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Despite general development in cancer diagnostics pancreatic cancer remains one 

of the cancers with the poorest prognosis. The diagnosis is usually done in a late 

stage as reliable screening methods are not available. Resection increases the five-

year survival rate from 5% to 20% but only one in five pancreatic cancers is 

detected when the surgical resection is still possible. KRAS mutation is present in 

almost all cases and TP53, CDKN2A and SMAD4 mutations are common (40-60% 

of cases). A cytological brush sample can be obtained from pancreatic and biliary 

ducts. The sample is usually low in cellularity and microscopic diagnosis alone 

may be inconclusive. The inclusion of molecular pathology methods could clarify 

the diagnosis. The aim of this Master's Thesis was to study if pancreatic cancer 

associated mutations were detectable from the cytological samples and to evaluate 

the value and sensitivity of the molecular diagnostic methods used. 30 cytological 

samples from pancreatic and biliary ducts of pancreatic cancer patients were 

studied with droplet digital PCR (ddPCR) and next generation sequencing (NGS). 

KRAS mutation was detected in 63,3% with ddPCR and 57% with NGS. With NGS 

a mutation in TP53, CDKN2A and SMAD4 was found in 60%, 40% and 30% of the 

cases, respectively. In conclusion, the sensitivity of ddPCR was higher than NGS 

but neither were highly sensitive when studying KRAS mutation from samples 

with low tumor DNA yield. KRAS mutation was found to be unspecific for 

malignancy as it was found from 33% of 24 benign control samples studied with 

ddPCR. TP53, CDKN2A, and SMAD4 were detected with similar frequency than in 

literature when using NGS. Cytological samples hold potential for diagnostic use 

when suitable biomarkers and sensitive methods are used.  
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Syöpädiagnostiikan kehityksestä huolimatta haimasyöpä on edelleen yksi 

huonoennusteisimmista syövistä. Sairaus havaitaan yleensä vasta kun se on jo 

edennyt pitkälle. Varhainen diagnosointi ja kasvaimen leikkaus kasvattavat 

viisivuotisennustetta 5%:sta 20%:iin. Vain viidennes haimasyövistä kuitenkin 

diagnosoidaan kun leikkaus on vielä mahdollinen. Lähes kaikissa haimasyövissä 

esiintyy KRAS-mutaatio, ja TP53, CDKN2A ja SMAD4-geenien mutaatiot ovat 

yleisiä (40-60%:ssa tapauksista). Sappi- ja haimatiehyistä voidaan kerätä 

sytologisia irtosolunäytteitä, mutta niiden tulkinta on vähäsoluisuuden vuoksi 

mikroskooppisesti haastavaa. Molekyylipatologisten menetelmien käyttö voi 

täydentää diagnostiikkaa. Tämän tutkielman tavoitteina oli tutkia, ovatko 

haimasyöpään liittyvät mutaatiot havaittavissa näistä sytologisista näytteistä, ja 

voiko molekyylidiagnostisia menetelmiä hyödyntää niiden tutkimisessa. 30 

sytologista haimasyöpäpotilaista tutkittiin droplet digital PCR:llä (ddPCR) ja 

uuden sukupolven sekvensoinnilla (next generation sequencing, NGS). KRAS-

mutaatio havaittiin 63,3%:sta ddPCR:llä ja 57%:sta NGS:llä. Lisäksi NGS:llä 

havaittiin mutaatio TP53-geenissä 60%:ssa, CDKN2A-geenissä 40%:ssa ja SMAD4-

geenissä 30%:ssa tapauksista. Yhteenvetona todetaan, että ddPCR:n herkkyys on 

parempi kuin NGS:n tutkittaessa KRAS-mutaatiota, mutta kumpikaan menetelmä 

ei ole erittäin herkkä tutkittaessa näytteitä, joissa kasvainsolujen osuus on pieni. 

KRAS-mutaatio todettiin epätarkaksi merkiksi pahanlaatuisuudesta, sillä se 

havaittiin myös 33%:ssa 24:stä kontrolleina käytetystä hyvänlaatuisesta näytteestä. 

TP53-, CDKN2A- ja SMAD4-mutaatiot havaittiin NGS:llä lähes kirjallisuudessa 

mainitulla taajuudella. ERCP-näytteissä on diagnostista potentiaalia, kun valitaan 

tarkoitukseen sopivat biomarkkerit ja herkät tutkimusmenetelmät. 



 

TABLE OF CONTENTS 

TABLE OF CONTENTS ...................................................................................................4	  

ABBREVIATIONS .............................................................................................................6	  

1	   INTRODUCTION .........................................................................................................7	  

1.1	   Pancreatic cancer .................................................................................................. 7	  

1.2	   Cytological samples taken from biliary ducts ............................................... 10	  

1.3	   Genes of interest ................................................................................................. 11	  

1.3.1	   Gene mutations in pancreatic cancer .................................................... 11	  

1.3.2	   KRAS .......................................................................................................... 12	  

1.3.3	   TP53 ............................................................................................................ 13	  

1.3.4	   CDKN2A .................................................................................................... 14	  

1.3.5	   SMAD4....................................................................................................... 14	  

1.4	   Methods to study genetic alterations .............................................................. 15	  

1.4.1	   Droplet digital PCR ................................................................................. 15	  

1.4.2	   Next generation sequencing ................................................................... 16	  

2	   AIMS OF THE STUDY ...............................................................................................17	  

3	   MATERIALS AND METHODS ................................................................................18	  

3.1	   Sample selection and sample preparation ...................................................... 18	  

3.2	   ddPCR .................................................................................................................. 20	  

3.3	   NGS ...................................................................................................................... 22	  

3.3.1	   DNA library preparation ........................................................................ 22	  

3.3.2	   Sequencing and data analysis ................................................................ 22	  

4	   RESULTS ......................................................................................................................24	  



 

4.1	   Droplet digital PCR results ............................................................................... 24	  

4.2	   Next generation sequencing results ................................................................ 25	  

5	   DISCUSSION ...............................................................................................................29	  

5.1	   Studying molecular pathology of pancreatic cancer .................................... 29	  

5.2	   Cytological ERCP sample as a material for sensitive molecular studies ... 29	  

5.3	   Conclusion .......................................................................................................... 33	  

5.4	   Future prospects ................................................................................................. 34	  

AKNOWLEDGEMENTS ...............................................................................................37	  

REFERENCES ..................................................................................................................38	  

 



 

ABBREVIATIONS 

ddPCR:  Droplet digital PCR 
 
ERCP:   Endoscopic retrograde cholangiopancreatography 
 
FFPE:    Formalin fixed paraffin embedded  
 
NGS:   Next generation sequencing   
 
 



 

 

7 

1   INTRODUCTION 

1.1   Pancreatic cancer 

Cancer develops when accumulating genetic alterations activate oncogenes and 

inactivate tumor suppressor genes in cells (Hanahan and Weinberg, 2000; Wood & 

Hrurban, 2012; Vogelstein et al. 2013). Healthy cells are transformed into 

malignant cancer cells gradually via multiple pre-malignant stages by acquiring 

capabilities that give cancer cells advantages compared to normal cells. Hanahan 

and Weinberg (2000) describe the key characteristics of cancer cells known as 

hallmarks of cancer: cells are not depended on growth signals from outside but in 

fact are self-sufficient, they are insensitive to signals inhibiting growth, they are 

able to evade apoptosis, they can replicate without a limit, promote angiogenesis 

and invade tissue and produce metastasis. In 2011 two more hallmarks were 

added: energy metabolism reprogramming and the ability to evade the body's 

immune system (Hanahan and Weinberg 2011). 

