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Abstract:

Background: The Neurokinin-1 receptor (NK1R) represents a promising target
for pancreatic ductal adenocarcinoma (PDAC) therapy. Yet its complex expres-
sion patterns and functional implications remain incompletely understood.

Methods: A comprehensive multi-method approach was employed to investigate
NK1R biology in PDAC, including transcriptomic analysis of multiple datasets,
RT-gPCR analysis for isoform-specific expression profiling, Western blot analy-
sis, functional assays with NK1R antagonist aprepitant (AP), as well as its ligand
Substance P (SP), and bioinformatic analysis of sex-specific expression patterns.

Results: Differential expression of NK1R isoforms, encoded by TACR1, was
demonstrated across PDAC cell lines with predominant expression of the trun-
cated variant (NK1R-tr). Lower NK1R gene expression correlated with advanced
tumour stage and poorer prognosis, while inversely correlating with EMT marker
ZEB1. Treatment with the NK1R antagonist aprepitant demonstrated significant
antiproliferative effects in PDAC cells, particularly in cancer stem cell-like popu-
lations, with the highest sensitivity in cell lines expressing elevated NK1R-tr.
Mechanistically, aprepitant induced cell cycle arrest rather than apoptosis, mod-
ulating ERK1/2 signalling. Bioinformatic analyses revealed distinct transcriptomic
signatures associated with high versus low TACR1 expression, with TACR7-high
samples exhibiting enrichment of immune-related pathways. Unexpectedly,
TACR1 expression demonstrated strong sex-specific patterns, with substantially
higher expression in female PDAC samples compared to male samples, accom-
panied by differential XIST expression, suggesting potential X-chromosome-
linked regulatory mechanisms.

Conclusion: The SP/NK1R system exhibits complex expression patterns in
PDAC with significant therapeutic and prognostic implications. NK1R inhibition
represents a promising approach for targeted therapy, particularly in TACR1-high
tumours. The pronounced sex-specific differences in TACR1 expression highlight
potential for personalised therapeutic strategies and suggest important biological
differences in PDAC between males and females.
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1. Introduction

1.1 Pancreatic Ductal Adenocarcinoma

1.1.1 Epidemiology and Disease Burden

Pancreatic ductal adenocarcinoma (PDAC) stands as one of the most lethal ma-
lignancies in modern oncology, with a devastating 5-year survival rate that has
remained stubbornly below 10% (2). Despite substantial progress in cancer treat-
ment approaches, PDAC mortality continues to increase at an alarming rate (3).
Current projections suggest it will become the second highest contributor to can-
cer mortality in the United States by 2030 (3). In 2022 more than 500,000 new
pancreatic cancer cases were identified worldwide (4), while industrialized coun-
tries showed especially troubling upward trends in incidence rates (4,5). Pancre-
atic cancer's devastating impact stems largely from its stealthy progression (6).
When finally detected, roughly 80-85% present with either locally advanced or
metastatic cancer, which dramatically restricts available treatment options (6).

The disease burden extends far beyond mortality statistics years (Bryant et al.,
2023; Yuan et al., 2022). PDAC disproportionately affects aging populations, with
a median age of diagnosis of 70 years, though an alarming trend of increasing
incidence among younger individuals has emerged in recent years (8,9).

The economic burden of PDAC is substantial, with significant variations between
healthcare systems (7). In Europe, average total treatment costs per patient are
€40,357 (median €15,991), with monthly costs averaging €3,656 (median €1,536)
(7). These costs reflect the entire treatment course rather than annual expenses
(7). In the United States, mean direct Medicare costs reach approximately
$65,500 per patient (10). Total healthcare costs for PDAC in the US reached
$2.55 billion in 2016, thus making it the second most expensive gastrointestinal
cancer to treat (11). This significant economic impact is driven by several factors,
such as complex treatment regimens, and frequent hospitalizations (12). To-
gether with extensive supportive care requirements, this reflects the intensive re-
source utilization required for PDAC care (12).

1.1.2 Molecular Pathogenesis

The molecular development of PDAC occurs through multiple stages, marked by
the gradual buildup of genetic mutations and epigenetic modifications (13). This
progression occurs through well-defined precursor lesions, primarily pancreatic
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intraepithelial neoplasias (PanINs) and intraductal papillary mucinous neoplasms
(IPMNSs) (14). The molecular landscape is characterized by four signature driver
mutations that define PDAC's molecular signature (15). KRAS mutations, present
in over 90% of cases, represent the earliest and most frequent genetic alteration,
followed by inactivating mutations in tumour suppressor genes: TP53 (75%),
CDKNZ2A (90%), and SMAD4 (55%) (15).

Beyond these canonical alterations, PDAC exhibits remarkable molecular heter-
ogeneity (16). Complex patterns of chromosomal instability and structural varia-
tions affect key regulatory regions, while telomere dysfunction contributes to ge-
nomic instability (16,17). Constitutive activation of MAPK signalling through mu-
tant KRAS (18), aberrant cell cycle regulation through p76/CDKNZ2A loss (19),
and disrupted TGF-f signalling via SMAD4 inactivation (20) collectively drive dis-
ease progression.

The molecular landscape is further complicated by extensive transcriptional re-
programming (21). This includes altered metabolic programming favouring aero-
bic glycolysis (22), activation of developmental pathways including Notch, Hedge-
hog, and WNT signalling, and EMT-related changes promoting invasive behav-
iour (23). Abnormal function of epigenetic regulators introduces additional com-
plexity to how pancreatic ductal adenocarcinoma develops and progresses (24).

This intricate molecular profile creates significant therapeutic challenges, requir-
ing novel targeted approaches that address PDAC's heterogeneity and treatment
resistance.

1.1.3 Challenges in PDAC Treatment

PDAC remains one of the most difficult cancers to treat, largely due to late diag-
nosis, aggressive growth, and resistance against standard therapies (25). Even
with progress in cancer research, these challenges continue to drive the poor
survival rates associated with the disease (25).

The asymptomatic nature of early-stage PDAC remains a critical barrier to effec-
tive treatment (26). In most cases, the disease is already locally advanced or has
metastasised by the time of diagnosis, leaving curative surgical options viable for
only 15-20% of cases (27,28). Even among those who undergo resection, the
likelihood of recurrence remains alarmingly high with approximately 80% (29).
Efforts to develop reliable tools for early detection, such as biomarkers and ad-
vanced imaging techniques, have yet to yield sufficient sensitivity and specificity
for routine clinical use (30).
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Current systemic therapies, including FOLFIRINOX and gemcitabine-based reg-
imens, offer only modest improvements in survival, often measured in months
rather than years (31). These regimens are associated with significant toxicity,
limiting their use to patients with strong performance status (32,33). The tumour
microenvironment (TME) in PDAC, characterized by dense fibrosis and hyper-
vascularity, further complicates treatment by impeding drug delivery and contrib-
uting to chemoresistance (34).

PDAC is notoriously resistant to immunotherapy, largely due to its immunosup-
pressive TME, which fosters immune evasion (35). Regulatory T cells, tumour-
associated macrophages, and myeloid-derived suppressor cells (MDSCs) domi-
nate the PDAC microenvironment, effectively neutralizing anti-tumour immune
responses (36). Although immune checkpoint inhibitors have proven effective in
various malignancies, their therapeutic benefit in PDAC has been limited (37).
This highlights the need for alternative strategies to overcome the tumour’s inher-
ent resistance to immune-mediated therapies (37).

The extensive inter- and intra-tumoral heterogeneity of PDAC complicates treat-
ment strategies by fostering therapeutic resistance and driving disease progres-
sion (38). Subpopulations of cancer cells within the same tumour can exhibit di-
verse genetic and epigenetic profiles, making single-agent therapies largely inef-
fective (39). Addressing this heterogeneity will require precision medicine ap-
proaches tailored to individual tumour characteristics (40).

The absence of reliable biomarkers to predict therapeutic response or reveal ac-
tionable targets limits the effectiveness of personalized treatment strategies in
PDAC (41). While genomic and transcriptomic profiling efforts are advancing, the
translation into widely applicable clinical interventions has not been achieved, yet
(42). This leaves most patients without tailored treatment options (43).

In conclusion, the management of PDAC remains highly challenging, due to late-
stage diagnosis, therapeutic resistance, and a highly complex tumour microenvi-
ronment. Addressing these challenges will require an integrative approach that
combines innovations in early detection, molecular profiling, and novel therapeu-
tic strategies.

1.1.4 Patient Stratification Approaches

Patient stratification in PDAC has emerged as a critical strategy to optimize treat-
ment outcomes in this heterogeneous disease (44,45). Traditional approaches,
such as anatomical staging, have been insufficient, which lead to the develop-
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ment of molecular and biomarker-based stratification methods (28). The com-
plexity of PDAC's molecular landscape, as previously discussed, offers both chal-
lenges and opportunities for patient classification (46).

Recent advances in molecular profiling have identified distinct PDAC subtypes
with different therapeutic vulnerabilities (47—49). The commonly recognized sub-
types include Squamous, Pancreatic Progenitor, Immunogenic, and Aberrantly
Differentiated Endocrine Exocrine (ADEX) (44). Progenitor, also referred to as
Classical, subtypes typically show better response to conventional chemother-
apy, while the Squamous subtype demonstrates more aggressive behaviour and
poorer outcomes (49).

Beyond molecular subtypes, emerging stratification approaches focus on specific
biomarkers and signalling pathways (26). Of particular importance are receptor-
based stratification strategies (50), as cell surface receptors represent both prog-
nostic indicators and therapeutic targets (51).

Various receptor families have shown potential for patient stratification. These
include growth factor receptors (52), G-protein coupled receptors (53), and cyto-
kine receptors (54). Their expression patterns and activation states could serve
as predictive indicators of therapeutic efficacy.

However, the development of effective patient stratification is hindered by several
fundamental challenges (55). The limited availability of tissue for molecular anal-
ysis often restricts comprehensive profiling (65), while tumour heterogeneity and
dynamic molecular changes during disease progression complicate consistent
classification (56). Furthermore, the integration of multiple data types - from ge-
nomic and transcriptomic profiles to clinical parameters - remains complex (57).
Despite these challenges, validated predictive biomarkers are essential for im-
plementing personalized medicine strategies in PDAC treatment (46). As new
therapeutic targets emerge, the ability to identify patient subgroups most likely to
benefit from specific interventions becomes increasingly important for improving
treatment outcomes (44).

1.1.5 Neural Aspects of PDAC

The neural network within the pancreas plays a crucial role in both normal organ
function, in addition to driving pancreatic cancer onset and progression (58). The
organ's complex innervation influence cellular behaviour, inflammatory re-
sponses, and cancer progression through multiple mechanisms (59).
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The sympathetic nervous system regulates pancreatic blood flow and inhibits the
secretion of both hormones and digestive enzymes, working in balance with par-
asympathetic stimulation to maintain proper pancreatic function (60). Parasym-
pathetic innervation, mediated through the vagus nerve, regulates secretory ac-
tivities and maintains metabolic homeostasis (61). Additionally, sensory nerve fi-
bres, particularly peptidergic neurons containing substance P and calcitonin
gene-related peptide (CGRP), are crucial for pain signalling and neurogenic in-
flammation (62).

In PDAC, this neural network undergoes significant remodelling characterized by
multiple alterations (63). A key feature is perineural invasion (PNI), where cancer
cells invade the perineural space of local nerves, using these structures as con-
duits for tumour spread (63). This process involves complex molecular interac-
tions between tumour cells and neural elements, through which intrapancreatic
nerves undergo neural hypertrophy and increased neural density (64). PNI cor-
relates strongly with poor prognosis of PDAC patients and represents a major
route for tumour dissemination beyond the primary site (65).

The development of neuroplastic changes in PDAC occurs through several
mechanisms (66). Neurotrophic factors like nerve growth factor (NGF) and brain-
derived neurotrophic factor (BDNF), secreted by cancer cells, facilitate axon for-
mation and neural remodelling (64). This neuroplasticity creates a feedback loop
where increased neural density provides additional routes for cancer cell invasion
while simultaneously contributing to pain and inflammation through neuropeptide
release (64).

Pain, a dominant symptom in PDAC, results from multiple neural mechanisms
(67). Direct tumour invasion of nerves, inflammatory mediators, and increased
intertumoral pressure all contribute to nociceptive signalling (67). The release of
substance P and other neuropeptides from sensory nerve endings amplifies local
inflammation and promotes tumour progression through specific receptor-medi-
ated pathways (67).

Recent studies have revealed that neural remodelling in PDAC precedes visible
tumour formation, suggesting its potential role as an early disease marker
(65,67). Changes in neural density and morphology have been observed in pre-
cursor lesions, indicating that neural alterations may contribute to early stages of
pancreatic carcinogenesis (65). These findings have important implications for
both early detection strategies and therapeutic approaches (65,67). Furthermore,
the recognition of neural-tumour interactions has led to the development of novel
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therapeutic strategies targeting both neural signalling pathways and tumour-
nerve interactions (67).

1.2 The Neurokinin-1 Receptor System

Cell surface receptors play a crucial role throughout tumour formation and dis-
ease progression, with G-protein coupled receptors (GPCRs) representing one
of the largest and most diverse families of signalling molecules (68). Among
these, the Substance P/Neurokinin-1 receptor (SP/NK1R) has emerged as a sig-
nificant pathway in cancer biology, extending far beyond its initially characterized
roles in neurogenic inflammation and pain transmission (69). This evolutionary
conserved pathway gained attention in oncology research following the discovery
of its significant overexpression in various malignancies (70,71).

The recognition of NK1R's role in cancer progression was initially driven by ob-
servations of its involvement in tumour cell proliferation, migration, and survival
across multiple cancer types (72). In PDAC, interest in the SP/NK1R system in-
tensified following discoveries of its contribution to the neural invasion that char-
acterizes this aggressive malignancy (53,73). Given the complex neuroanatomy
of the pancreas and the significant neural remodelling in PDAC described earlier,
the SP/NK1R pathway represents a particularly compelling target for investiga-
tion (65). The extensive perineural invasion, neural hypertrophy, and increased
neural density observed in PDAC create an environment where neuromodulatory
systems like SP/NK1R can significantly influence disease progression and ther-
apeutic response (65). The significant interplay between neural elements and ne-
oplastic biology emphasizes the importance of elucidating neurogenic signalling
pathways, as both potential prognostic biomarkers and therapeutic targets in
PDAC management.

The presence of different NK1R isoforms (truncated and full-length) suggests po-
tential therapeutic implications, as tumours with varying receptor expression pro-
files seem to respond differently to targeted treatments (74-78).

1.2.1 Substance P/Neurokinin-1 Receptor Signalling Pathway

SP is an 11-amino acid neuropeptide belonging to the tachykinin family, charac-
terized by its conserved carboxyl-terminal sequence (79). Its primary structure,
Arg-Pro-Lys-Pro-GIn-GiIn-Phe-Phe-Gly-Leu-Met-NH2, facilitates high-affinity in-
teraction with the neurokinin-1 receptor (NK1R) (71). SP is synthesized as part
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of the preprotachykinin-A (PPT-A) precursor, undergoing post-translational mod-
ifications to yield its biologically active form (80). Stored in dense-core vesicles of
neurons and immune cells, SP is released in response to noxious stimuli, tissue
injury, and stress (81).

As both a neurotransmitter and neuromodulator, SP plays critical roles in pain
perception, where it amplifies nociceptive signals in the dorsal horn of the spinal
cord by acting on NK1R expressed on second-order neurons (82,83). SP also
drives neurogenic inflammation, inducing vasodilation, plasma extravasation, and
the release of pro-inflammatory mediators such as histamine and cytokines (84).
Moreover, SP functions in immune modulation, recruiting and activating mast
cells, macrophages, and lymphocytes, thereby linking the nervous and immune
systems (85). It also regulates gastrointestinal motility and secretion via smooth
muscle cells and enteric neurons (86).

Dysregulation of SP is implicated in numerous pathologies, including chronic pain
syndromes (87), asthma (88), inflammatory bowel disease (89), and cancer,
where SP promotes tumour proliferation, angiogenesis, and resistance to apop-
tosis (72). These multifaceted roles make SP a crucial mediator in health and
disease (90).

Building on the structural basis of NK1R signalling, the SP/NK1R cascade ex-
tends into a complex network of second messenger systems and downstream
effectors (91). Upon binding of SP to NK1R, the receptor undergoes a conforma-
tional change that facilitates the activation of Gg/11 proteins (92). These proteins,
while occupying approximately 1-2% of the human genome, serve as signalling
intermediaries downstream of G protein-coupled receptors (GPCRs) activation,
thus initiating downstream signalling cascades (93).

To ensure precise regulation, the SP/NK1R cascade incorporates multiple layers
of feedback and desensitization (94,95). PKC-mediated phosphorylation of NK1R
recruits B-arrestin, a multifunctional adaptor protein that uncouples NK1R from G
proteins, attenuating classical signalling (94). B-arrestins also promote receptor
internalization by interacting with clathrin and adaptor protein complexes, se-
questering NK1R into endosomes for recycling or degradation (95). This internal-
ization not only limits ligand binding but also serves as a platform for non-canon-
ical signalling pathways, such as B-arrestin-mediated ERK activation, which ex-
hibits distinct dynamics critical for cellular differentiation, migration, and survival
(96) (Figure 4).
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1.2.2 Structure and Isoforms

The pathophysiological significance of the NK1R, encoded by TACRT, is funda-
mentally determined by its structural organization and downstream signalling
mechanisms (97). As a class A G-protein coupled receptor characterized by
seven hydrophobic transmembrane domains, it is connected by three extracellu-
lar and three intracellular loops (98,99). Extracellular loops, particularly the sec-
ond extracellular loop (ECL2), play a critical role for NK1R by contributing to lig-
and specificity, facilitating ligand entry into the transmembrane binding pocket,
and regulating receptor activation (100). Both, SP and Aprepitant, an NK1R an-
tagonist, bind to that pocket in a competitive manner (Figure 2). As additional
illustration, the structure of NK1R in its crystal form in complex with Aprepitant is
shown in Figure 3.

Figure 2: Molecular interactions at the NK1R receptor. Schematic representation of the NK1R
(Neurokinin-1 receptor) embedded in the cell membrane, with its seven transmembrane domains
shown in gold and the C-terminal tail (marked as COOH in red) extending into the cytoplasm (96).
The diagram illustrates the competitive binding relationship between the endogenous ligand Sub-
stance P (SP, shown in pink) and the antagonist Aprepitant (101). The chemical structure of Sub-
stance P (left) shows the undecapeptide with its characteristic amino acid sequence, while Aprep-
itant (right) is depicted with its complex molecular structure containing multiple fluorine atoms and
heterocyclic rings (102). The inhibitory action of Aprepitant is represented by the grey blocking
bar, indicating how it prevents Substance P from activating the receptor, thereby inhibiting down-
stream signalling pathways. This competitive antagonism forms the basis for therapeutic targeting
of the SP/NK1R system in pancreatic cancer. This figure was created by the author. Permission
for print obtained from the publisher (1).
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Figure 3: Crystal structure of NK1R in a complex with the small molecule antagonist Aprepitant.
Top figure: Overall structure of the full-length NK1R with Aprepitant shown in pink binding to the
appropriate pocket. Bottom figure: Zoom into the binding pocket on Aprepitant displaying the
NK1R residues binding to Aprepitant. AP is shown in pink. This figure was generated by the author

using the Protein Data Bank. The PDB identifier for this structure is 6HLO (103,104).
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Alternative splicing of the TACR1 gene produces two isoforms in humans: a full-
length receptor (NK1R-fl) of 407 amino acids and a truncated variant (NK1R-tr)
of 311 amino acids that lacks 96 amino acids at the carboxyl terminus (96).

