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Abstract (English)

Background: Pancreatic ductal adenocarcinoma (PDAC) is commonly detected at
advanced stages, with chemotherapy being the main treatment possibility. Large-scale
gene expression studies have identified two major PDAC subtypes, a classical and a
basal-like subtype, characterized by an epithelial and mesenchymal phenotype,
respectively, that are additionally associated with changes in cytoskeleton organization.
The specific transcriptional networks of these subtypes are regulated by epigenetic
modifications. Considering the reversible nature of cytoskeleton organization and
epigenetic modifications, the presented study aims to explore whether human PDAC cell
lines can undergo a subtype-specific reprogramming of cytoskeleton organization and

epigenetic modifications towards a less aggressive phenotype.

Method: Transcriptional profiles from seven human PDAC cell lines were generated by
RNA-sequencing (RNA-seq) to classify the cell lines into a classical and basal-like
phenotype. Differentially expressed genes, which are important in regulating epithelial-
to-mesenchymal transition (EMT), and cytoskeletal organization as well as Rho-
GTPase/ROCK pathway activity, were determined by chromatin-immunoprecipitation
(ChIP) followed by qPCR for their histone acetylation status. Differences in Rho-
GTPase/ROCK pathway activity were assessed in classical and basal-like cell lines by
immunoblot analysis. A ROCK-inhibitor as well as histone acetyltransferase (HAT) and
histone deacetylase (HDAC) inhibitors were tested as therapeutic options to induce

phenotypical changes towards a less aggressive cancer phenotype.

Results: The PDAC cell lines were classified into classical and basal-like subtypes using
RNA sequencing and bioinformatic approaches. Classical cell lines exhibited higher
expression of epithelial markers and showed enriched H3K27ac at their promoters, while
basal-like cell lines had reduced overall histone acetylation levels and increased HDAC2
activity. Basal-like cell lines also demonstrated significant cytoskeletal changes,
including increased stress fiber formation, regulated by the Rho-GTPase/ROCK
pathway, although ROCK inhibition did not show any treatment effects at the used
conditions. Treatment with a HAT inhibitor led to a more aggressive tumor phenotype of
classical PDAC cells, marked by the loss of epithelial markers, higher EMT scores, and
enhanced cell migration. In contrast, HDAC inhibitors had minimal effects on the

reprogramming of both subtypes.

Conclusion: The study highlights a crucial role of epigenetic regulation in PDAC
subtypes and driving EMT characteristics, particularly through the RhoA-GTPase/ROCK
pathway, which significantly influences EMT and cytoskeletal dynamics in basal-like

PDAC cell lines. The distinct and heterogeneous cellular responses to HAT and HDAC
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inhibitors between the two subtypes further emphasize the need for subtype-specific
epigenetic therapies. Targeting epigenetic modifications could provide a strategic

approach to mitigating tumor aggressiveness.
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1. Introduction

1.1 Epidemiology, diagnosis and treatment status of pancreatic
ductal adenocarcinoma
Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic
cancer, contributing to 90% of all pancreatic cancer diagnoses. Tumor formation occurs
predominantly in the head of the pancreas [1]. Smoking, drinking, obesity, chronic
pancreatitis, and hereditary syndromes are recognized as risk factors for PDAC [2].
Despite PDAC accounts only for 3.3% of all new cancer cases in the United States, its
incidence rate is increasing by approximately 0.9% per year. Moreover, it has a poor five-
year survival rate of only 13% [3]. According to the report by the National Cancer Institute
(NCI), PDAC is currently the third most prevalent cause of cancer-related mortality in the
United States. It is anticipated to rise to the second position in the upcoming years [3].
The situation in Europe presents a similarly dismal perspective. Although the annual
incidence rate of PDAC remains consistent at 6.85 per 100,000 individuals [4], PDAC is
currently the fourth leading cause of cancer-related deaths in Europe, with projections
indicating it will become the second leading cause of cancer-related deaths within the

next four years [5].

Early detection of PDAC, appropriate selection of surgical candidates, and
improvements in patient prognosis are key to increasing PDAC survival rates. However,
several factors contribute to the challenge of early PDAC detection, including nonspecific
symptoms, the absence of effective diagnostic biomarkers, and the high cost of imaging
examinations. Non-invasive serological testing is considered an ideal method for the
early diagnosis of tumors. Currently, CA19-9 (Carbohydrate antigen 19-9) is the most
valuable serological biomarker for PDAC and used for monitoring treatment efficacy and
detecting recurrence. Unfortunately, its specificity is limited as it can also be elevated in
various gastrointestinal tumors and benign gastrointestinal conditions, such as
obstructive jaundice, making it unsuitable for screening for PDAC [6]. Additionally, CA19-
9 demonstrates moderate sensitivity and specificity for monitoring PDAC recurrence
post-surgery, with efficiencies of 79% and 82%, respectively [7]. Moreover, markers such
as circulating tumor cells (CTCs), cell-free tumor DNA (ctDNA), microRNAs (miRNAs),
and exosomes are being investigated in experimental and clinical studies. Nonetheless,
these markers currently exhibit a specificity of less than 70%, and their low
concentrations in the blood, coupled with the lack of effective enrichment methods,
render them inadequate for PDAC diagnosis at present [8]. Early identification of PDAC

predominantly relies on imaging diagnostics. Techniques such as Magnetic Resonance
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Imaging (MRI), Ultrasonography (US), Computed Tomography (CT), and Positron
Emission Tomography (PET) provide the highest sensitivity and specificity for PDAC
screening [9]. While imaging diagnostics are beneficial for high-risk populations, such as
those with hereditary PDAC, their application is not feasible for the general population

due to the relatively low incidence of PDAC.

Only 20% of PDAC patients are considered appropriate for surgery at initial diagnosis,
and 80% of these patients experience relapse and metastasis post-surgery, contributing
to the high mortality rate associated with PDAC [10]. Distant metastases and vascular
invasion are major challenges in the surgical resection of PDAC. Additionally, its
anatomical proximity to major vascular systems like the portal vein, superior mesenteric
vein and artery, and common hepatic artery complicates surgical resection due to
extensive vascular involvement and the risk of vascular occlusion [11]. Therefore,
imaging can assist in the proper selection of surgical candidates. Endoscopic ultrasound-
guided fine-needle biopsy (EUS-FNB) is optimal for diagnosing small tumors, especially
those smaller than 3 cm [12]. Multi-detector row computed tomography (MDCT) is
excellent for evaluating vascular involvement [13]. PET scans are effective in assessing
tumor metastasis [14], and magnetic resonance cholangiopancreatography (MRCP)
efficiently identifies tumors in the pancreatic head, where duct dilation and obstruction
indicate pancreatic or ampullary cancer [15]. The Clinical Practice Guidelines for PDAC
indicate that neoadjuvant chemotherapy can reduce tumor stage and increase the
chances of surgical success [16]. However, there is controversy regarding its impact on

patient prognosis.

Chemotherapy is the primary option for unresectable locally advanced or metastatic
PDAC. The main chemotherapy strategies for advanced PDAC patients in clinical
practice depend among other factors on the patient's Eastern Cooperative Oncology
Group (ECOG) performance status (PS) score. Patients with scores of 0 or 1 are eligible
to receive intensive treatments such as FOLFIRINOX (a combination of 5-FU, leucovorin,
irinotecan, and oxaliplatin) and GN (a combination of gemcitabine and albumin
nanoparticle conjugate of paclitaxel). Patients with an ECOG PS score of 2, who are not
suitable for more toxic chemotherapy strategies, are treated with gemcitabine alone [17].
According to the NCI report, the median overall survival (OS) for locally advanced and
metastatic PDAC was around 6.7 months with gemcitabine treatment, 11.1 months with
FOLFIRINOX treatment, and 8.5 months with GN treatment [18]. Although Gemcitabine

(2',2'-difluorodeoxycytidine) is the predominant chemotherapy regimen utilized for
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treating PDAC, the resistance to gemcitabine remains a significant challenge in PDAC
treatment as compared to other chemotherapeutic agents.

In addition, combining first-line therapy with targeted therapy for PDAC can enhance
prognosis. Patients with mutations in BRCA1/2 (BRCA1/2 DNA repair associated) and
PALB2 (partner and localizer of BRCA2) genes demonstrate a greater positive reaction
to platinum-containing treatment [19]. Patients who have gene fusions involving NTRK1-
3 (neurotrophic receptor tyrosine kinase 1-3) or ROS1 (ROS proto-oncogene 1, receptor
tyrosine kinase) have been found to respond to specific inhibitors that target TRK and
ROS1, such as larotrectinib and entrectinib [20]. Furthermore, patients who have a
deficiency in DNA mismatch repair (DMR) and have high levels of microsatellite
instability (MSI-H) exhibit a favorable response to the immune checkpoint inhibitor
Pembrolizumab [21]. However, the proportion of PDAC patients who benefit from these
approaches are still limited. The mutation rate is around 1.5% for BRCA1/2 and 0.54%
for PALB2 [22]. Similarly, NTRK7-3 and ROS71 fusions occurs in less than 1% of
advanced PDAC cases [23]. DMR and MSI was identified in 1-2% of resectable PDAC
patients [24]. In general, early diagnostic markers of PDAC are not existing, and the
efficacy of chemotherapy drugs and targeted therapies for advanced PDAC is still too
low. Therefore, there is an urgent need for improvements in diagnosis and more effective

treatment strategies.

1.2 Molecular subtypes of pancreatic ductal adenocarcinoma

Tumor heterogeneity, including variations in tumor cells and the tumor microenvironment,
presents a significant challenge in chemotherapy for solid tumors. Molecular
classification, which is based on genomic, epigenomic, transcriptomic, proteomic, and
metabolic profiling, is essential for discerning tumor characteristics, optimizing
chemotherapy strategies, stratifying patient risk, and directing clinical management.
Initially, the transcriptomic classification was based on microarray technology, the advent
of high-throughput transcriptomics has since fostered a more comprehensive and
precise understanding of tumor tissue composition through molecular subtypes.
Collisson et al. were the first to describe transcriptome subtypes in PDAC [25]. They
conducted a comprehensive transcriptomic analysis of human primary resected PDAC
tissues by using mRNA-arrays that revealed three distinct subtypes of PDAC: classical
subtype with increased expression of adhesion and epithelial-related genes; quasi-
mesenchymal (QM-PDA) subtype showing increased expression of mesenchymal
genes; and exocrine-like subtype with high expression of tumor cell-derived genes
encoding for digestive enzymes. Furthermore, the endodermal lineage-specific

transcription factor GATA6 (GATA binding protein 6) was shown to be related with the
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classical subtype, as confirmed in human PDAC cell lines and mouse models [25]. Moffitt
et al. then used an optimized transcriptional profiling analysis method and Non-negative
Matrix Factorization (NMF) to virtually microdissect bulk tumor tissue into tumor cells and
stroma compartments [26]. Transcriptional profiling from microarray data of primary and
metastatic PDAC samples, PDAC cell lines and normal adjacent pancreas from distant
site were assessed. They verified their finding by performing RNA sequencing on primary
PDAC, PDAC patient-derived xenografts (PDX), cell lines and cancer-associated
fibroblast (CAF) cell lines derived from PDAC patients. The authors performed a NMF
analysis of the complex tumor tissue, categorizing the bulk tumor tissues into normal,
tumor, and stroma types, and classified tumor types into a classical subtype, similar to
the classical subtype defined by Collison et al. and a basal-like subtype, which mainly
expresses genes like laminin and keratin. Furthermore, the stroma type was also divided
into two stromal subtypes: normal stromal subtype, characterized by high expression
of ACTAZ2 (actin alpha 2, smooth muscle), VIM (vimentin), and DES (desmin), and the
activated stromal subtype, characterized by expression of genes associated with
macrophages [26]. Bailey et al. analyzed RNA-seq data from bulk tumor tissue with
epithelial content over 40% and identified four distinct PDAC subtypes: squamous,
pancreatic progenitor, aberrantly differentiated endocrine-exocrine (ADEX), and
immunogenic [27]. The squamous subtype exhibited the expression of ANp63, an
isoform of p63 characteristic of squamous epithelia, and decreased expression of
pancreatic development-related genes. The pancreatic progenitor subtype exhibited
elevated expression of early pancreatic development genes, such as FOXA2/3 (forkhead
box A2/3), PDX1 (pancreatic and duodenal homeobox 1), and MNX7 (motor neuron and
pancreas homeobox 1). Additionally, the ADEX subtype was identified by two
upregulated gene networks, associated with transcription factors of acinar cell
differentiation, such as NR5A2 (nuclear receptor subfamily 5 group A member 2),
BHLHA15A (basic helix-loop-helix family member a15) and RBPJL (recombination signal
binding protein for immunoglobulin kappa J region like), and another network related to
endocrine differentiation, including INS (insulin), NEUROD1 (neuronal differentiation 1),
NKX2-2 (NK2 homeobox 2) and MAFA (MAF bZIP transcription factor A) gene
expression. The immunogenic subtype was linked to the presence of substantial immune
infiltration [27]. Puleo et al. examined the transcriptome of PDAC samples from formalin-
fixed paraffin-embedded (FFPE) blocks [28]. They identified also a classical and basal-
like subtype in samples with high-tumor cellularity. In the classical subtype, genes such
as HNF4A (hepatocyte nuclear factor 4 alpha), TFF1 (trefoil factor 1), and GATA6 were
highly expressed. In contrast, the basal-like subtype showed enhanced gene expression
for ST00A2 (S100 calcium binding protein A2) and EGFR (epidermal growth factor
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receptor). Furthermore, tumor tissue samples with a low tumor cellularity were
categorized into five subtypes based on transcriptome data: pure classical, immune
classical, desmoplastic, stroma activated, and pure basal-like. The first two
subtypes demonstrated classical/progenitor characteristics, for which the pure classical
was identified with a low stromal signal, whereas the immune classical subtype was
associated with increased immune infiltrates. The remaining three subtypes exhibited
basal-like/stromal features. The desmoplastic subtype was characterized by its elevated
expression of structural and vascularized stroma components. The stroma activated
subtype was defined by its high expression of ACTA2, SPARC (secreted protein acidic
and cysteine rich), and FAP (fibroblast activation protein alpha). Lastly, the pure basal-
like subtype displayed a low stromal signal [28]. Additionally, Dijk et al. grouped 90 PDAC
tissue samples into four subtypes based again on transcriptome data and according to
their biological characteristics: secretory, epithelial, compound pancreatic, and
mesenchymal [29]. The secretory subtype featured both endocrine and exocrine
functions, the epithelial subtype was identified by MYC signaling, the mesenchymal
subtype was rich in genes associated with EMT and TGF-3 signaling, and the compound
pancreatic subtype combined features of the mesenchymal and endocrine subtypes [29].
Another study by Chan-Seng-Yue et al. included advanced PDAC tissue samples for the
first time [30]. They performed laser capture microdissection (LCM) to enrich tumor cells.
Subsequently, bulk RNA-seq was performed and tumor samples were categorized into
five subtypes based on gene expression: basal-like A, basal-like B, classical A,
classical B, and hybrid. Among them, the basal-like A subtype showed high expression
of squamous differentiation-related genes, such as KRT5 (keratin 5), KRT6A (keratin
6A), KRT6B (keratin 6B), and KRT14 (keratin 14). The basal-like B subtype showed the
expression of callogenesis-related genes, such as FOXJ1 (forkhead box J1), CST6
(cystatin E/M), DRC1 (dynein regulatory complex subunit 1), CFAP54 (cilia and flagella
associated protein 54), and ZBBX (zinc finger B-box domain containing). The classical
A and classical B subtype were two distinct transcriptional signatures within the previous
‘classical’ signature defined by Moffitt et al.; the hybrids subtype had no significantly
associated genes with the classical or basal-like subtype. Interestingly, their scRNA-seq
data generated from freshly resected tumor tissue samples and from biopsies of
advanced tumor samples revealed an intratumoral coexistence of basal-like and
classical tumor signatures [30]. In order to address a classification bias caused by the
complex composition of PDAC tissues, Hayashi et al. utilized multi-site sampling within
tumor tissues for RNA-seq analysis and compared the findings with histological staining
[31]. The results suggested that histologically squamous regions correlated with the

basal-like subtype identified through transcriptomic analysis [31]. To better understand
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tumor cell heterogeneity of PDAC, Juiz et al. performed scRNA-seq analysis on 20
patient-derived organoids (PDOs). Although they selected six PDOs with the most
pronounced classical and the least basal-like features for their transcriptome analysis,
their analysis revealed substantial heterogeneity within purely classical PDOs, which

contained a high proportion of basal-like cells [32].

Molecular subtypes of PDAC have a major impact on patient prognosis. Patients with
the classical subtype generally experience better post-surgery outcomes than those with
the QM-PDA subtype as shown by Collisson et al. [25]. Similarly, the study by Moffitt et
al. confirmed that the basal-like subtype is associated with poorer prognoses [26].
Additionally, the data from Puleo et al. demonstrated that patients with well-differentiated
tumors of the pure classical subtype had a median survival of 43 months and a favorable
prognosis. In contrast, patients with a poorly differentiated, pure basal-like subtype had
a median survival of only 10 months [28]. The study by Dijk et al. revealed similar results
showing that the secretory tumor subtype had a more favorable prognosis compared to

the mesenchymal subtype [29].

Several studies have used transcriptomic data to categorize previously established
human PDAC cell lines based on the aforementioned molecular subtype classification.
For instance, in the study conducted by Dijk et. al., the PDAC cell lines Hs 766T, T3M-4,
PANC-1, and PSN-1 were categorized as mesenchymal, while HPAF-II, BxPC-3, AsPC-
1, Capan-2, and Capan-1 were classified as non-mesenchymal [29]. The mesenchymal
subtype is highly associated with the expression of the mesenchymal marker gene VIM
(vimentin) and the invasive growth marker gene CXCR4 (C-X-C motif chemokine
receptor 4). In contrast, non-mesenchymal or classical cell lines exhibited a high gene
expression of CDH1 (cadherin 1), EPCAM (epithelial cell adhesion molecule) and
ERBBS3 (erb-b2 receptor tyrosine kinase 3) [29]. In addition, Diaferia et al. conducted
RNA-seq analysis on nine established human PDAC cell lines and classified them into
two categories. CFPAC-1, Capan-2, HPAF-Il and Capan-1 were classified as low-grade
PDAC cell lines that exhibit the classical PDAC signature. BxPC-3, AsPC-1, PANC-1,
MiaPaCa-2 and PT45-P1 were classified as high-grade PDAC cell lines which showed

mesenchymal morphology and expressed mesenchymal genes [33].

