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ABSTRACT 

Pituitary (PitNET) and pancreatic (PanNET) neuroendocrine 
tumors originate from anterior pituitary and pancreatic islet 
neuroendocrine cells, respectively, and present diagnostic and treatment 
challenges. PitNETs are difficult to diagnose due to their small size and 
location, necessitating new minimally invasive biomarkers. PanNETs are 
often diagnosed late, with limited understanding of stromal cell roles in 
their development. This thesis aimed to molecularly characterize these 
tumors using next-generation sequencing of circulating miRNAs in 
PitNET patients and spatial transcriptomics to profile PanNET tumor and 
stromal gene expression. 

In PitNETs, plasma sequencing from inferior petrosal sinuses 
identified miR-7-5p and miR-375-3p as potential markers for 
adrenocorticotropic hormone-secreting tumors, with miR-7-5p validated 
as the most promising. In growth hormone-secreting tumors, plasma 
levels of several miRNAs, including miR-625-5p, decreased during 
somatostatin analog therapy, suggesting their use in monitoring treatment 
response. Spatial transcriptomics of PanNETs showed α-SMA-
expressing stromal cells are enriched in cancer-associated fibroblast 
markers. Furthermore, the gene expression changes associated with 
tumor grade were observed in both tumor and stromal cells. In analysis 
of G3 PanNET it was also observed that tumor cells from regions with 
rich α-SMA-expressing cell presence overexpress MMP9 gene. Lastly, in 
comparison against islet cells, PanNET tumor cells showed dysregulation 
in known oncogenic signaling pathways, mainly Phosphoinositide  
3-kinase (PI3K) and MAPK signaling pathways, with consistent 
downregulation of tumor suppressors like early Early Growth Response 
Factor 1 (EGR1) and RAS P21 Protein Activator 4 (RASA4) across all 
three grades. 

Keywords: 
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ABBREVIATIONS 

ACTH – adrenocorticotropic hormone 
AOI – area of illumination 
BIPSS – bilateral inferior petrosal sinus sampling 
CAF – cancer associated fibroblast 
ECM – extracellular matrix 
EGR1 – Early Growth Response Factor 1 
EV – extracellular vesicle 
G1 – grade 1  
G2 – grade 2 
G3 – grade 3 
GH – growth hormone 
IPS – inferior petrosal sinus 
MAPK – mitogen activated protein kinase 
miRNA – micro ribonucleic acid 
NE – neuroendocrine 
NET – neuroendocrine tumor 
NF-PitNET – non-functioning pituitary neuroendocrine tumor 
NGS – next generation sequencing 
PanNET – pancreatic neuronendocrine tumor 
PDAC – pancreatic ductal adenocarcinoma 
PDGF – platelet derived growth factor 
PDGFR – platelet derived growth factor receptor 
PitNET – pituitary neuroendocrine tumor 
qPCR – quantitative polymerase chain reaction 
RASA4 - RAS P21 Protein Activator 4 
ROI – region of interest 
SYP - synaptophysin 
TGF-β – transforming growth factor beta 
TME – tumor microenviroment 
α-SMA – alpha smooth muscle actin 
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INTRODUCTION 

Neuroendocrine tumors (NETs) are a diverse group of neoplasms 
with significant clinical and molecular heterogeneity. This variability is 
especially pronounced between pituitary NETs (PitNETs) and pancreatic 
NETs (PanNETs), which are classified differently and present distinct 
clinical challenges. While PanNETs are often slow growing but can 
metastasize, PitNETs rarely metastasize but cause significant morbidity 
due to hormone secretion and mass effects. Current diagnostic methods 
do not adequately consider the use of circulating nucleic acids and the 
contribution off tumor microenvironment (TME) in tumor development. 
Two aspects which have a potential to greatly improve the patient care; 
and yet, they remain understudied in NETs.  

This thesis addresses two major challenges in NET research: the 
lack of novel for minimally invasive biomarkers that could improve 
PitNET diagnosis and treatment response monitoring, and a lack of 
information regarding molecular mechanisms that take place in the TME 
of NETs. 

Accordingly, this thesis aims to: 

• Identify circulating microRNAs (miRNAs) that with a potential 
to serve as blood-based biomarkers for PitNETs. 

• Investigate genes involved in PanNET tumorigenesis and tumor-
stroma interactions using spatial transcriptomics approaches. 

To achieve these aims the following tasks were set: 
• Analyze extracellular vesicle-associated miRNAs in PitNET 

patient plasma using small non-coding RNA sequencing. 
• Validate candidate miRNAs in independent cohorts via 

quantitative polymerase chain reaction (qPCR). 
• Use spatial transcriptomics to profile gene expression in tumor 

and stromal cells. 
• Perform pathway enrichment analyses to elucidate dysregulated 

pathways and tumor-stroma crosstalk mechanisms.  
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THEORETICAL BASIS 

1.1 The neuroendocrine system: structure and function 
The neuroendocrine system is a complex regulatory network that 

maintains homeostasis, development, and stress responses in vertebrates 
(Molitch 2017). At its core are the hypothalamus and pituitary gland, 
which coordinate five major axes: hypothalamic-pituitary-thyroid, -
adrenal, -gonadal, -somatotropic, and -mammary (White and Porterfield 
2013). The hypothalamus links the nervous and endocrine systems, 
releasing hormones into the hypophyseal portal system to regulate the 
anterior pituitary (Yin and Gore 2010). These tropic hormones stimulate 
peripheral endocrine glands, while feedback loops maintain hormonal 
balance (White and Porterfield 2013). 

