashion when
investigating ovarian cancer cells (Kramer et al., 2017). Finally, the combination of cisplatin
and HSP90 inhibitor onalespib enhanced platinum-DNA adduct formation after short-term
treatment (Figure 3J). Curiously, the sensitive class of PDAC cells was hardly further sensitized
by HSP90 inhibition (Supplemental Figure 3A, B, G-I, K, L). This raises the perspective that
PDACs might be amenable to differential therapy depending on their subtype. Classical PDACs
appear sensitive to cisplatin as such, whereas basal-like PDACs seem resistant against cisplatin
but synergistically respond to a combination of cisplatin with HSP90 inhibitors.

Cisplatin and HSP90 inhibition synergistically induce DNA damage, chromosome

fragmentation, and death in cells derived from the murine PDAC model KPC

To further elaborate the combination of cisplatin and HSP90 inhibitors in vivo, we first
established the synergism of both drugs in cells from a murine PDAC model, i.e. KPC cells that
contain Kras®*?® and Trp53R*"2" mutations. (Hingorani et al., 2005). These cells represent a
very widespread PDAC model and readily form tumours upon transplantation. Their
assignment to basal vs. classical subtypes remains subject to further investigations since they
can be manipulated to become more squamous (Somerville et al., 2018)but also to get closer to
a classical phenotype (Candido et al., 2018). In any case, we found that these cells respond to
cisplatin and HSP9O0 inhibitors in a highly synergistic fashion (Figure 4A, B). This was
accompanied by a strong accumulation of phospho-H2AX when the drugs were combined
(Figure 4C-E). Strikingly, the drug combination led to the accumulation of hundreds of DNA
breaks (Figure 4F, G), as revealed by the dramatic fragmentation of chromosomes. We
conclude that the combination of cisplatin and HSP90 inhibitors act in a highly synergistic

fashion on KPC cells.

An HSP90 inhibitor and cisplatin cooperate to counteract the growth of KPC tumours in

an orthotopic and syngeneic PDAC transplant model

Finally, we tested whether cisplatin, along with the HSP90 inhibitor onalespib, could reduce
the growth of pancreatic carcinoma in vivo. To test this, we first transplanted KPC cells

orthotopically into the pancreas of syngeneic mice. When palpable tumours occurred, we
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treated the animals with the two drugs, either alone or in combination (Figure 5A). While both
drugs had a moderate effect when used individually, their combination prevented the outgrowth
of palpable tumours and almost completely restricted the tumour mass by nearly 50 % in a
postmortem analysis (Figure 5B, C). When tumours were removed briefly after the last drug
treatment, the combination of cisplatin and onalespib also led to the strong accumulation of
phospho-H2AX and induction of apoptosis in vivo (Figure 5D-G). Hence, cisplatin and HSP90
inhibitors cooperatively and strongly restricts the growth of pancreatic carcinoma in an animal

model, further moving this approach towards its clinical perspective.

39



40 Manuscript

3.6 Discussion

The sharp, dichotomous distinction of sensitivities between two separated groups of PDAC cell
lines, with ca. 10-fold differences in effective drug concentrations, suggests that the efficacy of
cisplatin might be predictable even in patients. Along this line, the clinical response of PDACs
to chemotherapy in patients also correlates with molecular subtypes (Collisson et al., 2011;
Moffitt et al., 2015; O’Kane et al., 2020). Using GATA6, miRNA-200 family members and
additional gene products as biomarkers, it may become possible to tailor platinum-based
therapies for use only in patients with sensitive tumour cells. This would save resistant patients
from demanding toxicities in cases where tumours are unlikely to respond anyway.

What mechanism(s) might render classical PDAC cells so much more sensitive towards
cisplatin? Even though expression levels of GATAG6 and miRNA-200 appear to correlate
exquisitely with drug sensitivity, this does not imply that the differential expression of these
genes is also causing different drug response. On the contrary, we observed that manipulating
the levels of miRNA-200a and 200b did not alter the drugs response, unlike in other tumour
species (Brozovic et al., 2015; Chen et al., 2016) although it did shift the cells regarding EMT
markers (Figure 2E). This also implies that EMT is not the same as a shift from classical to
basal subtype, despite some overlapping aspects (Aiello et al., 2018). The precise nature and

molecular mechanisms conferring a basal vs. classical cell phenotype thus remain to be defined.

Interestingly, not only the cellular response but also the extent of adduct formation between
cisplatin and the DNA was found reduced in resistant cells. Considering the short exposure to
cisplatin in these experiments, we hypothesise that the cisplatin repair mechanism contributes
little if anything to adduct reduction. Instead, we propose that either the uptake of cisplatin, the
excretion of the drug, or the metabolism to form adducts, might be different between sensitive

and resistant cells.

Targeting the cisplatin export transporter by the antihistaminic agent DIPH, which has been
shown to inhibit the cisplatin efflux (Melnikova et al., 2020), revealed an enhanced cisplatin-
DNA adduct formation in basal-like PDAC cells. Therefore, we propose that cisplatin efflux

might contribute to differential cisplatin response in the two classes of PDAC cells.

The clear distinction between resistant and sensitive cancer cells leaves the necessity to find
novel treatments for patients suffering from cisplatin-resistant PDACs. Here, the combination
of cisplatin with HSP90 inhibitor onalespib shows remarkable promise. This is further
supported by the fact that the repair of cisplatin-DNA adducts requires a specific cellular
pathway that is not needed to repair most other DNA lesions. Specifically, the Fanconi anemia



Manuscript

pathway first removes those stretches of DNA that are covalently linked to platinum. Next, the
gap is filled, e.g. by the machinery of homologous recombination repair (Niraj et al., 2019).
Our previous studies and the results reported here indicate that the stability of Fanconi anemia
pathway factors strongly depends on the HSP90 chaperone (Kramer et al., 2017). Thus, HSP90
inhibitors essentially abolish the ability of cells to remove platinum-DNA adducts. Hence, it is
particularly the platinum drugs (rather than other chemotherapeutics) that cooperate with
HSP90 inhibitors. The recent introduction of such drugs into PDAC therapy raises the
perspective of further fortifying their impact by HSP90 inhibitors. On top of this, HSP90
inhibition may compromise the functionality of cisplatin exporters, further contributing to

increased platinum-DNA adduct formation.

Curiously, cells derived from the classical subtype of PDAC did not allow strong synergisms
of cisplatin and onalespib while displaying sensitivity towards cisplatin alone. We can only
speculate about the reasons. One possibility would be that the DNA repair mechanisms for
platinum adducts might be less active to begin with in the classical subtype. This would explain
both the high initial cisplatin sensitivity and the lack of further improvement by HSP90

inhibition and subsequent impairment of the Fanconi anemia pathway.

Many proteins depend on HSP90 as a chaperone, and HSP90 inhibition often leads to the
proteasomal degradation of such ‘HSP90 clients’ (Schopf et al., 2017). Thus, the general impact
of HSP90 on cells is likely pleiotropic. Of note, however, tumour cells tend to depend more
strongly on HSP90 than their normal counterparts, possibly as a result of aneuploidy and
resulting non-stoichiometric synthesis of protein complex components (Dobbelstein and Moll,
2014). In tumour cells, we anticipate that, on top of interfering with the Fanconi anemia
pathway, HSP90 inhibition compromises PDAC cell proliferation and survival by additional
mechanisms. For instance, HSP90 inhibition negatively regulates the levels of mutant p53
(Alexandrova et al., 2015; Li et al., 2011; Schulz-Heddergott et al., 2018) as well as
Macrophage migration inhibitory factor MIF (Klemke et al., 2021; Schulz et al., 2012). Such
mechanisms might further enhance the efficacy of HSP90 inhibitors, on top of their cooperation

with cisplatin.

In the case of ovarian cancer, we have previously reported the strongly synergistic activity of
platinum drugs in combination with HSP90 inhibitors. Furthermore, these results have led to
the establishment of a phase 11 clinical study involving 120 patients (NCT03783949). Pending
the results of this study, we hope to expand the approach to other tumours, including PDAC.

Another tumour commonly treated with cisplatin but with frequent resistance formation is small

41



42 Manuscript

cell lung cancer, the response of which to the drug combination remains to be studied. In each
case, however, we anticipate that identifying tumour subtypes with the enhanced response
towards the combination will further increase the clinical benefit.
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FIGURE LEGENDS

Manuscript Fig. 1: Distinction of human PDAC cells based on cisplatin response.

A Treatment of PDAC cell panel with 0.25 uM to 30 pM cisplatin for 72 h. The viability of
cells was measured with an ATP-based luminescence assay.