Overall, these studies indicate that PDAC tumor cells can be primarily classified into
classical and basal-like subtypes. The classical subtype displays an epithelial phenotype,
whereas the basal-like subtype shows a mesenchymal phenotype and is closely linked
to an EMT program. In recent years, the methodical analysis for studying molecular
subtypes of PDAC has been continuously broadened, including nowadays also scRNA-
seq, to precisely identify tumor cells and differentiate them from the tumor

microenvironment for correct classification of molecular tumor cell subtypes. In addition,
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established PDAC cell lines as simplified models have been categorized into classical
and basal-like subtypes. This model aids in our comprehension of the distinctions and
transition between classical and basal-like PDAC, as well as their response to

chemotherapeutic drugs.

1.3 Histone acetylation in pancreatic ductal adenocarcinoma

1.3.1 Histone acetylation

In eukaryotic organisms, chromatin is organized in nucleosomes, each consisting of 146
bp of DNA wrapped 1.6 times around an octamer of core histones (H2A, H2B, H3, H4).
There are two main kinds of chromatin found in the nucleus. Heterochromatin is a dense
form of chromatin characterized by the wrapping around histones and a closed chromatin
structure. This compact structure conserves storage space and prevents the binding of
transcription complexes to DNA, therefore functioning as a repression system for gene
expression. Euchromatin, in contrast, exhibits a loose structure and is commonly seen
in regions associated with active gene transcription. Histone post-translational
modification (PTMs) mainly appear on the N-terminal tails of core histones and influence
higher-order chromatin structure. Histone PTMs are regulated by two types of histone-
modifying enzymes: "writers," which add modifications, and "erasers," which remove the
modifications. Another group of proteins, which are called "readers" recognize histone
modification [34]. Eight types of histone PTMs have been identified: methylation,
acetylation, phosphorylation, ubiquitylation, SUMOylating, ADP ribosylation,

deamination, and proline isomerization [35].

Histone acetylation is the most extensively studied histone PTM and is a key modification
of transcriptional activation that occurs predominantly at enhancers, promoters, and 5'
coding regions of genes [36]. Histone acetylation primarily counterbalance the positive
charges on lysine residues, influencing the interactions between nucleosomes and DNA
binding. It facilitates the conversion of heterochromatin to euchromatin and opens the
DNA for transcription factor binding [37]. For example, H3K9ac and H3K14ac play a
crucial role in attracting the transcription factor TFIID (Transcription factor Il D) to the
promoter of IFNB1 (interferon beta 1) gene in HelLa cells [38]. In addition to directly
impacting chromatin structure, histone acetylation can also influence transcription by
recruiting proteins, that contain bromodomains (BRDs), which are “readers” and directly

bind to histone acetylation modifications [39].

H3K27ac is widely recognized as a marker of active enhancers and promoters. Several

studies have investigated the acetylation of lysine 27 on histone H3 across the entire
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genome in PDAC and its effect on gene expression, thereby influencing tumor
development and progression. One study conducted a comprehensive genome-wide
assessment of H3K27ac profiles in PDAC cell lines, S2-007 and MiaPaCa-2, revealing
significantly increased acetylation at enhancer regions of oncogenes such as SOX2
(SRY-box transcription factor 2), FOXO1 (forkhead box O1), and CDX2 (caudal type
homeobox 2), which was associated with elevated transcription levels [40]. Furthermore,
the study of Diaferia et al. classified nine previously established PDAC cell lines into low-
grade and high-grade tumor cell lines, which correspond to classical and basal-like
subtypes, respectively, based on transcriptome data [33]. The parallel analysis of
H3K27ac profiles in these cell lines revealed that low-grade and high-grade PDAC cell
lines clustered separately. In low-grade cell lines, H3K27ac was found at the enhancer
regions of genes with epithelial identity, such as KLF5 (KLF transcription factor 5) and
PBX1 (PBX homeobox 1). In contrast, the high-grade PDAC cell lines revealed a loss
of their epithelial characteristics, which was linked to a reduction of H3K27ac at
enhancers of epithelial genes [33]. McDonald et al. performed immunoblot analysis on
PDAC cells collected from peritoneal subclones and from liver and lung metastatic
subclones from the same patient. The result showed increased acetylation at the H3K27
site in distant metastatic subclones compared to peritoneal [41]. The acetylation status
of histone lysine residues is tightly controlled by the balance of two counteracting
enzymes, which are histone acetyltransferases (HATs) as histone acetylation “writers”
and histone deacetylases (HDACs) as histone acetylation “erasers”. Therefore, an
imbalance between HATs and HDACs can lead to abnormal gene expression,

contributing to tumor development and progression.

1.3.2 Histone acetyltransferases

Based on cellular localization, HATs are categorized into type A, mainly localized in the
nucleus, and type B, found in the cytoplasm. Type A HATs have two conserved domains:
a BRD that binds at histone acetylation sites, and a catalytic domain that facilitates the
transfer of acetyl groups. In contrast, type B HATs lack BRDs and modify newly
synthesized histones in the cytoplasm [42]. In addition, HATs can be classified into three
families: the p300/CREB-binding protein (p300/CBP), the MYST family (Moz, Ybf2, Sas2,
Tip60), and the GCN5-related N-acetyltransferase (GNAT) family, based on sequences
homologies to yeast [43]. The HATs of the p300/CBP family function as transcriptional
co-activators and are closely associated with tumorigenesis. The enzymes prefer the
acetylation of lysine residues K18/27 on histone H3 (H3K18ac or H3K27ac) located at
enhancer and promoter regions [44]. However, reports on the role of p300/CBP family

members in tumors are context and tumor type dependent. Some studies suggest that
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the HAT CREBBP (CREB binding protein) acts as a tumor suppressor, due to its
absence in around 10-15% of small cell and non-small cell lung cancer cells [45].
Moreover, inactivating mutations of the HAT EP300 (E1A binding protein p300) were
identified to promote tumor development of bladder cancer [46, 47]. In contrast, other
research studies indicate that p300/CBP can induce tumor progression. In hepatocellular
carcinoma (HCC), high expression of EP300 is associated with elevated levels of the
clinical biomarker serum alpha-fetoprotein (AFP) and a poor prognosis for HCC patients
[48]. In addition, a strong correlation between EP300 expression and the prostate cancer
biomarker androgen receptor (AR) expression was identified, noting that high expression

of EP300 is associated with resistance to androgen deprivation therapy (ADT) [49].

The role of HATs in PDAC is not clearly defined. A study indicated elevated expression
of EP300 in most human PDAC tissues [50], while PDAC cell lines with a high propensity
for metastasis showed reduced expression of EP300 [51]. Another study demonstrated
that the loss of p300 resulted in decreased expression of GATA6, impairing cell
differentiation and leading to a transition from a classical to a basal-like/squamous
subtype in PDAC [52]. Additionally, treatment of PDAC cell line PANC-1 with histone
acetyltransferases inhibitor (HATI) significantly reduced the H3K27ac enrichment on
genes associated with adherents junctions [53]. Although HATs have the potential to be
a target for tumor therapy, the progress in developing HATi is significantly behind that of
histone deacetylase inhibitors (HDACI). The U.S. Food and Drug Administration (FDA)
has approved five HDACI, but no HATi [54]. Due to the fact that the complex members
p300 and CBP exhibit significant sequence similarities in their BRD and catalytic domain,
it is necessary to target both domains in the proteins. Some HATi are available, such as
the BRD inhibitors CCS1477 (inobrodib) and ICG-001, as well as catalytic inhibitors such
as A485, DS-9300, and CPI-1612. However, only HATi ICG-001 has been tested in
advanced PDAC as a phase 1 clinical trial (NCT01764477) as second-line therapy
following FOLFIRINOX or FOLFOX chemotherapy, but it has shown limited efficacy [55].

1.3.3 Histone deacetylases

So far, 18 human HDACs have been identified, which are divided into four classes (I-1V).
Class | is homologous to yeast Rpd3 and includes HDAC 1, 2, 3, and 8. Class Il is
homologous to yeast Hda1 and is divided into type lla and type IIlb HDACs, which
contains HDAC (4, 5, 7 and 9) and HDAC10, respectively. Class Ill is homologous to
yeast Sir2 and consists of SIRT 1, 2, 3, 4, 5, 6 and 7. Lastly, class IV consists of HDAC11,
which shares structural similarities with class | and Il, but its function remains unclear
[56]. Class I, Il, and IV HDACs utilize zinc as a cofactor for enzymatic activity [57],
whereas class Ill HDACs depend on NAD+ for their activity [58]. Class | and IV HDACs
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are located only in the cell nucleus, while class IIb HDACs are in the cytoplasm. Class
Ila HDACs possess a nuclear export signal (NES) and a nuclear import signal (NLS) and
shuttle between the nucleus and cytoplasm. Class Ill HDACs are located in the nucleus
and cytoplasm [59]. HDACs are commonly overexpressed in various tumor tissues [60].
The nuclear histone deacetylases HDAC1 and HDAC2 are crucial in regulating cell
proliferation and the cell cycle [61, 62]. They also influence stem cell development and
differentiation [63], and therefore participating in tumor development [64, 65]. Additionally,
they promote an EMT phenotype of tumor cells and thereby accelerating tumor invasion
and metastasis formation [66-68]. While HDAC1 and HDAC2 have the ability to function
independently as free histone deacetylases, they can also serve as core components of
large transcriptional repression complexes that regulate histone acetylation during

tumorigenesis [69-72].

HDAC1/2 are regarded as oncogenes in PDAC. For example, the study of Lehmann et
al. found elevated HDAC2 expression in undifferentiated PDAC samples [73]. Also, other
studies identified HDAC2 as a crucial factor for maintaining gene expression that is
associated with undifferentiated PDAC and for activating the expression of TGF-
pathway genes [66]. Different approaches have investigated the consequences of
HDAC?2 depletion in human PDAC cell lines and in PDAC mouse models. Thus, a genetic
deletion of Hdac2 in a pancreatic cancer mouse model not only inhibits basal-like tumor
cell clone formation, but also reduces the tumor metastasis rate by 50% [66]. Moreover,
loss of HDAC2 expression resulted in an enhanced sensitivity to the chemotherapy drug
etoposide in PDAC cell lines MIAPaCa2 and PANC-1 [74]. Similarly, a reduction of
HDAC2 expression in MIAPaCa2 cells increased sensitivity to tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL), activating tumor cell apoptosis [75]. Currently,
more than 40 varieties of HDAC inhibitors have been developed and entered clinical
trials [76]. Five of them including Vorinostat (SAHA), Belinostat (Beleodaq/PXD101),
Panobinostat (LBH-589), Romidepsin (Depsipeptide/FK228) have been approved by the
FDA [54]. However, clinical trials for HDACI, such as Entinostat (NCT00020579),
Vorinostat (NCT00948688), Romidepsin (NCT00379639, NCT04257448), 4-
phenylbutyrate (4-PB) and Valproic acid (VPA) for patients with PDAC are still in phase
I/l [77]. More research on the role of HDACs and their mechanism in PDAC is needed to
elucidate its potential as a therapeutic target and to optimize HDAC treatment strategies
for PDAC.
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1.4 Epithelial to mesenchymal transition in pancreatic ductal
adenocarcinoma

PDAC is characterized by high invasiveness and early metastases, resulting in severe
tumor aggressiveness and devastating overall survival rates for PDAC patients. PDAC
consists of up to 80-85% stroma and the unique tumor microenvironment is believed to
drive tumor invasiveness and early metastasis formation. The extensive extracellular
matrix (ECM) in the tumor stroma functions in early carcinogenesis as a barrier that limits
intake of oxygen and nutrients by PDAC cells, compelling cancer cells to undergo EMT

to find more suitable growth conditions [78].

The EMT program is not a unique characteristic of tumor cells. Type | EMT is known as
a key program in embryonic morphogenesis, and type || EMT participates in the
inflammatory response to assist in wound healing and tissue regeneration [79]. Tumor
cells hijack the normal EMT program, initiating the transformation from tightly packed
epithelial structures to loosely organized, spindle-shaped mesenchymal forms and
acquire mesenchymal characteristics, a process regarded as type Ill EMT [80]. After
tumor cells evade and metastasize, they may revert to their epithelial phenotypes via the
mesenchymal-to-epithelial transition (MET) program, thereby supporting the continued

growth of metastatic tumors [81].

The mechanism behind type Ill EMT remains uncertain. Existing evidence indicates that
the cause of this complex procedure may be attributed to gene mutations, epigenetic
modifications, aberrant intracellular signal transduction, or responses to abnormal
extracellular signals [82-84]. During this process, transcription factors (TFs) related to
EMT (EMT-TFs) are activated in response to signaling pathways, leading to the
downregulation of epithelial marker genes, including CDH1 (which encodes the protein
E-cadherin) and EPCAM, and the upregulation of mesenchymal marker genes, such as
VIM and CDHZ2 (which encodes the protein N-cadherin) [85-87]. Ultimately, the
cytoskeleton is rearranged, resulting in epithelial cells acquiring a mesenchymal
character [88].

EMT-TFs and EMT-related signaling pathways are two key players in the tumor-related
EMT process. Specifically, several EMT-TFs have been identified, including the Zinc
finger E-box binding homeobox (ZEB) family's ZEB1 and ZEB2, the Zinc finger protein
family's SNAI1 (known as SNAIL) and SNAI2 (known as SLUG), and the basic helix-
loop-helix transcription factor family's TWIST1 and TWIST2 [89, 90]. Additionally,
several signaling pathways play a role in regulating the expression of EMT-TFs, such as
SMAD-dependent canonical TGF-B signaling and SMAD-independent non-canonical
TGF-B signaling, WNT signaling, JAK/STAT signaling and Notch signaling [88, 91-94].
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An activation of these pathways during cancer development results in an EMT phenotype

of the tumor cells promoting tumor progression and aggressiveness.

1.5 Rho-GTPase family in pancreatic ductal adenocarcinoma

Small guanine triphosphatases (GTPases) and their downstream signals are crucial in
regulating actin cytoskeleton dynamics and play significant roles in EMT in tumor
progression. Rho-GTPases are key regulators of the filamentous actin (F-actin)
cytoskeleton system, and are involved in microtubule organization, cell-cell adhesion,
and epithelial morphogenesis [95-98]. Different members of the Rho-GTPase family
influence the subcellular localization of actin filaments, orchestrating the formation of
actin filament subcompartments, such as lamellipodia, filopodia, and stress fibers.
Lamellipodia and filopodia consist of branched actin filaments, whereas stress fibers are

composed of linear actin filaments [99].

1.5.1 Subgroups and regulators of Rho-GTPase

The mammalian Rho-GTPase family consists of 20 members, categorized into seven
subgroups based on similarities in amino acid sequence. Rac, Cdc42, and Rho
subgroups are considered typical Rho-GTPases with a GDP-/GTP-binding domain,
whereas the Rnd, RhoD, RhoH and RhoBTB subgroups are classified as atypical Rho-
GTPases [100] (Figure 1.1).

Typical Rho-GTPases:

* Rho subgroup (RhoA, RhoB, and RhoC)

* Rac subgroup (Rac1, Rac2, Rac3, and RhoG)

* Cdc42 subgroup (Cdc42, RhoQ, RhoJ, RhoV, RhoU)
Atypical Rho-GTPases:

* Rnd subgroup (Rnd1, Rnd2, Rnd3)

* RhoD subgroup (RhoD and RhoF)

«  RhoH

- RhoBTB subgroup (RhoBTB1, RhoBTB2)
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Typical Rho-GTPase Atypical Rho-GTPase
Rho Rac Cdc42 ( Rnd ) (RhoD) (RhoH) @hoBTB)
Cdca2 RhoQ
RhoA RhoB Rac1 Rac2 Rnd1 Rnd2 RhoBTB1
RhoD RhoF RhoH
RhoC Rac3 RhoG RhoJ RhoU Rnd3 RhoBTB2

RhoV

Figure 1.1: Overview of the mammalian Rho-GTPase family. The Rho-GTPase family
comprises 20 members, categorized into seven subgroups. These subgroups are
divided into typical and atypical GTPases based on the presence of a GDP-/GTP-binding
domain.

Typical Rho-GTPases switch between an active GTP- and inactive GDP-bound form,
which are named Rho-GTP and Rho-GDP, respectively. This switch is regulated by three
major classes of proteins: guanine-nucleotide exchange factors (GEFs), which facilitate
GDP replacement by GTP to activate Rho-GTPases [101]; GTPase-activating proteins
(GAPs), which enhance intrinsic GTPase activity and hydrolyze GTP to GDP to inactivate
Rho-GTPases [102]; and guanine-nucleotide dissociation inhibitors (GDIs) that bind
Rho-GTPase in its inactive Rho-GDP form to prevent GEF-mediated activation of Rho
(Figure 1.2) [103].

GAPs _/®

(active) (inactive) \
GEFs G DP

( eus J ( ks ) (Rho GDP-dissociation inhibitor )

Figure 1.2: Schematic diagram of the Rho-GTPase cycle. Rho-GTPase alternates
between active Rho-GTP and inactive Rho-GDP forms, catalyzed by three protein
classes. GEFs (guanine-nucleotide exchange factors) activate Rho-GTPase by
replacing GDP with GTP. GAPs (GTPase-activating proteins) accelerate GTP
hydrolysis, converting it back to the inactive Rho-GDP form. GDIs (guanine-nucleotide
dissociation inhibitors) inhibit the activation of Rho-GDPs through binding whereby they
block GEF-mediated activation and preserve the inactive state.
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1.5.2 Typical Rho-GTPases

RhoA promotes the formation of linear filaments through two effectors Rho kinase
(ROCK) and mammalian Diaphanous-related formin (mDia). ROCK1 and ROCK2, which
have a 65% sequence homology, act as the main downstream effectors of RhoA. The
ROCK structure comprises multiple different domains, including an N-terminal kinase
domain, a coiled-coil domain in the center, and a C-terminal region that contains both
the Rho-binding domain (RBD) and a Pleckstrin homology (PH) domain [104-106]. The
kinase activity of ROCK is inhibited by the PH domain. When RhoA-GTP binds to the
RBD of ROCK, this interaction relieves the auto-inhibition imposed by the PH domain,
thereby activating the kinase ROCK [106-108]. Alternatively, ROCK activation can occur
through C-terminal cleavage. Specifically, ROCK1 is cleaved by Caspase-3, and ROCK2
by Granzyme B, which allows for activation independent of RhoA (Figure 1.3) [109, 110].