Both the full-length NK1R (NK1R-fl) and the truncated NK1R (NK1R-tr) contain
several key structural elements essential for signal transduction (96). The primary
difference between the two forms lies in the intracellular C-terminus: NK1R-fl har-
bours phosphorylation sites necessary for $-arrestin recruitment and receptor in-
ternalization, while the truncated NK1R, resulting from alternative splicing of exon
5, lacks most of the C-terminal tail responsible for -arrestin binding and receptor
desensitisation (Figure 4) (105). This structural difference leads to profound func-
tional consequences: NK1R-tr exhibits at least 10-fold lower binding affinity for
SP compared to NK1R-fl and fails to undergo B-arrestin-mediated endocytosis
(105). Both isoforms couple to Gg/11 proteins, triggering phospholipase C acti-
vation and subsequent calcium mobilization, but their downstream signalling cas-
cades differ significantly due to the truncated variant's inability to form stable com-
plexes with B-arrestin (96,106).

Figure 4: Internalization mechanism of the full-length NK1R. This diagram illustrates the sequen-
tial process of NK1R-FL internalization following activation by Substance P. 1) Substance P binds
to and activates NK1R at the cell surface; 2) B-arrestin recruitment serves as an adapter for -
adaptin (AP2 and clathrin), coupling the activated receptor to clathrin-coated pits; 3) B-arrestin
uncouples from Substance P, leading to compartmentalization, degradation of SP, and activation
of ERK1/2 signalling; 4) NK1R undergoes recycling and returns to the cell surface (95,107). This
figure was created by the author.

Receptor truncation delays the activation of extracellular signal-regulated kinase
(ERK), with a peak occurring at 20-30 minutes, compared to the rapid activation
observed in full-length NK1R (NK1R-fl), which peaks within 1 minute (96). ERK
plays a critical role in cellular processes such as proliferation, differentiation, and
survival (108). The delayed activation in truncated NK1R suggests impaired or
altered signalling dynamics, which can significantly affect downstream cellular
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responses to external stimuli like SP (96). This distinction highlights the im-
portance of the carboxyl terminus in maintaining efficient signal transduction and
physiological responses.

The molecular architecture of these isoforms determines their distinct tissue dis-
tribution patterns, with NK1R-fl predominantly expressed in the central nervous
system and NK1R-tr more prevalent in peripheral tissues and malignant cells
(109). This differential expression and structural variation has significant implica-
tions for therapeutic targeting, particularly in the context of cancer treatment
(110,111).

1.2.3 NK1R in Cancer Biology

Initial investigations into oncogenic signalling pathways revealed aberrant ex-
pression and activation of GPCRs as critical factors in tumour development (112).
Cancer cells commonly employ a strategy of abnormal GPCR upregulation cou-
pled with receptor activation through autocrine and paracrine mechanisms (112).
This process, where tumour or stromal cells release GPCR agonists that act upon
the same or neighbouring cells, represents the predominant mechanism by which
malignant cells activate GPCR signalling pathways (112). Among these, compre-
hensive molecular profiling has identified the SP/NK1R system as a key player
across multiple cancer types, with distinct expression patterns and functional im-
plications in different malignancies (69).

In breast cancer, a study has demonstrated high NK1R-tr expression in breast
cancer tissues compared to normal breast epithelium, with expression levels pos-
itively correlating with tumour grade (77). The researchers found that while total
NK1R is present across normal, benign and cancerous breast tissues, NK1R-fl
expression significantly decreases in tumours, especially in metastatic cases. No-
tably, non-cancerous HBL-100 breast cells predominantly express NK1R-fl, while
breast cancer cell lines (MDA-MB-231, MCF-7, T47D) express only NK1R-tr.
(77).

In colorectal cancer, NK1R blocking exhibits significant anti-tumoral effects
through multiple mechanisms (113). Molecular analyses have demonstrated that
treatment with NK1R antagonists leads to robust growth inhibition of colorectal
cancer cells, independent of their baseline Wnt activity status (113). Notably,
NK1R blockade induces a striking inhibition of canonical Wnt signalling, charac-
terized by increased membrane stabilization of B-catenin and decreased
TCF/LEF-mediated transcription (113). This effect occurs regardless of mutations
in the Wnt pathway, as observed in cell lines harbouring both APC and -catenin
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mutations. Furthermore, NK1R inhibition affects cancer stem cell-like popula-
tions, reducing the number and size of colorectal cancer spheroids in vitro, which
suggests a potential impact on tumour-initiating cells (113).

In glioblastoma, NK1R signalling is critical for tumour cell viability and represents
a potential therapeutic target (114). Inhibition of NK1R via TACR1 gene silencing
significantly reduces glioma cell proliferation in both GAMG and U-87 MG cell
lines, with the latter showing greater sensitivity (114). Interestingly, Mufioz et al.
(114) revealed full-length NK1R isoforms to predominantly reside in the nucleus,
while truncated variants are enriched in the cytoplasm, suggesting isoform-spe-
cific roles in glioma biology. In contrast, silencing of TAC1 (encoding SP) has no
effect on cell viability, indicating that glioma cell survival depends specifically on
NK1R expression rather than its ligand (114). These findings position NK1R as a
selective and functionally essential driver of glioma cell survival (114).

In liver cancers, NK1R exhibits distinct roles depending on tumour type (74). In
hepatoblastoma, NK1R antagonism through aprepitant demonstrates significant
anti-tumour effects as shown in Berger et al. (74). It was shown that hepatoblas-
toma cells predominantly express the truncated splice variant of NK1R, and tar-
geting this receptor with antagonists like aprepitant, L-733,060, and L-732,138
led to dose-dependent growth inhibition and apoptosis (74). SP increased growth
rates when added to hepatoblastoma cells and counteracted the anti-proliferative
effects of NK1R antagonists (74). Importantly, oral administration of aprepitant
(80 mg/kg/day) in HUH6 xenograft mouse models significantly reduced tumour
growth, as evidenced by decreased tumour volume, weight, and alpha-fetopro-
tein serum levels (74). The treatment also inhibited in vivo angiogenesis, as
shown by reduced vascularized area (74). Analysis of 17 human hepatoblastoma
samples validated NK1R’s relevance in a clinical context (74).

In non-small cell lung cancer (NSCLC), NK1R is significantly upregulated and
associated with advanced clinical stages and poor prognosis (115). NK1R co-
expresses and physically interacts with EGFR in tumour tissues, enabling it to
transactivate EGFR phosphorylation and regulate ERK1/2 and Akt signalling
(115). Activation of NK1R promotes cancer cell proliferation, colony formation,
EMT, and migration, while its inhibition through aprepitant or genetic knockdown
suppresses these malignant phenotypes both in vitro and in vivo (115). Notably,
combining NK1R antagonists with EGFR tyrosine kinase inhibitors (gefitinib/osi-
mertinib) produces synergistic anti-tumour effects, suggesting that targeting the
NK1R-EGFR axis could overcome resistance to current EGFR-targeted therapies
in NSCLC patients (115).
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In summary, NK1R plays a context-specific yet consistently pro-tumorigenic role
across a variety of malignancies. The receptor contributes to tumour growth
across multiple cancers via distinct mechanisms. It drives proliferation and sur-
vival in glioblastoma, modulates Wnt and stemness pathways in colorectal can-
cer, promotes aggressive signalling in breast and lung cancers, and enhances
tumour growth and angiogenesis in hepatoblastoma. These findings highlight
NK1R as a versatile and promising therapeutic target.

1.2.4 NK1R Antagonists as Therapeutic Agents

The Neurokinin-1 Receptor (NK1R) antagonists, first approved for managing
chemotherapy-induced nausea and vomiting, have shown potential as anti-can-
cer agents (116). Their ability to interfere with the SP/NK1R signalling pathway,
which influences tumour growth and progression, has been demonstrated across
several cancer types (116), as discussed above. The established safety profile of
these drugs makes their investigation as cancer therapeutics particularly relevant
(116) and therefore promote their use in the context of drug repurposing and pa-
tient stratification.

1.3 Goals and Objectives of this Study

Based on the evidence reviewed, this dissertation aims to investigate the role of
the SP/NK1R complex in PDAC, with a particular emphasis on receptor isoform
expression patterns and their potential utility for therapeutic stratification.

The primary goal of this research is to characterize the expression patterns of
full-length and truncated NK1R isoforms in pancreatic cancer cell lines, and to
correlate these patterns with clinical features and molecular subtypes of PDAC.
Through detailed expression analysis at both mRNA and protein levels, | seek to
establish the predominant isoform distribution across various models of pancre-
atic cancer and determine whether these patterns associate with specific tumour
characteristics.

Building upon this characterization, | aim to examine the functional consequences
of NK1R inhibition in PDAC models with varying levels of receptor isoform ex-
pression. This investigation will focus on determining how pharmacological inhi-
bition of NK1R affects cell viability, cancer stem cell-like properties, and down-
stream signalling pathways, with particular attention to whether response pat-
terns correlate with specific receptor isoform profiles. This functional analysis will
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provide mechanistic insights into how the SP/NK1R complex contributes to PDAC
progression and therapy resistance.

A critical component of this study involves analysing transcriptomic data from
PDAC patient cohorts to identify potential molecular signatures associated with
differential TACR1 expression. Through computational approaches, my research
will assess whether differential TACR1 expression correlates with transcriptional
signatures in PDAC, with the aim to identify molecular patterns that might allow
for the classification of patients for personalised treatment approaches.

The combined investigation in this study could enhance to our understanding of
the SP/NK1R pathway in pancreatic cancer. By examining NK1R variants, their
responses to antagonists, and their expression patterns across different patient
groups, | aim to uncover potential approaches for targeted treatment strategies.
Ultimately, this research has the potential to identify patient subgroups that could
respond to NK1R-targeted therapies, potentially opening new avenues for inves-
tigation in this challenging cancer type.
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2. Material and Methods

2.1 List of Materials and Instruments

Table 1: Instruments

Instrument

Manufaturer

Autoclave

MMM Group, Planegg, Germany

Centrifuge for Cell Culture Rotina 420R

Hettich, Ebersberg, Germany

Centrifuge for Analysisl 5417R

Eppendorf, Hamburg, Germany

COz2 Incubator

Binder GmbH, Tuttlingen, Gernany

ChemiDoc Imaging System

Bio-Rad Laboratories, California, USA

DNA/RNA work station

Uni Equip, Martinsried, Germany

FilterMax F3 Multi-Mode Microplate Reader

Molecular Devices, San Jose, CA, USA

Flow Cytometer LSRFortessa

BD Biosciences, Heidelberg, Germany

Fridges

Liebherr, Biberbach an der Riss, Germany

Laminar Flow

Heraeus, Thermo Scientific, Darmstadt, Ger-
many

Liquid Nitrogen Tank

MVE Goch, Germany

Microscope AXIO

Carl Zeiss Microscopy GmbH, Oberkochen,
Germany

NanoDrop ONE

Thermo Fisher Scientific, Darmstadt, Ger-
many

Pipette Boy

Eppendorf, Hamburg, Germany

Pipette Boy Accu-jet pro

BRAND, Mannheim, Germany

Shaker, Incubating Mini

VWR, Avantor, Pennsylvania, USA

StepOnePlus Real-Time PCR System

Applied Biosystems, Thermo Fisher, Darm-
stadt, Germany

Thermomixer comfort

Eppendorf, Hamburg, Germany

Trans-Blot Turbo Transfer System

Bio-Rad Laboratories, California, USA

VersaMax Microplate Reader

Molecular Diagnostics, CA, USA

Vortex-Genie 2

Scientific Industries, New York, USA

Water bath

Memmert, Schwabach, Germany
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Table 2: Disposables

Product

Manufacturer

6-well plate

Thermo Fisher Scientific, Darmstadt, Ger-
many

96-well PCR plate

NUNC, Langenselbold, Germany

Adhesive Clear PCR Seal

Biozym Scientific GmbH, Oldendorf, Ger-
many

Blotting Paper, Immun-Blot PVDF

Bio-Rad, California, USA

Cell culture flasks

Thermo Fisher Scientific, Darmstadt, Ger-
many

Cell Scrapers

Greiner Bio-One, Kremsmlinster, Austria

Gloves, Category llI

SHIELD Scientific, Wageningen. The Nether-
lands

Plastic sterile pipettes

Greiner Bio-One, Frickenhausen, germany

Polystyrene test tubes

Falcon, Corning, Wiesbaden, Germany

Polyvinylidene difluoride membranes

Merck Group, Darmstadt, Germany

Safe-Lock Tubes 1,5 ml

Eppendorf, Hamburg, Germany

Sterile pipette tips

Eppendorf, Hamburg, Germany

Table 3: Chemicals and Reagents

Product Manufacturer Cat. No.
2-Mercaptoethanol Aldrich Chemistry, Wisconsin, USA M-7154
4x Laemmli Sample Bio-Rad Laboratories, Hercules, California,
1610747
Buffer USA
ab183713 Rb mADb to .
abcam, Cambride, UK EPR6836(2)
NK-1R
Albumin Bovine Se- . . .
, Sigma Life Sciences, USA 9048-46-8
rum Solution
Amphotericin B PAN-Biotech, Aidenbach, Germany P06-01050
. . . Cell Signalling Technology, Leiden, The Neth-
Anti-rabbit Antibody 7074
erlands
Apostat caspase de- . )
. , R&D Systems, Minneapolis, MN, USA FMKO012
tection kit
Aprepitant Tocris Bioscience, Bristol, UK 6486
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Albumin Standard Thermo Fisher, Rockford, USA 23209
B27 Gibco, Thermo Fisher, Darmstadt, Germany 17504044
Clarity Western ECL Bio-Rad Laboratories, Hercules, California, 1705060
Substrate, Luminol USA
Clarity Western ECL
Substyrate, Peroxide Bio-Rad Laboratories, Hercules, California, 1705060

. USA
solution
cOmplete ULTRA
Tablets Mini EASY- Roche, Mannheim, Germany 05 892 970 001
pack
DAPI Invitrogen, Carlsbad, CA, USA D1306
DPBS PAN Biotech, Aidenbach, Germany P04-36500
DMEM Gibco, Thermo Fisher, Darmstadt, Germany 41966-029
DMEM/F12 Gibco, Thermo Fisher, Darmstadt, Germany 11330-032
DMSO Sigma-Aldrich, Karlsruhe, Germany D2650

Ethanol 99%

AppliChem GmbH, Darmstadt, Germany

A8075, 2500PE

Ethidium bromide so-

. Sigma, St Louis, MO, USA E1510
lution
FBS Corning, Wiesbaden, Germany 35-079-CV
FITC Annexin V
Apoptosis Detection BD Biosciences, Heidelberg, Germany 556547
Kit |
Cell Signalling Technology, Leiden, The Neth-
GAPDH Rabbit mAb ~ ~¢' ~'9naiing fechnology, Leiden, The Beth- 51 1g
erlands
Glycerol 99% Sigma, St Louis, MO, USA G-5516
Human recombinant .
Invitrogen, Carlsbad, CA, USA 13256-029
bFGF
Human recombinant .
Invitrogen, Carlsbad, CA, USA PHGO0311L
EGF
AV Liquid Production, GmbH, Flintsbach am
Isopropanol 0110005001
Inn, Germany
Methanol Carl Roth, Karlsruhe, Germany 4627 .4
Methylcellulose Sigma-Aldrich, Taufkirchen, Germany M0512
MTT Invitrogen, Carlsbad, CA, USA M6494
p44/42 MAPK Rabbit  Cell Signalling Technology, Leiden, The Neth- 4695

(ERK1/2) mAb

erlands
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P-p44/42 MAPK Rab-

Cell Signalling Technology, Leiden, The Neth-

. 4370
bit mAb erlands
Penicillin/Streptomy- . .
cin PAN Biotech, Aidenbach, Germany 7980619
Pi BCA Protei
lece BCAProtein 1 ermo Fisher, Rockford, USA 23228
Assay Reagent A
Pierce BCA Protein .
Thermo Fisher, Rockford, USA 1859078
Assay Reagent B
PhosSTOP EASY-
Roche 04 906 837 001
pack
Precision Plus Protein Bio-Rad Laboratories, Hercules, California, 161-0363
Dual Standards USA
tiTect R
Quant .ec. ev.erse QIAGEN, Hilden, Germany 205311
Transcription Kit
RIPA Lysis Buff
o YSISEUIET VD Millipore, Billerica, MA, USA 20-188
RNeasy Mini Kit QIAGEN, Hilden, Germany 74104
RPMI 1640 Gibco, PAN-Biotech, Aidenbach, Germany 21875-034
SDS VWR, Leuven, Belgium 83886.290
Substance P Tocris Bioscience, Bristol, UK 1156
Substance P ELISA . .
Kit My BioSource, San Diego, CA, USA MBS705162
Triton X-100 Merck, Darmstadt, Germany 106843
Ambion, Life Technologies, Carlsbad, CA,
TRIzol Reagent 15596018
USA
Trypsin / EDTA PAN Biotech, Aidenbach, Germany P10-023100

Tween 20

Sigma, St Louis, MO, USA

P1379-100ML

Table 4: Software

Software and Version

Manufacturer

FACS Diva V.8.03

BD Biosciences

FlowJo 10.0

BD Biosciences

GraphPad Prism

GraphPad

StepOne 2.3

Applied Biosystems

SoftMax Pro 5

Molecular Devices, USA
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2.2 Cell Culture for Cell Lines

For my research, | maintained eight established PDAC cell lines in two primary
media types: RPMI 1640 medium supported BxPC-3, Capan-1, DanG, PSN-1,
and AsPC-1 cell lines, while DMEM was used for HuP-T3, Panc-1, and MIA
PaCa-2. Culture maintenance followed ATCC guidelines in their respective media
obtained from Gibco®, Corning (Wiesbaden, Germany). Each medium was en-
riched with standardized additives, including fetal bovine serum at 10% concen-
tration (Corning, Wiesbaden, Germany) alongside 1% streptomycin/penicillin an-
tibiotic solution (PAN-Biotech, Aidenbach, Germany). Standard incubation pa-
rameters were maintained at 37°C under humidified conditions with 5% CO: at-
mosphere. To preserve cellular integrity, passage numbers were restricted to a
maximum of 20 throughout all experimental procedures. For pancreatic stellate
cell (PSC) cultivation, a distinct medium composition was employed. Gibco®
DMEM/F-12 served as the foundation, enhanced with 10% FBS, 1% amphoteri-
cin B (PAN-Biotech, Aidenbach, Germany), and 1% streptomycin/penicillin.
Standard PCR techniques were employed regularly to test for mycoplasma, with
all cells confirmed negative for contamination. Cell authentication was performed
externally by IDEX BioResearch located in Ludwigsburg, Germany.*

2.3 Production of Conditioned Media from Cultured PSCs

Conditioned media (CM) from pancreatic stellate cells was harvested after cultur-
ing primary PSCs at roughly 70% confluency for 24 hours. Prior to use, the col-
lected CM was passed through a 0.4 yM membrane. The pancreatic cancer cell
lines were subsequently grown in a mixture containing equal parts of their respec-
tive media and the filtered CM for the specified duration.*

2.4 Drugs

Aprepitant (NK1R antagonist) and substance P (NK1R agonist), both from Tocris
Bioscience (Bristol, UK), were prepared as stock solutions in DMSO (50 mM) and
distilled water (1 mM), respectively, with maintenance at -20°C.*

* This has been previously published by the author (1).
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2.5 \Viability Assay

Cellular viability assessment employed the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Di-
phenyl-tetrazolium Bromide (MTT) colorimetric assay (Invitrogen, Carlsbad, CA,
USA). Cells were seeded at 15,000 per well in 96-well plates (NUNC, Langensel-
bold, Germany) and allowed to adhere for 24 hours prior to treatment with varying
aprepitant concentrations (5-50 uM) for an additional 24-hour period. For viability
determination, MTT reagent (50 uL of 0.5 mg/mL solution prepared in 1X PBS;
AppliChem, Darmstadt, Germany) was introduced to each well, followed by 30-
minute incubation at 37°C. Following MTT solution removal, DMSO (50 pL;
Sigma-Aldrich, Taufkirchen, Germany) was added to each well. Spectrophoto-
metric measurements were performed at 570 nm with 670 nm background cor-
rection using a VersaMax Microplate Reader (Molecular Diagnostics, CA, USA).*

2.6 Sphere and Colony Formation Culture

Sphere cultivation methods followed previously published protocols (117). In
brief, | prepared sphere formation medium (SFM) using Advanced DMEM/F-12
with 1% penicillin/streptomycin, further supplemented with 1% methylcellulose
(Sigma-Aldrich, Taufkirchen, Germany). Essential growth factors were incorpo-
rated, comprising human recombinant BFGF (10 ng/mL), human recombinant
EGF (20 ng/mL), and B27 serum-free supplement at 1X concentration (all
sourced from Invitrogen, Carlsbad, CA, USA). After trypsinising and washing
PDAC cells twice with DPBS, | seeded 500 cells per well in 96-well non-adherent
plates (Corning, Wiesbaden, Germany) containing 100 yL SFM. Spheroid devel-
opment occurred over a period of 10 to 14 days with bi-weekly medium replace-
ment in designated treatments (20 uM aprepitant, 100 ng/mL substance P, or
DMSO vehicle control) prior to counting.”

