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Abstract 

 

Somatic mutations can lead to cancer, often by altering the activity of kinases within signaling 

pathways that control cell growth and proliferation. Targeted cancer therapeutics are designed 

and used to regulate these aberrant signaling pathways in cases where somatic mutations within 

kinase genes predict a positive patient response to those treatments. For example, the V600E 

mutation in BRAF, the gene coding for the BRAF serine threonine kinase, predicts the 

effectiveness of vemurafenib in treating metastatic melanoma, while the mutational status of 

codons G12/G13 in the KRAS gene predicts likely colorectal cancer patient response to the 

monoclonal antibody (mAb) cetuximab.1-3 However, FDA approved assays currently used to 

detect missense mutations in BRAF V600 and KRAS G12/G13 are not capable of detecting 

clinically actionable mutations at mutational frequencies low enough to permit their robust 

application to early disease detection or minimal residual disease monitoring.  Moreover, 

detection of all clinically actionable missense mutations is not certain or generally achieved, in 

part due to limitations to assay specificities and the inability to unequivocally discriminate 

missense mutations from synonymous germline sequence variations.   

 

This thesis addresses that limitation through the development and validation of a novel platform 

for creating highly sensitive assays against all possible missense mutations in an oncogenic 

hotspot codon or adjacent set of hotspot codons that ameliorates the known limitations to current 

FDA-approved assays. The platform is designed to enable development of assays against all 

possible missense mutations in oncogenic hotspots and, if required, unequivocally differentiate 

them from synonymous germline alleles. It utilizes droplet digital PCR (ddPCR) technology and 

chimeric wild-type specific LNA/DNA probes to create a novel “WT-negative” screening 

paradigm. The platform is applied to the creation of two new assays of potential clinical use in 

cancer diagnostics and theranostics. The first provides a reliable and sensitive screening and 

detection of all known clinically actionable mutations in BRAF V600, and the second achieves the 

same for KRAS G12/G13. Both assays show complete diagnostic accuracy when applied to 

formalin-fixed paraffin-embedded (FFPE) tumor specimens from metastatic colorectal cancer 

patients deficient for Mut L homologue-1. 



 

 

iii 

Lay Summary 

 

The aim of this thesis work was to develop a novel diagnostic test that would detect all possible 

mutations at a cancer hotspot gene. This type of cancer test can be utilized prior to treating 

patients to determine their response to targeted cancer therapies.  

 

As an example, melanoma patients carrying a mutation in codon 600 of the BRAF gene are 

responsive to BRAF inhibitors, such as Vemurafenib. Unfortunately, current clinical BRAF tests 

are only able to identify patients with the most common BRAF V600 mutations, such as BRAF 

V600E or V600K, while patients with a more rare mutation will not be identified using current 

tests and will not receive proper treatment.  

 

This thesis work has developed a sensitive, rapid, and cheap screening test that correctly 

stratifies patients into wild-type from those carrying any possible mutation. This novel paradigm 

will ensure that all patients receive the appropriate treatment for them.  
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1 

Chapter 1: Introduction 

 

1.1 Thesis Motivation and Overview 

In the United States (U.S.), one in four deaths is due to cancer, making it the second-leading 

cause of mortality.4 Intense efforts within healthcare and scientific communities are therefore 

being directed toward advancing both the diagnosis and treatment of cancer, and within the past 

quarter century progress toward understanding and treating cancers has served to decrease 

overall incidences and improve patient survival.5 But the costs of cancer diagnosis, treatment, 

and residual disease monitoring are rising at rates exceeding inflation. The National Cancer 

Institute (NCI) has projected the total annual cost for cancer-related care to rise to $173 billion 

by 2020, which represents a 39% increase from documented costs in 2010.6 The U.S. views such 

increases as unsustainable, yet still seeks to improve quality of patient care and survival.  It is 

hoped that progress in addressing these opposing challenges might be realized through a 

personalized approach to risk monitoring, diagnosis and treatment of cancer.7 High-throughput 

(HT) sequencing of specific cancers is yielding an ever-improving understanding of the 

molecular events that initiate and accelerate malignant transformation and cancer progression.  

Those events often involve somatic (acquired) genetic mutations, copy number variations, and 

chromosomal translocations that drive the oncogenesis.8 Many of the somatic mutations affect 

kinase activity. Targeted cancer therapeutics are therefore often designed to regulate signaling 

pathways whose activity has been altered by missense (i.e. nonsynonymous) mutations in 

pathway-associated kinases or downstream effectors, though modulation of molecular events 

impacting DNA metabolism and repair is receiving significant attention as well.9 

 

This in turn is driving technological advances that improve the ability of private and hospital-

associated cancer genomics clinics to define the mutation and copy-number status of key genetic 

biomarkers in a robust and cost-effective manner.  For the case of missense mutation detection, 

Sanger sequencing may be considered a benchmark technology,10 as it can provide a detailed 

assessment of somatic variations within an oncogene or defined set of oncogenes,11 but at a 

throughput and cost that challenge the sustained operation of any testing clinic.  Alternative 

mutation-analysis technologies have therefore been developed to accurately stratify cancer 
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patients in a more rapid and affordable manner.  For detection and quantification of somatic 

mutations, they include restriction-enzyme based analyses,12 antibody-based histochemical 

analyses,13, 14 pyro-sequencing and other next-generation sequencing technologies,15 high 

resolution melt (HRM) analyses,16, 17 and PCR-based methods utilizing allele-specific (AS) 

primers and/or probes.10, 18, 19 These powerful methods are not only being applied to cancer 

diagnosis and disease staging, they have become integral to evaluating cancer risk and treatment 

response, setting of proper courses of therapy, and post-treatment monitoring of patients.20 

 

Due to its unique combination of sensitivity, specificity, speed, and low risk of contamination,21 

AS-PCR is now the platform technology most widely employed in clinics to detect and quantify 

somatic mutations in specific genes and genetic biomarkers.  Although the detection of mutant 

frequencies below 0.1% has been achieved for certain targets, AS-PCR assays are generally 

capable of detecting a point mutation in genomic DNA (gDNA) purified from a tissue specimen 

when the frequency of that mutation relative to the background abundance of the parent germline 

allele equals or exceeds 1%.10, 22, 23 30 ng sample for AS-PCR analysis drawn from a standard 

tissue biopsy typically yields ca. 10,000 to 15,000 amplifiable copies of the gene of interest; that 

sample would therefore need to carry at least 100 copies of the mutation to permit its detection.  

This level of sensitivity is at times adequate for defining the proper initial course of therapy for 

cancer patients,22-24 but has either precluded or limited the use of AS-PCR methods in detecting 

early-stage pre-malignant cancers or in post-treatment minimal-residual-disease monitoring. 

 

Selectively amplifying and detecting a single copy of a mutant allele in a sample containing a 

high background of the parent germline allele is inherently difficult, challenged in part by cross-

priming and/or probe cross-hybridization events that generate false positives.19 Chemical 

modification of primers and probes, including through incorporation of locked nucleic acids 

(LNAs) – an RNA analog that contains a methylene bridge between the 2’O and 4’C of the 

ribose sugar – has been shown to improve their performance when used in PCR assays against 

rare somatic mutations. LNAs improve base-pair stability and mismatch discrimination, allowing 

for shorter and more specific primer and probe designs.25-27 Significant improvements to the 

specificity and sensitivity of PCR assays against cancer-related somatic mutations may also be 

realized through the use of digital PCR (dPCR) formats28, 29 that partition individual mutant 
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alleles into individual sub-nL droplets to permit their high-fidelity amplification by minimizing 

or eliminating cross-priming and cross-hybridization events. 

 

This thesis leverages these advances to create a new diagnostic platform that utilizes dPCR and 

novel LNA-modified probes to reliably detect missense mutations present at frequencies of 

0.05% or better.  A molecular thermodynamic model capable of predicting the thermal stabilities 

of complementary and mismatched duplexes containing LNA substitutions30-33 is described and 

used to design the probes needed to create two novel ultra-sensitive dPCR assays for detecting all 

cancer-relevant missense mutations within the “hotspot” codon V600 of the BRAF proto-

oncogene, and codons G12/G13 of the KRAS oncogene, respectively.  Each of these assays uses 

dPCR to segregate mutant alleles from wild-type (germline) forms of the gene to permit their 

accurate detection and quantification, and to thereby enable rapid and robust stratification of 

cancer patients, most notably colorectal cancer and metastatic melanoma patients.  Finally, to 

facilitate the adoption of digital PCR in cancer clinics (where it is not currently used), novel 

software for rigorous statistical analysis of data from dPCR assays against driver mutations is 

described and shown to provide an objective means to make clinically reliable calls on the 

genomic variations specific to a particular patient’s cancer. This fills a crucial application gap, as 

software for analyzing dPCR data generated from patient specimens was previously not 

available.   

 

1.2 Somatic Mutations and Personalized Cancer Care 

Personalized medicine has as a founding principle the molecular testing of clinically validated 

biomarkers that are of prognostic or predictive (theranostic) value.5, 34-36 These markers may be 

of many forms, but are often identified within genomic DNA, transcripts and proteins of patients.  

Prognostic biomarkers correlate with clinical outcomes, including survival rates, independent of 

or following treatment.  Predictive biomarkers, which are the primary focus of this thesis, drive 

clinical decisions by assessing the benefit of a possible treatment option to a specific patient.  

They are therefore used to forecast the effect of a drug on a disease, while prognostic biomarkers 

are used to define and stratify the disease present in the patient.  Biomarker-based disease 

detection, patient stratification and therapeutic selection can thereby serve to reduce unnecessary 

or improper treatment, and decrease morbidity. 
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Biomarker discoveries and associated molecular diagnostics technologies are rapidly advancing 

as the molecular mechanisms that transform a normal cell to a malignant state become better 

understood.37, 38 In oncology, those transformations are often associated with somatic missense 

mutations in kinases that deregulate signaling pathways, most notably the mitogen activated 

protein kinase (MAPK) pathway.39 Indeed, many of the most useful predictive biomarkers in 

clinical molecular oncology identify mutations within that pathway, as exemplified by the V600E 

mutation in BRAF that predicts the effectiveness of vemurafenib in treating metastatic melanoma, 

and the mutational status of KRAS G12/G13 that predicts likely colorectal cancer patient 

response to the monoclonal antibody (mAb) cetuximab.1-3 Understanding the MAPK pathway 

and the missense mutations that can alter its activity and pathology is therefore essential to 

establishing improved biomarker-based disease treatment and monitoring, as well as patient 

stratification. 

 

1.3 The MAPK Pathway and the Role of RAS/RAF Mutations in Cancer 

The MAPK/ERK (also known as the RAS-RAF-MEK-ERK) pathway (Figure 1.1) is the best 

studied of the six known mammalian MAPK pathways, and is deregulated in one-third of all 

human cancers. It is comprised of a series of evolutionarily conserved enzymes (mostly kinases) 

that link extracellular signals to regulatory transcription factors that control important cellular 

processes such as growth, proliferation, differentiation, migration, and apoptosis.40 In healthy 

cells, MAPK stimulation starts with binding of an external ligand (e.g. a member of the 

epidermal growth factor family) to receptor tyrosine kinases (RTKs), including epidermal growth 

factor receptors (EGFRs). Upon stimulation, RTKs interact to form receptor dimers, which acts 

to change the conformation of the cytoplasmic domain of those RTKs to reveal a latent tyrosine 

kinase activity that stimulates RAS (a GTPase) to substitute its guanosine-5’-diphosphate (GDP) 

for a guanosine-5’-triphosphate (GTP). One major effector of RAS is the RAF family of 

serine/threonine kinases. RAFs signal through phosphorylation and activation of a downstream 

kinase, the mitogen-activated protein kinase kinase,41 which subsequently phosphorylates and 

activates ERK, a member of the mitogen-activated protein kinase (MAPK) family.42 Active ERK 

then phosphorylates further downstream effectors, including fos, MITF, myc and Ap-1.43, 44  
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Figure 1.1 Mammalian MAPK/ERK Pathway. Adapted from Davies et al.45 

Specific somatic mutations, often called driver mutations, alter the activities of kinases within the 

MAPK pathway in ways that result in the constitutive activation of the pathway. Most of these 

driver mutations affect kinases acting early within the pathway, such as RTKs, RAS, and RAF. 

