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ABSTRACT 

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal malignancies all over the world. 

This dire situation is mainly attributable to the dense desmoplasia in the tumour microenvironment 

(TME) and almost complete resistance to conventional chemotherapy. Cancer-associated fibroblasts 

(CAFs) are the key component in the TME of PDAC, which organize the excessive desmoplasia 

and largely affect tumour biology and treatment response. Recently, the significant heterogeneity of 

CAFs, regarding their origins, spatial distribution and biological function, has been discovered. 

However, the crosstalk between tumour cells and CAFs has been less investigated, mostly due to 

the lack of appropriate study models. In this thesis, we aimed to develop advanced three-

dimensional (3D) co-culture models of pancreatic tumour cells and pancreatic stellate cells (PSCs, 

the major source of CAFs in PDAC) to dissect the interactions between tumour and stroma in 

PDAC. 

In paper I, we first set up a heterospheroids model by directly co-culturing human PSCs (hPSCs) 

with human pancreatic tumour cells to study tumour/stroma crosstalk. Characterisation of the 3D 

co-culture model by immunohistochemistry and qRT-PCR, we discovered that the tumour cells had 

increased proliferation and an epithelial–mesenchymal transition phenotype upon co-culture with 

hPSCs. In addition, human PSCs also got activated towards a more myofibroblastic phenotype. 

Furthermore, a mixed-species heterospheroids model of PDAC cells and PSCs that allowed to 

detect the gene expression in specific cell types was developed, which confirmed the discoveries 

that we detected from the same-species heterospheroids model. 

In paper II, we analysed the tumour/stroma crosstalk at a global transcript level by the 

heterospecies heterospheroids model made up of the human pancreatic tumour cells Panc1 and the 

mouse PSCs (mPSCs) cultured under different serum/nutrient conditions. We discovered that Panc1 

shifted from the classical to the basal-like subtype upon co-culture with mPSCs independent of 

serum condition. In addition, mPSCs acquired different CAF phenotypes upon co-culture with 

Panc1 under different serum conditions. Besides, mPSCs affected the chemosensitivity of Panc1 to 

different drugs, increasing the sensitivity to gemcitabine but decreasing sensitivity to paclitaxel and 

SN38.  

In paper III, we mainly investigated the function of CCN1, which had a significantly higher 

expression level in Panc1 from heterospheroids compared to monospheroids. Knockout of CCN1 by 

CRISPR-Cas9 technology in Panc1 resulted in elevated gemcitabine resistance, which was probably 

caused by the downregulation of gemcitabine transporting and metabolizing genes (SLC29A1 and 

DCK). In addition, we found that lysophosphatidic acid (LPA) and transforming growth factor β1 

(TGFB1) signalling increased the expression of CCN1 in Panc1 cells. Besides, stimulation with 

LPA and TGFB1 also shifted mPSCs to a more myCAF-like phenotype, indicated by the increased 

expression level of Acta2 but decreased expression of Cxcl1.  

In conclusion, we developed and characterized a 3D co-culture model of human pancreatic cancer 

cells and mouse PSCs, which reflected key features of in vivo PDAC. Detecting interactions 



between tumour and stroma by the heterospheroids model showed novel roles of PSCs in promoting 

gemcitabine sensitivity of tumour cells, suggesting potential therapeutic opportunity in remodelling 

CAFs in PDAC.  
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1 INTRODUCTION 
 

1.1 Epidemiology of pancreatic cancer 

The global burden of pancreatic cancer (PC) has increased a lot during the past decades. The 

incident cases in 1990 was 195 000, and raised up to 448 000 cases in 20171. This increased 

incidence might be because of the generally prolonged life expectancy and improved diagnosis2. 

North America and Europe have the highest incidence, followed by Argentina, East Asia and 

Australia (Fig.1)2. The survival rate of PC is very low. Although a lot of efforts had been made by 

doctors and scientists all over the world during the past 20 years, the 5-years survival rate increased 

very slowly, from 4% to 11%1,3. This dire situation can be ascribed largely to the late diagnosis, 

rapid progression, and lack of proper therapy4-6. Now, pancreatic cancer is one of the most lethal 

solid malignancies worldwide, which ranks as the fourth leading cause of cancer death in the USA 

and is predicted to be the second leading cause of cancer-related mortality in 20307,8.  

 

Fig.1 The worldwide incidence of pancreatic cancer in 2020 (Taken from2). 

 

1.2 Risk factors of pancreatic cancer 

The risk factors for pancreatic cancer include age, cigarette smoking, obesity, alcohol use, diabetes, 

pancreatitis and allergy1,2. Recently, the oral microbiota has been found related to increased risk for 

pancreatic cancer9,10. In addition, the inherited genetic factors, including pathogenic variants of 

BRCA1, BRCA2, PALB2, ATM, CDKN2A, Lynch syndrome (MLH1, MSH2 and MSH6), Peutz–

Jeghers syndrome (STK11) and hereditary pancreatitis (PRSS1), also play important roles in 

pancreatic cancer11.  

 

1.3 Precursor lesions of pancreatic cancer 
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Pancreatic ductal adenocarcinoma (PDAC) is the most common histological subtype and accounts 

for up to 90% of PC12. The precursor lesions of pancreatic cancer include the non-cystic lesion 

[pancreatic intraepithelial neoplasia (PanIN)] and cystic lesions [intraductal papillary mucinous 

neoplasm (IPMN) and mucinous cystic neoplasm (MCN)] (Fig.2)13. PanINs, characterized by small 

mucinous-papillary intraepithelial neoplasm with a ductal phenotype, are the most common 

precursor form of PDAC14-16. PanINs are classified as low grade (PanIN-1A and PanIN-1B), 

intermediate grade (PanIN-2) and high grade (PanIN-3), which indicate progressive neoplastic 

morphological changes15,17. KRAS oncogene mutations and telomere shortening arise early in lower 

grade PanIN lesions. Mutations of tumour suppressor genes, CDKN2A (P16-INK4A), SMAD4 and 

TP53, appear in higher grade PanINs and PDAC18. IPMN, characterized as large cystic neoplasm 

(≥5mm), is a less frequent precursor of PDAC19. The most common genetic alterations of IPMN are 

KRAS, GNAS and RNF4313.  MCN is characterized as a composition of mucin-producing epithelial 

cells and an ovarian-type stroma, which arises mainly in females19. MCN harbours the genetic 

alterations found also in other precursors like KRAS, TP53, CDKN2A and SMAD4, but not 

GNAS13. 

 

 
Fig.2 Diagrammatic sketch shows development of precursor lesions of PDAC (Adapted from20).  
 
1.4 Current treatment of pancreatic cancer 

Surgery followed by adjuvant chemotherapy is the standard treatment for patients with resectable 

PDAC5. However, only 20% of patients are eligible for resection, and most patients have a 

recurrence within a year5. Even after resection, the median survival is less than 2 years5. The 

reasons can be attributed to initially undetected micrometastasis, adverse therapeutic results by 

adjuvant surgical treatment and drug resistance6. Systemic chemotherapy is the staple therapy for 

patients with the unresectable disease21. The new first-line therapies for metastatic PDAC patients 
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are gemcitabine plus nanoparticle albumin-bound paclitaxel (nab-paclitaxel) and FOLFIRINOX (a 

combination of folinic acid/leucovorin, 5-FU, irinotecan and oxaliplatin)22,23. Although these 

therapeutic drugs are effective for advanced and metastatic PDAC patients, the development of 

chemoresistance severely impairs the effectiveness and contributes to the poor prognosis6. Recently, 

targeted therapy has been identified to be beneficial for a small fraction of pancreatic cancer 

patients. The metastatic patients who harbour germline BRCA1/2 mutations are eligible for poly 

ADP-ribose polymerase (PARP) inhibitor, olaparib24. Patients with NTRK and NRG1 gene fusions 

seem to respond to tyrosine kinase inhibitors, larotrectinib and afatinib, respectively25,26. In addition, 

immunotherapy (Pembrolizumab, Anti-PD1) seems to be useful for pancreatic cancer patients with 

mismatch repair deficiency and microsatellite instability27. Recent research indicated that the 

tumour microenvironment (TME) has a great influence on chemoresistance in PDAC28. Therefore, 

it is urgently needed to better understand the roles of TME.  

 

1.5 The molecular classifications of PDAC 

The molecular classification of PDAC based on transcriptomic expression has been the focus of 

recent research. Collisson et al. firstly defined the molecular subtype of PDAC as classical, quasi-

mesenchymal (QM-PDA) and exocrine-like based on gene-expression microarrays for primary 

epithelium microdissected tumour tissues29. Latterly, Moffitt et al. identified classical and basal-like 

subtypes of tumour, as well as normal and activated subtypes of stroma by a sophisticated 

computational approach on PDAC DNA microarray and RNA-seq data30. Bailey et al. further 

stratified PDAC into four subtypes, including pancreatic progenitor, squamous, immunogenic and 

aberrantly differentiated endocrine exocrine (ADEX) subtypes31. The different molecular subtypes 

elaborated by different research labs have certain overlap. For example, QM-PDA, basal-like and 

squamous subtypes of classification were well aligned and related to poor survival32. Lately, Puleo 

et al. stratified the tumour component into pure classical, immune classical, and pure basal-like. 

They also introduced the desmoplastic and stroma activated subtypes that were influenced by the 

tumour microenvironment33. The pure classical subtype and pure basal-like subtype were analogue 

to Moffitt´s classical and basal-like samples respectively30. Recently, Chan-Seng-Yue M et al. 

classified PDACs into basal-like A, basal-like B, classical-A, classical-B, and hybrid tumour 

clusters by bulk RNA-seq34. In addition, they also indicated the intratumoural heterogeneity of 

PDAC, since they found the classical and basal-like clusters within the same tumour by single cell 

RNA sequencing (scRNA-seq)34. Taken together, the transcriptional subtyping classified PDAC 

into two broad consensus classes: squamous and classical–pancreatic (Fig.3)35. 

 



 

4 

 

Fig. 3: Phylotranscriptomic tree of PDAC summarizes subtypes of PDAC from different studies 

(Taken from35).  

 

1.6 The TME of PDAC 

The TME is generally considered a driving force in PDAC progression, affecting metabolism, 

immunosuppression, metastasis and chemoresistance36. The TME comprises tumour cells, cancer 

associated fibroblasts (CAFs), immune cells, bone marrow derived mesenchymal stem cells, blood, 

lymph vessels and nerves, as well as extracellular matrix (ECM) components, growth factors, and 

cytokines (Fig.4)36,37. PDAC is characterized by a very dense desmoplasia, occupying in extreme 

cases up to 90% of the tumour volume, which results in a compressed intratumoural vasculature of 

PDAC38,39. The low functionality of intratumoural vasculature together with the high interstitial 

fluid pressure caused by collagen and hyaluronic acid rich ECM make diffusion difficult and lead to 

a nutrient, growth factors poor and hypoxic TME39,40.  
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Fig. 4: The tumour microenvironment of PDAC (Taken from41). 

 

1.6.1 CAFs  

CAFs are the crucial component of the desmoplastic stroma, which together with other stromal 

components make the tumour appear like a wound that never heals36,42. The origin of CAFs in 

PDAC is difficult to define since precision specific tracking markers are lacking. The activation of 

resident fibroblasts is an important portion of CAFs43. In addition, mesenchymal stem cells, 

mesothelial cells, adipocytes, circulating bone marrow cells, as well as epithelial cells have also 

been found to have the ability to transition into CAFs44. The markers of CAFs include alpha smooth 

muscle actin(α-SMA/ACTA2), fibroblast activation protein, fibroblast-specific protein1, and 

platelet-derived growth factor receptor alpha and/or beta45. However, these biomarkers are not 

unique and vary for different CAFs36.  

Pancreatic stellate cells (PSCs) are the major source of CAFs46. In the normal pancreas, PSCs are 

quiescent, located in the periacinar region and contain abundant vitamin A droplets47,48. During 

PDAC development, a variety of stimulators like Interleukin-1 (IL-1), Interleukin-6 (IL-6), 

chemokine (C-X-C motif) ligand 2, platelet-derived growth factors (PDGFs), endothelin, hypoxia 

via the hypoxia inducible factor 1α, and transforming growth factor beta (TGFB) activate PSCs to a 

myofibroblast-like phenotype49. Consequently, PSCs lose the vitamin A droplets, express αSMA 

and acquire proliferative capacity49. Activated PSCs also communicate with tumour cells by 

secreting TGFB, IL-6, stromal cell-derived factor-1, hepatocyte growth factor and galectin-1, thus 

promoting PDAC progression50. 

