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ABSTRACT 

Pancreatic cancer (PC) has proved to be a difficult disease to diagnose and treat. The 

lack of symptoms in the early stages of the disease results in late diagnosis, and the only cura-

tive option is the complete resection of the tumor, which in 80% of patients it is not possible. 

Kirsten rat sarcoma viral oncogene homologue (KRAS) mutations play a critical role in the car-

cinogenesis process and chemoresistant nature of PC, being present in around 90% of pancre-

atic ductal adenocarcinomas (PDAC) – the most common form of PC.  

 The molecular characterization of PDAC could prove useful in aiding treatment strategy, 

as new KRAS targeted therapies have been developed. Liquid biopsies provide a biological 

fluid to obtain real time information on the tumor’s molecular profile by accessing circulating 

tumor DNA (ctDNA). However, the low % of ctDNA requires the development of better, high 

sensitivity molecular detection tools.  

In this work, the coupling of the Amplification Refractory Mutation System (ARMS) and 

High-Resolution Melting Analysis (HRMA) methodologies - ARMS-HRMA - was further vali-

dated to detect codon 12 and codon 13 KRAS mutations (G12D, G12V, G12R, G12C and G13D) 

in tumor and plasma samples. In a cohort of 97 pancreatic cancer patients, ARMS-HRMA was 

successfully performed in 93 tumor samples, where 72 out of 93 tested positive for KRAS mu-

tations (77%). Out of the 72 positive cases, 35 were G12D (49%), 22 were G12V (31%), 10 were 

G12R (14%), 1 were G12C (1%), 1 were G13D (1%), 2 were positive for both G12D and G12V 

(3%) and 1 was positive for both G12C and G12D (1%). Sanger Sequencing (SS), the current 

gold standard for mutation analysis, only detected KRAS mutations in 52 out of 97 tumor sam-

ples (54%). ARMS-HRMA detected every KRAS mutation described by SS, while showing im-

proved sensitivity and maintaining specificity. 20 out of 65 plasma samples (31%) presented 

the same KRAS mutation as their corresponding tumor samples when analyzed by ARMS-

HRMA. As a simple, rapid and cheap technique, ARMS-HRMA is a promising tool for the man-

agement of PDAC, not only by allowing the molecular characterization of pancreatic tumors, 

but also by improving disease monitoring through the detection of KRAS mutations in ctDNA. 
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RESUMO 

O cancro do pâncreas (CP) é uma doença difícil de diagnosticar e tratar. A ausência de 

sintomas nas fases iniciais da doença resulta num diagnóstico tardio, e a única opção curativa 

é a ressecção completa do tumor, o que em 80% dos doentes não é possível. Mutações no 

gene Kirsten rat sarcoma viral oncogene homologue (KRAS) desempenham um papel crítico 

no processo de carcinogénese e na natureza quimiorresistente do CP, estando presentes em 

cerca de 90% dos adenocarcinomas ductais pancreáticos (ACDP) - a forma mais comum de CP.  

A caracterização molecular de ACDP pode ser útil a escolher a estratégia de tratamento, 

visto que novas terapias direcionadas a KRAS foram desenvolvidas. As biópsias líquidas for-

necem fluidos biológicos onde é possível obter informação em tempo real sobre o perfil mo-

lecular do tumor, ao analisar DNA tumoral circulante (ctDNA). No entanto, a baixa % de ctDNA 

requer o desenvolvimento de melhores ferramentas de deteção molecular de alta sensi-

bilidade. 

Neste trabalho, o acoplamento das metodologias Amplification Refractory Mutation Sys-

tem (ARMS) e High-Resolution Melting Analysis (HRMA) - ARMS-HRMA - foi validado para 

detetar mutações no gene KRAS nos codões 12 e 13 (G12D, G12V, G12R, G12C e G13D) em 

amostras de tumor e de plasma. Numa coorte de 97 doentes com CP, ARMS-HRMA foi real-

izado com sucesso em 93 amostras de tumores, onde 72 (77%) apresentaram mutações no 

gene KRAS. Destas 72 amostras, a mutação G12D foi detetada em 35 (49%), G12V em 22 (31%), 

G12R em 10 (14%), G12C numa (1%), G13D numa (1%), G12D e G12V em 2 (3%) e 1 uma testou 

positivo para G12C e G12D (1%). A Sequenciação de Sanger (SS), a atual técnica de referência 

para análise de mutações, detetou apenas mutações no gene KRAS em 52 das 97 amostras de 

tumores (54%). ARMS-HRMA detetou todas as mutações no KRAS descritas pela SS, mon-

strando melhor sensibilidade e manutendo a especificidade. Vinte das 65 amostras de plasma 

(31%) apresentaram a mesma mutação que as amostras de tumor correspondentes quando 

analisadas por ARMS-HRMA. Por ser uma técnica simples, rápida e barata, a ARMS-HRMA é 

uma ferramenta promissora para a gestão de ADCP, não só por permitir a caracterização mo-

lecular de tumores do pâncreas, mas também por melhorar a monitorização da doença através 

da deteção de mutações no KRAS em ctDNA. 
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1. INTRODUCTION 

Even with today’s knowledge and technology, cancer was still responsible for the death 

of an estimated 10 million people worldwide in 2020 according to the World Health Organiza-

tion1. To reduce cancer burden, it is necessary to continuously invest in the development of 

better screening and diagnosis tools2 and in more efficient, personalized and affordable treat-

ment options3. 

 

1.1. Pancreatic cancer 

Pancreatic cancer (PC) has been in the spotlight for having a concerningly low 5-year 

survival rate, consistently being amongst the poorest in terms of prognosis1. In the USA, the 5-

year survival rate of PC was around 9% for patients diagnosed between 2007 and 20114. While 

not among the more common cancers such as colorectal, breast, lung, and prostate cancers, 

in Portugal PC was responsible for 2086 deaths in 2022 alone, while 2158 people were diag-

nosed with the disease, according to the Global Cancer Observatory (Figure 1.1). The similarity 

between the number of new cases and deaths highlights the concerning mortality of this can-

cer. Unfortunately, this high mortality rate seems to be on the rise over the last 40 years5, 

mostly due to the low efficacy of the current treatment strategies and the late-stage diagnosis 

of the disease.  
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Figure 1.1: Incidence and mortality from different types of cancer in Portugal in 2022. Although 

pancreatic cancer ranked 9th in number of new cases in 2022, it ranked 5th in number of 

deaths. Colorectal cancer for example has 4.9 times the incidence of pancreatic cancer while 

only having 2.3 times the mortality. Data from Global Cancer Observatory: Cancer Today6(p1).  

 

There are two main factors that contribute to the extremely high mortality rate of PC: 

our inability to detect the disease early enough to begin treatment and the ineffectiveness of 

the available treatment options7. 

The silent nature of the disease heavily contributes to its late diagnosis. Most patients 

experience very few if any, symptoms7 until the cancer is at a very advanced local stage or often 

at a metastatic stage, where the chances of a possible recovery drop significantly8. When those 

symptoms are present, they are mostly non-specific, leading to non-specific complaints such 

as bloating, back pain, nausea, or a change in stool consistency, delaying the search for a pos-

sible neoplasia7. Without major symptoms, PC screening is only done if other family members 

also have a PC and/or if the patient is carrying a germline mutation associated with a higher 

risk of PC, such as breast cancer susceptibility genes (BRCA1 and BRCA2) and cyclin-dependent 

kinase inhibitor 2A (CDKN2A) mutations7. 

As of today, the only curative option is the complete resection of the tumor7. Unfortu-

nately, this is not an option for most of the patients (around 80%) as their tumors are already 
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in a locally advanced stage or in a metastatic stage, where resections are no longer viable7. The 

impact of resectability as a prognosis parameter is highly relevant, as the 5-year survival rate 

from patients diagnosed in 2011 is 17.4% in surgically resected patients, while non-resected 

patients presented a rate of 0.9%8. Furthermore, patients with resected tumors still have a high 

rate of disease recurrence, as up to 71% of patients even with a negative margin resection (R0), 

may relapse.4 

In most of PC cases, chemotherapy is used as an adjuvant therapy in a post-operative 

setting for patients with resectable tumors to increase disease-free survival, or as neo-adjuvant 

therapy to reduce the tumor size in patients with a locally advanced tumor to make it resec-

table7,9.  

 

1.2. General processes of tumorigenesis 

In a state of homeostasis, our cells rely on highly regulated molecular mechanisms to 

perform their respective functions and fulfill their role in contributing to the body’s normal 

functioning. The general agreement is that cancer originates from a single somatic cell10, where 

the development of a malignant tumor is the result of a multistage process composed of tumor 

initiation, promotion, malignant conversion, and progression stages11. 

The initial steps of tumorigenesis involve the acquisition of oncogenic mutations10. 

These mutations can be generated spontaneously during replication or by physical, chemical, 

and biological agents12. Although DNA lesions are very frequent, cells are equipped with sev-

eral DNA repair mechanisms that are capable of repairing the different types of DNA damage 

to ensure genomic stability13. However, these mechanisms are not 100% guaranteed, and dur-

ing an individual's life, multiple somatic mutations are continuously accumulated14. To circum-

vent this, cells are also equipped with other tumor-suppressive mechanisms that are able to 

arrest the cell cycle to detect and correct these errors, or as a last resort, induce cell death, to 

limit these aberrant cells from proliferating15. Still, some mutated cells manage to surpass these 

mechanisms and survive. 

Precancerous cells originate from cells where the acquired mutations provide a clonal 

advantage, usually by occurring in critical genes involved in maintaining proliferation and/or 

in inactivating tumor-suppressive mechanisms10. Further environmental insults and DNA insta-

bility due to high proliferation rates induce the occurrence of additional mutations which can 

hinder other tumor-suppressive mechanisms, further pushing the cell into a cancerous pheno-

type with unchecked proliferation10. The emerging tumor is also in a constant cross-talk with 
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the surrounding cells, including fibroblasts and immune cells, creating an inflammatory, immu-

nosuppressive tumor-promoting environment that supports its growth, evolves alongside it, 

and promotes further alterations16. Sites within the tissue where these precancerous cells are 

growing can be numerous and are described as precancerous lesions, which could stay as be-

nign neoplasms or could evolve into malignant tumor10. 

Even before they become malignant, cells in precancerous lesions already present a 

very altered morphology, function and structural organization. Eventually, these cells start to 

invade the surrounding tissue, becoming malignant which ultimately leads to their metastasi-

zation16. The disruption of the function of both the organ harboring the primary tumor and 

other organs colonized by metastases will affect the health of an individual and potentially 

might lead to death if untreated. 

 

1.3. Carcinogenesis of pancreatic ductal adenocarcinomas (PDAC) 

PC originate from precursor lesions such as intraductal papillary mucinous neoplasms 

(IPMN), mucinous cystic pancreatic neoplasm (MCPN) and pancreatic intraepithelial neoplasia 

(PanIN)17. The most common form of PC is pancreatic ductal adenocarcinomas (PDAC). The 

most frequent and well-characterized PDAC-associated lesions are PanIN, defined as “micro-

scopic, flat or papillary noninvasive epithelial neoplasms with differing amounts of mucin and 

grades of cytologic and architectural atypia”17. All these lesions have some potential to give 

rise to neoplasia and consequently are categorized into different levels based on the degree 

of dysplasia observed17. This categorization is relevant not only to the study of how a lesion 

evolves into a malignant tumor but also to assess the need for surgery when detecting one.  

PDAC are malignancies of the exocrine pancreas. In the human pancreas more than 

90% of cells are exocrine cells that are mainly composed of acinar cells18. Acinar cells are epi-

thelial cells that produce digestive enzymes meant to be discharged in the duodenum along-

side the pancreatic juices18. Because constant cell renewal is needed to maintain pancreatic 

homeostasis, acinar cells go through a process called acinar-to-ductal metaplasia (ADM). Dur-

ing ADM, acinar cells lose their exocrine-like characteristics to adopt ductal-like morphology 

while transiently acquiring a more proliferative progenitor-like phenotype18. This is a transient 

and reversible event that occurs in response to pancreatic tissue insults18. The plasticity asso-

ciated with ADM, although essential for tissue homeostasis, can give rise to PanIN, the most 

common precursor lesion associated with PDAC. Indeed, persistent ADM can be associated 

with the combination of oncogenic mutations and continuous pancreatic insults. This can result 



 

 5 

from pancreatitis or obesity, two risk factors for PDAC, due to processes such as chronic in-

flammation, metabolic dysfunction, and oxidative stress giving rise to previously acinar cells 

being locked in ductal state and eventually evolving into PanIN18.  

Grade 1 PanIN, the initial stage of the lesion, is characterized by Kirsten rat sarcoma 

viral oncogene homolog (KRAS) proto-oncogene mutations, up-regulated epidermal growth 

factor receptor (EFGR) signaling and low levels of dysplasia9,19. KRAS mutations are found in 

90% of PDAC, being closely associated with initiation events in this type of cancer19. Neverthe-

less, oncogenic KRAS mutations do not seem to be enough to progress the grade 1 lesions 

into PDAC, with the need of further genetic alterations and more severe inflammatory insults 

to do so19.  

The transition to grade 2 PanIN is still accompanied by low levels of dysplasia of the 

precancerous cells and is characterized by the inactivation of CDKN1A and CDKN2A, which 

encode for two cyclin-dependent kinase inhibitors 1A and 2A, respectively, that act as tumor 

suppressors by being involved in cell cycle arrest19. At this point, the modulation of the immune 

system and the surrounding inflammatory microenvironment is promoting fibrogenesis and 

consequently the induction of a tumor-promoting, immunosuppressive environment that leads 

to lesion expansion. Still, the presence of Grade 2 PanIN is not predictive of PDAC19. 

Grade 3 PanIN are characterized by mutations in tumor-suppressor genes such as tu-

mor protein p53 (TP53), BRCA1/BRCA2 and SMAD family member 4 (SMAD4) genes, and by 

high-grade dysplasia, often being referred to as carcinoma in situ. An intense desmoplastic 

reaction can be observed at this point associated with a cross-talk between different types of 

cancer-associated fibroblasts (CAFs), tumor-associated macrophages (TAM) and other immune 

system cells19. Unlike grade 1 and 2 PanIN, the presence of grade 3 PanIN is rarely seen without 

an association to PDAC, making the identification of these lesions essential for the early detec-

tion of PDAC19. 

Moreover, before becoming malignant, the precancerous cells in these lesions can un-

dergo a Epithelial-Mesenchymal Transition (EMT)20, where there is a transition of cells from an 

epithelial state to a mesenchymal state, which promotes mobility, and invasiveness and confer 

resistance to cell death21. Alongside EMT, there is also the loss of cell-cell adhesions and apico-

basal polarity and the formation of invadopodia which further promotes the invasiveness and 

metastatic capacities of these cells21. The liver, peritoneum, and lung are the most common 

destinations for detached cancer cells to seed and colonize, originating metastases22. A repre-

sentative model of these processes is depicted in Figure 1.2.  
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Figure 1.2: Model of the PDAC carcinogenesis process. Pancreatic tissue homeostasis requires 

the constant renovation of pancreatic cells, which is achieved by ADM. The induction of a per-

sistent ADM state by chronic inflammation and the acquisition of KRAS mutations causes ADM 

cells to spend long periods in an undifferentiated state which can lead to the development of 

PanIN. Double cortin-like kinase 1 (DCLK1) -positive cells are characterized as a subpopulation 

of cells with cancer stem-cell properties. During the progression from PanIN1 to PanIN3 there 

is an increase in dysplasia and genetic instability alongside the accumulation of mutations in 

oncogenes and tumor suppressor genes. The interaction between pancreatic stellate cells 

(PSCs) and activated macrophages (AAM) is involved in the creation of a tumor-promoting and 

immunosuppressive microenvironment. Late stages of the lesion are characterized by the in-

teraction of CAFs and TAM which exacerbate the desmoplastic. Eventually these lesions can 

become cancerous leading to PDAC. Adapted from Marstrand-Daucé et al18 and Storz et al.19 

Created in BioRender.com. 
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1.4. The KRAS protein 

1.4.1. Normal function of the KRAS protein 

As stated above, KRAS mutations are considered a hallmark of PDAC because of their 

role as an initiation event for the carcinogenesis process, being present in 90% of PDAC pa-

tients7,19,23. 