B Immunoblot analysis of DNA damage marker phospho-H2AX in insensitive cell lines
MIA PaCa-2 and Panc-1 and in sensitive cell lines AsPC-1, Capan-1 and BxPC-3 after
treatment with 20 uM Cisplatin for 24 h. HSP70 served as a loading control.

C Quantification of phospho-H2AX immunoblot signal normalised to HSP70. = SD of 3
biological replicates. p values were calculated with 1lway ANOVA. ns = not significant, *p <
0.05, **p <0.01, ***p <0.001.

D Representative images of Pt-(GpG) adduct formation in the DNA of pancreatic cancer cell
lines BXPC-3 (right) and the cisplatin-resistant Panc-1 (left) after exposure to cisplatin (40 uM
for 4 h).

E Platinum-adduct level quantification of pancreatic cancer cell lines measured after + SD of 3
biological replicates. p values were calculated with 2way ANOVA. ns = not significant, *p <
0.05, **p < 0.01, ***p < 0.001.

F Representative images of Pt-(GpG) adduct formation in the DNA of pancreatic cancer cell
lines after 1 h exposure to 40 pug/mL DIPH prior to 5 h treatment of 40 uM cisplatin.

G Platinum-adduct level gquantification of PDAC cell lines measured after 1 h preincubation

with 40 pg/mL DIPH followed by = SD of 3 biological replicates.

45



46 Manuscript
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Manuscript Fig. 2: GATAB6, miRNA-200a, and b serve as marker for cisplatin sensitivity.

A Expression analysis of GATAG6 in PDAC cell lines. qRT-PCR was normalised to RPLPO
MRNA. Means + SD of three biological replicates.

B Immunoblot analysis of GATA6 om PDAC cell lines. GAPDH served as a loading control.

C, D miRNA-200a and b expression analysis on cell panel. snRNA U6 was used for

normalization. Means + SD of three biological replicates.

E Immunoblot of PDAC panel for epithelial to mesenchymal transition marker (EMT) ZEB1,
E cadherin (CDH1) and vimentin (VIM). GAPDH was used as a loading control.

F, G Panc-1 cells were transfected with Pre-miRNA-200a and 200b for 48 h and re-transfected
for 24 h. After treatment with different concentrations (1 uM to 20 uM) of cisplatin for 72 h,

cell viability was measured. Mean + SD of three biological replicates.

H Immunoblot analysis of Panc-1 cells after transfection as described in F. Staining of Zeb-1,
E-cadherin (CDH1), Vimentin (VIM) and GATAG6, GAPDH as a loading control.

A, C, D p values were calculated with lway ANOVA comparing the indicated groups. ns = not
significant, *p < 0.05, **p <0.01, ***p <0.001.
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FIGURE 3 (continued)
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Manuscript Fig. 3: Resistant human PDAC cells can be sensitised by HSP90 inhibiton.

A Human MIA PaCa-2, Panc-1 and PaTu8988T cells were treated with onalespib or cisplatin
and a combination for 72 h with concentrations as indicated. Viability was determined by
quantifying the ATP concentration.

B Combination index (CI) was calculated for the combinations from A and plotted against the

fraction affected (Fa).

C Immunoblot analysis of FANCA. Cells were treated with onalespib and cisplatin for 24 h:
MIA PaCa-2 (150 nM; 20 uM), Panc-1 (150 nM; 20 uM), Capan-1 (400 nM; 2 uM), AsPC-1
(400 nM; 2 uM) and BxPC-3 (400 nM; 5 uM). GAPDH was used as a loading control.

D Representative staining of the DNA damage marker phospho-H2AX in MIA PaCa-2 cells
treated with onalespib (100 nM), cisplatin (20 uM) or in combination for 24 h. Scale bar:
200 pm.

E, F Fluorescence intensity per nucleus is shown in a scatter plot for E MIA PaCa-2 and F
Panc-1. The red lines indicate the mean intensity. Phospho-H2AXx intensity per nucleus
(arbitrary units) was calculated by quantification one of two independent experiments.

G Representative images of metaphase spreads. MIA PaCa-2 cells were treated with onalespib
(100 nM) and cisplatin (20 uM) for 24 h together with 20 uM zVad to block apoptosis.

Chromosomes were stained with Gimsea.

H, I Number of H MIA PaCa-2 and | Panc-1 chromosome fragments per cell shown as box
plot analysed in 40 randomly chosen cells from three independent experiments Panc-1 cells
were treated equally to MIA Paca-2 from G. Red line indicates the mean.

J Representative images of Pt-(GpG) adduct formation in the DNA of pancreatic cancer cell
lines Panc-1 (left) and the cisplatin-resistant BXPC-3 (right) after 24 h treatment with 100 nM
onalespib or 40 pg/mL DIPH

K Platinum-adduct level quantification of pancreatic cancer cell lines from J. £ SD of 3

biological replicates.

A, E, F, H, I p values were calculated with Ilway ANOVA comparing the indicated groups.
ns = not significant, *p < 0.05, **p <0.01, ***p <0.001.
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Manuscript Fig. 4: Synergistic effect of HSP90 inhibitors and cisplatin in KPC cells.

A KPC cells (LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx-1-Cre, C57/BL6 genetic
background) were treated with two different concentrations of onalespib and cisplatin for 48 h,
followed by the assessment of cell viability by quantification of ATP. Means + SD.

B Combination index (CI) calculated from A plotted against the fraction affected (Fa) for the

combination of HSP90 inhibitors onalespib and cisplatin.

C Representative immunofluorescence staining for phosho-H2Ax with DAPI as counterstain.

Cells were treated with onalespib and cisplatin for 24 h. Scale bar: 200 pm.

D, E Scatter plot of phospho-H2AX intensity per nucleus (arbitrary units), calculated by
quantification of C from one of two independent experiments. The Red line indicates the mean

nuclear phospho-H2AX staining.

F KPC cells were treated with onalespib (100 nM) and/or cisplatin (2 uM) for 24 h in the
presence of 20 UM zVad. The chromosomes were stained with Giemsa staining. Representative

images of metaphase spreads are shown.

G The chromosome fragmentation was analyzed by counting the number of fragments shown
in F in 40 randomly chosen cells from three independent experiments depicted as box blot. The

mean is indicated with the red line.

A, D, F p values were calculated with Iway ANOVA comparing the indicated groups. ns = not
significant, *p < 0.05, **p <0.01, ***p <0.001.
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Manuscript Fig. 5: Antitumor efficiency of onalespib and cisplatin in vivo.

A Treatment scheme for C57BL/6-J mice, which were orthotopically transplanted with 200.000
KPC cells. Ten days after transplantation, tumour formation was confirmed by ultrasound. The
treatment with 25 mg/kg onalespib and 4 mg/kg cisplatin was started on day 11 and repeated
on day 18. On day 14 and 16, the mice received the single treatment with 25 mg/kg onalespib.

21 days after transplantation, the mice were sacrificed for the removal of the tumours.

B Images of three representative pancreatic tumours were collected from mice treated according

to A at the endpoint of the experiment (day 21).

C Tumor weight was determined after sacrifice on day 21. Red lines indicated the mean weight.

Control, onalespib and cisplatin-treated group (n=8), combination (n=7).

D, F Tumor sections from B were stained for D phospho-H2AX and F apoptosis using a

TUNEL assay. Representative images are shown. Scale bar: 200 um.

E, G Calculated intensity of E intrinsic phospho-H2AX and G apoptosis per field of view
depicted as scatter blot. Ten images were randomly taken per mouse. The red line indicates the

mean intensity.

C, E, G p values were calculated with lway ANOVA comparing the indicated groups. *p <
0.05, **p <0.01, ***p <0.001.
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SUPPLEMENTAL FIGURE LEGENDS

Supplemental Fig. 1: Chemosensitivity of PDAC cells
Related to Manuscript Fig.1.
A-C Treatment of PDAC cell panel with A 0.25 uM to 30 uM irinotecan, B 0.1 uM to 200 uM

doxorubicin and C 10 nM to 10 uM gemcitabine for 72 h. The viability of cells was measured

with an ATP-based luminescence assay.

D, E Immunoblot for the DNA damage marker phospho-H2AX after treatment with 20 uM
Cisplatin for 24 h. HSP70 as a loading control. Replicate experiments for Fig. 1 B. Blots were

used for quantification; see Fig. 1 C.
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SUPPLEMENTAL FIGURE 2
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SUPPLEMENTAL FIGURE 2 (continued)
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Supplemental Fig. 2: miRNA-200 and EMT not involved in cisplatin resistance in PDAC

Related to Manuscript Fig.2.