Colony formation analysis involved seeding 500 cells/well in standard 6-well
plates. Following 24 hours of attachment, | began treatments with various con-
centrations of aprepitant (AP; 1 uM, 10 uM, 20 M, and 40 uM) and substance P
(SP) (20 nM SP), either individually or in combination. After 12 days, colony vis-
ualisation employed crystal violet staining (0.1% CV in 20% methanol) for 20
minutes, followed by overnight drying. Quantification was achieved through ab-
sorbance measurement at 570/670 nm using a spectrophotometric reader (Versa
Max, Molecular Diagnostics, CA, USA).*

* This has been previously published by the author (1).
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2.7 RNA Extraction and RT-gPCR

| performed RNA extraction utilizing the RNeasy Mini Kit (Qiagen, Hilden, Ger-
many). Subsequently, cDNA synthesis was conducted with the QuantiTect Re-
verse Transcription Kit (Qiagen, Hilden, Germany) employing 1 ug of extracted
RNA. cDNA generation was executed on an Eppendorf Mastercycler gradient.*

PCR amplification was implemented using the QuantiNova SYBR Green PCR Kit
(Qiagen, Hilden, Germany). Quantitative PCR thermal cycling was performed on
a StepOne Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA),
comprising initial denaturation (95°C, 5 seconds), followed by 40 cycles of primer
annealing and elongation (60°C, 10 seconds and 60°C, 60 seconds, respec-
tively). Triplicate analyses were conducted for all experimental samples.*

| designed the primers using the NCBI Primer Blast Tool (118). The oligonucleo-
tide primer sequences used are listed below.*

Table 5: List of Primers

TACR1-tr forward 5-CAGGGGCCACAAGACCATCTA-3'
TACR1-tr reverse 5-ATAAGTTAGCTGCAGTCCCCAC-3;;
TACR1-fl forward 5-AACCCCATCATCTACTGCTGC-3'
TACR1-fl reverse 5-ATTTCCAGCCCCTCATAGTCG-3'
TACT1 forward 5-TCGTGGCCTTGGCAGTCTTT-3
TAC1 reverse 5-CTGGTCGCTGTCGTACCAGT-3'
GAPDH forward 5-GTCTCCTCTGACTTCAACAGC-3'
GAPDH reverse 5'-ACCACCCTGTTGCTGTAGCCAA-3'
ZEB1 forward 5-TTCACAGTGGAGAGAAGCCA-3'
ZEB1 reverse 5-GCCTGGTGATGCTGAAAGAG-3'
CDH1 forward 5-GAACGCATTGCCACATACAC-3';
CDH1 reverse 5-ATTCGGGCTTGTTGTCATTC-3'

All protocols followed manufacturer-provided guidelines. Primer functionality for
truncated (tr) and full-length (fl) TACR1, as well as TAC71 was validated in the
hepatoblastoma cell line Hep G2. Hep G2 cDNA was sourced from Kolorz et al.
(119).*

* This has been previously published by the author (1).
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2.8 Western Blot Analysis

| conducted protein analysis on PDAC cell lines after double washing the cells
with ice-cold PBS and extraction with lysis buffer containing protease and phos-
phatase inhibitors (Roche, Basel, Switzerland). Protein quantification employed
the BCA Protein Assay kit from Thermo Fisher Scientific. Equal protein loading
(25 ug per lane) was subjected to electrophoretic separation on 10% and 13%
sodium dodecyl sulfate polyacrylamide gels (Bio-Rad Laboratories, Hercules,
California, USA), followed by electrotransfer onto polyvinylidene difluoride mem-
branes (Merck Group, Darmstadt, Germany). | performed membrane blocking
using 5% BSA solution for 1 hour at ambient temperature and continued by over-
night primary antibody incubation at 4°C. Triple TBST washing preceded 1-hour
exposure to horseradish peroxidase-linked secondary antibodies at room tem-
perature. Protein detection utilized enhanced chemiluminescent substrate (Bio-
Rad Laboratories) with signal capture via ChemiDoc Imaging System (Bio-Rad
Laboratories, Hercules, California, USA).

| used several antibodies in this study, including Rabbit p44/42 MAPK (Erk1/2)
(1:1000 dilution), Rabbit Phospho-p44/42 MAPK (Erk1/2) (1:1000 dilution) from
Cell Signaling Technology, Rabbit NK1R (1:1000) from Abcam, and Rabbit
GAPDH (1:5000 dilution) from Santa Cruz Biotechnology. GAPDH served as the
internal control for all membrane analyses.

2.9 Apoptosis Detection Assay

My apoptotic assessment employed flow cytometric analysis following cell seed-
ing at 500,000/well in 6-well plates and attachment for 24 hours (37°C with 5%
COg2). AP and SP (both from Tocris Bioscience, Bristol, UK) were administered at
the previously specified concentrations, followed by 24-hour incubation under
standard conditions. Post-treatment, cells were examined microscopically for
morphological alterations.*

| collected supernatants from each well into 5 mL designated round-bottom FACS
tubes (Falcon, Corning, Wiesbaden, Germany). Cell harvesting involved DPBS
washing with (1 mL; PAN-Biotech, Aidenbach, Germany), followed by gentle de-
tachtment through addition of 300 uL accutase (Sigma-Aldrich, Taufkirchen, Ger-
many) with 3-minute incubation at 37°C with 5% CO2. Enzymatic activity was
neutralized through administration of 1.5 mL medium containing 10% FBS (Fal-
con, Corning, Wiesbaden, Germany).*

* This has been previously published by the author (1).
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| transferred the cell suspensions into the designated FACS tubes and pelleted
via centrifugation (500 rpm, 5 minutes, Hettich Rotina 380R). Following resus-
pension in 1 mL DPBS and repeated centrifugation, | performed apoptotic stain-
ing at 37°C with 5% CO2 using 100 uL staining reagent (96 yL DPBS, 3 yL An-
nexin V, 1 L propidium iodide) from the FITC Annexin V Apoptosis Detection Kit
| (BD Biosciences, Heidelberg, Germany) for 15 minutes. | terminated staining by
washing with 900 uL 1X ABB. | performed flow cytometric data acquisition using
an LSRFortessa instrument (BD Biosciences, Heidelberg, Germany), with sub-
sequent data processing via FlowJo software (BD Biosciences, version 10).*

2.10 Caspase Detection Assay

For caspase activity assessment employed 500,000 cells/well in 6-well culture
plates, followed by 24 hours of attachment at 37°C under 5% CO2 atmosphere.
AP and SP treatments (both from Tocris Bioscience, Bristol, UK) were adminis-
tered as specified. Prior to harvesting, | performed microscopic evaluation to as-
sess cellular morphology.*

| collected supernatants from individual wells into polystyrene FACS tubes (5 mL,
Falcon, Corning, Wiesbaden, Germany). Cell washing involved gentle DPBS ap-
plication (1 mL/well, PAN-Biotech, Aidenbach, Germany) followed by enzymatic
detachment through trypsin (500 uL, PAN-Biotech, Aidenbach, Germany) during
a 3-minute incubation at 37°C with 5% COz2. | halted trypsinisation by adding
1.5 mL complete medium supplemented with 10% FBS.*

| carefully transferred the cell suspensions to 5 mL polystyrene FACS tubes (Fal-
con, Corning, Wiesbaden, Germany) and subjected them to centrifugation
(500 rpm for 5 minutes). Pellet resuspension in 1 mL DPBS preceded repeated
centrifugation. For caspase staining, | employed a 30-minute incubation at 37°C
with 5% COz2 using 100 pL detection reagent (99 uL DPBS supplemented with
5% FBS and 1 uL FITC-VAD-FMK from Apostat intracellular caspase detection
kit; R&D Systems, Minneapolis, MN, USA). Staining was terminated by DPBS
washing (1 mL) and centrifugation. Final cell pellet resuspension in 1 mL DPBS
enabled flow cytometric analysis, with data interpretation using FlowJo software
(version 10, BD).*

* This has been previously published by the author (1).
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2.11 Cell Cycle Analysis

For cell cycle analysis, | seeded 500,000 cells/well in a 6-well culture plates with
24-hour incubation (37°C, 5% COz2). Afterwards, | applied AP and SP treatments
at their previously described concentrations, followed by additional 24-hour incu-
bation. Similarly to the protocols above, | harvested the individual supernatants
into FACS tubes (Falcon, Corning, Wiesbaden, Germany) for further washing in
1 mL of DPBS. Cell detachment was achieved through trypsinisation (500 uL)
and additional 3 min incubation at 37°C, 5% CO2. Enzymatic activity was neutral-
ised by addition of 1.5 mL complete medium containing 10% FBS. Following pel-
let resuspension in 1 mL DPBS and repeated centrifugation (500 rpm, 5 minutes),
cellular fixation employed gradual 70% ice-cold ethanol addition. | enhanced the
fixation efficacy through overnight incubation at 4°C. Ethanol removal involved
centrifugation with subsequent repeated DPBS washing (1 mL).*

For nuclear staining | utilised 1 mL 4',6-Diamidin-2-phenylindol, Dihydrochlorid
(DAPI) solution (1 uyg/mL DAPI (Invitrogen, Carlsbad, CA, USA) and 1% Triton X
(Merck, Darmstadt, Germany) in DPBS) for 15 min in dark incubation. Afterwards,
| performed flow cytometric analysis with data processing conducted using the
software FlowJo v.10 by BD Biosciences (San Jose, CA, USA).*

212 ELISA

Substance P quantification employed conditioned medium collection from MIA
Paca-2, Panc-1, DanG, and HuP-T3 cell lines following 24-hour cultivation peri-
ods. Analysis scope encompassed both cancer patient sera and control group
samples. This study received approval from the ethics committee of the Ludwig-
Maximilian-University (LMU) Munich, Germany (approval number 19-233).*

Sample preparation involved supernatant centrifugation at 4°C using 16,000 x g
for 10 minutes. ELISA procedures utilized 100 uL test sample volumes applied to
manufacturer-provided pre-coated plates, with subsequent protocol adherence
following Substance P ELISA Kit guidelines (My BioSource, San Diego, CA,
USA). Spectrophotometric detection occurred at 450 nm wavelength using a Ver-
saMax instrument (Molecular Diagnostics, CA, USA). Assay sensitivity achieved
a minimum detectable substance P threshold of 0.175 ng/mL.*

* This has been previously published by the author (1).
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2.13 Analysis of RNA-Sequencing data

2.13.1 Data Selection Methodology

| applied a systematic selection process to identify suitable transcriptomic da-
tasets for PDAC analysis. My search was conducted between May 2022 and April
2025. Due to inconsistent metadata standards across public repositories, strict
quality criteria were established to ensure data reliability and comparability. Da-
taset identification was performed using specific search terms: "PDAC," "pan-

creas," "pancreatic cancer," and "pancreatic tumour". Datasets were required to:
(1) contain explicitly labelled PDAC or pancreatic tissue samples; (2) originate
from Homo sapiens; (3) utilize lllumina sequencing technology; (4) derive from
non-genetically modified specimens without laboratory manipulations such as
transfection or experimental treatments; and (5) include RNA sequencing data.
Importantly, only datasets containing tissue samples were considered for analy-
sis, while those derived from cell lines were excluded to ensure physiological rel-

evance.

2.13.2 Selected Datasets

The following chapters allows insight into the metadata given for each included
open source dataset.

2.13.2.1 PRJINA719796 Dataset

The first dataset (accession: PRJINA719796; GEO: GSE171485) comprises
RNA-sequencing data from 6 PDAC specimens and 6 non-tumour adjacent tis-
sues. These sequencing libraries were constructed from polyadenylated-RNA ex-
tracted from clinical specimens for the identification of novel oncogenes in PDAC.
Sequencing was performed on the lllumina HiSeq 2000 platform. Following re-
section, tumour tissues underwent pathological examination before being placed
in cryotubes with RNAlater reagent, frozen in liquid nitrogen, transported on dry
ice, and stored at -80°C. Total RNA was isolated using RNeasy mini kit (Qiagen)
following manufacturer's protocol. Sample quality and quantity were assessed
using NanoDrop 2000 spectrophotometer and Agilent 2100 Bioanalyzer. The li-
brary construction utilized cDNA selection with a single-end read layout.
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2.13.2.2 PRJNA1133919 Dataset

The second dataset (accession: PRINA1133919; SRP523219) contains RNA-
sequencing data from human PDAC samples aimed at detecting differentially ex-
pressed genes between low-perineural and high-perineural PDAC samples. This
resource contains 10 SRA experiments. Sequencing was performed on the lllu-
mina HiSeq 2000 platform using a library preparation method designated as
"common method" in the metadata. The selection method employed PCR-based
techniques, and the sequencing utilized a paired-end read layout.

2.13.3 Overview of selected Datasets

Table 6: Selected Datasets for Open Source Transcriptomic Analysis

Dataset ID # O;S:m' Sample Types Seque;\:rirr;g Plat- t?:r:)g?a-r
6 PDAC,
PRJNA719796 12 6 adjacent lllumina HiSeq 2000 2021
non-tumour
PRJNA1133919 10 PDAC samples lllumina HiSeq 2000 2024
Total 22

2.13.4 RNA-seq Data Processing

The analysis of RNA sequencing (RNA-seq) data was conducted using the web-
based platform, www.usegalaxy.eu (120,121). Raw sequencing reads were
downloaded from the NCBI SRA server (122) using the "Faster Download and
Extract Reads in FASTQ" tool (Galaxy Version 2.11.0+galaxy1).

To investigate molecular signatures associated with differential TACR1 expres-
sion, | used the reference-based RNA-seq data analysis pipeline developed by
Batut et al. (2018) for the Galaxy platform. This well-established workflow in-
cludes quality control, mapping, read counting, differential expression analysis,
and functional annotation steps. This approach allowed for efficient utilization of
existing data while avoiding redundant experimentation.

| assessed raw sequence data quality using “FastQC Read Quality reports” (Gal-
axy Version 0.74+galaxy1). The analysis was performed on both single-end and
paired-end reads according to their respective sequencing layouts. FastQC anal-
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ysis was performed using default parameters with minimal configuration. The ap-
propriate read format (single-end or paired-end) was selected according to each
dataset's specifications. All optional parameters were left unspecified. All stand-
ard FastQC modules were executed, including: Basic Statistics, Per Base Se-
quence Quality, Per Sequence Quality Scores, Per Base Sequence Content, Per
Base GC Content, Per Sequence GC Content, Per Base N Content, Sequence
Length Distribution, Sequence Duplication Levels, Overrepresented Sequences,
and K-mer Content.

Following individual “FastQC” analysis, “MultiQC” (Galaxy Version 1.11+galaxy0)
was employed to aggregate quality control reports across all samples, facilitating
comparative assessment of sequence quality metrics across datasets.

For adapter and quality trimming, fastp (Galaxy version 0.23.2+galaxyQ) was
used rather than the trimming tools specified in the original protocol. This alter-
native was selected for its efficiency, as fastp combines adapter trimming, quality
filtering, and base correction in a single tool (124). For human RNA-seq samples
with limited metadata and varying library qualities, this approach seemed more
appropriate, as it balances speed, robustness, and comprehensiveness. “fastp”
was run in either single-end or paired-end mode, matching the layout of each
dataset, with adapter trimming, quality filtering, length filtering, and overrepre-
sented sequence analysis enabled using default settings. Adapter trimming was
enabled with auto-detection of adapter sequences. Default quality filtering thresh-
olds were maintained.

RNA-seq specific optimizations were implemented, including forced polyG tail
trimming with the default minimum length of 10 bases to handle potential se-
quencing artifacts from lllumina platforms. Additionally, polyX tail trimming was
enabled to remove homopolymer sequences, particularly polyA tails commonly
found in mMRNA-seq data. In this configuration, polyG trimming was performed
first, followed by polyX trimming as per the tool's processing logic. Overrepre-
sented sequence analysis was also enabled to identify potential contamination or
biases.

Following read preprocessing with “fastp”, “MultiQC” was employed to aggregate
quality control reports across all samples, facilitating comparative assessment of
sequence quality metrics before proceeding to alignment.

Pre-processed reads were then aligned to the human reference genome using
“‘RNA STAR” (Galaxy Version 2.7.8a+galaxy1). The human reference genome
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GRCh38.p13 was used to create a temporary index, supplemented with gene
model annotation from GENCODE v42 (in GTF format) to improve the accuracy
of splice junction mapping.

Following the alignment data quality was manually evaluated using the Integra-
tive Genomics Viewer (IGV). Specifically, read coverage for housekeeping genes
and TACR1 was visually inspected to confirm sufficient read depth and transcript
representation before proceeding with downstream differential expression analy-
sis.

Following alignment of RNA-seq reads to the reference genome, the stranded-
ness configuration of the libraries was determined using the “Infer Experiment
tool” (RSeQC Version 5.0.3+galaxyO0). | performed this analysis to determine the
strand orientation of the sequencing libraries used in all datasets. Gene quantifi-
cation was generated using “featureCounts” (Galaxy Version 2.0.1+galaxy2).

2.13.5 Stratification and Differential Expression Analysis

Samples were stratified based on TACR1 (ENSG00000115353.11) expression.
Gene-specific counts were extracted with the “Search in textfiles tool” (Galaxy
Version 9.5+galaxy0) and sorted in descending order using the “Sort” tool (Gal-
axy Version 9.5+galaxy0).

To divide samples into TACR7-low and TACR17-high groups, | employed an ex-
pression-gap stratification method. After calculating the dataset mean, multiple
threshold distances were tested by adding and subtracting various percentages
(£10%, £20%, and £25%) from the average expression value. The optimal thresh-
old was selected based on the following key criteria: (1) maximizing sample size
retention in both groups due to the very limited number of samples available for
each dataset, (2) a minimum of three samples for each comparison group to en-
sure statistical power, and (3) generating a sufficient number of differentially ex-
pressed genes (DEGs) that yielded significant pathways in downstream GO and
KEGG analyses. The £25% threshold best satisfied these criteria throughout the
datasets, with samples below the mean-25% classified as TACR7-low and sam-
ples above the mean+25% classified as TACR17-high.

Differential expression analysis was conducted using “DESeq2” (Galaxy Version
2.11.40.7+galaxy2) to compare count tables between the defined groups. Signif-
icant changes in gene expression were identified using an adjusted p-value
threshold of p<0.05 and filtered with the "Filter" (Galaxy Version 1.1.1) method.
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“‘DESeq?2” includes integrated count normalization to account for differences in
sequencing depth and library composition. Results were then annotated using
the "Annotate DESeq2/DEXSeq output tables" (Galaxy Version 1.1.0) function.

To identify enriched biological functions, Gene Ontology (GO) analysis was per-
formed using the "goseq" package (Galaxy Version 1.50.0+galaxy0), with Benja-
mini-Hochberg [FDR] (1995) applied for multiple hypothesis correction.

2.13.5.1 RNA-seq Differential Exon Usage Analysis

Differential exon usage analysis was performed using DEXSeq (Galaxy Version
1.48.0+galaxy0) within the Galaxy platform. The analysis consisted of three main
steps: annotation preparation, exon abundance quantification, and statistical test-
ing for differential exon usage.