In Finland there is ca. 1100-1200 pancreatic cancer cases annually (Finnish cancer 

registry). In 2009 pancreatic cancer caused 45 000 cancer deaths (from a total of 567 

000 deaths caused by all cancers combined) in United States, being the third 

deadliest cancer in men and fourth in women (Vogelzang et al., 2011; Waddell et 

al., 2015; Siegel et al., 2013). The same year pancreatic cancer caused 959 deaths 

(from a total of 11 225 deaths caused by all cancers combined) in Finland (Finnish 

cancer registry). The most recent Finnish cancer statistic reveals there was 1162 

new pancreatic cancer cases in 2016 (Finnish cancer registry). 

One of the risk factors of pancreatic cancer is smoking. In mice studies Hermann et 

al. (2014) detected that nicotine transformed mouse pancreatic cells and stimulated 

tumor cell growth. Exposing the mice to an amount of nicotine corresponding to 

blood nicotine level of average smoker induced the pancreatic acinar cells  
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to differentiate by activating AKT-ERK-MYC signaling route. Eventually via 

down-regulating GATA6 promoter activity this led to hyperactivation of KRAS 

(Kristen rat sarcoma viral oncogene homolog, a gene mutated in many cancers) 

and loss of acinar differentiation. Nicotine induced the pancreatic cells to acquire 

characteristics of cancer stem cells and made the existing tumors more aggressive 

and increased their metastatic potential (Hermann et al. 2014). Obesity is also an 

important risk factor. Lashinger et al. concluded in 2013 that insulin-like growth 

factor-1 (IGF-1), which is increased in mice following obesity-inducing diet, 

affected the cell signaling routes and eventually affected progressively to the 

spontaneous tumorigenesis induced by the most common genetic alterations in 

pancreatic cancer: KRAS and p16/INK4A deficiency. Other risk factors include age 

(median age of diagnosis is 72 years), diabetes mellitus and metabolic syndrome, 

low level of vitamin D in serum and genetic familial predisposition (in 5-10 % of 

cases) (Tanase et al. 2014). 

Pancreatic cancer is usually ignited in the epithelial cells of the pancreatic ducts 

(pancreatic ductal adenocarcinoma) and the tumor mass is commonly found in the 

head of the pancreas (Chhieng and Stelow 2007, 25). The most important treatment 

for pancreatic cancer is surgical resection of the tumor if possible, followed by 

chemotherapy and radiotherapy. There are drugs that can be used to treat 

pancreatic cancer, such as inhibitors targeting signaling pathways. For example, 

receptor tyrosine kinase inhibitors aim to stop the cancer cell proliferation and 

tumor growth. The challenge is that tumors can develop drug resistance by 

acquiring cell clones with a resistance mutation. (Tanase et al. 2014; Awasthi et al. 

2012). Despite development of cancer treatment in the past decades pancreatic 

cancer still has a very poor prognosis. According to American Cancer Society 

about two thirds of cancer patients in general survive at least five years but in 2011 

pancreatic cancer five-year survival rate in United States was only less than 5% 

and the mean survival after diagnosis was 6 months. There has not been much 

development in screening methods for pancreatic cancer either. Taking a 
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diagnostic tissue biopsy from the pancreas is not always possible as there are 

contraindications (for example lack of a safe path to take the sample) and several 

complications (for example inflammation of the pancreas and severe bleeding) 

associated to performing a sampling with a needle (Chhieng and Stelow 2007, 3). 

Pancreatic cancer treatment has not been improving in the same rate as some other 

cancer treatments (Vogelzang et al., 2011; Waddell et al., 2015; Siegel et al., 2013). 

Only one in five cases of pancreatic cancers is detected when the surgical resection 

is still an option. Resection increases the five-year survival rate from 5% to 20% 

(Ylimaz and Deshpande 2012).  

Jaundice, or yellowness is one of the main symptoms of pancreatic cancer. It 

follows the obstruction of the biliary tracts caused by the pressure of the growing 

tumor (Vincent et al. 2011). Patients experiencing jaundice receive the diagnosis 

faster than patients without jaundice as it is one of the most recognized symptom 

of pancreatic cancer (Walter et al. 2016). Other symptoms include abdominal pain 

and weight loss. In some cases pancreatitis (inflammation of the pancreas) may be 

caused by the obstruction of the pancreatic ducts (Vincent et al. 2011). In recent 

years the diagnosing of pancreatic cancer has been changing. Conventional clinical 

histological evaluation and immunostaining is challenged and complemented by 

new DNA sequencing methods. This is a welcomed development as 

distinguishing between invasive carcinoma and non-cancerous reactive tissue 

changes can be very difficult (Hruban and Klimstra 2014). Cancer is graded based 

on the level of differentiation. Well differentiated tissue (looks very similar to 

healthy tissue) usually is less aggressive and poorly differentiated (cell and tissue 

morphology is severely changed) is more aggressive with worse prognosis (Wood 

and Hrurban 2012). 
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1.2   Cytological samples taken from biliary ducts 

Endoscopic retrograde cholangiopancreatography, or ERCP is a preoperational 

procedure that is used to image the biliary ducts and open the obstruction (for 

example a narrowing of the duct) that causes jaundice in the patient (Varadarajulu 

& Bang, 2016). A metallic stent is placed in the duct that has the blockage to regain 

the normal biliary drainage. A cell sample can be obtained by brushing during the 

ERCP (Figure 1). This saves time and minimizes the number of operations for the 

patient because a separate biopsy to yield a tissue sample is not necessarily needed 

if the ERCP sample is adequate (Varadarajulu & Bang, 2016). Cytological cell 

samples are graded according to Papanicolaou-criteria (Stenbäck & Koivuniemi 

1994). The classification used in Finnish health care is as follows: 0: non-diagnostic 

(sample is not presentable enough to make diagnosis), I: negative for malignancy, 

normal cells, II: benign atypical cells (cells do not have a completely normal 

appearance but are not cancer cells) III: suspicious for malignancy, IV: strongly 

suspicious for malignancy V: malignant cells (Stenbäck & Koivuniemi 1994). 