A Heat map of microRNA-200 family genes. Differentially expressed between basal-like (MIA
PaCa 2, Panc-1) and classical (Capan-1, AsPC-1 and BxPC-3) except miRNA-200c.

B Biological replicate to Fig. 2 B of immunoblot analysis of GATA6 on PDAC cell lines.

GAPDH served as a loading control.

C Immunoblot analysis of Vimentin (VIM) and E-cadherin (E-cad). GAPDH served as a

loading control. Biological replicate to Fig. 2 E.

D, F miRNA-200a and b expression analysis on MIA PaCa-2 and Panc-1 cells after the
transfection with Pre-miR™ miRNA Precursors (D 200a-3p and F 200b-3p) for 72 h (48 h and

24 h). snRNA U6 was used for normalization. Means + SD of three biological replicates.

E, G miRNA-200a and b expression analysis on Capan-1, AsPC-1 and BxPC-3 cells after the
transfection with Pre-miR™ miRNA inhibitor (E 200a-3p and G 200b-3p) for 72 h (48 h and

24 h). snRNA U6 was used for normalization. Means + SD of three biological replicates.

H, I Immunoblot analysis of MIA PaCa-2 and Panc-1 cells after transfection as described in D,
F. Staining of Zeb-1, E-cadherin (CDHL1), Vimentin (VIM) and GATA6, GAPDH as a loading

control.

J-L Immunoblot analysis of Capan-1, AsPC-1 and BxPC-3 cells after transfection as described
in E, G. Staining of Zeb-1, E-cadherin (CDH1), Vimentin (VIM) and GATA6, GAPDH as a

loading control.

M Cell viability assay of MIA PaCa-2 cells after transfection described in D,F and treated with
1 uM to 20 uM cisplatin for 72 h.

N-P Cell viability assay of N Capan-1, O AsPC-1 and P BxPC-3 cells after transfection
described in E, G and treated with 1 uM to 20 uM cisplatin for 72 h.

S
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SUPPLEMENTAL FIGURE 3
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Supplemental Fig. 3: Sensitive PDAC cells revealed no synergism upon HSP90 inhibition
Related to Manuscript Fig. 3

A PDAC cell panel (AsPC-1, Capan-1, BxPC-3 and Suit-028) were treated with onalespib or
cisplatin and a combination for 72 h with concentrations as indicated. Viability was determined

by quantifying the ATP concentration.

B Combination index (ClI) calculated from A plotted against the fraction affected (Fa) for the
combination of HSP90 inhibitors onalespib and cisplatin.

C Biological replicate to Fig. 3 C. Immunoblot for FANCA, cells were treated as described in

Fig 3 C. GAPDH served as a loading control.

D Biological replicate of fluorescence intensity per nucleus depicted as scatter plot for
MIA Paca-2. Phosho-H2AX intensity per nucleus (arbitrary units) was calculated by
quantification one of two independent experiments. The red lines indicate the mean intensity.

Corresponding to Fig. 3 E.

E, G Representative immunofluorescence staining for phosho-H2AX in E Panc-1 cells and G
Capan-1 with DAPI as counterstain. Cells were treated with onalespib and cisplatin for 24 h.

Scale bar: 200 pm.

F, H, I Scatter plot of phosho-H2AX intensity per nucleus (arbitrary units), calculated by
quantification of E and G from one of two independent experiments. The red line indicates the
mean nuclear phospho-H2AX staining.

J Representative images of metaphase Panc-1 spreads related to Fig. 31. Cells were treated with
onalespib (100 nM) and cisplatin (20 uM) for 24 h together with 20 uM zVad to block
apoptosis. Chromosomes were stained with Gimsea.

K Representative images of metaphase spreads. Capan-1 cells were treated with onalespib
(250 nM) and cisplatin (2 uM) for 24 h together with 20 pM zVad to block apoptosis.

Chromosomes were stained with Gimsea.

L The chromosome fragmentation was analyzed by counting the number of fragments shown
in K in 40 randomly chosen cells from three independent experiments depicted as box blot. The

mean red lines indicate the mean.
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4 Discussion

In this study, we investigated the response of PDAC cell lines to cisplatin treatment. In
particular, we discovered that the response of the cells could be categorised into two distinct
groups, which are simultaneously reflected by the classical and basal-like subtypes. The
expression of the markers GATA6 and miRNA-200 could further be linked to the subtype-
specific response, potentially serving as biomarkers. Overall, we propose a treatment strategy
that can not only be applied to cisplatin-sensitive cells but also to initially cisplatin-resistant
cells by combining them with an HSP90 inhibitor (Figure 13). This strategy was successfully
applied in PDAC cell lines and an orthotopically transplanted syngeneic mouse model. In the

following sections, the details of our findings are discussed in more detail.

GAlAG
miRNA-200

. GATA6
© miRNA-200

resistant sensitive

Cisplatin

Figure 13: Proposed model for the treatment of PDAC with cisplatin and HSP90 inhibitor. Pancreatic cancer

can be divided into two subtypes: the more epithelial, chemo-sensitive classical subtype and the more
mesenchymal, chemo-resistant basal-like subtype. Both subtypes can be distinguished among their expression of
the transcription factor GATA6 and the miRNA-200. Cell lines of the classical subtype revealed a cisplatin
sensitivity with the formation of platinum-DNA adducts (depicted as red circles on the DNA). Basal-like PDAC
cells responded to cisplatin with strongly reduced sensitivity and platinum adduct formation. This cisplatin
resistance could be overcome by adding the HSP90 inhibitor onalespib, leading to increased DNA plantation.

Created with BioRender.com.
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4.1 Subtype dependent cisplatin-response

4.1.1 Cisplatin response of PDAC cell lines

Pancreatic cancer is predicted to be the second leading cause of cancer-related deaths within
the next decade. Despite intensive research, the overall survival only slightly improved over the
past years (Rawla et al., 2019; Tavakkoli et al., 2020). A significant problem of successful
PDAC treatment is the low therapy response due to chemoresistance (Orth et al., 2019). It is
therefore essential to understand which patients benefit from which treatment, thereby
improving therapy outcome. The standard therapy of PDAC involves the nucleoside analogue
gemcitabine (Burris et al., 1997). Patients with good performance status receive the more toxic
but slightly more efficient therapy gemcitabine with the cytoskeletal inhibitor nab-paclitaxel or
a combination of folinic acid, 5-fluorouracil (5-FU), irinotecan and oxaliplatin
(FOLFIRINOX). However, the therapy options for metastatic pancreatic cancer are still limited,
with a median survival of 11.1 months, and new treatment strategies are strongly required to

improve the clinical outcome (Conroy et al., 2011).

Cisplatin, the most used chemotherapeutic agent, was already tested on pancreatic cancer cell
lines (Arumugam et al., 2009; Danilov et al., 2011; Fujiwara et al., 2008). However, the
response of PDAC cells was very heterogeneous and could not be correlated to any pathway,
mutational change, or markers. Further, exploring cisplatin efficacy in clinical trials, PDAC
patients were treated with a combination of cisplatin and gemcitabine versus gemcitabine alone.
The median overall survival (7.5 vs. 6.0 months) and progression-free survival (5.3 months vs.
3.1 months) were favourable, however, the benefit of these trials displayed no statistically
significant prolongation of the patient survival (Heinemann et al., 2006).

Although the cisplatin response has already been studied in some PDAC cell lines, we
investigated the sensitivity towards cisplatin in a panel of seven commonly used PDAC cell
lines (Manuscript Fig. 1A) (Mezencev et al., 2016; Michel et al., 2018). Interestingly, two
clearly distinct groups were identified, which responded with a 10-fold concentration difference
in cisplatin. In the following, the group treated with lower concentrations will be called
cisplatin-sensitive and the group with higher concentrations cisplatin-resistant group.
Interestingly, this sharp distinction in sensitivity could only be achieved by cisplatin treatment
and not with other chemotherapeutics as the intercalating agent doxorubicin and the
topoisomerase inhibitor irinotecan, hinting towards a cisplatin specific reaction. (Supplemental
Fig. 1A, B). Inresponse to the standard therapy agent gemcitabine, this separation into sensitive

and resistance categories was also possible. However, the segregation between the two groups
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was less clear following gemcitabine treatment, with the cell line AsPC-1 showing an
intermediate response (Supplemental Fig. 1C). Thus, the resistance mechanisms for cisplatin
must involve a specific feature that is only relevant for this class of drugs but not for other

therapeutics.