The high frequency of activating mutations around the RAS-RAF axis suggests that it is a 

regulatory gateway within the MAPK/ERK pathway.40 

 

Effective treatment of colorectal, melanoma and other MAPK-associated cancers has therefore 

been realized through development of therapeutics, both small molecules and biologics, that 

specifically target and inhibit aberrant activities in upstream activators and kinases of the MAPK 

signaling pathway, most notably RAS and RAF members. Predictive biomarkers based on those 

specific mutations have likewise been shown to enable selection of effective treatment regimens 

for MAPK-associated cancers.46 
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1.3.1 Mutations in the RAF Gene Family and Cancer 

The first RAF (rapidly accelerated fibrosarcoma) gene was identified in 1983 as the murine 

retroviral oncogene v-RAF, a homolog of the human CRAF gene.47 A year later, an avian 

homolog (v-mil) was identified.48 Together, v-raf and v-mil (in this thesis, genes are written in 

italics, while gene products are not) were the first onco-proteins found to have serine/threonine 

kinase activity, an activity subsequently found to be shared by all RAF proteins. In mammals, 

three RAF isoforms have been identified, each originating from a distinct gene: ARAF, BRAF or 

CRAF. The murine sarcoma viral oncogene homolog B1 gene BRAF, for example, encodes a 

serine/threonine kinase that can be activated by the Kirsten rat sarcoma (KRAS) protein as the 

top-level element of the RAF/MEK/ERK (MAPK) kinase cascade. MAPK signaling controls 

proliferation, differentiation, and other aspects of cellular activity through phosphorylation of 

different ERK substrates, including transcription factors and cytoskeletal components.  Crystal 

structures of RAF proteins suggest the valine at position 600 is required for BRAF to maintain an 

inactive conformation in the absence of interaction with KRAS.49, 50  Amino acid substitutions at 

this position permit BRAF activation independent of its dimerization with either RAF1 or itself, 

which is normally required for activation. Missense mutation of BRAF V600 thereby permits 

MEK binding and phosphorylation, leading to BRAF-mediated signal transduction. 

 

Sanger and next-generation sequencing have detected missense mutations in BRAF in 

approximately 8% of all human cancers.45 Activating mutations in BRAF are present in 

approximately 40% to 60% of advanced melanomas,45, 51 in 40% to 80% of papillary thyroid 

cancers (PTC),52 and approximately 10-15% of all CRCs.53 The most frequent BRAF V600 

mutation is a substitution at the second position of the codon (GTG>GAG; c.1799 T>A) which 

results in an amino acid change in the gene product from a valine (V) to a glutamic acid (E) 

(p.V600E). Initial sequencing studies suggested that the p. V600E mutation was dominant, 

accounting for more than 90% of all BRAF mutations.54 However, follow-up studies have shown 

that the p. V600E genotype is not as prevalent as reported in that early work, as the p. V600K 

and p. V600R mutations occur at a higher frequency than first reported.55-57 Moreover, other rare 

BRAF V600 mutations have been identified, including p. V600E2 and p. V600D/M/G/A/L 

(Table 1.1),19, 50 as well as rare mutations at exon 11 (the P-loop) of the kinase domain of 

BRAF.39, 58 
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Table 1.1 Frequencies of known missense mutations in the BRAF V600 codon. Frequencies 

of known missense mutations in the BRAF V600 codon. Values reported taken from.19, 22, 56 

 

BRAF Mutation  Nucleotide Change Frequency 

p.V600E   c.1799T>A or c.1799_1800TG>AA 79.0 – 84.0% 

p.V600K  c.1798_1799GT>AA 8.0 – 12.4% 

p.V600R  c.1798_1799GT>AG 2.2 – 5.0% 

p.V600D  c.1799_1800TG>AT 0.3 – 1.3% 

p.V600M  c.1798G>A 0.3 – 4.0% 

p.V600G  c.1799T>G 1.3% 

p.V600A  c.1799T>C N.A 

p.V600L  c.1798G>C or c.1798G>T N.A 

 

 

1.3.2  BRAF Mutations as a Predictive Biomarker in Targeted Cancer Therapy 

Given the importance of BRAF V600 missense mutations in cancer development and 

progression, intense effort has been directed towards developing molecular therapeutics targeting 

these deregulated signals. In 2011, the first BRAF inhibitor (BRAFi) PLX4032 (vemurafenib; 

Roche, Basel, Switzerland) received approval from the U.S. Food and Drug Administration 

(FDA) for the treatment of BRAF V600E positive metastatic or unresectable melanomas,1, 2 a 

form of skin cancer that originates in melanocytes, the pigment producing cells in the basal layer 

of human skin epidermis.59 Incidence rates for melanoma are increasing, with over 76,000 new 

diagnoses and nearly 10,000 deaths reported in the U.S. in 2014.4 Although it represents less than 

5% of all incidences of skin cancer per annum, melanoma accounts for 65-80% of all deaths from 

skin-related malignancies.60 In 2013, a second BRAFi, trafinlar, also known as 

dabrafenib,(GlaxoSmithKline; GSK, UK) received FDA approval for the same indication.61, 62 In 

addition, trametinib (GSK), a MEK1/MEK2 inhibitor (MEKi), is approved for treatment of 

metastatic melanomas positive for either BRAF V600E or V600K.54, 63 Either of these small 

molecule drugs binds the active state of the kinase domain to selectively inhibit the proliferation 

of cells with unregulated BRAF activity. Both received approval for treating the two most 

common BRAF V600 mutations, BRAF V600E (79% to 84% of all V600 missense mutations) 

and V600K (8% to 12%). However, in-vitro and preclinical data indicate that BRAF and MEK 

inhibitors can be effective in treating patients with a more rare mutation in codon 600 of the 
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BRAF gene,1, 44, 64 including patients carrying a V600R (2% to 5%), V600D (0.3% to 1.3%), or 

V600M (0.3% to 4%) mutation.57, 62, 65-67 In contrast, evidence of overexpression and activation 

of the MAPK pathways in the absence of activating mutations in BRAF V600 generally 

precludes treatment with BRAFis, as they are capable of accelerating growth in tumors harboring 

a wild-type68 sequence at the V600 codon.69, 70 Finally, resistance to vemurafenib or dabrafenib 

often occurs within 6 to 12 months of treatment, necessitating careful disease monitoring. When 

relapse is observed, the FDA has approved treatment of BRAF V600E positive patients with a 

combination of dabrafenib and the MEKi trametinib.54 

 

Missense V600 mutations are also observed in approximately 10% to 15% of CRC patients, and 

at a higher frequency (50% to 60%) in Mut L homologue 1 (MLH1) deficient CRCs.71 The 

clinical practice for colorectal cancer guidelines from the National Comprehensive Cancer 

Network therefore recommend BRAF V600 screening of metastatic CRC patients, as patients 

positive for BRAF V600E may not respond to anti-EGFR monoclonal antibodies such as 

cetuximab and panitumumab.  

 

1.3.3 Mutations in the RAS Gene Family and Cancer 

Somatic mutations in RAS (rat sarcoma) genes were the first disease-specific genetic alterations 

identified in human cancers.72, 73 That initial RAS research, which dates from the 1960’s, 

identified a murine virus induced sarcoma in new-born rodents and found that mutation of 

cellular RAS proteins (21 kDa) was a major oncogenic driver.74, 75  In 1982, the first two human 

RAS oncogenes, HRAS and KRAS, were identified in human cancer cell lines.76, 77 A year later, a 

third RAS gene (NRAS) was discovered in human neuroblastoma cells.78 Mutations in these three 

RAS isoforms are found in ~ 30% of all human cancers,72 with the highest frequency found in 

pancreatic cancers (69 - 95% of all patients),79 colon cancer (40 - 45%),53, 80, 81 malignant 

melanomas (15 - 20%)82-84, and lung adenocarcinomas (16 - 20%).85, 86 

 

The germline sequence of each RAS isoform is highly conserved. KRAS is a GTPase that serves 

as a central relay for signals originating at receptor tyrosine kinases, including the EGFRs within 

the intestinal epithelium and other human tissues.  Those receptor tyrosine kinases control KRAS 

activation through guanine nucleotide exchange factors (GEFs), which can activate KRAS by 
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stimulating the release of guanosine diphosphate (GDP) to permit binding of guanosine 

triphosphate (GTP).  Missense mutations within RAS, which in KRAS are most often observed 

within so-called “mutational hot-spot” codons 12, 13 and 61 (but can occur in codon 18, 117 or 

146 as well),87 impair intrinsic RAS GTPase activity, resulting in enhanced GTP binding and 

locking of the RAS protein into its active form. Constitutive activation of the MAPK pathway is 

then observed.88, 89 Among the RAS isoforms, activating missense mutations are found most 

commonly in KRAS (85%), less commonly in NRAS (12%), and rarely in HRAS (3%).90 In KRAS, 

single amino acid substitutions are generally observed, typically through mutation of codon 12 or 

13; mutation of codon 61, 117 or 146 occurs at a much lower frequency. Table 1.2 lists of all 

known missense mutations in KRAS codons 12 and 13.50 

 

Table 1.2 Frequencies of clinically relevant missense mutations in KRAS.  Values reported 

taken from.50 

KRAS Mutation  Nucleotide Change Frequency 

p.G12D c.35G>A 35.0% 

p.G12V c.35G>T 23.8% 

p.G13D c.38G>A 13.1% 

p.G12C c.34G>T 11.9% 

p.G12A c.35G>C 5.7% 

p.G12R c.34G>C 3.2% 

p.G13C c.37G>T 0.9% 

p.G13S c.37G>A 0.2% 

p.G13R c.37G>C 0.2% 

p.G13A c.38G>C 0.1% 

p.G13V c.38G>T 0.1% 

G12-13 Complex 0.4% 

 

 

BRAF and KRAS missense mutations are often observed in colorectal cancers, with mutation of 

one generally thought to be mutually exclusive of the other.91 Current dogma explains this by 

positing that missense mutation of BRAF and KRAS is either functionally redundant with respect 

to cancer pathogenesis, so that the second mutation (i.e. co-mutation of BRAF and KRAS) 

provides no selective advantage to the tumor, or that co-mutation of BRAF and KRAS is a tumor-

lethal genotype.    
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1.3.4 Role of KRAS Mutations as a Predictive Biomarker in Targeted Cancer Therapy 

CRC is the third most common cancer and the second leading cause of cancer-related death in 

the US.92 In the past decade, survival of mCRC patients has approximately doubled.87 This 

significant improvement is mainly due to the introduction of new combinational therapies and 

novel targeted therapies, such as anti-EGFR monoclonal antibodies(mAbs).3 In 2004, the FDA 

approved the treatment of mCRC patients with erbitux (cetuximab; Bristol-Myers Squibb, US). 