 
Figure 1. Two different cytological ERCP-samples, hematoxylin-eosin stain. 
Sample A has very low cellularity, B has moderate amount of nucleated cells 
(nucleus stained darker blue). Some nucleated cells are marked by arrows. Scale 
bars mark 250 µm. 
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The interpretation of the cytological epithelial sample obtained from ERCP is not 

always simple (Varadarajulu & Bang, 2016). The tumors are usually very fibrotic 

and low in cellularity. The brush sample obtained during ERCP may give low or 

nonexistent cellular yield. Pancreatic adenocarcinoma usually has lower yield in 

brush samples than cholangiocarcinoma (cancer of the bile duct) because 

pancreatic carcinoma does not necessarily reach the interior of the bile duct and 

only causes the stricture by compressing the surroundings of the duct 

(Varadarajulu & Bang, 2016; Young et al., 2010). The cells obtained may have 

borderline characteristics which sometimes make the interpretation difficult and 

therefore malignancy cannot always be confirmed from the brush sample. 

Especially tumors that are well-differentiated (the cancer cells may look similar 

compared to the healthy cells) can prove to be challenging to diagnose based on 

the cytology only. For that reason it is important to search for new methods to 

increase the sensitivity of the cytological ERCP examination. Molecular DNA 

analysis of the cytological material may provide a useful way to improve the 

utility of the ERCP examination (Varadarajulu & Bang, 2016; Young et al., 2010). 

1.3   Genes of interest  

1.3.1   Gene mutations in pancreatic cancer 

Pancreatic neoplasms include multiple benign and malign diseases that present 

large genetic variation between different cases and also intratumor genetic 

heterogeneity (Wood and Hrurban 2012). The genetic information of pathological 

samples has to be combined with morphological data in order to utilize the full 

potential of genetic studies (Ilyas 2017). The genetic background has been studied 

in the recent years and the most commonly found mutation in pancreatic cancer is 

activating mutation of KRAS, which is present in almost all cases (Waddell et al. 

2015). The prevalence of inactivating mutations of TP53 (p53), SMAD4 and 

CDKN2A is 61%, 38% and 38% respectively (Felsenstein, Hrurban and Wood 

2017).  
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Most often the mutation in pancreatic cancer-related gene is a single base mutation 

and the tumor can be very heterogeneous containing many different kinds of 

mutations. With in depth exome analysis Jones et al. (2008) found there to be an 

average of 63 mutations in each pancreatic tumor. They state that these mutations 

affect the normal signaling pathways and are key elements in formation of 

pancreatic tumors.  

1.3.2   KRAS 

Kristen rat sarcoma viral oncogene homolog or KRAS is a gene of the RAS gene 

family that encodes GTPase in receptor tyrosine-kinase signalling pathway 

affecting growth factor receptors (Wood & Hrurban, 2012). It is a proto-oncogene 

which becomes an oncogene if a point mutation occurs in the KRAS gene. KRAS is 

a monomeric GTPase that binds GTP. The mutation makes the protein unable to 

hydrolyse GTP to GDP. This makes the protein hyperactive and it continues to 

transmit growth promoting signals through the cell surface receptors leading to 

unrestricted growth of mutated cell population. One in five cancers harbour a 

mutation in a RAS gene (Alberts et al. 2008, 1233-1234). 

Activating somatic KRAS mutations are present in certain hotspot regions in genes 

(Wood & Hrurban, 2012). The mutation is in codon 12 (p.G12D) in majority of 

pancreatic cancers (Young et al., 2010). According to studies with mice models, 

KRAS codon 12 mutation is required for the initiation on pancreatic cancer and is 

also vital in the survival of cancer cells. In addition to regulation of several 

signalling pathways between epithelial cells and its surrounding environment, it 

upregulates Hedgehog signalling and inflammatory pathways. Inhibiting the 

expression of mutated KRAS gene could provide a way to treat pancreatic cancer 

(Collins et al. 2012). 
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1.3.3   TP53 

Abnormalities (such as hypoxia and oncogene hyperactivation) detected during 

the cell cycle checkpoints give signals to the apoptotic machinery and the cell cycle 

is either halted to repair the damage, or if the damage is too excessive, the cell is 

electively driven into apoptosis via apoptotic effector cascade. A tumor suppressor 

protein p53 encoded by the gene TP53 is a part of this machinery (Hanahan and 

Weinberg 2000). p53 protein induces the expression of protein p21 by binding to 

DNA. p21 halts the cell from entering S-phase where the DNA is normally 

replicated. p53 also promotes apoptosis by stimulating the expression of pro-

apoptotic genes and by inhibiting anti-apoptotic proteins (Alberts et al. 2008). In 

normal cells p53 is expressed at low concentrations both in the cytoplasm and 

nucleus and moves between the two. In the presence of cell stress p53 is directed 

into the nucleus (Maki 2010). The p53 production can be activated also with 

chemotherapeutic drugs and protein-kinase inhibitors. The p53 protein 

accumulates in the cells as the degradation of the protein is inhibited. When the 

concentration of p53 is high enough it binds to the DNA (Vogelstein et al. 2000).  

Mutations in gene TP53 are present in most cancers and are caused usually by a 

single amino acid change in the domain that binds to DNA. Mutated p53 protein is 

expressed in excessive amounts but it has lost its ability to suppress tumor 

formation and growth (Zhu et al., 2015). The normal function of p53 protein is lost 

either by a direct mutation in the TP53 gene or inactivation caused by proteins 

produced from other mutated genes. TP53 gene is activated only when there is a 

need to repair something in the cell but is very sensitive to DNA damage. 

Mutations and changes in the normal cell functions may lead the stressed cells to 

become cancerous. This is why p53 stops the cell cycle if a stressed cell is in the 

process of dividing and leads the cell to apoptosis if the alteration cannot be fixed 

(Vogelstein et al. 2000). 



 

 

14 

1.3.4   CDKN2A 

CDKN2A is another gene that affects the cell cycle. It codes tumor suppressor 

proteins p14 and p16. In order for cell cycle to progress cyclin D and cyclin-

dependent kinase Cdk4 must form a complex which then phosphorylates the 

retinoblastoma protein (Rb) in the Rb signaling pathway (Alberts et al. 2008, 1243). 

When the cell is stressed (for example DNA damage is observed) p16 inactivates 

the cyclin D-Cdk4-protein kinase complex by binding to Cdk4. The cell will not 

enter S-phase and stays in the G1-phase. In cancer CDKN2A is either amplified 

promoting cell proliferation or there is deleting or inactivating mutation so that 

protein p16 is not expressed at all (Alberts et al. 2008, 1243). 