4.1.2 Cisplatin resistance in basal-like pancreatic cancer cells

An essential step for the improved understanding and treatment of PDAC is the classification
into distinct subtypes. These subtypes share similar molecular patterns and are assumed to share
resemblance regarding chemo-response and survival rate. Essentially, two main transcriptomic
subtypes are described: the classical/progenitor and basal-like/squamous subtype (hereafter
referred to as classical and basal-like subtype) (Bailey et al., 2016; Collisson et al., 2019;
Moffitt et al., 2015). Adams et al. and Kloesch et al. investigated a set of PDAC cell lines to
assign them to the molecular PDAC subtypes (Adams et al., 2019; Kloesch et al., 2021).
Further, Rashid et al. published a list of genes that assist in distinguishing classical and basal-
like subtypes (Rashid et al., 2020). Based on the classification of Adams et al. and Kloesch et
al. as well as our RNAseq analysis obtained from Diaferia et al., we could show that the
response of cisplatin is correlated to the molecular subtype of PDAC cell lines with the basal-
like PDAC cell lines displaying a cisplatin resistance (Adams et al., 2019; Diaferia et al., 2016;
Kloesch et al., 2021). Our RNA-seq analysis revealed a downregulation of seven out of eight
classical-associated genes in basal-like cell lines (Rashid et al, 2020)
(https://owncloud.gwdg.de/index.php/s/SN091sU3FVIWGgt3).

The basal-like subtype could be linked to a poor patient outcome. Further, basal-like tumours
were shown to be resistant to FOLFIRINOX treatment in two independent clinical trials
(O’Kane et al., 2020; Rashid et al., 2020). Since the platinum analogue oxaliplatin is part of
FOLFIRINOX and in combination with the identified cisplatin resistance in basal-like PDAC
cell lines, we hypothesise that basal-like pancreatic cancer patients are resistant to platinum-
based chemotherapy in general. Indeed, a clinical trial assessing the response of PDAC patients

to cisplatin within the context of subtype classification would be more conclusive.
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4.2 Mechanisms contributing to cisplatin sensitivity

4.2.1 Predictive marker for cisplatin sensitivity

The best possible outcome for cancer patients is the early detection and correct therapy. Many
cancer types, as PDAC, are diagnosed at a late stage, as they are asymptomatic at early stages
(Adamska et al., 2017). For improved detection, biomarkers are a helpful tool. Biomarkers are
quantifiable, objective characteristics, which indicate pathogenic processes, biological
activities or response to interference or exposure, however, biomarkers are hard to identify
(Califf, 2018; Strimbu and Tavel, 2010).

Besides the diagnostic markers, which assist in detecting or confirming a disease, prognostic
markers help indicate a likely therapy outcome (e.g., disease recurrence, disease progression or
death), independent of the treatment. Another class of biomarkers are the predictive biomarkers,
representing the likelihood of the response to a certain therapy. This biomarker presents an

improved tool to prevent unnecessary side effects by ineffective therapies (Califf, 2018).

Analysis of the COMPASS trial, a study to find predictive mutational and transcriptional
signatures for better treatment strategies, revealed a strong correlation between the expression
of the transcription factor GATAG and the classical subtype (O’Kane et al., 2020). GATA6
contains two highly conserved zinc-finger DNA-binding domains, which bind to the
(A/IT)GATA(A/G) consensus sequence, thereby regulating gene expression. It is an important
factor for normal pancreas development and endodermal lineage differentiation (Shi et al.,
2017). High GATAG expression is associated with well-differentiated tumours and the classical
subtype, based on Moffitt subtyping. Low expression of GATAG, on the other hand, can be
linked to poor prognosis and reduced response to 5-FU based chemotherapy (Martinelli et al.,
2017). Thus, GATAG6 was validated as a biomarker to differentiate basal-like and classical
PDAC subtypes. As the cisplatin sensitivity is subtype dependent and GATAG an indicator for
the classical subtype, we conclude that GATAG6 can also serve as a predictive marker for

cisplatin response.

Analysing our RNA-seq data (Supplemental Fig. 2A), a distinct expression of miRNA-200
family members miRNA-200a, miRNA-200b, miRNA-141 and miRNA-429 but not
MiRNA-200c among the classical and basal-like PDAC cell lines could be observed. For further
investigations, we decided to investigate miRNA-200a and miRNA-200b further, as they were
already described to play a role in pancreatic cancer and epithelial to mesenchymal transition
(Chen and Zhang, 2017; Daoud et al., 2019; Diaz-Riascos et al., 2019; Humphries and Yang,
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2015). Validation of the miRNA-200a and miRNA-200b expression by qPCR revealed a 500-
t0-2500-fold decreased expression in basal-like cell lines (Manuscript Fig. 2C, D). Jin et al.
could also show that high grade and metastasised tumours exhibit a reduced miRNA-200
expression (Jin et al., 2020). Further, they revealed an increased cisplatin sensitivity in cells
with a high miRNA-200 expression. Also, the breast cancer cell line MCF-7 displayed reduced
miRNA-200 levels after acquired cisplatin resistance (Piperigkou et al., 2020). Previous
explorations of the miRNA-200 family in pancreatic cancer were mostly restricted to
comparison of the expression between the pancreatic ducts to stroma but not between the

different molecular subtypes (Diaz-Riascos et al., 2019).

Funamizu et al. investigated the expression levels of miRNA-200 in PDAC cell lines in the
context of gemcitabine response and could show that gemcitabine resistance is correlated with
the low expression of miRNA-200b (Funamizu et al., 2019). These results are partly in line
with the response towards gemcitabine in our tested PDAC cell lines, as the cell line AsPC-1
revealed an intermediate gemcitabine response while expressing high levels of miRNA-200a
and miRNA-200b (Manuscript Fig. 2C, D, Supplemental Fig. 1C). However, we could clearly
show that increased miRNA-200 levels were correlated to a high cisplatin sensitivity in PDAC
cells, whereas insensitive cells displayed a low expression of miRNA-200. As the expression
pattern of miRNA-200a and 200b in pancreatic cancer is comparable to the GATAG, our results
suggest that miRNA-200 expression can also serve as a predictive marker for cisplatin

sensitivity and molecular PDAC subtypes.

One major role for the miRNA-200 family comprises of the regulation of epithelial to
mesenchymal transition (EMT) by repression of transcription factor ZEB1/2 and therefore the
expression of the epithelial marker E-cadherin (Lu et al., 2014; Mongroo and Rustgi, 2010;
O’Brien et al., 2018). In the absence of miRNA-200, ZEB1/2 is upregulated, leading to a
repression of E-cadherin. As the expression of miRNA-200 varies among the basal-like and
classical subtypes of PDAC cell lines, we investigated whether the EMT can also be used as a
predictive marker for cisplatin sensitivity, as Huang et al. could show, that EMT plays a role in
chemoresistance (Huang et al., 2016). However, the expression of epithelial and mesenchymal
markers did not show this distinct separation, as classical cell lines AsPC-1 and Suit-028
express mesenchymal marker vimentin and lack the epithelial marker E-cadherin (Manuscript
Fig. 2E). Even though a tight connection between the basal-like subtype and EMT could be
shown, EMT does not overlap with the basal-like subtype and is therefore unsuitable as a

predictive marker for cisplatin response.
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4.2.2 EMT or miRNA-200 expression does not contribute to cisplatin resistance

Due to the heterogeneity of PDAC, it is of high importance to understand which and why cells
do not respond to the administered therapy to optimise the treatment. This deeper understanding
also opens the possibility of targeting resistant cells and thereby increasing the response rate.
After identifying predictive markers for cisplatin sensitivity in PDAC, the question arises,
whether the sensitivity is dependent on miRNA-200 expression, which is involved in
maintaining the sensitivity to certain chemotherapy (Chen and Zhang, 2017). Rui et al.
investigated the miRNA-200 expression in docetaxel-resistant non-small cell lung carcinoma
cells and could show that these cells exhibit a low miRNA-200b expression (Neves et al., 2010).
By restoring the levels of miRNA-200b, Chen et al. were able to sensitise docetaxel resistant
lung adenocarcinoma cells (Chen et al., 2014). The role of miRNA-200 in chemosensitivity
comprises several factors: besides EMT, the miRNA-200 is involved in the regulation of cancer
stem cell maintenance, apoptosis and cell cycle control (Korpal et al., 2008; Kurashige et al.,
2012; Lim et al., 2013; Park et al., 2008).