 

1.6.2 CAF functions 

The CAFs in PDAC have diverse functions in supporting or suppressing tumourigenesis, which 

depend on CAF subtypes, tumour stage and tumour genotype.  

 

1.6.2.1 Tumor-promoting functions  
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The reciprocal signalling networks between CAFs and tumour cells promote PDAC progression. An 

in-depth phosphoproteomic analysis identified that pancreatic epithelial cells harbouring mutant 

KRASG12D secreted SHH, which signalled to CAFs and increased CAFs secreted growth factors 

such as insulin-like growth factor 1 (IGF1) and growth arrest-specific gene 651. In turn, CAFs 

stimulated phosphorylation of IGF1 receptor, AXL/TYRO3, and AKT in the pancreatic epithelial 

cells with mutant KRASG12D and promoted PDAC proliferation51. In addition, CAF-derived 

paracrine factors, like LIF and TGFB1, act on pancreatic tumour cells and upregulate STAT3 and 

MAPK signalling, contributing to PDAC tumourigenesis, progression and chemoresistance52,53. 

CAFs also provide metabolic support for the proliferation of tumour cells, especially in a 

hypovascular and nutrient poor TME. A previous study had identified that CAFs secreted alanine, 

which supported lipid and non-essential amino acid biosynthesis in tumour cells54. CAFs also 

secrete specific lipid species including lysophosphatidylcholines, which could be taken up by 

tumour cells55. The exosome is another mediator that transfers amino acids and TCA cycle 

intermediates to tumour cells56. In addition to biomass production, CAFs secrete deoxycytidine that 

increasing the gemcitabine resistance of PDAC cells57. CAFs were found to take up active 

gemcitabine which then limited its availability to cancer cells58. In addition to crosstalk with tumour 

cells, CAFs also interact with the immune cells, which build an immunosuppressive TME in PDAC. 

Specifically, CAFs restrict anti-tumour T cell responses by secreting CXCL12, which excludes T 

cells from the tumour59. Beyond T cells, CAF-derived IL6 acts on monocyte precursors and 

promotes them to differentiate into myeloid-derived suppressor cells (MDSCs)60. In addition, CAFs 

secrete thymic stromal lymphopoietin to induce the pro-tumourigenic Th2 responses through 

dendritic cells conditioning61.   

 

1.6.2.2 Tumor-suppressive functions  

Since the widely observed tumour supporting functions of CAFs, studies aiming at ablation of 

CAFs by different approaches, genetic or pharmacologic, had been conducted. Conditionally 

deleting Shh-dependent CAFs by crossing an Shh-floxed allele to Pdx1-Cre;KrasLSL-

G12D/+;Trp53fl/+;Rosa26LSL-YFP/+ mouse model showed faster progression and more frequent 

metastasis in PDAC62. In addition, long term pharmacologic inhibition of canonical Hedgehog (Hh) 

signalling by smoothened (SMO) inhibitor IPI-926 in LSL-KrasG12D/+;LSL-p53R172H/+;Pdx1-Cre 

(KPC) mice also yielded poorly differentiated tumours and shortened survival62. Lee et al. had a 

similar finding that conditional deletion of Shh in pancreatic epithelial cells from the Ptf1a-

Cre;KrasLSL-G12D/+ mouse model enhanced PanIN and PDAC formation63. Pharmacological 

inhibition or activation of Shh-Smo signalling resulted in increased or reduced epithelial cell 

proliferation and neoplastic progression, respectively63. Ablating Shh-dependent CAF by 

pharmacologic therapy for PDAC patients also showed disappointing results in clinical trials64. In 

addition to a Shh-devoid stroma, selective depletion of proliferating αSMA+ myofibroblasts by 

crossing Ptf1a-Cre;KrasLSL-G12D/+;Tgfbr2flox/flox model with αSMA-tk transgenic mice in combination 
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with systemic ganciclovir administration yielded poorly differentiated tumours and shortened 

survival as well65. Further studies suggested that αSMA-positive CAFs acted to restrain tumour 

progression, most probably through production of type I collagen that physically limited tumour 

spread66,67. Patients with high stromal content had been found associated with favourable outcomes 

in resected PDAC68. These studies suggested that there are sub-populations of CAFs, e.g. Shh-

dependent, αSMA-positive and/or type I collagen secreting, which are able to restrain PDAC 

growth69.  

 

1.6.3 Transcriptional heterogeneity of CAFs 

Öhlund et al. firstly discovered two subtypes of CAFs, myofibroblastic CAF (myCAF) and 

inflammatory CAF (iCAF) in PDAC through a co-culture model of PDAC organoids with PSCs38. 

The myCAF is located proximal to the cancer buds and highly expressed a-SMA/ACTA2. The 

iCAF is located more distal to tumour cells and with low expression level of α-SMA but high 

expression levels of inflammatory mediators, such as IL-6, LIF and C-X-C Motif Chemokine 

Ligand 1 (CXCL1)38. A later study elucidated a possible mechanism for the iCAF and myCAF 

formation, which were caused through paracrine signals of IL-1 and TGFB1 that were secreted by 

pancreatic tumour cells70. Specifically, tumour derived IL1 binding to IL1R on CAFs, which 

activated NF-κB signalling and subsequently prompted LIF expression and downstream JAK/STAT 

activation, drived iCAF generation70. Tumour derived TGFB activated the TGFB signalling in 

myCAF adjacent to tumour cells and at the same time inhibited induction of the iCAF phenotype by 

decreasing interleukin 1 receptor type 1 (IL1R1) expression70. The myCAF subtype was also found 

in patient tissue specimens from precursor lesions of PDAC71. Furthermore, Elyada et al. identified 

a third CAF sub-cluster, the antigen presenting CAF (apCAF) through scRNA-seq analysis of 

PDAC samples from patients and the KPC mouse model72. This CAF sub-cluster expressed class II 

MHC and CD74 and had putative immune-modulatory capacity72.  

 

1.6.4 Methods to study CAFs  

The scRNA-seq is a very informative method to recognize different cell types and even subclasses 

of cell types within a tissue73. However, the lengthy isolation procedures to receive single cells 

change the expression profile, for example, by inducing a strong stress response74. In addition, 

certain more treatment-sensitive cells might be selectively lost during this dissociation process. 

CAFs are commonly under-represented in scRNA-seq analysis due to the difficulties of isolation 

from highly fibrotic tissues75. Recently, spatial transcriptomics which can be used to visualize and 

quantitatively analyse the transcriptome with spatial resolution in individual tissue sections has been 

developed76. Nevertheless, this method has a relatively low resolution, 50-100 μm, corresponding to 

3-30 cells, and is extremely costly76.  

 

1.7 Cellular communication network factor 1 (CCN1) 
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CCN1, also named cysteine-rich angiogenic inducer 61 (CYR61), is a member of the CCN protein 

family77,78. CCN1 is an immediate-early gene, which can be transcriptionally activated by many 

growth factors, like TGFB1, PDGF and fibroblast growth factor 279. Furthermore, agonists of G 

protein-coupled receptors e.g. lysophosphatidic acid (LPA) and stress stimuli induce CCN1 

expression79,80. As a secreted protein, CCN1 connects with the cell surface and the extracellular 

matrix81. It has been reported that CCN1 plays important roles in embryonic development, 

senescence, tissue injury repair and angiogenesis79,82. In addition to the physiological processes, 

CCN1 also participates in pathological processes, such as fibrosis and cancer83-85. The various 

functions of CCN1 in different contexts are through interaction with different integrins and heparan 

sulfate proteoglycan receptors in a cell-type specific manner79,82,86.  

The increased expression level of CCN1 has been observed in pancreatic cancer tissues and 

metastatic lesions87,88. It has also been reported that CCN1 affects epithelial-mesenchymal transition 

(EMT), stemness, neovascularization and gemcitabine sensitivity in PDAC89-91. However, the 

regulatory molecular mechanisms, especially how CCN1 integrates into the signalling network 

between cancer cells and TME in PDAC, remain largely unknown. 

 

1.8 The models to study tumour and stroma crosstalk in PDAC  

1.8.1 In vivo model 

Patient-derived xenograft (PDX), which maintains the histological and genomic alterations of the 

primary tumour, is used to predict clinical outcomes of drug treatment (personalised medicine) and 

to study tumour-stroma interactions92-95. However, getting enough tumour bearing animals for drug 

screening needs a long time and most patients die before that. Other drawbacks of PDX are that it 

lacks a functional immune system and the tumour stroma is replaced by the host (non-human 

origin), which limit the full representation of original tumour biology and response to the 

treatment93. Genetically engineered mouse models (GEMMs) are useful to study the development, 

pathophysiology, genetic drivers and the role of the immune system in different cancers. Compared 

to transplantation models for PDAC, GEMMs have extensive desmoplastic stroma and lower 

vascularization, which can thus be used to investigate PDAC cell/stroma interactions in vivo94,96,97. 

However, GEMMs are very expensive, labor-intensive and time-consuming98.  

1.8.2 In vitro models 

In vitro models mostly refer to cell culture models, which have the advantage of changeable, and 

reproducible culture conditions and ease of investigating morphology changes, proliferation, 

apoptosis and many other biochemical and molecular parameters. In addition, different cell types 

can be cultured together to investigate their mutual influence. 

 

1.8.2.1 Commonly used PDAC cell lines and PSCs 
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In pancreas cancer research, PSCs, as the major source of CAFs, are frequently chosen in various 

studies. PSCs can be isolated from normal pancreas or pancreatic cancer tissues by different ways, 

e.g. density gradient centrifugation and outgrowth method47,99. As PSCs alter their phenotype and go 

into senescence with increased passage numbers, researchers generated immortalized PSCs cell 

lines, such as RLT-PSC100, TPSC99, imPSC101 and ihPSCs102 by transformation with SV40 large T 

antigen and/or human telomerase reverse transcriptase. Many stable PDAC cell lines are used to 

study tumourigenesis and biology103,104. The main characters and mutational status of the 12 most 

commonly used PDAC cell lines are summarized in Table1103,104.  

Table1, The main characters of PDAC cell lines and genetic aberrations103,104 

 
CEA, carcinoembryonic antigen; -, negative; +, <10%; ++,10-50%; +++,>50% of the cell stained by 
immunochemistry; Mut, mutated; W.t., wild type; HD, homozygous deletion. 
 

1.8.2.2 The monolayer co-culture system 

In two-dimensional (2D) monolayer culture, investigators study the crosstalk between stromal and 

cancer cells usually through direct or indirect co-culture methods. The direct co-culture is to culture 

two kinds of cells on the same plastic culture surface, which allows for physical interaction, making 

it possible to study the mediator(s) of molecular interaction(s), including especially juxtacrine 

signalling. The indirect co-culture method, including transwell plates and conditioned medium from 

the tumour or stroma cells, can be used to study the secretome-induced crosstalk between tumour 

and stroma94,105. Although 2D co-culture systems are the most widely used model with low-cost and 

time saving advantages, they do not recapitulate the microenvironment of three-dimensional (3D) 

cell interactions in vivo. 

 

1.8.2.3 The 3D co-culture models 

Recently, 3D culture models with a more complex tissue organization, which better mimick the 

biology in vivo compared to 2D monolayer culture, have increasingly been developed94,106. 3D 

cultures are valuable approaches to narrow the gap between traditional 2D cell cultures and animal 

Cell line Source of tumour cells Grade Vimentin CEA K-ras p53 p16 DPC4/smad4 
Capan-1 Liver metastasis 1 ++ + Mut Mut Mut Mut 

Capan-2 Primary tumour 1 - - Mut W.t. Mut HD 

Colo357 Lymph node 2 + + Mut W.t. W.t. Mut 

HPAF-2 Ascites 2 + ++ Mut Mut Mut W.t. 