The analysis began with preparing a DEXSeq-compatible annotation file using
the “DEXSeq-Count” tool (Galaxy Version 1.48.0+galaxy0) in "Prepare annota-
tion" mode. The GENCODE v42 annotation (gencode.v42.annotation.gtf) was
used as the reference GTF file. During annotation preparation, the "Aggregate
genes with exons" option was enabled, which merged genes sharing exons into
aggregate genes. This flattening process transformed the standard GTF annota-
tion into a DEXSeq-compatible format where overlapping exonic regions were
split into non-overlapping counting bins, each uniquely assigned to a gene or ag-
gregate gene.

For exon abundance quantification, RNA-seq reads aligned to the reference ge-
nome (BAM files generated by RNA STAR) were processed using the DEXSeq-
Count tool in "Count reads" mode with the previously prepared flattened GTF
annotation. The analysis was performed with paired-end sequencing data using
a non-strand-specific library protocol. The alignments were position-sorted, and
the default minimum alignment quality threshold was applied.

The count tables generated in the previous step were used as input for the DEX-
Seq statistical analysis tool. The analysis was configured with a primary experi-
mental factor, with count files from the first condition assigned to factor level 1
and count files from the second condition assigned to factor level 2. DEXSeq
utilizes a negative binomial generalized linear model to test for differential exon
usage while accounting for biological variability. The statistical framework incor-
porates variance estimation across biological replicates, normalization for se-
quencing depth differences, and correction for multiple testing using the Benja-
mini-Hochberg procedure. Results were visualized through an HTML report, and
an RDS file was generated to allow for detailed visualization of individual genes.
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Exons with an adjusted p-value (FDR) below the specified threshold were con-
sidered as showing significant differential usage between conditions.

2.13.5.2 RNA-seq Differential Isoform Usage Analysis

Differential isoform usage analysis was performed using the Galaxy platform, fol-
lowing an adapted version of the Galaxy training protocol for differential isoform
expression (125). The analysis consisted of transcript assembly, quantification,
and isoform switch detection between two experimental conditions.

RNA-seq reads aligned to the reference genome using RNA STAR were pro-
cessed through StringTie (version 2.2.3+galaxy0) for transcript assembly. The
initial assembly was performed using GENCODE v42 annotation as a guide. Re-
sulting transcripts from all samples were merged using StringTie merge (version
2.2.3+galaxy0) to create a unified reference transcriptome. GffCompare (version
0.12.6+galaxy0) was then used to assess the quality of the assembled transcrip-
tome by comparing it to the reference annotation.

Transcript sequences were extracted using gffread (version 2.2.1.4+galaxy0)
with the GRCh38.p13 reference genome. A second pass of StringTie was per-
formed using the merged transcriptome as a reference to ensure consistent quan-
tification across all samples, with output configured for Ballgown format.

Isoform switching analysis was conducted using IsoformSwitchAnalyzeR (Galaxy
Version 1.20.0+galaxy5). The analysis was configured to include novel isoforms,
with average read length specified as 50 base pairs. The "Fix StringTie annota-
tion problem" option was enabled to correct annotation issues arising during tran-
script assembly. Significant isoform switches were identified using a threshold of
g < 0.05 and a minimum difference in isoform fraction (dIF) of 0.1.

The functional consequences of identified isoform switches were predicted by
analysing changes in protein domains, signal peptides, intrinsically disordered
regions, and sensitivity to nonsense-mediated decay.

2.14 Statistical Methods

Data are shown as mean + standard error of the mean (SEM). Statistical analyses
were conducted using one-way ANOVA for multiple group comparisons and un-
paired parametric t-tests for dual-group comparisons via GraphPad Prism biosta-
tistics software (version 9.0.0, 86, San Diego, CA, USA). Significance levels are
indicated as follows: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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3. Results

3.1 Divergent Expression Patterns of TACR1 and TAC1 in
PDAC versus Normal Pancreatic Tissue

To assess SP/NK1R-complex significance in PDAC, | performed RT-qPCR-
based expression profiling of associated genes. | conducted gene expression
analysis across eight PDAC cell lines (Figure 5a), specifically targeting both
NK1R variants (TACR1-tr and -fl) alongside TAC1. Additionally, | applied identical
expression assessment protocols to primary stellate cells.*

| found that TACR1-fl expression remained undetectable across all RT-qPCR
analyses, while TACR1-tr demonstrated variable expression patterns among
pancreatic cancer cell lines. | noted expression absence in Capan-1 and HuP-T3,
whereas | detected TACR1-tr in the remaining six PDAC lines and at minimal
levels within PSCs. Relative to the hepatoblastoma positive control (Hep G2), |
found that all examined PDAC cells exhibited significantly reduced TACR1-tr ex-
pression (p-value < 0.0001). TACT expression variations did not achieve statisti-
cal significance; nevertheless, | confirmed SP-encoding gene presence in Panc-
1, MIA PaCa-2, Hep G2, and PSCs, while remaining PDAC cell lines yielded neg-
ative detection results in my analysis (Figure 5a).*

In contrast to the RT-qPCR findings, SP quantification using ELISA demonstrated
SP presence across all cell lines examined, with MIA PaCa-2 exhibiting the high-
est concentration (Figure 5b). This analysis was extended to human serum sam-
ples to compare SP levels between control subjects and PDAC patients. The in-
vestigation revealed reduced SP blood serum concentrations in PDAC patients
relative to the control group, though this difference did not reach statistical signif-
icance (Figure 5c).*

* This has been previously published by the author (1).
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Figure 5: Characterization of SP/NK1R expression in pancreatic cancer models and clinical sam-
ples. (A) Quantitative assessment of transcript levels using RT-qPCR across multiple pancreatic
cancer cell lines. Data are presented as ACt values with standard deviation (SD), demonstrating
variable expression patterns of SP/NK1R pathway components among the examined cell lines.
(B) Protein-level quantification of Substance P in conditioned media from cultured PDAC cell lines
measured by enzyme-linked immunosorbent assay (ELISA), revealing distinct secretion profiles.
(C) Comparative analysis of circulating Substance P concentrations in serum samples from
healthy controls (n = 7) versus PDAC patients (n = 7), highlighting disease-associated alterations
in this signalling peptide. Permission for print obtained from the publisher.*

To further validate the expression patterns of SP/NK1R complex-related genes,
| analysed publicly accessible bioinformatic datasets. Comparative examination
of PDAC datasets from Gene Expression Omnibus (GEO), the Cancer Genome
Atlas (TCGA), and Cancer Cell Line Encyclopedia (CCLE) revealed that TACR1
is significantly downregulated in tumour tissue compared to normal pancreatic
cells (Figure 6a). However, it should be noted that these public databases lacked
information distinguishing between the two receptor splice variants.*

* This has been previously published by the author (1).
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GEO data analysis revealed interesting patterns of differential gene expression
associated with tumour progression. Specifically, GSE microarray data indicated
a trend toward decreasing total TACR7T expression with advancing tumour
stages, while TAC1 expression showed an opposite trend, increasing with higher
stages (Figure 6b). Survival analysis demonstrated that elevated TACR1 expres-
sion significantly correlated with improved overall survival for PDAC patients (Fig-
ure 6¢, accessed via OncolLnc.org).”

* This has been previously published by the author (1).
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Figure 6: Transcriptome-based characterization of the SP/NK1R pathway in PDAC. (A) Compar-
ative analysis of multiple transcriptomic datasets demonstrated significantly reduced expression
of TACR1 mRNA in PDAC tissue compared to normal pancreatic (NP) tissue. Statistical signifi-
cance was determined using unpaired Student's t-tests. (B) Analysis of stage-specific expression
patterns from the indicated GEO dataset revealed differential expression of both TACR7-total and
TAC1 genes across progressive stages of pancreatic cancer. (C) Survival analysis using On-
coLnc demonstrated prognostic relevance of TACR17-tr expression in PDAC patients. Patients
were stratified by high (top 25%) versus low (bottom 25%) expression levels. (D) Correlation anal-
ysis identified a significant negative relationship between the epithelial-to-mesenchymal transition
marker ZEB1 and TACR1 expression in the examined transcriptomic dataset (p-value determined
by Pearson's Correlation). (E) Assessment of the relationship between ZEB71 and TAC1 expres-
sion within the indicated dataset revealed distinct correlation patterns. (F) Hierarchical clustering
analysis of PDAC cell lines from the Cancer Cell Line Encyclopedia (CCLE) based on gene ex-
pression profiles (clustering method: one minus Pearson's Correlation). SP/NK1R pathway genes
are highlighted in red, along with specifically marked cell lines selected for subsequent functional
experiments. Permission for print obtained from the publisher.*

3.2 NK1R Isoform Distribution and ERK Pathway Activity in
PDAC Cell Lines

To assess NK1R protein expression in PDAC, | performed Western blot analysis
in six human pancreatic cancer cell lines (MIA PaCa-2, Panc-1, DanG, Capan-1,
BxPC3, and AsPC1). Two distinct immunoreactive bands were detected in MIA
PaCa-2, Panc-1, DanG, and Capan-1. The upper band was consistently ob-
served at approximately 48 kDa, while a second, lower band appeared at approx-
imately 36-40 kDa. In BxPC3 and AsPC1, only the upper band was present.

According to the manufacturer's data, only a single band was observed in their
Western blot assays. However, since TACR1 is known to exhibit tissue- and con-
text-specific expression patterns, including differential isoform expression, de-
pending on the cell type used by the manufacturer, the appearance of one band
is likely, which also matches the observed results for BXPC3 and AsPC1 (Figure
7).

To confirm the appearance of the double bands, | calculated the theoretical mo-
lecular weights as follows, based on the average molecular weight of 110 Da per
amino acid (126):

NK1R-fl: 407 amino acids x 110 Da = 44,770 Da ~ 45 kDa
NK1R-tr: 377 amino acids x 110 Da = 34,210 Da ~ 34 kDa

* This has been previously published by the author (1).
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Taking post-translational modifications and gel migration behaviour into account,
these isoforms are expected to appear at approximately 48 kDa according to the
manufacturers instructions and 36-40 kDa on SDS-PAGE, respectively, which
aligns with the observed results. Therefore, the higher molecular weight band
corresponds to the full-length NK1R isoform (NK1R-fl), which consists of 407
amino acids. The lower band corresponds in size to the truncated NK1R isoform
(NK1R-tr), which consists of 311 amino acids and lacks the C-terminal 96 resi-
dues. The presence of both bands confirms the co-expression of both isoforms
at the protein level.

Interestingly, no treatment effects can be observed throughout all cell lines, sug-
gesting that AP and SP treatments may affect NK1R signalling activity rather than
total protein levels.

GAPDH was used as a loading control and showed uniform expression across
all samples, confirming equal loading (with slight variation in Panc-1) and efficient
transfer. Band patterns were consistent across biological replicates and treat-
ment conditions. No additional bands, non-specific signals, or degradation prod-
ucts were observed. These results are shown in Figure 7.
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Figure 7: Expression of GAPDH and NK1R proteins in pancreatic cancer cell lines under AP and
SP treatment conditions. Western blot analysis showing GAPDH (left panel) and NK1R (right
panel) protein expression in six pancreatic cancer cell lines (MIA PaCa-2, Panc-1, Capan-1,
DanG, BxPC3, and AsPC1) under various treatment conditions. Cells were treated with AP (+) or
vehicle control (-) in combination with SP (+) or its control (-), with two independent experimental
replicates (Sample 1 and Sample 2). GAPDH levels (left) demonstrate consistent protein loading
across all samples and conditions, serving as a reference control for NK1R. NK1R protein ex-
pression (right) exhibits distinct double-band patterns in most cell lines, likely representing the
full-length (upper band) and truncated (lower band) isoforms of the receptor. All six pancreatic
cancer cell lines express detectable levels of NK1R, though with varying patterns and intensities
across cell lines. MIA PaCa-2 cells show particularly strong NK1R expression, with both isoforms
clearly visible. No consistent treatment-dependent changes in NK1R expression are observed
across the cell lines.

To assess downstream signalling activity of NK1R in PDAC cell lines, | analysed
total ERK1/2 and phosphorylated ERK1/2 (pERK1/2) protein levels by Western
blot following treatment with aprepitant (AP), substance P (SP), or their combina-
tion. Total ERK1/2 expression remained stable across all cell lines and treatment
conditions. In MIA PaCa-2, Panc-1, Capan-1, DanG, BxPC3, and AsPC1, no
change in ERK1/2 band intensity was observed between control, AP-, SP-, or
AP+SP-treated samples, indicating that ERK1/2 expression is not modulated by
NK1R-targeted interventions.

In contrast, pERK1/2 levels varied in response to treatment in MIA PaCa-2 and
Panc-1, where phosphorylation of ERK1/2 was detectable. In MIA PaCa-2,
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pERK1/2 levels were strongly increased upon treatment with AP, especially for
ERK2 (lower band). Co-treatment with SP did not display restorative effects.

| found a similar, though less pronounced, pattern in Panc-1 cells, where AP treat-
ment led to a visible increase in pERK1/2 signal. These patterns were consistent
across biological replicates, e.g. as displayed in both, Sample 1 and Sample 2.
These results are shown in Figure 8. GAPDH was used as reference control, as
these experiments were performed on the identical sample set (see Figure 7).

ERK1/2 pERK1/2
Sample 1 Sample 2 Sample 1 Sample 2
AP = T = -+ - + AP -+ - 4+ - + - +
sp -— = g ok = = +: SP - — + + —_— + +
MIA PaCa-2 || SRS SES S _— - 42/44kDA MIA PaCa-2 - = AL DA
Panc-1 - - P p—
Panc-1 e

Figure 8: Comparative analysis of total ERK1/2 and phosphorylated ERK1/2 (pERK1/2) expres-
sion in pancreatic cancer cell lines. Western blot analyses depicting protein expression profiles
under AP and SP treatment conditions. Left panel: Total ERK1/2 protein expression across six
pancreatic cancer cell lines (MIA PaCa-2, Panc-1, Capan-1, DanG, BxPC3, and AsPC1) with
BxPC3 and AsPC1 analysed in sample set 1. Right panel: Phosphorylation status of ERK1/2
(PERK1/2) in MIA PaCa-2 and Panc-1 cell lines under identical treatment conditions. Cells were
exposed to AP (+/-) and SP (+/-) in all combinations across two independent experiments (Sample
1 and 2). While total ERK1/2 levels remain relatively consistent across conditions in all cell lines
(left), the phosphorylation patterns (right) reveal distinct responses to treatment. Both, MIA PaCa-
2 and Panc-1 cells exhibit pERK1/2 activation with AP treatment regardless of SP status, with
MIA PaCa-2 demonstrating a stronger reaction. Notably, differential phosphorylation patterns are
observed between ERK1 (44 kDa, upper band) and ERK2 (42 kDa, lower band), with the lower
ERK2 band showing predominant phosphorylation in response to treatments, particularly in MIA
PaCa-2 cells.
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3.3 Correlations between EMT Status and SP/NK1R Pathway

Epithelial-mesenchymal plasticity (EMP) represents an alteration in tissue home-
ostasis that drives cellular transformation and promotes heterogeneity, a phe-
nomenon especially pronounced in PDAC (127). As a driver for cancer progres-
sion and metastasis (128), | investigated whether there might be a correlation
between TACR1 expression and epithelial-to-mesenchymal transition (EMT) in
PDAC. Recent experimental biological data and transcriptomic bioinformatical
analyses have established a strong connection between elevated mesenchymal
marker expression, particularly zinc finger E-box binding homeobox 1 (ZEBT),
and poorer patient prognosis (129). Performing gene expression correlation anal-
ysis, | was able to identify a significant inverse relationship between TACR17-total
and ZEB1, where high ZEB1 expression corresponded with low TACR1-total lev-
els (Figure 6d). Conversely, a positive correlation was observed between ZEB1
and TAC1 expression (Figure 6e).*

Gene clustering analyses demonstrated that TACR7 and TAC1 formed distinct
groupings with different EMT markers. TACR1 grouped with epithelial character-
istic genes (including ST00A7A, SNAI2, KRT19, CDH1), while TAC1 associated
with mesenchymal markers (such as ZEB1, CDH2, VIM, ZEB?2), supporting the
previously mentioned findings. For subsequent investigations representing
PDAC's heterogeneous nature, PDAC cell lines (Capan-1, DanG, HuP-T3,
Panc-1, and MIA PaCa-2) with varying EMT states and differing TACR1 and
TAC1 gene expression profiles according to the CCLE database were selected
(Figures 5a and 6f). Table 7 outlines relevant cell line characteristics, displaying
the EMT classification of eight cell lines alongside a simplified gene expression
categorisation system derived CCLE data (see also Figure 6f).*

* This has been previously published by the author (1).
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Table 7: Transcriptional Profiling and Phenotypic Characterization of Pancreatic Cancer Models

PDAC Cell Line  EMT State TAC1 TACR1
BxPC-3 epithelial + +
Capan-1 epithelial + +
DanG epithelial - - - -
HuP-T3 epithelial/mesenchymal - - ++
Panc-1 epithelial/mesenchymal ++ ++
MIA PaCa-2 mesenchymal + -
PSN-1 mesenchymal + -
AsPC-1 mesenchymal + +

To validate EMT state and expression levels of EMT markers, | performed RT-
gPCR using primers for ZEB1 and epithelial cadherin-1 (CDH1), in addition to the
previously mentioned primer sets. The expression patterns of EMT markers ob-
served aligned with classifications reported in previous literature (130). Specifi-
cally, CDH1 expression was significantly elevated in DanG compared to other
PDAC cell lines, with no detectable expression in MIA PaCa-2 and PSN-1. ZEB1
expression was detected in multiple cell lines (BxPC-3, AsPC-1, PSN-1, DanG,
HuP-T3, Panc-1, Hep G2), with MIA PaCa-2 demonstrating significantly higher
expression compared to all other cell lines (Figure 5a).*

3.4 Impact of Aprepitant on Growth of PDAC Cell Lines and
Cancer Stem Cell-Like Subpopulations

The effects of NK1R-targeted therapy on PDAC cell growth were investigated by
treatment with the NK1R antagonist AP, followed by determination of 50% inhib-
itory concentration using MTT cell viability assay. Hep G2 IC50 values from Ko-
lorz et al. (119) served as positive control. AP exposure resulted in dose-depend-
ent growth inhibition of PDAC cells over 24 hours. The observed sensitivity gra-
dient to AP treatment (from lowest to highest) was: PSCs (32 uM), Panc-1 (30
pMM), Capan-1 (30 yM), HuP-T3 (29 uM), DanG (26 uyM), and MIA PaCa-2 (19
MM) (Figure 9a). A similar IC50 value for Capan-1 has been reported previously
(27.4 uM) (131).*

* This has been previously published by the author (1).
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Given that PSC-conditioned media is known to enhance pancreatic cancer cell
metabolism and promote tumour cell proliferation and colony formation (132),
IC50 values (MTT) were determined for both normal and PSC-conditioned media
across all cell lines to exclude potential discrepancies from SP secretions in the
immediate PDAC microenvironment represented by PSCs. Interestingly, cells
cultured in PSC-conditioned media exhibited higher susceptibility to AP treatment
(Figure 9b), though the difference between growth conditions was not statistically
significant (unpaired t-test).*

Colony and spheroid formation assays, established in vitro surrogate techniques
for identifying cells with stem-like characteristics (117,133,134), showed excep-
tional dose-dependent responses to AP treatment after 14 days of culture. SP
presence partially attenuated these effects, particularly in co-treatments with
higher AP concentrations, most notably in MIA PaCa-2. Consistently,
MIA PaCa-2 demonstrated the highest sensitivity to AP treatment. | observed a
profound and significant inhibition of colony and spheroid formation at 40 uM con-
centration across all cell lines (p < 0.0001). SP addition appeared beneficial ex-
clusively for Panc-1 under CFA growth conditions (p = 0.0005), while AP effects
were diminished by SP addition in SFAs with MIA PaCa-2. No significant differ-
ence was observed between control and SP-only treatment in SFA (Figure 9c).*

Beyond quantitative changes in colonies and spheroids, | also noticed morpho-
logical alterations following treatment. Figure 9d illustrates spheroids derived
from DanG, MIA PaCa-2, and Panc-1, highlighting distinct phenotypic features
including size, shape, and texture. Specifically, manipulation of the SP/NK1R sys-
tem resulted in loss of tightly packed spheroid structure in all cases, with surface
blebbing indicative of apoptosis initiation following antagonistic treatment (Figure
9d, right panels).”