ROCK1 — — —_ e —
Kinase domain coiled-coil domain T RBD PH

Caspase-3

l i

ROCK2 —1 -
Kinase domain coiled-coil domain T RBD PH
cleaved ROCK — — —
Kinase domain coiled-coil domain

Figure 1.3: Structure of the RhoA effector ROCK. ROCK consists of an N-terminal
kinase domain, a central coiled-coil domain, and a C-terminal region comprising an RBD
(Rho-binding domain) domain that interacts with activated RhoA-GTPase, and a PH
(Pleckstrin homology) domain that auto-inhibits kinase activity. Cleaved ROCK retains
the N-terminal kinase domain and the central coiled-coil domain. Specifically, ROCK1 is
cleaved by Caspase-3, and ROCK2 is cleaved by Granzyme B.

Activated ROCK enhances the formation and stability of linear stress fibers by inhibiting
the actin depolymerizing factor, Cofilin. Another important effector of RhoA is mDia,
which assembles actin and accelerates the extension of actin filaments. In contrast, Rac
and Cdc42 primarily drive the formation of branched actin filaments. Insulin receptor
tyrosine kinase substrate p53 (IRSp53) is an effector of Rac and Cdc42 that can activate
the actin-related protein 2/3 (Arp2/3) complex, promoting actin branching formation [111,
112]. The WASP-family verprolin-homologous protein (WAVE) functions as a Rac
effector. It is directly regulated by Rac and also acts downstream of IRSp53 to enhance

the activity of the Arp2/3 complex, leading to the formation of lamellipodia [111, 113].
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Wiskott-Aldrich syndrome protein (WASP) and myotonic dystrophy kinase-related
Cdc42-binding kinase (MRCK) are specialized effectors of Cdc42. WASP acts through
the Arp2/3 complex, while MRCK phosphorylates membrane-organizing extension spike
protein (Moesin) to facilitate the formation of filopodia [114, 115]. In addition to enhancing
branched filament formation, Rac and Cdc42 can also enhance linear filament formation
by inhibiting Cofilin through the effector P21-activated kinase (PAK) [116] (Figure 1.4).

Typical Rho-GTPase

[\ T e

( mDia ) @ocxuz) W / l (WASPJ (MRCKJ

I e e

Arp2/3 Moesin
Cofilin

LSS N
sty WSS
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(stress fiber) (lamellipodia) (filopodia)

Figure 1.4: Effectors of the typical Rho-GTPase. Typical Rho GTPases (Rho, Rac, and
Cdc42) regulate the organization of actin filaments into linear or branched structures. Rho
activates mDia and ROCK1/2 to form linear actin filaments (stress fibers) and inhibits Cofilin to
stabilize these filaments. Rac activates WAVE and IRSp53 to promote Arp2/3-mediated branched
filaments (lamellipodia) and activates PAK to inhibit Cofilin to stabilize linear actin filaments.
Cdc42 activates IRSp53 and WASP to promote Arp2/3-mediated branched filaments (filopodia)
and phosphorylates MRCK to form filopodia via Moesin.

Typical Rho-GTPases are crucial factors in tumor progression as they participate
throughout the entire EMT process. Rho-GTP activation plays a pivotal role in promoting
actin-myosin contraction, which leads to the formation of stress fibers and focal
adhesions. These structures provide the necessary force and attachment points for cells
to change shape and migrate, thus facilitating EMT process [117]. In PDAC cell lines
PANC-1 and Panc 02.03, inhibiting RhoA can reduce the formation of stress fibers [118].
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In PANC1 cells, a high expression of EIF5A (eukaryotic translation initiation factor 5A)
activates RhoA/ROCK signaling, which drives metastasis formation [119]. On the other
hand, Rac-GTP is essential for maintaining cell-cell adhesion. A deficiency in Rac-GTP
reduces cell-cell adhesion at the initial stage of tumor metastatic spreading. This
reduction destabilizes cell-cell junctions and makes it easier for the tumor cells to detach
from the primary tumor. Hence it was shown that Rac1B maintains cell-cell adhesion by
promoting E-cadherin expression and interfering with TGF-B-induced MEK-ERK
signaling to preserve epithelial characteristics and prevent EMT to reduce cell migration
and invasion [120]. In normal epithelial cells, Cdc42-GTP collaborates with E-cadherin
to maintain cell-cell adhesion [121, 122]. However, during EMT, Cdc42-GTP shifts its
role to enhance cell invasiveness by promoting the formation of filopodia, which
facilitates cell migration [123, 124]. In the PANC-1 cell line, Interleukin-6 (IL-6) activates
Cdc42 through the JAK/STAT signaling pathway, enhancing filopodia formation and

promoting cell invasion and metastasis [125].

Overall, Rho-GTPases are crucial factors in tumor progression, participating throughout
the entire EMT process. Understanding their roles and mechanisms offers potential

therapeutic targets for combating PDAC aggressiveness and metastasis formation.
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2. Aim of study

Tumor heterogeneity and EMT are significant contributors to poor chemotherapy
response. Currently, two major molecular subtypes of PDAC, classical and basal-like,
have been identified, which exhibit differences in phenotypic characteristics and
chemotherapy response. Better potential therapeutic regimens for advanced PDAC
patients are urgently needed, particularly for stratified treatment options based on PDAC

subtype classification.

This study aims to identify molecular and epigenetic changes in the transcriptional
signatures and beyond in classical and basal-like PDAC cell lines that are associated
with EMT marker genes and Rho-GTPase/ROCK signaling. An inhibitor for ROCK and
epigenetic drugs for histone acetyltransferases (HAT) and histone deacetylases (HDAC)
are investigated to show tumor subtype specific treatment effects. Deregulating the
cytoskeleton and EMT features, as well as changing the epigenetic landscape of the
tumor cells should reprogram the tumor cells towards a less aggressive phenotype that

might be better targetable (Figure 2.1).

To explore the mechanisms underlying the differential transcriptomic signatures of EMT
and cytoskeleton in classical and basal-like PDAC cell lines, this study plans to first
perform RNA sequencing on seven PDAC cell lines to classify them into classical and
basal subtypes, followed by validation of the identified markers through qPCR. To
confirm the differential expression and cellular localization of Rho-GTPases and the
effector ROCK2 in these cell lines, immunofluorescence, nuclear-cytoplasmic
fractionation, and immunoblot are conducted. To further investigate the role of Rho-
GTPase/ROCK signaling in regulating cytoskeletal morphology and EMT, specifically
whether this pathway is inactive in classical cell lines and active in basal-like cell lines,
the study uses the ROCK inhibitor Y-27632 to evaluate its subtype-specific effects on
stress fiber formation and to explore the potential link between ROCK signaling and
HDAC phosphorylation. Finally, to validate the role of histone acetylation levels and
epigenetic regulation in these processes, the study aims to treat classical and basal-like
cell lines with HAT and HDAC inhibitors on a long-term basis to assess changes in

epigenetic modifications, transcriptomic signatures, and tumor cell phenotypes.

In conclusion, a comprehensive understanding of the molecular mechanisms underlying
the phenotypic plasticity of PDAC cells is aimed to be provided by this study, and
potential therapeutic strategies targeting Rho-GTPase pathways and histone acetylation

for the treatment of different PDAC subtypes are intended to be identified.
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Figure 2.1: Schematic diagram of the study aims.
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3. Material and Methods

3.1

Material

3.1.1 Chemicals and reagents

Table 1 Chemicals and reagents

Reagent

Manufacturer

(D)PBS-Trockensubstanz

Bio&SELL GmbH, Nirnberg, Germany

1,4-Piperazinediethanesulfonic acid
(PIPES)

Sigma-Aldrich, St. Louis, USA

Paraformaldehyde (PFA), 16%

Electron Microscopy Sciences, Hatfield,
Germany

1-bromo-3-chloropropane (BCP)

Sigma-Aldrich, St. Louis, USA

3-(4,5-dimethylthiazol-2-yl) -2,5-
diphenyltetrazolium bromide (MTT)

Sigma-Aldrich, St. Louis, USA

Acrylamide, 30%

Carl Roth GmbH, Karlsruhe, Germany

Paraformaldehyde (PFA), 4%

Morphisto GmbH, Offenbach am Main,
Germany

TriTrack DNA dye, 6x

Thermo Fisher Scientific, Waltham, USA

Agarose SERVA for DNA
Electrophoresis

SERVA, Heidelberg, Germany

Ammonium persulfate (APS)

Sigma-Aldrich, St. Louis, USA

AURION BSA-c™ (10%)

AURION: Lab chemicals

Bovine serum albumin (BSA)

Carl Roth GmbH, Karlsruhe, Germany

Calcium chloride dihydrate (CaCl2 -
2H20)

Roche, Basel, Switzerland

Crystal violet

Sigma-Aldrich, St. Louis, USA

Dimethyl sulfoxid (DMSO)

Sigma-Aldrich, St. Louis, USA

Donkey serum

Sigma-Aldrich, St. Louis, USA

Dulbecco’s phosphate buffered saline
(DPBS)

Sigma-Aldrich, St. Louis, USA

Dulbecco’s Modified Eagle Medium -
high glucose (DMEM)

Sigma-Aldrich, St. Louis, USA
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Ethanol for molecular biology

Sigma-Aldrich, St. Louis, USA

Ethylene glycol bis(B-aminoethylether)
tetraacetic acid (EGTA)

Roche, Basel, Switzerland

Ethylenediaminetetraacetic acid
disodium salt dihydrate (EDTA)

Sigma-Aldrich, St. Louis, USA

FastStart Essential DNA Green Master

Roche, Basel, Switzerland

Fetal Bovine Serum (FBS)

Sigma-Aldrich, St. Louis, USA

Fluoroshield Mounting Medium With
DAPI

Abcam, Cambridge, GB

Formamide

Merck, Darmstadt, Germany

GeneRuler (100 bp)

Thermo Fisher Scientific, Waltham, USA

Glycine

Carl Roth GmbH, Karlsruhe, Germany

Isopropanol

SAYV Liquid Production GmbH, Flintsbach,
Germany

Kalium chloride (KCI)

Roche, Basel, Switzerland

Lithium chlorid (LiCl)

Roche, Basel, Switzerland

Methanol

Merck, Darmstadt, Germany

Micrococcal Nuclease Solution
(MNase)

Thermo Fisher Scientific, Waltham, USA

Milk powder, Blotting-Grade

Carl Roth GmbH, Karlsruhe, Germany

Natrium chlorid (NaCl)

Roche, Basel, Switzerland

Nonident P-40 (NP-40)

Sigma-Aldrich, St. Louis, USA

PageRegular Plus Prestained Protein
Ladder (10 to 180 kDa)

Thermo Fisher Scientific, Waltham, USA

Penicillin — Streptomycin (P/S)

Sigma-Aldrich, St. Louis, USA

Pierce™ Phosphatase Inhibitor Tablets

Thermo Fisher Scientific, Waltham, USA

Pierce™ Protease Inhibitor Tablets

Thermo Fisher Scientific, Waltham, USA

Protein A agarose/salmon sperm DNA

Merck Millipore, Billerica, USA

Proteinase K

Thermo Fisher Scientific, Waltham, USA

Ribonuclease A (RNase A)

QIAGEN, Hilden, Germany

Rnase-ExitusPlus

PanReac AppliChem, Darmstadt,
Germany
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Roswell park memorial institute medium
1640 with L-Glutamine Medium (RPMI)

Capricorn Scientific, Ebsdorfergrund,
Germany

Sodium bicarbonate (NaHCO3)

Sigma-Aldrich, St. Louis, USA

Sodium deoxycholate (DOC)

Sigma-Aldrich, St. Louis, USA

Sodium dodecyl sulfate (SDS) Pellets

Carl Roth GmbH, Karlsruhe, Germany

SYBR™ Safe DNA Gel Stain

Thermo Fisher Scientific, Waltham, USA

Tetramethylethylendiamine (TEMED)

Carl Roth GmbH, Karlsruhe, Germany

TRIS base

Carl Roth GmbH, Karlsruhe, Germany

Triton X- 100

Sigma-Aldrich, St. Louis, USA

TRIzol™ Reagent

Life technologies, Carlsbad, California,
USA

Trypan Blue solution, 0.4%

Sigma-Aldrich, St. Louis, USA

Tween 20

Merck, Darmstadt, Germany

3.1.2 Kits
Table 2 Kits

Kit

Manufacturer

Clarity Western ECL Substrate

Bio-Rad, Herkules, USA

CytoPainter, Phalloidin- iFluor 488
Reagent

Abcam, Cambridge, GB

NE-PER™ Nuclear and Cytoplasmic
Extraction Reagents

Thermo Fisher Scientific, Waltham, USA

Pierce™ BCA Protein Assay Kit

Thermo Fisher Scientific, Waltham, USA

QIAquick PCR purification Kit

QIAGEN, Hilden, Germany

RevertAid First Strand cDNA Synthesis
Kit

Thermo Fisher Scientific, Waltham, USA

RNeasy Plus Mini Kit

QIAGEN, Hilden, Germany
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3.1.3 Drugs
Table 3 Drugs

Drug

Manufacturer

A485 (HAT inhibitor)

Tocris Bioscience, Bristol, UK

Mitomycin C (DNA synthesis inhibitor)

Carl Roth GmbH, Karlsruhe, Germany

acid (SAHA) (HDAC ihibitor)

Vorinostat or suberoylanilide hydroxamic

Sigma-Aldrich, St. Louis, USA

Y-27632 dihydrochloride (ROCK inhibitor)

Tocris Bioscience, Bristol, UK

3.1.4 Antibodies

3.1.4.1 Primary antibodies

Table 4 Primary antibodies, IF: Immunofluorescence, WB: Western blot, ChIP:
Chromatin immunoprecipitation

Primary
Host Application Manufacturer/ Ref
antibody
Cell Signalin
EpCAM Mouse (IF) 1:200 in 5% donkey serum, Technlglog;/ S?Danvers
1% BSA, 0.1% Triton-X/PBS ’ ’
% 7o Triton USA/ #2929
Cell Signalin
) ) ) (IF) 1:200 in 5% donkey serum, g g
Vimentin Rabbit ) Technology, Danvers,
1% BSA, 0.1% Triton-X/PBS
USA/ #5741
(IF) 1:50 in 5% donkey serum,
i Santa Cruz, Dallas,
ROCK2 Mouse 1% BSA, 0.1% Triton-X/PBS; USA/ s-398519
(WB) 1:100 in 5% Milk/TBS-T
IF) 1:50 in 5% donk ,
(IF) n o7 o'n ey serum Santa Cruz, Dallas,
RHOA Mouse 1% BSA, 0.1% Triton-X/PBS;
, USA/ sc-418
(WB) 1:200 in 5% BSA/TBS-T
Phospho- Cell Signaling
HDAC2 Rabbit (WB) 1:1000 in 5% BSA/TBS-T | Technology, Danvers,
(Ser394) USA/ #69238
Cell Signaling
HDAC2 Mouse | (WB) 1:1000 in 5% Milk/TBS-T | Technology, Danvers,
USA/ #5113
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H3K27ac

Rabbit

(WB) 1:1000 in 5% Milk/TBS-T;
(ChIP) 0.3ug

Cell Signaling
Technology, Danvers,
USA/ #8173

Histone 3

Rabbit

(WB) 1:1000 in 5% Milk/TBS-T

Cell Signaling
Technology, Danvers,
USA/ #4499

GAPDH

Mouse

(WB) 1:5000 in 5% Milk/TBS-T

Meridian Bioscience
Inc., Cincinnati, USA/
H86504M

B-actin

Rabbit

(WB) 1:1000 in 5% BSA/TBS-T

Cell Signaling
Technology, Danvers,
USA/ #4968

Normal
Rabbit 1gG

Rabbit

(ChIP) 1ug

Cell Signaling
Technology, Danvers,
USA/ #2729

3.1.4.2 Secondary antibodies

Table 5 Secondary antibodies, IF: Immunofluorescence, WB: Western blot

Horseradish
peroxidase

Milk/TBS-T

Secondary o
) Host Application Manufacturer/ Ref

antibody
Anti-Mouse ) Jackson
IgG (H+L) (IF) 1:5001in 5% donkey ImmunoResearch
g , Donkey | serum, 1%BSA, 0.1% , '
(Cyanine ] Baltimore, USA/715-165-

Triton-X/PBS
Cy™3) 150
Anti-Rabbit (IF) 1:500 in 5% donke Jackson
IgG (H+L) ' ° y ImmunoResearch,
) Donkey serum, 1%BSA, 0.1% .
Fluorescein . Baltimore, USA/711-095-
Triton-X/PBS

(FITC) 152
Anti-rabbit
IgG Donke (WB) 1:2000 in 5% GE Healthcare, Little
Horseradish y Milk/TBS-T Chalfont, UK/ NA934V
peroxidase
Anti-mouse
IgG WB) 1:5000 in 5% GE Healthcare, Little
g Donkey (WB) ! ° !