Aspc-1 Ascites 2 +++ ++ Mut Mut Mut W.t./Mut 
A818-4 Ascites 2 +++ - Mut Mut Mut W.t 

BxPc3 Primary tumour 2 + ++ W.t. Mut Mut Mut 

Panc89 Lymph node 2 - ++ W.t./Mut Mut Mut W.t. 

PancTu-I Primary tumour 3 +++ + Mut Mut Mut W.t. 

Panc1 Primary tumour 3 +++ - Mut Mut Mut W.t. 

Pt45P1 Primary tumour 3 +++ - Mut Mut Mut W.t. 

MiaPaCa-2 Primary tumour 3 +++ - Mut Mut Mut W.t. 
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models, as well as decipher the contribution of individual components of the TME to tumour 

progression and chemotherapy responses107,108. The most commonly used 3D culture systems to 

study the communication between tumour and stromal cells are organoids and spheroids.  

Organoids 

Organoids are derived from dissociated primary tissues that are grown in growth factor-reduced 

matrigel and in a complex medium supplemented with multiple nutrients, growth factors and 

antibiotics, which maintain the tumour architecture, genetic profiles and epigenetic changes of the 

original tumour106,109,110. It was observed that orthotopic transplantation of PDAC organoids induced 

a collagen-rich murine stroma110. Co-culture of PDAC organoids with PSCs in Matrigel also led to 

PSCs activation, which acquired a CAF phenotype38. A novel multi-cell type co-culture model, 

based on co-culture of tumour organoids with patient-matched CAFs and lymphocytes in Matrigel, 

displayed increased gemcitabine resistance of tumour cells and the myCAF phenotype as well as 

tumour-dependent lymphocyte infiltration, suggesting the ability to reflect the complex interplay of 

pancreatic tumour components111. However, the generation and culture of organoids are costly, time 

consuming and less amenable for high throughput screening. The use of Matrigel also limits the 

reproducibility of experiment outcomes due to high batch variations. 

Spheroid culture systems 

Cell lines cultured in 3D to allow cells to organize into spherical structures are named spheroids112. 

Tumour spheroids display chemical gradients, including oxygen, nutrients, and catabolites, at 

diameters between 200 to 500 µm113. Cells located in the periphery of a spheroid reflect the in vivo 

situation of actively cycling tumour cells adjacent to blood supplying capillaries. In contrast, when 

the spheroid size is more than 500 µm, innermost cells get quiescent and eventually turn to 

apoptosis or necrosis114. The concentric arrangement of heterogeneous cell populations and the 

pathophysiological gradients in spheroids are similar to the situation in micrometastases, avascular 

tumour microregions or inter-capillary tumour nests114. Different ways are used to inhibit cellular 

attachment to plastic culture plate surfaces and thus force cells to aggregate, such as keeping cells in 

motion112,115, not allowing cells to attach116-119, or provision of some form of extracellular matrix120-

122. These aggregation cell clusters have poor oxygen diffusion into the centre, which resembles 

hypoxic tumour areas119. 

The spheroids of tumour cells co-cultured with other cell types better recapitulate the tumour 

microenvironment123. It has been found that tumour-stroma spheroids showed increased ECM 

deposition resulting in lower diffusion of gemcitabine compared to only tumour spheroids118. In 

addition, a microarray based transcriptional analysis on the co-cultured spheroid of pancreatic 

cancer cells (PT45) with normal fibroblasts and CAFs showed activation of the fibroblasts upon co-

culture124. The PSCs have been identified to induce EMT of tumour cells by using a microchannel 

plate-based co-culture model of Panc1 and PSC125. Furthermore, advanced imaging techniques like 

multiphoton excitation and second harmonic generation can be used on microfluidic co-culture 
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spheroid models of PSCs and Panc1 cells to study tumour-stroma interaction and evaluate drug 

efficacy126.  

 

1.9 Knowledge gaps 

The TME provides an adaptive niche for PDAC cells, and the interaction between neoplastic cells 

and stromal cells has distinct effects on PDAC progression. Therefore, an in-depth understanding of 

the crosstalk between tumour and stroma could provide suitable strategies for stroma targeted 

therapy in the future. A model with high reproducibility and cost effectiveness, which better reflects 

the TME of PDAC, is urgently needed to study tumour/stroma interactions and test therapeutic 

regimens. A major challenge for studying CAFs is the difficulty of CAF isolation, which is due to 

the lack of specific markers and they are tightly embedded in the ECM of the tumour. Furthermore, 

it is difficult to analyse the expression of two or more cell types of the same species, unless single 

cell information is connected with spatial information. Therefore, in this study, we detected the 

tumour/stroma crosstalk on co-cultured spheroids model of pancreatic tumour cells and PSCs from 

different species by advanced bioinformatic tools without prior physical cell isolation.  
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2 RESEARCH AIMS 

 

The overall goal of the thesis work is to better understand the crosstalk between pancreatic cancer 

cells and PSCs by using advanced in vitro methods that mimick pancreatic cancer and ultimately 

find ways to overcome the intrinsic chemoresistance. 

Specific Aim 1:  To build a novel pancreatic tumour and stellate cells 3D co-culture spheroid model 

that can investigate the tumour/stroma crosstalk in promoting pancreatic cancer carcinogenesis. 

Specific Aim 2:  To investigate the role of pancreatic tumour/stroma crosstalk in a global level by a 

“virtual sorting” analysis approach on the heterospecies heterospheroid model under different 

environmental conditions.  

Specific Aim 3:  To investigate the role of promising signalling candidates between tumour and 

stromal cells, and identify a potential chemoresistance mechanism in pancreatic cancer using the 

heterospecies heterospheroid model. 
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3 MATERIALS AND METHODS 

 

The materials and methods employed in the thesis are briefly described here. For more detailed 

information, please see the attached Papers I-III. 

 

3.1 Cell lines (Paper I, II and III) 

The well-characterized human pancreatic cancer cell lines: Panc1 and HPAFII cells were purchased 

from ATCC104. Authentication of Panc1 cells by detecting short tandem repeat profiles was 

performed by ATCC with the Promega’s PowerPlex® 18D System. The human pancreatic stellate 

cells (hPSCs) were isolated and characterized by Matthias Löhr´s previous laboratory at the DKFZ 

in Heidelberg, Germany100. The KPCT 86-2 cell line was isolated from a KPC mouse97 that was 

mated to the tdTomato allele (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J)127. The immortalized 

mouse pancreatic stellate cell line clone2 and clone 3 (imPSCc2 and imPSCc3) were a generous gift 

by Dr. Raul Urrutia and Dr. Angela Mathison at the Mayo Clinic College of Medicine, Rochester, 

Minn, USA101. CCN1 knockout (KO) pancreatic cancer cell lines (Panc1-CCN1-KO) were 

generated at the Karolinska Genome Engineering core facility using the CRISPR/Cas9 technique. 

The knockout clones were verified by sanger sequencing and western blotting. 

 

3.2 Monolayer cell culture (Paper I, II and III) 

The cell lines including Panc1, Panc1-CCN1-KO, hPSCs, KPCT 86-2 and imPSCs (c2 and c3) were 

cultivated with DMEM/F12 (Gibco 31330095) medium and HPAFII was fed with RPMI-1640 

medium. All cell lines were supplemented with 10% fetal bovine serum (FBS, Gibco 10270106) 

and 0.5% penicillin/streptomycin (Gibco 15070063) under standard culture conditions (5% CO2, at 

37°C). In paper II, Panc1 and imPSCc2 were also cultivated under low serum condition (mimicking 

nutrient-poor condition) supplemented with 0.1% FBS, 0.3% bovine serum albumin (BSA, only for 

Panc1 cells) (Sigma A9647), 0.1% (10% of the recommended concentration) insulin-transferrin-

selenium-sodium pyruvate solution (ITS-A, Gibco 51300044) and 0.5% penicillin/streptomycin in a 

humidified incubator at 37°C and 5% CO2. In paper II, Panc1 and imPSCc2 were stepwise adapted 

to the low serum condition over a course of 6–8 weeks. All cells were tested negative for 

mycoplasma (MycoAlertTM PLUS Mycoplasma Detection Kit, LT07-705, Lonza, Switzerland). 

 

3.3 Spheroids systems (Paper I, II and III) 

In paper I, PDAC tumour cells and PSCs from human and mouse were seeded alone 

(monospheroids) or in co-culture at the ratio of 1:1 (heterospheroids) with total 2500 cells/well in 

non-treated, round-bottom 96-well microplates (Falcon, 351177, BD NJ, USA) in DMEM/F12 

medium supplemented with 10% FBS and 0.5% penicillin/streptomycin as well as 0.24% 
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methylcellulose at 37°C and 5% CO2 humidified condition119,128. After the indicated number of 

days, the formed spheroid cultures were collected and processed for downstream purposes. In 

paper II, the Panc1 and imPSCc2 (hereafter called mPSCs) were grown either as monospheroids 

(2500 cells for each cell type) or heterospheroids (2000 cells of mPSCs and 500 cells of Panc1) in 

non-treated, round-bottom 96-well microplates in DMEM/F12 medium supplemented with either 

10% FBS (“high serum” condition) or 0.1% FBS, 0.3% BSA and 0.1% ITS-A (“low serum” 

condition), and 0.5% penicillin/streptomycin as well as 0.24% methylcellulose at 37°C and 5% CO2 

humidified condition. In paper III, Panc1, Panc1-CCN1-KO (C3, C7 and F3 clones), as well as 

mPSCs were grown either as monospheroids (2500 mPSCs or Panc1 or Panc1-CCN1-KO cells) or 

heterospheroids (2000 mPSCs co-cultured with 500 cells of Panc1 or Panc1-CCN1-KO) in non-

treated, round-bottom 96-well microplates in DMEM medium supplemented with either high serum 

condition (10% FBS) or low serum condition (0.1%FBS, 0.5% fatty acid free BSA (Sigma, A8806) 

and 0.1% ITS-A) and 1% GlutaMAX™ supplement, 0.5% penicillin/streptomycin as well as 0.24% 

methylcellulose at 37°C, 5% CO2 and under humidified condition. 

3.4 Imaging by transmission electron microscopy (TEM) (Paper I) 

The monospheroids and heterospheroids were collected and fixed in 2.5% glutaraldehyde and 1% 

formaldehyde in 0.1M phosphate buffer. Then the spheroids were rinsed in 0.1M phosphate buffer 

before post-fixation with 2% osmium tetroxide in 0.1M phosphate buffer, pH 7.4 at 4°C for 2 hours. 

The spheroids were then stepwise dehydrated in ethanol, followed by acetone and finally embedded 

in LX-112. Ultrathin sections (~50–60 nm) were prepared using an EM UC7 (Leica) and were 

contrasted with uranyl acetate followed by lead citrate. Imaging was performed by a Tecnai 12 

Spirit Bio TWIN transmission electron microscope (Fei Company, Eindhoven, The Netherlands) at 

the electron microscopy unit of Karolinska Institutet.  

 

3.5 Immunohistochemistry (IHC) (Paper I) 

Spheroids were collected following the desired growth period, washed in phosphate buffered saline 

and fixed in 4% paraformaldehyde for 24 hours at room temperature. Then spheroids were 

transferred to biopsy cryomolds (Tissue-Tek Cryomold #4565). The HistoGel was heated up in a 

water filled beaker in the microwave until the gel was liquefied. About 100 µl HistoGel 

(ThermoFisher Scientific, HG-4000-012) was used to embed spheroids at one corner of the 

cryomold, and the cryomold was kept tilted on ice until the HistoGel had solidified. Then the biopsy 

cryomold was filled up with another 300 µl HistoGel and kept on ice to solidify the gel. After that, 

the solid gel was gently transferred into a biopsy cassette and kept in 70% ethanol until further 

processing119,129. Paraffin-embedded spheroids were sectioned at 4μm before hematoxylin-eosin 

staining or immunohistochemistry for CK19 (NCL-CK19, Novocastra Leica Biosystems Ltd), E-

cadherin (05905290001, Ventana Roche), MKI67 (M7240, Dako - Agilent: Dako) and vimentin 

(VIM, M0725, Dako - Agilent: Dako) at the Morphological Phenotype Analysis core facility at 

https://ki.se/en/research/morphological-phenotype-analysis-feno
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Karolinska Institutet. Histological slides were digitalized by a 3D Histech Panoramic SCAN II slide 

scanner. Quantitation of immunohistochemical markers was performed on the whole slide images 

using QuPath v1.3130.  