In summary, dose-dependent decreases in PDAC cell viability were observed,
manifested as reductions in sphere size and cell numbers, along with altered cell
morphology following exposure to the NK1R antagonist AP.*

* This has been previously published by the author (1).
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Figure 9: Response to NK1R blockade in various pancreatic cancer model systems. (A) Half-
maximal inhibitory concentration (IC50) values determined for selective NK1R antagonist treat-
ment across a panel of PDAC cell lines, demonstrating differential sensitivity. (B) Dose-response
curves illustrating PDAC cell viability following NK1R antagonist administration under standard
culture conditions (left) compared to pancreatic stellate cell (PSC)-conditioned medium (right),
highlighting microenvironment-dependent effects. (C) Quantitative assessment of clonogenic po-
tential (upper) and three-dimensional growth capacity (lower) under various treatment regimens
as indicated on the horizontal axis, showing dose-dependent inhibitory effects of NK1R blockade.
(D) Representative images from sphere formation assays depicting morphological alterations in
DanG (top row), MIA PaCa-2 (middle row), and Panc-1 (bottom row) spheroids following exposure
to different treatment conditions, revealing cell line-specific responses to NK1R pathway modula-
tion.*

3.5 Aprepitant-Mediated Modulation of Cell Cycle Progression
in PDAC Cell Lines

To investigate the cellular mechanisms underlying the anti-proliferative effects of
NK1R antagonism, | performed FITC Annexin V/PI staining to assess treatment-
induced apoptosis rates (Figure 10a), while pan-caspase labelling was utilized to
quantify caspase activity via flow cytometric analysis (Figure 10b). The analyses
revealed no significant differences in apoptosis rates between treatment condi-
tions across all PDAC cell lines examined. Furthermore, pan-caspase detection
demonstrated only a minor leftward shift in MIA PaCa-2 cells, suggesting minimal
caspase involvement in apoptosis induction under these conditions (Figure 10b).*

* This has been previously published by the author (1).
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Figure 10: Assessment of apoptotic markers and caspase activity in PDAC cells under NK1R
antagonist treatment. (A) Apoptosis analysis using dual-parameter flow cytometry with Annexin
V-FITC and propidium iodide staining. Pancreatic cancer cells were subjected to vehicle control,
NK1R antagonist (25 pM), or Substance P (20 nM) treatments. Quantitative analysis showed no
statistically significant differences in Annexin V-positive populations across treatment conditions,
suggesting limited classical apoptosis induction. (B) Intracellular caspase activity evaluation using
the pan-caspase substrate FITC-VAD-FMK across multiple PDAC cell lines. Flow cytometric anal-
ysis revealed minimal leftward shifts in fluorescence intensity following NK1R antagonist expo-
sure, indicating subtle, non-significant changes in caspase activation. Cell lines are arranged from
epithelial (left) to mesenchymal (right) phenotypes, revealing potential EMT-associated differ-
ences in response patterns.*

Given these findings, | analysed cell cycle distribution using DAPI staining and
flow cytometry to evaluate the effects of NK1R modulation on cell cycle progres-
sion. Flow cytometric analysis revealed pronounced aprepitant-induced altera-
tions in G1 and S phase distributions in DanG, Panc-1, and MIA PaCa-2 cell lines
compared to untreated controls. In contrast, Capan-1 and HuP-T3 cells, which
lack expression of both truncated and full-length TACR1 isoforms, exhibited no
alterations in cell cycle distribution following aprepitant administration. Notably,
substance P treatment did not induce cell cycle modulation in any of the exam-
ined cell lines. Representative histograms depicting aprepitant-induced changes
in cell cycle progression are provided in the appendix (Appendix A).*

* This has been previously published by the author (1).
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Collectively, these data demonstrate that pharmacological inhibition of NK1R in
PDAC cells expressing the truncated TACR1 isoform results in substantial cell
cycle arrest, primarily affecting G1 and S phases (Figure 11).*
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Figure 11: Differential cell cycle responses to NK1R pathway inhibition based on receptor expres-
sion status. (A) Representative DNA content analysis by flow cytometry using DAPI staining in
control and NK1R antagonist-treated pancreatic cancer cells (10,000 events per condition). The
left panels display NK1R-tr negative cell lines showing minimal alteration in cell cycle distribution
following treatment with 25 uM NK1R antagonist. In contrast, right panels demonstrate NK1R-tr
positive cell lines exhibiting pronounced shifts in cell cycle phase distribution upon identical treat-
ment conditions. (B) Univariate histograms reveal receptor expression-dependent effects, where
only NK1R-tr positive cells demonstrate significant redistribution across G0/G1, S, and G2/M
phases following exposure to the NK1R antagonist (25 uM), while Substance P treatment (20 nM)
shows distinct effects. Additional quantitative analyses of phase-specific changes are provided in
Supplementary Data (Appendix A).*

* This has been previously published by the author (1).
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3.6 Bioinformatic Exploration of TACR7 Expression Patterns
in PDAC

The observations described above suggested that TACR7 expression might
serve as a clinically relevant stratification factor in PDAC, as previously published
(1). However, current public transcriptomic databases present a significant limi-
tation by not distinguishing between the full-length and truncated isoforms of
NK1R, despite substantial evidence indicating important functional and regulatory
differences between these variants. This critical knowledge gap necessitated a
more nuanced analytical approach. Therefore, | undertook a systematic bioinfor-
matic investigation using raw RNA-seq data from publicly available datasets to
directly assess TACRT1 isoform expression patterns. By accessing and repro-
cessing primary sequencing data from PRJNA719796 and PRJNA1133919, |
aimed to distinguish between NK1R isoforms and characterize their expression
profiles in pancreatic cancer. Furthermore, | employed DESeq2 differential ex-
pression analysis to compare transcriptional profiles between subjects with low
versus high total TACR1 expression within individual cohorts, stratifying samples
based on a +25% threshold from the mean expression value. This approach, de-
scribed in more detail in the following, enabled me to identify molecular signatures
and pathways specifically associated with TACR1 expression levels, potentially
revealing novel therapeutic vulnerabilities while addressing the isoform-specific
roles that conventional databases fail to capture.

3.6.1 PRJNA719796 Dataset Analysis: Transcriptomic Profiling and
TACR1 Expression-Based Stratification in PDAC and Adjacent
Tissue

3.6.1.1  Transcriptional Profiling of PDAC vs Adjacent Tissue

To establish a foundational understanding of PDAC-specific transcriptomic alter-
ations within the PRJNA719796 dataset, | first compared tumour samples to their
control group, adjacent non-malignant tissue, to identify core disease related pat-
terns before introducing stratification by TACR71. This initial comparison also
served to confirm the robustness of the separation between tumour and non-tu-
mour tissue, as well as the within-group homogeneity, ensuring reliable founda-
tion for subsequent stratification analysis.

Principal component analysis (PCA) of normalized gene expression profiles after
differential gene expression analysis revealed a clear separation between PDAC
and adjacent non-malignant tissue (control) samples. PCA identified multiple
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principal components, of which the first two (PC1 and PC2) explained the largest
proportion of variance, 53% and 13%, respectively, accounting for 66% of the
total variance. PDAC samples formed a tight cluster on the left side of PC1 and
were exclusively located within the positive PC2 range, indicating a relatively ho-
mogeneous transcriptomic signature among tumour samples. In contrast, control
samples exhibited a broader spread along PC1, ranging from negative to positive
values, but were consistently confined to negative PC2 values. This distinct sep-
aration along PC2 suggests that it captures disease-related transcriptional differ-
ences between tumour and non-tumour tissues.
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Figure 12: PCA of normalized gene expression data from PDAC and adjacent tissue samples.
Each point represents one sample, coloured by group (PDAC: blue; Adjacent: red). PC1 and PC2
account for 53% and 13% of the total variance, respectively. PDAC samples cluster on the left
side of PC1 and are exclusively located in the positive PC2 range. Adjacent samples span a wider
range across PC1, from negative to positive values, but are all located in the negative PC2 space.
The separation of samples along PC2 indicates a distinct transcriptomic signature between tu-
mour and non-tumour tissues.

While PCA demonstrated clear separation of samples based on tissue type
(PDAC vs. adjacent), the sample-to-sample distance matrix revealed a less dis-
tinct clustering pattern. Although some grouping by tissue origin was observed,
overlap between PDAC and adjacent samples suggests inter-sample variability
or shared transcriptional features that limit clear separation in hierarchical clus-
tering (Figure 13).




3 Results 59

Sample-to-sample distances
[

|—‘j’:l|?; B

SRR15539279

] o 200
I —— 150

SRR14144009

100

SRR14144010

50

SRR14144013

SRR15539280

SRR15539284

SRR14144012

SRR14144014

SRR15539282

SRR14144011

SRR15539281

600k LY LHES
OLOPY LY LHES
£L0br L LHES
ZLOPR LY LHES
FLOPP LY LEES
LLOPY LY LHES
LBZBESS LYHS

ZBZBESSLYYS

0BZBESS LYHS
FBZBESS LY ES

6LZBESSLHYS
EBZBESSLYES

Figure 13: Sample-to-sample distance heatmap of transcriptomic profiles from the PRINA719796
dataset. This hierarchical clustering visualization illustrates the pairwise distances between all
samples in the dataset, with darker blue indicating greater similarity (smaller distance) and lighter
blue representing greater dissimilarity (larger distance). The dendrogram at the top shows the
hierarchical relationship between samples based on their transcriptional profiles. While some
grouping patterns are evident, the clustering is less distinct than observed in the PCA plot, sug-
gesting more complex relationships between samples beyond the primary tumour/normal distinc-
tion. The diagonal line of dark blue squares represents each sample's perfect correlation with
itself. Three general clusters are observed: one including samples SRR15539279,
SRR15539283, SRR14144009, and SRR14144010; another containing SRR14144013,
SRR15539280, SRR15539284, SRR14144012, and SRR14144014; and a third cluster with
SRR15539282, SRR14144011, and SRR15539281. Tumour samples are marked in red. While
these clusters may reflect biological similarities, including potential tumour-adjacent sample pair-
ings, no subject-level metadata were available to confirm such relationships.
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Dispersion estimation analysis demonstrated the expected inverse relationship
between gene expression level and biological variability. Initial gene-wise esti-
mates (black) showed greater variability among lowly expressed genes, while fi-
nal shrunken estimates (blue) closely followed the fitted trend (red), confirming
appropriate variance modelling using DESeq2's empirical Bayes shrinkage ap-
proach (Figure 14).
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Figure 14: Dispersion estimates plot from DESeq2 analysis of the PRINA719796 dataset. This
plot illustrates the relationship between gene expression levels (x-axis, mean of normalized
counts) and biological variability (y-axis, dispersion) on logarithmic scales. Black dots represent
gene-wise dispersion estimates for individual genes, showing the typical pattern of higher varia-
bility among lowly expressed genes. The red curve shows the fitted trend line that captures the
expected dispersion-mean relationship. Blue dots represent the final dispersion values after em-
pirical Bayes shrinkage, which pulls the gene-wise estimates toward the fitted curve, particularly
for genes with less information. This shrinkage approach improves the accuracy of differential
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expression testing by borrowing information across genes. The plot demonstrates the expected
inverse relationship between expression level and dispersion, confirming appropriate variance
modelling in the DESeq2 analysis.

The MA plot visualizes log, fold changes (PDAC vs. adjacent tissue) against the
mean normalized expression for each gene. Significantly differentially expressed
genes are highlighted in blue (padj < 0.05), while non-significant genes are shown
in grey. The maijority of significant genes exhibit positive fold changes, indicating
increased expression in PDAC compared to adjacent tissue (Figure 15).
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Figure 15: MA-plot showing differential gene expression between PDAC and adjacent normal
tissue in the PRINA719796 dataset. This plot visualizes the relationship between mean expres-
sion level (x-axis, mean of normalized counts on log scale) and fold change (y-axis, log2 fold
change) for all genes analysed. Each point represents a gene, with significantly differentially ex-
pressed genes (adjusted p-value < 0.05) highlighted in blue, while non-significant genes are
shown in grey. The horizontal line at y=0 represents no change in expression between conditions.




3 Results 62

The plot shows a symmetric distribution of up- and down-regulated genes at lower expression
levels, with more significantly upregulated genes (62.43%; positive log fold changes) at higher
expression levels. This pattern indicates substantial transcriptional differences between PDAC
and adjacent normal tissue, with many highly expressed genes showing increased expression in
tumour samples relative to normal tissue.

A total of 978 genes were identified as significantly differentially expressed based
on an adjusted p-value threshold of 0.05. TACR1 is downregulated with a log2FC
of -0.73, did however not show statistical significance (padj = 0.58). This negative
trend matches the observation in other public data sets, as described in Figure
6a and 6b.

Among the top upregulated genes in PDAC compared to control tissue were
TNS4 (log2FC = 5.67; padj =2.12x107), SERPINB5 (log2FC = 4.70; padj
3,43x10°), COL17A1 (log2FC = 5.40; padj = 1,26x10?), and MSLN (log2FC
5.91; padj = 1,83x103). TNS4 was previously identified to be overexpressed in
pancreatic cancer and shown to act through promotion of colony formation in
Panc-1 and PSN-1(135). COL17A1 is known for its ability to regulate tumour
growth in PDAC (136). Both genes, COL171A (136) and MSLN, a tumour-asso-
ciated antigen (137), were shown as overexpressed in PDAC. Moreover, | found
the six genes, SERPINBS, TMPRSS4, CEACAMS, S100P, AHNAK2, and ECT2,
to also be significantly upregulated, which match the transcriptomic PDAC clas-
sifiers described by Bhasin et al. (138).

This diverse set of differentially expressed genes suggests substantial alterations
in multiple cellular processes in the PDAC group with upregulation of known
PDAC-associated markers and clear transcriptomic separation from the control

group.

Gene Ontology enrichment analysis using GOseq revealed significant enrich-
ment of biological processes related to cell cycle regulation and nuclear division
in PDAC compared to adjacent tissue. The most significantly enriched GO terms
included regulation of nuclear division (GO:0051783, p-adjust = 7.02E-08), regu-
lation of mitotic nuclear division (GO:0007088, p-adjust = 7.02E-08), and nuclear
division (GO:0000280, p-adjust = 8.73E-08). Additionally, the extracellular region
(GO:0005576, p-adjust = 1.88E-07) was the most significantly enriched cellular
component term. The data indicates that PDAC is characterized by dysregulation
of cell cycle processes, particularly those related to mitosis and chromosome
segregation, as well as alterations in extracellular components. These results are
consistent with current high-throughput studies, that identified enrichment of
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genes involved in mitosis, cell cycle control, and extracellular matrix remodelling
in PDAC (139-141). Specifically, Long et al. (139) also identified cell cycle and
mitosis pathways to be enriched in their GO and pathway enrichment analysis
comparing PDAC to non-neoplastic pancreatic tissue samples. Similarly, Nwosu
et al. (140) confirmed cell cycle pathways to be upregulated in 5 human PDAC
datasets. Further confirmation is found in Lv et al. (141), which also show the
upregulation of the extracellular region and its related pathways, such as extra-
cellular space. The data suggest transcriptional reprogramming in pancreatic
cancer tissue compared to adjacent non-tumour tissue, offering a basis for in-
depth exploration of the molecular mechanisms involved in PDAC pathogenesis.

3.6.1.2 TACRT1 Expression-Based Stratification and Analysis

Next, | aimed to investigate whether the variation of TACR1 expression could be
associated with broader transcriptomic differences. Therefore, | stratified sam-
ples based on TACR1 (ENSG00000115353.11) expression levels to explore po-
tential downstream effects. Gene expression-based stratification is a very com-
mon method for subgroup generation in transcriptomic studies, including cancer
(142—-144). While many approaches rely on centroid-based classifications or clus-
tering (144), these approaches were not suited to my study due to the limited
sample size and the hypothesis-driven focus on a single gene of interest with its
function in cancer.

Therefore, following the initial comparison described in 3.6.1.1, | calculated the
dataset mean of the gene of interest, and divided samples into TACR7-low (below
mean-25%) and TACR17-high (above mean+25%) groups. | selected this stratifi-
cation approach after testing multiple threshold distances (£10%, £20%, and
125%), with the +25% threshold best satisfying the criteria of maximizing sample
retention while enabling downstream pathway analyses. Further details regarding
this method are included in the methods section.

Interestingly, subsequent DESeq2 analysis comparing TACR1-high to TACR1-
low PDAC samples showed that TACR1 itself did not reach statistical significance
in differential expression between these groups (log2 fold change = -0.906, ad-
justed p-value = 0.636), despite the initial stratification based on raw count val-
ues. The TACR1 raw counts in the PDAC samples ranged from 2 to 61, showing
substantial variability across the limited sample set (n=6). The non-significant dif-
ferential expression result likely reflects a combination of factors including the
small sample size, high biological variability in PDAC samples, normalization
methods employed by DESeq2, and multiple testing correction. Therefore, the




3 Results 64

TACR1-based stratification was maintained to explore whether transcriptomic or
pathway-level differences might still emerge between these biological distinct ex-
pression groups.

The main focus of this research was to explore how different levels of TACR1
expression affect PDAC transcriptional profiles. Hence, additional comparisons
of TACR1-high vs. control tissue (in the following referred to as “control”), and
TACR1-low vs. control were performed. This comparison strategy was chosen
because DESeq2 clustering revealed stronger and more distinct sample grouping
when comparing the stratified PDAC groups to the control group rather than di-
rectly to each other, as well as to the lack of statistical difference between TACR1
low versus high expression values.

Comparing the DESeq2 results from TACR17-high vs. control and TACR7-low vs.
control analyses revealed notable differences in the transcriptional profiles. The
TACR1-high vs. control comparison yielded 1,787 significantly differentially ex-
pressed genes (adjusted p-value < 0.05, log2FC > 1), while the TACR1-low vs.
control comparison identified only 290 differentially expressed genes using the
same criteria. This substantial variation in the number of differentially expressed
genes suggests that PDAC tumours with higher TACR1 expression may exhibit
more extensive transcriptional dysregulation compared to those with lower
TACR1 expression.

Analysis of shared and unique differentially expressed genes between these
comparisons revealed a core set of genes that were consistently dysregulated in
PDAC regardless of TACR1 expression levels. However, within the set of shared
genes, many genes showed stronger differential expression in the TACR17-high
context. For instance, TRIM29, a biomarker for PDAC that mediates radiore-
sistance (145,146), showed a log2FC of 5.13 (padj = 3.35x10'?) in TACR1-high
vs. control but 4.62 (padj = 2.04x10-"%) in TACR1-low vs. control. Similarly, TNS4
(log2FC = 5.61 vs. 5.58), COL17A1 (log2FC = 5.60 vs. 5.17), both mentioned
above, demonstrated more pronounced upregulation in the TACR7-high condi-
tion. The stepwise increase in biomarker expression from TACR7-low to TACR-
1 high samples suggests a potential link between TACR1 expression and tumour
progression, positioning TACR1 not only as a stratification marker but also as
possible indicator of disease severity. In summary, this pattern could suggest that
higher TACR1 expression may enhance or potentiate specific oncogenic path-
ways in PDAC. Additionally, this indicates that TACR17-high and TACR7-low
PDAC samples may involve different regulatory mechanisms.
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Further analysis identified a subset of 124 genes that were uniquely differentially
expressed in TACR1-low vs. control comparison, but not in the TACR7-high vs.
control dataset. Among the top unique genes in TACR17-low PDAC was the mes-
othelin precursor MSLN (log2FC = 6.43) (137) described above, as well as the
AQP5 (log2FC = 4.16), an aquaporin involved in cellular water transport and bi-
omarker for PDAC associated with tumour stage (147). Other notable uniquely
expressed genes in TACR1-low PDAC included HTR1D (log2FC = 4.36, padj =
1.05x10-°), which promotes pancreatic cancer via PI3K-AKT signalling pathway
(148); and CDC20 (log2FC = 3.90, padj = 1.05x10), a cell division cycle protein
critical for mitotic progression and associated with PDAC differentiation (149).
This distinct gene expression pattern in TACR7-low PDAC suggests that lower
TACR1 expression may be associated with activation of alternative oncogenic
pathways compared to TACR1-high tumours.