Erbitux is a mAb targeting EGFR, an RTK upstream of RAS, that prevents activation of the 

receptor and kinases downstream.93, 94 In 2007, a second anti-EGFR mAb, vectibex 

(panitumumab; Amgen, US), was approved for the treatment of mCRC.95 Regrettably, initial 

clinical data showed that response rates of mCRC patients to either anti-EGFR therapy varied 

significantly, and that both targeted therapies increased treatment cost and toxicity. These factors 

spurred further studies that led to the discovery of biomarkers predictive of mCRC patient 

response to anti-EGFR therapies.3 Missense mutation of KRAS was thereby identified as a 

negative predictive biomarker,96 leading the American Society of Clinical Oncology80 to 

recommend that all patients with mCRC have KRAS within their tumor tested for the most 

common G12/G13 mutations (Table 1.2); only mCRC patients with WT KRAS are then eligible 

to receive anti-EGFR therapy.97 KRAS mutation testing in mCRC tumors is now mandatory in the 

USA, Europe, and Japan.97, 98 The FDA has approved targeted therapy with panitumumab and 

cetuximab in mCRC patients negative for all KRAS G12/G13 mutations,97, 99 while the European 

Society for Medical Oncology recommends establishing that the tumor is WT, without need to 

determine the specific missense mutation.100 

 

More recently, activating mutations in other KRAS codons have also been suggested as negative 

predictive biomarkers for anti-EGFR therapy.  These include rare mutations observed in KRAS 

codon 61, and in codons 117 and 146, which in CRC patients occur at a frequency of 4% (codon 

61) and 6% (codons 117 and 146 combined), respectively (Figure 1.2).87, 101 Furthermore, 

missense mutations in NRAS codon 61 (4% of all CRC patients), or in NRAS codons 12 and 13 

(3% of all CRC patients) have also been identified as negative predictive biomarkers for anti-

EGFR therapy.102 
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Figure 1.2 Maps of the KRAS and NRAS genes showing the mutational hot-spot codons. 

For each gene, the frequency of missense mutations within each hot-spot relative to the total 

frequency of all mutations in that gene is provided.87 

 

 

1.4 Current Clinical Methods for Detecting Missense Mutations 

1.4.1 Clinical Detection of BRAF Gene Mutations 

BRAF V600 mutation status is routinely tested in cancer genomics laboratories to permit 

clinicians to select an appropriate treatment for the patient and thereby improve patient 

outcomes. Currently there are two FDA approved diagnostic tests against BRAF V600 missense 

mutations used by clinics to identify metastatic melanoma patients eligible for treatment with 

BRAF or MEK inhibitors.103 These two assays include the cobas 4800 BRAF V600 mutation test 

(Roche) and the THxID BRAF assay (BioMérieux). Both are real-time (RT) PCR (qPCR) tests. 

The cobas test was developed as a companion diagnostic to vemurafenib, and was first used to 

select patients eligible for inclusion in vemurafenib phase II and phase III clinical trials.  It is 

now used to select BRAF V600E positive metastatic melanoma patients eligible for treatment 

with vemurafenib. The cobas test utilizes a common forward and reverse primer set that amplifies 

a 116 base pair11 fragment of human chromosome 7q34 bearing that portion (exon 15) of the 

BRAF gene containing BRAF codon 600. The cobas test is specifically designed to detect a 

c.1799T>A mutation in the BRAF gene that results in a valine to glutamic acid substitution 

(V600E). Two dual-labeled hydrolysis probes are used for this purpose. The first is designed to 
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be specific to the BRAF WT sequence68 at and adjacent to codon V600, and the second is 

designed to be specific to the mutant BRAF V600E sequence (Figure 1.3).  

 

 

Figure 1.3 Schema showing the components of the cobas 4800 BRAF V600E mutation test. 

 

Though designed to detect the V600E (c.1799T>A) missense mutation, the second probe shows 

varying degrees of cross reactivity with some but not all of the other known BRAF V600 

missense mutations; those include detection of BRAF V600D (c.1799_1800TG>AT) when 

present at greater than 10% mutant frequency (MF), V600K (c.1798_1799GT>AA) at > 35% 

MF, and V600E2 (c.1799_1800TG>AA) at > 65% MF.54 In principal, this is a desirable artifact 

of the assay as there is growing evidence metastatic melanomas bearing one of these less 

common missense mutations respond positively to treatment with vemurafenib.54 However, 

given the relatively poor sensitivity of the assay to these mutations, particularly to V600E2, the 

clinical utility of these cross-reaction derived signals is marginal.   

 

When applied clinically, the cobas assay is therefore effectively limited to detection of the BRAF 

V600E1 missense mutation, offering an analytical sensitivity of approximately 5-10% MF. A 

typical sample of genomic DNA (~ 30 ng) isolated from a tumor specimen will contain at least 

10,000 total copies of BRAF.   At least 500 copies of a BRAF V600E1 allele must therefore be 

present for reliable detection of the mutation. When those conditions are met, the test provides a 

call on BRAF V600 status, but does not quantify the mutant frequency present in a specimen. 

Moreover, as noted above, the assay does not detect all known missense mutations at BRAF 

V600.  This is a significant limitation, as the committee for medicinal products for human use 

(CHMP) of the European Medicines Agency has recommended all melanoma patients carrying 
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MT BRAF V600 be eligible for treatment with a BRAF inhibitor. That agency has therefore 

recently ruled the cobas test insufficient as a companion diagnostic to vemurafenib because it 

does not capture the known clinical benefit to the broader population of melanoma patients 

carrying a V600 missense mutation.104 

 

The second test, the THxID BRAF assay, has been approved for determining the eligibility of 

melanoma patients for treatment with tafinlar or mekinist. This assay is a qPCR test, but unlike 

the cobas assay it utilizes two AS-forward primers (instead of AS-probes) to achieve allele-

specific detection. The first primer is designed to specifically amplify the WT BRAF V600 allele, 

while the other is designed to amplify both BRAF V600E1 and BRAF V600K mutant alleles, but 

has been found to show cross-reactivity to V600E2 and V600D. Its analytical sensitivity is 

between 5 – 10% MF for the two target mutant alleles, and is poorer for V600E2 and V600D. As 

with the cobas assay that predated it, MT calls by the THxID BRAF assay are qualitative and the 

assay does not detect all known BRAF V600 missense mutations.  

 

Motivated by the limitations of the two FDA-approved assays, other methods to detect mutations 

in BRAF V600 have been developed, but none has proven sufficiently robust105 or 

comprehensive to establish its clinical use in melanoma testing. Most are qPCR assays18, 22-24, 56, 

106, 107 employing either an allele-specific (AS) hydrolysis probe or AS primers, and may 

therefore be viewed as modified forms of the cobas and THxID BRAF assays. The emphasis on 

qPCR-based methods is likely due to the faster sample processing times and lower frequency of 

invalid results this approach generally offers over either mutation reagent analyses (e.g. ABI 

BRAF test108) or sequencing-based approaches. Nevertheless, Sanger and next-generation 

sequencing-based methods have been proposed,19, 106, 109-112 as have various high-resolution melt 

(HRM) analysis methods.113-116 In general, they can be classified into those that detect a select 

subset of V600 mutations with improved analytical specificity relative to that provided by the 

two FDA approved kits, and those with the capacity to detect all V600 mutations, but at an 

analytic specificity that is generally worse than 5%.  An example of the first is provided by 

recent qPCR-based methods, such as CAST-PCR,18 which is sensitive down to a mutant allele 

frequency of 2% but currently only applicable to the detection of V600E1 and V600K. 

Methodologies based on HRM analyses have likewise only been applied to the detection of a 
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subset of BRAF V600 mutations. They offer the advantage of simplicity and relatively low costs, 

but are generally more qualitative in nature due in part to a variability in results depending on the 

instrument and protocol used.  In contrast, sequencing-based methods such as Sanger sequencing 

and next-generation pyrosequencing can detect all known and clinically relevant BRAF V600 

mutations. However, the current sensitivity of these methods is such that a MF within the tumor 

of greater than 25% (Sanger) or 15-20% (pyrosequencing) is typically required.109 Furthermore, 

sequencing methods require a relatively long turnaround time, and are labor intensive and 

expensive.  As a result, they are not yet generally applied in cancer clinics.  

 

Given that accurate diagnosis of BRAF MT-positive melanoma is critical to defining proper 

course of therapy, these facts indicate a need for the development of a next-generation assay that 

detects all known missense mutations within the BRAF V600 codon, and that does so at an 

improved analytical sensitivity that might permit reliable assignment of mutation status in 

patients where the melanoma has either not spread to the lymph nodes or not metastasized to 

more distant organs. 

 

1.4.2 Clinical Detection of the KRAS Gene Mutations 

KRAS G12/G13 (i.e. codons 12 and 13) mutational status is routinely tested in cancer genomics 

laboratories to permit clinicians to determine the eligibility of CRC patients for treatment with 

cetuximab and panitumumab. Currently there are two FDA-approved diagnostic assays for this 

purpose: the therascreen KRAS RGQ PCR kit (Qiagen) and the cobas KRAS mutation test 

(Roche). 

 

The therascreen assay, which received FDA approval in 2014, is a qPCR test used to identify 

patients carrying any one of the seven most common G12/G13 missense mutations in exon 2 of 

the KRAS gene.117 CRC patients positive for a G12/G13 missense mutation are ineligible for anti-

EFGR mAb treatment as a course of therapy. The therascreen KRAS RGQ PCR Kit contains 

reagents for eight separate real-time amplification reactions; seven mutation-specific reactions to 

amplify and detect missense mutations in codons 12 and 13 of the KRAS oncogene, and one 

control reaction that amplifies and detects a highly conserved region of exon 4 of KRAS. Each 

mutation-specific reaction makes use of an amplification refractory mutation system91 type AS-
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PCR scheme to selectively amplify mutant KRAS alleles within genomic DNA also containing 

WT KRAS.  

The ARMS technique for detecting known point mutations was pioneered by Newton et al.68 It is 

based on the principle of allele-specific priming of the PCR process, and it therefore relies on the 

ability to effectively design a primer that only extends when its 3' terminal nucleotide is 

complementary to the paired template base.  A typical ARMS test for a somatic point mutation 

consists of a pair of amplifications in the same reaction mixture containing genomic DNA as 

substrate. One amplification product results from extension of the specific ARMS primer and its 

paired primer; that amplification product is therefore (expected to be) observed only when the 

mutation is present in the genomic DNA sample. The second amplification product is generated 

from the extension of a primer pair acting on a highly conserved sequence, typically within the 

target gene of interest but away from the mutational hot-spot being queried.  The generation of 

this reference amplicon indicates the reaction mixture and thermal cycler are working properly, 

and may be used in some assays to verify the presence of the target gene within the specimen.68 

The method has proven effective in detecting and quantifying mutations where the ARMS allele-

specific primer forms a pronounced mismatch (i.e. a thermodynamically highly destabilizing 

mismatched base pair) with the germline allele. These include C–T, C–C, G–A and T–T 

mismatches, for which priming efficiencies of zero or below 5% can be achieved. But the method 

is far less effective when the mismatch formed is either moderately (e.g. A–A) or weakly 

destabilizing (e.g. G-T).118 One may then try to introduce a secondary mismatch into the ARMS 

primer, often at the 3’-1 or 3’-2 position, with the hope of making extension of that primer more 

allele specific.  But this strategy is empirical and, and in part for that reason, its effectiveness has 

proven highly variable.  As a result, ARMS-PCR has not found widespread use in highly multi-

plexed assays designed to detect a panel of possible mutations within an oncogenic hot-spot.  

Due in part to these general weaknesses with ARMS technology, the therascreen KRAS RGQ 

PCR Kit has limitations. Several of the seven ARMS primers are cross-reactive with non-target 

alleles. For example, the ARMS primer for G12A also amplifies G12C, G12S, and G12V. This 

compromises both the specificity of the assay and its analytical sensitivity. Detection of G12/G13 

mutations, including G12R and G13D, therefore requires a mutation frequency of 6.4% or 
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greater, making the assay unsuitable for early disease detection or residual disease monitoring.  