 

A gene can also be silenced by methylation which is an epigenetic alteration. 

CDKN2A methylation is often present in cancers that do not have a mutation in 

the gene. (Alberts et al. 2008, 1243.) A meta-analysis study made in 2015 revealed 

that CDKN2A inactivation via methylation is more frequent in pancreatic cancer 

patients than in healthy controls and is also associated with lower survival rate 

(Tang et al. 2015). The prevalence of CDKNA2 hypermethylation (high degree of 

methylation) is also higher in cases of chronic pancreatitis. This hypermethylation 

might reveal the pancreatitis patients that may have a high risk of eventually 

developing pancreatic cancer (Tang et al. 2015). 

1.3.5   SMAD4 

SMAD4 is a tumor suppressor gene that codes a protein in the TGF-β 

(transforming growth factor β) signaling route. Binding of TGF-β protein to the 

receptor activates SMAD proteins which in turn bind to SMAD4 protein (Alberts 

et al. 2008, 1252.) Mutated SMAD4 inactivates the TGF-β pathway which enhances 

cell proliferation (Xu and Attisano 2000). TGF-β pathway and SMAD4 play an 

important role in controlling and repairing DNA damage by regulating genes 

associated with the DNA damage repair pathway. Loss of SMAD4 activity thus 

promotes genomic instability (Zhao et al. 2018). SMAD4 gene also has a promoting 
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role in epithelial-mesenchymal transition through the TGF-β signaling route (Zhao 

et al. 2018). 

In mice models knocking out the SMAD4 gene does not initiate pancreatic cancer 

which suggests SMAD4 gene alone is not a cancer-driver gene (the driving force or 

initiator of the cancer). It seems to require other genetic alterations to be present 

also for tumorigenesis to ignite (Zhao et al. 2018). The loss of SMAD4 is a late stage 

event related to poor survival rate in pancreatic cancer (Huan et al. 2003). The 

genetic alterations also affect treatment as adjuvant chemotherapy has reduced 

response in SMAD4 mutated cancers (Zhao et al. 2018).  

1.4   Methods to study genetic alterations 

1.4.1   Droplet digital PCR 

Digital PCR is term used to describe PCR methods that amplify and then quantify 

single molecules separately in contrast to traditional real time PCR where the 

single reaction includes multiple DNA molecules. The method could be 

alternatively called single molecule PCR and it enables the detection of rare target 

molecules. Digital PCR was first decribed in 1990 (Morley 2014).  

 

Droplet digital PCR (ddPCR) is a method of dividing the DNA templates to 

thousands of drops sealed by oil and performing the PCR amplification reaction 

inside these drops. This way one 20 µl sample can be divided up to 20000 separate 

PCR reactions instead of the traditional one reaction per sample tube. Bio-Rad 

owns the ddPCR trademark and has validated ddPCR assays for copy number 

variation analysis, rare mutation detection, NGS library quatification and to study 

high sensitivity gene expression. Because of the massive sample partitionining 

ddPCR requires less sample than other PCR techniques. The droplets are analyzed 

in flow cytometer like machine that counts individual droplets and their 
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fluorescence. Quantitation is based on Poisson method. Analysis reveals the target 

DNA concentration quantitatively without a standard curve (Bio-Rad).  

 

ddPCR has multiple benefits compared to other commercially available PCR 

methods. According to Bio-Rad it is precise, gives alsolute quatification of the 

target DNA copies in one sample, makes possible detection of rare targets by 

giving low background noise. In a study made with ddPCR to detect mutation in 

IDH (isocitrate dehydrogenase 1) gene from glioma (a central nervous system 

tumor) tissue using Sanger sequencing as a standard, ddPCR has been proven to 

be more sensitive than qPCR and it also gives more easily interpeted results 

(Wang et al. 2015). 

1.4.2   Next generation sequencing 

Faster and more cost-efficient methods of studying genetic alterations in cancer 

and other diseases have been in demand in recent years. Advances in genomic 

sciences and development of new methods in the last decade have made them 

more mainstream and have enabled more comprehensive studies of the 

backgrounds of diseases. Not only in the field of research but also in clinical use, 

for example when studying if cancer patient will benefit from targeted therapy. In 

the same time the cost has gone down and is significantly lower than in the classic 

Sanger sequencing (based in capillary elecrophoresis technology) (Bahassi and 

Stambrook 2014). The main difference between Sanger sequencing and next 

generation sequencing (NGS) is the sequencing volume and cost.  Sanger is only 

able to sequence a single DNA fragment at a time whereas NGS can parallelly 

sequence millions of fragments during just one run at relatively low cost. This also 

makes NGS highly sensitive in detection of low frequency variants (Ilyas 2017). 

NGS platforms can be used to provide highly accurate genomic data for more 

targeted studies or even to sequence the whole exome, depending on the data 

yield and sequencing depth desired (Bahassi and Stambrook 2014).  



 

 

17 

2   AIMS OF THE STUDY  

I To study if there are the mutations associated with pancreatic cancer especially 

in KRAS gene and also TP53, CDKN2A and SMAD4 genes detectable in cytological 

ERCP samples taken from the pancreatic or biliary ducts of patients with 

pancreatic cancer.  

II To evaluate the sensitivity and value of droplet digital PCR (ddPCR) and next 

generation sequencing (NGS) in the diagnosis of pancreatic cancer when using 

cytological ERCP samples. 

The hypothesis of this study is that generally very low yield ERPC sample has at 

least some value in diagnosis of pancreatic related malignancy, and that modern 

molecular pathology methods are sensitive enough to reveal mutations from the 

ERCP samples. 
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3   MATERIALS AND METHODS 

3.1   Sample selection and sample preparation 

A research permit to perform this study was obtained from medical director of 

diagnostic operating area in Central Finland Central Hospital Kirsi Timonen. The 

clinician responsible for the study was MD Teijo Kuopio, department of 

pathology, Central Finland Central Hospital. Cytological ERCP samples of the 

archives of Jyväskylä Central Hospital taken between 2008 - 2016 were selected for 

the study. The decision path and criteria of the cases included were the following:  

-   a clinician searched a case list of patients between 2008 - 2016 who had 

been diagnosed with pancreatic cancer  

-   patient had undergone an ERCP in the primary stage of diagnosis 

-   a formalin fixed paraffin embedded cell block and HE (hematoxylin-

eosin)-stained slide were available 

-   there were epithelial cells seen in the HE-slide   

 

The brush used to yield cells from the biliary ducts came to the laboratory in a 

tube containing liquid ethanol fixative which preserved the samples. The liquid 

was then centrifuged over a microscopic glass slide to prepare a sample glass for 

Papanicolau (Papa) staining. Samples were abundant enough so that it was 

possible to prepare a paraffin block from the left over material that had not been 

centrifuged. Samples like these were processed in formalin, isopropanol and 

ethanol so that the water was removed from the material. After that the samples 

were embedded in paraffin to harden the structure of the cells. Thin, 1,5-2 µm 

sections were cut from the block to a glass microscope slide which was then 

stained with hematoxylin-eosin (HE) dye. The HE-stained slides were then 
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studied in a microscope to evaluate if there were enough cells to be included in 

this study.  