Similar effects were observed by Funamizu et al., which revealed a sensitisation in gemcitabine
resistant pancreatic cancer cells after the upregulation of miRNA-200b (Funamizu et al., 2019).
This sensitisation is accompanied by a change in epithelial and mesenchymal markers.
miRNA-200, an inhibitor of the EMT master regulator ZEB1/2, can induce the mesenchymal
to epithelial transition (Korpal et al., 2008). Not only changes of miRNA-200 levels, but also
altered expression of EMT markers like high vimentin and low E-cadherin displayed reduced
chemosensitivity in breast cancer, oral squamous carcinoma, and pancreatic cancer cells
towards taxanes, doxorubicin and cisplatin (Arumugam et al., 2009; Fang et al., 2018; Yang et
al., 2014). Targeting the EMT by miRNA-200 or master regulator ZEB1/2 is expected to induce

the mesenchymal to epithelial transduction, sensitising the cells to chemotherapy.

Even though we could observe the reduction of ZEB1 in the basal-like cell lines Panc-1 and
MIA PaCa-2, only the Panc-1 cells revealed an increased level of E-cadherin upon the
restoration of mMiRNA-200a or 200b. The reduction of miRNA-200a and b did not alter the EMT
marker in the classical PDAC cell lines. Further, we could not determine any changes of
cisplatin sensitivity in the basal-like PDAC cells with upregulation of miRNA-200 or classical
cells with downregulation of miRNA-200 (Manuscript Fig. 2F-H, Supplemental Fig. 2 H-P).
Our results differ from the findings of Funamizu et al., who were able to reverse the EMT by

restoring miRNA-200 in Panc-1 cells resulting in enhanced gemcitabine sensitivity (Funamizu
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etal., 2019). Further, Arumugam et al. were also able to sensitise Panc-1 cells towards cisplatin,
gemcitabine, and 5-FU by knockdown of ZEB1 (Arumugam et al., 2009).

GATAG stabilises, similar to miRNA-200, the epithelial state of the cell. Loss of GATA-6
results in the downregulation of GATAG and the increase of vimentin. Restoration of GATAG
induces mesenchymal-to-epithelial transition in pancreatic cancer cells (O’Kane et al., 2020).
Since the reversal of EMT did not result in sensitisation of PDAC cells to cisplatin, we assume
that GATAG also serve as a marker and is not involved in the mediation of cisplatin resistance.
Hence, based on our current knowledge, we conclude another mechanism responsible for

cisplatin resistance in basal-like PDAC cell lines.

4.2.3 Cisplatin resistance can be mediated by drug exporters

Different mechanisms can mediate the cisplatin resistance in tumour cells, as extensively
described in section 2.2.4. The varying degree of cisplatin-DNA adduct formation in sensitive
and resistant cells suggests a difference in cisplatin uptake, export, metabolism, or DNA repair
mechanism (Manuscript Fig. 1E). This raises the question, which of these mechanisms is
responsible for the cisplatin resistance? Answering that, the cells were treated with
diphenhydramine (DIPH), an agent initially discovered to possess antihistaminic properties and
currently used as cough medicine, hypnotic or against motion sickness (Garnett, 1986; Pathy,
2018). Interestingly, studies from Melnikova et al. in ovarian cancer cells showed an increased
platinum uptake and decreased export activity, indicating an exporter blockage caused by DIPH
treatment (Melnikova et al., 2020). Consequently, resistant PDAC cell lines were treated with
a combination of DIPH and cisplatin, leading to a strong increase of cisplatin-DNA adduct
formation (Manuscript Fig. 1F). Based on this observation we hypothesise, that blocking of
export channels increases the intracellular cisplatin concentration resulting in enhanced
sensitivity. Thus, the cisplatin export mechanism might contribute to the cisplatin resistance in
basal-like PDAC cells.

Interestingly, our RNA-seq analysis revealed an elevated expression of the ABC transporter
p-glycoprotein (p-gp) in basal-like PDAC cells which was shown to be involved in cisplatin
resistance in non-small cell lung cancer and osteosarcoma (He et al., 2019; Vesel et al., 2017).
Overexpression of p-gp can be linked to poor therapy response and low survival rates in
osteosarcoma, non-small cell lung cancer and breast cancer patients (Chang et al., 2009; He et

al., 2019). Even though it could be shown that cisplatin is no substrate of p-gp (Vesel et al.,
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2017), the overexpression is correlated with resistance to cisplatin in sarcoma (Ren et al., 2007).
However, knockdown or inhibition of the transporter leads to a re-sensitisation of the cells to
cisplatin treatment (He et al., 2019). Resistance to cisplatin mediated by p-gp might be

attributed to repression of caspase-3 activity (Gibalova et al., 2012)

Further, based on the RNA-seq analysis, we identified strong differences in the expression of
the copper-transporting P-type ATPase (ATP7B) between the basal-like cell lines and two of
the classical cell lines. However, the classical cell line Capan-1 displayed an intermediate
ATP7B expression. This will be further elaborated in the discussion section 4.3.3. ATP7B was
found to be involved in the efflux of platinum drugs, and increased levels lead to cisplatin
resistance in ovarian and non-small cell lung cancer (Mangala et al., 2009; Nakagawa et al.,
2008). In oral squamous cell carcinoma patients, the high expression of the transporters
correlated with reduced platinum levels and decreased survival rate (Miyashita et al., 2003).
The exact transport mechanism is still unrevealed; however, it is assumed that ATB7B
sequesters platinum compounds into vesicles, transporting them to the cell membrane and

secreting the drug from the cell (Safaei et al., 2008).

Another class of drug exporter proteins are the ATP-binding cassette (ABC) transporters.
Mainly the ABC transporter multidrug resistance-associated protein 2 (MRP2/ABCC2) was
found to be linked to cisplatin resistance (Guminski et al., 2006). Cisplatin conjugated to the
antioxidant glutathione is exported by MRP2. An increased expression could be associated with
cisplatin resistance in human carcinoma cell lines (Kool et al., 1997; Liedert et al., 2006;
Materna et al., 2005). Also, patients with oesophagal squamous cell carcinoma and non-small
lung cancer revealed a correlation of the expression of MRP2 and poor prognosis or cisplatin
resistance, respectively (Yamasaki et al., 2011). Even though no correlation between the
cisplatin sensitivity and export mechanism could be shown so far, inhibition of export
transporters by DIPH reveal a positive impact on cisplatin-DNA adduct formation. Thus, this

approach suggests a promising treatment strategy.

4.3 Sensitisation by targeting HSP90
4.3.1 Sensitisation of cisplatin-resistant PDAC cells by HSP90 inhibition
Besides identifying and classifying sensitive cells, it is important to find strategies for treating

resistant cells. These cells often display cross-resistance to other chemotherapeutics, leaving a
little if any option for efficient therapies (Pan et al., 2016). Further, it might allow the treatment
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of initially sensitive cells with acquired resistance. An appropriate target for this approach is
the heat shock protein 90 (HSP90). Its involvement in nearly all hallmarks of cancers and
interaction with over 800 clients might be the suitable strategy to target cancer cells and reverse
the resistance (Echeverria et al., 2011; Miyata et al., 2013; Picard, 2021). Further, HSP90
exhibits a special role in cancer cells, as it stabilises mutant oncoproteins and maintains the
cancerous environment (Mahalingam et al., 2009). As a single agent, HSP90 inhibitors did not
reveal an efficacy for cancer therapy in patients so far, however, in combination with
radiotherapy or cross-linking agents as carbo- or cisplatin, it could be shown to increase the
induction of apoptosis in soft tissue sarcoma, glioblastoma, ovarian, colon and pancreatic
cancer in vitro and in vivo (Ernst et al., 2015; Kramer et al., 2017; Nagaraju et al., 2019; Orth
et al., 2021; Spiegelberg et al., 2020). Clinical efficacy is under investigation, but so far, no
HSP90 inhibitor has entered the clinics.

Based on these results, we investigated the response of the basal-like cell lines towards the
combination of cisplatin and the HSP90 inhibitor onalespib. We could show that the
combination of both drugs leads to the sensitisation of the cisplatin-resistant cells and a
synergistic reduction of cell viability (Manuscript Fig. 3A, B). These findings are in line with
the response of ovarian cancer cells to the combination of the HSP90 inhibitor ganetespib and
carboplatin published by Kramer et al. (Kramer et al., 2017). The following sections will discuss
possible mechanisms by which HSP90 inhibition contributes to cisplatin sensitisation in

pancreatic cancer.