1.2 Neuroendocrine cells: definition and classification 
Neuroendocrine (NE) cells are specialized epithelial or non-

epithelial cells with both endocrine and neuronal features, such as 
hormone secretion, excitability, and the presence of large dense core 
vesicles (Klöppel 2017; Oronsky et al. 2017). Key markers include 
chromogranin A, synaptophysin (SYP), neural cell adhesion molecule, 
and neuron-specific enolase (Klöppel 2017). NE cells are classified by 
origin: epithelial NE cells arise from the endoderm, while non-epithelial 
NE cells are neuroectodermal (Asa et al. 2021). Both types can form 
major endocrine organs or clusters, such as the anterior pituitary, 
parathyroids, pancreatic islets (Klöppel 2017). 

1.3 Neuroendocrine tumors 
NETs are a heterogeneous group of neoplasms arising from NE 

cells throughout the body, most commonly in the gastrointestinal tract, 
pancreas, lungs, and pituitary (Reccia et al. 2023). They display diverse 
clinical behaviors, ranging from benign to highly aggressive, and are 
classified based on site, hormone production, and proliferative index 
(Dong et al. 2024; Cives and Strosberg 2018). According to the World 
Health Organization classification system, classical “carcinoid” NETs are 
stratified into grades based measurements of either mitotic count and/or 
antigen Kiel-67 (Ki-67) index, with higher grades indicating more 
proliferative capacity, and as a result more aggressive disease (Rindi et 
al. 2022).  
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1.4 Pituitary neuroendocrine tumors  
PitNETs, formerly known as pituitary adenomas, are typically 

benign but can cause significant morbidity through hormone 
hypersecretion or mass effects (Asa et al. 2022). Unlike classical 
“carcinoid” NETs, they are classified by hormone and pituitary cell 
lineage-specific transcription factor expression (Asa et al. 2022). The 
specific hormones assayed are growth hormone (GH), prolactin, beta 
subunits of thyroid stimulating hormone, follicle stimulating hormone, 
luteinizing hormone, adrenocorticotropic hormone (ACTH), and alpha 
subunit. The assayed cell lineage transcription factors primarily are T-
Box transcription factor 19 (TBX19 also known as TPIT), Steroidogenic 
Factor 1 (NR5A1, also known as SF1), and Pituitary Transcript Factor 1 
(POU1F1, also known as PIT1) (Asa et al. 2022). Despite the generally 
low metastatic potential of PitNETs, they are a challenge to diagnose due 
to their small size, with 50% measuring less than 1 cm, and obscured 
location within sella turcica region (Molitch 2017). Clinical presentation 
depends on PitNET type and hormone excess. GH excess causes 
acromegaly, ACTH excess causes Cushing’s disease, and prolation 
excess causes hyperprolactinemia. PitNETs can also cause local, mass 
effect related symptoms, e.g., visual disturbances from chiasma opticum 
compression (Kasuki and Raverot 2020). 

1.5 Pancreatic neuroendocrine tumors 
PanNETs, part of the broader group of carcinoids representing 

gastroenteropancreatic tract, can be functional (hormone-secreting) or 
non-functional (silent) (Cives and Strosberg 2018).  Functional PanNETs 
include insulinomas, gastrinomas, and others, presenting with distinct 
clinical syndromes. Non-functional PanNETs are often present late, when 
mass effects or metastases occur. They originate from islet cells of 
pancreas and, according to epigenetic signatures, they can be further 
stratified into β-cell-like tumors or α-cell-like tumors. PanNETs are 
graded by mitotic count and Ki-67 index, with higher grades correlating 
with worse prognosis (Dong et al. 2024). Unlike PitNETs, PanNETs have 
a significant risk of metastasis, particularly to the liver. Current molecular 
markers of PanNETs include Aristaless Related Homeobox (ARX) and 
Pancreatic and Duodenal Homeobox 1 (PDX1) transcription factors, 
which can differentiate between α-cell-like and β-cell-like tumors, and 
ATRX Chromatin Remodeler  (ATRX) and Death Domain Associated 
Protein (DAXX), which are mutated in up to 60% of tumors and are known 
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to promote alternative lengthening of telomeres, a feature associated with 
worse clinical outcomes (Hong et al. 2020; Hackeng et al. 2022). 

1.6 Micro RNAs in PitNET pathogenesis 
miRNAs are ~22 nucleotides long non-coding RNAs that bind 

mainly to the 3' untranslated regions of target messenger RNAs to 
suppress translation (Rani and Sengar 2022). They are produced via 
canonical and non-canonical pathways involving processing by Drosha, 
DICER, or AGO2 enzymes (Kim, Lee, and Kim 2025). The mature 
miRNA forms part of the miRNA-induced silencing complex (miRISC), 
which represses translation and promotes messenger RNA degradation 
through recruitment of deadenylation and decapping complexes (Ambros 
2024; Kuzuoğlu-Öztürk et al. 2016).  

After the discovery of microRNAs (miRNAs) as key regulators of 
gene expression, their involvement in cancer became evident, and the first 
studies by Calin et al. and Cimmuno et al. showed that miR-15/16 
deletions are linked to chronic lymphocytic leukemia (Calin et al. 2002; 
Cimmino et al. 2005) Later on, the impact of miR-15/16 in tumorigenesis 
was also confirmed in PitNETs (Bottoni et al. 2005). Nowdays, the 
advances in sequencing have expanded the catalog of human miRNAs 
and accelerated research into their roles of PitNETs development 
(Kozomara, Birgaoanu, and Griffiths-Jones 2019; Peculis, Niedra, and 
Rovite 2021). Recent studies have identified several miRNAs associated 
with PitNET development, hormone secretion, and treatment response. 
For example, miR-34a and miR-145 are linked to AIP-mutant PitNET 
aggressiveness and drug resistance, while miR-185 and miR-93 are 
implicated to play a role in developing resistance to somatostatin 
analogues and dopamine agonists, respectively (Bogner et al. 2020; Fan 
et al. 2015; Z. Wu et al. 2018). These findings highlight the potential of 
miRNAs as biomarkers and therapeutic targets in PitNETs. 