 

3.6 Virtual sorting (Paper I-III) 

3.6.1 Species-specific reverse transcription-real time polymerase chain reaction (qRT-PCR) 

(Paper I-III) 

The spheroids were collected after the desired growth period and total RNA was isolated using the 

QIAshredder (Qiagen) and the RNeasy Mini Kit (Qiagen) according to the manufacturer´s 

instructions. The concentration of RNA was measured using the NanoPhotometer® NP80. The total 

RNA (1 µg in Paper I or 0.25 µg in Paper II and III) was further reverse transcribed to synthesize 

cDNA by the iScript cDNA Synthesis kit (Bio-Rad, 1708891). In order to detect the gene 

expression in a specific cell type (human or mouse) in the heterospecies heterospheroids, we 

designed species-specific primers based on areas that are genetically diverse in the human and 

mouse homologues genes by NCBI Blast (https://blast.ncbi.nlm.nih.gov/) and PRIMER3 (v.0.4.0). 

Species-specificity of the primers was verified by testing each primer pair on cDNA preparations 

from both human and mouse cell lines. The PCR reaction products were further tested on a 2% 

agarose gel. The qRT-PCR reaction was performed using Thermo Scientific™ Maxima SYBR 

Green/Fluorescein qPCR Master Mix kit (ThermoFisher Scientific, K0243) following the 

amplification program: initial denaturation 10 minutes at 95°C, 40 cycles of 15 seconds at 95°C and 

1 minute at 60°C129. RPL13A/Rpl13a for human and mouse served as housekeeping genes, 

respectively. For each gene, three independent biological replicates were performed. Gene 

expression was calculated by 2−ΔΔct method. Statistical analyses based on delta CT values were 

conducted by Student’s t-test (2-sided, individual samples).  

 

3.6.2 RNA sequencing (Paper II) 

The spheroids were collected after 5 days of growing and total RNA was extracted directly from 

monospheroids and heterospheroids using the QIAshredder and RNeasy PLUS kit (Qiagen). Quality 

assessment and quantification of RNA were performed using TapeStation (Agilent). Library 

preparations were conducted by the NEBNext® Ultra™ II Directional RNA Library Prep Kit (NEB, 

E7760S). The multiplexed libraries were sequenced using an Illumina HiSeq3000 instrument at the 

Integrated Cardio Metabolic Centre at Karolinska Institutet, that generating on average 20 million 

single-end 50 bp reads for each sample. 

3.6.3 Separation of mixed reads to each species and mapping to reference genomes (Paper II) 
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Reference genomes for human and mouse, GRCh38.87 and GRCm38.87, downloaded from 

Ensembl were used to build respective indexes for the species-based read classifier Xenome 

(1.0.1)131 and the short read aligner STAR (2.5.1b)132. The Xenome program was used to classify 

fastq reads to each species (Fig.5)131. Separated human and mouse reads were then aligned to their 

respective reference genomes by STAR program with default options (Fig.5)132. Program of 

featureCounts (1.5.2) was employed to quantify reads mapping to known features in the Ensembl 

database (Fig.5)133. 

 

Fig.5 The schematic diagram of the virtual sorting approach for the detection of the tumour and 

stroma crosstalk on transcriptional level based on the mixed species heterospheroids model. (The 

figure was partly generated using Servier Medical Art, provided by Servier, licensed under a 

Creative Commons Attribution 3.0 unported license.) 

 

3.6.4 Differential expression analysis, gene set enrichment analysis (GSEA) and molecular 

subtype analysis (Paper II) 

The R package of edgeR (v3.30.3) was used to calculate differentially expressed genes (DEGs) 

between heterospheroids and monospheroids with the threshold of an FDR q-value < 0.05 and an 

absolute fold change > 1.5134. The RPKM (Reads Per Kilobase of transcript per Million mapped 

reads) expression levels were used for GSEA based on gene sets of hallmark 

(h.all.v7.1.entrez.gmt)135 and KEGG subsets from canonical pathways 

(c2.cp.kegg.v7.2.symbols.gmt)136. The DEGs of Panc1 were compared to the classical/basal-like 

signatures30, progenitor/squamous signatures31 and chemosensitivity signatures137 using Fisher’s 

exact test. The DEGs of mPSCs were compared to CAF signatures38 using Fisher’s exact tests. The 

pheatmap (v1.0.12) R package was used to visualize the result138.  
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3.7 Western Blotting (Paper III) 

The protein from Panc1 cells and Panc1-CCN1-KO clones were extracted by T-PER Tissue Protein 

Extraction Reagent (Thermo Fisher, 78510) which contained a protease inhibitor cocktail (Roche, 

05892970001). Bradford protein assay (Bio-Rad, 5000201) was further conducted to detect the 

protein concentration. The same amount (30 μg) of denatured protein from Panc1 cells and Panc1 -

CCN1-KO clones were subjected to gradient polyacrylamide gels for electrophoresis. Then Trans-

Blot Turbo transfer system was employed to blot separated proteins to a nitrocellulose membrane 

(Bio-Rad, 1704158). Membranes were blocked in 1X Tris-Buffered Saline, 0.1% Tween-20 buffer 

(ThermoFisher, #28360) containing 5% BSA, and were further incubated with primary antibody: 

CCN1 (Boster Bio, PB9549, 1:1000), deoxycytidine kinase (DCK) (LifeSpan BioSciences, LS-

B10837, 1:1000), and tubulin (Abcam, ab7291,1:1000) overnight or for 3 days at 4°C. Then 

fluorophore-coupled secondary antibody: goat-anti-rabbit-AlexaFluor488 (1:10000) and goat-anti-

mouse-AlexaFluor647 (1:10000) were used for detection.  

 

3.8 TGFB1 and LPA stimulation assay 

In Paper III, Panc1 cells and mPSCs were grown as monospheroids in either high serum condition 

or low serum condition. Panc1 and mPSC monospheroids were stimulated with either 5 ng/ml 

recombinant human TGFB1 protein (PreproTech Nordic, 100-21-10), or 20 μM 18:1 LPA (Avanti® 

Polar Lipids, Inc.857130P) on day1 and harvested on day4 for RNA isolation and gene expression 

detection. 

 

3.9 Inhibition of TGFB and LPA signalling  

In paper II, Panc1/mPSCs heterospheroids were seeded in high serum condition and treated with 5 

µM TGFB receptor type I/II (TGFBR1/2) kinase inhibitor (LY2109761, Sigma-Aldrich, #SML2051) 

on day 1 for 72 hours. Then spheroids were collected for RNA extraction and gene expression 

detection. In Paper III, Panc1/mPSC heterospheroids were set up in high serum condition and 

treated on day5 with 5 μM TGFBR1/2 kinase inhibitor LY2109761 or 10 μM autotaxin (ATX) 

inhibitor PF8380 (SML0715) or the combination of both inhibitors. Heterospheroids were harvested 

on day8 for RNA extraction and gene expression detection. 

 

3.10 Cell viability assay (Paper III) 

Panc1 cells and Panc1-CCN1-KO (C3 and C7) clones were cultured in traditional monolayer and as 

monospheroids under high serum condition. Different doses (1, 5 and 50 μM) of gemcitabine 

(Sigma-Aldrich, G6423) were treated, respectively, on day1 and cell viability was detected by the 

ATP-based CellTiter-Glo® 3D Cell viability assay (Promega) on day4 according to the 

manufacturer's protocol. The luminescence was measured by a SpectraMax i3x microplate reader. 

https://www.selectscience.net/suppliers/bio-rad?compID=7380
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The relative cell viability was determined by normalizing the luminescence of drug-treated cells to 

the respective negative control. Statistically significant differences between Panc1 cells and Panc1-

CCN1-KO clones were assessed using Student's t-test (individual samples). 

 

3.11 Epithelial-specific apoptosis assay (Paper II and Paper III) 

In paper II, Panc1 monospheroids and heterospheroids were seeded in high serum condition and 

treated with different therapeutic compounds, including 50 µM gemcitabine, 1 µM paclitaxel 

(Sigma-Aldrich, 580555) and 1 µM SN38 (an active metabolite of irinotecan; Sigma-Aldrich, 

H0165) or 5 µM pitavastatin (an HMG-CoA reductase inhibitor; Selleckchem, #S1759) on day1 for 

three days. Then the epithelial-specific caspase-cleaved cytokeratin 18 (ccCK18) of each spheroid 

was quantitatively detected by M30 Apoptosense® CK18 Kit (Diapharma #P10011) according to 

the manufacturer's instructions. The relative cell apoptosis rate was determined by normalizing the 

ccCK18 value for drug treated spheroid to the negative control (NC), and differences between 

monospheroids and heterospheroids were assessed by paired t-test. In paper III, the epithelial-

specific ccCK18 of Panc1 and Panc1-CCN1-KO monospheroids and heterospheroids, that were 

grown under high serum condition with 50 μM gemcitabine treatment on day1 for 72 h, was 

detected. The relative cell apoptosis rate was determined by normalizing the ccCK18 value for 

gemcitabine treated spheroid to the negative control, and differences between samples were 

assessed by Student's t-test.  

 

3.12 Microarray dataset analysis (Paper III) 

The mRNA microarray expression data from PDAC patients (GSE71729 30) were downloaded from 

Gene Expression Omnibus by the Geoquery package139. The association between selected 

interesting genes was analysed by the linear regression method by R. The visualization was 

performed by the ggplot2 package140.  
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4 RESULTS 

4.1 Paper I 

4.1.1 Heterospheroids model based on human tumour cells and human PSCs 

We first set up the 3D co-culture model based on human pancreatic cancer cells Panc1 and human 

PSC. The morphological analysis from TEM and haematoxylin/eosin staining for both 

monospheroids and heterospheroids illustrated a healthy spheroid structure (Fig.6 A and B). 

Besides, no visible division/separation between the tumour cells and PSCs in the heterospheroid 

was observed. Therefore, we analysed the distribution of Panc1 and hPSCs by IHC staining of 

CK19, an epithelial cell specific marker, and evaluated the proliferate capacity by staining of 

MKI67. The results showed that Panc1 had a uniform presence of CK19, whereas hPSCs 

completely lacked CK19 protein expression (Fig.6C). In addition, the quantification of CK19 

positive and negative cells in the heterospheroids indicated the ratio of Panc1 and hPSC fluctuated 

over time but stabilized at around 1:1 at later time points of Day5 and Day7 (Fig.6D). The qRT-

PCR results also confirmed that the mRNA expression of CK19 was only detected in Panc1 cells 

while absent in hPSCs, and the reduced gene expression in the heterospheroids reflected the 

expected ratio of both cell types (Fig.6E). Furthermore, we found that Panc1 cells in the 

heterospheroids had a higher percentage of MKI67 positive cells compared to monospheroids at all 

time points (Fig.6F). Almost all the hPSCs were positively stained for MKI67, which was little 

affected by co-culture with Panc1(Fig.6F). In addition, we discovered that E-cadherin (CDH1) was 

partially expressed by Panc1 from monospheroids but not by hPSC (Fig.6G). Notably, the CDH1 

protein was almost completely lost in the Panc1/hPSC heterospheroids (Fig.6G). Moreover, we 

found that both Panc1 cells and hPSCs were positively stained with the mesenchymal marker VIM 

(Fig.6H). 
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Fig.6 (A-B) Transmission electron microscopy (A) and haematoxylin and eosin-staining (B) of 

spheroids cultured for 5 days. (C) Representative pictures of immunohistochemical double-staining 

of CK19 (red) and the MKI67 of spheroids cultured for 5 days. (D) Quantification of CK19 positive 

staining cells from each type of spheroids. (E)  Normalized mRNA expressions of CK19 in Panc1 

and hPSC mono- and heterospheroids.  (F) Quantification of MKI67 positive staining cells from 

each type of spheroids. (G-H) Representative pictures of immunohistochemical staining of CDH1 or 

VIM of spheroids cultured for 5 days. Black scale bars correspond to 100 μm. (Adapted from Paper 

I) 

 

We also detected the mRNA expression levels of activated PSC markers ACTA2 and fibronectin 1 