4.3.2 Mechanisms for sensitisation of cancer cells to cisplatin by HSP90 inhibition

4.3.2.1 Impaired DNA repair increases DNA damage in cisplatin-resistant cells

The main mechanism behind treating cancer cells with cisplatin is the formation of inter-strand
crosslinks in the DNA (Wang and Lippard, 2005). These lesions are toxic for the cells, as they
inhibit replication as well as transcription processes and further require an elaborate repair
mechanism as extensively described in section 2.2.3 (Kee and D’Andrea, 2010). It could be
shown that defects or deficiencies of the DNA damage repair pathway, e.g., in BRCAL, BRCA2
and PALB, result in a sensitisation towards platinum compounds (Chirnomas et al., 2006).
BRCA1/2 and PALB are components of the Fanconi anemia (FA) pathway, linking the FA
proteins to the homologous recombination repair (Michl et al., 2016). Liu et al. indicated that a
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deficiency of other Fanconi anaemia, complementation (FANC) proteins can also induce the

sensitisation to platinum chemotherapy (Liu et al., 2020).

Fanconi anemia describes a rare genetic disease that is characterised by a deficiency in DNA
damage response. Patients with this disorder are prone to bone marrow failure, cancer
development and are highly sensitive to DNA crosslinking agents as mitomycin C and platinum
compounds (Chirnomas et al., 2006). The most altered gene is FANCA, and the protein is part
of the FA core complex, responsible together with FANCG for the nuclear localization and
stability of the FA core complex proteins (Castella et al., 2011). Mutations or deficiency of
FANCA result in the lack of FANCD2/I monoubiquitination and subsequently no activation of
homologous recombination proteins. Thus, the cell is not able to repair double-strand breaks

and accumulates chromosomal aberrations (Pfeiffer et al., 2000).

HSP90 acts as a chaperone of FANCA, thereby regulating the FA pathway (Yamashita et al.,
2007). In ovarian and head and neck cancer, it could be shown that pharmacological inhibition
of HSP90 by ganetespib or AUY922 resulted in a degradation of FANCA by the ubiquitin-
proteasome pathway (Kramer et al., 2017; McLaughlin et al., 2017). In basal-like PDAC cells,
we observed degradation of FANCA after treatment with the HSP90 inhibitor onalespib
(Manuscript Fig. 3C). Besides the reduction of FANCA levels, we obtained a significant
increase of the DNA damage marker phospho-H2Ax upon combination treatment (Manuscript
Fig. 3D-F).

Beside the increased DNA damage by downregulation of FANCA, Kramer et al. could show
that HSP9O0 inhibition also affects the cell cycle progression, forcing cells to proceed the cell
cycle independent of DNA damage by downregulation of the kinases cyclin-dependent kinase 1
(CDK1) and Weel (Kramer et al., 2017). We could confirm in basal-like PDAC cells that the
impaired DNA repair by reduced FANCA, increased DNA damage and potential cell cycle
progression by downregulation of CDK1 result in the accumulation of chromosomal

aberrations, which climax in the pulverisation of the chromosomes (Manuscript Fig. 3G-I).

4.3.2.2 HSP90 inhibition increases the cisplatin-adduct formation

Besides the impaired DNA damage repair by downregulation of FANCA, HSP90 might
regulate other mechanisms involved in cisplatin resistance in PDAC. One mechanism
contributing to decreased cisplatin sensitivity is the increased drug efflux which consequently
causes a reduction of cytotoxic intracellular cisplatin concentration (Zhou et al., 2020). We
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observed that inhibition of drug export mechanism by DIPH increased the platinum-DNA
adduct formation (Manuscript Fig. 1F). This effect could be reproduced by combining cisplatin
with the HSP90 inhibitor onalespib, suggesting a potential role of HSP90 in the regulation of
cisplatin export (Manuscript Fig. 2J). It is tempting to speculate that an HSP90 client protein
enhances the export of cisplatin and that HSP90 inhibition leads to the destabilization of such
a protein, resulting in sensitization towards cisplatin. If this is true, the question remains which

protein(s) fulfil(s) such criteria.

The ABC transporter p-glycoprotein was found differentially expressed between resistant and
sensitive PDAC cells. However, cisplatin was not described as a substrate of this transporter so
far, although overexpression could be correlated to cisplatin resistance, while inhibition resulted
in sensitisation towards cisplatin in osteosarcoma cells (He et al., 2019). Also, inhibition of
HSP90 was shown to reduce the expression of p-gp and sensitise the non-small cell lung cancer
cells to cisplatin treatment (Bacon et al., 2020). Even though no direct interaction of cisplatin
and p-gp was described, it might be possible that HSP90 inhibition contributes to sensitisation
by regulating p-gp. Further, we could identify differences in the expression of ATP7B between
PDAC subtypes. ATP7B plays a pivotal role in the efflux of cisplatin, and overexpression could
be linked to cisplatin resistance (Dmitriev, 2011). However, no interaction of HSP90 and
ATP7B was described so far.

Beyond that, the enhanced platinum-adduct formation might also be induced by impaired DNA
damage response. However, both mechanisms can lead to increased adduct formation by either
increased intranuclear cisplatin concentrations or reduced DNA damage repair. Since we could
show that blocking cisplatin export with DIPH and HSP90 inhibition revealed similar levels of

adduct formation, we assume that the cisplatin efflux contributes to the effect.
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Figure 14: Proposed mechanism of cisplatin resistance and sensitisation in resistant PDAC. Basal-like PDAC
cells display cisplatin resistance by interfering with the cisplatin export and DNA repair mechanisms. Thus, less
cisplatin can induce DNA damage which leads to the survival of the cells. Combining the cisplatin treatment with
HSP90 inhibition, the efflux of cisplatin is reduced, and the DNA repair machinery is inhibited, leading to
enhanced platinum-DNA adduct formation and accumulation of chromosomal aberrations. Created with
BioRender.com.

4.3.2.3 Other possible mechanisms

Apart from the impaired DNA damage response and inhibition of the cisplatin export
mechanism, further pathway alterations by HSP90 inhibition might be involved in cisplatin
sensitisation, which we did not further elaborate on. However, due to the pleiotropic effects of
HSP90, also other pathways might additionally contribute to enhanced sensitivity upon HSP90
inhibition.

One factor which might play a role in cisplatin response is the hypoxia-inducible factor 1 alpha
(HIF-1a), controlling oxygen regulation as a transcription factor in the cell (Long et al., 2018).
Since oxygen supply is essential for tumour growth, elevated levels of HIF-1a can be found in
many tumours, leading to tumour promotion, inhibition of apoptosis and angiogenesis (Masoud
and Li, 2015). Long et al. revealed that hypoxia could inhibit cisplatin-induced apoptosis in
ovarian cancer cells, which was linked to HIF-1a induced autophagy (Long et al., 2018). In
lung cancer cells, the nucleotide excision repair protein XPA, which high expression levels
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correlate with cisplatin resistance, is a target of HIF-1a and therefore enhanced HIF-la
expression leads to high XPA levels resulting in cisplatin resistance (Liu et al., 2012). Nagaraju
et al. could show that the combination of HSP90 inhibition with radiotherapy or 5-FU lead to a
reduction of HIF-1a in pancreatic cancer cells and was able to overcome HIF-1o mediated
resistance (Nagaraju et al., 2019). Thus, we assume that HSP90 inhibition and subsequent

HIF-1a reduction might also sensitise the pancreatic cancer cells to cisplatin.

Different studies have shown that overexpression of HSP90 contributes to multi-drug resistance
(Kumar et al., 2020; Piper and Millson, 2011; Yin et al., 2021). Besides the already mentioned
pathways, the evasion of apoptosis is also regulated by HSP90. The activity of pro-survival
factors Bcl-2 and survivin were shown to correlate with increased HSP90 levels in ovarian,
breast and lung cancer mediate the drug resistance. In ovarian cancer, the high expression of
HSP90 lead to the increased activation of the Akt/GSK3p/B-catenin pathway resulting in high
expression of Bcl-2 and survivin. Targeting HSP90 sensitised the ovarian cancer cells to
cisplatin and paclitaxel (Yin et al., 2021). It thus remains possible that differential, HSP90-
dependent stability of anti-apoptotic factors in PDAC cells might also contribute to their

sensitivity towards cisplatin.

The mutant form of the tumour suppressor p53 is also a client of HSP90 and could be shown to
mediate chemo- and radioresistance, also for cisplatin treatment (Lin et al., 2008a; Tung et al.,
2015). While chemotherapy would lead to p53 accumulation and apoptosis in a wildtype
background, some p53 mutants were shown to inhibit caspase activity and p63/73-dependent
induction of the anti-apoptotic proteins Bcl-2-associated X (Bax) and Phorbol-12-myristate-13-
acetate-induced protein 1 (Noxa) contributing to insensitivity to radio- and chemotherapy (Chee
etal., 2013; Liu et al., 2011). Thus, inhibition of the pleiotropic function of HSP90 might add
to the reduced DNA repair and cisplatin export leading to successful treatment of basal-like

PDAC cells, influencing the cisplatin resistance by interfering with various pathways.