Chalfont, UK/ NA931V
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3.1.5 Primer

3.1.5.1 Gene expression primer (for qRT-PCR)

Table 6 Gene expression primer

Gene Forward Primer (5'-3°) Reverse Primer (5°-3°)
TBP ACTCCACTGTATCCCTCCCC CAGCAAACCGCTTGGGATTA
ELF3 GACCTACGAGAAGCTGAGCC TCGAGTGGTCCGTGAGTTTG
VIM GGCGAGGAGAGCAGGATTTC TGGGTATCAACCAGAGGGAGT
EP300 TGGCAGAAAGTTGGAGTTCTCTC AAGAAACGCTCTCCCCTTGG
CREBBP GTACCATTCCTCGCGATGCT ATCAACGAAAGGTTCGGGGT
ARHGAP18 | TCAGGCTGTCCAGAATCTTCC GGGCCATGACCATTGCTACA

3.1.5.2 ChIP primer (for qRT-PCR)
Table 7 ChlP primer

Gene Forward Primer (5'-3°) Reverse Primer (5°-3°)
ELF3 CCCTTCCTCTAACAGCCGTG AGCTCAGGATACCCACGCTA
VIM CCCCAAGGTCAATTGCACGA CACAGTACAGGGTTCACGGT
ARHGAP18 | GTCTGACAGCCCATATAGCCC AGTAGCAACGTTTGGCGTGA
3.1.6 Cell lines
Table 8 Cell lines
Cell line Resource Identification Initiative (RRID) Characteristics
PaTu-S CVCL_1846 Human PDAC cell line
PaTu-T CVCL_1847 Human PDAC cell line
MiaPaCa-2 CVCL_0428 Human PDAC cell line
PANC-1 CVCL_0480 Human PDAC cell line
Colo357 CVCL_0221 Human PDAC cell line
Capan-1 CVCL_0237 Human PDAC cell line
Capan-2 CVCL_0026 Human PDAC cell line
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3.1.7 Consumables

Table 9 Consumables

Material

Manufacturer

96-well plate (QRT-PCR)

STARLAB, Hamburg, Germany

Bacillol surface rapid disinfection

Hartmann, Heidenheim, Germany

Cell counting slides

Bio-Rad, Hercules, USA

Cell culture flasks (25 cm, 75 cm)

Sarstedt, NUrnbrecht, Germany

Cell culture plates (6-well, 12-well, 24-
well, 96-well)

Greiner Bio-One, Kremsmiinster, Austria

Cell culture plates, TC dish (10 cm)

Sarstedt, Nirnbrecht, Germany

Cell Scraper

Sarstedt, Nurnbrecht, Germany

Chamber slide (8-well)

ibidi GmbH, Gréafelfing, Deutschland

Cover slips (24 X 60 mm)

Epredia, Michigan, USA

Cryogenic tube

STARLAB, Hamburg, Germany

Cytiva Amersham™ Protran™ NC
Nitrocellulose Membranes (0.45 um)

Cytiva Amersham™, Marlborough,
Massachusetts, USA

Eppendorf Tubes (1.5 ml, 2 ml)

Sarstedt, Nirnbrecht, Germany

Falcon tubes (15 ml, 50 ml)

Sarstedt, Nirnbrecht, Germany

PCR reaction tube

Biozym, Oldendorf, Germany

Pipette filter tips (10 ul, 200 pl, 1000 pl)

Sarstedt, Nirnbrecht, Germany

Pipette tips (10 pl, 200 pl, 1000 pl)

Sarstedt, Nirnbrecht, Germany

Weighting paper

Roche, Basel, Switzerland

Whatman filter paper

Cytiva Amersham™, Marlborough,
Massachusetts, USA
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3.1.8 Equipment
Table 10 Equipment

Equipment

Manufacturer

AEJ200-4CM (220 grams/ 0.1 milligrams)

Kern & Sohn, Stuttgart, Germany

Bio-Rad 1000/500 Constant Voltage
Power Supply

Bio-Rad, Hercules, USA

Branson 450 Digital Sonifier

Marshall Scientific, Hampton, USA

Centrifuge 5417R Eppendorf, Hamburg, Germany
Centrifuge 5418R Eppendorf, Hamburg, Germany
Centrifuge 5702R Eppendorf, Hamburg, Germany

Corning™ Axygen™ Mini Plate Spinner
Centrifuge

Corning, New York, USA

Eppendorf Mastercycler® PCR cycle

Eppendorf, Hamburg, Germany

EW4200-2NM (4200 grams/ 0.01 grams)

Kern & Sohn, Stuttgart, Germany

FLUOstar Omega

BMG LABTECH, Ortenberg, Germany

Fusion FX

Vilber Lourmat GmbH, Eberhardzell,
Germany

Heracell 240 CO2 Incubator

Marshall Scientific, Hampton, USA

Heraeus HS18/2, biological safety cabinet

Heraeus instruments, Germany

IKA magnetic stirrer with heating, RET
basic

IKA-Werke, Staufen im Breisgau,
Germany

inoLab pH 720

WTW, Weilheim, Germany

IX50 Phase contrast inverted microscope

Olympus, Shinjuku, Japan

Zeiss Axio Imager M2

Carl Zeiss Microscopy GmbH, Jena,
Germany

LightCycler® 96

Roche, Basel, Switzerland

Medingen W22 water bath

Medingen, Preiss-Daimler, Germany

Mini PROTEAN® Tetra Cell

Bio-Rad, Herkules, USA

Mini Trans-Blot® Module

Bio-Rad, Herkules, USA

Mini-Sub Cell GT Cell

Bio-Rad, Hercules, USA

neolLab® Vortex Genie 2, 2700 UpM

NeoLab, Heidelberg, Germany

Pipetboy acu 2

Integra, Biebertal, Germany
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PIPETTE (10uL, 100pL, 200pL, 1mL)

Eppendorf, Hamburg, Germany

PowerPac™ HC Power Supply

Bio-Rad, Hercules, USA

SpectraMax® Plus 384 Microplate Reader

Molecular Devices, San José, USA

TC20 Automated cell counter

Bio-Rad, Hercules, USA

Trans-Blot Turbo Transfer System

Bio-Rad, Hercules, USA

TS1 ThermoShaker

Biometra GmbH, Géttingen, Germany

Freezing Container Mr. Frosty

Nalgene Thermo Scientific, Rochester,
New York, USA

3.1.9 Software
Table 11 Software

Software

Manufacturer

FusionCaptAdvance (7.17.02a)

Vilber Lourmat GmbH, Eberhardzell,
Germany

GraphPad Prism (10.2.1 (339))

GraphPad Software, Inc., La Jolla, USA

ImagedJ (1.53e)

Wayne Rasband, NIH, Bethesda, USA

Leica MM AF (Version 1.6.0)

Leica Microsystems, Wetzlar, Germany

Lightcycler®96 software

Roche, Basel, Switzerland

Primer-BLAST (using Primer3 and
BLAST)

National Library of Medicin, Bethesda,
USA

Rstudio (Version 2023.06.1+524)

POSIT Community, Boston, USA

Softmax Pro 7.0

Molecular Devices, San José, USA

The R Project for Statistical Computing
(Version 4.3.1)

R Development Core Team, USA

UCSC Genome Browser Home

The University of California, California,
USA

Biorender

Science Suite Inc., Toronto, Canada
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3.1.10 Bioconda and R Packages
Table 12 Bioconda and R Packages

Packages Research Resource Identifiers (RRID)

Trim Galore (version 0.6.5) SCR_011847
SortMeRNA (version 4.3.6) SCR_014402
STAR (version 2.7.3a) SCR_004463
Samtools (version 1.17) SCR_002105
HTSeg-count (version 2.0.2) SCR_00447

DESeq2 (version 1.40.2) SCR_015687
ggplot2 (version 3.5.0) SCR_014601
clusterProfiler (version 4.8.2) SCR_016884
complexHeatmap (version 2.16.0) SCR_017270




3 Material and Methods 45

3.2 Methods

3.2.1 Cell biological methods

3.2.1.1 Cell culture

Table 13 Composition culture media

Cell line Composition culture media

PaTu-S

PaTu-T 1X DMEM high glucose media (with L-glutamine)

MiaPaCa-2 1% Penicillin/Streptomycin (P/S) (v/v)
10% Fetal Bovine Serum (FBS) (v/v)

PANC-1

Colo357

Capan-1 1X RPMI Medium 1640 (with L-glutamine)
1% Penicillin/Streptomycin (P/S) (v/v)

Capan-2 20% Fetal Bovine Serum (FBS) (v/v)

Cell culture procedures were conducted in biological safety cabinets. Cell lines were
mycoplasma-negative as tested by PCR prior to experiments. Cells were provided with
fresh medium every three days; media components for each cell type are listed in Table
13. Cells were washed with 1X PBS before adding fresh culture medium. Cells were
incubated at 37°C in a humidified chamber with saturated atmosphere containing 5%
CO2.

3.2.1.2 Cell Passaging

Cell lines were passaged at a confluency of 80 - 90%. The culture medium was removed,
and cells was washed once with 1X PBS. Cell lines PaTu-S, Colo357, PaTu-T, PANC-
1, Capan-1, and MIAPaCa-2 were incubated with 1.5 ml of 1X Trypsin/EDTA in 1X PBS
and Capan-1 with 1.5 ml of 2X Trypsin/EDTA in 1X PBS at 37°C for 10 minutes or 15
minutes, respectively, for cell dissociation. 8.5 ml culture medium was used to stop the
reaction. The cell suspension was collected in 15ml falcon tube, centrifuged at 300 xg at
room temperature (RT) for 5 minutes and resuspended in fresh cell culture medium. The

cell splitting ratio is displayed in Table 14
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Table 14 Cell splitting ratio

Cell line Splitting ratio

PaTu-S 1:10
PaTu-T 1:40
MiaPaCa-2 1:20
PANC-1 1:20
Colo357 1:10
Capan-1 1:4

Capan-2 1:8

3.2.1.3 Cell counting

Cells were counted and seeded into wells and chambers for subsequent experiments.
10 ul of resuspended cells were mixed with an equal volume of 0.4% Trypan Blue
solution. 10 pl of the mixture was added to a cell counting slide placed on a TC20

Automated cell counter. The results were presented as live cells/ml.

3.2.1.4 Cell cryopreservation

For cell cryopreservation, the cell suspension was centrifuged after trypsinization at 300
xg for 5 minutes at RT. 3 x 106 cells/ml were resuspended in cryopreservation medium
in a 1:1 ratio of fresh medium and freezing medium according to the size of the pellet.
The freezing medium consists of 80% FBS and 20% DMSO. One ml of the cell
suspension was transferred to a 2 ml cryotube. The cryotubes was placed in a cell
freezing container filled with isopropanol and store at -80°C for gradient cooling

overnight. The next day, the cryotubes were transferred to -150°C for long-term storage.

3.2.1.5 Epigenetic drug treatment

Two inhibitors, A485, which targets the CBP HAT domain, and SAHA (Vorinostat), a pan-
HDAC inhibitor affecting class | and class || HDACs, were utilized to treat seven PDAC
cell lines for short-term (24h or 96h) and long-term (4-30 weeks) periods. Both inhibitors
were dissolved in DMSO, with SAHA at a stock concentration of 50 mM and A485 at a

stock concentration of 10 mM, and stored at -80°C up to one year.
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Short-term Epigenetic drug treatment

For short-term treatment, all cell lines were treated with either 10 nM or 1 uM of A485
and 10 nM or 0.5 uM of SAHA. The cell culture media containing the epigenetic drugs
was changed at 48 hours during the 96-hour treatment period before being used for

further experiments.
Long-term epigenetic drug treatment

For long-term treatment, all cell lines were maintained in either 1 yM A485 or 0.5 pM
SAHA, with the exception of MIAPaCa-2, which received 0.05 yM SAHA, as MIAPaCa-
2 could not survive under 0.5 yM SAHA conditions during long-term treatment. The cell
culture media containing epigenetic drugs was exchanged on Mondays, Wednesdays,
and Fridays. The treatment duration ranged from 4 to 30 weeks before used for further
experiments. Controls were treated with the 1%o solvent DMSO. Long-term epigenetic

drug-treated PDAC cells were cryopreserved after 20 rounds of treatment.

3.2.1.6 Cell proliferation

Cell proliferation was measured by the reduction of soluble yellow 3-(4,5-dimethylthiazol-
2-y)-2,5-diphenyltetrazolium bromide (MTT) into an insoluble purple formazan product.
To determine cell proliferation ability after long-term drug treatment, PaTu-S, Colo357,
PaTu-T, PANC-1 and MIAPaCa-2 cells were seeded at a density of 2000 cells per well;
Capan-1 and Capan-2 at a density of 5000 cells per well in 96-well plates. Directly after
seeding, at 0 hours and after 24, 48, 72 and 96 hours, 20 pl of 2.5 mg/mlI MTT was added
per well and cells were incubated at 37°C with 5% CO2 for 3 hours. After removing the
medium carefully, it was replaced with 100 yl DMSO. After 30 minutes incubation, optical
density (OD) value was measured at 570 nm and 690 nm using the SpectraMax Plus
384 Microplate Reader.

The growth rate (GR) at 72 hours was measured using the following formula:
OD time point = ODs70nm — ODesgonm

GR = ((ODQGh /OD24h) * e1/72) _ 1) *100

3.2.1.7 Colony formation assay

To determine cell colony formation ability after long-term drug treatment, 500 PaTu-T
and MIAPaCaz cells, and 2000 PaTu-S, Capan-1, Capan-2, Colo357 and PANC-1 cells
were seeded in one well of 6-well plates. Capan-2, PaTu-T and MIAPaCa2 cell were
cultured for 10 days. PaTu-S, Capan-1, Colo357 and PANC-1 cells were cultured for 14
days. During this period, the culture medium containing epigenetic drugs was refreshed

every three days to maintain long-term drug treatment conditions. After two times
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washing with 1X PBS, cells were fixed with 1 ml of 100% methanol on ice for 10 minutes.
The colonies were stained for 15 minutes at RT with 750 pul of 1% crystal violet, prepared
by dissolving crystal violet in 100% ethanol. Crystal violet solution was aspirated and
plates were washed with distilled water (dH2O) till free of stain. The plates were left
uncovered on lab bench overnight to dry and be photographed next day. Colony density
was measured with ImagedJ software. Colony formation was expressed as the

percentage of colonies per area and normalized to control cells.

3.2.1.8 Cell migration assay

PDAC cell lines were seeded in one well of 6-well plates and grown to confluence. To
suppress proliferation PANC-1 cells were treated with 3 ug/ml Mitomycin C at 37°C with
5% CO2 for 3 hours prior to inducing wound scratches. PaTu-S, Capan-2, Colo357,
PaTu-T and MIAPaCa-2 cells were treated with 15 ug/ml Mitomycin C under the same
conditions. Capan-1 was excluded from the experiment due to cell death when exposed
even to very low concentration of Mitomycin C. A wound was inflicted with a scratch by
a 200 ul sterile pipette-tip. Cells were washed with 1X PBS and incubated in fresh cell
culture medium at 37°C with 5% CO2. Microscopic images of wound healing were
captured directly after the scratch at 0 hour and after 6, 15 and 24 hours. The size of the
area was quantified by using ImagedJ software. Cell migration was quantified as
percentage of migrated cells into the scratched area from 0 hour to the measured time

point.
The migration in percentage was measured using the following formula:

Migration in percentage = 100 - (Area time point / Area o hour) *100

3.2.2 Molecular-biological methods

3.2.2.1 RNA isolation

Total RNA was isolated from cultured cells following the manufacturer’s instructions from
the RNeasy Plus Mini Kit. The concentration and integrity of the extracted RNA was
measured as described below. Extracted RNAs were stored at -80°C for further
experiments.

3.2.2.2 RNA-concentration and -integrity measurement

1X TAE buffer 40 mM Tris-base
1 mM EDTA
20 mM Acetic acid
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The RNA concentration was measured at 260 nm and 280 nm using the SpectraMax
Plus 384 Microplate Reader according to manufacturer’s instructions. The quality of RNA
samples (RNA integrity) was analyzed using agarose gel electrophoresis. RNASE-
Existus-Plus was used to clean all equipment before electrophoresis in order to eliminate
RNases. To prepare an agarose gel, the components listed below were heated in a
microwave at 600 watts for 3 minutes, then transferred to the chamber to cool down at
RT. Concurrently, the samples were prepared as listed below and heated at 60°C for 10
minutes. The quality of RNA was assessed based on the integrity of 18S and 28S RNA
using UV light in a Fusion FX device.

Components for 120 ml 0.8% RNA agarose gel:

Reagents Weight/ Volume
Agarose 0.96 g
16%PFA 3ml

SYBR Safe gel stain 12

1X TAE buffer 117 ml

Components of loading sample:

Reagents Volume

Formamide 4 ul

6X DNA loading dye 2 ul

Nuclease free water 5ul

RNA sample 1l

3.2.2.3 cDNA synthesis

2 g of total extracted RNA was reverse transcribed to complementary DNA (cDNA) with
the RevertAid First Strand cDNA Synthesis Kit following the manufacturer’s instructions.
cDNA was diluted with double distilled water (ddH20) to 20 ng/pl and stored at -20°C.

3.2.2.4 Quantitative real-time PCR

Gene expression was determined and quantified with quantitative real-time PCR (qRT-
PCR) using previously synthesized cDNA. The reaction was performed on a Roche
LightCycler®96. The sample preparation scheme is outlined below and gRT-PCR
program is given in detail in Table 15. Primer pairs are listed in Table 6. The gene TBP
(TATA box binding protein) was used as housekeeping gene. Gene expression was
quantified by relative mRNA expression (ACt-value) or normalized mRNA expression
(AACt-value) in comparison to controls with the formulas provided below.
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Pipetting scheme for 15 ul single reaction:

Reagents Volume
2X FastStart Essential DNA Green Master 7.5 ul
Forward primer (10 pM) 1l
Reverse primer (10 uM) 1l
Nuclease free water 4.5 ul
cDNA (20 ng/ ul) 1l
Total volume 15 ul

Table 15 gRT-PCR program

Step Temperature Time Cycle
Preincubation 95°C 600s 1 cycle
95°C 15s
3 step amplification 55°C 15s 45 cycles
Profile 68°C 15s
95°C 10s
Melting curve 65°C 60s 1 cycle
97°C 1s
Cooling 4°C oo oo

Formula: Calculation of relative expression and normalized expression

2-ACT = 2-(CT target gene - CT housekeeper (TBP))

2-(AACT) = 2-(ACT treatment sample - ACT control sample)

3.2.2.5 RNA sequencing
The packages involved in RNA-seq data analysis processing are listed in Table 12.

The process of RNA sequencing was performed at LAFUGA Lab at the Gene Center of
Ludwig-Maximilians-Universitat in Munich. The quality of the total RNA was assessed
using the 2100 Bioanalyzer (Agilent Technologies, Inc.). RNA integrity number (RIN)
greater than 8 is suitable for library construction. Libraries were prepared to enrich
Poly(A)-mRNA for RNA sequencing using Version 2: CORALL RNA-Seq V2 Library Prep
Kits. Sequencing was executed on the lllumina Nextseq 1000/2000 system. For one
sample, 50 base pair single-end reads were generated, resulting in a total of
approximately 10 to 20 million reads. The RNA-seq reads underwent trimming using Trim
Galore (RRID:SCR_011847; version 0.6.5) to remove adapters and low-quality bases.