1.7 Circulating microRNAs in PitNETs 
Circulating nucleic acids were first detected in human blood in 

1948 (MANDEL and METAIS 1948). These circulating miRNAs have 
since gained attention as promising liquid biopsy biomarkers due to their 
stability in bodily fluids and their ability to reflect disease states such as 
cancer and autoimmune disorders (Pozniak, Shcharbin, and Bryszewska 
2022; Ciechomska et al. 2023). Unlike circulating tumor DNA, miRNAs 
are protected from degradation by packaging within extracellular vesicles 
(EVs) or ribonucleoprotein complexes, contributing to their longer half-
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life and diagnostic potential (C. Wang and Liu 2022). Studies suggest 
EV-associated miRNAs may offer superior diagnostic value, as the genes 
regulated by them are enriched in oncogenic signaling pathways (Petracci 
et al. 2024). 

In pituitary neuroendocrine tumors (PitNETs), liquid biopsy is 
particularly valuable due to the gland’s inaccessible location and the 
limitations of tissue biopsies (Gossing, Frohme, and Radke 2020). 
However, the research remains limited on circulating miRNAs in these 
tumors. Current studies have attempted to identify differentially 
expressed of circulating miRNAs in PitNET patients under several 
conditions. For example, Németh et al. employed next generation 
sequencing (NGS) to analyze plasma levels of EV-derived miRNAs pre- 
and post-surgery. As a result they identified miR-143-3p to be 
significantly downregulated after resection in patients harboring non-
functioning PitNETs of gonadotroph origin, suggesting its potential as a 
monitoring biomarker (Németh et al. 2019). Additionally, Valassi et al. 
linked the expression of two circulating (103-a-3p and miR-660-5p) 
miRNAs to bone tissue complications in patients with acromegaly, 
indicating miRNA utility in assessing both tumor status and disease-
related phenotypes (Valassi et al. 2019). These findings highlight the 
promise of circulating miRNAs as minimally invasive tools to improve 
diagnostic and prognostic aspects of PitNETs. 

1.8 Tumor microenvironment  
Tumor is a complex ecosystem where the tumor cells are not alone, 

rather they are a component of the so called TME. In TME another 
particularly crucial component is the tumor stroma. It is a component that 
can promote tumor development and progression (de Visser and Joyce 
2023). The stroma consists of extracellular matrix (ECM), vascular 
structures, and cancer-associated fibroblasts (CAFs), which interact 
dynamically with tumor cells (Xu et al. 2022). The tumor-stroma ratio 
can influence prognosis differently depending on tumor type; for 
pancreatic neuroendocrine tumors (PanNETs), a higher stromal 
proportion correlates with increased invasiveness and metastasis (Ye et 
al. 2024). 

CAFs, primarily derived from activated fibroblasts influenced by 
tumor-secreted growth factors such as transforming growth factor beta 
(TGF-β) and platelet derived growth factors (PDGFs). Other origins of 
CAFs include endothelial, mesenchymal stem cells and pancreatic stellate 
(unique pancreatic ductal adenocarcinomas) (Glabman, Choyke, and Sato 
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2022; Ping et al. 2021). These cells can be regarded as the fundamental 
component of tumor stroma and they can be identified via expression of 
markers like α-SMA, FAP, and PDGFRs. Their presence in tumor stroma 
is often associated with therapy resistance and more aggressive 
phenotypes, though, due to vast heterogeneity of CAFs, some subtypes 
may restrain tumor growth, for example, antigen-presenting (apCAFs) 
can activate infiltrating T cells promoting anti-tumor immunity 
(Mhawech-Fauceglia et al. 2015; Vathiotis et al. 2021). 

Other functionally distinct CAF subtypes that participate tumor-
stroma crosstalk are myofibroblast-like (myCAFs) and inflammatory 
(iCAFs). These are the subtypes are often associated with worse clinical 
outcomes by inducing a desmoplastic environment via excessive ECM 
protein deposition, by suppression of adaptive immune response, and by 
secretion of cytokines and growth factors which are intercepted by tumor 
cells (Baiyao Wang et al. 2023; Zhang et al. 2023). In PanNETs, α-SMA-
expressing CAFs are known to promote tumor aggressiveness and 
metastasis by inducing epithelial-mesenchymal transition in tumor cells, 
as demonstrated by co-culture and mouse model studies (Lai et al. 2024; 
Ye et al. 2024). These findings underscore the pivotal role of CAFs in 
PanNET tumor progression and highlight a need for identifying potential 
therapeutic targets within the TME. 
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MATERIALS AND METHODS 

2.1 Patient recruitment and ethical approvals 
Patients with PitNETs and PanNETs were recruited through the Genome 
Database of the Latvian Population (Rovite et al. 2018) in collaboration 
with major Latvian hospitals, including Pauls Stradins Clinical University 
Hospital and Riga East Clinical University Hospital. Additionally, 
PanNET samples were also obtained in collaboration with Ramón y Cajal 
University Hospital (Madrid, Spain). Recruitment of PitNET samples 
was conducted under the European Regional Development Fund (ERDF) 
project “RNA Molecular Determinants in the Development of Pituitary 
Adenoma” (project No. 1.1.1.1/18/A/089). Recruitment of PanNET 
patients was conducted under the ERDF project “Establishing an 
Algorithm for the Early Diagnosis and Follow-up of Patients with 
Pancreatic Neuroendocrine Tumors” (project No. 
1.1.1.5/ERANET/20/03). All participants provided dual informed 
consent (project-specific and biobank-specific), and all procedures were 
approved by relevant ethical committees in Latvia and Spain, adhering to 
the standards set by Declaration of Helsinki. The recruitment and use of 
PitNET patients’ samples was approved by Central Medical Ethics 
Committee of Latvia (protocol No.: 22.03.07/A7 and 2/18-02-21). The 
recruitment and use of PanNET patients’ samples was approved by 
Central Medical Ethics Committee of Latvia (approval protocol No.: 1.1–
2/67) and the Ramón y Cajal Ethical and Scientific Committees (protocol 
No.: 196-19).  