Conversely, a much larger set of 1,621 genes were uniquely differentially ex-
pressed in TACR1-high vs. control but not in TACR17-low vs. control comparison.
Among the most significantly upregulated genes unique to TACR1-high PDAC
were LINC02086 (log2FC = 5.59, padj = 6.54x10-'") a long non-coding RNA that
inhibits ferroptosis in pancreatic cancer cells (150); BSGNT6 (log2FC = 6.11),
which is significantly associated with KRAS mutations in colorectal cancer (151),
and stabilised by IGF2BP2, found to promote PDAC (152).

Moreover, SLC6A 14 (log2FC = 5.40, padj = 2.97x108), a basic amino acid trans-
porter, which was previously identified as a drug target in PDAC (153), and XIST
(log2FC = 4.77), a long non-coding RNA known to promote pancreatic cancer
proliferation (154) and perineural invasion (155), were upregulated in this group.
Furthermore, CXCL5, upregulated with a log2FC = 4.73 (padj 0 5.63x10), has
been described as a marker for poor prognosis and correlated with immune infil-
tration in PDAC (156).

Interestingly, the TACR1-high tumours also showed significant downregulation of
several Y-chromosome genes including UTY (log2FC = -4.94, padj = 4.32x10°)
(157), RPS4Y1 (log2FC = -5.01, padj = 5.50x10°) (158), and EIF1AY (log2FC =
-4.91, padj = 7.40x10) (159), among others, suggesting potential sex-specific
differences in gene expression patterns. Unfortunately, the metadata from this
study does not reveal gender specific information (160).
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This extensive set of TACR1-high-specific genes highlights the more profound
transcriptional reprogramming that occurs in PDAC with higher TACR1 expres-
sion and points to distinct biological mechanisms differing from the TACR1-low
group that may drive disease behaviour in these tumours.

3.6.1.3  XIST as a Marker of TACR1-High PDAC: Evidence for Aberrant X-
Chromosome Inactivation Dynamics

Given that XIST (ENSG00000229807.13) was among the top differentially ex-
pressed genes, as described in chapter 3.6.1.2, | investigated its expression pat-
tern in more detail, revealing striking differences.

XIST is a long non-coding RNA gene located in the X inactivation centre (XIC)
that plays an essential role in X-chromosome inactivation in females, a process
that transcriptionally silences one X chromosome to provide dosage equivalence
between males and females (161). Raw count analysis demonstrated that
TACR1-low PDAC samples exhibited minimal XIST expression (counts of 4, 23,
and 1), while TACR1-high PDAC samples showed dramatically elevated expres-
sion levels (counts of 11881, 9898, and 5200). The control tissue samples dis-
played relatively low and variable XIST expression (counts of 81, 5, 15, 2, 128,
and 49). The differential expression analysis identified XIST as significantly up-
regulated in TACR1-high vs. control comparison with a log2FC of 4.77. This ex-
treme difference in XIST expression between TACR7-high and TACR7-low
PDAC samples represents one of the most pronounced gene expression dispar-
ities observed between these stratified groups.

3.6.2 PRJUNA1133919 Dataset Analysis: TACR1 Expression-Based
Stratification in PDAC Tumour Samples (male vs female)

3.6.2.1 Dataset Overview and Sex-Based Expression Patterns

To further investigate the role of TACR1 expression PDAC, | analysed the
PRJUNA1133919 dataset, which contains exclusively PDAC tumour tissue sam-
ples. Unlike the PRINA719796 dataset, this collection lacks adjacent non-malig-
nant tissue, thus providing an opportunity to examine intra-tumoral gene expres-
sion patterns specifically. A notable advantage of this dataset is the availability of
patient sex information in the metadata, which revealed a striking biological pat-
tern, next to the higher number of PDAC samples available (n = 10).
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Examination of TACR1 expression levels by sex showed a remarkable distribu-
tion pattern (Table 8). Female samples exhibited substantially higher TACR1 ex-
pression (range: 70-150 feature counts) compared to male samples (range: O-
138 feature counts, with most male samples showing very low expression). Spe-
cifically, after employing the identical subgrouping method described above, four
out of five female samples clustered in the high expression group with TACR1
feature counts of 70, 102, 120, and 150, while five out of six male samples
showed minimal expression with feature counts of 0, 0, 0, 2, and 28, with only
one male sample exhibiting high expression (138 feature counts).

Table 8: Sex distribution across all included samples in PRINA1133919

Sex Sample ID Feature
Counts

female = SRR30045792 150

male SRR30045786 138

female SRR30045794 120

female = SRR30045788 102

female = SRR30045790 70

male SRR30045791 28 (Outlier)

male SRR30045789 2

male SRR30045787 0

male SRR30045793 0

male SRR30045795 0

During preprocessing, one sample (SRR30045791) with a TACR1 feature count
of 28 was identified as an outlier and excluded from further analysis. This sample
exhibited moderate expression levels that would have clouded the clear differen-
tiation between high and low expression cohorts. The decision to remove this
outlier was made to maintain clear separation between the stratified groups,
thereby enhancing the ability to detect distinct molecular signatures associated
with different levels of TACR1 expression.

3.6.2.2  Stratification Approach and Transcriptomic analysis of PDAC
samples

After removing the outlier, the stratification resulted in the following sample group-
ings: TACR1-high group included SRR30045792 (female, 150 counts),
SRR30045786 (male, 138 counts), SRR30045794 (female, 120 counts), and
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SRR30045788 (female, 102 counts). The TACR7-low group consisted of
SRR30045789 (male, 2 counts), SRR30045787 (male, 0 counts), SRR30045793
(male, 0 counts), and SRR30045795 (male, O counts) (see also Table 8).

The mean TACR1 expression in the TACR17-low group was 0.5 (range: 0-2), com-
pared to 127.5 (range: 102-150) in the TACR1-high group, representing a 255-
fold difference. The stratification by TACR1 expression level showed significant
separation between those groups (log2FC = 6.36, padj = 9.32x10%), which was
not achieved in the first dataset described above, as well as a strong correlation
with patient sex. The TACR17-high group consisted of 3 female samples and 1
male sample, while the TACR7-low group was composed exclusively of 4 male
samples.

As shown in Figure 16, PCA revealed distinct clustering of TACR17-high and
TACR1-low samples. PC1 explained 56% of the variance and PC2 13%. Notably,
samples segregated cleanly along PC2, with TACR1-low and TACR1 high form-
ing distinct clusters. Additionally, separation along PC1 can be observed, with
two TACR1-low samples and one TACR17-sample clustering on the far right, while
the remaining samples grouped predominantly on the left, including both other
TACR1-low samples on the far left.
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Figure 16: PCA of TACR1-high versus TACR7-low PDAC samples from the PRINA1133919 da-
taset. This PCA plot illustrates the distribution of samples based on their global gene expression
profiles. The first principal component (PC1) captures 56% of the overall variance, whereas the
second principal component (PC2) explains 13% of the variance. TACR1-low samples (red
points) are exclusively positioned in the upper portion of the plot with positive PC2 values, while
TACR1-high samples (blue points) cluster exclusively in the lower portion with negative PC2 val-
ues. Each sample is labelled with its corresponding identifier (SRR number). This distribution
pattern reveals that the sample stratification based on TACRT expression correlates more
strongly with PC2 than PC1, suggesting that TACR1 expression might be associated with specific
transcriptional programs in PDAC that contribute to the second most important source of variation
in the dataset.

Sample-to-sample distance analysis revealed similar patterns to the previously
described dataset with less distinct clustering. MA-plot demonstrated the primar-
ily upregulated genes as expected due to the comparison of High vs Low TACR1
(Figure 17).
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Figure 17: MA-plot comparing gene expression between TACR7-high and TACR17-low PDAC
samples in the PRINA1133919 dataset. This plot visualizes the relationship between mean ex-
pression level (x-axis, mean of normalized counts on log scale) and fold change (y-axis, log2 fold
change) for all genes analysed. Each point represents a gene, with significantly differentially ex-
pressed genes (adjusted p-value < 0.05) highlighted in blue, while non-significant genes are
shown in grey. The horizontal line at y=0 represents no change in expression between conditions.
There is a notable asymmetry in the distribution of significant genes, with more upregulated genes
(87.92% positive log fold changes) than downregulated genes, particularly at moderate expres-
sion levels. This pattern suggests that TACR7-high tumours are characterized by the activation
of specific gene programs rather than general transcriptional amplification, revealing distinct mo-

lecular signatures associated with TACR1 expression levels in PDAC.
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3.6.2.4 Differential Gene Expression Analysis and Functional Enrichment
Analysis

As mentioned previously, TACR1 (ENSG00000115353.11) itself showed sub-
stantial differential expression with a log2 fold change of 6.36 (adjusted p-value
= 9.32x10-®), confirming the effective stratification of samples. The top 20 up- and
downregulated genes are listed in Appendix B and C.

The top upregulated genes in the TACR17-high group are IGKV1D-39, IGGLS,
and CD79A, all genes related to immunoglobulins, among others in the top dif-
ferentiated genes (162—-164), SHISA8 (according to NCBI (2025)) and CBLN1
(166), both predicted as players in regulation of neuronal synaptic plasticity,
GFRA1, contributing to chemoresistance in osteosarcoma (167), and ITIH5, a
metastasis suppressor gene in PDAC (168).

Gene Ontology (GO) enrichment analysis identified biological pathways and cel-
lular components significantly associated with differentially expressed genes. In
TACR1-high samples, significantly enriched GO terms included immunoglobulin
complex (p-adj = 1.24e-11), adaptive immune response (p-adj = 4.66e-08), B cell
activation (p-adj = 1.04e-05), antigen binding (p-adj = 1.54e-05), immunoglobulin
production (p-adj = 3.08e-05), B cell proliferation (p-adj = 9.80e-04), external side
of plasma membrane (p-adj = 2.02e-03), and signalling receptor activity (p-adj =
2.16e-03). These enriched terms confirm a strong B-cell-mediated immune sig-
nature in TACR1-high samples. The top ten enriched genes are shown in Figure
18.

In TACR1-low samples, significantly enriched GO terms included intracellular
membrane-bounded organelle (padj = 1.10x102), nucleus (padj = 1.00x10-3), in-
tracellular organelle (padj = 8.43x10%), and intracellular anatomical structure
(padj = 1.43e-06).
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Figure 18:. Gene Ontology enrichment analysis of differentially expressed genes in TACR1-high
versus TACR1-low PDAC samples from the PRINA1133919 dataset. This dot plot shows the top
over-represented functional categories identified through Gene Ontology (GO), Biological Pro-
cess (BP), Molecular Function (MF), and KEGG pathway analysis using the Wallenius method.
The x-axis represents the percentage of differentially expressed genes in each category, while
the y-axis lists the functional categories. The size of each dot corresponds to the count of differ-
entially expressed genes in that category, and the colour intensity (darker blue) indicates higher
statistical significance (lower adjusted p-value). Notably, immune-related pathways are promi-
nently enriched, including immunoglobulin complex, adaptive immune response, B cell activation,
and immunoglobulin production. Other significant functional categories include response to stim-
ulus, cell periphery, and plasma membrane, suggesting that TACR7 expression levels are asso-
ciated with distinct immune response profiles and cell surface signalling mechanisms in PDAC.
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3.6.2.5 XIST Expression Analysis and Sex-Specific Transcriptomic Patterns

Given the strong correlation between TACR1 expression and patient sex, addi-
tional analyses were performed to investigate sex-specific gene expression pat-
terns. In the analysis of the PRINA719796 dataset, XIST (a long non-coding RNA
involved in X-chromosome inactivation in females) showed dramatically elevated
expression in TACR1-high samples compared to TACR7-low samples.

To explore whether this finding was consistent in the current dataset and directly
attributable to sex differences, a follow-up differential expression analysis was
conducted using only female samples in the TACR17-high group compared
against the TACR17-low group (which consisted entirely of male samples). The
results showed that XIST (ENSG00000229807.13) exhibited a positive log2 fold
change of 1.66, indicating higher expression in female TACR7-high samples than
in male TACR1-low samples, a trend that is consistent with the results of the other
dataset. However, this difference did not reach statistical significance (p-value =
0.184, adjusted p-value = 0.954).

3.6.3 NK1R Expression Patterns Across PDAC Transcriptomes

To investigate whether distinct TACR1 isoforms contribute to expression differ-
ences, alternative splicing analysis was conducted on the TACR1 gene utilizing
two independent computational methodologies: DEXSeq and IsoformSwitchAna-
lyzeR. Both analytical approaches were attempted on two PDAC datasets with
different experimental designs. For PRINA719796 (n=12), analysis focused on
comparing PDAC tissue samples (n=6) versus adjacent non-tumor tissue (n=6).
With the limited number of PDAC samples available, | decided to refrain from
direct TACR1 low vs high comparison in this dataset. For PRUNA1133919 (n=10),
all samples were PDAC tissues stratified into TACR7-high and TACR1-low ex-
pression groups based on the 25% deviation threshold from mean expression
values.

DEXSeq analysis was successfully completed for both datasets and revealed no
statistically significant differential exon usage patterns for TACR1 (adjusted p-
value threshold: 0.05) in any comparison group. Analysis of the PRIJNA719796
transcriptomic dataset revealed the exon usage patterns of TACR1 between
PDAC and adjacent normal pancreatic tissue. Examination across exons E001-
EO009 showed a subtle reduction in expression of exon E001 in PDAC samples
compared to adjacent normal tissue (Figure 19). EO01 distinguishes between the
full-length and truncated isoforms. This modest difference, though not reaching
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statistical significance, potentially indicates a slight decrease in full-length TACR1
(NK1R-fl) expression in tumour tissue. However, the overall exon usage patterns
remained largely comparable between tumour and normal samples across the
gene body. Visualization of aligned reads via IGV confirmed adequate coverage
across TACR1 exons, validating that the non-significant findings from DEXSeq
analysis were not attributable to insufficient sequencing depth.
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Figure 19: DEXSeq analysis of TACR7 (ENSG00000115353.11) exon usage in PDAC versus
adjacent normal tissue from the PRINA719796 dataset. This visualization shows differential exon
usage patterns across the nine exons (E001-E009) of the TACR1 gene. The top panel displays
expression levels (y-axis, log scale) for each exon in adjacent normal tissue (red line, 1_Adjacent)
and PDAC samples (blue line, 2_PDAC). The middle panel shows the normalized exon usage
values. The bottom panel illustrates the gene structure with various transcript isoforms. Exon
EO001 shows slightly higher expression in adjacent normal tissue compared to PDAC samples,
though this difference does not reach statistical significance. This subtle reduction in E001 usage
in tumor tissue might suggest a potential shift toward relatively greater expression of the truncated
NK1R isoform in PDAC, as E001 is specific to the full-length receptor variant. However, the overall
exon usage patterns remain largely similar between tumor and normal samples across the gene
body, indicating no statistically significant differential splicing of TACR1 between these tissue
types.
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IsoformSwitcher analysis failed to complete execution for both datasets, gener-
ating an error during the initiation of the splicing analysis step: "Error in txtPro-
gressBar(min = 1, max = numberOfGenes, style = 3): must have 'max’ > 'min™.
This technical error suggests that the algorithm could not properly establish a
progress tracking parameter, likely due to insufficient number of genes meeting
the tool's internal filtering criteria.
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4. Discussion

4.1 Downregulation and Isoform-Specific Expression of
TACR1 in PDAC

4.1.1 Transcriptomic Evidence for TACR1 Downregulation in PDAC

My transcriptomic analyses consistently revealed downregulation of TACR1 in
PDAC tissue compared to normal pancreatic tissue across multiple datasets, in-
cluding TCGA, GSE62165, GSE15471, and GSE16515. Additionally, in the
PRJNA719796 dataset, TACR1 showed a negative trend in differential expres-
sion, although it did not reach statistical significance. GEO microarray data further
demonstrated a stage-dependent decline in TACR1 expression, with lower ex-
pression levels observed in more advanced tumour stages. Conversely, expres-
sion of the neuropeptide-encoding gene TACT increased with tumour stage.
These findings were reinforced by survival analysis, which revealed that higher
TACR1 expression was significantly associated with improved overall survival in
PDAC patients. Collectively, these observations suggest that TACR1 expression
is reduced in PDAC tissue and progressively decreases during tumour develop-
ment, highlighting its potential as a biomarker for tumour progression and patient
prognosis. The contradicting trend previously published by Friess at al. (53) is
discussed in chapter 4.9.

4.1.2 Predominance of Truncated NK1R Isoform in PDAC Cell Lines

My thorough examination of TACR1 isoform expression patterns in PDAC shows
a complex picture with important consequences for understanding tumour devel-
opment and designing targeted treatments. The analysis of multiple PDAC cell
lines demonstrated predominant expression of the truncated NK1R isoform
(NK1R-tr) over the full-length variant (NK1R-fl) at the transcriptional level, while
protein-level analysis revealed a more nuanced picture with both isoforms detect-
able in several cell lines. This finding aligns with previous studies reporting tissue-
specific isoform distribution, where NK1R-fl predominates in neuronal tissues
while NK1R-tr is more prevalent in peripheral tissues and certain cancer types
(74,77,109).

Taken together, these findings suggest that the expression of NK1R isoforms,
particularly the balance between NK1R-fl and NK1R-tr, may not simply reflect
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tumour burden but rather represent a dynamic regulatory mechanism during
PDAC progression.

4.1.3 Technical Limitation in Computational Analysis of TACR1
Alternative Splicing

The absence of statistically significant alternative splicing events in TACR1 via
DEXSeq analysis across both datasets, coupled with the inability of
IsoformSwitchAnalyzeR to successfully execute, requires critical evaluation of
multiple technical and biological factors, particularly in light of the subtle exon
usage differences observed.

While DEXSeq analysis did not identify statistically significant differential exon
usage, the subtle reduction in exon EO01 expression in PDAC samples compared
to adjacent normal tissue is particularly noteworthy. This region differentiates the
full-length (NK1R-fl) from the truncated (NK1R-tr) TACR1 isoforms, which indi-
cates a possible trend toward higher relative expression of the shortened variant
in PDAC. Though this difference did not reach statistical significance, it repre-
sents a biologically plausible pattern that warrants further investigation.

The execution failure of IsoformSwitchAnalyzeR provides additional context. The
specific error message indicated a parameter configuration issue where the max-
imum progress value was not greater than the minimum, a condition typically
arising when the software cannot identify eligible genes for splicing analysis after
its initial filtering steps. This suggests that while subtle differences may exist, they
may not meet the tool's threshold criteria for formal isoform switching events.

Technical limitations of the utilized datasets represent primary considerations.
Despite implementation of rigorous quality control protocols, the inherent con-
straints of publicly sourced RNA-sequencing data include potential variability in
specimen processing, RNA preservation methods, and library construction pro-
tocols. The sequencing depth provided by the platforms used in both datasets
may be suboptimal for detection of low-abundance isoforms, particularly for
genes with moderate expression profiles such as TACR1.

Statistical power constraints likely contributed significantly to my inability to
achieve statistical significance for the observed exon E001 differences. The
PRJNA719796 dataset's restricted sample size (6 PDAC, 6 non-tumour adjacent
tissues) and PRJNA1133919's limited cohort (10 PDAC samples) were further
diminished after expression-based stratification, potentially precluding detection
of subtle splicing alterations. These limitations have special significance for alter-
native splicing analyses, as they generally require larger sample sizes compared
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to differential expression studies to identify statistically meaningful changes. A
larger sample size would likely provide the necessary statistical power to deter-
mine whether the observed exon E001 usage pattern represents a genuine bio-
logical phenomenon.