SortMeRNA was employed to filter out ribosomal (r)RNA and non-eukaryotic
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contaminants (RRID:SCR_014402; version 4.3.6). The reads were then aligned to the
human genome reference GRCh38 (Ensembl annotation release 100) utilizing the STAR
(RRID:SCR_004463; version 2.7.3a). Followed by sorting and indexing the alignments
using Samtools (RRID:SCR_002105; version 1.17), raw read counts were generated
using HTSeqg-count (RRID:SCR_004473; version 2.0.2) based on GRCh38 (Ensembl
annotation release 100) annotation. Read counts were normalized via the DESeq2
package (RRID:SCR_015687; version 1.40.2). To facilitate Principal Component
Analysis (PCA), log transformation was applied and data were visualized using ggplot2
package (RRID:SCR_014601; version 3.5.0). The differential expression analysis was
performed using DESeq2, with thresholds set at a p-value of less than 0.05 and log2 fold
change (log2FC) greater than 1 to identify differentially expressed genes (DEGs)
between classical and basal-like cell lines. These genes were then subjected to further
analysis utilizing the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways,
Gene Ontology (GO) keywords, and Gene Set Enrichment Analysis (GSEA) with the
clusterProfiler package (RRID:SCR_016884, version 4.8.2). Genes related to the Rho-
GTPases pathway were visualized with a heatmap via the complexHeatmap package
(RRID:SCR_017270; version 2.16.0), and EMT scores were derived from existing gene
signatures [126].

3.2.3 Epigenetic methods

3.2.3.1 Chromatin immunoprecipitation

Cell lysis buffer 5 mM PIPES (pH 8)
85 mM KCI
0.5% Nonidet P-40 (NP-40) (v/v)
Mnase reaction buffer 50 mM Tris-HCI (pH 8)
5 mM CaCl2
Nuclei lysis buffer 1% SDS (w/v)
10 mM EDTA
50 mM Tris-HCI (pH 8)
ChIP Dilutionbuffer 0.01% SDS (w/v)
1% Triton X-100 (v/v)
1.2 mM EDTA
16.7 mM Tris-HCI (pH 8)
167 mM NaCl
Low salt wah buffer 0.1% SDS (w/v)
1% Triton X-100 (v/v)
2 mM EDTA

20 mM Tris-HCI (pH 8)
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150 mM NaCl
High salt wash buffer 0.1% SDS (w/v)
1% Triton X-100 (v/v)
2 mM EDTA
20 mM Tris-HCI (pH 8)
500 mM NaCl
LiCl wash buffer 250 mM LiCl
1% Nonidet P-40 (NP-40) (v/v)
1% DOC (Sodiumdeoxycholat) (w/v)
1 mM EDTA
10 mM Tris-HCI (pH 8)
Elution buffer 1% SDS (w/v)
100 mM NaHCO3
TE buffer 10 mM Tris-HCI (pH 8)
1 mM EDTA

Establishment of the optimal incubation time of micrococcal nuclease
treatment

Before performing chromatin immunoprecipitation (ChlP) analysis, one important step is
to adjust the correct DNA fragment size. To do so, cells were seeded in 10 cm? dish and
grown to 70%-80% confluence. Afterwards, cells were cross-linked with 1% PBS-
buffered formaldehyde (PFA) for 10 minutes at RT. The reaction was stopped with 125
mM glycine for 5 minutes and washed twice with cold 1X PBS on ice. Subsequently, cells
were carefully lysed in 500 ul cell lysis buffer containing 1X protease inhibitor on ice to
extract nuclei. Lysed cell content was collected and centrifuged at 500 xg for 5 minutes
at 4°C. Isolated nuclei were resuspended in 500 pl of MNase reaction buffer and treated
with 20 U MNase for 3, 5, 7 and 9 minutes at RT. The reaction was deactivated by adding
EGTA at a final concentration of 20 mM. Nuclei were centrifuged at 500 xg for 10 minutes
at 4°C and lysed in 200 pl of nuclei lysis buffer containing 1X protease inhibitor on ice
for 1 hour and then sonicated for six on-off cycles, 10 seconds each at 10% amplitude.
Samples were centrifuged at 12,000 xg for 10 minutes at 4°C. The supernatant was
transferred to a new 2 ml reaction tube and incubated with 75 uM NaCl at 65°C overnight
to reverse the cross-linking process. Afterwards, RNA and proteins were digested in 0.05
Mg/pl RNase for 30 minutes at 37°C and 0.05 ug/ul proteinase Kin 10 uM EDTA and 30
MM Tris-HClI for 2 hours at 45°C, respectively. DNA was obtained by ethanol precipitation
method. Two volumes of pre-chilled 100% ethanol were added and incubated at -20°C
for 2 hours. After 20 minutes centrifugation at full speed at 4°C, the DNA pellet was
washed with 70% ethanol and again centrifuged at full speed at 4°C for 15 minutes.

Tubes were left open on the lab bench to dry the DNA pellet and DNA was dissolved in
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50 pl of nuclease free water. The concentration of DNA was measured at 260 nm and
280 nm using the SpectraMax Plus 384 Microplate Reader. 1.5% Agarose gel was used
to detect DNA fragment lengths. DNA fragments ranging from 200 bp to 600 bp were

accepted. The agarose gel composition and sample composition are listed below.

Components of 120ml 1.5% agarose Gel:

Reagents Weight/ Volume
Agarose 1.8¢
SYBR Safe gel stain 12 ul
1X TAE buffer 120 ml

Components of loading:

Reagent Weight/ Volume
6X DNA loading dye 2 ul
DNA sample 2.5 ug
Nuclease free water up to 12 pl

Chromatin immunoprecipitation

Once the optimal MNase incubation time has been established, complete chromatin
immunoprecipitation (ChIP) experiments were performed. The experimental procedures
before MNase incubation are consistent with those described above. Isolated nuclei from
the different PDAC cell lines were resuspended in 500 ul of MNase reaction buffer with
20 U MNase and incubated for: 3 minutes for PANC-1, 5 minutes for Capan-1, Capan-
2, PaTu-T and MIAPaCa-2 and 6 minutes for PaTu-S and Colo357 at RT. The reaction
was inactivated by adding EGTA at a final concentration of 20 mM. Nuclei were
centrifuged at 500 xg for 10 minutes at 4°C. The pellet was then lysed in 200 pl nuclei
lysis buffer containing 1X protease inhibitor on ice for 1 hour. Following lysis, the samples
were sonicated for six on-off cycles, 10 seconds each at 10% amplitude. The sonicated
samples were centrifuged at 12,000 xg for 10 minutes at 4°C. Meanwhile, 100 pl Protein
an Agarose/Salmon Sperm DNA beads were pre-cleared with 1 ml chilled 1X PBS in a
2 ml reaction tube and centrifuged at 4,000 xg for 1 minute at 4°C. The supernatant was
removed, leaving the beads in the tube. The supernatant collected from the nuclei lysis

step was then mixed with 1,800 pl ChIP Dilution buffer and transferred to the tube
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containing the pre-cleared beads. The mixture was rotated for 1 hour at 4°C. After
centrifuging at 4,000 xg for 1 minute at 4°C, 1% Input was collected from each sample
and stored at 4°C for later processing. Subsequently, the rest of the supernatant was
equally divided for ChIP antibody reaction using 0.3 ug of an H3K27ac antibody and 1
Mg of an IgG control antibody, and rotated at 4°C overnight. Immunoprecipitation was
enriched with 60 ul agarose beads on a roller for 1 hour at 4°C. Agarose beads were
sequentially washed with 1 ml low salt, high salt, LiCl, and twice with TE washing buffer.
Each washing step was performed on a shaker for 5 minutes on ice, followed by
centrifugation at 4,000 xg for 1 minute at 4°C. Immunoprecipitated chromatin (DNA
fragments) was eluted in 100 pl elution buffer for 15 minutes at RT on a roller, then
centrifuged at 4,000 xg for 1 minute at 4°C. The supernatant containing the DNA
fragment was collected in a new 1.5 ml reaction tube, and this process was repeated
once. Input samples were incubated with 200 pl elution buffer for 30 minutes at RT.
Afterwards, both the H3K27ac-immunoprecipitated and Input samples were reverse
cross-linked in 75 yM NaCl overnight at 65°C. RNA and proteins were digested with 0.05
Mg RNase for 30 minutes at 37°C and 0.05 ug proteinase K with 10 yM EDTA and 30
MM Tris-HCI for 2 hours at 45°C. DNA was purified using the QIAquick PCR Purification
Kit according to the manufacturer’s instructions and quantified by gqPCR. ChIP-specific

primers were listed in Table 7. Results were calculated using the Percent Input method.
The ChIP enrichment was measured using the following formula:
normalized ChIP = Ct chip - (Ct jnput— 10g2'%)

ChIP enrichment = 2 -nermalized ChIP 40

3.2.4 Protein chemical methods

3.2.4.1 Protein extraction

Protein lysis buffer 50 mM Tris-HCI (pH 8)
2% SDS (w/v)

For protein extraction, cells were seeded in a 10 cm? dish and grown to 70%-80%
confluence. Cells were washed once with 10 ml chilled 1X PBS. After removing the PBS,
cells were lysed in 400 pl protein lysis buffer containing 1X protease inhibitor and 1X
phosphatase inhibitor on ice. The cells were scraped from the dish and collected in a 1.5
ml reaction tube. The cell suspension was sonicated for three on-off cycles, 10 seconds

each at 10% amplitude, followed by centrifugation at full speed for 20 minutes at 4°C.
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The supernatant containing proteins was transferred to a new 1.5 ml reaction tube and

stored at -80°C for further experiments.

3.2.4.2 Cytoplasmic and nuclear protein extraction

PDAC cell lines PaTu-S, Capan-1, Capan-2, PaTu-T, PANC-1, and MIAPaCa-2 were
used for cytoplasmic and nuclear protein extraction with the NE-PER™ Nuclear and
Cytoplasmic Extraction Reagents Kit. The cells were harvested using trypsin-EDTA and
then subjected to centrifugation at 500 xg for 5 minutes. The cells were resuspended in
1 ml of 1X PBS, and transferred to a 1.5 ml reaction tube, and centrifuged again at 500
xg for 5 minutes. Subsequently, the supernatant was carefully discarded. Cell pellets
were resuspended in 200 yl CERI buffer from the kit containing 1X protease inhibitor.
Afterwards, the tube was vortexed at the highest speed for 15 seconds to completely mix
the cell pellet, and then incubated on ice for 10 minutes. After this incubation, 11 pl of
pre-chilled reagent CER Il was added, and the reaction tube was vortexed for 5 seconds
at highest speed and then incubated on ice for 1 minute. Then the tube was vortexed
again for 5 seconds at highest speed and then centrifuged for 5 minutes at 12,000 xg.
The supernatant (cytoplasmic extract) was immediately transferred to a pre-chilled 1.5
ml reaction tube and placed on ice. The pellet containing nuclei was then suspended in
100 ul pre-chilled NER buffer. The nuclei suspension was sonicated for three on-off
cycles, 10 seconds each at 10% amplitude. This was followed by centrifugation at 12,000
xg for 10 minutes, and the supernatant (nuclear extract) was immediately transferred to
a pre-chilled 1.5 ml reaction tube and placed on ice. The cytoplasmic and nuclear

extracts were stored at -80°C for further experiments.

3.2.4.3 Determination of protein concentration

The Pierce™ BCA Protein Assay Kit was used to measure the protein concentration. 10
pI of the protein lysate was pipetted into the wells of a 96-well plate after adding 200 pl
of a working reagent mixture, consisting of reagents A and B mixed in a 1:50 ratio to
each well. Subsequently, the plate was gently shaken to guarantee complete mixing of
the lysate and reagent. The plate was placed in an incubator at 37°C for 30 minutes.
After the incubation, the absorbance of each well was measured using the SpectraMax
Plus 384 Microplate Reader set to 570 nm. The protein concentration was determined
using a standard curve generated from a range of BSA (bovine serum albumin) concen-
trations: 25 ng/ul, 125 ng/ul, 250 ng/ul, 500 ng/ul, 750 ng/ul, 1000 ng/ul, 1500 ng/ul, and
2000 ng/yl. By plotting the absorbance values of these standards against their respective

concentrations, a standard curve was created.



3 Material and Methods 56

The protein concentration of the unknown samples was determined using the formula

derived from this standard curve:
y (protein concentration [ug/ul]) = k (slope) * x (absorbance [nm]) + b (y-intercept).

A coefficient of determination (R?) greater than 0.99 indicates that the linear model fits
the data exceptionally well, and the standard curve can be used for protein concentration

measurement.

3.2.4.4 SDS polyacrylamide gel electrophoresis

1X TBS-T (pH 7.4) 20 mM Tris-base
150 mM NacCl
0.1% Tween-20 (v/v)
1X Running buffer 192 mM Glycine
25 mM Tris-base
0.1% SDS (w/v)
1X Blotting buffer 192 mM Glycine
25 mM Tris-base
20% Methanol (v/v)

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was performed to separate
proteins based on their molecular weight, using a gel composed of a 12.5% separating
gel and a 4% upper stacking gel (see Table 15). Samples containing nuclear,
cytoplasmic, or total protein lysates were mixed with 5X SDS loading dye and denatured
by heating at 95°C for 5 minutes and cooling down on ice. Subsequently, 20 ug of
denatured samples, along with 5 pl of protein ladder (PageRegular Plus Prestained
Protein Ladder), were loaded into the upper stacking SDS-PAGE gel. The
electrophoresis chamber was filled with 1X Running Buffer and proteins were run in the
upper stacking SDS-PAGE gel at 70V for 30 minutes to align the proteins. Subsequently,
electrophoresis was performed at 125V until the loading front exited the SDS-PAGE gel.
Following SDS-PAGE, a semi-dry protein transfer was performed. The blotting sandwich
was assembled as follows: two pre-wet filter papers were placed at the bottom, followed
by a pre-wet 0.45 um nitrocellulose membrane and the SDS gel. Two more pre-wet filter
papers were placed on top. All components were soaked in 1X Blotting Buffer before
assembly. The transfer was executed at a constant 25V for 30 minutes using the Trans-
Blot Turbo Transfer System. The membrane was incubated in either 5% milk/1X TBS-T
(w/v) or 5% BSA/M1X TBS-T (w/v) at RT for two hours with gentle shaking to block
nonspecific binding. The membrane was then rolled with the primary antibody, diluted as
indicated, in 2 ml of 0.1% BSA/1X TBS-T (w/v) overnight at 4°C (see Table 4). The
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following day, the membrane was washed three times with 1X TBS-T buffer for 20
minutes each at RT. Subsequently, the membrane was rolled with a horseradish
peroxidase (HRP)-linked secondary antibody, targeting the host species of the primary
antibody, diluted as indicated, in 2 ml of in 5% milk/1X TBS-T (w/v) for one hour at RT
(see Table 5). After three additional washes with 1X TBS-T buffer for 20 minutes each
at RT, the bands were visualized in a Fusion Fx device using Clarity or Clarity Max
Western ECL Substrate.

Table 15 Two SDS-PAGE gel preparation

Reagent Separating gel Stacking gel

Percentage 12.5% 4%
ddH20 3.2ml 3 ml
30% Acrylamide 4.2 ml 750 pl
Trizma (Tris-base) 1.5M pH 8.8 (HCI) 2.6 ml -
Trizma (Tris-base) 0.5M pH 6.8 (HCI) - 1.3 ml
10% SDS 100 pl 50 pl
10% APS 50 ul 25 pl
TEMED 15 ul 10 pl
Total volume 10 ml 5 ml
3.2.4.5 Immunofluorescence (IF) staining
1X PBS-T 1X PBS

0.05% Tween-20 (v/v)
IF Blocking buffer 1X PBS

5% Donkey serum (v/v)

1% 10% BSA (v/v)

0.1% Triton X-100 (v/v)

15,000 cells per well were seeded on an 8-well chamber slide and cultured overnight to
ensure proper attachment. The following day, the cells were fixed with 4% PFA for 5
minutes at RT and then washed three times with 1X PBS-T for 5 minutes each. After
washing, the cells were blocked by adding 200 pl of IF Blocking buffer at RT for one
hour. Primary antibodies were applied at the indicated dilutions in 100 pl of IF Blocking
buffer and incubated overnight at 4°C (see Table 4). The next day, the cells were washed
three times with 200 pl of 1X PBS-T for 5 minutes each at RT. This was followed by
incubation with the secondary fluorescence-conjugated antibody, diluted as indicated, in
100 pl of IF Blocking buffer for one hour at RT in dark (see Table 5). The cells were then
washed three more times with 200 ul of 1X PBS-T for 5 minutes each at RT in dark.
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Finally, the cells were mounted in one drop of Fluoroshield Mounting Medium with DAPI
(Abcam, Cambridge, GB) and covered with cover slips, staining the nuclei blue. Images
of the cell lines were captured using a Zeiss Axio Imager M2 fluorescent microscope at

64x magnification.

3.2.4.6 F-Actin staining with phalloidin conjugates

CytoPainter Phalloidin — iFluor 488 reagent was used for visualization of actin filaments.
To measure the formation of actin filament subcompartments such as lamellipodia,
filopodia, and stress fibers. 15,000 cells per well were seeded on 8-wells chamber slide
and cultured at 37°C with 5% CO2 overnight. The cell culture medium was aspirated and
the cells were washed once with 200 pl of 1X PBS for 3 minutes at RT. Subsequently,
the cells were incubated in 200 pl of 4% PFA at RT for 10 minutes. Then the cells were
washed three times with 200 pl of 1X PBS for 3 minutes each at RT. 100 uL of 1X
Phalloidin conjugate working solution was added to each well. The cells were incubated
at RT for 1 hour in the dark. Then the cells were washed three times with 200 ul of 1X
PBS for 3 minutes each at RT. Finally, the cells were mounted in one drop of Fluoroshield
Mounting Medium with DAPI (Abcam, Cambridge, GB) staining the nuclei in blue and
covered with cover slips. Images of the cells were captured using a Zeiss Axio Imager

M2 fluorescent microscope at 64x magnification.