The KRAS gene is located on the short arm of chromosome 12 that encodes a GTPase 

from the Ras family24. The KRAS protein is a G protein, a membrane-bound GTPase that acts 

as a binary switch25, controlling signal transduction from the interaction between external stim-

ulus and membrane receptors to intracellular molecules25. When a stimulus such as the inter-

action of epidermal growth factor (EGF) and epidermal growth factor receptor (EGFR) occurs, 

guanine nucleotide exchange factor (GEFs) induces the switch from the KRAS-bound GDP to 

GTP which will then activate the KRAS protein. The now GTP-bound KRAS changes confor-

mation, which allows it to bind and interact with downstream molecules and activate a variety 

of signaling cascades25. This switch can be turned off by the action of GAPs (GTPase-activating 

proteins) that induce the GTPase function of KRAS, which will result in the hydrolysis of the 

GTP into GDP, making the KRAS protein unable to interact with its downstream molecules and 

restoring its inactive state25. 

Multiple stimuli can result in the activation of KRAS, such as growth factors like EGF, 

platelet-derived growth factor (PDGF) and fibroblast growth factors (FGFs), but also Ca2+, 

chemokines and receptor tyrosine kinases25. KRAS is involved in the activation of multiple sig-

naling pathways (Figure 1.3) not only involved in cell proliferation, migration and differentiation 

through the activation of its canonical downstream target, the rapidly accelerated fibrosarcoma 

(RAF)- mitogen-activated protein kinase (MEK)- extracellular regulated protein kinases (ERK) 

pathway, but also of other pathways involved in the regulation of cell proliferation, metabolism, 

survival, protein synthesis and transcription through the activation of the Phosphoinositide 3-

kinase (PI3K)- Protein kinase B (AKT)- mammalian target of rapamycin (mTOR) pathway25. Cell 

adhesion, migration and shape are also regulated by KRAS25 through other pathways. 
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Figure 1.3: Simplified representation of the KRAS signaling pathway. A ligand interacts with its 

corresponding receptor, such as the interaction between EGF and EGFR. This causes the re-

cruitment of a GEF molecule such as the Son of Sevenless (SOS) through the interaction with 

an adapter protein such as the growth factor receptor-bound protein 2 (GRB2). GEF activate 

the KRAS protein by inducing the substitution of GDP for GTP. The activated KRAS protein can 

then activate multiple signaling pathways such as RAF-MERK-ERK and PI3K-AKT-mTOR which 

are involved in regulating mechanisms such as proliferation, differentiation, survival, metabo-

lism and invasion. Adapted from BioRender.com 

 

1.4.2. Disruption of normal KRAS function 

When KRAS is mutated the KRAS protein stays in a permanent GTP-bound state23 that 

leads to its constitutive activation and subsequently to the constant activation of the signaling 

pathways previously mentioned23. The disruption of the correct regulation of these path-

ways/mechanisms controlled by them will contribute to carcinogenesis-associated events like 

uncontrolled proliferation, inhibition of programmed cell death and migration23. KRAS muta-

tions have been found to promote the interaction between epithelial cells, immune cells and 

fibroblasts which will contribute to the immunosuppressive fibroinflammatory microenviron-

ment that hinders tumor elimination by antitumor drugs and/or immune cells, supporting its 

progression25.  
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1.4.2.1. Targeting KRAS mutations 

Many unsuccessful attempts at KRAS-targeted therapies have been made over the 

years due to its unique characteristics. The KRAS protein surface is described as being smooth, 

which hinders the development of inhibitory molecules that bind to surface grooves26. The 

affinity to GTP is also very high, which also hinders the development of GTP binding site block-

ers25. Additionally, common EGFR-targeted therapies used in cancer treatment are not effective 

in patients with a mutated KRAS gene, due to the constitutive activation of the KRAS protein, 

a downstream effector in the EGFR signaling pathway25.  

 

1.4.2.2. KRAS mutations across different cancers 

KRAS is considered to be the most common oncogenic driver of human cancers25 with 

several single base missense mutations described25.  Mutation incidence differs significantly 

among different types of cancers. PDAC stands out by having the highest KRAS mutation inci-

dence, of around 90%24, followed by colorectal cancer with an incidence of ~40%, and non-

small cell lung cancer with an incidence of ~30%24. Lower incidences are observed in many 

other types of cancers such as cholangiocarcinoma with an incidence of ~9.5-18.2%, esopha-

geal carcinomas with an incidence of ~4.5-9.1%, gastric adenocarcinomas with an incidence of 

~9.8% and squamous cell carcinoma with an incidence of ~5%24. Mutation profile is also dif-

ferent among different types of cancers (Figure 1.4): G12C mutations are the most common in 

lung cancer (~40% of KRAS mutations) while only having an incidence of ~1% in PDAC24. G12V 

and G12D, the two most common KRAS mutations in PDAC are also well represented in colo-

rectal and lung cancer, however, G13D mutation has an incidence of ~17% in colorectal cancer 

while having a <1% incidence in PDAC24. 

 

Figure 1.4: Proportion of different KRAS mutations across different types of cancer. Adapted 

from Huang et al.25 
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1.4.2.3. KRAS mutations in PDAC 

Most of the KRAS mutations that are found in PDAC patients are in codon 12, with 

G12D, G12V and G12R the most common24,25.  Codon 13 and 61 mutations have also been 

described, but less frequently, and finally mutations in codon 146 have been described in rare 

cases,25. These different mutations can affect the biochemical properties of the KRAS protein 

in different ways27, being associated with different prognosis28, with the consensus that PDAC 

patients with wild-type KRAS have an overall better survival than the ones with mutant KRAS28. 

 

Codon 12  

Both codons 12 and 13 are located in the P-loop coding region, which binds the gua-

nine nucleotides25, making G12 and G13 mutations in these codons result in conformation 

changes in the GTP-binding site which affects the intrinsic rate of GTP hydrolysis5 and GAP 

binding28. G12D, the most common KRAS mutation associated with PDAC, is oftentimes asso-

ciated with a worse prognosis28 and is the target of a novel drug MRTX1133, a selective non-

covalent inhibitor of KRAS29. AMG510 (or sotorasib) was the first drug to be approved by the 

FDA that directly targets mutated KRAS, being a non-covalent inhibitor of G12C, inducing a 

permanently inactive state of the KRAS G12C protein, inhibiting its interaction with its down-

stream effectors25. The discovery of this drug is associated with the observation that KRAS 

G12C seems to keep its intrinsic GTPase activity, allowing it to alternate between inactive and 

active states24 and consequently allowing it to be locked into the inactive state. Inhibitors for 

other KRAS mutations, such as G12V and G12R, are also being developed with promising re-

sults25, most notably, the KRAS G12D inhibitor MRTX113330.  

 

Codon 13 

Codon 13 mutations seem to be sensitive to hydrolysis mediated by the NF-1 GAP, 

contrasting with codon 12 and 61 mutations which seem to be insensitive24. In vivo studies 

point out that the KRAS G13D mutant organoids seem to be susceptible to EGFR inhibition31, 

going against the general notion that EGFR inhibitors do not have an effect in mutant KRAS 

cancers.  
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Codon 61 

Codon 61 is located in the switch-II coding region, which allows the binding of not only 

KRAS effector proteins but also its regulators, GAP and GEF32. Mutations in this codon are rare, 

meaning that the disruption of this region might not be as impactful as the disruption of the 

P-loop. Q61 mutations seem to provide resistance to Src homology region 2 domain-contain-

ing phosphatase-2 (SHP2) inhibitors33, a potential therapeutic agent for mutant KRAS cancers. 

 

1.5. Personalized medicine 

Personalized medicine is the tailoring of healthcare treatment based on the genetic, 

lifestyle and phenotypic information of an individual34. This medical model is continuously be-

ing integrated into the general medical practices as it assists medical doctors in making in-

formed decisions on how to treat each patient, by providing information on the treatment 

efficacy, which dose should be used, the best time for its administration and the chances of 

causing an adverse reaction. This ultimately lead to higher success and survival rates, less 

wasted resources on ineffective treatments, and a lower risk of adverse reactions35. 

 

1.5.1. Personalized medicine in cancer treatment 

The concept of personalized medicine is especially important in the oncology field since 

cancer is known to be a very heterogeneous disease36. Subsets of the same type of cancer can 

be associated with very different prognoses, which require different treatment strategies37. In-

ter-tumor heterogeneity (of the same type of cancer) can be attributed to different molecular 

profiles, due to different inherited susceptibility genes and/or acquired mutations37. Two ex-

amples of how PDAC heterogeneity can affect disease prognosis and treatment are provided: 

a study by Krasinskas et al.38 showed that PDAC patients that presented KRAS mutant allele-

specific imbalance (an increased dosage of the mutant allele over the wild-type one) were 

associated with were predominantly undifferentiated tumors, more likely to present at clinical 

stage IV, and were associated with shorter overall survival over PDAC patients who did not; in 

Barzi et al.39 a case of a patient with PDAC who presented ERBB2  (which encodes the HER2 

protein) amplification, and TP53 and BRCA1 mutations in liquid biopsies was experiencing clin-

ical improvement under anti-HER2 therapy is described. Once the patient started to experience 

disease progression again, he tested positive for KRAS G12R mutations and ERBB2 was no 

longer detected.  
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The inhibition of specific molecular targets has improved clinical outcomes and is al-

ready part of standard care of many solid cancers such as breast, colorectal, lung and mela-

noma40. Even though cancer is a disease that benefits greatly from a personalized medicine 

approach, it also presents unique challenges to it such as intrinsic tumor heterogeneity (Intra-

tumor), microenvironment complexity and evolving clonal dynamics40.  

 

1.5.2. PDAC diagnosis and monitoring 

Considering the high mortality rate and, that, in the majority of PDAC cases, the disease 

is detected in advanced stages, an early diagnosis and proper classification of patients for suc-

cessful therapeutic intervention is critical41. Initial detection of the tumor mass and monitoring 

of the disease after the beginning of treatment is usually done by imaging tools42, allowing the 

identification of pancreas lesions, masses and/or metastases, assess the resectability of the 

tumor and treatment response. Computed tomography angiography (CTA) with a dual-phase 

pancreatic protocol has a sensitivity of around 90%7 and allows the identification of the hypo-

dense appearance of pancreatic tumors when compared to the pancreatic parenchyma7 and 

allows the visualization of the vascularization to assess staging and resectability7. Magnetic 

resonance imaging (MRI) alternatively can aid the assessment of the biliary tract and liver le-

sions7. Endoscopic ultrasound (EUS) can be used as an additional tool to identify the relation-

ship between the tumor and the adjacent lymph nodes and vasculature7.  

 

1.5.2.1. Solid biopsies 

Although the preliminary assessment of PDAC is done using imaging tools, confirma-

tion of diagnosis, definitive staging and molecular subtyping is still done by solid tissue bi-

opsy43. Moreover, pancreatic biopsies are also especially relevant in the presence of unresec-

table tumors, where chemotherapy will have a major role in the treatment strategy44. 

Tissue biopsies collected for PDAC diagnostics are used for histochemical and immuno-

histochemical characterization45, the gold standard for staging and assessment of PDAC mo-

lecular subtypes. Other techniques, such as flow cytometry46 and genetic tests47 can also be 

used to provide additional information, if necessary, and if there is enough material.  

Tissue biopsies can be performed percutaneously or using either Endoscopic Ultraso-

nography-Guided Fine-Needle Aspiration (EUS-FNA) or Endoscopic Ultrasonography-Guided 

Fine-Needle Biopsy (EUS-FNB). EUS-FNA is described as a safe and well tolerated procedure, 

recommended for small lesions whose malignancy could not be assessed by the imaging 
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tools48. Meta-analysis of EUS-FNA assisted diagnosis indicates that it is a very accurate diag-

nostic tool in diagnosing malignancy and identifying its etiology, with a sensitivity of over 85% 

and a specificity of over 96% in differentiating between benign and malignant lesions48. Nev-

ertheless, EUS-FNA also has its drawbacks namely, in the presence of fibrosis and extensive 

necrotic regions, it has a reduced accuracy, can cause peritoneal dissemination and needle 

tract seeding at the puncture site on very rare cases49, does not preserve tissue architecture 

and is dependent on the skills of the operator. The EUS-FNB technique on the other side, re-

trieves higher-quality samples with a higher yield, which makes it more adequate for gene 

profiling,50 while also preserving tissue architecture48, and allowing histological analyses.  

The molecular profiling of PDAC is possible in samples obtained either from resection 

surgeries or from EUS-FNA and EUS-FNB51. Indeed, molecular profiling in PDAC has been gain-

ing momentum and is now done as a routine assessment due to the high number of patients 

that harbor mutations in KRAS, a hallmark of PDAC, or in other crucial genes, associated with 

therapy resistance or with existent targeted therapy. Indeed, the emergence of mutant KRAS-

targeted drugs drives the need for the detection and identification of mutations that provide 

valuable information on the prognosis and treatment strategy for these patients. Right now, 

there are not many KRAS-related actionable alterations since only the G12C mutation is cur-

rently targetable and it constitutes a very small fraction of KRAS mutations. The effects of mo-

lecular matched therapies on PDAC patient’s overall survival are something that is being stud-

ied52. As new targeted drugs are developed, further studies on the effects of molecular match-

ing therapies on patient survivability become increasingly more relevant. 

 

1.5.2.2. Liquid biopsies (LB) 

Solid biopsies play a big role in confirming pancreatic cancer diagnosis, but they are 

still a very invasive procedure, which limits their use to monitor the disease especially after 

resection. Liquid biopsies (LB) on the other hand are a more easily obtainable, and a far less 

invasive option53. They can provide real time information on cancers through serial sample 

collections53, something that is not practical in solid tumors, since depending on tumor site it 

could require multiple surgeries and anesthesia with associated risks while also being signifi-

cantly more uncomfortable for the patient. LB also allow the analysis of tumor components 

from multiple sites. Theoretically, they can serve as a temporal and spatial cancer monitoring 

approach53. In general LB analysis is cheaper and has a quicker turnaround time53. 
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LB allow the analysis of many different biomarkers, and the most commonly used is 

peripheral blood, but other body fluids such as urine, cerebrospinal fluid and saliva also have 

their uses53.  

Carbohydrate antigen 19-9 (CA 19-9) levels in peripheral blood have been heavily stud-

ied as a PC biomarker54. CA 19-9 levels are more elevated in PC patients which could aid its 

diagnosis and high levels of CA 19-9 during treatment are associated with a worse prognosis, 

which could be used to monitor the disease48. However, this biomarker has shown to be not 

very reliable, since CA 19-9 can be elevated in other conditions, such as pancreatic inflamma-

tion and biliary infections or obstructions, which can lead to i) positives48. Also, individuals who 

are Lewis antigen negative have low or no production of CA 19-9 which leads to false nega-

tives48,55. This means that investment in the research of other PDAC biomarkers is still needed 

to complement or substitute CA 19-9. 

Circulating free DNA (cfDNA) is a portion of DNA that circulates freely in the blood-

stream, and originates from  cellular breakdown mechanisms such as necrosis, apoptosis and 

phagocytosis, and/or from the active secretion mechanisms56. circulating tumor DNA (ctDNA) 

is a type of cfDNA that has a tumor origin56 (Figure 1.5). In people with cancer, around 1 to 2% 

of all cfDNA is ctDNA56. LB may allow to isolate not only ctDNA, but also the circulating tumor 

cells (CTCs), extracellular vesicles that may provide additional tumor-derived information and 

new biomarkers for early diagnosis53. Nevertheless, considering that molecular classification is 

now part of routine diagnosis, LB may allow the fast detection of KRAS mutations in peripheral 

blood of PDAC patients, a valuable tool for planning the most suitable therapeutic strategy 

and to monitor patient response.  

Buscail et al.57 analyzed a group of 24 studies that investigated the role of ctDNA in 

PDAC patients where most of the studies chose the detection of KRAS mutations as the evi-

dence for mutated ctDNA. The authors state that this approach had limited value for the iden-

tification of earlier stages of the disease, suggesting that either these tumors do not shed 

enough cells to generate high amounts of ctDNA, or that the ctDNA is too degraded and its 

concentration too low for current techniques to detect it. Even with high sensitivity techniques 

such as digital PCR, concordance of KRAS mutations between tumor and ctDNA varied be-

tween from 25% to 75% where locally advanced and metastatic patients had a much higher 

concordance (70-80%) than patients with resectable tumors (30-68%). The presence of KRAS 

mutations in ctDNA was also correlated with a worse prognosis in 17 of those studies.  
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In another study, the correlation between KRAS mutations in ctDNA and PC staging 

reveal that combining the analysis of KRAS mutations in ctDNA and CA19-9 levels improved 

the performance of these biomarkers in predicting malignancy over the analysis of each indi-

vidual parameters alone, providing an increase in the sensitivity of the test58.  