4.3.3 No synergism in classical subtype upon combination treatment

We found that the classical subtype is sensitive towards cisplatin treatment, and the initially
cisplatin-resistant basal-like cells could be sensitised by HSP90 inhibition with onalespib.
Curiously, we could not see an enhanced efficacy in the classical PDAC cells upon the
combination treatment (Supplemental Fig. 3A, B). Unfortunately, the mechanism by which
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some cells evade HSP90 inhibition remains to be elucidated, leaving us speculating about the

reasons.

Interestingly, only a slight reduction in FANCA protein levels was detected after HSP90
inhibition and no further increase of the DNA damage signal phospho-H2AX in classical
Capan-1 cells (Manuscript Fig. 3C, Supplemental Fig. 3G-I). A possible explanation could be
that HSP90 is not upregulated in classical PDAC cells, which therefore experience no enhanced
effects when combining HSP90 inhibitors with cisplatin. Further, the cells might be less
dependent on the HSP90 function, and upon inhibition, a reduced client degradation can be
achieved, resulting in reduced FANCA degradation and intact DNA damage response. Another
possibility besides the reduced expression level of HSP90 might be the aneuploidy and the
subsequent imbalance in proteostasis. Overexpression of proteins that tend to form aggregates
can also lead to a stronger dependency on HSP90. For specific HSP90 clients, e.g., fms like
tyrosine kinase 3 (FLT-3) in leukaemia or Myc in AML, a direct correlation between the
expression level and the sensitivity to HSP90 inhibitors could be shown (Echeverria et al.,
2019). Our finding that classical PDAC cells show a reduced sensitivity towards onalespib

compared to basal-like cells is in line with the assumptions mentioned above.

Further, no strong increase in cisplatin-DNA adducts could be detected after inhibition of the
cisplatin exporter by DIPH in the classical cell line (Manuscript Fig. 1F). We hypothesise that
the maximum amount of cisplatin is already bound to the DNA, and the inhibition of cisplatin
exporter could not further sensitise the cells. Capan-1 cells displayed a reduced platinum-DNA
adduct formation, and the expression of the ATP7B transporter was slightly enhanced compared
to both other classical cell lines, however, the sensitivity to cisplatin is comparable. It is
important to know that Capan-1 cells harbour a BRCA2 mutation, so even though less cisplatin
is bound to the DNA than the other classical cell lines, the impaired DNA repair results in the
same sensitivity to cisplatin (Manuscript Fig. 1A, E) (McCabe et al., 2009).

4.4 Clinical relevance

4.4.1 Mouse study

To further elaborate on our hypothesis and bring the combination of cisplatin and HSP90
inhibitor closer to the clinical application, we aimed to investigate the combination in an in vivo
mouse model. Therefore, we firstly explored the response in KPC (LSL-KrasG12D/+; LSL-
Trp53R172H/+; Pdx-1-Cre, C57/BL6 genetic background) cells in vitro. Treatment of these
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cells with the combination of cisplatin and onalespib resembles the response of basal-like
PDAC cells in terms of synergy and DNA damage marker expression (Manuscript Fig. 4B-D),
even though the KPC cells were cisplatin responsive (Manuscript Fig. 4A)

There are different types of PDAC mouse models available: xenograft, genetically engineered
or orthotopic mouse models (Lee et al., 2016). We decided on the syngeneic orthotopic mouse
model, as it has an intact immune system, and the tumours are formed after a short period of
time with comparable sizes. Furthermore, KPC models could be shown to share common
genetic mutations with human pancreatic cancer (Niknafs et al., 2019). However, the syngeneic
mouse model is less desmoplastic than human tumours, while the desmoplastic stroma
contributes to therapeutic resistance in human PDAC (Grbovic-Huezo et al., 2020). After
transplantation of the KPC cells into a syngeneic orthotopic mouse model, the combination
resulted in a strong tumour reduction in vivo (Manuscript Fig. 5B). Also, enhanced DNA
damage marker levels could be detected in the combination group, resulting in increased
apoptosis (Manuscript Fig. 5D-G). So far, the subtype classification of KPC could not be clearly
defined since they can be manipulated to become more squamous (Somerville et al., 2018) but
also to get closer to a classical phenotype (Candido et al., 2018). Hence, cisplatin and HSP90
inhibitors cooperatively and strongly restrict pancreatic carcinoma growth in an animal model,
further moving this approach towards its clinical perspective.

4.4.2 Cisplatin versus Oxaliplatin

For the treatment of pancreatic cancer, the third-generation compound oxaliplatin is used as
first-line therapy in combination with folinic acid, 5-FU and irinotecan (FOLFIRINOX)
(Conroy et al., 2011). Oxaliplatin was approved in 1996 by the FDA and is applied for the
treatment of metastatic colon cancer, gastric cancer and relapsed refractory lymphoma
(Bécouarn etal., 1998). In 2011, the combination FOLFIRINOX became an option in metastatic
pancreatic cancer with a survival benefit of 11.1 months versus 6.8 months compared to the
standard therapy gemcitabine (Conroy et al., 2011). As oxaliplatin is already used for the
treatment of PDAC, the question arises whether a combination of HSP90 inhibitor and

oxaliplatin would also be beneficial.

Even though cisplatin and oxaliplatin are both platinum compounds, the active form of both
drugs differ in structure and causes distinct mechanisms of action, with the exact mechanism

remaining to be elucidated (Alcindor and Beauger, 2011). Nevertheless, Woynarowski et al.
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could show that oxaliplatin causes a diminished induction of DNA damage signals and reduced
double-strand breaks compared to cisplatin (Woynarowski et al., 2000). Further, oxaliplatin
does not affect cell cycle control, whereas cisplatin-treated cells arrest in S-phase after 24 h
treatment and in G2/M phase after 48 h, speculating about a different mode of action for
oxaliplatin (Schoch et al., 2020).

Kramer et al. revealed that HSP90 inhibition reduces the DNA damage repair by preventing the
repair of double-strand breaks. Further, HSP90 is involved in cell cycle control, and upon
inhibition, the cyclin-dependent kinase 1 (CDK1) and Weel are inhibited, forcing the cell to
proceed through the cell cycle. Simultaneous treatment with cisplatin or similar reagent
carboplatin increases the DNA double-strand breaks, resulting in fragmented chromosomes
after forced progression of the cell cycle (Kramer et al., 2017). Oxaliplatin is assumed to trigger
apoptosis in cells by inducing ribosomal biogenesis stress (Riddell, 2018). Thus, we
hypothesise that the combination of HSP90 inhibitor and oxaliplatin will show alterations
compared to cisplatin. Indeed, an investigation of oxaliplatin together with onalespib would be

more conclusive.

4.4.3 HSP9O0 inhibitors in clinical trails

The approval of HSP90 inhibitors in patients was not successful so far, even though promising
results were achieved in several in vitro and in vivo studies (Acquaviva et al., 2014; Caldas-
Lopes et al., 2009; Garon et al., 2013; Jiao et al., 2011; Lazenby et al., 2015). The lack of
convincing anti-tumour activity and organ-specific toxicities, as hepato- or ocular toxicity,
prevented the FDA approval (Park et al., 2020). Even in combination with other agents as
chemotherapy (5-FU, paclitaxel, carboplatin and cisplatin) or targeted therapy (multi-kinase
inhibitor sorafenib, epidermal growth factor receptor (EGFR) inhibitor erlotinib and Bruton's
tyrosine kinase (BTK) inhibitor), HSP90 inhibition did not yet achieve the meaningful anti-
tumour efficacy(Daunys et al., 2019; Jacobson et al., 2016; Kramer et al., 2017; Liao and Yang,
2017; Ono et al., 2013; Yin et al., 2021). Based on a strong synergy of HSP90 inhibitor
ganetespib and carboplatin in ovarian cancer cell lines, a phase Il clinical trial involving 120
high-grade ovarian cancer patients (NCT03783949) was conducted, however, the results are

still pending.

One possible explanation for the efficacy failure in patients can be the upregulation of the heat
shock response pathway (HSR). Upon inhibition of the N-terminal ATP binding site, the heat
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shock factor 1 (HSF1) is induced, which leads to an increased expression of HSP70, HSP27
and HSP90 (Kijima et al., 2018). Chen et al. could show that the upregulation of HSP70 and
HSF1 induces resistance to HSP90 inhibitors and activates a pro-survival pathway in malignant
cells (Chen et al., 2013). All clinically tested HSP90 inhibitors target the N-terminal site of the
protein, however, novel inhibitors were developed which block the C-terminal nucleotide-
binding domain of HSP90, leading to client protein release and degradation (Park et al., 2020).
In fact, testing the C-terminal HSP90 inhibitors together with cisplatin could be of interest,

having the advantages of HSP90 inhibition without activation of the HSR.