2.2 Design of Study No. 1 
NGS to profile miRNAs in plasma samples collected during bilateral 
inferior petrosal sinus sampling (BIPSS) from a 24-year-old female with 
suspected Cushing’s disease. Blood was sampled from both left and right 
inferior petrosal sinuses via femoral vein catheters at three time periods 
following peripheral administration of corticotropin releasing hormone. 
Following the blood sample collection and plasma separation an 
extraction was performed to isolate circulating EV-associated miRNAs. 
This was followed by small non-coding RNA library preparation and 
NGS analysis to assess miRNA expression profiles in blood plasma from 
inferior petrosal sinuses. Accordingly, identified candidates were then 
selected for further validation by qPCR. The validation cohort included 
peripheral blood plasma samples from 26 PitNET patients, divided into: 
five patients with confirmed ACTH-secreting PitNETs and with available 
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pre- and post-surgical plasma samples and tumor tissues; 12 ACTH-
secreting PitNETs with pre-surgical plasma samples; nine  NF-PitNETs 
with pre surgical plasma samples.  

2.3 Design of Study No. 2 
This study employed NGS to compare circulating miRNA profiles 

in pre- and post-operative plasma from PitNET patients. The initial cohort 
included following groups: eight GH-secreting, 28 NF-PitNETs, four 
ACTH-secreting, and six prolactin-secreting PitNETs. Samples meeting 
quality criteria underwent small RNA-seq library preparation and NGS 
analysis. Differential expression analyses were used to compare miRNA 
expression profiles of post- and pre-operative plasma samples within each 
tumor group. After this, candidate miRNAs were selected for downstream 
qPCR validation. The selection was based on overlap between the results 
of differential expression analysis and literature findings. The 
downstream miRNA expression analyses using qPCR involved a 
sequential evaluation of six GH-secreting PitNET patients under 
somatostatin analogue treatment, followed by comparison of an 
independent group of 15 GH-secreting PitNETs against five NF-PitNETs, 
and 13 healthy controls. 

2.4 Design of Study No. 3 
This study focused on spatial transcriptomic profiling of tumor α-

SMA-expressing stromal cells in PanNETs. The cohort consisted of eight 
untreated PanNET patients (three grade 1 [G1], four grade 2 [G2], one 
grade 3 [G3]). Formalin-fixed paraffin-embedded (FFPE) tissue blocks 
were analyzed using the GeoMx® Digital Spatial Profiler (Nanostring). 
Regions of interest (ROIs) were selected using fluorescent antibodies for 
SYP (tumor cells) and α-SMA (stromal cells), with SYTO83 used for 
nuclear staining. The signal from these markers was also used to guide 
area of illumination (AOI) segmentation – positions in the tissue from 
which the GeoMx® Cancer Transcriptome Atlas (Nanostring) panel 
probe barcodes are collected. In six patients, adjacent non-tumor 
pancreatic tissue was also profiled which included gene expression 
assessment in acinar and islet compartments separately. 

2.5 PitNET patient blood sample processing 
Blood samples, whether from peripheral veins or the inferior 

petrosal sinuses IPSs, were collected in EDTA tubes, kept at room 
temperature, and centrifuged twice (2000 RPM and 4000 RPM,  
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10 minutes each at 25°C) to separate plasma. Plasma was aliquoted (1 
mL) and stored at -80°C until further analysis. 

2.6 Isolation of circulating EV-associated miRNAs from plasma 
For both studies (No. 1 and No. 2), the focus was on extracellular 

vesicle (EV)-associated plasma miRNAs. Total RNA, including 
miRNAs, was extracted using the exoRNeasy Midi Kit (Qiagen), which 
involves isolation of EVs and subsequent miRNA purification. To 
monitor for hemolysis during blood collection, samples were tested for 
red blood cell miRNA contamination. For the BIPSS patient, 52 synthetic 
RNA spike-ins from QIAseq miRNA Library QC Spike-ins kit (Qiagen) 
were added to all plasma samples for additional quality control.  

2.7 miRNA library preparation for NGS 
Small RNA libraries were prepared using the Small RNA-Seq 

Library Prep Kit (Lexogen). Size selection was performed using 
BluePippin electrophoresis (Sage Science) to enrich for Illumina adapter 
ligated miRNA fragments (target fragment size 144–153 bp). Final 
library quality was assessed using the 2100 Bioanalyzer (Agilent) and 
Qubit 2.0 fluorometer (Thermo Fisher). Libraries meeting quality criteria 
were sequenced on MiSeq and NextSeq 500 platforms (Illumina), 
targeting 3–5 million reads per sample. 

2.8 qPCR analysis 
For validation and hemolysis quality control, SYBR Green-based 

qPCR was performed using miRCURY LNA miRNA PCR Assay kits 
(Qiagen). cDNA was synthesized with the miRCURY LNA RT Kit 
(Qiagen), and qPCR was performed on the ViiA 7 System (Thermo 
Fisher). Hemolysis was assessed by comparing ΔCt values for miR-23a 
and miR-451; samples with ΔCt >5 were excluded from NGS analysis 
due to potential red blood cell miRNA contamination. 