 

30 pancreatic cancer cases with ERCP samples were chosen to be run in both 

ddPCR and NGS. 24 benign ERCP samples were chosen to be run in ddPCR as 

control samples. Control samples were chosen based on the following criteria: 

-   patient had undergone an ERCP 

-   patient had not been diagnosed with pancreatic cancer 

-   a formalin fixed paraffin embedded cell block and HE-stained slide 

were available 

-   there were epithelial cells seen in the HE-slide   

 

About 10-15 sections, each 10 µm thick were cut from the paraffin blocks using a 

Microm HM 440E microtome. Sections were placed in 2ml Eppendorf tubes. The 

microtome and tools were cleaned thoroughly with ethanol between each sample 

to avoid DNA cross-contamination.  

 

Extraction and purification of the DNA was done manually with Analytik Jena 

blackPREP FFPE DNA kit according to the manufacturer's instructions. This is 

especially designed to give a substantial yield of DNA from small samples. As an 

exception to the kit's manual to achieve as concentrated DNA as possible one 

modification was made to procedure: instead of recommended 100 µl only 50 µl of 

elution buffer was used. DNA concentration was measured with Invitrogen Qubit 

2.0 fluorometer (Life Technologies), using the double stranded DNA high 

sensitivity assay (accurate in concentrations from 0.2 ng/µl to 100 ng/µl) in which 

fluorescent dyes bind to the DNA and emits signals. Measurement and sample 

preparation was done according to manufacturers instructions. Extracted DNA 

was frozen -20ºC for later use. 
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3.2   ddPCR 

DNA from the malignant samples and three controls (no template control, wild 

type control, mutation positive control, all manually prepared routinely in-house) 

was run on ddPCR to screen for the KRAS mutation. Mutations included in the 

Bio-Rad ddPCR KRAS G12/G13 multiplex screening kit were p.G12A (c.35G>C), 

p.G12C (c.34G>T), p.G12D (c.35G>A), p.G12R (c.34G>C), p.G12S (c.34G>A), 

p.G12V (c.35G>T) and p.G13D (c.38G>A). All mutations were screened from each 

well. Multiplex reaction did not specify which of the screened mutations were 

present in the sample if the result was positive for mutation. Samples were run in 

technical duplicates. Sample preparation, droplet generation (in Bio-Rad QX200TM 

droplet generator) and PCR run in Bio-Rad C1000 Touch Thermal Cycler (table 2.) 

were made according to the KRAS mutation analysis protocol routinely used in 

the laboratory of molecular pathology in Central Finland Health Care District. A 

master mix containing everything in the reaction mix but DNA/control was 

prepared (table 1.). Water was used as a no template control. According to 

manufacturer's instructions Uracil DNA glycosylase (UDG) was added to the 

master mix. 

Table 1. PCR reaction mix for KRAS ddPCR. 
 

Component Volume per reaction 

2x ddPCR Supermix for Probes (no dUTP)  10 µl 

20x multiplex primers/probes (FAM + HEX)  1 µl 

Restriction enzyme MseI 1 µl 

Uracil DNA glycosylase (UDG) 1 µl 

DNA sample 6 µl 
H2O 1 µl 
Final volume  20 µl 
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Table 2. PCR program for the KRAS ddPCR samples. 
 

Cycling Step Temperature, °C Time Ramp Rate # Cycles 

Enzyme activation  95 10 min 

~ 2°C/sec 

1 
Denaturation  94 30 sec 

40 
Annealing/extension  55 1 min 
Enzyme deactivation  98 10 min 1 
Hold 4 Infinite ~ 1°C/sec 1 
 

The droplet analysis was performed with Bio-Rad QX200 droplet reader and the 

obtained data was analyzed with Bio-Rad software (Bio-Rad QuantaSoft version 

1.7.4.0917). The thresholds that determine if a droplet was negative, positive, 

empty or double positive (containing both wild type DNA and mutation DNA) for 

each sample were manually checked. Three controls were run with the samples: 

no template control, wild type DNA control containing no mutation and a positive 

for mutation control. Controls were checked to exclude the possibility of failed 

sample preparation, failed PCR or contamination. 

The frequency of false positive results was minimized with adjusting limit of 

detection and limit of blank. The false positive ratio used had been previously 

calculated by running a ddPRC from 30 wild type DNA analyzed (analysis based 

on Poisson statistics). The ddPCR KRAS mutation analysis was done from 

combination of the duplicate results from each sample. The two duplicates may 

have had a slightly different result because of the random distribution of DNA to 

the droplets. 

ddPCR results from the malignant ERCP samples that were either negative or 

uncertain for KRAS mutation were validated by making a ddPCR run from the 

actual tumor tissue (or metastasis in case primary tumor was not available) that 

had been resected based on the ERCP cytology result or clinical outcome. 
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3.3   NGS 

3.3.1   DNA library preparation 

The gene panel was selected based on the genes of interest and suitability for FFPE 

samples. The gene panel chosen was Swift Biosciences Accell-Amplicon 56G 

Oncology Panel. It included 56 genes or gene hotspots that have clinical relevance 

in cancer diagnostics and only required 10-25 ng of DNA in a reaction. It 

contained all of the four genes of interest of this study. Sample preparation was 

done according to Swift Biosciences Accell-Amplicon workflow. DNA purification 

and size selection during library preparation was done with Beckman Coulter 

SPRIselect beads. The NGS gene library was quantified with real time PCR 

(Qiagen Rotor-Gene Q). The kit used in quantification was Qiaseq Library Quant 

Assay Kit, Format R (Qiagen).  

3.3.2   Sequencing and data analysis 

Prepared DNA libraries were diluted to 1 nM, pooled and loaded to sequencing 

catridge according to Illumina NextSeq sequencing workflow. Cartridge used for 

the NGS run was Illumina NextSeq 500/550 V2 mid output reagent cartridge (300 

cycles). Flow cell used was Illumina NextSeq 500/550 V2 mid output flow cell. 

Sequencing was performed with Illumina NextSeq 500 desktop sequencer.  