(FN1) and found that both genes were expressed in hPSCs but not in Panc1 from monospheroids 

(Fig.7). In addition, the expression levels of ACTA2 and FN1 were comparatively upregulated upon 

co-culture since the total expression only came from around 40-50% of the cells in the 

heterospheroids (Fig.7). The expression of collagen, type I, alpha 1 (COL1A1) was increased in 

Panc1 from monospheroids over time, while it remained stable in hPSC monospheroids and 

Panc1/hPSC heterospheroids (Fig.7). Both Panc1 and hPSC from monospheroids expressed TGFB1 

(Fig.7), but the contribution to the TGFB1 expression by each cell type in the heterospheroids could 

not be determined by this method. 
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Fig.7 Normalized mRNA expressions of ASMA (ACTA2), FN1, COL1A1 and TGFB1 in Panc1 and 

hPSCs mono- and heterospheroids. (Adapted from Paper I) 

 

In addition to Panc1, we also generated the spheroid model using HPAFII, another human 

pancreatic cancer cell line. The haematoxylin/eosin staining showed that HPAFII monospheroids 

formed hollow, glandular-like structures (Fig.8A), which was quite different as the Panc1 

monospheroids. For the HPAFII/hPSC heterospheroids, there was a distinct separation between the 

two cell types (Fig.8A). By CK19 staining, we identified that the cells located in the outer ring of 

the heterospheroids were HPAFII cells (CK19+) and in the core were hPSCs (CK19-) (Fig.8B). The 

quantification of CK19 positive cells showed a higher ratio of HPAFII cells than hPSCs in the 

heterospheroids, especially on day5 (Fig.8C). In addition, we quantified the MKI67 positive cells 

and found a higher proportion of proliferating HPAFII in heterospheroids compared to 

monospheroids, while almost all hPSCs in both monospheroids and heterospheroids were 

proliferating (Fig.8D). Besides, we observed that vimentin was only expressed by hPSCs but not by 

HPAFII cells (Fig.8E). In addition, we detected the expression of the epithelial marker CDH1 and 

found that almost all HPAFII cells in the monospheroids expressed CDH1, but not hPSCs (Fig.8F). 

Notably, HPAFII cells also expressed high levels of CDH1 when co-cultured with hPSCs, which 

was different from the Panc1 spheroid model.   
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Fig.8 (A) Haematoxylin and eosin-staining of spheroids cultured for 5 days. (B) Representative 

pictures of immunohistochemical double staining of CK19 (red) and the MKI67 of spheroids 

cultured for 5 days. (C) Quantification of CK19 positive staining cells from each type of spheroids. 

(D) Quantification of MKI67 positive staining cells from each type of spheroids. (E-F) 

Representative pictures of immunohistochemical staining of VIM or CDH1 of spheroids cultured 

for 5 days. Black scale bars correspond to 100 μm. (Adapted from Paper I) 

 

The qRT-PCR results showed that ACTA2, FN1 and COL1A1 were all expressed in hPSCs but not 

in HPAFII from monospheroids (Fig.9). In the heterospheroids, the expression levels of these three 

genes seemed to be increased, based on the assumption that only 40% of cells in the co-cultures 

were hPSCs and that HPAFII cells in the heterospheroids did not express these genes (Fig.9). In 

addition, both HPAFII and hPSC from monospheroids expressed TGFB1 at the mRNA level 

(Fig.9). The expression of TGFB1 was increased in heterospheroids compared to monospheroids on 

day 7, however, we could not identify the individual contribution of the two cell types in the 

heterospheroids (Fig.9). 
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Fig.9 Normalized mRNA expressions of ASMA (ACTA2), FN1, COL1A1 and TGFB1 in HPAFII 

and hPSCs mono- and heterospheroids. (Adapted from Paper I) 

 

4.1.2 Virtual sorting of heterospheroid model based on mixed-species tumour cells and PSCs 

Although double staining of an epithelial cell specific marker together with other protein markers is 

helpful to study tumour/stroma crosstalk at the protein level in the human tumour-human stroma 

models, the process is very time consuming and complicated. The detection of mRNA expression 

levels in human tumour-human stroma heterospheroids has limitations, especially for genes that are 

expressed by both cell types. To overcome this limitation, we developed a novel co-culture model 

based on pancreatic tumour cells and PSCs from different species cell types (human/mouse). This 

allowed us to directly detect the cell-type specific gene expression from intact heterospheroids 

through species-specific primers for qRT-PCR, which were named “virtual sorting”. 

We first set up the human tumour cell Panc1 monospheroids and mouse PSC (imPSCc3) 

monospheroids, as well as Panc1/imPSCc3 heterospheroids. By virtual sorting of Panc1 and 

imPSCc3 mono- and heterospheroids, we demonstrated the activation of imPSCc3 in 

heterospheroids with higher expression levels of Acta2, Col1a1, Fn1 and Tgfb1 compared to 

monospheroids (Fig.10 A). Furthermore, a higher expression level of MKI67 and a lower expression 

level of CDH1 were detected in Panc1 from heterospheroids compared to monospheroids (Fig.10B). 

To further verify the versatility of the heterospecies heterospheroids system, we also co-cultured the 

mouse tumour cells, KPCT, with human PSCs. Virtual sorting results also showed that the hPSCs 

were activated by the co-cultured KPCT, indicated by increased expression of ACTA2, COL1A1, 

FN1 and TGFB1 in hPSC from heterospheroids compared to monospheroids (Fig.10C).  
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Fig.10 (A) Normalized mRNA expressions of Asma (Acta2), Fn1, Col1a1 and Tgfb1 in mPSCs 

from monospheroids and heterospheroids. (B) Normalized mRNA expressions of MKI67 and CDH1 

in Panc1 from monospheroids and heterospheroids. (C) Normalized mRNA expressions of ASMA 

(ACTA2), FN1, COL1A1 and TGFB1 in hPSCs from monospheroids and heterospheroids. MC, 

monospheroids; CC, heterospheroids. (Adapted from Paper I) 

 

4.2 Paper II 

4.2.1 The characterisation of Panc1/mPSCs heterospecies heterospheroids at the global 

transcriptional level indicated hallmarks of PDAC 

To expand the detection of pancreatic tumour/stroma crosstalk to a global level, we did the bulk 

RNA-seq of Panc1 and mPSCs mono- and heterospheroids. A series of software packages were 

used to separate the reads from the mixed libraries of Panc1 and mPSCs in silico, followed by the 

comparison of the global transcript level changes between monospheroids and heterospheroids for 

Panc1 and mPSCs, individually. 

Under high serum condition, the enriched gene sets related to cell cycle, DNA replication and EMT 

in Panc1 from heterospheroids compared to monospheroids were identified using GSEA (Fig.11A). 

The higher expression levels of the proliferation marker MKI67, and mesenchymal markers VIM 

and N-cadherin (CDH2) that were detected by qRT-PCR in Panc1 from heterospheroids compared 

to monospheroids supported these GSEA results (Fig.11B). In addition, the gene sets describing 

ECM receptor interactions, lipid metabolism reprogramming (cholesterol homeostasis) and general 
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signalling pathways including MYC, mTORC1 and TNF/NF-κB were also enriched in Panc1 from 

heterospheroids compared to monospheroids (Fig.11A). For mPSCs under high serum condition, 

the gene sets related to hedgehog signalling, WNT β-catenin signalling and cell adhesion molecules 

were enriched in heterospheroids compared to monospheroids (Fig.11C). The expression level of 

Gli1, the effector of hedgehog signalling, was more than 100 times higher in mPSCs from 

heterospheroids compared to monospheroids based on qRT-PCR results (Fig.11D). On the other 

hand, the gene sets related to interferon alpha and -gamma (IFNα, -γ), MYC signalling, Toll like 

receptor signalling and proteasome were enriched in mPSCs from monospheroids compared to 

heterospheroids (Fig.11C). 

 

Fig.11 (A) The gene sets that were enriched in Panc1 from heterospheroids and monospheroids 

under high serum condition with FDR q-value < 0.05 by GSEA. (B) Normalized mRNA 

expressions of VIM, MKI67 and CDH2 in Panc1 from monospheroids and heterospheroids. (C) The 

gene sets that were enriched in mPSCs from heterospheroids and monospheroids under high serum 

condition with FDR q-value < 0.05 by GSEA. (D) Normalized mRNA expressions of Gli1 in 

mPSCs from monospheroids and heterospheroids. (Adapted from Paper II) 

 

Under low serum condition, the results of GSEA showed that the gene sets related to IFNα 

signalling, proteasome, EMT and TNF/NFκB signalling were enriched in Panc1 from 

heterospheroids compared to monospheroids (Fig.12A). The higher expression levels of CDH2 and 

FN1 in Panc1 from heterospheroids compared to monospheroids detected by qRT-PCR also 

supported the finding of the enriched gene set for EMT (Fig.12B). For mPSCs grown under low 
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serum condition, the GSEA results showed that gene sets for cell adhesion molecules, calcium 

signalling pathway, neuroactive ligand-receptor interaction, hedgehog signalling, and hypoxia were 

enriched in heterospheroids compared to monospheroids (Fig.12C). On the contrary, gene sets 

including DNA replication and repair, MYC target, and oxidative phosphorylation were enriched in 

mPSCs from monospheroids compared to heterospheroids (Fig.12C).  

 

Fig.12 (A) The gene sets that were enriched in Panc1 from heterospheroids and monospheroids 

under low serum condition with FDR q-value < 0.05 by GSEA. (B) Normalized mRNA expressions 

of CDH2 and FN1 in Panc1 from monospheroids and heterospheroids. (C) The gene sets that were 

enriched in mPSCs from heterospheroids and monospheroids under low serum condition with 

FDR q-value < 0.05 by GSEA. (Adapted from Paper II) 

 

4.2.2 Co-culture with mPSCs induced a phenotypical shift of Panc1 cells to a more aggressive 

molecular subtype of PDAC 

By comparing DEGs of Panc1 (heterospheroids vs. monospheroids) grown under high serum 

condition to molecular signatures of PDAC, the basal-like/classical and squamous/progenitor, 

described by Moffitt et al.30 and Bailey et al.31, we found a significantly higher proportion of 

classical and progenitor signature genes with increased transcript levels in Panc1 from 

monospheroids (Fig.13A). However, a significantly higher proportion of basal-like and squamous 

signature genes with increased transcript levels were observed in Panc1 from heterospheroids 

(Fig.13A). Similarly, a higher proportion of progenitor and classical signature genes were enriched 

in Panc1 from monospheroids, while the squamous and basal-like signature genes were mostly 
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enriched in Panc1 from heterospheroids under low serum condition (Fig.13B). Therefore, Panc1 

cells in monospheroids were more like progenitor/classical subtype, whereas Panc1 cells in 

heterospheroids were more reminiscent of squamous/basal-like subtype independent of culture 

conditions. 

 

Fig.13 Heatmaps shows the comparison of DEGs from Panc1 (heterospheroids vs. monospheroids) 

under high (A) and low (B) serum condition to previously identified molecular signatures of the 

PDAC30,31. (Adapted from Paper II) 

 

4.2.3 mPSCs acquired distinct CAF phenotypes induced by co-culture with tumour cells and 

the culture medium conditions  

To investigate the possible heterogeneity of CAFs in our mPSCs spheroid model, we compared 

DEGs of mPSCs (heterospheroids vs. monospheroids) to the published myCAF and iCAF signature 

genes38. Under high serum condition, there was a trend of a higher proportion towards myCAF 
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signature genes with increased transcript levels in mPSCs from heterospheroids, whereas a larger 

proportion of iCAF signature genes with higher expression levels in mPSCs from monospheroids 

(Fig.14A). Using qRT-PCR, we further verified that significantly higher expression levels of iCAF 

marker genes Il6, Il1r1 and Cxcl1 were detected in mPSCs from monospheroids, while mPSCs from 

heterospheroids had significantly higher expression levels of myCAF markers Acta2 and connective 

tissue growth factor (Ctgf) (Fig.14B). Unexpectedly, under low serum condition, there was a 

significantly higher proportion of iCAF signature genes enriched in mPSCs from heterospheroids, 

whereas a higher proportion of myCAF signature genes was enriched in mPSCs from 

monospheroids (Fig.14C). The qRT-PCR results showed that the expression levels of iCAF markers 

Il6 and Il1r1 were significantly higher in mPSCs from heterospheroids compared to monospheroids 

under low serum condition, corroborating the bioinformatics result (Fig.14D). However, under low 

serum condition, mPSCs from heterospheroids had also high expression levels of the myCAF 

markers Cgtf and Acta2 compared to mPSCs from monospheroids (Fig.14D).  