2.9 PanNET sample preparation for spatial transcriptomics 
Formalin fixed, paraffin embedded PanNET tissue sections  

(4–6 μm) underwent antigen retrieval and overnight hybridization with 
the GeoMx® Cancer Transcriptome Atlas panel (Nanostring). Slides 
were blocked and stained with fluorescent antibodies for α-SMA and 
SYP, and nuclei were visualized with Syto83. Following GeoMx® 
Digital Spatial Profiler instrument (Nanostring) guided oligo tag release, 
PCR was performed with released barcodes using overhang Illumina 
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index primers. Final library quality was checked using the 2100 
Bioanalyzer (Agilent)  and Qubit 3.0 (Thermo Fisher), and sequencing 
was performed on the NovaSeq 6000 system (Illumina). 

2.10 Small RNA sequencing data preprocessing 
FASTQ files from small RNA sequencing were processed using 

CLC Genomics Workbench (v20.0.4). Processing included 3’ adapter 
trimming, removal of low-quality reads (Phred score <20 or <30), and 
length trimming (15–55 bases). Mature miRNA quantification was 
performed using miRBase v22 as a reference, allowing up to two base 
mismatches and isomiR quantification within two bases. For the BIPSS 
patient, spike-in quantification was performed using the QIAseq miRNA 
Library QC Spike-ins dataset (available on manufactures website). 

2.11 Statistical analyses for Study No. 1 
To compare miRNA expression in left and right IPS plasma, data 

normalization was performed using the trimmed mean of M values 
(TMM) method. The top 50 miRNAs with highest variance and at least 
1000 reads were visualized in a heatmap. Differential expression analysis 
was conducted using the CLC Genomics Workbench tool (Qiagen), 
equivalent to the edgeR package, which uses a negative binomial model 
suitable for small amount of biological replicates as in case of BIPSS 
patient plasma comparison. For qPCR data, the Livak’s ΔΔCt method 
was used. Additional statistical analyses were performed in R (v4.1.2) 
using paired t-tests or Wilcoxon rank sum tests, depending on normality 
(assessed by the Shapiro-Wilk test). 

2.12 Statistical analyses for Study No. 2 
Non-normalized miRNA count matrices from pre- and post-

operative plasma samples were analyzed using DESeq2 (v1.30.1) in R 
(v4.0.3) (Love, Huber, and Anders 2014). Principal component analysis 
(PCA) with variance-stabilizing transformed data was used to estimate 
batch effects. The DESeq2 model included sampling time, tumor type, 
and sequencing batch as variables. Differentially expressed miRNAs and 
Log2FoldChange values were identified using DESeq2 Wald test, and 
results were corrected for multiple testing using False Discovery Rate 
(FDR) method. 
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2.13 Data processing and statistical analyses for Study No. 3 
For spatial transcriptomics, raw sequencing data were processed 

according to the GeoMx DSP analysis pipeline developed by Nanostring. 
Gene expression was estimated by quantifying sequenced Cancer 
Transcriptome Atlas panel probes for each defined AOI. Data 
normalization and differential expression analyses were performed using 
the Nanostring GeoMx DSP analysis suite software (Nanostring). Cell 
type deconvolution analysis and reverse deconvolution analysis was 
performed using SpatialDecon package (v1.8.0) in R (v4.2.2) (Danaher 
et al. 2022). Further pathway enrichment analyses with differentially 
expressed genes were performed using STRING database (v11.5) and 
visualization of results was performed using R (v4.2.2) and Cytoscape 
(v3.9.1) (Szklarczyk et al. 2023).  
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RESULTS AND DISCUSSION 

NETs are molecularly and clinically diverse, presenting significant 
challenges in healthcare, particularly due to the lack of novel molecular 
biomarkers for minimally invasive testing (Sultana et al. 2023). The 
TME, which plays a critical role in other cancers such as pancreatic ductal 
adenocarcinoma (PDAC), gastric, and breast cancers, remains 
underexplored in NET development (de Visser and Joyce 2023). 
PitNETs, although mostly benign with metastatic cases being rare (0.2%) 
(Iglesias 2023), still significantly impact patient quality of life and 
mortality through hormone hypersecretion and tumor mass effects (Toma 
et al. 2025). Their anatomical location complicates diagnosis, 
highlighting the urgent need for minimally invasive biomarkers with 
diagnostic and prognostic utility (Butz 2022). In pancreatic NETs 
(PanNETs), molecular markers such as ATRX/DAXX have been linked to 
increased tumor aggressiveness (Hackeng et al. 2022). However, the role 
of stromal cells and the TME, particularly in fibrotic tumors and it’s 
associated with tumor agressiveness, remains to be studied further 
(Chatterjee et al. 2020; Lai et al. 2024).  

This dissertation aims to address these gaps in NET research using 
NGS-based analyses to identify potential RNA markers that could be used 
to improve patient diagnostics and prognostics. Accordingly, several 
significant observations were made. In the first two studies on circulating 
miRNA profiling in PitNET patients, potential miRNAs were identified 
that can distinguish ACTH-secreting and GH-secreting PitNETs. The 
third study on spatial RNA profiling of PanNET tissues revealed key 
genes expressed by α-SMA-positive stromal cells, among which were 
PDGFR and NOTCH pathway-related genes, potentially mediating 
tumor-stroma communication. Additionally, it was observed that G3 
tumor cells located near α-SMA-positive cells overexpress MMP9. 
Lastly, this study also demonstrated that transcriptional changes can be 
observed in both tumor and α-SMA-expressing stromal cells as tumor 
grades progress and pinpointed the genes dysregulated in tumor cells 
compared to non-tumor neuroendocrine counterparts. 