 

Data analysis was performed in Biomedical Genomic Workbench (Qiagen) 

software. Sequence alignment was performed on human Hg19. Data was filtered 

with following criteria: Count > 20, Coverage > 200, genes of interest (KRAS, P53, 

CDKN2A, SMAD4), conservation score >0,9, non-synonymous, the limit of 

mutation variant frequency >2%. Sequencing run quality was estimated based on 

the quality parameters. Variant pathogenity data was searched from ClinVar 

(National Center for Biotechnology Information) and Catalogue of Somatic 

Mutations in Cancer (Sanger Institute) genomic information databases and from 

literature. Variants with pathogenic or possibly pathogenic status, uncertain 
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significance or conflicting interpretations were reported as positive in the NGS 

results. Benign variants were not reported (negative for mutation). Many variants 

were found that were not described in mutation databases used for the data 

interpretation. These were reported as variant with no information found, but 

were counted as positive for mutation. 
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4   RESULTS 

4.1   Droplet digital PCR results 

To compare the occurrence of KRAS, ERCP samples from 30 pancreatic cancer 

patients and 24 control (non-cancer) patients were analyzed. Sensitivity, specificity 

and positive predictive value of the ddPCR KRAS mutation test were calculated as 

presented in Table 3. Sensitivity of the detection of KRAS mutation was 87%, 

specificity 67% and positive predictive value 76,5%. The results from malignant 

samples are presented in table 6 for both ddPCR and NGS. From the 30 malignant 

ERCP samples 63,3% were positive for KRAS mutation and 23,3% were negative 

for mutation. 13,3% were left uncertain. Three of the four uncertain samples had 

concentration of <0,01 ng/µl (Table 6). 

 

From the 24 benign control samples 33% were positive for KRAS mutation, 50% 

negative and 17% were uncertain (Table 7). Uncertain result cannot be interpreted 

to be positive as the result does not exceed the positive threshold value (or limit of 

detection) but exceeds the limit of blank. In this study these samples were 

interpreted negative. Primary tumor or liver metastasis samples were available 

from 16 of the patients that were in the ERCP ddPCR analysis either negative for 

KRAS mutation, uncertain or borderline cases. These were run in an additional 

ddPCR reaction. When the tumor ddPCR result and ERCP sample results were 

combined, 87% of the malignant samples were positive for KRAS mutation, 10% 

negative and 3% was still uncertain (Table 6). 
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Table 3. Fourfold table from which sensitivity, specificity and positive predictive 
values were calculated. 

 

 

 

 

In conclusion the sensitivity of KRAS detection from the cytological ERCP samples 

was not as high as in literature (63,3% in this study versus 90% according to 

literature as presented in discussion). When ERCP and tumor KRAS mutation 

ddPCR results were combined, 87% of the pancreatic cancer samples were KRAS 

mutation positive, which is close to the percentage in literature. 33% of the benign 

samples were also positive for KRAS mutation. 

4.2   Next generation sequencing results 

56 genes or gene hotspots were sequenced from the ERCP samples with Illumina 

NextSeq 500 and KRAS, TP53, SMAD4 and CDKN2A sequences were analyzed. 

Cluster formation in NGS was successful and the quality was excellent (table 4. 

and 5). Mean quality score was >33 in every lane of the flow cell (>30 equals to 

good quality). 86-87 % of the bases in each lane were higher than Q30 (Phred 

quality score Q30 = probability of incorrect base call is 1 in 1000, base call accuracy 

is 99,9%). % PF clusters is a quality parameter which tells the percentage of formed 

clusters which are included in the sequencing. If a cluster is not formed from one 

single molecule but from two or more molecules the cluster is discarded. 91-94% 

of the clusters formed were sequenced which indicates high cluster quality. 

 

 

 

 Positive for 
KRAS mutation 

Negative for 
KRAS mutation 

Cancer cases 26 4 

Control cases 8 16 
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Table 4. Sequencing data parameters 

Clusters (Raw) Clusters passing filtering Yield (MBases) 

179 499 794 165 486 380 49 646 

 

Table 5. Sequencing quality parameters of the flow cell 

Lane PF clusters % of the 
lane 

% perfect 
barcode 

% One 
mismatch 
barcode 

Yield 
(Mbases) 

% PF 
Clusters 

% >= 
Q30 
bases 

Mean 
Quality 
Score 

1 42,138,456 100.00 97.25 2.75 12,642 92.26 87.13 33.24 

2 40,816,823 100.00 97.26 2.74 12,245 93.60 87.82 33.38 

3 41,949,500 100.00 97.16 2.84 12,585 90.79 86.19 33.08 

4 40,581,601 100.00 97.29 2.71 12,174 92.20 86.60 33.15 

 
With NGS mutation in KRAS was found in 57 % of the malignant ERCP samples.  

13 different KRAS mutations were detected. Most common mutation was G12D 

(c.35G>A) found from six samples. Four samples had G13D (c.38G>A) and three 

G12V (c.35G>T). Rest of the mutations detected were present in two or only in an 

individual sample. A TP53 mutation was found from 60%, SMAD4 mutation from 

30% (22% of these mutations had no information available) and CDKN2A 

mutation from 40% (67% of these mutations had no information available in the 

databases used) of the samples.  

 

In conclusion when studying KRAS from ERCP samples the sensitivity of NGS 

was not very high. Mutation was found in 57 % compared to 90 % presented in 

literature (Waddell et al. 2015). When studying mutations in TP53, SMAD4 and 

CDKN2A the sensitivity is higher. Respectively, mutation was found from 60%, 

30% and 40% compared to 61%, 38% and 38% in literature (for example 

Felsenstein, Hrurban and Wood 2017). 
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Table 6. Molecular profile of the pancreatic cancer cases, based on ddPCR and 
NGS results. Red positive for mutation. Green negative for mutation. Pink positive 
for mutation but variant or variants have no pathogenicity data available in used 
databases. Yellow uncertain: result was between limit of blank and limit of 
detection. 
 

 
 
 
 
 
 
 

!
Sample 
number 

DNA conc. 
ng/µl!

ERCP!+!
tumor!

combined!
ddPCR!
KRAS!

ERCP!NGS!
KRAS!

ERCP!NGS!
TP53!

ERCP!NGS!
SMAD4!

ERCP!NGS!
CDKN2A!

1 0,137      
2 0,058      
3 1,08      
4 12,7      
5 0,062      
6 1,69      
7 1,28      
8 0,0953      
9 2,93      

10 1,61      
11 0,727      
12 0,609      
13 0,165      
14 0,0607      
15 0,0627      
16 < 0.01      
17 0,0893      
18 0,893      
19 6,42      
20 0,107      
21 0,229      
22 0,158      
23 0,212      
24 0,431      
25 0,469      
26 0,633      
27 0,767      
28 < 0.01      
29 0,333      
30 < 0.01      
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Table 7. Molecular profile of the benign samples, ddPCR results. 
Red positive for mutation. Green negative for mutation. Pink positive for mutation 
but variant or variants have no data available in used databases. Yellow uncertain: 
result was between limit of blank and limit of detection. 
 