 

Figure 1.5: Origin of ctDNA. The release of cells, DNA and extracellular vesicles by the tumor 

allow the detection of mutated tumor DNA in the bloodstream. The collection of blood samples 

is a minimally invasive procedure and is already widely used so there is a growing interest in 

using this type of sample to obtain information on the tumor's genetic profile to aid cancer 

diagnosis and treatment. Adapted from Zhou et al.59  
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1.6. Molecular techniques for cancer diagnostics 

The discovery of relevant cancer biomarkers and their relevance for the diagnosis, prog-

nosis and treatment of the disease is just as important as the development of tools that can 

detect and measure them with high specificity, sensitivity and accuracy. Many aspects must be 

taken into consideration when choosing the adequate technique, such as its higher specificity 

and sensitivity, lower cost and turnaround time. Currently, there are many techniques that can 

detect mutations in genes such as KRAS, where most of them are iterations of the PCR tech-

nique or use it as an initial step, such as sequencing techniques.  

 

1.6.1. Molecular techniques routinely used in clinical practice 

In a clinical setting the techniques used for the molecular profiling of cancer patients 

are the ones that provide the more accurate results and are also economically viable to be 

performed on a large scale. 

 

Polymerase Chain Reaction (PCR) and Quantitative PCR (qPCR) 

Originally developed by Kary Mullis60, the Polymerase chain reaction (PCR) is a tech-

nique that can generate millions of copies of a DNA sequence from just one molecule, being 

extensively used in areas such as biosciences research, forensics and diagnostics. This tech-

nique allows the exponential amplification of a desired DNA sequence by submitting it through 

temperature cycles. The different temperatures in a PCR reaction, allow the sequential steps of 

DNA denaturation, annealing of the primers complementary to the desired region and a final 

sequence elongation to generate the specific product, which can then be visualized by subse-

quent analysis by agarose gel electrophoresis. The low high throughput and automation of 

analysis by agarose gel electrophoresis, and the development of fluorescent probes that can 

bind to DNA with high affinity, led to the development of new PCR equipment that allows to 

directly monitor amplification of PCR product by detection of fluorescence over time -  real-

time PCR or quantitative PCR (qPCR)61, resulting in the entire reaction and analysis happening 

in a closed tube. This can be done using a fluorescent dye whose fluorescence levels are pro-

portional to the number of copies present in solution (Figure 1.6). 
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Figure 1.6: qPCR. In this technique, a fluorophore that emits a fluorescence signal when asso-

ciated with dsDNA, allows to monitor the amplification of the target DNA over each cycle. As 

the number of copies of DNA target increase, the amount of dye associated with dsDNA in-

creases and so does the fluorescence signal. Adapted from BioRender.com. 

 

 

 Sanger Sequencing (SS) 

The Sanger Sequencing (SS) technique was first described in 1977 by Fred Sanger and 

his colleagues, where they used deoxynucleoside triphosphate analogues, dideoxynucleotides 

(ddNTPs), that were initially labeled with radioactive 32P, and later with 33P and 35S, as chain-

terminating inhibitors of the DNA polymerase extension reaction62. The random incorporation 

of these analogues in the DNA sequence, resulted in DNA fragments of different sizes, which 

could then be analyzed by polyacrylamide gel electrophoresis (PAGE). After PAGE, the gel was 

dried, exposed in a darkroom to a large sheet X-ray film, and stored at -80 °C for a period. 

After X-ray film development, the DNA sequence was analyzed in a light box. Later on, due to 

the health problems generated by the exposure of lab personnel to radioisotopes, radioactive-

labeled ddNTPs were replaced by fluorescent-labeled ddNTPs63, still in use as of today (Figure 

1.7). This technique totally revolutionized the Molecular Genetics and Diagnostic fields, being 

widely adopted and the equipment’s extensively improved to accelerate speed, accuracy and 

ease of the process. Due to its robustness, SS can still be considered the gold standard for 

sequencing of single genes, being widely used in scientific research and in the clinical setting 

to identify point mutations and polymorphisms64.  
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Figure 1.7: Schematic representation of the modern SS methodology. A mix of dNTPs and flu-

orescently labeled ddNTPs are used in the amplification reaction. When the fluorescently la-

beled ddNTPs are randomly incorporated, the chain can no longer be elongated by the poly-

merase (1 and 2). The different fluorescence signals associated with different size fragments 

(3) can then be detected and analyzed in a chromatogram (4 and 5). Retrieved from BioRen-

der.com. 

 

Amplification refractory mutation system (ARMS) 

The amplification refractory mutation system (ARMS) is a technique developed by C. R. 

Newton and colleagues, being an adaptation of the classic PCR technique, that takes advantage 

of the fact that primers with a mismatched nucleotide bind less efficiently to the target DNA 

region65. This allows the identification of single nucleotide variants by using a mutation-specific 

primer that will have a mismatch with the wild-type sequence. To further reduce the possibility 

of amplification of the wild-type sequence, additional mismatched bases are added near the 

3' end65. A PCR reaction using this primer will only amplify the target sequence in the presence 

of the mutation (Figure 1.8) while a second reaction using a wild-type matching primer will not 

amplify in the presence of the mutation. The PCR products can then be analyzed by observing 

the bands in an agarose gel, where the presence of a band in the lane with the mutation-

specific primer reaction means the mutation is present in the analyzed locus, while a band in 

the lane with the wild-type-specific primer reaction means that the mutation is not present. 
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The presence of bands in both lanes means that the mutation is present in heterozygosity 

(Figure 1.8).  

  As with other molecular techniques, the need for high throughput, led to the develop-

ment of variations of this methodology that used the same principle but with more all primers 

simultaneously in the same reaction, where an outer pair of wild-type matching primers is 

complemented with an inner mutation-specific primer, resulting in PCR products of different 

sizes depending on whether the inner primer is able to bind to the target sequence or even in 

a multiplex approach targeting different mutations in the same locus or different loci66. The 

results still need to be analyzed in an agarose gel electrophoresis to analyze the presence of 

multiple bands, corresponding to the wild-type alleles or the mutated alleles. The addition of 

another inner primer, wild-type specific, allows the detection of mutations in heterozygosity, 

as the resulting DNA fragments of mutated and wild-type sequences will be of different sizes. 

Since the mutation analysis is dependent on mutation-specific primers, the cost-effectiveness 

of the ARMS technique is considerably lower when analyzing multiple genes.  

 

 

Figure 1.8: ARMS principle. One of the primers is designed to only bind to the template DNA 

when a specific mutation/allele is present, allowing extension by the DNA polymerase only in 

the presence of that mutation/allele, where only one base is mismatched. In the presence of 

the wild-type sequence, the mismatched bases significantly reduce the efficiency of the reac-

tion. The amplification products can be visualized in an electrophoresis gel where the presence 

of a band means the amplification of the studied allele was successful. Created in BioRen-

der.com. 
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Droplet digital PCR (ddPCR) 

Droplet digital PCR (ddPCR) is a version of qPCR where the sample is partitioned into 

thousands of nanoliter-sized droplets67, which can be obtained by the creation of a water-on-

oil emulsion. Fluorescence is measured in each of these droplets to assess if the amplification 

was successful. Counting the number of droplets that are positive, i. e. that present fluores-

cence, allows the quantification of the target sequence68. Due to the nature of this technique, 

even miniscule amounts of the target sequence can be detected, as quantities as small as a 

single molecule can be amplified in a droplet. This makes ddPCR a powerful tool for the de-

tection of genetic alterations, especially in the field of precision oncology, for allowing the 

detection of low-abundance molecular targets in various biological fluids such as the detection 

of ctDNA in blood. However, dPCR-based techniques still present some disadvantages such as 

incomplete amplifications due to small sample volumes, higher risk of sample contamination, 

limited use for large amplicons and limited multiplexing ability69.  

Because of its high costs, the use of ddPCR is usually limited to laboratories specialized 

in cancer diagnostics and is yet to be a hallmark in all diagnostic laboratories. 

 

1.6.2. Molecular techniques that are not routinely used in a clinical setting 

Other molecular techniques can be used to detect gene mutations/polymorphisms in 

patient samples. These techniques can have many advantages such as very high sensitivities or 

the analysis of multiple genes at the same time, being widely used in a research context, but 

their use in the clinical practice is still limited, due to factors such as validation issues, cost, 

turnaround time or complexity. 

High Resolution Melting Analysis (HRMA) 

HRMA is a technique that was described in 2003 by Wittwer and colleagues70, that is 

based on the high-resolution melting analysis of amplicons previously described by Gundry et 

al.71 but without the need for labeled oligonucleotides. HRMA takes advantage of the presence 

of dyes that bind DNA, emitting fluorescence. These dyes bind efficiently to dsDNA which al-

lows the monitoring the melting of DNA at different temperatures72. This technique requires 

the denaturation of PCR products followed by a rapid renaturation due to a sudden decrease 

in temperature. In homozygotic samples the DNA strands return to their normal state, forming 

homoduplexes, but if the sample is heterozygotic or if a mutation is present, the sudden 
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renaturation is going to originate heteroduplexes as well, due to the annealing of two different 

sequences. When the PCR products are submitted to a gradual temperature increase, they start 

to denature again. Because heteroduplexes have mismatched nucleotides their melting tem-

perature is going to be lower than homoduplexes, since they are more unstable, and subse-

quently denature more easily. This difference in denaturation rates can be detected with the 

utilization of the previously mentioned fluorescent dyes. These dyes only present fluorescence 

when bound to dsDNA which means that it is possible to follow the denaturation process by 

measuring the fluorescence intensity. The presence of mutations and of different alleles can 

then be detected by analyzing the differences in the melting curve profiles (Figure 1.9). The 

analysis of the derivative plot of the generated melting curve is common as it allows the anal-

ysis of peaks associated with the melting temperatures of the different amplicons 72.  

HRMA is faster and cheaper than SS, but it cannot identify mutations per se, making it 

more suited for high throughput screening and requiring confirmation by other techniques on 

the positive cases which may hamper cost and translation to the clinics. 
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Figure 1.9: Schematization of the HRMA principle. A) After sample amplification, samples are 

denatured using high temperatures and renaturated using a sudden decrease in temperature. 

This rapid renaturation causes the formation of heteroduplexes with mismatches if the sample 

is heterozygotic or if a mutation is present. During the final denaturation step, heteroduplexes 

present lower melting temperatures due to the mismatches, causing a faster release of DNA-

binding dyes. B) This results in a faster decrease in fluorescence that can be observed when 

comparing the melting curves of homozygotic and heterozygotic/mutated samples. Created 

in BioRender.com. 

 

Next generation Sequencing (NGS) 

In the last few decades new sequencing technologies such as Illumina, 454 and Ion 

torrent have emerged, part of the next generation sequencing (NGS)64. NGS technologies use 

the massively parallel sequencing of single DNA molecules to dramatically increase sequencing 

data-output which allows the analysis of various lengths of DNA or RNA sequences or even 

whole genomes in relatively short periods73. In Illumina sequencing, adaptor-bound DNA frag-

ments bind to a surface where a bridge amplification occurs. During the initial amplification, 
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several million dense clusters of double-stranded DNA are generated. In each sequencing cy-

cle, a single labeled dNTP is added to the bound nucleic acid chains, terminating the polymer-

ization temporarily. Since the dNTPs are fluorescently labelled, it is possible to detect which 

one was incorporated in each sequencing cycle74. In 454 sequencing adaptor-bound DNA frag-

ments are amplified while bound to a bead. After amplification, each bead is placed in an in-

dividual well where DNA synthesis occurs. Only one of 4 fluorescently labeled dNTPs (A, T, C 

or G) is added each time, which allows the identification of where the incorporation occurred75. 

Ion torrent sequencing uses a similar approach as 454 sequencing but takes advantage of the 

fact that a proton is released as byproduct when a dNTP is incorporated. By adding one of the 

4 dNTPs at a time, it is possible to detect if the pH changed and infer if and how many of the 

added dNTP were incorporated during DNA synthesis74. 

The high costs, lack of standardized material for clinical application and the need for 

powerful bioinformatics tools and specialized personnel for both experimental and data anal-

ysis limit the use of NGS in diagnostic laboratories. However, targeted sequencing (TS), a spe-

cialized application of NGS, focuses on sequencing a smaller cluster of genes which requires 

less powerful bioinformatics tools and is associated with reduced costs and turnaround times 

while maintaining excellent coverage depth. This facilitates the implementation of NGS tech-

nologies in less specialized laboratories. 
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In Table 1.1 a comparison of the different molecular techniques used in research or 

clinical settings is depicted.  

 

Table 1.1: Comparison of different molecular techniques for mutation analysis (advantages, 

disadvantages, limit of detection, routine use in clinics and references).  

*The lower proportion of mutant to wild-type DNA that the molecular technique can detect. 

**Whether these techniques are used routinely in clinical practice heavily depends on the economic context of the 

institution and country and the specialization of the laboratory 

Technique Advantages Disadvantages 
Limit of  

detection* 

Routinely used 

in 

clinical practice? 

References 

SS 

Allows the analysis of 

the entire region of 

interest 

long turnaround time 

labor intensive 

high cost 

10%-20% Yes 76–78  

ARMS 

High sensitivity 

low run time 

high specificity 

Can lead to false posi-

tives when mis-

matched primers allow 

amplification 

Only allows the detec-

tion of one mutation 

1% Yes 77,79 

HRMA 

Good for high-

throughput screening 

not labor intensive 

Low specificity 

need further tech-

niques for mutation 

confirmation 

5%-10% No 77,78 

ddPCR 
Very high sensitivity high cost 0.001%-

0.1% 
No** 68,80 

NGS/TS 

Allows the analysis of 

entire regions of in-

terest in single or 

multiple genes 

Very High cost 

Not appropriate for 

analyzing a single gene 

(NGS) 

2%-15% 
NGS-No** 

TS-Yes 

81,82 
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1.6.3. Choosing the right molecular technique for PDAC molecular diagnostics 

Multiple techniques can be used to detect KRAS mutations. The gold standard until 

now has been the use of SS to analyze exon 2 of KRAS gene, allowing the detection of all 

mutations in codon 12 and 13 of KRAS protein, where the most frequent alterations associated 

with PDAC are described24,25. Considering the advantages/disadvantages of the above-de-

scribed molecular techniques (Table 1.1), the cost of SS is not so high (as only one exon is 

analyzed per patient) but the turnaround time, the limit of detection and the labor-intensive 

nature of SS hampers its use in tumor samples. Indeed, up to 85% of a PDAC tumor can be 

constituted by stroma83, which along the tumor heterogeneity can mean that the percentage 

of cells that carry KRAS mutations in a tumor sample might be much lower than the limit of 

detection of SS, leading to false negative results. In fact, this has already been observed in 

studies that compared multiple techniques to detect KRAS mutations, where SS presented a 

high % of false negatives78 when compared to ARMS or melting analysis-based techniques. 

The lower sensitivity of SS is even more prominent in LB, as the proportion of ctDNA in cancer 

patients can be as low as 0.1% of cfDNA84. This is corroborated by the work done in Beatriz et 

al.85 where the coupling of ARMS and HRMA presented a higher sensitivity than SS when ana-

lyzing both tumor and plasma samples of PDAC patients. NGS is not an appropriate option for 

testing a single gene like KRAS, since its major usefulness resides in testing large panels of 

multiple genes, but TS has in fact been implemented in clinical practice. NGS, and in this case, 

targeted resequencing seems to have a higher detection capability, being able to detect 

smaller proportions of mutated DNA. In fact it has been used successfully to detect KRAS mu-

tations in plasma samples in research settings86. The use of targeted resequencing is, however, 

more expensive than SS, and this cost increases with the increase of number of loci under 

study.  

The ARMS technique is also used to detect KRAS mutations, as it is an appropriate 

technique for the detection of single point mutations which dominate the PDAC mutational 

landscape. However, conventional ARMS, mostly used until now in the clinical practice, does 

not have the capability to detect all KRAS mutations at once, since the primers used in the 

ARMS are mutation specific, but it is still a cheap, fast and more sensitive option with a much 

lower limit of detection compared to SS. Nevertheless, there is also the possibility of false 
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positives, as mismatched primers still have a small capacity to allow amplification79. In the later 

years, multiplex ARMS entered the clinical practice with the validation of the Therascreen KRAS 

Mutation Detection kit (DxS Ltd, Manchester, United Kingdom), is an FDA-approved compan-

ion diagnostic (CDx) kit for the simultaneous detection of the 7 mutations in KRAS (G12A, 

G12D, G12R, G12C, G12S, G12V and G13D) in patient's tissue samples. Nevertheless, so far it 

has not been approved for PDAC tissue or plasma samples87(p2). The limit of detection associ-

ated with ARMS, although lower than SS, could still the utilization of similar kits for LB. 