3.1 Circulating miRNAs in PitNETs 
The exploration of circulating miRNAs as minimally invasive 

biomarkers for PitNETs is still in early stages, largely due to the typically 
benign nature and small size of these tumors which questions the 
feasibility of detecting PitNET derived circulating nucleic acids (Butz 
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2022). However, prior work by our research group demonstrated that 
somatic mutations found in PitNET tissues can also be detected in 
circulating cell-free DNA (Megnis et al. 2019), confirming the possibility 
to detect PitNET derived cell free DNA. Accordingly, the first two studies 
in this thesis aimed to expand on study of circulating nucleic acids in 
PitNETs by identifying potential circulating miRNAs that could serve as 
diagnostic and monitoring tools for functioning PitNETs, specifically 
ACTH- and GH-secreting. 

In Study No. 1, NGS was performed on plasma samples collected 
during BIPSS the current gold standard procedure for diagnosing ACTH-
secreting PitNETs (Zampetti et al. 2016). By comparing miRNA profiles 
from left vs. right IPS it was revealed that there was a significant increase 
in several miRNAs in the left IPS after stimulation by peripherally 
administered corticotropin-releasing hormone. Amongst the upregulated 
miRNAs there were two candidates of interest: miR-375-3p and miR-7-
5p. Both are known to be highly expressed in pituitary tissue; and in 
functional studies they have been implicated to play are role in hormone 
exocytosis pathways (Gümürdü et al. 2017; Zacharjasz et al. 2024). 
Furthermore, qPCR-based tests on miR-375-3p and miR-7-5p in 
peripheral blood revealed that miR-7-5p levels significantly decreased 
after tumor removal (Figure 1, panels A-C). Additionally, miR-7-5p 
showed a stable expression in ACTH-secreting PitNET tissues (Figure 
1D) and its levels were significantly higher in plasma of ACTH-secreting 
PitNET patients versus plasma from patients with NF-PitNETs (Figure 
1E). These findings highlight the potential of miR-7-5p as a novel, 
minimally invasive biomarker for diagnosis and treatment monitoring of 
ACTH secreting PitNETs.  
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Figure 1. qPCR-based validation of candidate miRNAs. Figures A–C represent the analysis of 
miR-7-5p in the plasma of five ACTH-secreting PitNET patients before and after tumor surgery. A 
- panel shows the expression values, which were calculated using the ΔΔCt method and are displayed 
as mean fold change between groups. In our sample set of five patients, miR-7-5p was slightly 
downregulated in plasma 24 hours after surgery (P = 0.0002). B - panel also represents the relative 
expression of miR-7-5p before and after surgery, but for each patient individually. The P value for 
the comparison was calculated using a paired t-test with ΔCt values. C - graph shows ACTH 
measurements taken before and one month after PitNET surgery. D – this panel confirms the 
expression of miR-375-3p and miR-7-5p in tumor tissues, including the BIPSS patient. E – panel 
shows the difference in expression between non-functioning (NF) PitNETs and ACTH-secreting 
PitNETs, clearly indicating that miR-7-5p is overexpressed in ACTH-secreting PitNETs compared 
to NF-PitNETs. Figures were directly adopted from Study No. 1 with minor changes in Figure C for 
visual clarity. 
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The study No. 2 expanded further on circulating miRNAs in plasma 
of ACTH secreting PitNET patients by profiling circulating miRNAs in 
pre- and post-operative plasma samples from a cohort of four ACTH-
secreting PitNET patients. Among the miRNAs analyzed, miR-141-3p 
was significantly upregulated following surgery. However, the biological 
significance of this increase remains unclear, as previous studies have 
produced inconsistent results regarding the role of miR-141-3p in 
PitNETs (Belaya et al. 2020; Enguita et al. 2023; Vetrivel et al. 2021). 
The post-operative elevation is likely attributable to tumor cell 
undergoing necrosis (Pozniak, Shcharbin, and Bryszewska 2022), rather 
than active secretion, limiting its usefulness as a biomarker to detect 
ACTH secreting PitNETs. 

In parallel, the study No 2. also carried out an NGS-based 
investigation of GH-secreting PitNETs and identified a multitude of 
differentially expressed miRNAs of which seven circulating miRNAs 
where chosen as candidates for further testing by qPCR. In the tests of 
these seven candidates, four miRNAs (miR-625-5p, miR-181a-2-3p, 
miR-503-3p, and miR-130b-3p) showed significant downregulation 
during the first month of somatostatin analog treatment. In following 
months only miR-625-5p remained downregulated at three months. This 
persistent downregulation may be associated with changes in the insulin 
like growth factor 1 (IGF-1) receptor signaling pathway, as miR-625-5p 
is known to regulate the expression of IGF-1 receptor (L. Wu et al. 2022; 
Al-Samerria and Radovick 2021). However, this needs to be further 
validated via functional studies. Additionally, miR-625-5p was found to 
be downregulated in GH-secreting PitNET plasma compared to non-
functioning tumors and healthy controls, providing another suggestion 
that it may play a role in tumor pathogenesis and could serve as marker 
to distinguish GH secreting tumors (He et al. 2019). 