3.2.5 Statistical and data analysis

The graphical representations of the results and the statistical analysis, including the
non-parametric Mann-Whitney test, Kruskal-Wallis test, one-way ANOVA with Fisher's
LSD post hoc test, and two-tailed unpaired Student’s t-test, was performed using
GraphPad Prism (10.2.1 (339)). A linear relationship between two groups was measured
using Pearson correlation. A p-value less than 0.05 was considered statistically

significant.



4 Results 59

4. Results

4.1 Characteristics of classical and basal-like pancreatic
ductal adenocarcinoma cell lines

4.1.1 Pancreatic ductal adenocarcinoma cell lines were categorized into
classical and basal-like subtypes based on the expression of specific
marker genes

Various studies have categorized PDAC tissue and established PDAC cell lines into
classical and basal-like subtypes mostly based on transcriptome profiles [25-31]. As a
first step in the present study, the classification of seven human PDAC cell lines PaTu-
S, Capan-1, Capan-2, Colo357, PaTu-T, PANC-1, and MIAPaCa-2 into classical and
basal-like subtypes was validated. Thus, RNA-seq was employed for whole-
transcriptome analysis of all seven PDAC cell lines, and principal component analysis
(PCA) was then used to visualize cell clusters. The first principal component (PC1)
successfully grouped the cell lines into two distinct clusters. The first cluster consisted of
cell lines PaTu-S, Capan-1, Capan-2, and Colo357, while the second cluster included
cell lines PaTu-T, PANC-1, and MIAPaCa-2 (Figure 4.1A). Differentially expressed gene
(DEG) analysis exhibited that epithelial marker genes, such as EPCAM, ELF3 (E74 like
ETS transcription factor 3), and KLF5, were expressed in PaTu-S, Capan-1, Capan-2,
and Colo357, whereas mesenchymal marker genes like VIM, ZEB1, and JUN (Jun proto-
oncogene, AP-1 transcription factor subunit) were highly expressed in PaTu-T, PANC-1,
and MIAPaCa-2 cells (Figure 4.1B). Gene set enrichment analysis (GSEA) further
supported above findings by showing that genes highly expressed in basal-like cell lines
were enriched in the EMT pathway (Figure 4.1C). Based on these data, the human
PDAC cell lines PaTu-S, Capan-1, Capan-2 and Colo357 were classified into a classical
and PaTu-T, PANC-1 and MIAPaCa-2 into a basal-like subtype. This cell classification
is in line with the classical and basal-like molecular characteristics reported previously

and confirmed the presence of EMT features in basal-like cell lines [25-31].
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Figure 4.1: Pancreatic ductal adenocarcinoma cell lines were categorized into classical
and basal-like subtypes based on the expression of specific marker genes. (A) Principal
component analysis (PCA) was performed on RNA-seq data from seven PDAC cell lines and
separated cell lines into two clusters (red and grey circle). (B) Volcano plot of differentially
expressed genes (log2 fold change (FC)) of classical cell lines PaTu-S, Capan-1, Capan-2 and
Colo357, as well as basal-like cell lines PaTu-T, PANC-1 and MIAPaCa-2. Highlighted are
classical (ELF3, EPCAM, KLF5) and basal-like (VIM, JUN, ZEB1) subtype marker genes. (C)
Gene set enrichment analysis (GSEA) was performed on RNA-seq data from classical cell lines
PaTu-S, Capan-1 and Capan-2 and basal-like cell lines PaTu-T, PANC-1 and MIAPaCa-2;
significant enrichment of the epithelial-to-mesenchymal transition (EMT) gene set in basal-like
samples (NES = 1.85, p.adj = 1.2E-06). Figure panels reprinted and adapted from publication
[127] with permission of the publisher.

4.1.2 Classical and basal-like marker gene expression is regulated by
histone acetylation levels

In the next step, it was examined if the expression of specific classical and basal-like
marker genes is regulated by the activating histone modification H3K27ac in seven
PDAC cell lines. Gene expression of classical marker ELF3 and basal-like marker VIM
was detected by gPCR and the results showed high expression of ELF3 in classical and
of VIM in basal-like cell lines (Figure 4.2A). Chromatin Immunoprecipitation followed by
gPCR (ChIP-gPCR) analyses revealed elevated H3K27ac levels at the promoter of
classical marker gene ELF3 in classical cell lines and very low levels in basal-like cell
lines. On the other hand, basal-like cell lines exhibited high levels of H3K27ac
enrichment at the basal-like marker gene VIM in basal-like cell lines (Figure 4.2B).
Plotting the gene expression and levels of H3K27ac enrichment for ELF3 and VIM for all
seven PDAC cell lines, a strong epigenetic regulation of these marker genes could be
shown in classical and basal-like cell lines (Figure 4.2C). These data confirm that
classical cell lines exhibit gene expression of epithelial markers, while basal-like cell lines
exhibit gene expression of mesenchymal markers, with significant epigenetic regulation

observed in both classical and basal-like cell lines.
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Figure 4.2: Classical and basal-like maker gene expression is regulated by histone
acetylation levels. (A) Relative mRNA expression of ELF3 and VIM was measured in all seven
PDAC cell lines by gqPCR. mRNA expression was normalized to the housekeeper gene TBP
(n=3). (B) H3K27ac levels at ELF3 and VIM gene promoter regions were measured in all seven
PDAC cell lines by ChlIP-gPCR. ChIP DNA was normalized as percent of input (n=2-3). (C)
Association between gene expression of ELF3 and VIM and H3K27ac levels at gene promoter
regions. Data are reported as mean values. p-values were determined using a two-tailed,
unpaired Student’s t-test or non-parametric Mann-Whitney test; *** p < 0.001. Figure panels
reprinted and adapted from publication [127] with permission of the publisher.

4.2 Rho-GTPase pathway and cellular actin organization in
classical and basal-like pancreatic ductal adenocarcinoma
cell lines

4.2.1 Classical and basal-like pancreatic ductal adenocarcinoma cell lines
exhibit differential characteristics Rho-GTPase
components and cellular organization structures

in pathway
The transcriptome classification of the PDAC cell lines revealed an enrichment of EMT
pathways in the basal-like subtype (Figure 4.1C). Notably, actin cytoskeleton
rearrangements play a crucial role in the EMT process, and GO term analysis was
performed on DEGs of classical PaTu-S, Capan-1, and Capan-2 and basal-like cell lines
PaTu-T, PANC-1, and MIAPaCa-2, revealing significant enrichment of processes related

to actin cytoskeleton organization. Specifically, the terms 'actin binding' and 'actin
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filament network formation' exhibit the highest statistical significance (Figure 4.3A).
These findings highlight the importance of actin filament reorganization in classical and
basal-like subtype. To prove the changes in the structure of actin filaments in classical
and basal-like PDAC cell lines, immunofluorescence staining of Phalloidin conjugates
was performed to visualize filamentous actin (F-actin) and cellular organization
structures. The results show that F-actin was mostly located at the cell membrane in
classical cell lines, whereas F-actin was scattered throughout the cytoplasm in basal-like
cell lines (Figure 4.3B). Since Rho-GTPase signaling is a key regulator of the actin
cytoskeleton, DEGs of Rho-GTPase signaling components in classical and basal-like
cell lines were analyzed by supervised clustering based on the molecular subtype and
plotted in heatmaps (Figure 4.3C, all genes of the Rho-GTPase pathway are presented
in Suppl. Figure 1A, B, C). The data indicate that components of the Rho-GTPase
pathway are generally lower expressed in basal-like cell lines compared with classical
cell lines (Figure 4.3C). Although no differential gene expression was observed for the
typical Rho-GTPase members RAC1, RHOA, and CDC42 between classical and basal-
like cell lines, a differential expression of the regulatory Rho-GTPase factors Rho-GEFs,
Rho-GAPs, and Rho-GDIs could be seen. Specifically, a decrease in the gene
expression of the Rho-GTPase pathway inhibitors ARHGAP18 and ARHGDIB was
detected in basal-like cell lines (Figure 4.3C). gPCR and ChIP-gPCR were conducted to
confirm a reduced expression of ARHGAP18 and ARHGDIB in basal-like cell lines and
to check if the genes are epigenetically regulated by histone acetylation levels, similar to
the classical and basal-like markers ELF3 and VIM. The results confirmed a low
expression of ARHGAP18 in basal-like cell lines and a high expression in classical cell
lines (Figure 4.3D). Moreover, low levels of H3K27ac were detected at the promoter of
ARHGAP18 in basal-like cell lines, whereas classical cell lines showed an enrichment of
H3K27ac at the gene promoter (Figure 4.3E). Plotting the gene expression and levels of
H3K27ac enrichment for ARHGAP18 for six PDAC cell lines, a strong subtype-specific
epigenetic regulation of ARHGAP18 could be shown (Figure 4.3F). However, the gene
expression of ARHGDIB was not regulated subtype-specific by H3K27ac (Figure 4.3F).
Overall, these results demonstrated that classical and basal-like PDAC cell lines exhibit
distinct patterns of actin cytoskeleton reorganization, with F-actin primarily located at the
cell membrane in classical cell lines and dispersed throughout the cytoplasm in basal-
like cell lines. Additionally, the gene expression of the Rho-GTPase inhibitor ARHGAP18

is regulated subtype-specific by histone acetylation.
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Figure 4.3: Classical and basal-like cell lines exhibit distinct expression of Rho-GTPase
pathway components and cellular organization structures. (A) Gene Ontology (GO) analysis
for the Biological Process (BP) category was performed on differentially expressed genes (DEGs)
identified from RNA-seq data between classical cell lines PaTu-S, Capan-1, and Capan-2 and
basal-like cell lines PaTu-T, PANC-1, and MIAPaCa-2, with DEGs selected based on logFC > 1
and p < 0.05. Significant enrichment was observed in processes related to actin cytoskeleton
organization. (B) Phalloidin conjugates were used for F-Actin fluorescence staining (green) and
DAPI was used for nuclei staining (blue) in PDAC cell lines PaTu-S, Capan-1, Capan-2, PaTu-T,
PANC-1 and MIAPaCa-2 at 64x magnification. Scale bars 20 ym. (C) Heatmap of RNA-seq data
displays DEGs of Rho-GTPase cycle components in classical cell lines PaTu-S, Capan-1, Capan-
2 and basal-like cell lines PaTu-T, PANC-1 and MIAPaCa-2. DEGs were selected based on logFC
> 1 and p < 0.05. (D) Relative mRNA expression of ARHGAP18 and ARHGDIB was measured in
PDAC cells PaTu-S, Capan-1, Capan-2, PaTu-T, PANC-1 and MIAPaCa-2 by qPCR. mRNA
expression was normalized to the housekeeper gene TBP (n=3). (E) H3K27ac levels at
ARHGAP18 and ARHGDIB gene promoter regions were measured in PDAC cells PaTu-S,
Capan-1, Capan-2, PaTu-T, PANC-1 and MIAPaCa-2 by ChIP-qPCR. ChIP DNA was normalized
as percent of input (n=3). (F) Association between gene expression of ARHGAP18 and ARHGDIB
and H3K27ac levels at gene promoter regions. Data are reported as mean values. p-values were
determined using two-tailed, unpaired Student’s t-test; * p < 0.1, ** p < 0.01.
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4.2.2 Cleaved-ROCK2 displays increased nuclear localization in basal-like
PDAC cell lines

Subsequently, RhoA and its downstream effector ROCK2 were given special focus, as
they are major components of the typical Rho-GTPase pathway, promoting the formation
of linear filaments. Firstly, immunoblot analysis was conducted to measure the protein
expression levels of ROCK2 and RhoA in classical and basal-like cell lines. However, no
difference in the protein expression levels of ROCK2 and RhoA was observed between
the two subtypes. Interestingly, cleaved-ROCK2, an active form of the ROCK2 protein,
tended to have increased expression in basal-like cell lines, but this result was not
statistically significant (Figure 4.4A). Importantly, the function of the ROCK2 protein is
partially determined by its subcellular localization. To investigate this, extracted proteins
from the cytoplasm and nucleus were used for immunoblot analysis to detect the
subcellular localization of RhoA and ROCK2. The results demonstrated that intact
ROCK?2 is located in the cytoplasm, while cleaved-ROCK2 is located in the nucleus in
both classical and basal-like cell lines. Notably, the basal-like cell lines showed a
significant increase in the nuclear levels of cleaved-ROCK2 compared to the classical
cell lines. However, RhoA was only detected in the cytoplasm in both classical and basal-
like cells (Figure 4.4B). Next, immunofluorescence was performed to confirm the cellular
localization of RhoA and ROCK2. Consistent with the immunoblot findings, ROCK2 was
found in the nucleus and cytoplasm of all cell lines. Additionally, the basal-like subtype
exhibited more numerous and larger ROCK2-positive nucleoli compared to the classical
cell lines. In contrast to the immunoblot results, RhoA was observed in both the
cytoplasm and the nucleus (Figure 4.4C). Overall, the protein levels of ROCK2 and RhoA
do not differ significantly between classical and basal-like PDAC cell lines, but the PDAC
cell lines with a basal-like subtype show an increased nuclear presence of the active
form of ROCK2 (cleaved-ROCK?2).
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Figure 4.4: Cleaved-ROCK2 displays increased nuclear localization in basal-like PDAC cell
lines. (A) Representative immunoblot analysis of ROCK2 and RhoA in PDAC cells PaTu-S,
Capan-1, Capan-2, PaTu-T, PANC-1 and MIAPaCa-2. GAPDH served as loading control (n=3).
Intensity of bands were quantified and normalized to GAPDH levels. (B) Cytoplasmic and nuclear
extracted proteins from PDAC cells PaTu-S, Capan-1, Capan-2, PaTu-T, PANC-1 and MIAPaCa-
2 were used for immunoblot analysis of ROCK2 and RhoA. GAPDH and histone H3 were used
as loading controls for the cytoplasmic and nuclear fractions, respectively (n=2). Intensity of bands
were quantified and normalized to GAPDH or histone H3 levels. (C) Upper panel:
immunofluorescence staining of ROCK2 (green) and nuclei (DAPI, blue); lower panel:
immunofluorescence staining of RhoA (green) and nuclei (DAPI, blue) of PDAC cells PaTu-S,
Capan-1, Capan-2, PaTu-T, PANC-1 and MIAPaCa-2 at 64x magnification. Scale bars 20 ym.
Data are reported as mean values. p-values were determined using two-tailed, unpaired Student’s
t-test; *p < 0.1, *™ p < 0.01.

4.2.3 ROCK inhibitor Y-27632 do not influence HDAC2 phosphorylation
and actin cytoskeleton reorganization in PDAC cell lines

As described above, the basal-like subtype is considered to be more aggressive and
more difficult to treat. Thus, it was tested, if ROCK inhibition results in changes in the
phenotype of the basal-like PDAC cells, particularly in actin cytoskeleton reorganization,
compared to classical cell lines. Moreover, because active ROCK2 was detected in the
nucleus (Figure 4.4C), it was assumed that ROCK2 may phosphorylate HDAC2 in the
nucleus to activate it. Consequently, this would result in a loss of H3K27ac and an

epigenetic silencing of classical marker genes such as ELF3, or the Rho-GTPase
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inhibitor ARHGAP18 (Figure 4.2C and Figure 4.3D). To verify this hypothesis, classical
and basal-like cell lines were treated with Y-27632, a ROCK inhibitor, at concentrations
of 5 uM and 10 uM for 24 hours. Immunoblotting was then performed to assess the effect
of ROCK inhibitor on the phosphorylation of HDAC2. However, the treatment of classical
and basal-like cell lines with the ROCK inhibitor Y-27632 did not induce any differences
in the protein expression of ROCK2 and RhoA, and no alterations were found in the
phosphorylation of HDAC2 (Figure 4.5A). Because after ROCK inhibition no effect was
observed at protein level, immunofluorescence staining using phalloidin conjugates was
performed to determine whether the ROCK inhibitor changed the cellular actin
organization in the selected classical cell line Capan-1 and the basal-like cell line PANC-
1. However, the cytoskeleton of both Capan-1 and PANC-1 cells remained unaffected
(Figure 4.5B), indicating that PDAC tumor cells are non-responsive to the ROCK inhibitor
Y-27632 at the chosen conditions.
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Figure 4.5: ROCK inhibitor Y-27632 do not influence HDAC2 phosphorylation and actin
cytoskeleton reorganization in PDAC cell lines. (A) Representative immunoblot analysis of
ROCK2, RhoA and P-HDAC?2 in control-, 5 uM and 10 yM ROCK inhibitor Y-27632 treated cell
lines for 24 hours. Intensity of bands were quantified and normalized to GAPDH levels. GAPDH
served as loading control (n=3). (B) Phalloidin conjugates were used for F-actin fluorescence
staining (green), and DAPI was used for nuclei staining (blue) in control, 5 yM, and 10 uM ROCK
inhibitor Y-27632-treated classical Capan-1 and basal-like PANC-1 cells for one hour. Images
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were taken at 64x magnification. Scale bars represent 20 um. Data are reported as mean values.
p-values were determined using non-parametric Kruskal-Wallis followed by Dunn's test.

4.3 Epigenetic drug response in classical and basal-like PDAC
cell lines

4.3.1 Distinct histone acetylation patterns and differential responses to
epigenetic drugs in classical and basal-like cell lines

The results above have shown that the gene expression of the classical marker ELF3,
the basal-like marker VIM, and the Rho-GTPase inhibitor ARHGAP18 are regulated by
histone acetylation. Thus, it was investigated if the overall histone acetylation status and
the expression of histone-modifying enzymes is changed in general in classical and
basal-like cells. To address this, variations in global H3K27ac levels and the expression
of related histone-modifying enzymes were assessed in classical and basal-like PDAC
cell lines using immunoblot and gPCR analyses. The results revealed significantly
increased protein expression of HDAC2 and a lower abundance of H3K27ac in basal-
like cell lines compared to classical cell lines (Figure 4.6A). This finding is consistent with
the observation that significantly lower levels of the histone acetyltransferase (HAT)
genes EP300 and CREBBP are expressed in basal-like cells than in classical cell lines
(Figure 4.6B). To further investigate whether more activated HDAC2 is present in basal-
like cell lines, immunoblotting was performed to detect phospho-HDAC2 in both classical
and basal-like cell lines (Figure 4.6C). It was found that basal-like cell lines exhibited
significantly increased protein expression of phospho-HDAC2 compared to classical cell
lines. These findings suggest that differences in histone acetylation and deacetylation
dynamics may contribute to the regulation of gene expression in classical and basal-like

subtypes.