The HRMA technique can be used as a high throughput option for KRAS mutation de-

tection and even though its limit of detection is higher than ARMS, it is still lower than SS, while 

also being cheaper and not so labor intensive. These characteristics make this technique an 

attractive option when considering the integration of genomic testing in the PDAC treatment 

pipeline. However, as HRMA alone cannot discriminate the mutation present, its application as 

a stand-alone technique is limited. Since the objective is to not only assess the presence of 

certain mutations, but also to personalize the treatment approach based on the mutation pre-

sent, using a technique that is able to do as a stand-alone, is of our best interest. A very sensi-

tive technique capable of both detecting and identifying mutations such as ddPCR could be of 

great use, especially when analyzing plasma samples. Unfortunately, the characteristics that 

make this option attractive, namely its limit of detection, also it is much more expensive, which 

has been hindering its routine application in every clinical setting, being applied mostly in on-

cology labs.  

 

1.7. Aim of this work 

Our inability to meaningfully reduce PDAC’s burden in the last decades requires the 

investment in better diagnostic and monitoring tools. Therefore, this project was developed as 

a continuation of previous work by Oliveira et al.85 which described a new methodology based 

on the combination of ARMS and HRMA to detect KRAS mutations in tumor and plasma sam-

ples. The validation of this methodology would provide an alternative to the current molecular 

techniques used in clinical settings to aid PDAC treatment. 

The primary objective of this work was to increase the dataset, namely by using a larger 

cohort of tumor and plasma samples of PDAC patients (97) to obtain a more robust validation 

of the ARMS-HRMA technique for a future translation to a clinical setting. Indeed, the existence 

of simple, cheap and robust techniques that can detect KRAS ctDNA in LB may have a strong 

impact on early diagnostics and monitoring of PDAC patients. Moreover, taking into 
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consideration, the impact of the molecular classification of PDAC patients to choose the most 

suitable treatment strategy and existence of a drug for targeting G12C KRAS mutation (and 

soon to other KRAS codon 12 mutations), and the potential impact for personalized medicine 

of the presence of more than one KRAS mutations in PDAC patients, another objective of the 

present work, was to design, validate and detect three additional mutations in KRAS protein, 

G12R, G12C and G13D, in this new cohort of PDAC patients. SS was used as the gold standard 

technique for molecular analysis and comparison of results. At the end of this study, we hope 

to have validated the ARMS-HRMA technique for the detection of the 5 most frequent muta-

tions in codons 12 and 13 of KRAS protein, namely, G12D, G12V, G12R, G12C, and G13D in 97 

tumor and plasma samples of PDAC patients. 
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2. MATERIALS AND METHODS 

Materials 

• High Pure PCR Template Preparation Kit (Roche, Basel, Switzerland); 

• Surgical blades (Nahita, Navarre, Spain); 

• Needles (B. Braun, Lisbon, Portugal); 

• Isopropanol (Merck, Darmstadt, Germany); 

• DreamTaq™ Buffer (10X) (Thermofisher, Waltham, Massachusetts, USA); 

• dNTPs NZYMix (NzyTech, Lisbon, Portugal); 

• DreamTaq™ (NzyTech, Lisbon, Portugal); 

• DEPC-treated water (Invitrogen by Thermofisher Scientific, Waltham, Massachusetts, 

USA); 

• Agarose – MB02703 (NzyTech, Lisbon, Portugal); 

• Acetic acid (Merck, Darmstadt, Germany); 

• EDTA (Chem Lab nv, Zedelgem, Belgium); 

• Tris Base (Fisher BioReagents, Pittsburgh, Pennsylvania, USA); 

• GelRed® Nucleic Acid Gel Stain (Biotium, Fremont, California, USA); 

• GeneRuler DNA Ladder Mix SM0331 (Thermofisher Scientific, Waltham, Massachusetts, 

USA); 

• Supreme NZYTaq II 2x Green Master Mix (NzyTech, Lisbon, Portugal); 

• DMSO (Honeywell, North Carolina, USA); 

• Primers for PCR and ARMS-HRMA (STABVIDA, Setubal, Portugal) 

  

2.1. Biological Materials 

In this work, patients with newly diagnosed and histologically proven PDAC treated at 

the referral center Hospital Beatriz Ângelo (Loures, Portugal) and Hospital da Luz (Lisbon, Por-

tugal), between October 2017 and November 2022 were included. The study was conducted 

according to the guidelines of the Declaration of Helsinki and approved by the Ethics Commit-

tee of Hospital Beatriz Ângelo (1372/2015_CMOEB 127 (approved on 31 December 2015)) and 

Hospital da Luz (CES/13/2018/ME (approved on 12 128 April 2018)). Informed written consent 

was obtained from all the patients. During the study period, 97 PDAC patients had available 

fresh frozen tumor and plasma samples and were included in the present study. 50 out of 97 
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patients had two plasma samples available, one extracted at diagnosis before any treatment 

(P1), and another extracted months after (P2). 

Tumor samples (resected patients and EUS-FNB) were collected into sterile 1ml Eppen-

dorf tubes kept at 4ºC, and immediately frozen in liquid nitrogen and stored at -80ºC for later 

molecular analysis.  

Blood samples were collected at diagnosis before any treatment. A small amount of 

blood (8mL) was collected into 2 EDTA-blood tubes and kept at 4ºC; these were transported 

to the laboratory at 4ºC within a maximum period of four, ideally 2 hours. Blood components 

were then separated by centrifugation (2000 xg, 10 min at 4ºC) and placed in cryotubes and 

plasma samples were flash-frozen in liquid nitrogen and stored at -80ºC for later analysis.  

The controls groups used in the ARMS-HRMA reactions consisted of gDNA from 6 dif-

ferent cell lines, described in Table 2.1. 

 

2.2. Control samples (cell lines)  

In this work, we have used 6 different cell lines with different KRAS genotype to extract 

the genomic DNA (gDNA) to be used as controls in the ARMS-HRMA reactions. The character-

ization of the different cell lines is described in Table 2.1. 

Table 2.1: Characterization of the different cell lines used in this study 

Cell Line Reference Origin 

Genotype (KRAS) 

(mutation in codon 12 

or 13 of KRAS protein) 

HT-29 ATCC HTB-38™ 
Isolated from a 44-year-old, white, female 

patient with colorectal adenocarcinoma. 
wild type 

LS174T ATCC CL-188™ 

Isolated from the colon of a White, 58-

year-old, female adenocarcinoma patient 

with colorectal cancer. 

heterozygous (p.G12D) 

SW480 ATCC CCL-228™ 
Isolated from the large intestine of a Dukes 

C colorectal cancer patient Leibovitz's L-15  
homozygous (p.G12V) 

HCT116 ATCC CCL-247™ 
Isolated from the colon of an adult male 

with colon cancer 
heterozygous (p.G13D) 

H358 ATCC CRL-5807™ 
Isolated from the bronchiole of a male pa-

tient with bronchioalveolar carcinoma. 
heterozygous (p.G12C) 

PSN-1 ATCC CRL-3211™ 
Isolated from the pancreas of a patient 

with adenocarcinoma 

heterozygous (p.G12R) 
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Methods 

 

2.3. Cell culture 

HCT116 and HT-29 tumor cell lines were grown in Dulbecco’s Modified Eagle Medium 

(DMEM; GibcoTM, ThermoFisher Scientific, Waltham, MA, USA), PSN-1 and H358 cell lines were 

grown in Roswell Park Memorial Institute Medium (RPMI; GibcoTM, ThermoFisher Scientific, 

Waltham, MA, USA), LS174T cell line was grown in Eagle's Minimum Essential Medium (EMEM; 

Merck, Darmstadt, Germany), SW480 cell line was grown in Leibovitz's L-15 Medium (GibcoTM, 

ThermoFisher Scientific, Waltham, MA, USA) all supplemented with 10% (v/v) Fetal Bovine Se-

rum (FBS; GibcoTM , ThermoFisher Scientific, Waltham, MA, USA) and 1% (v/v) antibiotic/anti-

mycotic (GibcoTM, ThermoFisher Scientific, Waltham, MA, USA) and maintained in 25 cm2 cul-

ture flasks (VWR, Pennsylvania, USA) at 37°C in a 99% humidified atmosphere of 5% (v/v) CO2 

(CO2 Incubator Leec, United Kingdom). 

  

2.4. DNA extraction 

DNA extraction from PDAC patient’s tumor and plasma samples and from all control 

cell lines was performed using the High Pure PCR Template Preparation Kit. The extraction 

protocol was performed according to the protocol provided by the company with some mod-

ifications, described below for tumor and plasma samples.  

For tumor samples, 25-50 mg of tumor sample were added to a 1.5 ml Eppendorf tube. 

To facilitate the tissue digestion process, the tumor piece was cut into smaller portions using 

a surgical blade and needle. 200 μL of Lysis Buffer and 40 μL of reconstituted Proteinase K were 

added to the Eppendorf tube and the content was mixed. The Eppendorf tube was then incu-

bated at 55ºC for 1 hour or until the tissue was digested completely i. e. no discernible clumps 

of tissue were present inside the tube. The tube was inverted and flicked multiple times during 

incubation to promote the physical disruption of the tissue. After incubation, 200 μL of binding 

Buffer were added to the tube, the contents were mixed immediately, and the tube was incu-

bated again at 70 ºC for 10 minutes. 

For plasma samples, 300 μL of plasma were added to two different Eppendorf tubes. If 

there was not enough sample available, 200 μL of plasma were added to two Eppendorf tubes 

or 300 μL to a single tube instead. 300 μL of Binding Buffer and 60 μL of proteinase K were 
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added to each tube, scaled down to 200 μL and 40 μL respectively for tubes with 200 μL of 

plasma sample. The tubes were then incubated at 70ºC for 10 minutes. 

For tumor samples, 100 μL of isopropanol were added to the Eppendorf tube after the 

incubation step. For plasma samples, 150 μL of isopropanol were added, scaled down to 100 

μL for tubes with 200 μL of plasma sample. With the help of a pipette tip, the insoluble frag-

ments of tissue were discarded to avoid clogging the filter. The content in the Eppendorf tube 

was pipetted into the High Pure filter’s reservoir in a collecting tube and centrifuged at 8000xg 

for 1 minute and 30 seconds (1 minute for plasma samples). After replacing the collection tube, 

500 μL of Inhibition Buffer was added and the assembly was centrifuged at 8000xg for 1 minute 

and 30 seconds (1 minute for plasma samples). After replacing the collection tube, 500 μL of 

Wash Buffer was added and the assembly was centrifuged at 8000xg for 1 minute and 30 sec-

onds (1 minute for plasma samples). After the last step was repeated once, the tube was cen-

trifuged at 13000xg for 30 seconds (10 seconds for plasma). This time the collection tube was 

replaced by an Eppendorf tube. Then, 50 μL (30 μL for plasma samples) of Elution Buffer pre-

heated to 70ªC was added to the filter reservoir assembled in the Eppendorf tube and centri-

fuged a final time at 8000 xg for 1 minute and 30 seconds.  

Tumor sample DNA concentration was measured using the Microvolume Spectropho-

tometer NanoDrop (Thermo Fisher, Waltham, Massachusetts, EUA). 

   

2.5. Amplification of KRAS exon 2  

A PCR was performed on all tumor samples to analyze the exon 2 of the KRAS gene. 

The primers used are presented in Table 2.2. The PCR reaction mixture composition (for a total 

of 20 μL) is presented in Table 2.3. The reaction mixture for tumor samples used 100 ng of 

gDNA, while the reaction mixture for plasma samples used 2 μL of DNA regardless of the con-

centration. The reactions were performed in a DNA Engine® Thermal Cycler (Bio-Rad, Hercules, 

California, USA) following the PCR program described in Table 2.4. 

 

Table 2.2: Primers used for the amplification of the exon 2 of KRAS. These primers were de-

signed by PhD student Beatriz Oliveira. 

Primer Forward 5′-GGTGGAGTATTTGATAGTGTA-3′ 

Primer Reverse 5′-TGGACCCTGACATACTCCCAAG-3′ 
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Table 2.3: PCR Reaction Mixture used to amplify exon 2 of KRAS 

Reagent Final Concentration Volume (μL) 

H2O DEPC - 13.52 μL 

Buffer Dream 10x 1x 2 μL 

dNTPs (10 mM) 0.8 mM 1.6 μL 

Primer Fwr (10 μM) 0.12 μM 0.24 μL 

Primer Rev (10μ) 0.12 μM 0.24 μL 

Dream Taq 0.15 units 0.4 μL 

DNA template 5 ng/μL (tumor) 2 μL 

  

 

Table 2.4: PCR Program used for the amplification of exon 2 of the KRAS gene 

Initial Denaturation 95 ºC 5 min 1 cycle 

Denaturation 95 ºC 30 sec 

30 cycles Primer annealing 61ºC (Tumor) / 53ºC (Plasma) 30 sec 

Extension 72 ºC 20 sec 

 

 

2.7. Gel Electrophoresis 

Gel Electrophoresis was used to analyze the amplification products of both PCR and 

ARMS-HRMA. For the visualization of PCR products, a 1% (m/v) agarose gel was prepared with 

100 ml of TAE, while ARMS-HRMA products were visualized in a 2% (m/v) agarose gel, both 

prepared with 15 μL of GelRed. GeneRuler 1k bp DNA Ladder was used as a molecular marker. 

A negative control (with no template DNA) was used do discard contamination. Electrophoresis 

was performed in an electrophoresis tank at 80 V for 90 minutes. The gel was then visualized 

in the GelDocTM EZ Imager. 
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2.8. Direct sequencing 

KRAS exon 2 amplification products of tumor samples were sequenced in STABVIDA 

(Setubal, Portugal). The chromatograms were analyzed using the FinchTV software (Geospiza, 

Inc). 

  

2.9. ARMS-HRMA 

ARMS-HRMA technique was used to search for 5 different mutations in DNA extracted 

from control cell lines and PDAC patient’s tumor and plasma samples. The first ARMS step is 

the amplification of the 96 bp region using the ARMS technique. This step favors the amplifi-

cation of DNA sequences harboring the mutation corresponding to the forward primer used 

(see Table 2.5). The last nucleotide matches the mutated nucleotide, while the one before does 

not match the sequence, which will result in two mismatched nucleotides in a wild-type se-

quence, while only 1 mismatched nucleotide in the presence of the respective mutation. The 

HRMA step allows the analysis of the ARMS products to disclose positive (mutant KRAS) and 

negative cases (no mutation found). The reaction mixture is described in Table 2.6 and was 

performed in a total of 10 μL. The ARMS step is followed immediately by the HRMA step, both 

performed in the QIAGEN Rotor-Gene Q Real-time PCR cycler 5plex (Qiagen, Hilden, Germany). 

The ARMS-HRMA program used is described in Table 2.7. The resulting derivative plot of the 

melting profile was generated using Rotor-Gene Q Series Software 2.3.5 (Qiagen, Hilden, Ger-

many). 

Each ARMS-HRMA assay was performed with a wild-type control using gDNA from the 

HT-29 cell line, and a positive control using gDNA from the cell lines described in Table 2.1 

depending on the mutation. When analyzing tumor samples, 50 ng of sample and control 

gDNA were used in a total volume of 10 µL, while in plasma samples the controls used lower 

amounts of gDNA (0.25 ng for G12D, G12V, G13D and G12C; 2.5 ng for G12R) and 1 μL of 

sample was used regardless of concentration. 