Moreover, the assay is limited in the number of G12/G13 mutations it can detect. In particular, 

the assay precludes detection of known but rare G12/G13 mutations, which collectively comprise 

approximately 2% of all CRC patients. This is unfortunate, as patients harboring any one of those 

mutations should not receive anti-EGFR therapy.    

 

Finally, due in part to the method of detection used, the assay requires ~50 ng of DNA as the 

input, which is generally challenging to obtain from sparse needle core biopsy specimens from 

liver or lymph node metastases. The therascreen KRAS RGQ PCR kit utilizes a Scorpion®-type 

bifunctional hairpin probe that is attached to the 5’ end of the ARMS primer to monitor 

amplification. After extension of the primer, the sequence specific probe can bind to its 

complement within newly formed amplicons, causing the fluorophore and quencher on the probe 

to become sufficiently separated to generate a detectable fluorescence signal.119, 120 Though this 

detection strategy is advantageous in terms of reducing the number of reactions required, changes 

in relative fluorescence generated by Scorpion-type probes per amplicon produced are generally 

lower than those achieved using standard Taqman-type probes. 

 

The second assay is the recently approved cobas KRAS Mutation Test kit, which can detect 19 

different mutations known to occur within KRAS codons G12/G13 and Q61.121 The cobas kit 

uses primers that amplify an 85 base-pair sequence within KRAS exon 2 containing codons 12 

and 13 and a 75 base-pair sequence within exon 3 containing codon 61. In contrast to the 

therascreen test, detection of mutant alleles by the cobas KRAS mutation test is achieved using a 

set of allele-specific probes targeting either codons G12/G13, mutations in which are queried in 

one reaction chamber, or codon Q61, which is analyzed in a separate reaction.  The fluorescence 

generated by hydrolysis of each uniquely labeled probe is recorded, and after amplification, each 

amplicon generated is subjected to a thermal melt analysis in which the temperature is ramped 

from 40°C to 95°C (a so-called “TaqMelt”) and the melting transition of the amplicon(s) 

recorded. An amplicon fully complementary to the probe melts at a higher temperature than do 

amplicons with one or more mismatches, permitting mutation calls to be made. The cobas test is 

thereby more comprehensive in analyzing clinically actionable KRAS mutations when compared 

to the therascreen assay.  This in turn provides evidence that assays employing allele-specific 
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probes may hold advantages over those employing allele-specific primers in highly multiplexed 

assays intended to detect a complex set of missense mutations within one or more codons of an 

oncogene.   But limitations to the cobas assay are known. Probe specificity challenges limit the 

analytical sensitivity of the assay to between 5% and 10% mutation frequency,121, 122 and though 

the assay is generally reliable in making mutant calls above that threshold, it does not quantify 

mutant frequencies.  Moreover, it can generate false positives.  For example, when analyzing 25 

formalin-fixed, paraffin-embedded lung cancer samples of different sizes and tumor percentage 

using a range of available PCR and sequencing based approaches, Hinrichs et al.123 reported 

cases where results from the cobas assay were at odds with those obtained from other reliable 

orthogonal methods. In each case, a false mutant-positive call was made, including for a sample 

that contained an EGFR mutation, making the presence of a KRAS mutation highly unlikely.124 

 

Finally, the cobas test requires 100 ng total DNA, which can be obtained by sacrificing an entire 

5 μm section, but which clearly represents a non-optimal use of needle core biopsy specimens 

from liver or lymph node metastases since it precludes application of DNA recovered from the 

sample to other informative tests.125 

 

1.5 Thesis Objectives 

The discovery of “driver mutations”, named as such because they drive cancer progression, is 

transforming the practice of clinical oncology in important and positive ways. With respect to 

colorectal cancer, genetic testing can help show if an individual has a high risk of acquiring the 

disease due to inherited maladies such as Lynch syndrome (also known as hereditary non-

polyposis colorectal cancer).  Standard care of individuals newly diagnosed with CRC therefore 

includes testing for Lynch Syndrome in tumor biopsies to assess genetic instability associated 

with impaired DNA mismatch repair. Tumor evaluation also generally includes 

immunohistochemistry testing for the expression of the MMR proteins associated with either 

Lynch Syndrome or microsatellite instability (MSI), BRAF testing, and MLH1 hyper-methylation 

analyses. 

 

Genetic testing of CRC patients has likewise become a standard tool used by clinicians to 

determine proper courses of therapy and to monitor disease during and post-treatment.54 In 
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particular, KRAS G12/G13 testing is now required as a prognostic biomarker for determining the 

eligibility of CRC patients for treatment with penitumumab or cetuximab.  

 

The FDA approved assays currently used by clinics to detect missense mutations in BRAF V600 

and KRAS G12/G13 are not capable of detecting clinically actionable mutations at mutational 

frequencies low enough to permit their robust application to early disease detection or minimal 

residual disease monitoring.  Moreover, detection of all clinically actionable missense mutations 

is not certain, in part due to limitations to assay specificities and the inability to unequivocally 

discriminate missense mutations from synonymous germline sequence variations.   

 

Thus, a need exists for robust and cost-effective assays capable of detecting the complete set of 

clinically informative somatic point mutations within an oncogenic hotspot. The central 

objective of my thesis is to develop a novel platform for creating highly sensitive assays 

against all possible missense mutations in an oncogenic hotspot codon or adjacent set of 

hotspot codons that ameliorates the known limitations to current FDA-approved assays. 

The platform is designed to enable development of assays against all possible missense 

mutations in oncogenic hotspots and, if required, unequivocally differentiate them from 

synonymous germline alleles. That platform is first described in chapter 2 of this thesis, and 

then applied to the development of two clinically relevant assays: the first permits screening 

and detection of all known clinically actionable mutations in BRAF V600, and the second 

achieves the same for KRAS G12/G13. The clinical performance of each assay is assessed 

through its application to FFPE tumor specimens from a de-identified cohort of metastatic 

colorectal cancer patients.  

 

The platform is designed based on the hypothesis that significant improvements to the sensitivity 

and specificity of missense mutational analyses can be realized by collectively leveraging the 

template-partitioning capabilities of droplet digital PCR (ddPCR), the ability to use locked 

nucleic acid (LNA) substitutions to modulate the thermal stabilities of duplexes formed between 

single-strand template DNA and an allele-specific probe, and the development of a molecular 

thermodynamic model described in this thesis that enables the number and pattern of LNAs in 
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each such probe to be optimized such that the probe hybridizes only to its target allele at the 

annealing and amplification temperature of the ddPCR assay.   

  

Specific technical objectives associated with development, assessment and ultimately clinical 

adoption of the platform and the two assays derived from it include: 

 Co-defining and utilizing a nearest-neighbor type molecular thermodynamic 

model to design in silico LNA-substituted dual-labeled hydrolysis probes that are 

highly selective to their target allele 

 Conceptualizing and creating a platform for creating a novel class of assays, 

termed “wild-type negative assays”, that use ddPCR to unequivocally discriminate 

germline alleles from clinically actionable alleles bearing a missense mutation (or 

mutations) in one or a set of adjacent hot-spot codons within an oncogene 

 Co-creating a software tool and associated graphical user interface that clinicians 

can use to analyze output data from wild-type negative assays to detect if a 

clinically actionable mutation is present in the specimen, to quantify the frequency 

of any such mutation, and to enable the clinician to make a sound decision on 

therapeutic course of action based on the results of the assay 

 

Chapter 2 reviews relevant applications of ddPCR to the detection of mutations in genomic 

DNA, and then presents the concept of the wild-type negative assay and its critical operational 

features. One such feature is the need to design dual-labeled hydrolysis probes that are 

completely selective to their target allele, and the features of the model developed to design those 

probes are described. 

 

Chapter 3 describes the development and validation of a wild-type negative ddPCR-based 

diagnostic assay against BRAF V600 mutations and its application to gDNA purified from FFPE 

mCRC tumor specimens. 

 

Chapter 4 describes the development and testing of a wild-type negative assay for detecting 

G12/13 missense mutations in KRAS and its application to gDNA purified from FFPE mCRC 

tumor specimens. 
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Chapter 2: Digital PCR and the Proposed Wild-Type Negative Assay 

 

2.1 Digital PCR: Basic Principles and Prior Applications to Mutation Detection 

First described in 1999 by Vogelstein and Kinzler,126 digital PCR (dPCR) is a method of absolute 

nucleic acid quantification.127 Its use has grown in recent years through the development of 

microfluidic systems and emulsion chemistries to simplify and automate the process.29, 128 A 

number of dPCR instruments are now available commercially. These include microfluidic chip-

based digital PCR (cdPCR) machines129 and droplet digital (ddPCR) equipment.28 The latter 

method, specifically the Bio-Rad QX100 ddPCR instrument, is employed in this work.  ddPCR is 

based on limited partitioning of individual molecules of template DNA into thousands of 

independent isolated sub-nL droplets; typically, the dilution and partitioning are designed so that 

each such droplet contains zero, one or a small number of copies of template.  In the BioRad 

ddPCR system, sample DNA is solubilized in an appropriate PCR mastermix solution and then 

partitioned into droplets by emulsification of the aqueous reaction mixture within a thermostable 

oil.  Massively parallel PCR amplification is performed on the ensemble of droplets using an 

appropriate reporting agent, usually a TaqMan™-type dual-labelled hydrolysis probe, to record 

the end-point fluorescence of each droplet. That end point fluorescence within each droplet is 

quantified by serially reading each droplet in a reader that operates using concepts similar to that 

of a flow cytometer. 

 

Due to the sub-nL size of each droplet, conducting a suitable number of amplification cycles 

within a droplet containing a single copy of template DNA will result in saturation of the end-

point fluorescence signal.  A clear distinction between template-positive and template-negative 

droplets is therefore possible.  As a result, the number of template-positive droplets may be 

combined with Poisson statistics to determine with good accuracy the abundance of the target 

sequence in the original sample. Digital PCR therefore offers advantages over traditional qPCR 

quantification of nucleic acids, most notably its capacity for absolute quantification without need 

for an external reference or calibration curve.  Moreover, as it relies on an end-point fluorescence 

measurement, ddPCR results are in general far less sensitive to the presence of amplification 

inhibitors within the sample matrix.130   
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Using the end-point fluorescence data for all read droplets, the average copies of template per 

droplet (CPD) is determined using the relation:131, 132 

 

𝐶𝑃𝐷 = −𝑙𝑛(1 − 𝜃)        2.1 

 

where θ is the fraction of the total droplets read having a positive end-point fluorescence (above a 

prescribed threshold value). From this CPD, Poisson statistics may then be used to compute the 

probability p(n) that a given droplet initially contains n copies of template  

 

𝑝(𝑛) =
(𝐶𝑃𝐷)𝑛 𝑒−𝐶𝑃𝐷

𝑛!
 

       2.2 

 

Together, equations 2.1 and 2.2 thereby allow the total copies of the target sequence in the initial 

sample to be quantified, with the average concentration of template ctemplate (copies/µL) in the 

initial sample given by 

 

𝑐𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒 =
𝐶𝑃𝐷

𝑉𝑑𝑟𝑜𝑝𝑙𝑒𝑡
=

−𝑙𝑛(1 − 𝜃)

𝑉𝑑𝑟𝑜𝑝𝑙𝑒𝑡
 

       2.3 

 

where Vdroplet is the average droplet volume.   