Sample 
number 

DNA conc. 
ng/µl 

ERCP ddPCR 
KRAS 

1 0,451  
2 0,472  
3 0,264  
4 0,482  
5 0,0453  
6 4,55  
7 0,258  
8 0,456  
9 3,17  

10 2,37  
11 0,0467  
12 0,0567  
13 0,15  
14 0,208  
15 0,281  
16 2,18  
17 0,0867  
18 1,770  
19 0,947  
20 0,900  
21 0,168  
22 0,328  
23 0,168  
24 1,23  
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5   DISCUSSION 

5.1   Studying molecular pathology of pancreatic cancer 

Pancreatic cancer has very low 5-year survival rate and pancreas-related surgeries 

are demanding for both the patient and the surgeon. Increasing the sensitivity and 

specificity of diagnosis made from ERCP in the case of pancreatic cancer is 

important in order to achieve early detection of malignancies, to differentiate them 

from benign cases and to fully assess the need of surgical removal of the possible 

tumor. The specificity of the diagnosis would help the decision making of 

clinicians in borderline cases. The challenge in diagnosing pancreatic cancer is that 

obtaining presentable sample is difficult, because a brush sample taken during 

ERCP might not contain enough neoplastic cells to give a specific diagnosis or to 

represent the whole microenvironment of the tumor. Sensitive methods for 

detecting mutations from even few cells are in demand. 

This study aimed to reveal if mutations associated with pancreatic cancer in genes 

KRAS, TP53, CDKN2A and SMAD4 were detectable in cytological ERCP samples. 

The aim was also to evaluate the sensitivity and value of ddPCR and NGS in the 

diagnosis of pancreatic cancer when using cytological ERCP samples. 

5.2   Cytological ERCP sample as a material for sensitive molecular studies 

Using ddPCR a KRAS mutation was found from 63,3% of the malignant samples. 

With NGS a KRAS mutation was found from 57%, TP53 mutation in 60%, SMAD4 

mutation from 30% and CDKN2A mutation from 40% of the malignant samples. 

The DNA concentration of the samples used in this study was generally very low, 

which may affect the sensitivity of the molecular studies. 
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In literature it is stated that the most common KRAS mutation in pancreatic cancer 

is p.G12D (Young et al., 2010). This was also the most common KRAS mutation 

detected in this study from the malignant cytological samples.  

 

Based on this study it can be determined that because of the frequency of false 

negative results the cytological ERCP sample is not an ideal sample material for 

molecular diagnostics when studying KRAS mutation, but it was detected in most 

mutation positive cases. Activating KRAS mutations are present in majority 

(>90%) of pancreatic cancers but detecting only a KRAS mutation is not enough to 

diagnose a malignancy because it can be present also in chronic inflammation of 

the pancreas (pancreatitis). In this study a KRAS mutation was found with ddPCR 

in 33% of the benign, non-cancer samples. The positive predictive value of the 

ddPCR KRAS mutation run was 76,5%, which implies 76,5% of the samples with 

positive KRAS result in ddPCR were cancer cases. The value was lowered because 

of the positive results of the control samples. The benign control samples were not 

sequenced because of lack of resources.  

 

KRAS mutation detection could possibly be used to screen potential pre-cancerous 

pancreatitis cases as mutated KRAS is a major factor in the tumorigenesis of 

pancreatic cancer. It was established in 1998 by Van Laethem et al. that KRAS 

mutation is sensitive way to analyze pancreatic cancer but its specificity is lowered 

by presence of KRAS mutations in cases of acute pancreatitis that did not lead up 

to cancer diagnosis in the next 6 months. A meta-analysis made in 2005 of 

pancreatic intraepithelial neoplasms (PanIN) revealed KRAS mutation is present 

in 38-44% of the mildest forms (PanIN-Ia and Ib) of PanINs (Löhr et al. 2005). 

Possibly a follow up sampling of currently benign KRAS positive pancreatitis 

patients could help detecting the possibly developing tumor earlier. The mutation 

frequency of benign cases detected in this study was close to the frequency stated 

by Löhr et al. in 2005 (33% vs. 38-44%). 
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Combining the ddPCR KRAS results from the solid tumor samples with ERCP 

samples raised the mutation positive percentage from 63,3% to 87%. This 

sensitivity was very good. This indicates that most of the tumors presented the 

mutation but all could not be detected from the ERCP samples. One sample did 

not present any of the studied mutations in either ddPCR or NGS. This might be 

because the sample did not have enough DNA (concentration was 0,727 ng/µl), or 

the sample simply did not harbor any of the most common mutations chosen to 

study. With ddPCR the specificity of the mutation detection was 67%, which 

indicates the ddPCR gave false negative results from the malignant samples. 

As malignancy can not be reliably confirmed or ruled out based on the KRAS 

mutation status alone, it was interestingly found that with NGS mutations in 

TP53, CDKN2A and SMAD4 were detected with frequencies corresponding to 

literature. Including these genes along with KRAS in the study of an ERCP sample, 

a mutation in two or more of these genes could more reliably indicate malignancy. 

In this study from the 30 malignant samples 16 cases presented two or more 

mutated genes out of the four included in the NGS analysis. Also combining the 

methylation study of CDKN2A could reveal cases that do not have an alteration in 

the genetic sequence but where the gene has been silenced due to methylation.  

It is very coincidental what cells the ERCP brush collects from the pancreatic and 

biliary tracts when they are brushed. The sample might only partially present the 

genetic heterogeneity of the solid tumor or it might not catch any tumor derived 

cells at all. Malignant cells are randomly flushed from the pancreas via the ducts. 

It is important to know the histology of the sample used in molecular analysis. 

Microscopic evaluation is done in order to know if the analysis will be done from 

cancer cells or normal cells. If there is very little or no cancer cells in the sample, a 

negative result might be a false negative as no cancer cells possibly carrying a 

mutation were included in the analysis. The HE-slides which were used to 

evaluate the samples do not actually tell what material was left in the paraffin 
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block but represent what has been in the block. Presumably the content of the 

paraffin block was close to what was seen in the HE-slide. 

 

Nevertheless, it is rather impressive that a mutation can be detected with both 

methods from a sample with DNA concentration below 0.01 ng/µl. The 

concentration generally used in diagnostic patient sample preparation ranges from 

few to several nanograms in a microliter. One way to increase the DNA yield and 

reliability of molecular studies of the samples would be to collect the samples 

without fixation as a fresh frozen sample (frozen in liquid nitrogen straight away 

after removing the sample from the patient). The ERCP samples are exposed to 

formalin during the preparation of the paraffin block. Formalin fragments and 

modifies DNA and some genetic data might be lost because of this. The chemical 

modifications (protein-DNA-crosslinks) make it harder to perform DNA based 

sequencing from formalin fixed samples compared to fresh frozen samples 

(Hedegaard et al. 2014). Even though the samples had generally a very low 

concentration it did not seem to affect the quality of the NGS run. The data 

amount collected is sufficient (almost 50 000 megabases) and cluster formation 

was successful as almost all formed clusters were sequenced (tables 4. and 5.).  