Mutation scoring was done based on at least 2 separate assays. The fluorescence values 

of the samples were normalized using a wild-type and mutation controls. Using the resulting 

normalized fluorescence values of the melting peaks, samples were scored as positive or neg-

ative for a specific mutation based on a defined threshold and a qualitative evaluation.  
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Table 2.5: Primers used in ARMS-HRMA 

Common reverse primer  5' CTCTATTGTTGGATCATATTCG 3' 

Forward G12D primer 5' CTTGTGGTAGTTGGAGCTTA 3' 

Forward G12V primer 5' CTTGTGGTAGTTGGAGCTTT 3' 

Forward G12R primer 5' CTTGTGGTAGTTGGAGCGC 3' 

Forward G12C primer 5' CTTGTGGTAGTTGGAGCGT 3' 

Forward G13D primer 5' CTTGTGGTAGTTGGAGCTGGTTA 3' 

 

Table 2.6: Reaction mixture used in ARMS-HRMA 

Reagent Final concentration Volume used (μL) 

H2O DEPC - 2.1 μL 

NZYTaq II 2xGreen Master Mix 1x 5 μL 

DMSO 15% 2% (v/v) 1.33 μL 

Primer Forward (10 μM) 0.3 μM 0.3 μL 

Primer Reverse (10 μM) 0.3 μM 0.3 μL 

Template 5 ng/μL (tumor) 1 μL 

 

Table 2.7: ARMS-HRMA program used 

Initial Denaturation 95ºC 3 min 1 cycle 

Denaturation 95 °C 30 sec 

10 cycles Primer annealing 

G12D - 54°C 

G12V - 52°C 

G12R - 56°C 

G12C - 57°C 

G13D - 53°C 

15 sec 

Extension 72 °C 10 sec 

Denaturation 95 °C 30 sec 

25 cycles Primer annealing 60°C 45 sec 

Extension 72 °C 10 sec 

Melting 
Temperature increase: from 45ºC to 90ºC. 

1ºC incrementation every step / wait 5 s each step 
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2.9.1. Statistical analysis of ARMS-HRMA results 

One-way ANOVA with Dunnett's multiple comparisons test and unpaired parametric t-

tests were used to evaluate differences between the normalized melting intensities of samples 

and of positive controls. 

 

2.9.2. Data presentation 

Melting curve derivative plots and pie charts were created using the Microsoft Excel software, 

version 2411. Sankey charts were also created in the Microsoft Excel software but with the 

Power-user add-on, version 1.7.13.0. Bar plots were created using the GraphPad Prism 8 soft-

ware. 
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3. RESULTS AND DISCUSSION 

3.1. Cohort characterization 

The cohort analyzed in this work was composed of 97 PC patients. At the end of the 

experimental work, it turns out that 9 out of the 97 patients, were not PDAC patients (different 

tumor subtypes) while 88 were true PDAC cases. Although this work focused on PDAC, the 

samples of these 9 patients are still useful for the validation of the ARMS-HRMA methodology 

and so they were kept in our analysis. 

All the 97 patients had an associated tumor sample. Tumor samples nomenclature was 

based on the patient number, a number between 1 and 159, and an added "T" (e.g. a tumor 

sample from patient 7 would be named "7T"). In 7 out of the 97 patients, plasma samples were 

not able to be successfully extracted. Plasma samples nomenclature was based on the patient 

number, with an added "P1" or "P2". P1 and P2 refer to the timing of plasma sample collection, 

where samples with "P1" were collected first and samples with "P2" were collected a few 

months after. 

 

3.2. DNA Extraction of tumor and plasma samples 

DNA concentrations, and purity ratios (260/230 and 260/280) from tumor and plasma 

samples can be found in Table A1 (Appendix). DNA extraction was generally successful for 

every tumor sample, with an average DNA concentration of 131.8 ng/µl. The few cases where 

tumor extraction yielded concentrations below 50 ng/µl were associated with tumor pieces of 

large sizes. These samples still presented large chunks of undigested tissue after 3h of diges-

tion periods, which had to be removed before the first centrifugations to prevent clogging the 

High Pure Filter membrane. The removed chunks carry a lot of genetic material and therefore 

their removal was probably responsible for the low yields of the DNA extraction at the end of 

the procedure. One way to prevent this, is to divide these large tumor pieces into two tubes 

before the digestion step to facilitate the tissue digestion, or by using a longer digestion pe-

riod. Samples 132T, 139T, and 141T* show a lower 260/230 and 260/280 ratios, due to an ex-

perimental error where the samples were accidentally eluted to the tubes used in the wash 

steps, which contaminated the samples. 
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DNA extraction from plasma samples was not as successful as from tumor samples due 

to the lower amount of cfDNA in plasma samples. When trying to measure the DNA concen-

trations of the first batches of extractions from plasma samples, using a microvolume spectro-

photometer NanoDrop (Thermo Fisher, Waltham, Massachusetts, EUA), no peaks were ob-

served, and concentration values were very low and inconsistent (below the limit of the detec-

tion). For this reason, instead of measuring the concentration of DNA extracted from plasma 

samples, we decided to use a fixed volume in all ARMS-HRMA reactions, regardless of its con-

centration.  

After the extractions, a PCR amplification was performed using the extracted DNAs from 

all samples to confirm the amplification of exon 2 of KRAS gene and PCR products were visu-

alized through gel electrophoresis. 

 

3.3. KRAS amplification by PCR and Gel electrophoresis 

The assessment of mutations in the exon 2 of the KRAS gene by SS requires a high 

amount of template DNA, so a PCR was performed on all tumor samples. After the completion 

of the PCR reaction, an agarose gel electrophoresis was performed using 1 μL of the amplifi-

cation product. An example of gel electrophoresis performed with the amplification products 

of samples 125T, 126T, 127T, 128T, 129T, 131T and HT-29 control can be seen in Figure 3.1. 

The presence of a defined band of about 400 bp was indicative of a successful amplification 

and the amplification product was ready to be sequenced.  

To have a qualitative assessment of the DNA extracted from plasma samples, a PCR 

reaction was performed with every plasma sample. For most of the plasma samples, the PCR 

amplification products had lower intensities compared to the bands of the amplification prod-

ucts of HT-29 control (at 2.5 ng/µL). An example of gel electrophoresis performed with the 

amplification products of samples 8P1, 9P1, 9P2, 30P1, 38P1, 78P2, 84P2, 153P1 and HCT116-

29 control can be seen in Figure 3.2. We can then estimate that the concentration of DNA 

should be lower than 2.5 ng/µL. Band intensity was sometimes inconsistent between two ex-

tractions from the same plasma sample, indicating that the 2 DNA extractions were not equally 

successful in every sample. 
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Figure 3.1: Gel Electrophoresis of PCR products. MM - GeneRuler DNA Ladder Mix SM0331 

Molecular Marker; n.c. - negative control (no template); 125T, 126T, 128T, 129T, 131T - tumor 

samples; HT-29 - cell line. 1% (m/v) agarose gel in TAE 1x was used; Gel Red was added to the 

agarose gel to ensure visualization, and the gel was run at 80V for 90 min. Samples with * are 

a second DNA extraction of the same tumor sample.  

Figure 3.2: Gel Electrophoresis of plasma samples amplification products. MM - Molecular 

Marker; n.c. - negative control (no template); 8P1, 9P1, 30P1, 38P1, 78P2, 84P2, 153P1 - plasma 

samples; HCT116 - cell line. 1% (m/v) agarose gel in TAE 1x; Gel Red was added to the agarose 

gel to ensure visualization, and the gel was run at 80V for 90 min. Samples with * are a second 

DNA extraction of the same plasma sample.  

500 bp 

100 bp 



 

 40 

 

3.4. SS results  

All tumor samples had a successful amplification by PCR and were sent for SS. The 

resulting two chromatograms (one sequenced using the Primer Forward and one sequenced 

with the Primer Reverse) for each sample were analyzed to assess the presence of mutations 

in codons 12 and 13, based on the analysis of the fluorescence peaks. Examples of chromato-

grams from tumor samples where it is possible to detect G12D, G12V, G12R, and G13D muta-

tions are depicted in Figure 3.3. A summary of the SS results for all tumor samples can be found 

in Table 3.1.  

 

 

Figure 3.3: Representative images of the region under study extracted from chromatograms 

of 5 different tumor samples. Each genotype is represented at the top of each image (allow-

ing the identification wild type and mutated samples). Samples 151T, 150T, 149T and 129T 

present a noticeable second fluorescence peak, indicated by an arrow.  
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Table 3.1: SS results of all tumor samples used in this study. Samples with * were analyzed by 

me. The SS results for the remaining tumor samples were analyzed by PhD students Beatriz 

Oliveira and André Luz, and MSc student Beatriz Costa. 

KRAS Genotype 

(allele) 
Samples 

Homozygous 

(wt/wt) 

1T, 3T, 9T, 11T, 21T, 22T, 24T, 25T, 34T, 36T, 39T, 40T, 42T, 43T, 44T, 46T, 47T, 

66T,69T, 74T, 75T, 79T, 81T, 89T, 107T*, 109T, 111T*, 112T, 115T*, 120T, 125T*, 

126T*, 128T, 129T*, 130T, 131T*, 132T*, 139T*, 141T*, 142T*, 143T*, 146T, 155T, 

156T, 158T 

heterozygous 

(wt/G12D) 

7T, 8T, 13T, 17T, 23T, 30T, 31T, 37T, 38T, 48T, 58T, 59T, 88T, 93T, 100T, 105T*, 116T, 

119T*, 123T, 136T, 145T, 147T, 148T, 149T, 151T* 

heterozygous 

(wt/G12V) 
4T, 6T, 10T, 12T, 18T, 35T, 78T, 83T, 84T, 98T, 140T, 150T*, 153T, 154T 

heterozygous 

(wt/G12R) 
5T, 20T, 28T, 73T, 121T, 124T*, 134T, 149T* 

heterozygous 

(wt/G12C) 
65T, 90T 

heterozygous 

(wt/G13D) 
127T* 

heterozygous 

(wt/G12A) 
110T (G12A) 

 

 

3.5. Mutation scoring using ARMS-HRMA 

The mutation-specific primers used were designed to allow a higher amplification effi-

ciency of DNA sequences that contain the target mutation over the wild-type sequences or 

sequences with other mutations. When a sample is scored as "positive" for a given mutation 

by ARMS-HRMA, that specific mutation was detected in that sample. Following the same logic, 

a "negative" result only means that the tested mutation is not present and does not exclude 

the possibility of the presence of other mutations. As such, throughout this work, we have used 

the nomenclature for a "negative" result as "not detected" (ND for short abbreviation). 

In theory, the differentiation between positive and negative cases could be done 

through a gel electrophoresis, like in a standard ARMS procedure, but our previous results85 

revealed that the system was not binary. Mismatched primers still allowed some amplification, 
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although to a lesser extent, reducing the ability to differentiate a positive from negative case 

from a band in a gel electrophoresis. The combination of the ARMS with the HRMA (ARMS-

HRMA) allows the distinction between positive and negative cases by the analysis of the melt-

ing profile of each sample after the ARMS step. More specifically, the HRMA allows the visual-

ization of melting peaks. During HRMA, melting curves present a steep decrease in fluores-

cence around the melting Temperature (Tm) which generates a peak which can be seen in a 

plot of the derivative of fluorescence (dF/dT) as a function of temperature (T), represented in 

Figure 3.4. Melting peak intensity of mutated samples are generally higher than non-mutated 

ones, due to the higher efficiency of amplification of mutated sequences. 

Mutation scoring is performed based on whether the intensity of the melting peaks, 

normalized using wild-type and mutated positive controls, which are lower or higher respec-

tively, than a defined threshold. Even though the values used for mutation scoring are from 

the 1st derivative of the fluorescence values, I will refer to them as just fluorescence values or 

fluorescence intensity for simplicity.  

Fluorescence values normalization is done according to the formula shown in the bot-

tom of Figure 3.4, where the fluorescence values of the negative control are subtracted from 

the controls' and samples' fluorescence values. Then, wild-type fluorescence values are sub-

tracted from both the positive control's and the sample's fluorescence values. The final nor-

malized fluorescence of a sample was obtained by calculating the ratio between the sample's 

fluorescence value and the positive control's fluorescence value at the melting peak tempera-

ture. This means that the normalized fluorescence intensity of the positive control is always 1 

and the normalized fluorescence intensity of the wild-type control is always 0.  Melting peak 

temperatures were around 78 ºC for G12D, G12V, G12C and G13D mutations and 79 ºC for 

G12R mutations. The ARMS-HRMA exported data presented the recorded fluorescence values 

in intervals of 1 ºC starting at 45.5 ºC. Since the melting peaks were not always located at 

exactly 78 ºC or 79ºC, the fluorescence values were retrieved from the closest temperature 

(77.5, 78.5 or 79.5 ºC). 

gDNA from LS174T, SW480, PSN-1, H358 and HCT116 cell lines was used as positive 

controls when testing for G12D, G12V, G12R, G12C and G13D mutations respectively, while 

gDNA from the HT-29 cell line was used in the wild-type controls. The mean of normalized 

fluorescence values of multiple assays was used for the mutation scoring of PDAC patients. I 

used 0.5 as the threshold, as it was used in Oliveira et al.85, where samples with a normalized 

fluorescence above 0.5 were scored as positive and samples with a normalized fluorescence 

below 0.5 were scored as negative. The general mutation scoring process is exemplified in 
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Figure 3.4. Some adjustments to this process were made depending on the mutation or type 

of sample that was being analyzed and will be described on their respective sections.  

 

Figure 3.4: Schematization of a typical ARMS-HRMA derivative plot and formula used to nor-

malize fluorescence. The normalization of the fluorescence values of a sample was done using 

the fluorescence values at the melting peak temperature (Tpeak) which was around 78 ºC for 

G12D, G12V, G12C and G13D mutations and 79 ºC for G12R mutations. Using the formula to 

normalize the fluorescence values of hypothetical samples 1 and 2 we obtain the values of 0.8 

and 0.2 respectively. Using a threshold of 0.585, Sample 1 would be scored as a "positive" result 

for the mutation tested while Sample 2 would be scored as a "negative" result.  

 

To validate the use of ARMS-HRMA for KRAS mutations, it is important to note that, 

although the mutation scoring was done based on normalized fluorescence values, a critical 

look at the melting curves when testing any of the 5 mutations was essential. A sample with a 

low-intensity peak may have a normalized fluorescence intensity above 0.5. This could occur if 

a positive control presented an abnormally low melting peak, due to an experimental error 

(meaning that more than one ARMS-HRMA detection should be performed for each sample - 

3 replicates) or due to low quality of gDNA (a different extraction should be performed), which 

would inflate every sample’s normalized fluorescence intensity as it is calculated with a ratio 

using the positive control. A sample might also have a normalized fluorescence intensity below 

0.5, when 2 out of 3 replicates present a high-intensity melting peak but a third does not. Since 

the mutation scoring would be based on the mean of these 3 replicates, one replicate where 
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the sample did not amplify can alter the value of the normalized fluorescence intensity to be 

below 0.5, which would result in a false negative call. This can happen due to an experimental 

error but also due to tumor heterogeneity, where between replicates different proportions of 

mutated to wild-type DNA could be present, leading to variability in the results. This process 

of analyzing both the direct endpoint of the results (the normalized fluorescence intensity) and 

the various melting profiles of a sample across multiple assays is extremely important. Not only 

is it relevant for the validation of the ARMS-HRMA methodology but also for future integration 

in a clinical setting, as it can give us some clues of how robust the methodology is and how 

involved a human operator should be during the mutation scoring process. 

 

3.5.1. ARMS-HRMA on tumor samples 

In the analysis of tumor samples, equal amounts of tumor sample DNA and control 

DNA were used. Both the DNA extracted from the cell lines and the DNA extracted from the 

tumor samples were diluted to a 50 ng/µl concentration prior to their use in the analysis, to 

ensure that a 50 ng of DNA was present in each ARMS-HRMA reaction. Examples of ARMS-

HRMA derivative plots of all tumor samples analyzed can be found in Figures A1, A2, A3 and 

A4 (Appendix). 

3.5.1.1. G12D mutation analysis in tumor samples 

G12D mutation scoring was based on the same process described in section 3.5 but 

has some deviations from the example shown in Figure 3.4. It is common for samples scored 

as negative for the G12D mutation to present a melting peak at around 74 ºC, while sequences 

scored as positive present a peak at around 78 ºC as the other mutations. Due to this fact, 

G12D positive cases are more easily identified when compared to the other mutations, since 

positive and negative cases of other mutations only differ in melting peak intensity and not in 

the Tm. Some samples occasionally presented 2 peaks when tested for G12D however, one at 

74 ºC and the other at 78 ºC, so the analysis of the normalized fluorescence intensity was still 

necessary in many cases and used alongside the analysis of the temperature associated with 

the peaks. The values used to normalize the fluorescence of samples are the ones at 78 ºC, 

where the positive control's melting peak is located, regardless of the presence of a peak at 74 

ºC. An example of a typical G12D ARMS-HRMA result can be seen in Figure 3.5. 
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Figure 3.5: ARMS-HRMA results used in G12D mutation scoring of tumor samples 115T, 119T 

and 141T. A) Derivative plot of the melting curve of tumor samples 115T, 119T, 141T, wild-type 

control (HT-29) and G12D positive control (LS174T). B) Difference plot obtained by subtracting 

the wild-type control's fluorescence values from every curve. 