A comprehensive understanding of the impact of histone acetylation levels regulating
transcriptome profiles in classical and basal-like cell lines is necessary to determine
whether epigenetic remodeling can affect the switch between tumor subtypes. To
investigate this, all seven PDAC cell lines were treated with the histone acetyltransferase
inhibitor (HATi) A485 and the histone deacetylase inhibitor (HDACi) SAHA at
concentrations of 1 uM A485 or 0.5 yM SAHA for 24 hours. RNA-seq analysis was
performed to determine changes in gene expression profiles. Overall, more
downregulated genes than upregulated genes were observed in A485-treated PDAC cell
lines (Figure 4.6D). The number of differentially expressed genes (DEGs) after SAHA
treatment was found to be very low (Figure 4.6D). To determine the biological effects of

HATi and HDACIi treatment on tumor subtypes, GO term and KEGG pathway analysis
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based on DEGs was performed. A Gene Ontology (GO) analysis of the top 100 terms,
focusing on genes downregulated by A485 treatment in both classical and basal-like cell
lines, identified 54 subtype-specific GO terms (Figure 4.6E). Among them, the
expression of genes related to mesenchymal cell differentiation and extracellular matrix
organization was reduced in basal-like cell lines. In addition, the analysis of the top 100
GO terms of genes upregulated following SAHA treatment showed significant
enrichment in GO terms related to cytoskeletal organization, leukocyte-mediated
immunity, and cell secretion in classical cell lines (Figure 4.6E). This finding further
demonstrates that cytoskeletal reorganization in classical and basal-like cells is

epigenetically regulated.

Further analysis was performed to determine the subtype-specific effects of HATi A485
and HDACi SAHA treatment on EMT in classical and basal-like cell lines by examining
an EMT signature identified by Groger et al. [112]. The EMT signature is defined by
genes associated with mesenchymal cell differentiation and cytoskeletal organization
[112]. It was observed that the EMT score of basal-like cell lines was generally higher
than of classical cell lines, which is consistent with the results of GSEA in Figure 4.1C.
The EMT score did not change after epigenetic drug treatment in basal-like cell lines.
Interestingly, in classical cell lines, treatment with HATi A485 led to an increase in EMT

scores, indicating that the EMT phenotype is enriched (Figure 4.6F).

In summary, compared to classical cell lines, basal-like cell lines exhibit elevated HDAC2
expression and activation, accompanied by decreased HAT (EP300 and CREBBP)
expression. Classical cell lines respond better to histone-modifying enzyme inhibitors,
particularly HATi A485, while both subtypes cell lines show limited sensitivity to HDACi
SAHA. In basal-like cell lines, HATi treatment inhibits mesenchymal differentiation,
whereas HDACI treatment induces cytoskeletal reorganization. However, in classical cell

lines, HATi A485 treatment leads to an enrichment of an EMT program.
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Figure 4.6: Distinct histone acetylation patterns and differential responses to epigenetic
drugs in classical and basal-like cell lines. (A) Representative immunoblot analysis of HDAC2
and H3K27ac in PDAC cell lines PaTu-S, Capan-2, Capan-1, PaTu-T, PANC-1 and MIAPaCa-2.
GAPDH served as loading control (n=4-5). Intensity of bands were quantified and normalized to
GAPDH levels. (B) Relative mRNA expression of EP300 and CREBBP in PDAC cells (PaTu-S,
Capan-1, Capan-2, PaTu-T, PANC-1, MIAPaCa-2) was assessed using qPCR. Expression levels
were normalized to the housekeeping gene TBP (n=3). (C) Representative immunoblot analysis
of phospho-HDAC2 in PDAC cell lines PaTu-S, Capan-2, Capan-1, PaTu-T, PANC-1 and
MIAPaCa-2. GAPDH served as loading control (n=3). Intensity of bands were quantified and
normalized to GAPDH levels. (D) The count of differentially expressed genes (DEGs), shown as
filled circles for upregulated and empty circles for downregulated, was determined via RNA-seq
for control, A485- (1 uM, 24 hours), and SAHA- (0.5 pM, 24 hours) treated cell lines. (E) Venn
diagram illustrates the overlap and distinctiveness of the Top 100 GO terms derived from A485-
downregulated and SAHA-upregulated genes. The accompanying tables highlight significant
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pathways for genes downregulated by A485 and those upregulated by SAHA, distinguished in
classical (red) and basal-like cell lines (black). Basal-like cell lines showed no significant pathway
enrichment post-SAHA treatment. (F) Changes in EMT signatures, based on published gene
signatures [126], were visualized for control, A485- (1 uM, 24 hours), and SAHA- (0.5 uM, 24
hours) treated cell lines using RNA-seq data. Data are reported as mean values. p-values were
determined using two-tailed, unpaired Student’s t-test; ** p < 0.01, *** p < 0.001, ****p < 0.0001.
Figure panels reprinted and adapted from publication [127] with permission of the publisher.

4.3.2 Long-term epigenetic drug treatment differentially affects marker
gene expression and epigenetic acetylation in classical and basal-
like PDAC cell lines

The effects of short-term epigenetic treatment on cell lines were not as strong as
expected, particularly the classical and basal-like cell lines did not respond well to HDACI
treatment, and the basal-like cell lines responded only weakly to both HATi and HDACI.
Therefore, a long-term treatment analysis was performed to determine whether longer
epigenetic treatment would have a more substantial impact on the transcriptional
reprogramming of tumor cells. The cell lines were cultured with A485 and SAHA for
several weeks. Prolonged treatment with 1 yM A485 significantly reduced H3K27ac
levels in both classical and basal-like cell lines, whereas exposure to 0.5 yM SAHA (or
0.05 uM for MIAPaCa-2) did not cause a significant H3K27ac enrichment, though an
increasing trend was observed (Figure 4.7A, B). The effects of long-term HATi or HDACi
treatment on epithelial and mesenchymal characteristics of classical and basal-like cell
lines were examined in the following. After long-term exposure to A485, a significant
decrease in ELF3 expression and an increase in VIM expression were observed in
classical cell lines, indicating a transition from an epithelial to a mesenchymal phenotype
(Figure 4.7C). This is consistent with the results observed following short-term A485
treatment, where an increase in the EMT score was noted in classical cell lines (Figure
4.6F). In line with gene expression, a notable reduction of H3K27ac at the ELF3 promoter
and an increase of H3K27ac at the VIM promoter were observed in classical cell lines
after long-term A485 treatment, while similar changes were not shown in basal-like cell
lines (Figure 4.7D). Additionally, the effect of long-term HDACi treatment on the
expression of the Rho-GTPase inhibitor ARHGAP18 in classical and basal-like cell lines
was also assessed. However, basal-like cell lines responded only weakly to SAHA
treatment, showing a trend of increased gene expression of ARHGAP18 and increased
H3K27ac levels at the ARHGAP18 promoter (Figure 4.7E, F). In summary, long-term
HATI treatment led to changes in the overall H3K27ac levels in classical and basal-like
cells. Specifically, classical cell lines showed decreased expression of epithelial marker
genes and increased expression of mesenchymal marker genes after HATi treatment.
The basal-like cell line showed a mild increase of the Rho-GTPase inhibitor ARHGAP18
after HDACi treatment.
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Figure 4.7: Long-term treatment with epigenetic drugs influences epithelial and
mesenchymal gene expression differently in classical and basal-like PDAC cell lines. (A)
Representative immunoblot analysis of H3K27ac in control-, 1 yM A485- and 0.5 uM (#0.05 pM)
SAHA-long-term (5-19 weeks) -treated cell lines. (B) Intensity of bands were quantified and
normalized to ACTB levels. ACTB served as loading control (n=3-4). (C) mRNA expression levels
of ELF3 and VIM were evaluated in cell lines subjected to long-term (4-16 weeks) treatment with
1 UM A485 or 0.5 pM (#0.05 pM) SAHA, using gPCR. Expression was normalized to the TBP
housekeeping gene (n=3). (D) ChIP analysis of H3K27ac and control antibody IgG for the
promoters of ELF3 and VIM was performed on cell lines treated long-term (18-28 weeks) with 1
MM A485 or 0.5 uM (#0.05 uM) SAHA. ChIP-gPCR results are expressed as a percentage of input
(n=2-3). (E) MRNA expression of ARHGAP18 in control- and 0.5 uM (#0.05 pM) SAHA-long-term
(4-16 weeks)-treated cell lines were assessed by gPCR and normalized to the housekeeper gene
TBP (n=3). (F) ChIP analysis of H3K27ac and control anti was assessed by gPCR and normalized
to the housekeeper gene body IgG for ARHGAP18 promoter in control- and 0.5 pM (#0.05 pM)
SAHA-long-term (18-28 weeks) treated cell lines. ChlIP-qPCR data are normalized as percent of
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input (n=2-3). Data are reported as mean values. p-values were determined using non-parametric
Kruskal-Wallis followed by Dunn's test or one-way ANOVA with Fisher's LSD post hoc test; * p <
0.1, ** p <0.01, *** p < 0.0001. Figure panels reprinted and adapted from publication [127] with
permission of the publisher.

4.3.3 Impact of long-term epigenetic drug treatment on phenotypes of
classical and basal-like PDAC cell lines

As shown in Figure 4.4C, basal-like cell lines have larger and more numerous nucleoli,
which are generally indicative of a stronger proliferation capacity. Therefore, the impact
of long-term HATi or HDACi treatment on proliferation and colony formation of classical
and basal-like cell lines was evaluated by MTT assay and colony formation assay,
respectively. After 4-30 weeks of treating all seven PDAC cell lines with 1 uM A485 or
0.5 uM (or 0.05 pM for MIAPaCa-2) SAHA, the MTT assay was determined over 24-96
hours, and the colony formation assay was determined over 7-14 days. Combining the
results of the MTT assay and the colony formation assay, several patterns emerged
following long-term treatment with A485 and SAHA. After long-term A485 treatment,
classical cell lines exhibited a consistent response across both assays. Specifically,
Capan-1 cells showed increased proliferation, whereas the proliferation of the other
classical cell lines was reduced. In contrast, basal-like cell lines did not respond to A485
treatment in the MTT assay but showed reduced colony forming abilities in the colony
formation assay. Interestingly, after long-term treatment with SAHA, basal-like cell lines
demonstrated a consistent response in both assays. PANC-1 cells showed reduced
proliferation, while the proliferation of other basal-like cell lines remained unchanged. In
the classical cell lines, all showed reduced proliferation in the MTT assay. However, in
the colony formation assay, Capan-2 was the only classical cell lines with reduced colony

forming abilities, while the others were unaffected (Figures 4.8A, B).

During EMT, epithelial cells undergo a loss of polarity and intercellular adhesion,
properties, but gain the ability to migrate. Therefore, the impact of long-term HATi or
HDACI treatment on the migration of classical and basal-like cell lines was evaluated.
Cell migration was assessed using a wound healing assay in PDAC cell lines PaTu-S,
Capan-2, Colo357, PaTu-T, PANC-1 and MIAPaCa-2 following long-term epigenetic
drug treatment. After 17-32 weeks of treatment with 1 yM A485 or 0.5 uM (or 0.05 pM
for MIAPaCa-2) SAHA, wound healing was measured over 6-24 hours. Classical cell
lines exhibited a notable enhancement in migratory capacity after long-term treatment
with A485. However, basal-like cell lines showed only weak responses to both A485 and

SAHA treatments, with no significant changes in migration capacity (Figures 4.8E, F).
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This phenomenon is consistent with changes observed in the transcriptome, including

an increased EMT score in classical cell lines after short-term A485 treatment, a

decrease in the expression of the epithelial marker ELF3, and an increase in the

expression of the mesenchymal marker VIM after long-term A485 treatment.
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Figure 4.8: Impact of long-term epigenetic drug treatment on phenotypes of classical and
basal-like PDAC cell lines. (A) Cell proliferation over 24-96 hours of cell lines treated long-term
(4-30 weeks) with 1uM A485 or 0.5 uM (# 0.05uM) SAHA, and controls, was assessed using MTT
assay (n=3). (B) The cell proliferation rate over 72 hours was evaluated using MTT assay (n=3).
(C) The ability of cell lines to form colonies after long-term (18-29 weeks) treatment with 1uM
A485 or 0.5 uM (#0.05 uM) SAHA was evaluated (n=3). (D) Colony formation is expressed as the
percentage of colonies per unit area, normalized to control cells. (E) Migration capabilities of cell
lines treated long-term (17-32 weeks) with 1 uM A485 or 0.5 uyM (#0.05 uM) SAHA were assessed
(n=4). (F) Cell migration was quantified as a percentage of the reduction in the scratch area from
the 0 hour to the area at the end of the time point. Data are reported as mean values. p-values
were determined using non-parametric Kruskal-Wallis test; * p < 0.05, **** p < 0.0001. Figure
panels reprinted and adapted from publication [127] with permission of the publisher.
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5. Discussion

To date, the prognosis for patients with pancreatic ductal adenocarcinoma (PDAC)
remains very poor, reflected in a five-year survival rate of only 13% in the United States
[3]. The absence of early diagnostic markers, the refractory chemotherapy resistance
observed in advanced-stage patients, and the limitations of targeted therapies do all
contribute to this dismal outcome. In addition, tumor heterogeneity is a significant factor
contributing to the aggressive nature of the cancer in advanced PDAC patients. As
demonstrated by multiple publications based on transcriptional profiling, PDAC tumor
cells can be classified into two major subtypes: classical, characterized by epithelial
marker gene expression, and basal-like, characterized by mesenchymal marker gene
expression [25-31]. However, the inherent complexity of tumor tissue composition in
PDAC, with few tumor cells and the presence of diverse cellular components in whole
tumor samples used for transcriptional profiling analysis, often leads to imprecise
classifications [25]. Quite unexpected, the study by Juiz et al. clearly identified
heterogeneity within classical subtype PDOs. These PDOs that were originally defined
as pure classical exhibited both classical and basal-like transcriptional signatures,
highlighting the variability within supposed homogeneous subtypes [32]. It underscores
the necessity for a more refined and straightforward model to precisely differentiate
distinct tumor cell subtypes and to observe their responses to chemotherapy. To address
subtype specific effects and treatment options, seven PDAC cell lines were used for
RNA-seq analysis, followed by PCA to categorize these cell lines into two distinct groups.
DEGs between the two groups were displayed by a volcano plot, showing one group with
epithelial and the other with mesenchymal transcriptional profiling, consistent with
previously defined classical and basal-like subtypes [25-31]. Additionally, GSEA results
revealed an enrichment of the epithelial-to-mesenchymal transition (EMT) pathway in
basal-like cell lines, consistent with the findings of Chan-Seng-Yue et al. from single-cell
RNA-seq analysis, which show a strong association between purely basal-like
transcriptional signatures and the EMT process [30]. Similarly, the study by Lomberk et
al. found that in basal-like patient-derived tumor xenografts (PDTXs), genes with active
epigenetic modifications (H3K27ac) are closely linked to oncogenic EMT-associated
TGF-B signaling pathways [128]. The findings corroborate that distinct molecular
pathways are active in classical and basal-like cell lines, which emphasize potential

implications for targeted therapeutic strategies.

It was further verified that the epithelial marker gene ELF3 and the mesenchymal marker
gene VIM exhibited elevated expression in the classical and basal-like cell lines,
respectively. Their transcriptional activation was correlated with H3K27ac enrichment at

their promoter regions. This result is consistent with the findings of Diaferia et al., who
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established that low-grade PDAC cell lines CFPAC-1, Capan-2, HPAF-II, and Capan-1
exhibited classical signature, while high-grade PDAC cell lines PANC-1, MiaPaCa-2 and
PT45P1 exhibited mesenchymal signature [33]. Moreover, in their study the classification
based on the enrichment of H3K27ac at promoters and enhancers was largely
overlapping with the low-grade and high-grade classification that was defined by
transcriptional profiles. For example, the epithelial marker KLF5 was highly expressed in
low-grade PDAC cell lines and also showed high enrichment of H3K27ac at its
enhancers [33]. Lomberk et al. also identified a unique epigenetic landscape in classical
subtype tumors utilizing PDAC patient-derived xenograft models, that was characterized
by super enhancers of epithelial-related genes such as GATA6, FOS (Fos proto-
oncogene, AP-1 transcription factor subunit), FOXP1 (forkhead box P1), FOXP4
(forkhead box P4), KLF4 (KLF transcription factor 4), and ELF3[128]. Own and published
results demonstrate a strong molecular difference between classical and basal-like cell
lines, and highlight that these differences are epigenetically regulated. This suggests a
potential application of epigenetic drug treatment strategies, particularly in the context of

personalized treatment for different molecular PDAC subtypes.

EMT is a unique characteristic of aggressive tumor cells that enables them to acquire
migratory and invasive capabilities, which are processes that rely on cytoskeletal
reorganization. The cytoskeleton is composed of three key components: microtubules,
intermediate filaments, and actin filaments [129]. In this project, GO term analysis was
performed on the DEGs of classical and basal-like cell lines, revealing significant
enrichment in processes related to actin cytoskeleton organization, underscoring the
crucial role of actin filament reorganization in these two subtypes. This finding was further
investigated by F-actin staining using phalloidin conjugates and it could be demonstrated
that F-actin was predominantly located at the cell membrane in classical cell lines, while
in basal-like cell lines, F-actin was dispersed throughout the cytoplasm. These
observations align with findings that epithelial cells typically possess cortical actin rings
[130, 131], while metastatic mesenchymal cells exhibit an increase in actin stress fibers
[132]. Thus, in mouse mammary epithelial NMuMG cells, TGF-3 has been shown to
transform thin cortical bundles into thick stress fibers, an effect that can be inhibited by
the ROCK inhibitor Y-27632 [133]. The TGF-B-driven remodeling of the actin
cytoskeleton in mouse mammary epithelial NMuMG cells and the acquisition of
mesenchymal characteristics was regulated by RhoA/ROCK signaling [134]. Such
changes are crucial for morphological and functional transitions of EMT characteristics.
Specifically, the activation of the RhoA/ROCK signaling plays a key role in promoting the

formation of stress fibers, which contribute to the acquisition of mesenchymal traits.
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These alterations support the aggressive phenotype of the tumor cells that is commonly

associated with a basal-like subtype.