Taking together, these studies demonstrate the feasibility and 
potential of circulating miRNAs as non-invasive biomarkers for PitNETs. 
The identified association of miR-7-5p and miR-625-5p with ACTH- and 
GH-secreting tumors, provides novel markers for development of blood-
based circulating miRNA assays to improve diagnosis, patient 
stratification, and monitoring of treatment response. Further validation in 
larger cohorts and functional studies are warranted to fully understand 
their applicability as diagnostic tools and to elucidate their underlying 
roles in PitNET pathogenesis. 
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3.1 Spatial RNA profiling of PanNETs 
Recent advances in cancer research have highlighted the crucial 

role of the TME in modulating tumor behavior. The TME comprises a 
dynamic network of tumor and host cells, interacting through direct cell-
to-cell contacts (integrins, cadherins, selectins, immunoglobulins) and via 
paracrine signals (cytokines, growth factors) (de Visser and Joyce 2023). 
Spatial profiling technologies have now further helped to advance the 
exploration of TME at a more rapid pace (Elhanani, Ben-Uri, and Keren 
2023). Despite this, the TME in neuroendocrine neoplasms, including 
PanNETs, remains relatively underexplored, with most knowledge 
derived from immunohistochemistry and in vitro co-culture studies 
(Takahashi et al. 2018; Cuny et al. 2022; Z. Chen et al. 2024; Amin et al. 
2023). For this reason, the third study (Study No. 3) of this thesis aimed 
to elucidate tumor-stroma interactions in PanNETs by performing spatial 
RNA profiling on eight PanNET samples (representing all three grades) 
using Nanostring GeoMx® technology (Figure 2A). α-SMA (alpha-
smooth muscle actin) was selected as the primary marker for stromal cell 
visualization due to its established association with poor prognosis in 
various cancers and its expression by activated fibroblasts (CAFs), 
particularly the myCAF subtype (Zhao et al. 2023; Sculthorpe et al. 2025; 
Muchlińska et al. 2022; Vathiotis et al. 2021). 

The assessment of gene expression in each AOI was followed by 
cell type deconvolution analysis (Figure 2B), which revealed a significant 
enrichment of stromal cells in α-SMA-expressing AOIs, especially in the 
G3 tumor sample. This aligns with findings by Ye et al., who observed 
that higher stromal content correlates with increased tumor grade and 
worse prognosis (Ye et al. 2024). In G1 and G2 tumors, α-SMA AOIs 
were still dominated by tumor cells, with notable infiltration by immune 
cells (T cells and myeloid cells). Since the GeoMx analysis heavily relies 
on morphology markers, this perhaps suggests that α-SMA alone is 
insufficient for exclusive CAF identification and combining it with 
additional CAF markers such as FAP and PDGFR may improve the 
specificity of identifying these particular cell types.  

Despite the presence of non-stromal cells in α-SMA AOIs, CAF-
related gene signatures were still evident. Across all tumor grades, α-
SMA AOIs showed enrichment of collagen family genes (COL1A1, 
COL1A2, COL3A1, COL5A1, COL5A2, COL6A3), and other CAF 
related secretome proteins, namely fibronectin (FN1), and TGF-β 
(TGFB1). Both fibronectin and TGF-β  can be secreted by both tumor 
cells and CAFs, and are known known to promote further CAF 
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differentiation (Yoon et al. 2021). Furthermore, pathway analysis of 
genes upregulated in α-SMA AOIs revealed upregulation of extracellular 
matrix (ECM) remodeling pathways, MET signaling, PDGF signaling, 
and immune system related signaling (Figure 2, panels C-D). There is 
also evidence of NOTCH signaling, despite it not being present in the list 
of top 15 overrepresented pathways, as across all tumor grades α-SMA 
cells overexpressed NOTCH3 receptor. There was also a significant 
difference in gene expression of α-SMA-expressing cell AOIs between 
different tumor grades. However, since there can be many types of 
stromal cells, including various CAF subtypes, it would be interesting to 
conduct a more expansive study to understand whether this difference in 
gene expression between tumor grades is linked to changes in a one 
specific CAF subtype or it reflects overall shift in subtype populations. In 
such a study the identification of additional CAF subtypes could be 
performed by inclusion of additional markers: interleukin 6 (IL-6) and 
PDGFRA for inflammatory CAFs, α-SMA and PDGFRB for myCAFs, 
and CD74 for apCAFs (Zhang et al. 2023). 
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Figure 2. Spatial profiling of RNA in PanNETs. Figure A – study design. ROI – region of interest, 
AOI – area of illumination. To profile RNA in tumor tissues two kinds of ROIs were selected, ROI 
with tumor cells but with poor presence of adjacent α-SMA-expressing cells, and ROI with tumor 
cells and rich abundance of adjacent α-SMA-cells. Figure B – results of cell deconvolution analysis 
showed relative abundances of cell types in each of the analyzed AOI. Figures C, D, and E – results 
of overrepresentation analysis using with genes upregulated/downregulated in α-SMA-expressing 
cells specifically. The graphs represent only the top 15 pathways according to FDR value. Here it 
can be observed that amongst the top 15 enriched pathways are pathways related to extracellular 
matrix organization, immune interactions, signaling by PDGF and MET signaling. Pathway database 
– Reactome. Analysis itself was done using STRING v11.5 website application. C – analysis in G1 
tumors; D – analysis in G2 tumors, E – analysis in G3 tumor.  
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Recalling the fact that CAFs are known to drive tumor progression 
through direct and paracrine interactions (Maneshi et al. 2021), for 
example, in PDAC, CAFs crosstalk with tumor cells induce EMT 
pathways, promoting aggressive tumor phenotypes (Guinn et al. 2025); 
raises a question whether similar effect of CAFs can be observed in 
PanNETs. In order to investigate this, tumor AOIs from regions with 
abundant α-SMA-expressing stromal cell presence were compared to 
those with poor α-SMA-expressing  stromal cell presence (for reference, 
inspect Figure 2A). The results were somewhat contrary to expectations 
and prior findings (Ye et al. 2024), as no significant gene expression 
differences were observed in G1 and G2 tumors. This suggests that  the 
proximity of α-SMA-expressing cells to tumor cells has a minimal 
impact; however, there is also a possibility that the chosen 
methodological approach is lacking in sensitivity to identify genes in 
tumor cells that would be regulated by closely residing α-SMA cells. 
However, in G3 tumors, MMP9 was significantly upregulated in tumor 
cells from regions with abundant presence of α-SMA-expressing stromal 
cells. MMP9, a matrix metalloproteinase, facilitates tumor invasion and 
metastasis by remodeling the ECM and promoting EMT  (Radisky and 
Radisky 2010; Egeblad and Werb 2002; Wiechec et al. 2021; Shan et al. 
2017). Overexpression of MMP9 is linked to poor prognosis in several 
cancers, and MMP9 inhibitors have been explored clinically, albeit with 
limited success (Shah et al. 2021). These findings warrant further 
functional studies of MMP9 role in PanNETs. 