 

In Figure 3.5 it is possible to see that sample 119T is a positive case, as it presents a 

high-intensity melting peak at the same temperature as the positive control. Two examples of 

negative cases are sample 115T, which does not present a peak, and sample 141T which pre-

sents two low-intensity peaks near 74 and 78 ºC, a fact that was already described to occur 

when testing the G12D mutation. The analysis of samples with a melting peak of medium in-

tensity at 78 ºC relied on the normalized melting intensity. 

A) 

B) 
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G12D scoring of tumor samples analyzed exclusively by me using ARMS-HRMA results 

are summarized in Table 3.2, where 4 out of 21 samples scored positive for the G12D mutation. 

Sample scoring was based on the normalized fluorescence intensity. In Figure 3.6 the tumor 

samples are represented with their respective normalized fluorescence intensity. Samples 119T, 

131T, 142T are clearly above the 0.5 threshold and therefore were considered positive. The 

normalized fluorescence intensities of samples 129T and 151T were 0.480 and 0.463 respec-

tively, both very close to the chosen threshold. In these cases, the analysis of the melting curves 

served as the distinction between the two during mutation scoring. In one of the assays, the 

intensity of the positive control's melting peak is abnormally low and therefore very close to 

the melting peak of the 129T sample, which wrongly inflates the resulting normalization to a 

value close to 0.5. The 151T sample, presented a defined, high-intensity peak at 78 ºC in two 

of the three assays used, while the third replicate did not present a peak, lowering the mean 

of the normalized fluorescence intensity. Based on this distinction, we considered the third 

replicate as an outlier and scored 151T as a positive case, while scoring 129T as a negative case.  

 

Table 3.2: Summary of G12D mutations found in tumor samples analyzed by ARMS-HRMA 

ND: not detected 

KRAS mutation Samples 

G12D 119T, 131T, 142T, 151T 

ND 107T, 111T, 112T, 115T, 124T, 125T, 126T, 127T, 129T, 131T, 132T, 

139T, 141T, 143T, 149T, 150T 
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Figure 3.6: G12D scoring based on the normalized melting peak intensity of ARMS-HRMA. All 

samples are the average of the normalized melting peak intensity. Standard error of the mean 

(SEM) is represented in the error bars. Green bars represent samples that were scored as pos-

itive, while blue bars represent samples that were scored as negative. The 0.5 threshold is rep-

resented as a dotted line. Black asterisks indicate statistical difference between the normalized 

fluorescence intensity of the sample and the positive control (light blue) using One-way 

ANOVA with Dunnett's multiple comparisons test and unpaired parametric t-tests, (*p < 0.05; 

**p < 0.01; ***p < 0.001; ****p < 0.0001). 

 

3.5.1.2. G12V mutation analysis in tumor samples 

G12V scoring mutation was a straightforward application of the standard scoring meth-

odology described in section 3.5, where fluorescence levels at 78 ºC are used to obtain the 

normalized fluorescence intensity of the samples. An example of a typical G12V ARMS-HRMA 

derivative plot can be seen in Figure 3.7. 
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 Figure 3.7: ARMS-HRMA results used in G12V mutation scoring of tumor samples 142T, 143T 

and 150T. A) Derivative plot of the melting curve of tumor samples 142T, 143T, 150T, wild-type 

control HT-29 and G12V positive control SW480. B) Difference plot obtained by subtracting 

the wild-type control's fluorescence values from every curve. 

 

 Figure 3.7 shows 2 samples with high-intensity melting peaks. The 150T melting peak 

shows a positive case, while the peak associated with the 143T sample has a lower intensity. 

The scoring is done based on the normalized fluorescence intensity. 

G12V scoring of tumor samples analyzed exclusively by me using ARMS-HRMA are 

summarized in Table 3.3, where 5 out of 20 samples scored positive for the G12V mutation. In 

Figure 3.8 the tumor samples are represented with their respective normalized fluorescence 

intensity. Samples 111T, 141T and 150T are clearly above the 0.5 threshold and therefore 

scored as positive. Sample 132T has a melting peak with the same intensity as the positive 

control on the first replicates but does not present a melting peak on the other replicate. This 

A) 

B) 
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could be attributed to a mistake during the preparation of the reaction mixture, or to the pos-

sibility that this sample had a low % of mutated DNA when compared to the wild-type back-

ground, resulting in a lower amplification efficiency. Sample 143T presented two melting peaks 

with medium fluorescence intensity. The mean of the normalized fluorescence intensity of this 

sample ended up being below the threshold of 0.5 but since these peaks were distinct from 

other samples scored as negative and from the wild-type control, it was scored as positive. 

Table 3.3: Summary of G12V mutations found in tumor samples analyzed by ARMS-HRMA 

ND: not detected 

KRAS mutation Samples 

G12V 111T, 132T, 141T, 143T, 150T 

ND 105T, 107T, 112T, 115T, 119T, 124T, 125T, 126T, 127T, 129T, 131T, 

139T, 142T, 149T, 151T, 

 

 

Figure 3.8: G12V scoring based on the normalized melting peak intensity of ARMS-HRMA. All 

samples are the average of the normalized melting peak intensity. Standard error of the mean 

(SEM) is represented in the error bars. Green bars represent samples that were scored as pos-

itive, while blue bars represent samples that were scored as negative. The 0.5 threshold is rep-

resented as a dotted line. Black asterisks indicate statistical difference between the normalized 

fluorescence intensity of the sample and the positive control (light blue) using One-way 

ANOVA with Dunnett's multiple comparisons test and unpaired parametric t-tests, (*p < 0.05; 

**p < 0.01; ***p < 0.001). 



 

 50 

 

3.5.1.3. G12R mutation analysis in tumor samples 

G12R mutation scoring was performed based on the mean of the normalized fluores-

cence intensity at 79 ºC. Importantly, G12R ARMS-HRMA melting peaks usually present low 

intensities; nevertheless, G12R positive controls still present high-intensity melting peaks. One 

possible explanation is that the amplification efficiency of G12R ARMS step might be lower 

than the ARMS steps for other KRAS mutations. The high amount of mutated DNA present in 

positive controls still manages to amplify and present a high-intensity melting peak while tu-

mor samples with lower amounts of mutated DNA amplify much less and therefore present 

low-intensity melting peaks. However, the negative cases of G12R ARMS-HRM, usually do not 

present a peak.  

The only mutation scored as positive, 149T, has a normalized fluorescence intensity of 

0.2 which is considerably lower than the chosen threshold of 0.5 as seen in Figure 3.10. Still, it 

was scored as positive, because it consistently presented a melting peak, compared to the 

other samples tested that did not present any peak at all, as observed in Figure 3.9. The an-

nealing temperature used in the ARMS reaction for the G12R mutation is 56 ºC, which is higher 

than the annealing temperatures for G12D (54 ºC) or G12V (52 ºC), which could be contributing 

to a lower amplification efficiency. 

G12R scoring of tumor samples exclusively analyzed during this dissertation work using 

ARMS-HRMA are summarized in Table 3.4, where 1 out of 13 samples scored positive for the 

G12R mutation. In Figure 3.10, the tumor samples are represented with their respective nor-

malized fluorescence intensity. 
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Figure 3.9: ARMS-HRMA results used in G12R mutation scoring of tumor samples 141T and 

149T. A) Derivative plot of the melting curve of tumor samples 141T, 149T, wild-type control 

HT-29 and G12R positive control PSN-1. B) Difference plot obtained by subtracting the wild-

type control's fluorescence values from every curve.  

 

Table 3.4: Summary of G12R mutations found in tumor samples analyzed by ARMS-HRMA 

ND: not detected 

KRAS mutation Samples 

G12R 149T 

ND 107T, 111T, 125T, 126T, 131T, 132T, 139T, 141T, 142T, 143T, 150T, 

151T 

 

A) 

B) 



 

 52 

 

 

 

Figure 3.10: G12R scoring based on the normalized melting peak intensity of ARMS-HRMA. All 

samples are the average of the normalized melting peak intensity. Standard error of the mean 

(SEM) is represented in the error bars. Green bars represent samples that were scored as pos-

itive, while blue bars represent samples that were scored as negative. The 0.5 threshold is rep-

resented as a dotted line. Black asterisks indicate statistical difference between the normalized 

fluorescence intensity of the sample and the positive control (light blue) using One-way 

ANOVA with Dunnett's multiple comparisons test and unpaired parametric t-tests, (****p < 

0.0001). 

 

3.5.1.4. G12C mutation analysis in tumor samples 

G12C scoring was done according to the normalized fluorescence intensity at 78 ºC. 

G12C represents a very small fraction of KRAS mutations, and based on SS results, none of the 

tumor samples presented a G12C KRAS mutation. An example of a typical G12C ARM-HRMA 

derivative plot is presented in Figure 3.11 (performed by André Luz), where sample 65T was 

scored as positive. Although it does not present a very high-intensity and defined peak, its 

fluorescence intensity is still very high compared to other samples tested simultaneously (e.g. 

sample 109T). 
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Figure 3.11: ARMS-HRMA results used in G12C mutation scoring of tumor samples 109T and 

65T. A) Derivative plot of the melting curve of tumor samples 109T, 65T, wild-type control HT-

29 and G12C positive control H358. B) Difference plot obtained by subtracting the wild-type 

control's fluorescence values from every curve.  

 

 

 

 

 

 

 

 

B) 

A) 
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3.5.1.5. G13D mutation analysis in tumor samples 

G13D scoring was done according to the normalized fluorescence intensity at 78 ºC. As 

G12C, G13D represents a very small fraction of KRAS mutations. An example of a G13D ARMS-

HRMA derivative plot can be seen in Figure 3.12. In all replicates, sample 127T presented a very 

high-intensity peak, easily distinguishable from the wild-type control. Therefore, this sample 

was scored as positive. However, the positive control (DNA from HCT116) does not show the 

usual high-intensity melting peak associated with this positive control, as observed In Figure 

3.13, which was correlated with the poor quality of this DNA sample. Considering this, we have 

discarded this positive control (from assay presented in Figure 3.12) and mutation scoring of 

these samples was not done based on normalized fluorescence intensity. G13D scoring of tu-

mor samples exclusively analyzed by me using ARMS-HRMA are summarized in Table 3.5. 
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Figure 3.12: ARMS-HRMA results used in G13D mutation scoring of tumor samples 127T and 

129T. A) Derivative plot of the melting curve of tumor samples 127T and 129T, wild-type con-

trol HT-29 and G13D positive control HCT116. B) Difference plot obtained by subtracting the 

wild-type control's fluorescence values from every curve. 

 

Table 3.5: Summary of G13D mutations found in tumor samples analyzed by ARMS-HRMA 

ND: not detected 

KRAS 

mutation 

Samples 

G13D 127T 

ND 112T, 128T, 129T 

 

A) 

B) 
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3.5.1.6. ARMS-HRMA tumor samples - summary  

A summary of the KRAS mutations found in all tumor samples is presented in Table 3.6.  

These results include not only the samples that were exclusively analyzed by me (previous sec-

tions), but also samples that were also analyzed by the PhD students Beatriz Oliveira and André 

Luz and MSc student Beatriz Costa. In a total of 97 pancreatic cancer patients, ARMS-HRMA 

detected the G12D mutation in 35 samples (36%), G12V in 22 samples (23%), G12R in 10 sam-

ples (10%), G12C in 1 sample (1%) and G13D in 1 sample (1%). Interestingly, tumor samples 

47T and 83T tested positive for both G12D and G12V mutations (2%), while sample 90T tested 

positive for both G12D and G12C mutations (1%), totaling 72 positive samples.  

When analyzing the tumor samples of only the 88 PDAC patients, KRAS mutations were 

detected in 66 (77%). The proportion of mutations were 48% for G12D, 33% for G12V, 15% for 

G12R, 2% for G12C, 2% for G12D/ G12C (2%) and 3% for G12D/G12V. According to the litera-

ture, KRAS mutations are present in around 90% of PDAC patients7,24,28 which is higher than 

the 77% we observed in this cohort. That said, ARMS-HRMA only analyzed 5 KRAS mutations, 

which does not take into account Q61 mutations, which account for around 5-7% of muta-

tions24,25, and other rarer mutations. A cohort of 88 patients might also not be big enough to 

accurately represent the mutational landscape of PDAC. The observed proportion of KRAS mu-

tations is consistent with what is described in the literature24,25, with G12D being the most 

common mutation, followed by G12V and then G12R. 
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Table 3.6: ARMS-HRMA results of the 97 tumor samples. *For samples 5T, 16T and 22T, there 

was not enough DNA for ARMS-HRMA analysis. SS results showed that the KRAS genotype of 

sample 110T was wt/G12A, a mutation that is not included in this work and therefore was not 

analyzed by ARMS-HRMA. 

KRAS Mutation Samples 

G12D 

1T, 7T, 8T, 13T, 17T, 23T, 30T,31T, 37T, 38T, 42T, 44T, 48T, 58T, 59T, 66T, 

69T, 74T, 88T, 89T, 90T, 93T, 100T, 105T, 116T, 119T, 120T, 123T, 131T, 

136T, 142T, 145T, 147T, 148T, 151T, 159T 

G12V 
4T, 6T, 9T, 10T, 12T, 18T, 21T, 35T, 36T, 39T, 75T, 78T, 84T, 98T, 111T, 

132T, 140T, 141T, 143T, 150T, 153T, 154T 

G12R 20T, 28T, 73T, 121T, 124T, 128T, 134T, 146T, 149T, 155T 

G12C 65T 

G13D 127T 

G12D/G12V 47T, 83T 

G12D/G12C 90T 

No mutations detected 
3T, 11T, 24T, 25T, 34T, 40T, 43T, 46T, 79T, 81T, 107T, 109T, 112T, 115T, 

125T, 126T, 129T, 130T, 139T, 156T, 158T 

Results not available* 5T, 16T, 22T, 110T 
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3.5.2. ARMS-HRMA on plasma samples 

The process of mutation scoring in plasma samples followed the same rational of the 

one used in tumor samples with slight modifications as explained below. The fluorescence in-

tensity of samples was normalized using a positive and a wild-type control, and samples whose 

normalized fluorescence intensity is above the 0.5 threshold were scored as positive. As in the 

analysis of tumor samples, the visual/qualitative analysis of the melting curves had an im-

portant role in mutation scoring. 

Based on the knowledge obtained during tumor samples analysis, the use of replicates 

and, of controls samples with good DNA quality, is very important in the mutation scoring 

process. As previously explained (section 3.5.1), in the analysis of tumor samples, equal 

amounts of tumor sample DNA and control DNA were used. Both the DNA extracted from the 

cell lines and the DNA extracted from the tumor samples were diluted to a 50 ng/µl concen-

tration prior to their use in the analysis, to ensure that a 50 ng of DNA was present in each 

ARMS-HRMA reaction. However, considering that it was not possible to quantify the DNA ex-

tracted from plasma samples, some adjustments to the mutation scoring process had to be 

made to guarantee the detection of mutations by ARMS-HRMA in plasma samples. 

Moreover, the degree of fragmentation can also vary between plasma samples with 

similar amounts of DNA and most importantly, the proportion of mutated to wild-type DNA in 

plasma samples is much lower than in tumor samples (as the ctDNA origin would be the pri-

mary tumor). This proportion also varies depending on tumor size and cancer stage88. Consid-

ering all these factors, it was not possible to use equal amounts of plasma sample DNA and 

control DNA. Instead of 50 ng of gDNA from positive and negative control samples, we used 

0.25 ng of gDNA. This concentration was chosen since using 50 ng (the amount used in tumor 

sample analysis) or 2.5 ng resulted in almost no differences in the melting intensity (Figure 

3.13). Indeed, when we used 0.25 ng it was still possible to detect a melting peak in the positive 

controls, although with a lower intensity, which were still consistently above wild-type levels 

with the same concentration. The observation that wild-type controls in tumor analysis often 

did not present melting peaks when using 50 ng of gDNA became more frequent when reduc-

ing the amount of DNA used to 5 ng. After reducing the amount of wild-type control DNA to 

0.25 ng, the presence of a melting peak became a very rare occurrence (Figure 3.13). 
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Figure 3.13: Melting curves of different concentrations of the G13D positive control HCT116 

and wild-type control HT-29. It is possible to see that as the concentration of HCT116 gDNA is 

reduced, the intensity of the melting peaks is also reduced. It is also possible to see that only 

the 50 ng/µl concentration of the wild-type control presents a peak, but with a fluorescence 

intensity similar to that associated with the positive control at 0.5 ng/µl. 