TGF-B signaling is a key regulator of the EMT process and often cross-talks with the
Rho-GTPase signaling, which in turn is a critical regulator of the actin cytoskeleton [135,
136]. Therefore, DEGs of Rho-GTPase signaling components in classical and basal-like
cell lines were analyzed. Contrary to expectations, no differential expression was
observed for the typical Rho-GTPase members RAC71, RHOA, and CDC42 between
classical and basal-like cell lines. However, this can be explained by the fact that RAC1,
RHOA, and CDC42 are crucial regulators of the cytoskeleton organization and maintain
cell morphology in general. Therefore, their baseline expression and function are
necessary in both classical and basal-like cells. While their presence is essential, the
activity of Rho-GTPases deserves further investigation in classical and basal-like cell
lines [137]. In the present study, it was identified that components of the Rho-GTPase
signaling are generally lower expressed in basal-like cell lines compared to classical cell
lines and basal-like cell lines exhibited a more pronounced downregulation of Rho-
GTPase inhibitors, such as GAPs, GDIs, and of members of the atypical Rho-GTPases
subfamily. This result further explains that the regulation of Rho-GTPase pathway
components plays an important role in classical and basal-like cell lines. In particular,
the extensive downregulation of Rho-GAPs, Rho-GDIs and atypical Rho-GTPases in
basal-like cell lines may contribute to an activation of the canonical Rho-GTPase
pathway. Studies by Yeung et al. showed that the expression of recombinant Arhgap28-
V5, a Rho-GAP, in human osteosarcoma Sa0OS-2 cells resulted in decreased levels of
RhoA activation and a disruption of actin stress fibers [138]. Rnd is an atypical Rho-
GTPase that can compete with RhoA for binding to the Rho-binding domain (RBD) of
ROCK, thereby inhibiting ROCK-induced stress fiber formation [139, 140]. Moreover, the
findings from Qin et al. showed that SAHA-mediated inhibition of HDAC enhanced the
expression of RND1 (Rho family GTPase 1), which leads to the suppression of the
RhoA/Raf/MEK/ERK signaling pathway, thereby inhibiting EMT-mediated metastasis in
hepatocellular carcinoma [141]. In the present study, a decrease in the gene expression
of the Rho-GTPase pathway inhibitors ARHGAP18 and ARHGDIB was detected in
basal-like PDAC cell lines compared to the classical subtype. In addition, low levels of
H3K27ac were detected at the promoter of ARHGAP18 in basal-like cell lines, whereas
classical cell lines showed an enrichment of H3K27ac at the gene promoter. This project
is the first to report that ARHGAP18 is differentially expressed in classical and basal-like
cell lines under epigenetic regulation. According to a study conducted by Maeda et al.,
overexpression of ARHGAP18 inhibits RhoA activity, disrupts the formation of stress

fibers in HelLa cells, and suppresses cell migration [142]. This suggests that alterations
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in ARHGAP18 gene expression could significantly influence cytoskeletal dynamics
through the RhoA/ROCK signaling and contribute to the mesenchymal characteristics
observed in basal-like cell lines. These findings suggest that the Rho-GTPase signaling
pathway, along with its regulators and effectors, may serve as potential therapeutic target

for EMT-related malignancies, particularly in the treatment of basal-like cell lines.

RhoA/ROCK signaling is a proven key regulator of stress fiber and crosstalk with TGF-3
signaling to induce EMT process in tumor cells [133, 134]. The protein expression of
RhoA and ROCK2 was further examined in both classical and basal-like PDAC cell lines,
and no differences were observed in their overall expression. This result aligns with the
assessed transcriptome profiles, which showed a similar RhoA expression in classical
and basal-like cell lines. Since ROCK2 typically binds to activated RhoA to exert its
function [106-108], it is probable that their activity, rather than their expression levels,
plays a crucial role in their involvement in cytoskeletal organization in classical and basal-
like cell lines. Interestingly, an increased trend in the presence of cleaved-ROCK2 was
noted in basal-like PDAC cell lines. While many studies have observed the existence of
cleaved-ROCK2, the specific differences in function between the RhoA-bound ROCK2
and cleaved-ROCK2 are still not well understood. It has been shown by Leung et al. that
ROCK2, when lacking the C-terminal RBD-PH domain, significantly influences the
formation of stress fibers and focal adhesion complexes [107]. Furthermore, the findings
from Amano et al. indicate that this truncated version of ROCK2 acts as a constitutively
active form, enhancing cell contraction in neurons like that of the full-length activated
ROCK2 [143]. These insights suggest that cleaved-ROCK2 could play a crucial role in
cytoskeleton rearrangements and adhesion properties, particularly in basal-like PDAC
cell lines. Given the potential importance of subcellular localization in determining protein
function, the localization of RhoA and ROCK2 in PDAC cell lines was investigated using
different experimental approaches. Through immunoblot analysis of cytoplasmic and
nuclear-extracted proteins, RhoA was found to be exclusively localized in the cytoplasm,
whereas ROCK2 was detected in both the nucleus and cytoplasm. Notably, cleaved-
ROCK2 was specifically observed in the nucleus. In contrast, immunofluorescence
staining demonstrated the presence of both RhoA and ROCK2 in the cytoplasm and
nucleus across six PDAC cell lines, suggesting strong consistency of RhoA and ROCK2
in subcellular distribution. This variation may be attributed to the differing sensitivities

and specificities of the experimental methods used.

According to immunofluorescence staining results that are offered by The Human Protein
Atlas website, RhoA has been predominantly found in the cytoplasm in different cell lines
such as A-431, U-251MG, and U20S [144]. Similarly, ROCK2 has also been observed
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in the cytoplasm in HeLa and Hep-G2 cell lines [145]. However, work from Dubash et al.
and Tanaka et al., which used cytoplasmic and nuclear-extracted proteins followed by
immunoblot analysis, revealed that both RhoA and ROCK2 were found in the cytoplasm
and nucleus of HEK293, HelLa, and several other cell lines [146, 147]. Interestingly, some
studies have identified less common locations for RhoA, such as its presence in the
nucleolus of gastric cancer AGS cell lines and epithelial tumor-derived HEp-2 cell lines.
For instance, RhoA has been found to co-localize with NF-kB in AGS cell lines and to
participate in processes such as RNA synthesis in HEp-2 cells [148, 149]. Consistent
with these findings, the present study exhibited that basal-like PDAC cell lines possess
larger and more numerous nucleoli, along with increased localization of RhoA and
ROCK?2 in the nucleoli, compared to classical cell lines. These observations underscore
the potential significance of the nuclear localization of RhoA and ROCK2, suggesting
that their roles in the nucleus may be more critical than previously understood,

particularly in the context of tumor development.

The nuclear localization of RhoA and ROCK2 suggests its role in regulating gene
expression, particularly with ROCK2 as a kinase that plays a role in phosphorylation.
Therefore, it was hypothesized that ROCK2 may phosphorylate HDAC?2 in the nucleus
to activate it, leading to a loss of H3K27ac and epigenetic silencing of classical marker
genes such as ELF3 or the Rho-GTPase inhibitor ARHGAP18. To test this hypothesis,
classical and basal-like cells were treated with the ROCK inhibitor Y-27632. However,
no differences in ROCK2 and RhoA protein expression were observed following
treatment with Y-27632, and no changes in HDAC2 phosphorylation were detected.
Additionally, immunofluorescence staining of phalloidin conjugates revealed that the
cytoskeleton of both the classical cell line Capan-1 and the basal-like cell line PANC-1
was not affected by Y-27632 treatment. This lack of effect could be due to an
inappropriate duration or concentration of ROCK inhibitor treatment, as well as varying
responses to the inhibitor across different cell lines. In the study of Stricker et al., human
osteosarcoma U20S cells were incubated with different concentrations (1-10 uM) of the
ROCK inhibitor Y-27632 for 1 hour, followed by F-actin staining. At low concentrations
(2 uM) of the Y-27632, transverse arcs and radial stress fibers were still observed. As
the concentration increased to 5 uM, a significant reduction in radial stress fibers was
significantly reduced. At the highest concentration (10 uM), transverse arcs, radial stress
fibers and lamellar actin bundles completely disappeared [150]. However, osteosarcoma
cells, with strong mesenchymal signature, have a more abundant presence of actin
filaments compared to epithelial cells and may therefore be more sensitive to treatment
with the ROCK inhibitor Y-27632. In PC-12 pheochromocytoma cell line, treatment with
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25 yM ROCK inhibitor Y-27632 for 5 minutes, 30 minutes, 2 hours, 6 hours, 12 hours,
and 24 hours was followed by measurement of the phosphorylation level of the ROCK
effector cofilin. The results showed a downward trend in cofilin phosphorylation from 5
minutes to 2 hours, with levels returning to the untreated state after 2 hours [151].
Therefore, determining the appropriate duration and concentration of ROCK inhibitor Y-

27632 treatment is crucial.

As discussed above, the gene expression of the classical marker ELF3, the basal-like
marker VIM, and the Rho-GTPase inhibitor ARHGAP18 are all regulated by histone
acetylation. However, whether changes in epigenetic regulation is dependent on the
molecular subtype of the cancer has not been fully elucidated. To address this, it was
investigated whether the overall histone acetylation status and the expression of histone-
modifying enzymes differ between classical and basal-like PDAC cells. Here, a
significant increase in the expression of HDAC2 and phosphorylated HDAC2 (p-HDAC2)
was observed in basal-like cell lines, alongside a decrease in overall H3K27ac
abundance and lower expression levels of the histone acetyltransferase (HAT) genes
EP300 and CREBBP. These findings suggest that HDAC2 may serve as a key epigenetic
regulator in basal-like cell lines, with p-HDAC2 potentially repressing genes related to
the Rho-GTPase pathway through epigenetic mechanisms. This conclusion aligns with
results from other studies. For instance, interactions between HDAC1 and HDAC?2 with
EMT transcription factors such as SNAIL and ZEB1 have been reported, leading to the
silencing of the epithelial marker E-cadherin (CDH1) and the promotion of tumor
progression toward an invasive EMT phenotype [152, 153]. Furthermore, a study by
Krauss et al. demonstrated that increased HDAC2 expression in basal-like PDAC cell
lines is associated with an invasive and metastatic gene expression profile [66].
Additionally, the critical role of HDAC2 phosphorylation at the S394 site in regulating its
activity was highlighted by Tsai et al. [154], while Sun et al. further demonstrated that
HDAC2 phosphorylation is essential for the formation of the Sin3 and NuRD complexes
and their enrichment at gene promoters [155]. Notably, the significant nuclear localization
of RhoA and ROCK?2 in basal-like cell lines, particularly their localization in the nucleolus,
suggests that these molecules may have specific nuclear functions. Tanaka et al.'s study
demonstrated that nuclear ROCK2 can phosphorylate the HAT p300 [147]. Additionally,
Pietrzak et al. provided key insights into the differential roles of p300 and HDAC1 in
monocytes and macrophages, showing that p300 and HDAC1 interact with the SWI/SNF
complex but with distinct effects: in monocytes, HDAC1 represses gene expression
through deacetylation, while in macrophages, p300 enhances gene expression through

acetylation [156]. This suggests that the functions of p300 and HDAC2 may be highly
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dynamic and context-dependent across different cell types. However, in the present
study it was not delineated whether the high levels of HDAC2 phosphorylation are

because of overall high expression levels of HDAC2 in basal-like cell lines.

A comprehensive understanding of the impact of epigenetic acetylation on the
transcriptome profiles of classical and basal-like cell lines is crucial for determining
whether epigenetic acetylation influences the transition between tumor subtypes. To
explore this, all seven PDAC cell lines were treated with the histone acetyltransferase
inhibitor (HATi) A485 and the histone deacetylase inhibitor (HDACi) SAHA, both in short-
term (24 hours) and long-term treatments. Overall, classical and basal-like cells exhibited
high concordance in their response to both short-term and long-term epigenetic drug
treatments, with both subtypes responding poorly to HDACI treatment. Basal-like cell
lines, in particular, showed weak responses to both HATi and HDACI. At least, A485-
treated PDAC cell lines displayed a decent amount of downregulated genes after short-
term treatment, while the number of differentially expressed genes following SAHA
treatment was very low. Long-term A485 treatment significantly reduced H3K27ac levels
in both classical and basal-like cell lines, whereas long-term SAHA treatment did not
result in significant H3K27ac enrichment. Notably, after extended exposure to A485, a
significant decrease in H3K27ac at the ELF3 promoter and an increase at the VIM
promoter were observed in classical cell lines, accompanied by a corresponding
decrease in ELF3 expression and an increase in VIM expression. In contrast, no similar
changes were observed in basal-like cell lines. The insensitivity of basal-like cell lines to
epigenetic drug treatment may be attributed to the fact that the number of enhancers
affected by epigenetic acetylation in basal-like cells is far fewer than in classical cell lines,
as previous studies described. For instance, Lomberk et al. identified 250 histone
acetylation positive super enhancers (SEs) in classical PDAC cell lines, whereas only 30
SEs were found in basal-like cell lines [128]. Similarly, Diaferia et al. reported that low-
grade cell lines with epithelial characteristics, which are classical cell lines, contained 50
SEs, while high-grade cell lines with mesenchymal characteristics had only 12 SEs [33].
This might also explain why basal-like cell lines showed only a slight increase in
H3K27ac at the promoter and a modest increase in the expression of the Rho-GTPase
inhibitor ARHGAP18 after HDACi treatment.

Both short-term and long-term treatments with the HAT inhibitor A485 had adverse
effects on classical PDAC cell lines, promoting extensive EMT characteristics. Short-
term treatment led to an increase in the EMT score, while long-term A485 treatment
resulted in the downregulation of the epithelial marker gene ELF3 and upregulation of
the mesenchymal marker gene VIM. These changes were associated with alterations in

H3K27ac levels at their promoter regions, along with enhanced clonogenicity and
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migratory properties. High doses of HAT inhibitors combined with gemcitabine have been
shown to completely suppress histone acetylation, leading to cell cycle arrest and
apoptosis in pancreatic tumor cells [50, 157]. However, these effects are largely due to
drug synergy or additive effects, highlighting the importance of carefully assessing HAT
inhibitor dosage in chemotherapy, particularly for PDAC patients with a classical tumor
subtype. Despite reports of HDAC-driven tumor progression predominantly in basal-like
PDAC, treatment of both subtypes with HDAC inhibitors revealed minimal effects.
Increases in H3K27ac were observed in basal-like cell lines, but changes in gene
expression were minor, and long-term treatment with the HDAC inhibitor SAHA did not
significantly alter ELF3 or VIM expression. While there was a slight increase in the
expression of the RhoA inhibition factor ARHGAP18 and H3K27ac enrichment at its
promoter in basal-like cells, these changes were not statistically significant. Only
classical cell lines exhibited a reduction in cell proliferation after prolonged HDACI
treatment. Although low-dose SAHA treatment produced varied responses across
different PDAC subtypes [158-160], the overall impact of HDAC inhibitors on EMT
remains controversial. Some studies suggest that HDAC inhibitors like Trichostatin A
(TSA) can inhibit metastasis [161], while others report that pan-HDAC inhibitors like
SAHA may induce a mesenchymal phenotype in various cancers, including lung,
colorectal cancer and prostate cancers [162-164]. Given the increase in HDAC
expression in many cancer types, HDAC inhibitors show potential as chemotherapy
agents. However, their effectiveness and therapeutic outcomes are highly dependent on
factors such as cellular subtype, dosage, and targeted HDAC categories. Although
HDAC inhibitors have been explored as potential therapies for PDAC, either as
monotherapy or in combination with other treatments [165, 166], further comprehensive
investigations are necessary. Future research should focus on preselecting patients who
are most likely to respond to epigenetic therapy, ensuring that targeted epigenetic

modifications are applied to those who will benefit the most.

This study has several limitations. One of the most important unanswered questions is
whether there are differences in RhoA activation between classical and basal-like cell
lines, which is essential for future research. Additionally, the exact effect of ROCK2 on
HDAC2 phosphorylation remains unclear. To address this, future studies should use
ROCK2-specific inhibitors, such as Belumosudil (KD025), and optimize the treatment
duration. The effectiveness of ROCK2-specific inhibitors should also be assessed by
measuring phosphorylated MLC and phosphorylated Cofilin, which are involved in
ROCK2 activation. After determining the optimal treatment time and concentration of
ROCK2 inhibitors, it will be crucial to measure histone acetylation and expression of the
classical marker ELF3, the basal-like marker VIM, and the Rho-GTPase inhibitor
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ARHGAP18. Furthermore, the current results do not clearly clarify the form of ROCK2
present in the nucleus (whether it is RhoA-bound ROCK2 or cleaved-ROCK2) or how it
functions there. In addition, there were significant disparities observed in the
arrangement of the actin cytoskeleton between classical and basal-like cell lines. This
difference is not only attributed to RhoA/ROCK signaling regulation of stress fibers, but
is also potentially influenced by the interaction between lamellipodia, regulated by RAC1,
and filopodia, regulated by CDC42. Therefore, a comprehensive study of typical Rho-
GTPases in classical and basal-like cell lines will be essential for better understanding
the switch between PDAC subtypes. Since SAHA is a pan-HDAC inhibitor, its broad
application limits the ability to draw specific conclusions. Utilizing more precise HDAC?2
inhibitors, such as Santacruzamate A, may provide insights into the role of HDAC2 in
classical and basal-like PDAC and its potential impact on the acetylation and expression
of ARHGAP18.
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Figure S1: Transcriptional patterns of Rho signaling components in classical and basal-
like cell lines. (A) Heatmap was generated from RNA-seq data to display transcriptional patterns
of Rho-GTPase family in classical cell lines PaTu-S, Capan-1 and Capan-2, and basal-like cell
lines PaTu-T, PANC-1 and MIAPaCa-2. (B) Heatmap of Rho-GEFs in classical cell lines PaTu-
S, Capan-1 and Capan-2, and basal-like cell lines PaTu-T, PANC-1 and MIAPaCa-2. (C)
Heatmap of Rho-GAPs and Rho-GDls in classical cell lines PaTu-S, Capan-1 and Capan-2, and
basal-like cell lines PaTu-T, PANC-1 and MIAPaCa-2. DEGs were selected based on logFC > 1
and p < 0.05.
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