From a biological standpoint, the minor variation in exon EO01 usage corresponds
with existing knowledge of TACR1 biology, specifically how the ratio of full-length
to truncated isoforms may affect various downstream signalling pathways. The
cellular heterogeneity characteristic of PDAC specimens may further dilute these
differences, as isoform switching might occur predominantly within specific cell
populations or microenvironmental niches.

Single-cell RNA sequencing methodology would address several of these limita-
tions by enabling cell type-specific analysis of TACR1 isoform distribution. This
approach would permit deconvolution of the heterogeneous tumour microenvi-
ronment and identification of potential cell-specific splicing patterns. Additionally,
targeted validation using isoform-specific RT-PCR would provide an orthogonal
approach to verify and quantify the suggested differences in exon E001 usage in
a larger cohort of PDAC samples.

4.1.4 Consequences of Impaired Receptor Internalisation on ERK
Signalling

The structural features of NK1R-tr, result in impaired receptor internalization and
desensitization (94). Due to its lack of a C-terminal B-arrestin binding domain,
NK1R-tr fails to undergo B-arrestin-mediated internalization and desensitization
(105). As a result, its G protein-mediated signalling may be prolonged, potentially
altering downstream dynamics such as ERK activation. Indeed, previous studies
have shown that, compared to NK1R-fl, NK1R-tr is associated with delayed ERK
activation, likely due to its inability to engage B-arrestin scaffolds (96). This altered
signalling profile may influence cellular processes such as survival, proliferation,
or migration differently. Furthermore, prolonged pathway activity in the absence
of desensitization could engage feedback mechanisms that suppress TACR1
transcription, possibly explaining the detection of NK1R-tr protein despite low
MRNA levels in some PDAC cell lines. These findings emphasize the importance
of evaluating functional signalling activity rather than transcript abundance alone
when assessing the SP/NK1R axis as a therapeutic target.

Finally, these findings invite future research into whether reactivation of NK1R
expression or modulation of its downstream effectors could influence EMT status,
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sensitize cells to chemotherapy or reduce metastatic potential. If NK1R contrib-
utes to the maintenance of epithelial features, its targeted modulation might help
stabilize less aggressive phenotypes or interfere with progression toward a mes-
enchymal state - a process closely linked to PDAC aggressiveness (169).

4.2 Molecular Characterisation of TACR1-Stratified PDAC
Subtypes

My stratification approach applied to both datasets divided samples within each
dataset into two groups, TACR17-low and high, based on gene expression. | se-
lected this approach after testing multiple threshold distances, with the average
125% best satisfying the criteria of maximising sample retention while enabling
downstream pathway analysis.

The differences in transcriptomic profiles between TACR7-high and TACR17-low
tumours represent an intriguing finding of my study. For the PRJNA719796 da-
taset, the TACR1-high vs. control comparison yielded 1,787 significantly differen-
tially expressed genes, while the TACR7-low vs. control comparison identified
only 290 differentially expressed genes using the same criteria. This substantial
difference in the number of differentially expressed genes suggests that PDAC
tumours with higher TACR1 expression may exhibit more extensive transcrip-
tional dysregulation compared to those with lower TACR1 expression. This quan-
titative difference in transcriptional perturbation indicates that TACR17-high tu-
mours may possess different regulatory networks compared to their TACR1-low
counterparts, though further validation would be required.

My observation that established PDAC biomarkers show enhanced expression in
TACR1-high contexts suggests potential interactions between TACR1 signalling
and oncogenic pathways. For instance, TRIM29, a biomarker for PDAC that me-
diates radioresistance (145,146), showed a log2FC of 5.13 in TACR1-high vs.
control but 4.62 in TACR1-low vs. control. Similarly, TNS4, previously character-
ized by its overexpression in pancreatic cancer and its role in facilitating colony
formation (135), and COL17A1, associated with tumour growth control in PDAC
(136), demonstrated more pronounced upregulation in the TACR1-high condition.
This pattern of biomarker expression could reflect a distinct disease state or pos-
sibly indicate a specific cellular differentiation program associated with neurokinin
receptor activity.

The analysis identified a subset of 124 genes that were uniquely differentially
expressed in TACR1-low vs. control comparison, but not in the TACR7-high vs.
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control dataset. Among the top unique genes in TACR1-low PDAC was the mes-
othelin precursor MSLN (137), as well as HTR1D, which promotes pancreatic
cancer via PIBK-AKT signalling pathway (148), and CDC20, a cell division cycle
protein critical for mitotic progression and associated with PDAC differentiation
(149).

Notably, AQPS5, a known biomarker associated with tumour progression and poor
prognosis in PDAC (147), was exclusively expressed in the TACR17-low group
and absent in TACR17-high vs. control comparisons. Considering the survival
curve, which associate lower TACR1 expression with poorer prognosis, and up-
regulated genes, such as AQPS, with its established role in promoting invasive-
ness, epithelial-mesenchymal transition, and metastasis (147), such selective ex-
pression in TACR17-low samples could further imply that this group represents a
more aggressive PDAC subtype. This hypothesis will be further strengthened by
the consistent identification of additional genes associated with aggressiveness
in TACR1-low samples in future studies.

The molecular signature of TACR1-high tumours, with a much larger set of 1,621
genes, is characterized by upregulation of genes like LINC02086, a long non-
coding RNA that inhibits ferroptosis in pancreatic cancer cells (150), and
SLC6A14, a potential drug target (153). Besides these genes, B3GNT6, which is
significantly associated with KRAS mutations in colorectal cancer (151), and
XIST, a long non-coding RNA known to promote pancreatic cancer proliferation
and perineural invasion (Cheng et al., 2024; Wei et al., 2017; Xiao et al., 2022),
were upregulated in this group. Furthermore, upregulated CXCL5 has been de-
scribed as a marker for poor prognosis and correlated with immune infiltration in
PDAC (156). Collectively, this suggests these tumours might possess distinct
metabolic properties and therapeutic sensitivities. This molecular distinction
seems to involve more than just gene expression variations, affecting basic bio-
logical functions, which indicates that TACR1 levels may represent important
characteristics of tumour cell behaviour in PDAC.

Interestingly, the TACR7-high tumours also showed significant downregulation of
several Y-chromosome genes including UTY, RPS4Y1, and EIF1AY, suggesting
potential sex-specific differences in gene expression patterns (157-159).
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4.3 TACR1 Expression Levels as a Potential Marker of
Epithelial Phenotype Maintenance in PDAC

The observed inverse correlation between TACR17 expression and EMT marker
ZEB1 implies a potential suppressive role of NK1R in maintaining epithelial char-
acteristics. As tumours progress and undergo EMT, they may reduce depend-
ence on NK1R signalling, potentially as a strategy to escape growth-limiting feed-
back or immune recognition (170). This observation is additionally validated by
public database analyses, which demonstrated reduced TACR1 expression in
PDAC tissues relative to normal pancreatic tissue, showing a gradual decrease
in expression as tumour stages progress (Figure 6b).

From a therapeutic perspective, my findings suggest that TACR7-tr expression is
present in a range of PDAC phenotypes, including mesenchymal-like cell lines
such as MIA PaCa-2, which showed the highest expression among those tested.
This indicates that TACR1-tr is not restricted to epithelial-like or early-stage tu-
mour models and may remain expressed in more aggressive or transcriptionally
reprogrammed states. The observation that SP protein was detectable across all
PDAC cell lines, despite variable TACT mRNA levels, further supports the poten-
tial biological relevance of this pathway. Therefore, TACR1-tr expression may
serve as a functional marker to guide patient stratification for NK1R-targeted ther-
apies, such as aprepitant, independent of EMT status. Rather than relying solely
on phenotypic classification, assessing receptor expression directly could provide
a more precise basis for identifying tumours likely to benefit from pathway inhibi-
tion.

The distinct transcriptomic signatures of TACR1-high and TACR1-low PDAC tu-
mours may reflect underlying differences in differentiation status or epithelial-
mesenchymal plasticity. In the TACR17-high group, the upregulation of COL17A1
may suggest the retention of certain epithelial traits or structural features (171).
As a transmembrane collagen component of hemidesmosomes, COL17A1 plays
a role in maintaining epithelial polarity and cell-ECM adhesion (172,173). In epi-
thelial cancers, its misexpression has been associated with altered tissue archi-
tecture and invasive behaviour, potentially reflecting a partial or transitional epi-
thelial phenotype (174). Similarly, TNS4, also more strongly expressed in
TACR1-high samples, is known to modulate cell adhesion and motility via focal
adhesion signalling in pancreatic cancer (135).

In contrast, TACR17-low tumours showed exclusive upregulation of AQPS, a gene
well-established to promote epithelial-mesenchymal transition (EMT) and metas-
tasis in PDAC. AQPS5 has been associated with loss of E-cadherin, increased
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cancer cell migration, and poor prognosis, marking it as a strong indicator of a
more mesenchymal and invasive tumour phenotype (175,176). Additionally,
CDC20, another gene elevated in TACR17-low samples, is a key regulator of mi-
totic progression (177) and has been linked to poor differentiation and increased
tumour aggressiveness in PDAC (149), although it is not a classical EMT marker

Together, these patterns suggest that TACR7-high tumours may maintain more
epithelial-like features, while TACR7-low tumours exhibit molecular traits associ-
ated with EMT, high proliferative capacity, and increased invasiveness. This sup-
ports the hypothesis that TACR1 expression stratifies PDAC into biologically dis-
tinct subtypes with potential clinical relevance for prognosis and therapeutic tar-
geting. However, TNS4 this gene has also been shown to downregulate E-cad-
herin in colorectal cancer (178), thus contradicting this hypothesis. Studying its
role in pancreatic cancer might reveal further insight.

4.4 Functional Consequences of NK1R Inhibition in PDAC
Models

4.4.1 Antiproliferative Effects Correlate with TACR17-tr Expression Levels

My functional studies demonstrated significant antiproliferative effects of the
NK1R antagonist aprepitant (AP) across multiple PDAC cell lines, with varying
sensitivity correlating broadly with TACR1-tr expression levels. The antitumoral
effect of NK1R antagonists is consistent with previous findings (74,113,131). No-
tably, as mentioned above, MIA PaCa-2 cells exhibited the highest expression of
truncated TACRT1 alongside substantial TAC1 presence. This mesenchymal cell
line demonstrated the greatest sensitivity to AP treatment across all growth inhi-
bition experiments, including colony formation assay (CFA) and spheroid for-
mation assay (SFA). | also noted a modest increase in pan-caspase activity ex-
clusively in this cell line, suggesting AP has particular efficacy against these
highly undifferentiated cancer cells. Similar patterns were observed in DanG
cells, which displayed the second-highest TACR1-tr levels. My findings suggest
that PDAC subgroups with higher TACR1-tr expression may be more responsive
to AP as an anti-cancer therapy. Therefore, | propose further clinical investigation
to evaluate TACR1-tr measurement as a potential marker for therapeutic stratifi-
cation in PDAC patients.

The western blot analysis of ERK1/2 activation provided mechanistic insight into
the downstream signalling alterations induced by NK1R inhibition in PDAC cells.
The marked modulation of ERK1/2 phosphorylation in response to AP treatment,
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despite stable receptor protein levels, confirms that the observed effects are me-
diated through functional inhibition of NK1R signalling rather than alterations in
receptor expression.

Interestingly, my results also suggest potential differential signalling dynamics
between NK1R isoforms. Previous studies have shown that the truncated variant
exhibits delayed ERK1/2 activation compared to the full-length receptor, with
peak phosphorylation occurring at 20-30 minutes versus 1-2 minutes, respec-
tively (96). The varied responses to AP treatment across cell lines with different
isoform expression profiles may reflect these distinct signalling kinetics.

4.4.2 Enhanced Sensitivity of Cancer Stem Cell-like Populations to NK1R
Inhibition

Spheroid generation from cells resistant to anoikis is widely used as an in vitro
marker of cancer stemness (117), enabling identification of cells with cancer stem
cell (CSC)-like properties while facilitating drug testing in three-dimensional cul-
ture models (117,133,134). Given that CSCs represent rare tumour initiators with
significant chemoresistance (133,134), inhibiting their growth presents a promis-
ing approach to enhance therapeutic outcomes. Most cell lines in my study
demonstrated capacity for both colony and spheroid formation, with notable dose-
dependent responses to AP treatment over 14 days of culture. Importantly, cells
in colony and spheroid formations showed greater sensitivity to AP than parental
cells, suggesting lower concentrations may effectively inhibit growth.

These results indicate NK1R blockade may efficiently target CSC-like cells, offer-
ing potential for tumour initiator inhibition. Further studies are needed to deter-
mine potential alterations in SP/NK1R-related gene expression.

While direct identification of CSCs in patients remains challenging, putative mark-
ers such as CD44, CD133, or EpCAM are commonly used in PDAC tissue sam-
ples and could be assessed via immunohistochemistry or flow cytometry to ex-
plore clinical relevance (179). A logical next experimental step would be to eval-
uate NK1R expression and AP responsiveness in patient-derived organoids
(PDOs), which would offer a more clinically representative model and help vali-
date the CSC-targeting potential of NK1R inhibition in human PDAC (180,181)-

4.4.3 Cell Cycle Arrest as the Primary Mechanism of NK1R Antagonist
Activity

Following the substantial decrease in viability observed across all assays after
AP treatment, | examined the cellular mechanisms involved. Notably, there was
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little indication of apoptotic pathway activation. Since consistent findings from
several apoptosis assays indicated that cell death processes were not driving the
AP-induced growth suppression, | investigated other potential mechanisms. Cell
cycle progression analysis revealed AP-induced cell cycle arrest, particularly af-
fecting G1 and S phases. This pattern is consistent with the known role of NK1R
in promoting cell proliferation in human cancers (182).

Interestingly, a previous study linked NK1R internalization and -arrestin-medi-
ated signalling to cell cycle progression (183). In glioblastoma cells, B-arrestin 1
(ARRB1) was shown to mediate NK1R-induced proliferation and regulate key cell
cycle proteins such as CDC25C, CDK1, and cyclin B1 (183). ARRB1 knockdown
led to G2/M arrest and disrupted long-term ERK1/2 and Akt signalling (183). Alt-
hough my study did not observe a G2/M phenotype but instead revealed a G1/S
Phase arrest after pharmacological NK1R inhibition in PDAC, these findings sug-
gest that B-arrestin-dependent signalling downstream of NK1R may have con-
text-dependent effects on cell cycle regulation and may also contribute to the
non-apoptotic effects observed after NK1R blockade in PDAC. Further investiga-
tion into cell-cycle-related proteins is needed to fully understand the mechanisms
behind this arrest.

4.5 Transcriptomic Profiling of PDAC versus Adjacent Control
Tissue

Initial analysis comparing PDAC to adjacent non-malignant pancreatic tissue re-
vealed substantial transcriptional alterations (with 978 significantly differentially
expressed genes), consistent with the established understanding of cancer. The
PCA demonstrated clear separation between tumour and non-tumour samples,
thus providing a solid foundation for subsequent stratification analysis, though the
limited samples size necessitates cautious interpretation of my results.

The most significantly enriched GO terms included regulation of nuclear division,
regulation of mitotic nuclear division, and nuclear division. The dysregulation of
cell cycle and mitotic processes aligns with the fundamental understanding that
uncontrolled proliferation represents a core cancer hallmark (184,185). Addition-
ally, the extracellular region was the most significantly enriched cellular compo-
nent term, suggesting active remodelling of the tumour microenvironment (186),
a process that could contribute to metastatic progression and therapeutic re-
sistance in pancreatic cancer (187). These transcriptional changes likely reflect
complex interactions between tumour cells and stromal components (188). The
consistency of these findings with earlier research (139-141) from various patient
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groups indicates these are likely core features of PDAC pathobiology rather than
findings specific to a particular cohort, although more extensive studies would be
required for conclusive verification.

My examination of TACR1 expression uncovered a complex relationship with
PDAC pathobiology. The consistent downregulation of TACR1 across multiple
transcriptomic datasets points to sophisticated regulatory mechanisms that prob-
ably involve more than just transcriptional regulation. This pattern may reflect
context-dependent functions in cancer, potentially influenced by post-transcrip-
tional mechanisms, alternative splicing events generating functionally distinct
isoforms, or signalling pathway interactions.

While published literature mostly reports on TACR1 overexpression in various
cancers (69), my findings align with emerging evidence that its expression can
be heterogeneous and even suppressed in certain malignant contexts (74—78).
This variability underscores the potential value of TACR71 as a stratification
marker rather than a universal diagnostic indicator. The lack of statistical signifi-
cance within the analysis of the PRIJNA719796 dataset despite a clear trend high-
lights the inherent challenges in studying genes with biological variability in lim-
ited sample sets.

4.6 XIST as a Marker of TACR1-High PDAC: Evidence for X-
Chromosome Regulation

A striking and unexpected finding from my analysis of the PRJNA1133919 da-
taset was the strong association between TACR1 expression and patient sex.
Female PDAC samples consistently exhibited higher TACR1 expression com-
pared to male samples, with four out of five female samples clustering in the high-
expression group while five out of six male samples showed minimal expression.
This sex-specific pattern suggests potential hormonal or chromosomal regulation
of TACR1 expression that has not been previously reported in PDAC.

The dramatic upregulation of XIST in TACR7-high samples from the
PRJUNA719796 dataset provided further evidence for sex-specific regulatory
mechanisms. XIST, a long non-coding RNA responsible for X-chromosome inac-
tivation in females, showed minimal expression in TACR1-low samples but ex-
tremely high levels in TACR1-high samples. While this pattern was not as pro-
nounced in the PRINA1133919 dataset, the trend toward higher XIST expression
in female TACR1-high samples persisted.
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These observations raise intriguing possibilities regarding the regulation of
TACR1 in PDAC. While TACR1 is located on chromosome 2, its expression may
be influenced by X-linked transcription factors or regulatory elements that escape
X-inactivation in females, resulting in sex-specific expression patterns. Addition-
ally, sex hormones such as estrogen may differentially modulate TACR1 tran-
scription, potentially through hormone-responsive elements in the promoter re-
gion. Previous studies have shown that estrogen can influence NK1R expression
in other tissues (189). Moreover, sex-specific epigenetic patterns established dur-
ing development may contribute to differential TACR 1 expression between males
and females. The correlation with XIST suggests potential involvement of X-chro-
mosome-related epigenetic regulators in this process, and therefore provides a
rationale for further investigation into sex-specific regulatory mechanisms in
PDAC. These findings may support sex-based patient stratification and may con-
tribute to the development of targeted therapeutic strategies tailored by sex.

The distinct molecular signatures associated with TACR7-high/female and
TACR1-low/male samples further support the biological significance of these pat-
terns. The enrichment of immune-related pathways, particularly B-cell activation
and immunoglobulin production, in TACR1-high samples, which are discussed in
the following chapter, suggests a potential intersection between NK1R signalling,
sex-specific immunity, and tumour biology that warrants further investigation.

4.7 Enrichment of Immune Signatures in TACR17-High
Tumours

The enrichment of immune-related pathways in TACR7-high tumours represents
another unexpected finding and bridges neuroimmune interactions and cancer
biology. My Gene Ontology analysis of the PRINA1133919 dataset revealed sig-
nificant enrichment of immunoglobulin complex, adaptive immune response, B
cell activation, antigen binding, immunoglobulin production, B cell proliferation,
external side of plasma membrane, and signalling receptor activity. These en-
riched terms confirm a strong B-cell-mediated immune signature in TACR1-high
samples.

In TACR1-low samples, significantly enriched GO terms included intracellular
membrane-bounded organelle, nucleus, intracellular organelle, and intracellular
anatomical structure.

My analysis further revealed several significantly upregulated genes in the
TACR1-high group. These include multiple immunoglobulin-related genes -
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IGKV1D-39, IGGLS, and CD79A - which have been extensively documented for
their roles in immune function and B-cell development (162—164). Additionally, |
observed upregulation of SHISA8 and CBLN1, both of which are thought to par-
ticipate in neuronal synaptic plasticity regulation according to recent research
(165,166). Other notable upregulated genes include GFRA1, which has been im-
plicated in osteosarcoma chemoresistance mechanisms (167), and ITIHS, previ-
ously identified as a metastasis suppressor gene in pancreatic ductal adenocar-
cinoma (168).