 

Another adaptation made to the mutation scoring method was the analysis of DNA 

from two different extractions of the same sample simultaneously. When using a portion of the 

plasma sample for DNA extraction, the already low proportion of mutated to wild-type DNA 

can be further reduced. The parallel analysis of the DNA from two extractions of the same 

sample facilitates the identification of positive cases. The calculation of the normalized fluores-

cence intensity was still done individually for each extraction of the same sample but when 

scoring a sample as positive or negative, both extractions were considered. We were more 

confident in scoring a sample as positive if it presented a melting peak in both extractions. In 

this case, we used the mean of the normalized fluorescence intensity of each extraction for 

mutation scoring. However, samples where only one of the extractions consistently presented 

a melting peak like the positive control were also scored as positive, and we used only one of 

the extractions to obtain the normalized fluorescence intensity values. Samples that did not 

present melting peaks in any of the extractions or that presented inconsistent low intensity 
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melting peaks were scored as negative. Examples of ARMS-HRMA derivative plots of all plasma 

samples analyzed can be found in Figures A5, A6, A7 and A8 (Appendix). 

3.5.2.1. G12D mutation analysis in plasma samples 

G12D mutation scoring of plasma samples was done as described in tumor samples in 

section 3.5.1.1. An example of a typical G12D ARMS-HRMA derivative plot with plasma samples 

can be seen in Figure 3.14. The melting curves of both the positive control and the positive 

sample are similar to the ones observed in tumor samples in Figure 3.5, but with a much lower 

fluorescence intensity. In the example provided both extractions of the 31P1 sample present a 

melting peak near the 78 ºC, but the melting peak of the 31P1* extraction is much closer to 

the melting peak of the positive control, while extraction 31P1 presents a melting curve with a 

pronounced peak near 74 ºC, characteristic of negatives cases. A possible explanation for this 

difference is that the 31P1* extraction might have a higher proportion of mutated DNA than 

the 31P1 extraction, resulting in the typical peak at 78 ºC. Sample 31P2 on the other hand did 

not present a melting peak in both extractions, common on samples scored as negative. 

G12D scoring of plasma samples exclusively analyzed by me using ARMS-HRMA results 

are summarized in Table 3.7. In Figure 3.15 plasma samples are represented with their respec-

tive normalized fluorescence intensity. 
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Figure 3.14: ARMS-HRMA results used in G12D mutation scoring of plasma samples 31P1 and 

31P2. A) Derivative plot of the melting curve of plasma samples 31P1 and 31P2, wild-type 

control HT-29 and G12D positive control LS174T. B) Difference plot obtained by subtracting 

the wild-type control's fluorescence values from every curve. Samples with * are a second ex-

traction of the same sample. 

 

 

 

 

 

 

 

B) 

A) 
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Table 3.7: Summary of G12D mutations found in plasma samples analyzed by ARMS-HRMA.  

ND: not detected 

KRAS Mutation Samples 

G12D 7P2, 8P2, 31P1, 38P1, 145P1 

ND 8P1, 9P1, 9P2, 22P1, 30P1, 31P2, 37P1, 42P1, 42P2, 44P1, 44P2, 

116P1, 116P2, 120P1, 123P1, 123P2, 147P1, 147P2, 148P1 

 

 

 

Figure 3.15: G12D scoring based on the normalized melting peak intensity of ARMS-HRMA. All 

samples are the average of the nor malized melting peak intensity. Standard error of the mean 

(SEM) is represented in the error bars. Green bars represent samples that were scored as pos-

itive, while blue bars represent samples that were scored as negative. The 0.5 threshold is rep-

resented as a dotted line. Black asterisks indicate statistical difference between the normalized 

fluorescence intensity of the sample and the positive control (light blue) using One-way 

ANOVA with Dunnett's multiple comparisons test and unpaired parametric t-tests, (*p < 0.05; 

**p < 0.01). 
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3.5.2.2. G12V mutation analysis in plasma samples 

G12V mutation scoring of plasma samples was done as described in tumor samples in 

section 3.5.1.2. An example of a typical G12V ARMS-HRMA derivative plot with plasma samples 

can be seen in Figure 3.16. In the example provided, we can clearly see the melting peaks of 

two extractions of the same sample, 143P1 and 143P1*, while the two extractions of the sample 

140P1 do not present any melting peaks. G12V scoring of plasma samples exclusively analyzed 

by me using ARMS-HRMA are summarized in Table 3.8. In Figure 3.17 values for plasma sam-

ples are represented with their respective normalized fluorescence intensity.  

Many of the samples shown in Figure 3.17 do not have an associated SEM value be-

cause in some of the assays the positive controls failed to show a melting peak, likely due to 

loss in DNA quality. When using fresh DNA controls, melting peaks reappeared and samples 

were reanalyzed. Those assays were still used for the qualitative analysis of the samples even if 

they could not be used in the normalization of the fluorescence intensity. 

When testing for the G12D mutation, samples sometimes showed melting peaks 

around 74ºC, associated with a negative scoring. When testing for G12V however, samples 

tended to either present consistent peaks across different assays and between extractions, or 

not present peaks at all. This means that we could confidently still use these assays that had 

no positive control since it was still possible to observe the consistent melting peaks of these 

samples that were scored as positive. 
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Figure 3.16: ARMS-HRMA results used in G12V mutation scoring of plasma samples 140P1 and 

143P1. A) Derivative plot of the melting curve of plasma samples 140P1 and 143P1, wild-type 

control HT-29 and G12V positive control SW480. B) Difference plot obtained by subtracting 

the wild-type control's fluorescence values from every curve. Samples with * are a second ex-

traction of the same sample. 

 

Table 3.8: Summary of G12V mutations found in plasma samples analyzed by ARMS-HRMA.  

ND: not detected 

KRAS mutation Samples 

G12V 4P2, 12P2, 21P2, 36P1, 36P2, 143P1, 153P1 

ND 4P1, 9P1, 9P2, 12P1, 18P1, 18P2, 22P1, 22P2, 35P1, 35P2, 36P1, 

75P2, 78P2, 84P2, 98P2, 111P1, 140P1, 140P2, 143P2, 154P1 

 

A) 

B) 
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Figure 3.17: G12V scoring based on the normalized melting peak intensity of ARMS-HRMA. All 

samples are the average of the normalized melting peak intensity. Standard error of the mean 

(SEM) is represented in the error bars. Green bars represent samples that were scored as pos-

itive, while blue bars represent samples that were scored as negative. The 0.5 threshold is rep-

resented as a dotted line. Black asterisks indicate statistical difference between the normalized 

fluorescence intensity of the sample and the positive control (light blue) using One-way 

ANOVA with Dunnett's multiple comparisons test and unpaired parametric t-tests, (*p < 0.05; 

**p < 0.01; ***p < 0.001; ****p < 0.0001). 

 

3.5.2.3. G12R mutation analysis in plasma samples 

G12R mutation scoring of plasma samples was done as described in tumor samples 

(section 3.5.1.3). An example of a typical G12R ARMS-HRMA derivative plot with plasma sam-

ples can be seen in Figure 3.18. In the example provided, two samples from the same patient, 

28P1 and 28P2, were scored as positive, with the two extractions of the 28P2 sample presenting 

melting peaks. Neither of the extractions of the 110P1 sample presented a melting peak, com-

mon in G12R negative cases. G12R scoring of plasma samples exclusively analyzed by me using 

ARMS-HRMA are summarized in Table 3.9. In Figure 3.19 values for plasma samples are repre-

sented with their respective normalized fluorescence intensity. In section 3.5.1.3, it was already 

mentioned that in the case of G12R mutation, a higher proportion of mutated DNA might be 

necessary for tumor samples to present a melting peak with the same intensity of the positive 

control. However, when analyzing the G12R mutation in plasma samples, it was not possible 

to use the established 0.25 ng of PSN-1 gDNA for the positive control since no melting peaks 
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appeared. To obtain a melting peak for the positive control, the amount of DNA used had to 

be increased to 2.5 ng. The intensity of these melting peaks was comparable to the positive 

controls of mutations G12V and G12D, where 1/10 of the DNA amount was used. Once again, 

this might indicate that the G12R ARMS reaction might not be as efficient as other mutations, 

needing a higher amount of template DNA to amplify. No differences were observed when 

using 0.25 or 2.5 ng of HT-29 gDNA, so it was decided to use 2.5 ng to match the positive 

control. 

 

Figure 3.18: ARMS-HRMA results used in G12R mutation scoring of plasma samples 28P1, 28P2 

and 110P1. A) Derivative plot of the melting curve of plasma samples 28P1, 28P2 and 110P1, 

wild-type control HT-29 and G12R positive control PSN-1. B) Difference plot obtained by sub-

tracting the wild-type control's fluorescence values from every curve. Samples with * are a 

second extraction of the same sample. This assay was performed by PhD student André Luz. 

A) 

B) 
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Table 3.9: Summary of G12R mutations found in plasma samples analyzed by ARMS-HRMA 

ND: not detected 

KRAS mutation Samples 

G12R 73P2 

ND 20P2, 73P1, 121P1, 124P1, 128P1, 128P2, 134P1, 146P1, 146P2, 

149P1, 155P1 

 

 

Figure 3.19: G12R scoring based on the normalized melting peak intensity of ARMS-HRMA. All 

samples are the average of the normalized melting peak intensity. Standard error of the mean 

(SEM) is represented in the error bars. Green bars represent samples that were scored as pos-

itive, while blue bars represent samples that were scored as negative. The 0.5 threshold is rep-

resented as a dotted line. Black asterisks indicate statistical difference between the normalized 

fluorescence intensity of the sample and the positive control (light blue) using One-way 

ANOVA with Dunnett's multiple comparisons test and unpaired parametric t-tests, (****p < 

0.0001). 
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3.5.2.4. G12C mutation analysis in plasma samples 

G12C mutation scoring of plasma samples was done as described in tumor samples 

(section 3.5.1.4). An example of a typical G12C ARMS-HRMA derivative plot of plasma samples 

can be seen in Figure 3.20. ARMS-HRMA only detected G12C mutations in 2 tumor samples, 

65T and 90T as this is a rare KRAS mutation. Both 65P1 and 90P1 were tested by PhD student 

André Luz. 

 

Figure 3.20: ARMS-HRMA results used in G12C mutation scoring of plasma sample 65P1. A) 

Derivative plot of the melting curve of plasma sample 65P1, wild-type control HT-29 and G12C 

positive control H358. B) Difference plot obtained by subtracting the wild-type control's fluo-

rescence values from every curve. Samples with * are a second extraction of the same sample. 

This assay was performed by PhD student André Luz. 

 

A) 

B) 
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3.5.2.5. G13D mutation analysis in plasma samples 

G13D mutation scoring of plasma samples was done as described in tumor samples 

(section 3.5.1.5). An example of a typical G13D ARMS-HRMA derivative plot of plasma samples 

can be seen in Figure 3.21. ARMS-HRMA only detected a G13D mutation in sample 127T, 127P2 

did not present a peak and therefore was scored as negative. 

 

Figure 3.21: ARMS-HRMA results used in G13D mutation scoring of plasma sample 127P2. A) 

Derivative plot of the melting curve of plasma sample 127P1, wild-type control HT-29 and 

G13D positive control HCT116. B) Difference plot obtained by subtracting the wild-type con-

trol's fluorescence values from every curve. Samples with * are a second extraction of the same 

sample.  

 

 

A) 

B) 
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3.5.2.6. ARMS-HRMA on plasma samples - summary 

The point of using liquid biopsies is to obtain information about the presence of mu-

tations originated from the primary tumor in circulation in a more easily accessible biological 

fluid, like blood. For this reason, we focused on testing plasma samples of patients whose tu-

mor samples scored positive for KRAS mutations. A summary of the mutations found in plasma 

samples of 65 patients with positive tumors can be found in Table 3.10. Mutations were found 

in plasma samples (either on P1 or P2) in 20 out of the 65 patients (31%). 9 out those 20 

mutations were G12D (45%), 8 were G12V (40%), 2 were G12R (10%) and 1 plasma sample 

tested positive for both G12D and G12V (5%). A Sankey chart showing the interaction between 

the ARMS-HRMA results of both tumor and plasma samples of these 65 patients can be found 

in Figure 3.22. 

 

Table 3.10: ARMS-HRMA results of plasma samples from patients with positive tumor samples. 

*Patients where neither of the plasma samples, P1 and P2, tested positive for a KRAS mutation. 

 

One of the biggest limitations of the application of liquid biopsies in performing mu-

tational analysis of tumors is the low amount of ctDNA present in these samples89. The amount 

of ctDNA released in the bloodstream is increased as the tumor size90 increases, but still ex-

tremely low in early phases of the disease89, which can hinder their utility in defining an early 

treatment strategy. ctDNA has limited stability with a short half-life91, which when combined 

with its highly fragmented nature can limit the amplification of the target sequence.  The choice 

of DNA extraction method used should also consider the characteristics of ctDNA to mitigate 

the loss of the already low amounts of mutated DNA sequences. Commonly used DNA extrac-

tion kits based on columns with silica membranes, such as the one used in this work, might not 

be adequate for the isolation of small DNA fragments. In fact, Qiagen columns that use the 

KRAS mutation Samples 

G12D 7(P2), 8(P2), 31(P1), 38(P1), 66(P1), 69(P1), 89(P2), 90(P2), 145(P1) 

G12V 4(P2), 11(P2), 21(P2), 36(P1 and P2), 74(P1), 74(P1), 143(P1 and P2), 153(P1) 

G12R 28(P1 and P2), 73(P2) 

G12D/G12V 83(P1 and P2) 

Not detected* 1, 4, 6, 9, 10, 13, 17, 18, 20, 23, 30, 35, 37, 39, 42, 44, 47, 48, 58, 59, 65, 74, 84, 88, 98, 100, 

105, 111, 116, 119, 120, 121, 123, 124, 127, 128, 134, 142, 146, 147, 148, 149, 154, 155, 159 
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same basic principle show a lower yield and partial loss of DNA fragments with a size of below 

150 bp92,93. 

Figure 3.22: Sankey chart diagram of the ARMS-HRMA results of tumor and plasma samples. 

The 65 patients included are patients that had both tumor and plasma samples available, and 

whose tumor samples tested positive for a KRAS mutation. ARMS-HRMA results are repre-

sented on the left and plasma sample ARMS-HRMA results are represented on the right. Cor-

respondence between the tumor and plasma samples is represented by the flows in the middle. 

Using G12D as an example, it is possible to see that out of 31 patients with G12D-positive 

tumors, only 8 tested positive for that same mutation in their plasma samples. 
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3.6. Comparison between ARMS-HRMA and other molecular techniques 

In Beatriz et al.85 the robustness of the ARMS-HRMA technique was already established 

using tumor and plasma samples from 30 of the patients from this cohort. Regarding the G12V 

mutation, ARMS-HRMA results had a 100% concordance with ddPCR in tumor samples. Re-

garding the G12D mutation, 1 tumor sample was scored as positive by ARMS-HRMA but neg-

ative by ddPCR, which could be considered either a false positive or an argument in favor of 

the high sensitivity of ARMS-HRMA85. Sanger Sequencing however failed to detect one G12V 

mutation and two G12D mutations.  

Even though no additional samples were analyzed by ddPCR in this work, all tumor 

samples in the cohort were sequenced using SS and therefore can be compared to the results 

obtained by ARMS-HRMA. This comparison can be seen in Table 3.11 and the Sankey chart 

diagram in Figure 3.23. 

 

Table 3.11: Comparison between tumor sample SS and ARMS-HRMA results. 

green - concordant with ARMS-HRMA red - not concordant with ARMS-HRMA 

yellow - comparison not possible 
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Figure 3.23: Sankey chart diagram of SS and HRMA results of all tumor samples. The SS results 

of tumor samples are represented on the left and respective ARMS-HRMA results are repre-

sented on the right. Correspondence between the two techniques is represented by the flows 

in the middle. 