 

Multiplexing of a ddPCR experiment to quantify two different template sequences is possible.  In 

the Bio-Rad QX100 or QX200 ddPCR system, the emulsification reaction typically partitions 

initial copies of each template among ca. 20,000 aqueous nL-sized droplets. End-point 

fluorescence signal(s) in each droplet is read at a high speed by a two-color droplet detector in 

which the excitation and emission filters are usually selected to detect FAM (fluorescein) and 

HEX dye fluorescence amplitudes. A 2-D plot may then be generated from the data in which the 

FAM end-point fluorescence amplitude generated in each droplet is plotted against the HEX end-

point fluorescence amplitude such as shown in Figure 2.1. In a ddPCR experiment where two 

different targets are amplified (probe 1 – FAM-labeled; probe 2 – HEX-labeled), each read 
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droplet will typically appear in the plot in one of 4 unique droplet clusters: empty droplets 

containing neither template (FAM-/HEX- cluster), droplets containing template 1 (FAM+/HEX- 

cluster), droplets containing template 2 (FAM-/HEX+ cluster), and droplets containing both 

templates (FAM+/HEX+ cluster). The ability to completely segregate clusters in the 2-D display 

allows accurate enumeration of cluster populations and robust statistical analyses of the resulting 

data.54  

 

 

Figure 2.1 Illustration of typical output data from a multiplexed two-channel ddPCR 

experiment.  

 

Compared to qPCR, dPCR has many advantages that could allow it to be used in clinics to 

perform diagnostic, prognostic, and predictive tests for disease.133-137 In particular, ddPCR has 

been shown to offer improved precision that allows finer fold change measurements138 and more 

sensitive detection of rare genetic events, including mutations.28 Moreover, when compared to 

current next-generation sequencing (NGS) platforms, digital PCR is far more sensitive and able 

to operate on much lower quantities of DNA and template.128, 134 It is also complementary to 

NGS in important respects.  For example, ddPCR may be used to verify NGS sequencing 

results.139 
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But ddPCR has yet to be adopted in the clinic.  Some of this is simply due to the newness of the 

technology, as clinically amenable ddPCR instruments have only been available for a few years. 

As a result, reliability/reproducibility, dynamic range, and cost questions remain.140 

 

Furthermore, robust ddPCR-specific sample preparation protocols must be established and 

validated, as ddPCR is as susceptible as qPCR to upstream errors associated with sampling and 

DNA extraction.141 Yet it is clear that ddPCR offers unique opportunities for highly sensitive 

molecular genetic analysis in cancer.  Indeed, it has been applied to the detection of specific 

somatic missense mutations,29, 126, 142-145 allelic imbalances,146, 147 and loss of heterozygosity 

(LOH) in clinical specimens.148 For example, Sanmamed et al149 recently reported a ddPCR assay 

capable of specifically detecting the BRAF V600E missense mutation in circulating DNA to 

mutant frequencies of 0.005%. Other ddPCR assays have been reported against BRAF V600E, as 

well as against KRAS G12D or G12V mutations.126, 133, 143-145, 149, 150 However, the multiplexing 

of dPCR to permit the collective detection of all possible somatic mutations at an oncogenic 

hotspot in a single well has received little attention to date.  Taking as an example the detection 

of all known missense mutations in BRAF V600, in principal this could be achieved by 

conducting allele-specific amplifications for all known mutations in parallel. This concept is 

challenged by the need to establish a way to uniquely identify and quantify each mutation using a 

2-color detection system, and a way to avoid a false positive call for one possible mutation due to 

cross-reaction of the probes and/or primers intended to detect a different mutation.   

 

However, many clinical tests only require one to collectively differentiate all missense mutant 

alleles from all synonymous germline (wild-type) alleles, without need to determine the precise 

mutation when present.  The multiplexing problem is then simplified somewhat, as one can then 

simply conduct two reactions in parallel: one that amplifies all copies of the gene of interest, 

regardless if they are mutated or not, and second that selectively amplifies either the entire 

collection of mutant alleles or all copies of the germline allele.68  The challenges associated with 

either approach are effectively the same, with avoidance of the mutant-specific reaction showing 

cross-reactivity with WT alleles, or vice versa, being the most critical.  This thesis focuses on 

assays that employ a second reaction that selectively amplifies only copies of the target gene that 

are wild-type within the oncogenic hotspot of interest. 
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2.2 The Wild-Type Negative Assay Concept 

CRC patients are tested in the USA, as well as in Europe and Japan, for missense mutations 

within KRAS.  In the USA, CRC patients who are KRAS G12/G13 mutation negative are eligible 

for treatment with an anti-EGFR mAb, while in Europe they are eligible if all KRAS within the 

tumor is WT.  For KRAS, as well as for other oncogenic biomarkers including BRAF, PIK3CA 

(missense mutations preclude anti-HER2 treatment of breast cancer), etc., clinicians therefore 

require a means to sub-classify cancer patients in terms of the absence or presence of a missense 

mutation in the (proto-)oncogenic biomarker of interest.   

 

This thesis is concerned with the development and assessment of a new class of diagnostic tests 

that are specifically designed to meet that clinical need.  The fundamental elements of this novel 

class of assays, identified here as “Wild-Type Negative Assays”, are illustrated in Figure 2.2.   

 

 

 

Figure 2.2 Basic elements and features of a wild-type negative mutational screening assay.  

Individual copies of target sequence to be analyzed are partitioned by limiting dilution into an 

excess number of sub-nL droplets and then independently amplified using a forward (FP) and 

reverse (RP) primer.  In every droplet containing a single copy of a WT target sequence, that 

amplification will generate both a FAM (blue) and HEX (green) end-point fluorescence signal 

due to hydrolysis of both the FAM-labeled consensus probe and the HEX-labeled probe against 

the WT sequence within the hot-spot region of variability.  A FAM signal, but no end-point HEX 

signal, is generated in droplets containing a copy of MT template due to the lack of WT-specific 

probe hybridization to the MT allele.  All droplets containing a copy of the target may therefore 

be quantified by counting droplets displaying an end-point FAM signal, and the fraction of those 

that contain a copy of WT template then determined by counting the droplets having an end-point 

HEX signal. 
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In a wild-type negative assay, a fragment of the target gene is selected which contains the 

oncogenic hotspot of interest, a short germline sequence (10 – 20 bp in length) that has been 

shown to be highly conserved even in advanced stages of oncogenesis, and a set of priming sites 

that are predicted to offer efficient and specific amplification of the fragment.  Two different 

dual-labeled hydrolysis probes are then prepared.  The first, end-labeled with a unique reporter 

dye (e.g. FAM in Figure 2.2), is designed to target the highly conserved germline sequence 

within the fragment.  The second, labeled with a different and spectrally distinct reporter dye 

(e.g., HEX), is designed to target the germline sequence of the proto-oncogene across the hotspot 

codon or pair of adjacent hotspot codons.  The example provided in Figure 2.2 therefore assumes 

the WT gene in comprised of only one known germline allele across the hotspot region.  But this 

needn’t be the case, as the assay can be multiplexed through creation of a set of probes, each one 

specific to a particular synonymous germline allele.   These reaction components are mixed with 

DNA isolated from the tumor or tissue (e.g. blood) specimen, and then subjected to a limiting 

dilution that partitions those reactants and copies of the target gene into a large set (15,000 or 

more) of stable independent droplets.  They are then subjected to ddPCR to amplify each copy of 

template present in each droplet.  Amplified droplets are then individually read in both 

fluorescence channels to complete the ddPCR assay workflow as shown in Figure 2.3. 

 

To fix ideas, consider first those droplets into which was partitioned one copy of the gene, with 

that copy being WT. Amplification of that copy will therefore produce a droplet displaying 

strong end-point fluorescence amplitudes from both released FAM and released HEX.  In an 

output plot in which the FAM end-point fluorescence generated in each droplet is plotted against 

the HEX end-point fluorescence, all droplets of this type will therefore cluster in the 

FAM+/HEX+
 region (Figure 2.2).  In contrast, a droplet containing only a copy of the gene 

fragment that harbors a missense mutation within the oncogenic hotspot of interest will record an 

end-point fluorescence (FAM). A FAM signal results from hydrolysis of the probe against the 

highly conserved sequence, but not from the probe against the oncogenic hotspot, provided of 

course that the probe does not cross-react with any mutant alleles.  Droplets of this type, which 

cluster in the FAM+/HEX- region of the output plot, are deemed wild-type negative.  Lack of 
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fluorescence signal from the probe targeting the WT sequence within the oncogenic hotspot may 

therefore be used to detect the presence of a missense within the specimen. Assays of this type 

are therefore designated as “wild-type negative”. 

 

 

 

Figure 2.3 Basic elements of the workflow for a ddPCR-based wild-type negative assay. 

Figure adapted from Hindson et al28 Template and PCR reagents are first mixed to form an 

aqueous reaction solution. A water-in-oil emulsion is then formed to partition the reaction 

solution into a large number of independent sub-nL droplets.  That collection is then subjected to 

ddPCR to amplify each copy of template present in each droplet.  Amplified droplets are 

individually read in both fluorescence channels, and a 2D plot of the set of end-point 

fluorescence amplitudes for each read droplet is constructed. 

 

 

For each fluorescence amplitude channel, the total number of read droplets C and the fraction of 

those droplets displaying a significant fluorescence signal (above background)  are recorded.  

Equations 2.1 and 2.2 are then used first to estimate the total copies of the gene ntemplate present in 

the sample, and then again to estimate the total copies of that gene that are wild-type negative 

and therefore carry a mutation (nmutant).  The ratio nmutant/ntemplate x 100% gives the mutant 

frequency MF.   

 

The uncertainty in the MF value can be determined from the corresponding uncertainty in , 

which is computed as 

 

𝜃 ±  𝑧𝐶𝐼√
𝜃(1−𝜃)

𝐶
  

2.4 
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where zCI is the confidence interval chosen (= 0.95 for a 95% confidence interval). 

 

2.3 Critical Features of the Assay Design and Operation 

Based on the design of the wild-type negative assay, its performance and clinical adoption are 

expected to depend on a number of important factors.  Key among them are the following: 

 Effective design of primers to provide robust and efficient amplification of the target gene 

fragment 

 Design of a probe or set of probes targeting the oncogenic hotspot of interest, each of 

which is highly selective for its target WT allele, showing no cross-reactivity to any 

mutant allele 

 Creation of a computational algorithm that objectively computes the MF value from the 

raw output of the ddPCR-based assay (i.e., the 2-D fluorescence data plot) 

 

The principles and strategies used to address these challenges are described in the following sub-

sections.   

 

2.3.1 Effective Primer Design for ddPCR-Based Assays 

Creation of a highly sensitive and specific ddPCR assay against one or more missense mutant 

alleles requires very careful consideration to the locations and characteristics of the amplicons, 

the probes, and the primers. Of particular importance for primers is the need to ensure the primer 

is specific to the target allele, and provides for efficient amplification of a single copy of that 

target sequence isolated within a nL-sized droplet through proper engineering of its sequence and 

its melting temperature relative to the annealing/extension temperature used for amplification. 

While numerous reports and studies provide sound guidelines for designing efficient PCR 

primers used in standard qPCR experiments, there is far less literature describing effective 

strategies for designing primers used in ddPCR experiments. 