Lastly, to observe genes altered in PanNET cells, tumor AOIs were 
compared to normal islet cell AOIs. Across all grades, dysregulated genes 
were enriched in Mitogen-Activated Protein Kinase (MAPK) signaling 
pathways. Here, Rat sarcoma virus (RAS) proteins (NRAS, KRAS, 
HRAS) mediate MAPK signaling, which is commonly mutated in 
cancers, especially PDAC (Bahar, Kim, and Kim 2023; Waters and Der 
2018). While RAS mutations are rare in PanNETs (Konukiewitz et al. 
2018), this study found downregulation of RASA4 – a negative regulator 
of RAS activity. RASA4 downregulation has been linked to poor survival 
in cervical cancer (J. Chen et al. 2021). PI3K signaling pathways were 
also dysregulated in PanNET cell AOIs, with consistent downregulation 
of EGR1 across all PanNET grades. EGR1, a transcription factor, 
regulates fibrosis, injury response, and immune processes (Saha et al. 
2021; Bin Wang et al. 2021). According to STRING database, it interacts 
with TP53 and MAPK3 (Szklarczyk et al. 2023) and can activate 
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Phosphatase and Tensin Homolog (PTEN), a tumor suppressor often 
downregulated in PanNETs (Chang et al. 2022; Virolle et al. 2001; Baron 
et al. 2006), including G2 and G3 tumors of this study. EGR1 role in 
cancer is context-dependent, promoting metastasis in some cancers and 
suppressing it in others (Saha et al. 2021). Additional consistently 
downregulated genes included CD99, Serine Peptidase Inhibitor Kazal 
Type 1 (SPINK1), Phospholipase A2 Group IB (PLA2G1B), and retinol 
binding protein 4 (RBP4), all of which are pancreas-specific, according 
to Human Protein Atlas, and essential for normal endocrine and exocrine 
function (Thul and Lindskog 2018). Their downregulation likely reflects 
tumor dedifferentiation. Notably, loss of CD99 has been associated with 
worse prognosis in PanNETs (Ali et al. 2006; Goto et al. 2004), and RBP4 
downregulation correlates with poor survival and reduced immune 
infiltration in liver cancer (Li et al. 2021). 
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CONCLUSIONS 

1 Circulating miR-375-3p and miR-7-5p could serve non-invasive 
diagnostic markers, potentially providing an alternative to the highly 
invasive BIPSS procedure for diagnosing Cushing’s disease.  

2 The direct upregulation of circulating miR-375-3p and miR-7-5p in 
blood plasma following administration of CRH indicates a that these 
miRNAs possibly are components of ACTH secretion pathway. Further 
functional studies are needed to confirm this hypothesis. 

3 The downregulation of miR-625-5p in plasma from GH-secreting 
PitNET patients after SSA treatment, along with its association with 
regulation of IGF-1 signaling, suggests a direct role in PitNET 
pathogenesis and utility as a biomarker for blood-based assay 
development. 

4 In PanNETs, the enrichment of core extracellular matrix genes 
(COL1A1, COL1A2, COL3A1, COL5A1, COL5A2, COL6A3, and FN1) 
and the overrepresentation of ECM-modification, PDGFR, NOTCH 
and MET signaling related pathways in α-SMA-expressing stromal 
cells strongly support the presence of cancer-associated fibroblasts and 
underline their involvement in remodeling of PanNET 
microenvironment. 

5 The spatial proximity of CAFs to tumor cells appears to have a limited 
impact on tumor gene expression, except in the G3 PanNET case, where 
MMP9 was found to be upregulated in tumor cells from regions 
enriched in α-SMA-expressing cells. However, this observation is 
based on a single case of G3 tumor. 

6 As PanNETs progress to higher grades, distinct shifts in gene 
expression profiles are observed in both tumor cells and, to a lesser 
extent, in the surrounding α-SMA-expressing stromal cells.  

7 The dysregulated genes in tumor cells compared to pancreatic islet cells 
were related to PI3K and MAPK signaling and several genes were 
found to be consistently downregulated across all tumor grades, 
amongst which were EGR1 and RASA4 – genes with tumor suppressive 
properties. 
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MAIN THESIS OF DEFENCE 

1 miR-7-5p can be used to distinguish ACTH secreting patients from 
non-functioning PitNET patients and healthy control; therefore it is a 
valuable candidate for circulating miRNA-based assay development to 
diagnosed ACTH secreting PitNETs. 

2 miR-625-5p could serve as valid candidate blood-based biomarkers for 
further testing in larger GH secreting PitNET patient cohorts. 

3 The upregulated genes in α-SMA strongly indicates presence of CAFs 
and their crosstalk with tumor cells is likely mediated through PDGF, 
NOTCH, and MET signaling. 

4 G3 PanNET tumor cells in close proximity to α-SMA expressing cells 
have an increased expression of MMP9. 

5 As PanNET progresses in grade, changes in gene expression occur not 
only in tumor cells but also in α-SMA stromal cells. 
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