4.5 Concluding remarks and further perspective

In summary, our work revealed a correlation between the cisplatin response and the molecular
subtypes of PDAC. While classical PDAC cells displayed cisplatin sensitivity, the basal-like
cells were resistant. Differences in response are reflected by the amount of cisplatin bound to
the DNA identified with immuno-cytological staining. ldentifying subtype and response
specific biomarkers would help avoid toxic therapies in patients who are unlikely to respond.
The expression of the biomarker GATAG, which has already been correlated to the classical
subtype, and the expression of miRNA-200a and miRNA-200b could be linked to cisplatin
sensitivity. In contrast, the resistant basal-like PDAC cells lack these markers (O’Kane et al.,
2020). Furthermore, we were able to sensitise cisplatin-resistant basal-like PDAC cells by
treatment with a combination of the HSP90 inhibitor onalespib and cisplatin. The combination
resulted in a synergistic anti-tumour effect with reduced expression of the DNA damage repair
protein FANCA and increased cisplatin-DNA adduct formation.

In the future, further investigations of the mechanism behind the synergy of the drug
combination would be helpful. Of particular interest is the question of whether an export
mechanism is involved in the resistance process and, if so, which exporter protein mediates the
cisplatin efflux in an HSP90-dependent fashion. Knockdown experiments or specific exporter
inhibition might help to elaborate on this question. It would be interesting to know whether a
combination of HSP90 inhibitor and the drug export blocker DIPH together with cisplatin might

enhance the platinum-DNA adduct formation even more.

Some HSP90 inhibitors lack efficacy due to upregulation of the resistance-associated heat shock
response pathway by disrupting the HSP90/HSF1 interaction. N-terminal HSP90 inhibitors

remain in the closed state, increasing the binding duration of HSF1 to the hsp70 promotor
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(Kijima et al., 2018). To avoid such a scenario, it might be helpful to evaluate the efficacy of
cisplatin together with novel HSP90 inhibitors, like Novobiocin, which inhibit the C-terminal
nucleotide-binding pocket of HSP90 without inducing the heat shock response. (Donnelly and
Blagg, 2008).

The combination of cisplatin and HSP90 inhibitors might be advantageous when transferred to
other cisplatin-treated tumours with frequent resistance formation, such as small cell lung
cancer or cervical cancer (Gaponova et al., 2016; Jiao et al., 2011). These tumours revealed
already sensitivity to HSP9O0 inhibition alone, however, the combination with cisplatin remains
to be studied.

To bring our findings closer to the clinical application, we performed a mouse study using the
syngeneic orthotopic KPC mouse model. Treatment of the mice with the combination of
cisplatin and HSP90 inhibitor onalespib resulted in reduced tumour size and increased apoptosis
induction. However, it would be even more stringent to evaluate this approach in autochthonous

tumours rather than transplanted ones.

As the first step, it is essential to analyse the correlation of cisplatin response and molecular
subtype in patients. Furthermore, it is important to verify the applicability of the marker
GATAG6, miRNA-200a and miRNA-200b in patients since we identified them as predictors for
cisplatin sensitivity. Finally, based on our promising findings, investigation of the combination
therapy might be beneficial for cisplatin-resistant PDAC patients.
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6 Abbreviations

17-AAG
3’-UTR
o-FU
ABC
ADEX
ADP
AFU
AKT
ARID1A
ATP
ATP7A/B
BCA
Bcl-2
Bcl-XL
BRCAL1/2
BSA
CDK1
CDKA4,6
CDKN2A
CHD1

Cl
Cisplatin
CO2
CTR1
DAPI
DGCRS8
DIPH
DMEM

tanespymicin

3’ untranslated region

5-Fluorouracil

ATP-binding cassette transporter
aberrantly differentiated endocrine exocrine
adenosine diphosphate

arbitrary fluorescence units

Protein kinase B

AT-rich interactive domain-containing protein 1A

adenosine triphosphate
copper-transporting P-type ATPase %2
bicinchoninic acid

B-cell lymphoma protein 2

B-cell lymphoma protein extra-large
breast cancer 1/2

Bovine serum albumin
cyclin-dependent kinase 1
cyclin-dependent kinase 4, 6
cyclin-dependent kinase inhibitor 2
E-cadherin

combination index
cis-diammine-dichloro-platinum
Carbon dioxide

copper transporter 1

4’ 6-Diamidin-2-phenylindol

Drosha- DiGeorge syndrome critical region 8
Diphenhydramine

Dulbecco's modified Eagle's medium

Abbreviations
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DMSO
DNA
DSB
E.coli
E-cadherin
EDTA
EMT
Epcam
ErbB2
ERCC-1
FA

FBS
FDA
FLT-3
GA
GAPDH
GATAG
GSH
GSK
GTP
GTPase
Her2
HIFla
HR
HRD
HSF-1
HSP40
HSP70
HSP90
HSR

Dimethyl sulfoxide

Deoxyribonucleic acid

double-strand break

Escherichia coli

epithelial cadherin
Ethylenediaminetetraacetic acid
epithelial to mesenchymal transition
epithelial cell adhesion molecule
receptor tyrosine-protein kinase erbB-2
DNA excision repair protein

Fanconi anemia

fetal bovine serum

Food and Drug Administration

fms like tyrosine kinase 3
Geldanamycin

Glyceraldehyde 3-phosphate dehydrogenase
GATA-binding protein 6

Glutathione

Glykogensynthase-Kinase 3

Guanosine triphosphate

Guanosine triphosphatase

human epidermal growth factor receptor 2
Hypoxia-inducible factor 1-alpha
homologous recombination

homologous recombination deficiency
heat shock factor 1

heat shock protein 40

heat shock protein 70

heat shock protein 90

heat shock response pathway



ICs0
ICL
Jak?2
KPC
KRAS
MAPK
Mcl-1
MEK
MET
MIF
MiRNA
MMP2
MRNA
MRP2
MT
NaCl
NaOH
N-cadherin
NER
NGS
NRF2
ns
PALB
PanINs
PARP1
PB

PBS
PCR
PDAC
phospho-H2AX

half maximal inhibitory concentration
inter-strand crosslinks

Janus kinase 2

LSL-KrasG12D/+; LSL-Trp53R172H/+; Pdx-1-Cre
Kirsten rat sarcoma

mitogen-activated protein kinase
myeloid cell leukemia-1

Dual specificity mitogen-activated protein kinase kinase 2
tyrosine-protein kinase

Macrophage migration inhibitory factor
microRNA

matrix metalloproteinase-2

messenger RNA

multidrug resistance protein 2
metallothionein

sodium chloride

sodium hydroxide

neural cadherin

nucleotide excision repair

normal goat serum

nuclear factor erythroid 2-related factor 2
not significant

partner and localizer of BRCA2
pancreatic intraepithelial neoplasia

Poly [ADP-ribose] polymerase 1
phosphate buffer

phosphate buffer saline

polymerase chain reaction

pancreatic ductal adenocarcinoma

phosphorylated Histone 2AX

Abbreviations
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104 Abbreviations

PISK
pre-miRNA
pri-miRNA
Pt-GpG
QM
gRT-PCR
RD

RISC
RNA
RNA-seq
RPMI
RTK
RT-PCR
S phase
SCL

SDS
SMADA4
SnRNA
Src
TCGA
TGF-beta
TP53
TRIS-HCI
TRP
VEGFA
VIM
Zebl/2
zVad

phosphoinositide 3-kinases

precursor miRNA

primary miRNA

DNA platination product
quasi-mesenchymal

real-time polymerase chain reaction
radicol

RNA induced silencing complex
ribonucleic acid

ribonucleic acid sequencing

Roswell Park Memorial Institute 1640 Medium
receptor tyrosine kKinases

real-time polymerase chain reaction
Synthesis phase

solute carrier superfamily

sodium dodecyl sulfate

mothers against decapentaplegic homolog 4
small nuclear ribonucleic acid
proto-oncogene tyrosine-protein kinase
The Cancer Genome Atlas
Transforming Growth Factor beta

tumour protein p53

Tris-(hydroxymethyl)-aminomethane-hydrochloride

tetratricopeptide repeat
vascular endothelial growth factor A
Vimentin

Zinc finger E-box-binding homeobox %2

carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]- fluoromethylketone