 

My thesis work, as well as research conducted by others in the laboratory, has served to establish 

useful empirical guidelines for designing efficient and specific primers for amplifying templates 

partitioned among nL-scale droplets by limiting dilution. In particular, though many of the 
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standard strategies used to design primer for standard bulk PCR may be applied with good effect 

to the design of primers for ddPCR amplifications, additional criteria and the augmentation of 

standard strategies can serve to improve the performance of those primers.  Due to the unique 

features of ddPCR, the demands on primers used in ddPCR amplifications are in certain ways 

lower than those on primers used in standard bulk PCR. The limiting dilution used to partition 

individual copies of template into isolated droplets serves to also dilute those 

components/contaminants within the sample matrix that might inhibit or interfere with 

amplification of the target within each droplet; the likelihood of efficient amplification is 

therefore increased.  Moreover, qPCR depends on accurate measurement of changes in relative 

fluorescence intensities with cycle number.  Those changes are sensitive to changes in 

amplification efficiencies, which as noted can be influenced by inhibitory analytes within the 

sample.151 In contrast, ddPCR depends on the detection of one (or if the reaction is multiplexed, 

several) end-point fluorescence value(s) for each droplet in the reaction.  The precise value of 

each end-point fluorescence (EPF) amplitude is not relevant, as the experiment only requires 

counting of those droplets displaying an EPF amplitude above a defined threshold value.  But 

primer design for ddPCR experiments is more challenging in other respects.  In particular, due to 

the need to create a stable emulsion within which those droplets containing the aqueous reaction 

phase (containing the sample and the PCR reagents) are partitioned, the ddPCR system places 

constraints on the possible composition of that aqueous phase. In addition, each droplet will in 

general contain either one or no copies of the target sequence, but all droplets will nevertheless 

contain a substantial amount of total DNA (human genomic DNA in this work).  In those 

droplets containing no copies of the target sequence, which might include more than half of all of 

the droplets formed, it is essential to avoid primers that cross-react with sequences within the 

background DNA, or with themselves, in ways that might lead to a false positive EPF signal. 

 

These challenges were therefore considered, along with empirical evidence I and my coworkers 

in the laboratory have collected, to establish the following general strategy for designing primers 

for amplification of a target sequence by ddPCR: 

 

 Primer and Amplicon GC content: ddPCR amplification efficiency and specificity 

generally decline if either the amplicon or either of the two primers (forward and reverse) 
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carry a large GC content, particularly if the GC content of either exceeds 60%.  Whenever 

possible, the priming sites should therefore be positioned so as to generate an amplicon 

having a GC content of 50% ± ca. 8%.  Primer sequences should likewise have a GC 

content near 50%, and ideally should not contain more 3 consecutive G residues.  

Satisfying all of these criteria generally allows the resulting ddPCR amplification to be 

performed at the preferred annealing temperature Ta of 60 °C.   

 

 Primer Length, Sequence and Melting Temperature: Standard PCR primers are usually 18 

to 30 bases in length. When a primer is used in a ddPCR amplification, length is not of 

paramount importance; instead, the most important considerations for effective primer 

design are 1) selection of a priming site to achieve good hybridization specificity at Ta, 2) 

the engineering of an optimal primer – template melting temperature (Tm,primer), and 3) the 

setting of each primer sequence to avoid cross-reactivity with non-target regions of 

genomic DNA, primer self-complementarity, and the formation of any stable secondary 

structures. There are often several regions of homologous sequence within a genome. 

Improper identification of sites for primer annealing is therefore a potential source of 

error in ddPCR and its avoidance can be challenging.  However, several tools are 

available to aid selection of optimal priming sites to avoid cross reactivity. These include 

PrimerSelect, Primer Express, Primer Premier, OLIGO software series, and Primer3.152-

154 In general, intron and intergenic sequences are preferred as primer-binding sites for 

amplification of unique target sequences.   

 

Powerful software is also available designing primer sequences offering a desired 

Tm,primer.  These include the OligoAnalyzer Tool provided on-line by IDT 

(https://www.idtdna.com/calc/analyzer), but other equally effective programs are 

available (e.g. dnaMATE, OligoCalc, OligoEvaluator).  Note that it is important to apply 

these tools to prediction of Tm,primer at the reaction conditions used in a ddPCR 

experiment. Aqueous reaction solutions in ddPCR usually contain 50 mM K+, 3 mM 

Mg2+, and about 0.8 mM dNTPs, but modest changes to those standard reaction 

conditions are possible. From the perspective of amplification efficiency, primer – 

template stabilities are often increased by including G and C nucleotides within the 3'–5 

https://www.idtdna.com/calc/analyzer


 

 

30 

end of the primer.  But primers with a high GC content at their 3’ end also increase the 

likelihood of active hybridization with homologous non-target sequences.  Limiting the 

GC content of the 3′ end of the primer (generally to no more than 3 G or C nucleotides) is 

therefore advised, as it minimizes the risk of false priming.  

 

Finally, tools available to screen putative primer designs for self-complementarity and 

potential to form unwanted secondary structures include Primer3Plus,155 which was 

primarily used in this work. 

 

Primers used in standard bulk PCR are typically designed so that Tm,primer lies 2 °C to 5 °C 

above a Ta, in part because when Ta = 60 °C this Tm,primer – Ta difference generally results 

in optimal extension rates by polymerases used in PCR.  In ddPCR, however, avoiding 

primer cross-reactivity, which increases with increasing Tm,primer – Ta, outweighs 

optimization of amplification efficiency (because of the use of end-point as opposed to 

temporal fluorescence measurements). Tm,primer should therefore be set to avoid cross 

reactivity and false positives.  While in some cases this criteria can be met using the 

standard guideline defined above, in others it may require selection of a lower Tm,primer 

value, often equalling or within a °C of Ta.  In either case, the Tm,primer value of the 

forward and reverse primers should be the same (± 1 °C), as this improves the likelihood 

that they exhibit similar amplification efficiency and that neither cross reacts. 

 

 Setting the annealing temperature Ta and Tm,primer: As noted above, Ta should be no 

more than 5 °C below Tm,primer,  and must often have a value very close to Tm,primer so as to 

avoid unwanted cross reactions leading to false positives.  The thermal gradient feature 

available in current ddPCR instruments allows for facile screening of assay performance 

at different Ta values, and exploiting that capability is often critical to achieving desired 

assay performance.  But the value of Ta, and thus the target Tm,primer used for primer 

design, can change depending on the GC content of the amplicon and associated priming 

sites.  In particular, efficient amplification of template sequences having high GC content 

can often require an increase in Ta, with Tm,primer increased in kind so that a small Tm,primer 

– Ta value is maintained. 
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2.3.2 Locked Nucleic Acids and Their Use in Allele-Specific Probes 

The use of allele-specific probes to detect somatic point mutations in tumors or premalignant 

tissues generally relies on the fact that the stability of a duplex formed between two single-

stranded (ss) oligonucleotides is sensitive to the presence of any mismatched base pairs within 

that duplex.  As a result (Figure 2.4), a duplex formed between a short ssDNA probe and its 

perfect match (PM) will in general exhibit a higher Tm (here denoted Tm,PM) compared to that 

(Tm,MM) for a duplex between the same probe and a different allele with which it forms at least 

one base-pair mismatch (MM).  Pure-DNA dual-labeled hydrolysis probes are generally 18 or 

more bases in length.  The fractional contribution of any base within a probe, whether paired to 

its complementary base or not, to the overall thermal stability of a duplex is therefore relatively 

small (e.g. ~ 1/20 or 5%).  This makes it difficult to design a pure-DNA probe where ∆Tm 

(=Tm,PM - Tm,MM) is sufficiently large so as to achieve selective hybridization of the probe to its 

target allele at the annealing (and extension) temperature, Ta, of a PCR-based assay designed to 

detect that allele.  This is particularly true for mismatched base pairs known to be only weakly 

destabilizing to a duplex.  It is known that certain mismatched base pairs, most notably G–A and 

G–T mismatches, weakly destabilize dsDNA, while C–A, T–T, A–A and C–T mismatches are 

much more strongly destabilizing.118 

 

A number of methods and chemistries have therefore been used to increase ∆Tm in cases where 

standard DNA probes have proven ineffective.  These include the use of pure DNA reagents, 

such as minor-groove binders (MGBs) that serve to alter hybridization thermodynamics156 or 

unlabeled oligonucleotides designed to block hybridization of the AS probe to non-target 

alleles,157 and the use of various synthetic analogues of DNA or RNA nucleotides that are 

designed to form more stable base pairs with their complementary deoxy-ribonucleotide.158, 159 

By far the best studied and most widely used of these analogues is the so-called Locked Nucleic 

Acid, or LNA15, 25, 26. As shown in Figure 2.5, LNAs contain a methylene bridge that connects 

the 2’-oxygen and 4’-carbon of a nucleotide’s pentose sugar and “locks” that sugar into a C3’-

endo configuration.160Any base within ssDNA can be substituted with the corresponding LNA 

base, with each such LNA substitution decreasing the entropy of the oligonucleotide due to the 
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lower number of degrees of configurational freedom available to the pentose sugar when 

locked.31-33 Hughesman et al.161 have shown that hybridization of an LNA-substituted 

oligonucleotide with its complementary ssDNA therefore occurs with both a lower loss of 

entropy and an enhancement of favorable base stacking interactions, making the resulting duplex 

more stable in proportion to the number of locked bases.47 This enables the use of significantly 

shorter oligonucleotides as probes, which when combined with experimental evidence that LNAs 

are in general less energetically tolerant of forming mismatched base pairs,27 can in turn result in 

larger differences in ∆Tm.   

 

 

Figure 2.4 Thermal stabilities of pure-DNA and LNA-substituted dual-labeled hydrolysis 

probes and the dependence of allele-specific assay performance on them.Probes bearing 

LNA substitutions can display large ∆Tm values when compared to those generally realized using 

standard pure-DNA probes.  As a result, false positives can be eliminated in cases where the 

corresponding pure-DNA probe cross reacts with non-target alleles. 
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Figure 2.5 Chemical structures of DNA, RNA, and LNA nucleotides. Figure adapted from 

Campbell and Wengel 54 

 

AS probes substituted with one or more LNAs have been used in qPCR-based assays to improve 

specificity and lower the detection limit for target alleles, with LNA-substituted probes against a 

single specific mutation (e.g. BRAF V600E) being by far the most common example.159, 162 As an 

example, Denys et al.163 lowered the detection limit of a qPCR assay against JAK2 V617F, a 

driver mutation in myeloproliferative neoplasms, by more than an order of magnitude by 

replacing a pure-DNA probe with a shorter LNA-substituted probe. LNAs have likewise been 

introduced into other diagnostic platforms to improve their selectivity, including DNA 

microarrays164 and transcript (mRNA) expression profiling panels.158 However, at present, the 

LNA substitution sites within the probes and other reagents used in these technologies are 

selected using either trial-and-error methods or empirical concepts (rules of thumb) drawn from 

those trail-and-error efforts. The platform described in this thesis, which is expected to enable 

rapid design of effective ddPCR-based assays capable of highly sensitive detection of somatic 

mutations, therefore requires a more rigorous, objective method to accurately predict Tm,PM and 

Tm,MM values for allele-specific probes as a function of the number and pattern of LNA 

substitutions. 
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2.3.3 Nearest-Neighbor Molecular Thermodynamic Models for in silico Design of Allele-

Specific Probes 

DNA (deoxyribonucleic acid) is essential to life and all areas of medical science.  As a result, 

extensive research on the chemistry and properties of DNA has been conducted over the past 

century. The stability of chromosomal duplex DNA (dsDNA) is sufficient to preserve one’s 

genetic code at physiologic conditions, yet portions of a chromosome can be made to dissociate 

into single stranded DNA (ssDNA) to permit, among other things, the transcription of genes.  In 

addition to being essential for message and protein synthesis, the ability of dsDNA to dissociate 

into its component single strands is also exploited in many powerful techniques and technologies 

used in molecular biology and in clinical laboratories.  Of specific relevance to this thesis, 

hybridization of oligonucleotide probes to ssDNA is used to identify specific sequences that are 

diagnostic of disease. Likewise, ssDNA primers are used in a wide range of applications, 

including to initiate complementary strand synthesis for sequencing or PCR-based amplification.  