A previous study showed that TGFB signalling promoted the myCAF and counteracted the iCAF 

phenotype differentiation70. In our RNA-seq profiling, we also discovered an increased expression 

level of Tgfb1 in mPSCs from heterospheroids compared to monospheroids under high serum 

conditions. To test whether the myCAF like phenotype of mPSCs from heterospheroids was 

induced by Tgfb1 signalling, we incubated Panc1/mPSCs heterospheroids cultured under high 

serum condition with TGFBR1/2 kinase inhibitor [5 µM] on day 1 for 72 hours. The qRT-PCR 

results showed that the expression of myCAF markers Ctgf and Acta2 decreased, while the iCAF 

markers Cxcl1 and Il1r1 increased, indicating that blocking of Tgfb1 signalling shifted mPSCs from 

a more myCAF like subtype to a more iCAF like subtype (Fig.14E). 
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Fig.14 (A) Heatmap shows the comparison of DEGs from mPSCs (heterospheroids vs. 

monospheroids) under high serum condition to previously identified signatures of CAFs38. (B) 

Normalized mRNA expressions of myCAF and iCAF marker genes in mPSCs from monospheroids 

and heterospheroids under high serum condition. (C) Heatmaps show the comparison of DEGs from 

mPSCs (heterospheroids vs. monospheroids) under low serum condition to previously identified 

signatures of CAFs38. (D) Normalized mRNA expressions of myCAF and iCAF marker genes in 

mPSCs from monospheroids and heterospheroids under low serum condition. (E) Normalized 

mRNA expressions of myCAF and iCAF marker genes in mPSCs from heterospheroids under high 

serum condition treated with a TGFBR1/2 kinase inhibitor. (Adapted from Paper II) 

 

4.2.4 mPSCs affected the chemosensitivity of Panc1 cells upon co-culture 

To detect the influence of mPSCs on chemosensitivity of pancreatic tumour cells, we analysed the 

tumour cell specific apoptosis in Panc1 from heterospheroid and monospheroids using M30 

Apoptosense® CK18 kit after treatment with the first-line chemotherapeutic drugs in PDAC 

patients. We found that Panc1 from heterospheroids had a significantly higher apoptosis rate 

compared to monospheroids after treatment with 50 µM gemcitabine under high serum condition 

(Fig.15A). In addition, we discovered higher expression levels of SLC29A1 (solute carrier family 29 

member 1 (augustine blood group), the major transporter of gemcitabine) and DCK (rate-limiting 

activating enzyme of gemcitabine) in Panc1 from heterospheroids compared to monospheroids by 

qRT-PCR (Fig.15B). However, Panc1 from heterospheroids had less apoptosis compared to 

monospheroids after treatment with paclitaxel [1 µM] and SN38 [1 µM] (Fig.15 C-D). 

 

Fig.15 (A) The ratio of epithelial specific ccCK18 from Panc1 monospheroids and heterospheroids 

treated with 50 µM of gemcitabine. (B) Normalized mRNA expressions of SLC29A1 and DCK in 

Panc1 from monospheroids and heterospheroids under high serum condition. (C-D) The ratio of 

epithelial specific ccCK18 from Panc1 monospheroids and heterospheroids treated with 1 μM of 

paclitaxel or SN38. PAC, Paclitaxel. (Adapted from Paper II) 
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4.2.5 Targeting cholesterol synthesis promoted apoptosis of Panc1 upon co-culture with 

mPSCs 

As mentioned before, the cholesterol homeostasis gene set was enriched in Panc1 from 

heterospheroids compared to monospheroids under high serum condition (Fig.11A), which was 

supported by a higher expression level of 3-Hydroxy-3-Methylglutaryl-CoA Reductase (HMGCR), 

the rate-limiting enzyme for cholesterol synthesis, detected by qRT-PCR in Panc1 from 

heterospheroids compared to monospheroids under high serum condition (Fig.16A). To test whether 

targeting cholesterol synthesis could be a potential treatment for PDAC, we treated Panc1 

monospheroids and Panc1/mPSCs heterospheroids with pitavastatin [5 µM] and detected a 

significantly higher apoptosis rate in Panc1 from heterospheroids compared to monospheroids 

(Fig.16B). In addition, pitavastatin treatment increased the expression of low-density lipoprotein 

receptor (LDLR) in Panc1 from both monospheroids and heterospheroids compared to NC 

(Fig.16C), while the absolute level of LDLR expression in Panc1 from heterospheroids and 

monospheroids were comparable independent of pitavastatin treatment. However, the expression 

level of proprotein convertase subtilisin/kexin type 9 (PCSK9) was considerably higher in Panc1 

from heterospheroids compared to monospheroids after pitavastatin treatment (Fig.16D). 

 

Fig.16 (A) Normalized mRNA expression of HMGCR in Panc1 from monospheroids and 

heterospheroids. (B) The ratio of epithelial-specific ccK18 from Panc1 monospheroids and 

heterospheroids treated with 5 µM of pitavastatin. (C-D) Normalized mRNA expressions of 

LDLR and PCSK9 in Panc1 from monospheroids and heterospheroids treated with 5 μM of 

pitavastatin. (Adapted from Paper II) 

 

4.3 Paper III 

4.3.1 The expression level of CCN1 was increased in Panc1 cells upon co-culture with mPSCs. 

In the RNA-seq profiling from Paper II, the CCN1 expression level was significantly higher in 

Panc1 cells from heterospheroids compared to monospheroids, which was further verified by qRT-
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PCR (Fig.17A). CRISPR-Cas9 technology was used to knockout CCN1 in Panc1 cells, and three 

knockout clones C3, C7 and F3 were selected and verified by western blot (Fig.17B) and sanger 

sequencing.  

 

Fig.17 The expression level of CCN1 in Panc1 from monospheroids and heterospheroids was 

analyzed by RNA-seq and qRT-PCR. (B) The representative western blot illustrates the expression 

of the CCN1 on protein level from Panc1-WT and 3 different Panc1-CCN1-KO clones (C3, C7 and 

F3) cultured in 2D. M, monospheroid; H, heterospheroid. (Adapted from Paper III) 

 

4.3.2 CCN1 negatively modulated a stemness gene and positively regulated a gemcitabine 

transporter and - metabolising enzyme gene. 

To examine functions related to CCN1, we analysed the mRNA expression of several genes in 

Panc1-CCN1-KO monospheroids versus unmanipulated/non-edited Panc1 control monospheroids. 

Panc1-CCN1-KO monospheroids had a significantly higher expression level of the stemness marker 

CD24, whereas lower expression levels of the epithelial markers CK19 and CDH1, suggesting 

CCN1 may negatively regulate stemness/ affect cellular plasticity of Panc1 cells (Fig.18A). In 

addition, the expression levels of the gemcitabine transporter SLC29A1 and the gemcitabine 

activating enzyme DCK were also lower in Panc1-CCN1-KO monospheroids compared to Panc1 

control monospheroids (Fig.18A). The significantly decreased mRNA expression of DCK in Panc1-

CCN1-KO cells was confirmed at the protein level by western blot (Fig.18B). We further detected a 

correlation between CCN1 and its related genes by interrogating the publicly available microarray 

dataset GSE71729 of tumour samples from PDAC patients. The transcript level of CCN1 was 

significantly inversely correlated to CD24 but positively correlated with DCK expression, 

supporting the results obtained from our spheroid model (Fig.18C). Altogether, these results 

suggested that CCN1 might affect cellular plasticity (stemness and epithelial phenotype) and 

regulate gemcitabine sensitivity.  
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Fig.18 (A) Normalized mRNA expression levels of CD24, CK19, CDH1, SLC29A1 and DCK in 

Panc1-WT and Panc1-CCN1-KO clones (C3, C7 and F3) from monospheroids. (B) The protein 

level of DCK in Panc1-WT and Panc1-CCN1-KO clones cultured in 2D. The relative ratio of DCK 

expression was quantified by DCK amount per lane / Tubulin amount per lane and then normalized 

to Panc1-WT. (C) The associations between CCN1(CYR61) and CD24 and DCK based on the 

microarray dataset GSE71729. (Adapted from Paper III) 

 

4.3.3 Lack of CCN1 impaired gemcitabine chemosensitivity 

Since decreased expression levels of the key regulators of gemcitabine sensitivity, SLC29A1 and 

DCK, were observed in Panc1-CCN1-KO monospheroids, we further examined the 

chemosensitivity towards gemcitabine in Panc1-CCN1-KO compared to Panc1 control cells. The 

results showed that gemcitabine induced growth inhibition was more effective in Panc1 control 

compared to Panc1-CCN1-KO cells in both classical monolayer culture and in monospheroids 

(Fig.19A). In addition, we also analysed gemcitabine induced apoptosis by detecting the epithelial 

specific ccCK18 in Panc1 control and Panc1-CCN1-KO cells from both monospheroids and 

heterospheroids. A lower apoptosis rate, indicated by a lower ccCK18 ratio of treated versus 

untreated, was observed in Panc1-CCN1-KO compared to Panc1 control monospheroids (Fig.19B). 

Furthermore, co-culturing with mPSCs increased gemcitabine-induced apoptosis for both Panc1 

control and Panc1-CCN1-KO cells in heterospheroids (Fig.19B). On the other hand, no significant 

difference has been detected between Panc1 control and the Panc1-CCN1-KO cells for the ratio of 

ccCK18 from heterospheroid versus monospheroids (Fig.19C), suggesting that mPSCs may 

overexpress Ccn1 to compensate the microenvironment for the missing expression of CCN1 when 

co-cultured with Panc1-CCN1-KO cells. Therefore, we analysed the expression of Ccn1 in mPSCs 
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and found significantly increased Ccn1 expression levels in mPSCs co-cultured with Panc1-CCN1-

KO cells compared to Panc1 control cells (Fig.19D). 

 

Fig.19 (A) The relative cell viability of Panc1 and Panc1-CCN1-KO cells treated with different 

doses of gemcitabine. (B) Ratios of epithelial specific ccCK18 for Panc1 and Panc1-CCN1-KO 

cells from monospheroids and heterospheroids treated with 50 µM of gemcitabine. (C) Relative 

ratios of ccCK18 for Panc1 control and Panc1-CCN1-KO from heterospheroids versus 

monospheroids. (D) mRNA expression of Ccn1 in mPSCs from heterospheroids co-cultured with 

either Panc1 control or Panc1-CCN1-KO cells. (Adapted from Paper III) 

 

4.3.4 LPA and TGFB1 upregulated the expression of CCN1 in Panc1 

It has been found that CCN1 is regulated by LPA and TGFB1 in breast cancer and prostatic 

epithelial cells141,142. In our spheroid models, we found that mPSCs in heterospheroids had increased 

expression levels of Tgfb1 and Enpp2 (ectonucleotide pyrophosphatase/phosphodiesterase family 

member 2). Enpp2, also named autotaxin, is a secreted enzyme converting lysophosphatidylcholine 

into LPA55. Therefore, we hypothesized that TGFB1 and LPA might also regulate CCN1 expression 

in pancreatic cancer cells. By stimulating Panc1 monospheroids with 20 μM of LPA under low 

serum condition (to minimize effects of phospholipids in FBS), we found significantly increased 

expression levels of CCN1 and its downstream genes CTGF and ITGA5, as well as the proliferation 

marker MKI67 (Fig.20A). Stimulation of Panc1 monospheroids grown under low serum condition 

(reducing influence of serum TGFB1 and LPA) with 5 μg/ mL recombinant TGFB1 protein also 

significantly increased the expression of CTGF and ITGA5, but the expression levels of CCN1 and 

MKI67 were affected in a statistically non-significant way (Fig.20A). Notably, stimulation of Panc1 
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monospheroids cultured under high serum condition with TGFB1 protein significantly increased 

CCN1 as well as its downstream genes CTGF and ITGA5 expression (Fig.20B). To further verify 

the regulatory mechanism of LPA and TGFB1 on CCN1 expression, we blocked LPA and TGFB1 

pathways by the autotaxin inhibitor PF8380 [10 μM] and the TGFB receptor kinase inhibitor 

LY2109761 [5 ng/mL] in Panc1/mPSCs heterospheroids grown under high serum condition on day 

5, the time point when increased expression of CCN1 was detected in Panc1 from heterospheroid 

compared to monospheroids. The results showed that CCN1 expression was slightly decreased by 

incubation with either PF8380 or TGFBRi compared to NC, while the combination of both 

inhibitors strongly and significantly reduced the CCN1 expression in Panc1 cells from 

heterospheroids (Fig.20C). The analysis of the microarray dataset GSE71729 of pancreatic cancer 

patients also revealed a positive correlation between CCN1 and ENPP2, as well as TGFB1 

expression (Fig.20D). To determine the possible source(s) of LPA and TGFB1, which upregulated 

CCN1 expression in Panc1 from heterospheroids, we compared the expression of ENPP2/Enpp2 

and TGFB1/Tgfb1 in Panc1 and mPSCs between heterospheroids and monospheroids from RNA-

seq profiling performed in Paper II. Notably, the expression of Enpp2 was almost exclusively 

restricted to mPSCs (Fig.20E) since the expression of ENPP2 in Panc1 was not detectable by RNA-

seq and qRT-PCR (data not shown). Although TGFB1/Tgfb1 were expressed by both Panc1 and 

mPSCs monospheroids, the expression of Tgfb1 in mPSCs from heterospheroids was significantly 

increased compared to monospheroids (Fig.20E). However, no difference of TGFB1 expression was 

detected in Panc1 cells from heterospheroids and monospheroids (Fig.20E).  