 

Out of 45 tumor samples scored as wild-type by SS, only 21 did not score positive for 

any mutations when analyzed by ARMS-HRMA, as seen in Figure 3.23. When compared to SS, 

ARMS-HRMA detected 10 additional G12D mutations, 9 additional G12V mutations, 3 addi-

tional G12R mutations. It also scored 1 tumor sample (47T) as G12V and G12D positive when 

SS did not. It also detected an additional G12D mutation in tumor samples 83T and 90T. Every 

mutation found through SS was also detected by ARMS-HRMA. These findings show the high 

sensitivity and specificity of ARMS-HRMA. It is also important to note that the reaction mixture 

used to obtain these results had a relatively low DNA concentration of just 5 ng/µL (50ng in a 

total volume of 10 µL) once again highlighting the high sensitivity of the ARMS-HRMA meth-

odology, which does not rely in very high amounts of template DNA. 
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During this work, no new tumor or plasma samples were analyzed by ddPCR. With the 

available data, the ddPCR results for 32 of the original tumor samples analyzed by PhD student 

Beatriz Oliveira were compared with SS and ARMS-HRMA (Figure 3.24). Positive cases found in 

both SS and ddPCR have a 100% concordance with ARMS-HRMA. However, 2 tumor samples 

were scored as G12V-positive (21T and 75T) and another 2 were scored as G12D-positive (44T 

and 69T) by ARMS-HRMA which were not detected by either SS or ddPCR. It is common for 

mutations scored as wild-type by SS to have mutations detected by ARMS-HRMA due to the 

higher limit of detection of SS, as seen in Figure 3.23. ddPCR, however, is a highly sensitive 

molecular technique with a very low limit of detection (Table 1.1). This disparity could be at-

tributed to i) ARMS-HRMA results are false positives, ii) the sensitivity of the ARMS-HRMA is 

comparable or even slightly higher than that of ddPCR, or iii) tumor heterogeneity/representa-

tivity in samples might have affected the results consistency. 

 

Figure 3.24: Sankey chart diagram of SS, ARMS-HRMA and ddPCR results for tumor samples. 

Since the number of tumor samples that were analyzed by ddPCR is reduced, the number of 

tumor samples used in this comparison is limited to 32. Tumor samples SS results are repre-

sented on the left, tumor ARMS-HRMA results are represented on the middle and tumor ddPCR 

results are represented on the right. Correspondence between techniques is represented by 

the flows in the middle. 
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 Out of 32 patients included in the analysis of Figure 3.24, 21 had mutated tumor sam-

ples with concordant results between the 3 techniques (SS, ARMS-HRMA, ddPCR) and available 

plasma samples. The comparison between the mutated tumor samples (with concordant re-

sults between the 3 techniques) and plasma samples ARMS-HRMA results of these 21 patients 

can be seen in Figure 3.25. Out of the 21 plasma samples, 11 (53%) were positive for KRAS 

mutations. This is a higher % of positive plasma samples over the 31% observed in Figure 3.22 

(discussed in section 3.5.2.6) which included 65 patients with mutated tumor samples (scored 

by ARMS-HRMA alone). Given the high limit of detection of SS, tumor samples with concordant 

results between the 3 techniques is likely associated with an increased mutated allele frequency 

or less heterogenous tumors, which would result in a higher proportion of mutated DNA and 

possibly in a higher proportion of mutations detected in ctDNA.  

 

Figure 3.25: Sankey chart diagram comparing only the mutated tumor samples with concord-

ant results by SS, ARMS-HRMA and ddPCR and plasma samples ARMS-HRMA results. Tumor 

samples results are represented on the left and plasma samples ARMS-HRMA results are rep-

resented on the right. Correspondence between the two techniques is represented by the flows 

in the middle. 
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3.7. Influence of experimental replicates on mutation scoring 

 The translation of ARMS-HRMA into a clinical setting requires a streamlined process, 

from sample preparation to mutation scoring, to support KRAS mutational testing for large 

volumes of samples. The validation of ARMS-HRMA required the analysis of multiple assays 

for each sample. Basing the mutation scoring process on multiple assays should result in more 

reliable results with a lower probability of false positives or negatives. However, performing a 

test multiple times in clinical setting might not be monetarily viable. The effect of using only 

the first assay in the tumor scoring process is represented in Figure 3.26.  

 

Figure 3.26: Effect of using only the first assay in the tumor scoring process. Samples with a 

concordant mutation scoring when using only the first assay and when using multiple assays 

to calculate the normalized fluorescence intensity are represent in green. Samples with differ-

ent mutations scoring between the two methods are represented in red. Values inside the pie 

charts represent the number of samples tested for the corresponding mutation.  

As an example, during G12D testing in tumor samples, sample 151T would be scored 

as negative if only the first assay was considered, since it did not present a melting peak. After 

analyzing all 3 assays however, 151T was scored as G12D positive. 129T would be considered 

G12D positive if only the first assay was considered, due to having a positive control with an 

abnormally low melting peak. Overall, only 7% of mutation analyses performed for the G12D, 

G12V and G12R mutations would be affected when not performing additional replicates. Out 

of the 8 cases described in Figure 3.26 as non-concordant results, 2 are samples wrongly con-

sidered positive when analyzing only the first assay and the other 6 are samples wrongly scored 

as positive. 
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When translating ARMS-HRMA into a clinical setting, the use of good-quality DNA in 

the positive controls is essential. Throughout this work, the gDNA used as a positive control 

sometimes did not present the usual high-intensity melting peak, which prevented an accurate 

normalization of the melting intensity. This issue was usually solved when switching the gDNA 

to a freshly extracted one, highlight the need for a good maintenance of experimental controls. 

To ensure accuracy of results the same should be done to the wild-type control as well, as to 

reduce the chance of false positives.  

The qualitative analysis of the melting curves also proved to be an essential part of the 

mutation scoring method to assess the quality of the controls and reagents, but also to do a 

critical observation of samples' melting curves. As mentioned in section 3.5.1.3, mutation scor-

ing of 129T was done based on the observation that this sample consistently presented a melt-

ing peak when other samples and wild-type controls did not, and not by using the 0.5 thresh-

old. 
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4. CONCLUSIONS AND FUTURE PROSPECTS 

The primary objective of this work was the validation of ARMS-HRMA for 5 KRAS mu-

tations, G12D, G12V, G12R, G12C and G13D, in tumor and plasma samples using a cohort of 

97 pancreatic cancer patients. This project is a continuation of the work performed by Beatriz 

et al.85 that validated ARMS-HRMA for the detection of G12D and G12V mutations in tumor 

samples and plasma samples from a cohort of 30 pancreatic cancer patients.  

The analysis of tumor samples by ARMS-HRMA was successful for all 5 mutations. Out 

of 97 tumor samples, 93 were analyzed by ARMS-HRMA. There was not enough DNA for the 

ARMS-HRMA analysis of 3 tumor samples (5T, 16T and 22T) and SS results showed that the 

genotype of tumor sample 110T was wt/G12A, a mutation not included in this work. Out of 93 

tumor samples analyzed by ARMS-HRMA, 72 tested positive for KRAS mutations while the 

remaining 21 tested negative for all 5 mutations. Out of the 72 positive cases, 35 were G12D 

(49%), 22 were G12V (29%), 10 were G12R (14%), 1 were G12C (1%), 1 were G13D (1%), 2 tested 

positive for both G12D and G12V (3%) and 1 tested positive for both G12C and G12D (1%). 

SS, the current gold standard for mutation analysis, detected KRAS mutations in 52 out 

of 97 tumor samples (54%), and all of them (besides G12A) were also detected by ARMS-HRMA. 

However, SS failed to detect KRAS mutations in 23 tumor samples scored as positive by ARMS-

HRMA, meaning that KRAS mutation detection improved significantly when using ARMS-

HRMA over SS, by increasing sensitivity without losing specificity. The high limit of detection 

of SS (10%-20% according to Table 1.1) hinders the mutation analysis of tumors with lower 

proportions of mutated DNA since up to 85% of a PDAC tumor can be constituted by stroma 

cells83. Tumor heterogeneity can drive this proportion to be even lower, hindering mutation 

detection by SS even further. ddPCR is a much more sensitive technique with a much lower 

limit of detection (0.001%-0.1% according to Table 1.1). Out of 32 tumor samples that were 

analyzed by ddPCR, 25 were scored as positive for KRAS mutations. Every mutation detected 

by ddPCR in these 25 samples was also detected by ARMS-HRMA which highlights the high 

sensitivity of ARMS-HRMA even further. Furthermore, ARMS-HRMA detected mutations in 4 

additional samples that were scored as wild-type by ddPCR and scored sample 47T as G12D 

and G12C positive when ddPCR only detected the G12C mutation. These cases could either be 

ARMS-HRMA false positives or an additional testimony to the high sensitivity of ARMS-HRMA. 

Based on these findings, ARMS-HRMA surpasses SS as a high sensitivity methodology for the 
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detection of KRAS mutations in tumor samples, with the added benefit of also being the 

cheaper and faster option. 

The analysis of ctDNA from plasma samples by ARMS-HRMA allowed the detection of 

KRAS mutations in 20 out of 65 (31%) patients with mutated tumor samples and available 

plasma samples. Out of the 20 positive cases, 9 were G12D (45%), 8 were G12V (40%), 2 were 

G12R (10%), and 1 tested positive for G12D and G12V (5%). The limit of detection of SS does 

not allow the reliable detection of mutations in ctDNA as their proportion in cancer patients 

can be as low as 0.1% of total cfDNA. Beatriz et al.85 had already referred the inadequacy of SS 

for the detection of KRAS mutations in ctDNA, so these results are still a significant upgrade 

over SS and can provide valuable information for PDAC monitoring. The % of plasma samples 

that presents KRAS mutations depends on multiple factors. Cancer patients with less advanced 

diseases generally present lower amounts of ctDNA in their bloodstream, since ctDNA concen-

tration is correlated with tumor size89,90, which can limit the detection of mutations. Another 

limiting factor of ctDNA analysis is its extraction efficiency. ctDNA extraction protocols are af-

fected by its low half-life, high degree of fragmentation and low concentrations in early-stage 

diseases. It would be interesting to test ARMS-HRMA performance using DNA extraction kits 

optimized for plasma samples to hopefully obtain higher yields of ctDNA, and consequently 

obtain more accurate results. Another consideration regarding the extraction protocol used in 

this work is that ctDNA extraction was performed from a plasma volume of 200-300 µL. Ex-

tracting ctDNA from a higher volume of plasma sample would be desirable, as it should result 

in a higher yield of ctDNA.  

With the current G12C KRAS targeted inhibitor and the ongoing investment in devel-

oping targeted therapies for other KRAS mutations, tumor molecular profiling becomes in-

creasingly more valuable. The identification of patients who test negative for all mutations 

could also be relevant when defining a treatment strategy, as KRAS mutations are associated 

with resistance to some chemotherapy options such as EGFR inhibitors in other cancers94. If a 

tumor sample is available for molecular analysis, ARMS-HRMA profiling could provide relevant 

information when guiding treatment strategy, as it provides a more accurate look into the 

tumor's molecular profile. However, this approach would benefit from the inclusion of more 

KRAS mutations beyond the 5 tested in this work. KRAS codon 61, for example, harbors muta-

tions that are also associated with PDAC such as Q61H , which is found in around 4-5% of 

patients95,96. The cost-effectiveness of the inclusion of other rarer mutations needs to be as-

sessed for the mutational analysis to remain economically viable. Regarding plasma sample 

analysis, even though ARMS-HRMA only allowed the detection of KRAS mutations in plasma 
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samples in around a third of patients with mutated tumors, this information could still be very 

useful in monitoring disease progression during treatment, since repeatedly detecting KRAS 

mutations in ctDNA is a good indicator of progressive disease97. The analysis of KRAS muta-

tions in plasma samples by ARMS-HRMA could then be a valuable tool, by helping medical 

doctors assess the patient's response to the treatment, as repeated detection of KRAS muta-

tions in ctDNA could be an indicator to change chemotherapy regiment. 

ARMS-HRMA was shown to be a rapid, cost-effective, reliable, and simple methodology 

for the analysis of KRAS mutation in tumor samples. That said, it could benefit from additional 

validation and adjustments. A cohort of 97 patients already provided a good insight into the 

performance of ARMS-HRMA, but a bigger sample size would be needed to confidently trans-

late this methodology to a clinical setting. Even with its advantages, ARMS-HRMA still suffers 

from only being able to test one mutation at a time. A multiplex approach was considered, 

where a conjugation of mutation specific primers would be used to test for multiple mutations 

at a time. The melting curves of the 5 tested mutations are very similar, with G12V, G12D, G12C 

and G13D mutations presenting a melting peak at around 78ºC and G12R presenting a peak 

around 79 ºC, making the identification of mutation on a positive case very difficult. Addition-

ally, the different annealing temperatures, obtained by the optimization of the ARMS reaction 

to the different mutations, would also hinder the optimization of a single reaction for the de-

tection of multiple mutations. Most importantly, since the different KRAS mutations are asso-

ciated with different prognoses and therapeutic options, losing the ability to discern mutations 

would not be ideal, as aiding PDAC treatment is the main objective of this work. Therefore 

ARMS-HRMA multiplexing was not pursued. 

There is a growing investment in the development of technologies that can be inte-

grated in Point-of care testing (POCT) as these tests provide faster results, without the need of 

specialized staff and with lower costs. Microfluidic systems are one example, where the engi-

neering of fluid flow manipulation in micro-sized objects allows the development of small, 

more automated analytical systems98. Microfluidic tools can work with volumes from the micro 

to picolitre scales, manipulating them at the submillimeter scale, which has the advantages of 

high sensitivity, low consumption of reagents, laminar flow, cost effectiveness, and high spati-

otemporal resolution98. Biosensors integrated in microfluidic devices allow the detection of 

different types of biomarkers such as mRNA expression profiles, circulating DNA and tumor 

cells, proteins, proteomic pattern, lipids and metabolites99, which is useful for the diagnosis of 

autoimmune, infectious, neurodegenerative and cardiovascular diseases100. Cancer is no ex-

ception, with significant progress being made in the use of microfluidic devices in both cancer 
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diagnosis and research98. Since molecular techniques have been successfully integrated in mi-

crofluidic devices, the successful integration of the ARMS-HRMA could streamline the mutation 

scoring process even further. Melting curve analysis (MCA) is already possible in microfluidic 

platforms. Li et al.101 developed a microfluidics platform for the discrimination of KRAS point 

mutations through MCA, which uses the same basic principles of HRMA of analyzing the dif-

ferences in the melting profile of mutated DNA sequences. In this device, the micro/nanostruc-

ture renders the establishment of superhydrophilic patterns within a superhydrophobic sub-

strate, which allow the formation of droplets that contain the DNA sequences and fluorescence 

probes. A temperature gradient is created throughout the device, and the melting curve is 

obtained by the measurement of the fluorescence levels by a microscope across the different 

temperatures, allowing MCA. That said, this implementation is still quite complex and needs 

specialized equipment (as the detection of fluorescence is done with a fluorescence micro-

scope). It would still be interesting to see if the coupling of a preemptive ARMS step to a similar 

MCA system could make POCT ARMS-HRMA a step closer to reality. 
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6. APPENDIX 

Table A1: DNA Concentration and purity ratios of DNA extracted from tumor samples. Sam-

ples with * and ** are a second and third extraction of the same samples, respectively. 
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Figure A1: ARMS-HRMA derivative plots used in G12D scoring of tumor samples. Only one 

replicate is represented for each sample. 

  

  

Figure A2: ARMS-HRMA derivative plots used in G12V scoring of tumor samples. Only one 

replicate is represented for each sample. 
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Figure A3: ARMS-HRMA derivative plots used in G12R scoring of tumor samples. Only one 

replicate is represented for each sample. 

 

 

 

Figure A4: ARMS-HRMA derivative plots used in G13D scoring of tumor samples. Only one 

replicate is represented for each sample. 
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Figure A5: ARMS-HRMA derivative plots used in G12D scoring of plasma samples. Only one 

replicate is represented for each sample. 
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Figure A6: ARMS-HRMA derivative plots used in G12V scoring of plasma samples. Only one 

replicate is represented for each sample. 
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Figure A7: ARMS-HRMA derivative plots used in G12R scoring of plasma samples. Only one 

replicate is represented for each sample. 

 

 

Figure A8: ARMS-HRMA derivative plots used in G13D scoring of plasma samples. Only one 

replicate is represented for each sample. 
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