This association between TACR1 expression and B cell-mediated immunity sug-
gests novel dimensions to neurokinin signalling in the tumour microenvironment
that extend beyond its canonical roles (190,191). This immune signature could
reflect either a reactive phenomenon, where immune infiltration might be associ-
ated with TACR1 expression, or alternatively, TACR7-expressing tumour cells
might actively modulate the immune microenvironment. The clinical implications
of this association are particularly relevant given increasing interest in immuno-
therapeutic approaches for PDAC. If TACR1 expression indeed correlates with
specific immune microenvironmental states, it might serve as a potential bi-
omarker for immunotherapy response.

Furthermore, the co-occurrence of B cell-related immune signatures with XIST
upregulation and downregulation of Y-chromosome-linked genes in TACR1-high
tumours raises the possibility of sex-specific transcriptional or immune modula-
tion. It is well established that females generally exhibit stronger humoral and
cellular immune responses than males, leading to more robust vaccine re-
sponses but also a higher prevalence of autoimmune diseases (192). These dif-
ferences are attributed to a combination of hormonal influences, X-linked gene
dosage, and epigenetic regulation (193), including the role of XIST in X-chromo-
some inactivation (194). While sex was not a stratification variable in this study,
these findings highlight the importance of considering biological sex as a factor
in tumour-immune dynamics and in the development of personalised immuno-
therapeutic strategies in PDAC.

4.8 Clinical Implications and Therapeutic Potential

The integration of my in vitro findings with bioinformatic analyses has significant
implications for PDAC classification and therapeutic stratification. The observa-
tion that TACR1 expression declines with tumour progression, coupled with the
association between low TACR1 levels and poor survival, suggests that TACR1
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expression could serve as a prognostic biomarker in PDAC. Moreover, the differ-
ential sensitivity to NK1R antagonism observed across cell lines with varying
TACR1-tr expression levels indicates that isoform-specific profiling might identify
patient subgroups most likely to benefit from NK1R-targeted therapy.

The decreased sensitivity of pancreatic stellate cells (PSCs) to AP treatment
compared to cancer cells presents another potential therapeutic advantage.
PSCs contribute substantially to aggressive stromal fibrosis and interact closely
with cancer cells, thereby promoting pancreatic tumour growth and limiting drug
delivery (195,196). Research has also linked PSCs to genomic instability and
epithelial-mesenchymal transition (EMT) induction (195). A therapeutic approach
that preferentially targets cancer cells while sparing stromal components might
achieve tumour control without exacerbating the stromal barrier to drug penetra-
tion (197). The potential to disrupt signalling in these cells could also significantly
improve patient outcomes by inhibiting tumour recurrence following surgical in-
tervention.

The potential efficacy of NK1R antagonists against cancer stem cell-like popula-
tions is particularly promising for preventing recurrence and metastasis. Current
therapeutic regimens for PDAC often fail to eradicate CSCs, leading to disease
relapse (198). The ability of AP to inhibit spheroid and colony formation at lower
concentrations than required for bulk tumour cell growth suggests that NK1R an-
tagonists might complement conventional cytotoxic agents by targeting therapy-
resistant subpopulations.

The observed differences in TACR1 expression between male and female pa-
tients in my analyses raise important considerations for personalized treatment
approaches. The elevated expression of TACR1 in female PDAC patients indi-
cates potential for improved responsiveness to NK1R-targeted therapies in this
group. This hypothesis aligns with the growing recognition of sex-based differ-
ences in cancer biology and treatment response (199).
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4.9 Critical Analysis of Conflicting Evidence on TACR1
Expression Levels in PDAC

4.9.1 Transcriptomic Discrepancies

The transcriptomic analysis of TACR1 expression in PDAC has yielded notably
contradictory results across different studies. These discrepancies warrant care-
ful examination to accurately characterize the expression profile of this receptor
in pancreatic cancer.

My comprehensive analysis utilizing multiple independent transcriptomic da-
tasets (CCLE, TCGA, GSE62165, GSE15471, and GSE16515) consistently
demonstrate significant downregulation of TACR1 in PDAC tissue compared to
normal pancreatic cells (Figure 6a). Specifically, the PRINA719796 dataset also
revealed TACR1 downregulation with a log2FC of -0.73, though this did not reach
statistical significance (padj = 0.58). Further supporting this downregulation pat-
tern, GEO microarray data analysis indicates a trend toward decreasing total
TACR1 expression with advancing tumour stages (Figure 6b).

In direct contradiction to my findings, earlier research by Friess et al. (53) reported
elevated NK1R expression in tumour samples compared to normal tissue. Their
study suggests increasing TACR1 levels correlating with disease progression
and reduced survival rates. This represents a fundamental inconsistency with ob-
servations from larger, more recent datasets.

Several factors may contribute to these conflicting reports on TACR1 expression
levels. Different research approaches represent a key factor to consider, as the
Friess et al. study employed different analytical techniques compared to my multi-
platform approach. My bioinformatic evaluation incorporated substantially larger
sample sizes (193 tumour patients and 68 normal controls from GEO, plus 86
additional patients through OncolLnc), potentially providing a more representative
picture of TACR1 expression across PDAC populations.

Additionally, primer selection for detection can affect results. Friess et al. used
primers that target the first exon, allowing them to detect both variants simultane-
ously. In contrast, my research used primers specifically designed to distinguish
between NK1R isoforms, which might result in measuring lower expression levels
compared to assessments of total NK1R mRNA (which includes both full-length
and truncated forms). RT-qPCR techniques can yield varying results, sometimes
causing differences in standard error calculations. (200).
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The literature beyond PDAC presents a similarly mixed picture. While published
literature mostly reports on TACR1 overexpression in various cancers (69), my
findings align with emerging evidence that its expression can be heterogeneous
and even suppressed in certain malignant contexts (74-78).

A particularly notable finding from the analysis of the PRINA1133919 dataset
was the striking sex-specific pattern of TACR1 expression. Female samples ex-
hibited substantially higher TACR1 expression (range: 70-150 feature counts)
compared to male samples (range: 0-138 feature counts, with most male samples
showing very low expression). This sex-based variability represents another di-
mension that could potentially explain inconsistencies between studies with dif-
ferent sex distributions in their cohorts.

The contradictory transcriptomic evidence regarding TACR1 expression in PDAC
suggests that this receptor's expression pattern is more complex than initially ap-
preciated. The difference between my large-scale analysis, indicating downregu-
lation, and previous reports describing upregulation highlights the need for further
research that employs standardized methodologies and clearly defined patient
cohorts. These inconsistencies emphasize the necessity of accounting for factors
such as tumour heterogeneity, analytical techniques, cohort size, and biological
variables, including sex, when interpreting transcriptomic data. TACR1 expres-
sion in PDAC appears to be highly context-dependent, influenced by multiple fac-
tors beyond tumour status alone, which has significant implications for its reliabil-
ity as a diagnostic biomarker or therapeutic target.

4.9.2 Post-transcriptional Regulation

Although discrepancies between mRNA expression and corresponding protein
levels are commonly encountered (201,202), the discrepancies particularly in Ca-
pan-1 cells where NK1R-tr protein was detected despite undetectable TACR7-tr
mRNA warrant further discussion. Other publications reported to detect TACR1
in Capan-1 via RT-gPCR and Western blot (53,203), which suggests varying sen-
sitivity between the methods employed.

Furthermore, the truncated isoform may undergo enhanced translational effi-
ciency or exhibit increased protein stability compared to the full-length variant,
resulting in detectable protein levels despite low mRNA expression (204). Addi-
tionally, transcriptional analysis provides a snapshot of gene expression at a spe-
cific time point, while protein accumulation reflects longer-term expression pat-
terns. Fluctuations in TACR1 transcription that occur during tumour progression
may not be captured in single-point analyses (205). Moreover, the internalization-
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defective nature of NK1R-tr resulting in sustained signalling and potential nega-
tive feedback on TACRT1 transcription, which might explain the observed low
MRNA levels despite functional protein presence (96).

4.9.3 TACR1 Downregulation with Poor Prognosis

The association between TACR1 downregulation and unfavourable outcomes, as
demonstrated in survival analysis (Figure 6c¢), presents an apparent contradic-
tion: if NK1R promotes tumour growth, why would its decreased expression cor-
relate with worse outcomes? Several mechanisms may explain this phenome-
non. Advanced tumours may evolve independence from NK1R signalling as they
acquire additional oncogenic alterations, allowing them to bypass this pathway
while maintaining aggressive behaviour. Moreover, the balance between full-
length and truncated isoforms, rather than total TACR1 expression, may be criti-
cal for tumour behaviour. The truncated variant lacks -arrestin binding sites, re-
sulting in sustained signalling and potential enhancement of oncogenic pathways
despite lower overall receptor expression (105). As evidenced by the positive
correlation between TAC1 and ZEB1 expression, and the clustering of TAC7 with
mesenchymal markers, increased ligand production may compensate for re-
duced receptor levels, maintaining pathway activation through a concentration-
dependent mechanism.

4.10 Limitations and Future Directions

Several limitations of my study should be discussed. First, the relative overall
MRNA expression patterns of TACR1 splice variants raise questions about how
AP displays significant anti-proliferative activity in pancreatic cancer cells, which
| hypothesized would be driven by the SP/NK1R signalling axis. Although AP
binds strongly to NK1R, it also exhibits minimal affinity for corticosteroid recep-
tors, serotonin, or dopamine. An interesting direction for future research would be
to determine whether AP might exhibit anti-tumour effects through interaction with
these alternative receptors in contexts where NK1R is absent.

Second, as discussed in chapter 4.10, the discrepancies between transcriptional
and protein expression data for NK1R isoforms highlight the technical challenges
in accurately quantifying splice variants. Future studies should employ isoform-
specific antibodies or targeted proteomics approaches to more precisely charac-
terize NK1R isoform distribution in PDAC tissues. Furthermore, while my cell line-
based functional studies provided valuable mechanistic insights, they may not
fully recapitulate the complex tumour microenvironment of PDAC. Patient-derived




4 Discussion 92

organoid-based experiments, particularly those involving co-culture with stromal
and immune components, would provide a more physiologically relevant model
system.

Third, the strong association between TACR1 expression and patient sex war-
rants further investigation in larger cohorts with detailed clinical annotation. Vali-
dation of sex-specific expression patterns in independent datasets and explora-
tion of potential hormonal or epigenetic regulatory mechanisms would enhance
the translational relevance of these findings.

Future research directions should include targeted knockdown or overexpression
of NK1R-fl and NK1R-tr in isogenic cell lines. This may allow for accurate identi-
fication of their individual roles in PDAC progression and treatment response.
Furthermore, preclinical testing of NK1R antagonists in patient-derived models,
stratified by TACR1 expression and isoform distribution, would provide stronger
evidence for their therapeutic potential.

Additionally, evaluation of NK1R antagonists in combination with conventional
chemotherapeutic agents, immunomodulatory compounds, or molecular-tar-
geted therapies may reveal synergistic interactions that potentiate therapeutic ef-
ficacy. Of greater significance, prospective validation of TACR1 expression pat-
terns and isoform distribution as predictive biomarkers for NK1R-targeted inter-
ventions would enable facilitate patient stratification in clinical trials. Finally, sys-
tematic investigation of the molecular mechanisms underlying sex-specific differ-
ences in TACR1 expression and their consequent impact on therapeutic re-
sponse would advance the development of sex-tailored treatment strategies.

Lastly, the interpretative scope of my findings should be considered within the
context of several methodological limitations. The modest sample sizes in both
analysed datasets (n=12 for PRINA719796 and n=10 for PRIJNA1133919, with
one sample excluded as an outlier) necessitate cautious interpretation of statisti-
cal findings, particularly for genes with biological variability like TACR1. Power
calculations suggest that detecting subtle expression differences or splicing
events with high confidence would require substantially larger cohorts. This limi-
tation is particularly relevant for the sex-specific findings, where subdividing al-
ready small sample groups further reduces statistical power. The use of bulk RNA
sequencing introduces additional complexity through cellular heterogeneity.
PDAC is characterized by extensive desmoplasia, with stromal cells often com-
prising the majority of tumour mass (206,207). Consequently, bulk transcriptomic
profiles represent aggregate signals from diverse cell populations, potentially
masking cell type-specific expression patterns (208). The observed heterogeneity
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is particularly relevant to TACR1, which may be expressed in both epithelial tu-
mour cells and the neural components of the tumour microenvironment. The
unique immune signature associated with TACR1-high samples raises important
questions about the source of TACR1 expression. Specifically, it is important to
determine whether this expression primarily comes from malignant epithelial cells
or from infiltrating immune cell populations.
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5. Conclusion

My comprehensive investigation of the SP/NK1R system in PDAC has revealed
complex patterns of isoform expression, sex-specific regulation, and functional
significance in tumour biology. The predominance of NK1R-tr in PDAC cells, cou-
pled with the antiproliferative effects of NK1R antagonism, particularly in cancer
stem cell-like populations, supports the therapeutic potential of targeting this
pathway. The inverse correlation between TACR1 expression and tumour pro-
gression, as well as the distinct molecular signatures associated with high versus
low TACR1 expression, suggests that receptor expression might serve as both a
prognostic biomarker and a predictive indicator for response to NK1R-targeted
therapy.

The identification of differential isoform expression across tumour cell lines pro-
vides a mechanistic basis for the variable responsiveness to NK1R antagonists,
with cells expressing higher levels of NK1R-tr showing enhanced sensitivity to
aprepitant. My functional studies demonstrated that NK1R antagonism primarily
exerts its effects through cell cycle modulation rather than classical apoptosis,
with significant effects on ERK signalling pathways that drive cellular proliferation.

Bioinformatic analyses revealed significant sex-specific differences in the expres-
sion of TACR1. Female PDAC samples consistently showed higher levels of this
receptor compared to male samples. Furthermore, the correlation between
TACR1 expression and immune-related gene signatures suggests a potential in-
teraction between neurokinin signalling and the tumour immune microenviron-
ment. These findings highlight the need for further investigation to better under-
stand the functional implications of this interaction.

These findings lay the groundwork for developing personalized therapeutic strat-
egies that target the substance P/neurokinin-1 receptor (SP/NK1R) system in
PDAC, which could have significant implications for improving outcomes in this
challenging malignancy. The integration of receptor expression profiling with sex-
specific considerations may represent a significant step toward more effective
patient stratification and individualized treatment approaches for pancreatic can-
cer.
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Figure 20: Histograms adding to Figure 10. Displayed is DAPI staining measured through Flow
Cytometry after AP, SP, and AP+SP treatment for cell cycle analysis.
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Appendix B: PRIJNA1133919: High vs Low - Top 20
positive

PRJNA1133919 - High 25 % vs Low 25 % Top

GenelD Base log2 StdE  Wald- P-value P-adj Chromo-  Gene name
mean (FC) rr Stats some
ENSG00000251546.1 413.39 532 0.71 7.47 7.75E-14  8.56E-10  chr2 IGKV1D-39
ENSG00000254709.8 90.66 6.54 0.87 7.55 4.22E-14 8.56E-10  chr22 IGLLS
ENSG00000234965.3 191.36 772 114 6.77 1.26E-11 9.29E-08 chr22 SHISA8
ENSG00000115353.11  54.58 6.36 094 6.73 1.69E-11  9.32E-08  chr2 TACR1
ENSG00000151892.16  572.69 562 0.86 6.54 6.26E-11 2.76E-07 chr10 GFRA1
ENSG00000102924.12 110.94 6.73 1.04 6.45 1.11E-10  3.51E-07 chr16 CBLN1
ENSG00000290698.1 14142 578 089 647 9.86E-11  3.51E-07  chr17 ENSG00000
ENSG00000105369.10  2006.1 6.03 0.98 6.17 6.69E-10  1.85E-06 chr19 égg);;f
ENSG00000239975.3 (7309.08 623 1.02 6.12 9.11E-10  2.02E-06  chr2 IGKV1D-33
ENSG00000163273.4 73.34 6.94 1.13 6.12 9.13E-10  2.02E-06 chr2 NPPC
ENSG00000242766.1 121.27 594 0.98 6.04 1.55E-09 3.11E-06 chr2 IGKV1D-17
ENSG00000123243.15 1441.0 3.51 0.61 5.78 7.31E-09  1.35E-05 chr10 ITIH5
ENSG00000170011.14 20.67 555 0.97 5.71 1.12E-08  1.90E-05 chr3 MYRIP
ENSG00000206579.9 39.14 527 093 5.69 1.27E-08 2.01E-05 chr8 XKR4
ENSG00000211593.2 31.29 6.26 1.12 5.59 2.26E-08  3.33E-05 chr2 IGKJ5
ENSG00000181234.10 264.42 554 1.00 5.54 297E-08 4.10E-05 chr12 TMEM132C
ENSG00000187922.14 105.04 6.22 1.13 550 3.69E-08 4.80E-05 chr9 LCN10
ENSG00000205056.9 164.78 6.51 1.19 5.48 4.21E-08  5.17E-05 chr12 LINC02397
ENSG00000104921.15 630.89 6.27 115 5.44 5.24E-08 6.10E-05 chr19 FCER2

ENSG00000159958.7 908.33 539 1.00 540 6.83E-08  7.55E-05  chr22 TNFRSF13C
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Appendix C: PRJNA1133919: High vs Low - Top 20

negative
GenelD Base Log2 StdErr Wald P-value P-adj Chro- Gene name

mean (FC) - mo-
Stats some

ENSG00000137745.13  64.005487 -4.02 0.84 -480 1.56E-06 8.60E-04 chr11 MMP13
ENSG00000227496.3 77.969597 -4.44 1.04 -429 1.77E-05 5.22E-03 chr1 ENSG0000
ENSG00000237973.1 9109.6172 -3.54 0.87 -4.08 4.52E-05 1.13E-02 chr1 &21?(?402?31 2
ENSG00000233377.1 92.466412 -4.85 1.21 -4.01 6.06E-05 1.42E-02  chr10 MTND4P20
ENSG00000173838.12  59.007023 -3.96 1.01 -3.93 8.66E-05 1.82E-02 chri7  MARCHF10
ENSG00000198763.3 504230.88 -3.39 0.86 -3.92  8.80E-05 1.84E-02 chrM MT-ND2
ENSG00000232229.8 161.98599 -2.77 0.71 -3.91  9.08E-05 1.84E-02 chri0  LINC00865
ENSG00000198804.2 2000158.4 -3.25 0.83 -3.92  9.04E-05 1.84E-02 chrM MT-CO1
ENSG00000248527.1 29241161 -3.40 0.88 -3.88  1.04E-04 1.95E-02  chr1 MTATPG6P1
ENSG00000198888.2 600281.17 -3.33  0.87 -3.84 1.22E-04 2.18E-02 chrM MT-ND1
ENSG00000287335.2 121.24265 -3.80 1.00 -3.80 1.47E-04 246E-02 chr20 ENSGO0000
ENSG00000152422.16  388.28625 -2.36 0.63  -3.74 1.81E-04 2.81E-02 chr5 %807225
ENSG00000198695.2 107732.16 -2.96 0.80 -3.69 2.26E-04 3.18E-02 chrM MT-ND6
ENSG00000248810.4 257.57103 -4.01 1.09 -3.68 2.32E-04  3.19E-02 chr4 LINC02432
ENSG00000210196.2 4575.9107 -3.17 0.86 -3.68 2.32E-04 3.19E-02 chrM MT-TP
ENSG00000251442.8 378.08347 -4.08 1.11 -3.68 2.37E-04 3.23E-02 chr4 LINC01094
ENSG00000198886.2 1026674.5 -3.14 0.86 -3.65 2.62E-04 3.46E-02 chrM MT-ND4
ENSG00000198840.2 269162.67 -3.24 0.89 -3.62 293E-04 3.74E-02 chrM MT-ND3
ENSG00000060718.22  2929.7385 -3.56  1.00 -3.56 3.70E-04 4.29E-02 chr1 COL11A1
ENSG00000251533.2 71.339063 -3.69 1.04 -3.55 3.86E-04 4.38E-02 chr14  LINCO00605
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