 

Fig.20 (A) mRNA expression of selected genes in Panc1 from monospheroids cultured under low 

serum condition stimulated with 20 μM of LPA or 5 μg/ mL of recombinant TGFB1. (B) mRNA 

expression of selected genes in Panc1 from monospheroids cultured under high serum condition 
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stimulated with 5 μg/ mL of recombinant TGFB1. (C) mRNA expressions of CCN1 in Panc1 cells 

from heterospheroids stimulated with 5 ng/ mL of TGFB receptor kinase inhibitor or 10 μM of 

ATX/ Enpp2 inhibitor PF8380, or a combination of both inhibitors. (D) Associations between 

ENPP2, TGFB1 and CCN1 (CYR61) based on the microarray dataset GSE71729. (E) Expression 

levels of Enpp2, Tgfb1 in mPSCs and TGFB1 in Panc1 from monospheroids and heterospheroids. 

(Adapted from Paper III) 

 
4.3.5 LPA and TGFB1 shifted mPSC to the more myCAF like subtype. 

We further explored whether LPA and TGFB1 also regulated mPSCs. By stimulating mPSCs 

monospheroids with 5 μg/mL of recombinant human TGFB1, we found that the expression of Ccn1 

and the myCAF markers Acta2, Ctgf, as well as Col1a1 were upregulated, but the iCAF marker 

Cxcl1 was downregulated (Fig.21A). In addition, stimulation with 20 μM of LPA also significantly 

upregulated Ccn1 expression but inhibited Enpp2 expression in mPSCs from monospheroids 

(Fig.21B). Interestingly, LPA stimulation also upregulated the myCAF markers Acta2 and Ctgf 

expression but downregulated the iCAF marker Cxcl1 without affecting the expression of Tgfb1, 

suggesting LPA might be an additional mechanism to affect CAF subtypes (Fig.21B). For further 

validation, we blocked the LPA pathway in mPSCs/Panc1 heterospheroids by autotaxin inhibitor 

PF8380. As expected, the inhibitor significantly downregulated the expression of the myCAF 

markers Acta2 and Ctgf (Fig.21C). In addition, the analysis of the microarray dataset GSE71729 

derived from bulk PDAC tissue also showed a positive correlation between ENPP2 and ACTA2 

expression (Fig.21D). Taken together, these findings indicated that both LPA and TGFB1 

upregulated Ccn1 expression in mPSCs and shifted mPSCs to a more myCAF-like phenotype. 

 



 

38 

Fig.21 (A) mRNA expression of genes in mPSCs monospheroids stimulated with 5 μg/ mL 

recombinant of TGFB1. (B) mRNA expression of genes in mPSCs monospheroids stimulated with 

20 μM of LPA. (C) mRNA expression of genes in mPSCs from heterospheroid stimulated with 10 

μM of ATX/ Enpp2 inhibitor PF8380. (D) Associations between ACTA2 and ENPP2 based on the 

microarray dataset GSE71729. (Adapted from Paper III) 
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5 DISCUSSION 

We firstly set up a scaffold-free and high reproducible 3D model by co-culturing different human 

pancreatic cancer cells (Panc1 and HPAFII) with immortalized human PSCs to study the tumour-

stroma crosstalk. Notably, these two co-culture models using different tumour cells differed distinctly, 

including morphology and molecular features (e.g., VIM and CDH1). The reasons might lie in the 

different phenotypes of the two tumour cell lines, since the Panc1 cell line originated from the primary 

tumour tissue of the patient classified as a poorly differentiated grade 3 tumour104. The HPAFII cell 

line was derived from the peritoneal ascitic fluid of a patient with a moderately differentiated, grade 2 

tumour104. Despite these differences, the increased proliferation of the tumour cells and the activation 

of PSC upon co-culture have been observed in both models, suggesting that some general reciprocal 

signalling between tumour cells and PSCs exists in pancreatic cancer. Since Panc1 cells were reported 

with a more aggressive phenotype, it was chosen for further studies in paper II and paper III104. 

As CK19 antibodies specifically stained the human epithelial tumour cells (Panc1 and HPAFII) but 

not the hPSCs, it allowed to separate these two cell types in the co-culture models and determine other 

molecules in a cell type specific manner by co-staining with other antibodies, e.g. MKI67. However, 

the staining procedure was complicated and of low throughput, and serial sections of the spheroids 

were needed to reflect the whole picture of the model. In addition, detection of mRNA expression 

changes between monospheroids and heterospheroids in specific cell types was difficult in the human 

tumour and human stroma co-culture models. Our lab tried to analyse the gene expression levels of 

the different cell types from heterospheroids following dissociation into single cells and fluorescence 

activated cell sorting128. However, this method had very low efficiency. In addition, the long 

procedure of cell separation caused cellular stress that affected gene expression. Therefore, the virtual 

sorting method which determined cell type specific genes expression by species-specific primers 

without the need for a dissociation step was developed.  

By using this “virtual sorting” method on heterospecies heterospheroids, we verified the results we 

observed from human-human heterospheroids, including the increased expression of MKI67 and 

decreased CDH1 in Panc1 cells from heterospheroids compared to monospheroids. The heterospecies 

heterospheroids made of human tumour-mouse PSC (Panc1-mPSCs) and mouse tumour-human PSC 

(KPCT-hPSCs) shared several common characteristics, e.g., both PSCs got activated upon co-culture 

with tumour cells, indicated by higher expression levels of the classical activation markers 

ACTA2/Acta2, FN1/Fn1, COL1A1/Col1a1 and TGFB1/Tgfb1 in heterospheroids compared to 

monospheroids, which further confirmed the results from pure human-human Panc1-hPSCs co-culture 

model. Taken together, these expression changes between heterospheroids and monospheroids were 

clear evidence for tumour-stroma crosstalk in our 3D models, and no major differences between 

mouse and human PSCs were detected, paving the way to study tumour-stroma interaction on a global 

level in the heterospecies heterospheroid model.  
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In paper II, we detected the gene expression changes between monospheroids and heterospheroids of 

Panc1 and mPSCs under both high serum and low serum conditions, which could mimick the high 

and low nutrient situations in PDAC. Under high serum condition, the genes with higher expression 

levels in Panc1 from heterospheroids compared to monospheroids enriched in the pathways that 

reflected the main hallmarks of PDAC, including proliferation, EMT, ECM receptor interaction, focal 

adhesion and cholesterol homeostasis. On the other hand, the inflammation-related pathways of IFNα 

and TNFα-NFκB were enriched in Panc1 from heterospheroids compared  to monospheroids when 

cultured under low serum condition. The difference in enriched pathways between high serum and 

low serum condition support the idea that the tumour biological processes are clearly affected by the 

nutrient condition in the TME. 

The two major transcriptional subtypes of PDAC, classical/progenitor and basal-like/squamous, were 

first detected based on pancreatic cancer patients’ tissues30,31. It was later found that the distinct 

transcriptional/expression signatures/phenotypes were driven by different genomic events, e.g. 

SMAD4 and GATA6 alterations were more associated with the classical subtype, while complete loss 

of CDKN2A and TP53 mutations were more related to the basal-like subtype34. In our study, we 

observed that paracrine communication between pancreatic tumour cells and PSCs promoted subtype 

transition, highlighting the roles of the TME in tumour subtype classification. Our finding was 

confirmed by an in vivo study of two xenograft models: the orthotopically grafted organoid 

(OGO) model and the intra-ductally grafted organoid (IGO) model143. The main difference between 

the two models was the TME surrounding the tumour cells: the IGO transplants were engrafted in the 

pancreatic ducts, while the OGO transplants were exposed to the stroma components (including the 

PSCs) in the pancreas143. They found that the OGO xenografts were more like the basal-like PDAC, 

while IGO tumours were more like the classical subtype, suggesting that the stroma shifted tumour 

cells to a more aggressive phenotype143. In addition, they also observed that the EMT and interferon-

α/γ response pathways were enriched in OGO tumours compared to the IGO xenografts, which was 

consistent with the GSEA result from our heterospheroid model cultured under the nutrient-poor 

condition143. Moreover, we also discovered that the two major subtypes, reflected by Panc1 from 

monospheroids and heterospheroids, seemed in a continuum that could interconvert from one to 

another. A scRNA-seq analysis based on an in vitro co-culture system also showed that CAFs shifted 

a patient-derived PDAC cell line to a more EMT-like and proliferative phenotype53, supporting that 

subtypes of PDAC are influenced by the TME. The mechanisms of molecular subtype plasticity of 

PDAC are still under study. The activation of MYC and TP63 transcriptional factors and the EMT 

process have been found to drive the basal-like subtype144,145. Since Panc1 cells from heterospheroids 

had significant enrichment of the MYC pathway and did not express TP63, we hypothesized that the 

MYC signalling might drive the shifting of Panc1 cells to a basal-like subtype in our spheroid model.  

The preliminary pre-clinical and clinical data suggested tumours with distinct subtypes might respond 

differently to the first-line chemotherapy drug-combo of FOLFIRINOX and gemcitabine plus nab-
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paclitaxel146. Collision et al. discovered that the quasi-mesenchymal cell lines were more sensitive to 

gemcitabine compared to the classical ones29. Furthermore, early results from the “Comprehensive 

Molecular Characterisation of Advanced Pancreatic Ductal Adenocarcinoma for Better Treatment 

Selection” cohort heightened the potential sensitivity of basal-like tumours to gemcitabine-based 

regimens, and classical tumours had better outcomes with modified FOLFIRINOX treatment147. 

Besides, Porter et al. also observed that patient-derived cell lines with classical epithelial-like subtype 

had higher sensitivity to FOLFIRNOX148. In line with the previous discoveries, we also observed 

Panc1, a pancreatic tumour cell line, responded differently to distinct chemotherapy drugs. Panc1 cells 

from the heterospheroids, more like the basal-like/mesenchymal subtype, were more sensitive to 

gemcitabine, while the more classical like Panc1 cells from monospheroids were more sensitive to 

paclitaxel and SN38. However, the mechanism behind the distinct chemosensitivities for different 

molecular subtypes of PDAC is still unknown. In this thesis, we considered the tumour subtypes 

together with the CAF subtypes to study their influence on chemosensitivity. 

Several subtypes of CAFs with different functions have been detected in the PDAC microenvironment. 