 

The successful design and application of these ssDNA reagents typically requires knowledge of 

the Tm of the duplex they are expected to form with their target sequence, and how that Tm 

depends on probe or duplex length, sequence and concentration.  Other solution variables, 

including salt concentration, pH, and added metal ions or organic solvents, are also known to 

affect duplex stability.165, 166 Models and tools to understand and predict the melting properties of 

dsDNA, particularly short (< 25 bp) complementary dsDNA (e.g. a probe – template duplex), 

must account for these sensitivities, and their development has been an intense area of research 

for more than 50 years.33, 167, 168  While many different types of models have arisen from that 

collective effort, a certain class, the so-called Nearest-Neighbor Thermodynamic (NNT) models, 

have proven highly accurate in predicting Tm values and are without question the most widely 

used.118, 169-171 

 

Over the past half-century, an extensive Tm and melting thermodynamics database has been 

compiled for short B-form dsDNA across a wide range of duplex sequences and lengths, as well 

as solvent compositions. Collectively, these data show that short dsDNA melting 

thermodynamics depend not only on duplex length and the number of A–T and G–C base-pairs 
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(i.e., the pyrimidines, cytosine (C) and thymine (T), and the purines, adenine (A) and guanine 

(G)), but also on sequence.  Spectroscopic studies have shown that the sequence dependence 

arises, at least in large part, from the greater stability of the G–C base pair and contributions from 

base-stacking interactions within the B-form duplex.172 A successful model of dsDNA thermal 

denaturation must therefore account for both base-pairing and base-stacking interactions.  

Among the simplest models capable of this is one that assumes that base-pairing and base-

stacking contributions can be captured at the nearest-neighbor level. As originally proposed by 

Gray and Tinoco, Jr., NNT models assume that hydrogen bonds formed between the mth base pair 

are sensitive to structural and electronic perturbations caused by the neighboring (m + 1)th base 

pair, and that the energy of stacking interactions between the mth and (m + 1)th base pairs depend 

only on the types of base pairs in those positions of the duplex.173  All longer-range contributions 

are therefore ignored.  ∆HDNA, the enthalpy change for the denaturation reaction, may then be 

computed as a simple summation of the energy  required to initiate denaturation through 

the dissociation of terminal base pairs (terminal base pairs have unique (typically weaker) 

energetics due to the fact that they are unbounded on one side), and the energy of denaturation 

∆𝐻𝑁𝑁𝑖
 for each nearest-neighbor (NN) base-pair i within the set of base-pair doublets comprising 

the duplex: 

 

∆𝐻𝐷𝑁𝐴 = ∑ 𝑚𝑗∆𝐻𝑗
𝑖𝑛𝑖𝑡

2

𝑗=1

+ ∑ 𝑛𝑖∆𝐻𝑁𝑁𝑖

10

𝑖=1

 

2.5 

 

In equation 2.5, ∆HDNA is the enthalpy change for duplex denaturation at Tm, j counts the possible 

terminal base-pairs (A–T or C–G), mj is the number (0, 1 or 2) of type j terminal base pairs in the 

duplex, i counts the 10 energetically unique Watson-Crick nearest neighbor base pairs, and ni is 

the number of each nearest neighbor base pair of type i in the duplex.  Here it is important to note 

that Watson-Crick base-pairing requirements reduce the 16 (i.e., 42) total nearest neighbor base 

pairs (doublets) to 10 energetically unique nearest neighbors within complementary dsDNA. 

This is because the two strands are antiparallel; the doublet N3’+mN3’+(m+1)/N5’+mN5’+(m+1) is 

therefore equivalent to the doublet N5’+mN5’+(m+1)/N3’+mN3’+(m+1).  

 

DH j

init
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Entropy is computed under the same assumptions.  The total entropy change accompanying the 

helix-to-coil transition (∆SDNA) is partitioned into a sum of nearest-neighbor contributions, so that 

 

∆𝑆𝐷𝑁𝐴 = ∆𝑆𝑠𝑦𝑚 + ∑ 𝑚𝑗∆𝑆𝑗
𝑖𝑛𝑖𝑡

2

𝑗=1

+ ∑ 𝑛𝑖∆𝑆𝑁𝑁𝑖

10

𝑖=1

 

2.6 

 

In equation 2.6, ∆𝑆𝑗
𝑖𝑛𝑖𝑡 accounts for the unique entropy change of the terminal base pairs; ∆𝑆𝑠𝑦𝑚, 

which is applied only to self-complementary sequences, accounts for the fact that a bimolecular 

complex formed from self-complementary strands has a rotational symmetry that is not present in 

a duplex formed from non-self-complementary strands. 

 

In standard NNT models, all terms on the right-hand-side of equations 2.5 and 2.6 are 

temperature independent. This includes the most widely used NNT model, the so-called 

“unified” nearest-neighbor model of Santa Lucia Jr. and coworkers,171, 174 which computes 

∆HDNA and ∆SDNA as temperature-independent values by invoking the assumption that  ∆𝐶𝑝
 , the 

heat capacity change for the denaturation reaction, is zero.  The “unified” NNT model of Santa 

Lucia Jr. et al. therefore predicts Tm values for a short (<30 bp) complementary B-form duplex 

using the thermodynamic relation:  

 

𝑇𝑚 =
∆𝐻𝐷𝑁𝐴

∆𝑆𝐷𝑁𝐴 − 𝑅 𝑙𝑛(𝐾)
 

2.7 

 

where K is the concentration-dependent equilibrium constant for the denaturation reaction, R is 

the ideal gas constant (1.987 cal mol-1 K-1), and ∆HDNA and ∆SDNA are given by equations 2.5 and 

2.6, respectively.  K can be computed based on the concentrations of the single strands and 

knowledge of any duplex symmetry. For a non-self-complementary strand (e.g. 5’-aaaaaaaa-3’ 

cannot form a duplex with itself), K is given by 𝐶𝑇/4 when the strands are added in equal 

concentration.  Here, 𝐶𝑇 is the total strand concentration.  If one strand is added in a greater 

concentration, 𝐾 = 𝐶𝐴 − 𝐶𝐵/2, where 𝐶𝐴 and 𝐶𝐵 are the more and less concentrated strands 
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respectively. And finally, in the case of a self-complementary duplex (i.e. 𝑑𝑠𝐷𝑁𝐴
 

⇔  2 𝑠𝑠𝐷𝑁𝐴1), K is equal to CT.  
54 

 

Recently, Hughesman et al.54 used differential scanning calorimetry to show that duplex 

denaturation is accompanied by a positive heat capacity change per base pair, ∆𝐶𝑝
𝑏𝑝

of 42 ± 16 cal 

mol-1 K-1 bp-1. They found that Tm is therefore more accurately predicted by the thermodynamic 

relation 

 

𝑇𝑚 =
∆𝐻𝐷𝑁𝐴

𝑜 (𝑇𝑟𝑒𝑓) + ∆𝐶𝑝(𝑇𝑚 − 𝑇𝑟𝑒𝑓)

∆𝑆𝐷𝑁𝐴
𝑜 + ∆𝐶𝑝𝑙𝑛(𝑇𝑚 𝑇𝑟𝑒𝑓⁄ ) − 𝑅 𝑙𝑛(𝐾)

 
2.8 

 

where ∆𝐻𝐷𝑁𝐴
𝑜  and ∆𝑆𝐷𝑁𝐴

𝑜  are now the change in enthalpy and entropy, respectively, for duplex 

dissociation at a specific reference state temperature of 53 °C.  They are computed as:  

 

∆𝐻𝐷𝑁𝐴
𝑜 = ∑ 𝑚𝑗∆𝐻𝑗

𝑖𝑛𝑖𝑡

2

𝑗=1

+ ∑ 𝑛𝑖∆𝐻𝑁𝑁𝑖

𝑜

10

𝑖=1

 

2.9 

 

∆𝑆𝐷𝑁𝐴
𝑜 = ∆𝑆𝑠𝑦𝑚 + ∑ 𝑚𝑗∆𝑆𝑗

𝑖𝑛𝑖𝑡

2

𝑗=1

+ ∑ 𝑛𝑖∆𝑆𝑁𝑁𝑖

𝑜

10

𝑖=1

 

2.10 

 

The standard state nearest-neighbor ∆𝐻𝑁𝑁𝑖

𝑜  and ∆𝑆𝑁𝑁𝑖

𝑜  parameters used in equations 2.9 and 2.10 

to compute ∆𝐻𝐷𝑁𝐴
𝑜  and ∆𝑆𝐷𝑁𝐴

𝑜  are provided in Table 2.1, along with the required values for 

∆𝐻𝑗
𝑖𝑛𝑖𝑡. The contribution to the denaturation entropy arising from sequence symmetry (i.e. self-

complementarity), ∆𝑆𝑠𝑦𝑚, is also given. In equations 2.9 and 2.10, ni indexes the total number of 

times each Watson-Crick nearest neighbor base pair of type i is present in the duplex, and mj is 

the number of each terminal base pair of type j.  
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Prediction of Tm by equation 2.8 requires a value for the heat capacity change, ∆𝐶𝑝
 , for the helix-

to-coil (dissociation) transition.  It is given by 𝑛𝑏𝑝
 ∆𝐶𝑝

𝑏𝑝
, where 𝑛𝑏𝑝

  is the total number of base-

pairs in the duplex and ∆𝐶𝑝
𝑏𝑝

 is 42 cal mol-1 K-1 bp-1.32    

 

Applicable to the melting of short complementary dsDNA (< ~ 25 bp), the model of Hughesman 

et al. is quite accurate, showing a mean error and the standard deviation of -0.2 ± 1.4 °C when 

applied to a set of 1258 different duplexes with known Tm.33 Compared to the unified NNT 

model it is significantly better at predicting Tm values for duplexes melting near or above 65 °C, 

where the assumption of zero Cp is especially poor.  However, it cannot predict Tm values for 

duplexes in which one of the two strands contains LNAs.  Nor can it predict the Tm for a duplex 

containing both LNAs in one strand and a mismatched base pair which may or may not include 

an LNA.   

 

Table 2.1 Nearest-neighbor enthalpy and entropy parameters for denaturation of 

complementary base pair doublets in 1 M NaCl. Parameters taken from168 with change in 

sign made to conform to the model developed and presented in this work. 

 

Nearest Neighbor Base Pairs ∆𝑯𝑵𝑵𝒊
 

(kcal/mol) 

∆𝑺𝑵𝑵𝒊
 

(cal/(mol K) 

 

AA/TT 

AT/TA 

TA/AT 

CA/GT 

GT/CA 

CT/GA 

GA/CT 

CG/GC 

GC/CG 

GG/CC 

 

Initiation with terminal G–C bp 

Initiation with terminal A–T bp 

Chain symmetry correction 

 

7.9 

7.2 

7.2 

8.5 

8.4 

7.8 

8.2 

10.6 

9.8 

8.0 

 

- 0.1 

- 2.3 

0 

 

22.2 

20.4 

21.3 

22.7 

22.4 

21.0 

22.2 

27.2 

24.4 

19.9 

 

2.8 

- 4.1 

1.4 
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A model providing those predictive capabilities was desired in support of the wild-type negative 

assay development platform central to this thesis work. The resulting new model,161 which is 

described in detail in Appendix A, accurately predicts Tm,PM and Tm,MM values for allele-specific 

probes as a function of the number and pattern of LNA substitutions.  Importantly, it can provide 

those predictions at the solution conditions used in ddPCR-based wild-type negative assays. The 

model was co-developed and co-published161 with others in the laboratory, most notably Dr. 

Curtis Hughesman, and the associated model parameters, along with example calculations in 

which the model is used to predict Tm and ∆Tm values for one of the allele-specific probes 

designed and used in this work, are provided in Appendix A.   