 

The NGS parameters used in this study do not reveal the quality of individual 

samples. Very recent advancements in NGS such as usage of unique molecular 

identifiers (UMI) give insight to the quality of the sample, especially when using 

samples with low DNA concentration (Hong & Gresham 2017). During the NGS 

library preparation random PCR duplicates may be created. These duplicates can 

be falsely identified as having the same genetic origin, but they can also be 

generated to be identical from different molecules by chance during the PCR 

amplification. The incorporation of UMI's makes it possible to differentiate 

between the two by labelling each molecule individually. The amount of UMI's 

reveals how many unique molecules were present in the original sample (Hong & 

Gresham 2017). Also the parameters chosen to filter the NGS data could be 
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specified to fit the ERCP samples more properly. The mutation frequency limit 

could be lowered from the 2% (samples with mutation frequency under 2% were 

filtered out) used in this study. 

 

The results from the molecular analysis could have been compared to the Papa-

class the samples had received in the initial stage diagnosis to see if there is a 

correlation between the mutation status and Papa-classification. One could 

hypothetise that samples with a mutation or several different mutations have been 

graded with a higher Papa-class, especially if the mutation present is for example 

SMAD4 which is a marker for more advanced disease and poorer outcome. 

 

As an interesting observation 70% of the cancer samples studied with NGS had a 

benign (not associated with pathogenicity) mutation p.Pro72Arg (proline changed 

to arginine in position 72) in the gene TP53. Although this polymorphism is 

common and classified as neutral it has been reported to have effects for example 

on apoptosis. Cells with variant 72Arg (arginine in position 72) have more efficient 

apoptosis than the Pro72 (proline in position 72) variant and might have a 

connection to cancer risk (Dumont et al. 2003). The Pro72Arg variant is also 

detected to be a predisposing factor of obesity and metabolic syndrome (Kung et 

al. 2016). Although the mutation is benign it could possibly have a connection to 

increased risk of pancreatic cancer because obesity is one of the risk factors of 

pancreatic cancer. 

5.3   Conclusion 

Even when very sensitive methods were used to study gene mutations from 

cytological ERCP samples the challenge was the low amount of tumor derived 

DNA. Depending on the quality of the cytological ERCP sample it can give 

diagnostic value in determining the pancreatic cancer status when no other 

diagnostic tools (for example tissue biopsy from the tumor) are available and if 
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sensitive molecular diagnostic methods combining multiple genes to study are 

used. The hypothesis was thus confirmed. The other studied gene mutations TP53, 

SMAD4 and CDKN2A were detected with frequency correlating to percentage 

found in literature, unlike KRAS which was detected with lower prevalence than 

expected. False negative KRAS mutation results were detected when studying 

ERCP samples. 

ddPCR and NGS are very sensitive methods to perform molecular studies from 

samples with very small amount of DNA. The DNA concentration of a sample did 

not directly indicate the quality of the sample: when sensitive methods such as 

ddPCR and NGS are used a mutation could be detected even from very low DNA 

concentration if the cytological sample itself represents sufficiently the tumor 

microenvironment. In the case of low DNA concentration, especially if most of the 

DNA is from healthy cells instead of tumor cells the possibility of false negative 

result has to be taken into account. Based on this study the cytological ERCP 

samples hold diagnostic potential for pancreatic cancer if accurate biomarkers are 

chosen to be studied with sensitive methods.  

5.4   Future prospects 

It has been recently discovered that also mutations in the non-coding regions of 

the rarer genes associated with signaling in pancreatic cancer might have an effect 

with the tumorigenesis. This connection was not present with the most commonly 

mutated genes in pancreatic cancer. Thus whole genome sequencing produces 

more information about the development and driving factors of pancreatic cancer 

than just targeted sequencing of somatic cancer mutations (Feigin et al. 2017). 

Finding novel or more accurate biomarkers to be studied could increase the 

sensitivity of the molecular diagnostics of pancreatic cancer. Instead of focusing 

only to the most commonly know mutations inclusion of for example micro RNA 

or exome analysis could reveal more.  
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Single-cell RNA sequencing (scRNA-Seq) revealing which genes are expressed is a 

new NGS-based technology rising along with the need of precision medicine 

aiming to personalize cancer treatment. With scRNA-Seq for example different 

subpopulations and lineages of cells can be characterized from tissues. Also cell-

specific charasteristics can be studied (Poirion, Zhu, Ching & Garmire 2016). This 

method could possibly be also used to study samples with only few cancer cells. 

Although the whole heterogeneity of the tumor cannot be assessed when only few 

cells from a tumor are available. One cancer cell can express mutations that are not 

found in other cells in the tumor. 

Circulating tumor DNA (ctDNA) analysis has been used to study pancreatic 

cancer as biopsies do not always have enough cells to perform molecular studies 

on them. In a study made by Zill et al. in 2015 it was discovered that 90,3% of 

mutations detected in pancreatic tumor tissue was also seen in ctDNA. In their 

study the molecular analysis of a biobsy from the tumor detected mutations in 

62% of the patients and cfDNA testing from 85% of the patients. Sequencing the 

ctDNA represents the intratumor heterogeneity much better than a biopsy taken 

from a small part of the tumor as it can be assumed cancer cells are released to the 

blood stream from different parts of the tumor. A biopsy only represents what are 

the molecular characteristics of that specific part of the tumor. Also ctDNA 

collection only requires a blood test which is relatively non-invasive compared to 

an organ biopsy. 

scRNA-Seq and ctDNA analyses have already been combined to achieve cell-

specific gene expression patterns of circulating melanoma tumor cells. Loss of 

expression of proteins that healthy cells have to control their growth and 

downregulation of genes that help the cancer cells evade immune system were 

detected in circulating tumor cells of melanoma patients with the scRNA-Seq 

(Ramskörd et al. 2012). 
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It would be interesting to also sequence ctDNA samples from cancer-free chronic 

pancreatitis patients to assess the full mutation profile of possibly pre-cancerous 

samples. It was stated already back in 1993 with a cohort study by Lowenfels et al. 

that chronic pancreatitis may eventually lead to pancreatic cancer. A longitudinal 

study following chronic pancreatitis patients and their ctDNA mutation profile 

might be useful in pinpointing the moment the cancer is ignited, or even at a pre-

cancerous stage. 
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