By using in vitro PSC and PDAC organoid co-culture models as well as PDAC tissues from humans 

and KPC models, Öhlund et al. were the first to identify the tumour-adjacent myCAF (directly 

interacting with tumour cells) with tumour restraining functions and tumour-distal iCAF (interacting 

with tumour cells over distance by secretome) with tumour supporting functions, which were further 

verified by single-cell analyses on PDAC patient tissues38,72. Later, the possible mechanisms for these 

CAF subtypes differentiation were discovered by Biffi et al70. They showed that TGFB signalling 

promoted myCAF differentiation, whereas the NF-κB pathway induced iCAF generation70. 

Consistently, we observed similar subtypes of mPSCs existed in our heterospecies heterospheroid 

model by comparing the RNA profiling of mPSCs to the myCAF and iCAF signatures38. Under high 

serum condition, mPSCs acquired a more myCAF-like phenotype upon directly interacting with 

Panc1 cells, and a higher transcript level of Tgfb1 was observed in mPSCs from heterospheroids. The 

myCAF phenotype of mPSCs could be abrogated by a TGFBR1/2 kinase inhibitor. At the same time, 

we were surprised to find that mPSCs achieved an iCAF-like phenotype upon direct co-culture with 

Panc1 under low serum condition, which was further supported by the enriched NF-κB pathway in 

Panc1 cells upon co-culture with mPSCs. In line with the RNA-seq result, qRT-PCR results showed 

the iCAF markers Il6 and Il1r1 were higher expressed in mPSCs from heterospheroids under low 

serum condition. On the other hand, the myCAF markers, Cgtf and Acta2, were also highly expressed 

by mPSCs from heterospheroids under low serum condition, indicating coexistence of two different 

CAF sub-populations or existence of a mixed subtype in the heterospheroids. In conclusion, our 

heterospecies heterospheroid model showed the cellular plasticity of immortalized mPSCs and 

illustrated that both human PDAC cells and culture conditions affected the phenotype of CAFs.  

There is abundant evidence that CAFs facilitate both intrinsic and extrinsic chemoresistance in 

PDAC58,149-151. The dense desmoplasia has been found to act as a physical barrier or sink that limits 

https://www.ncbi.nlm.nih.gov/pubmed/?term=%26%23x000d6%3Bhlund%20D%5BAuthor%5D&cauthor=true&cauthor_uid=28232471
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effective drug delivery58,151. On the other hand, the interaction between CAFs and tumour cells also 

impaires chemosensitivity, e.g. CAFs compromise gemcitabine-induced apoptosis in tumour cells 

through IL-1β-IL-1R/associated kinase-4 pathway152. In addition, researchers also discovered that 

CAFs protected tumour cells from gemcitabine toxicity by secretion of deoxycytidine and 

exosomes149,153. In contrast, we identified that the myCAF-like mPSCs sensitized co-cultured 

pancreatic tumour cells Panc1 to gemcitabine, probably through upregulation of the gemcitabine 

importer SLC29A1 and the gemcitabine activating enzyme DCK. The discrepant results may be 

explained by the heterogeneity of CAFs/mPSCs used in different studies, e.g. primary versus 

established PSC cell lines versus nonpancreas-derived fibroblasts. 

In paper III, we further examined the mechanism of increased gemcitabine sensitivity of tumour cells 

upon co-culture with PSCs and discovered that it is presumably caused by the CCN1 gene, which was 

significantly increased in Panc1. This was indicated by increased gemcitabine resistance and lower 

expression levels of SLC29A1 and DCK observed in Panc1-CCN1-KO clones. We further discovered 

that TGFB1 and LPA from mPSCs were possible sources for the upregulation of CCN1 expression in 

Panc1. In addition, LPA and TGFB1 were also potential candidates for a phenotypical shift towards a 

myCAF-like phenotype. The early CAF-depletion studies either by blocking the SHH pathway or 

genetically targeting αSMA+ cells resulted in poor prognosis in PDAC63,65. Besides, ablation of Shh-

dependent CAFs significantly decreased the αSMA+ CAF population in the background of the KPC 

mouse model, suggesting a functional association between Shh-dependent CAFs and αSMA+ CAFs154. 

We also observed significantly increased expression of Gli1 (Shh-responsive gene) in myCAF like 

mPSCs upon co-culture with Panc1 under high serum condition. Therefore, we speculate that the 

failure in targeting Shh-dependent or αSMA-positive CAFs lies in the preferential deletion of the 

myCAF subpopulation, which is later discovered to possess tumour-suppressive functions. The 

discoveries described in our thesis work may add another puzzle piece to the heterogeneous functions 

of CAFs regarding chemosensitivity in PDAC. 

Paradoxically, converse results, namely that CCN1 promoted gemcitabine resistance in PDAC, were 

discovered by other groups87,91. These contradictory results may be due to different experimental 

approaches such as different genetic manipulation methods, since other groups used lentiviral-based 

RNA interference (RNAi) or CRISPR-Cas9 editing technology to study the functions of CCN187,91. 

The lentiviral-based genetic modification technology risks the induction of unknown genomic 

integration of the lentivirus, which can disrupt or increase gene expression by insertional 

mutagenesis155. Besides, the constitutive expression of the Cas9 enzyme may induce additional off-

target genomic editing. Also the RNAi technology has high off -target risks and incomplete silencing 

effect156. To overcome these potential problems, we chose the lipofection based transfer of the 

CRISPR-Cas9 components, guaranteeing only transiently expression of Cas9 and minimal toxicity. 

Another reason for the controversial results may be caused by the cell line. As the cell line cultured in 

vitro evolves over time, the same cell line in different laboratories may differ considerably in its 
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properties. This is a non-neglectable limitation of using cell lines for biological studies, so clarification 

from more advanced models, e.g. ex vivo or in vivo, is needed. 

The major advantage of the heterospecies heterospheroid model described in our study is that it 

allowes the detecting of the tumour biology stemming from tumour/stroma interaction without 

dissecting the heterogeneous spheroids into single-cell suspension and cell sorting, since the long and 

harsh disaggregation and cell sorting steps to separate tumour and stroma cells would affect gene 

expression157. Besides, our co-culture model is suitable for genetic manipulation as we have 

demonstrated with the CCN1-KO in specific cell types to study the function of a given protein. In 

addition, our scaffold-free spheroid model showes high reproducibility, and is compatible with 

imaging analysis and adaptable to high throughput analyses/drug screening.  

Although the heterospecies heterospheroid model advances our understanding of tumour/stroma 

crosstalk, there are still some limitations. One of the disadvantages is the immortalized PSCs used in 

our study, which are artificially manipulated to continuously divide and may possess less relevant 

attributes or functions than primary cells158,159. However, the availability of primary PSCs is limited, 

since they sometimes do not survive ex vivo or only grow for a limited number of passages before they 

go into senescence159. Öhlund et al. discovered similar activated phenotypes between the primary 

PSCs and immortalized PSCs when co-culture with tumour organoids, suggesting the potential 

usefulness of immortalized PSCs in the co-culture study38. The fact that our heterospheroid model is 

based on cell types from different species has advantages and limitations at the same time. There are 

some signalling molecules that are species-specific and may restrict some of the interactions between 

human tumour and mouse stromal cells160. However, a study that compared global gene expressions 

demonstrated conserved tissue-specific expression patterns between both species161. In addition, we 

also confirmed the similarity between mouse PSCs and human PSCs when co-cultured with pancreatic 

tumour cells in Paper I. 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=%26%23x000d6%3Bhlund%20D%5BAuthor%5D&cauthor=true&cauthor_uid=28232471
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6 CONCLUSIONS 

The thesis uncovers novel insights into the interaction between tumour and stroma in pancreatic 

cancer by an advanced 3D co-culture model. Particularly, the paracrine signalling networks between 

PDAC cells and stroma affect transcriptional subtypes of tumour cells and PSCs/CAFs. Moreover, the 

myCAF like mPSCs sensitize PDAC cells to gemcitabine upon co-culture. The main conclusions of 

each paper are highlighted below: 

We set up a novel 3D co-culture model of human tumour cells and human PSCs that reflected 

tumour/stroma crosstalk in PDAC. Furthermore, a heterospecies heterospheroids model based on 

different species of tumour cells and PSCs was developed, which allowed to study cell type specific 

gene expression without cell dissociation. (Paper I) 

Transcriptional characterisation of heterospecies heterospheroids discovered key features of PDAC. 

Co-culture with mPSCs shifted the PDAC cells towards the more aggressive, basal-like, subtype. At 

the same time, mPSCs got activated and achieved distinct cancer-related phenotypes (iCAF/myCAF) 

under different culture conditions, which further affected the drug sensitivity of cancer cells. (Paper II) 

The paracrine stimulation through TGFB1 and LPA between mPSCs and Panc1 cells shifted mPSCs 

to achieve a more myCAF-like subtype and upregulated the expression of CCN1 in Panc1 cells. 

CCN1-KO in Panc1 cells resulted in dedifferentiation into a more progenitor-like state and the 

sensitivity towards gemcitabine was blunted. (Paper III) 
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7 POINTS OF PERSPECTIVE 

Although molecular subtypes of PDAC have been well elucidated by both bulk RNA-seq and scRNA-

seq, the administration of different chemotherapeutic regimens, FOLFIRINOX or gemcitabine/nab-

paclitaxel, according to molecular subtypes for individual tumours/patients in the clinical reality is still 

in its infancy.  O’Kane et al. found that patients with classical tumours may benefit more than basal-

like subtype when treated with FOLFIRINOX162. In addition to the molecular subtypes, Tiriac et al. 

and Nicolle et al. revealed pharmacotranscriptomic expression signatures that could predict 

chemotherapy sensitivity for PDAC patients137,163. Management of rational therapeutic strategies for 

PDAC patients based on molecular subtypes and/or chemosensitivity signatures may achieve 

advanced clinical benefits. However, these promising developments still await confirmation by other 

research groups and/or thorough clinical studies. Besides, the CAF heterogeneity may also affect the 

chemosensitivity of tumour cells, since we found that the myCAF like mPSCs promoted gemcitabine 

sensitivity of PDAC cells. Along these lines, another study observed that PDAC patients with higher 

serum levels of IL-6 and IL-1β, the major iCAF markers, had poor responses to gemcitabine164. 

Considering both neoplastic molecular subtypes and CAF subtypes influence chemosensitivity, deeper 

knowledge of the specific associations between tumour and CAF subtypes is urgently needed. As bulk 

RNA-seq only reveals the sum of all signals from the mixed cell population, the scRNA-seq together 

with spatial transcriptome analysis on patients´ tissues from larger PDAC cohorts might be promising 

methods to clarify this complicated question.  

Recently, the therapy regimens have also been found to influence tumour subtypes, e.g. enrichment of 

basal-like signature over classical signature was observed in PDAC cells after FOLFIRINOX 

treatment, probably through the selection effect (depletion of the more sensitive subtype) and/or due to 

tumour cell plasticity148,165. This might partly explain the acquired resistance in PDAC patients with 

chemotherapy. Therefore, evaluation of molecular subtypes after chemotherapeutic treatment is 

important, which could guide the application of an effective drug. As surgery is unavailable for 

advanced PADC patients and biopsy is an invasive method to obtain tissues for molecular subtypes 

detection, linking tissue based transcriptional molecular subtype classification to other non-invasive 

methods, like radiomics, to characterize PDAC patients may be promising in the future. 

The origins of CAFs, especially the significant heterogeneity in their subtypes in pancreatic cancer are 

still under investigation. We and other labs found that iCAF and myCAF represented different states 

of activated PSCs and could interconvert between each other in vitro38. Recently another scRNA-seq 

study identified two fibroblast populations in normal mouse pancreas that might generate the myCAF 

and iCAF subtypes in the tumour by differentiation trajectories and pseudo-time analysis166. In 

addition, a mesothelial cell population in the normal pancreas has been found to express the apCAF 

signature166. Developing lineage tracing models to study the origin of CAFs is needed in future 

research.  

https://www.annalsofoncology.org/article/S0923-7534(20)43131-X/fulltext
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Targeting CAFs in TME looks like a promising therapeutical approach for PDAC. Considering the 

tumour-suppressive roles of sub-populations of CAFs in PDAC, further studies might focus on 

detecting treatment strategies that specifically delete tumour-promoting CAFs (e.g. iCAF and apCAF), 

block their signalling, or convert/re-educate them into tumour-restraining CAFs. 
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