 

2.3.4 Automated Analysis of Assay Output Data to Quantify Mutant Frequencies 

As described in section 2.2, output data from a ddPCR-based wild-type negative experiment is 

most conveniently displayed in the form of a two-dimensional scatter plot (Figure 2.2), in which 

the FAM and HEX fluorescence amplitudes recorded for each droplet are plotted against each 

other in Cartesian coordinates. In a well-conceived ddPCR experiment designed to detect, 

discriminate and quantify two (or possibly more) different alleles, the read droplets following 

ddPCR amplification will segregate into unique groups (clusters) that may include FAM–/HEX– 

(i.e., double negative or empty), FAM+/HEX–, FAM–/HEX+, and/or FAM+/HEX+ droplet 

clusters.  At sufficiently high CPDs, positive/double-positive, double-positive/positive and 

double-positive/ double-positive clusters may also be observed.  In addition, some droplets may 

record a more ambiguous set of FAM and HEX fluorescent signals that fall between the distinct 

positive and negative populations defined above. Such droplets are termed “rain” and are 

generally observed between all clusters.  

 

One must therefore properly assign droplets into groups/clusters based on their fluorescence 

signals to effectively use ddPCR output data to detect mutations and accurately quantify their 

frequency.  Regrettably, no software was available to objectively conduct those assignments for a 

wild-type negative assay.  Indeed, overall there is a paucity of algorithms and associated software 

available for analyzing digital PCR data of any type, with the few tools available not applicable 

to the types of assays described in this work.175, 176  In collaboration with Dean Attali, a software 

engineer, I therefore co-developed a tool for automated unbiased assignment of read droplets into 
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defined clusters. Droplets in each cluster can thereby be reliably counted to detect mutations and 

accurately quantify mutant frequencies.  

 

The software tool, entitled ddpcr, is written in the R programming language177 and can be used to 

explore, visualize, and analyze two-channel ddPCR data. The R language was used because it is 

open-source and cross-platform, allowing anyone to freely use it on any operating system. R is a 

popular language in the field of computational biology, and is the main data analysis language 

for many biological and health scientists. To improve access and ease of use, the ddpcr software 

has been implemented as an interactive web resource using Shiny, through which one can apply 

it to ddPCR datasets using a simple point-and-click interface.178 The full R script comprising the 

ddpcr algorithm and the web-based Shiny application can be accessed through the link provided 

in Appendix B, which also provides a detailed description of the algorithm. Key statistical 

concepts and methods used in the ddpcr algorithm to treat the raw datasets include Gaussian 

distributions and kernel density estimates of distributions. Pertinent basic information relevant to 

each of those concepts and methods is provided below. 

 

2.3.4.1 Gaussian Distributions and Two-Component Gaussian Mixture Models 

As illustrated in Figure 2.1, in a typical multiplexed 2-channel ddPCR experiment the set of 

fluorescence amplitudes for all read droplets recorded in either channel (FAM or HEX) will take 

on a range of values, with the value for most droplets centered around either a low amplitude or a 

high amplitude mean.  To fix ideas, let us assume for the moment that the cluster of droplets near 

the low-amplitude mean (e.g. the FAM– cluster) is composed of droplets whose fluorescence 

amplitudes are distributed normally about that mean µ.  The probability pX that a given droplet 

within that population has a fluorescence amplitude X is then described by the Gaussian 

distribution 

 

𝑝𝑋(𝑋) =
1

𝜎 √2𝜋
𝑒𝑥𝑝 [−

(𝑥 − 𝜇)2

(2𝜎2)
] 

2.11 

 

where  is the standard deviation. For the case of ddPCR datasets, the fluorescence amplitude is 

not a continuous function, but rather a set of distinct Xi values from the N droplets within the 
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cluster.  The maximum likelihood estimate for the value of µ is therefore determined by taking 

the log of equation 2.11 (which gives the log-likelihood), differentiating that with respect to µ, 

and then finding the maximum 

 

𝑑

𝑑𝜇
ln (𝑝𝑋𝑖

(𝑋𝑖)) = ∑
1

𝜎2
(𝑋𝑖 − 𝜇)

𝑁

𝑖=1

= 0 

2.12 

 

which gives 

 

𝜇 =  
1

𝑁
∑ 𝑋𝑖

𝑁

𝑖=1

 

2.13 

 

with the standard deviation of the distribution given by 

 

𝜎 =  √
1

𝑁
∑(𝑋𝑖 − 𝜇)

𝑁

𝑖=1

 

2.14 

 

However, as shown in Figure 2.1, the complete set of Xi values in a given channel generally 

partition into two (or more) distinct clusters, each of which can be well-modeled by a Gaussian 

distribution.  Gaussian mixture models are useful for describing such data, with a two-component 

Gaussian mixture model being appropriate when the Xi data cluster around the means of two 

different Gaussian distributions.  

 

More generally, a mixture model may be used to describe a set of K component distributions that 

combine into a mixture distribution f(Xi) according to the relation 

 

𝑓(𝑋𝑖) = ∑ ∝𝑘

𝐾

𝑘=1

𝑓𝑘(𝑋𝑖) 

2.15 

 



 

 

42 

where fk(Xi) is component distribution k, and k is its weight within the mixture model such that 

∑ 𝛼𝑘
𝐾
𝑘=1  = 1.  Each fk can represent a distribution of any type, but if K = 2 and both fK are normal 

distributions (and therefore each fk is described by the probability density distribution given in 

equation 2.11) equation 2.15 becomes a two-component Gaussian mixture model of the form 

 

𝑝𝑋(𝑋𝑖|𝜇, 𝜎, ∝) = ∑ ∝𝑘

𝐾

𝑘=1

𝑝𝑘(𝑋𝑖|𝜇𝑘, 𝜎𝑘) 

2.16 

 

The 2-component model therefore requires a total of 6 parameters (μ1, μ2, σ1, σ2, α1, and α2) whose 

values must be determined through model regression to the data set.  Initial estimates for those 

parameters may be obtained by subjecting the dataset to k-means analysis, where 

 

𝜇𝑘 =
∑ 𝑋𝑖,𝑘

𝑁𝑘
𝑖=1

𝑁𝑘
 

2.17 

 

𝜎𝑘 = √
∑ (𝑋𝑖,𝑘 − 𝜇𝑘)

𝑁𝑘
𝑖=1

𝑁𝑘
 

2.18 

 

and 

 

𝛼𝑘 =
𝑁𝑘

𝑁
 

2.19 

 

Here, Nk is the set (number) of data points in the kth component of the distribution.  A number of 

publicly available algorithms based on the Expectation Maximization method and written in R 

script are available and may be used to then optimize the fit of equation 2.16 through refinement 

of the parameter estimates.179    
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2.3.4.2 Kernel Density Estimation of a Distribution of Discrete Data 

Computational analysis with the ddpcr algorithm of the population of read droplets in terms of 

the set of fluorescence amplitudes recorded for each is facilitated within certain steps by 

describing distributions (i.e. f(Xi) in equation 2.15) comprised of discrete fluorescence amplitude 

values Xi with a smoothed function 𝑓(𝑋).  The main advantage of this is the ability to create a 

sufficiently smooth density estimation that global features of the distribution (that might 

otherwise be obscured by the coarseness of the discrete data set) become more apparent and 

quantifiable.   One means of achieving this transformation is the kernel density estimation 

method, which computes the smoothed distribution function 𝑓(𝑋), known as the kernel density 

estimate, from f(Xi) through the relation 

 

𝑓(𝑋) =
1

𝑁𝜆
∑ 𝑓 (

𝑋 − 𝑋𝑖

𝜆
)

𝑁

𝑖=1

 

2.20 

 

where  is the chosen bandwidth, an adjustable parameter whose value must be set properly. Too 

large a  value will over-smooth the density estimate, while too small a value will yield a course 

"choppy" estimate.  Choosing an appropriate bandwidth is therefore important, and useful 

methods for setting  are available.  One such relation, which was used in this work to gain a 

good initial estimate, is given by 

 

𝜆 =
1.06

𝑁1/5
 𝜎 

2.21 

 

Values both above and below that initial  value are then screened to see which works best in 

representing a particular dataset. 



 

 

44 

Chapter 3:  Quantitative Detection and Resolution of BRAF V600 Status in 

Colorectal Cancer Using Droplet Digital PCR and a Novel Wild-Type 

Negative Assay 

 

3.1 Background 

Somatic variations within (proto-)oncogenes and key signaling pathways are screened in cancer 

testing laboratories to refine disease diagnoses and enable targeted approaches to therapy.180-

182Detection of somatic point mutations (SPMs) in exons 19 and 21 of the gene encoding 

epidermal growth factor receptor (EGFR), for example, is used to establish the therapeutic value 

of EGFR tyrosine kinase inhibitors in treating non-small-cell lung cancer,183 while SPMs within 

codons 12 and 13 of KRAS are theranostic of response to anti-EGFR antibody based treatment of 

colorectal cancer (CRC).184  For these and many other clinically actionable genes, one of the 

various forms of allele-specific (AS) or mutation-specific (MS) PCR is often used to detect 

somatic variants within a single codon or adjacent codons.185-189 Alternatively, an 

immunohistochemical (IHC) staining assay may be used to detect the resulting amino acid 

substitution(s) within the gene product.190 In either case, the assays are generally designed to 

detect a specific SPM or a limited set of SPMs, even in instances where a larger number of 

mutations in the target oncogene are known to occur and to be of clinical significance. Examples 

of assays designed to detect all known mutant (MT) alleles within an oncogene are rare. They 

generally are qPCR assays utilizing nested AS-primers, significant multiplexing and a relatively 

large number of reaction wells.191 The assays are therefore relatively complex in structure. 

 

Comprehensive somatic variant analysis may also be achieved by next generation sequencing 

(NGS), which is expected to find increasing use in clinical testing of patients as the sensitivity of 

the method improves, and the cost and throughput of the technology become more manageable to 

healthcare providers.192-194 Several bench-top NGS instruments suitable for targeted molecular 

diagnostics are now available for clinical use.  As well, large repositories and panels of primers 

have been assembled (e.g., AmpliSeq™, TruSeq™) to enable preparation of amplicon libraries 

targeting oncogenic hot-spot regions that are frequently mutated.195 In response to these growing 

capabilities, governments, healthcare providers and payers are actively working toward defining 
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when NGS may be used in clinical tests, with current updates for reimbursement through the 

Protecting Access to Medicare Act (see Genetic Tests for Cancer Diagnosis. May 1, 2013; 

http://www.cms.gov/medicare-coverage-database/) indicating that health insurers in the United 

States recommend declining reimbursements for sequencing-based somatic profiling in the 

absence of evidence that 1) clinically actionable genomic alterations are (likely) present in the 

specimen, 2) the quality and quantity of the genomic DNA (gDNA) recovered from the specimen 

are sufficiently high, particularly if it is a formalin-fixed paraffin-embedded (FFPE) sample, and 

3) the frequency of the mutation(s) is great enough to permit reliable sequence analysis. Current 

targeted re-sequencing methods generally offer a mutant frequency (MF) detection limit (LOD) 

of ca. 10%, 5% at best, but projected advances in NGS and associated bioinformatics suggest this 

LOD can ultimately be reduced to levels approaching 1% MF.196, 197 Though clearly an 

improvement, the higher depths of sequencing required to achieve this performance will likely 

decrease NGS throughput.  The creation of sensitive and robust AS-probe based droplet-digital 

PCR (ddPCR) assays that clinics may employ as a simple and inexpensive stand-alone method to 

define proper courses of therapy through comprehensive profiling of somatic variations in 

oncogene(s) present in either FFPE specimens or circulating tumor DNA at a MF of 0.1% or 

higher could therefore be of considerable clinical value.  Assays offering such sensitivity would 

provide a means of rapidly and cheaply identifying patients carrying a prognostic mutation, and 

for whom acquisition of further sequencing data is justified.   

 

The activating V600E mutation in exon 15 of the v-raf murine sarcoma viral oncogene homolog 

B1 gene (BRAF) on human chromosome 7q34 is present in approximately 40 – 60% of advanced 

melanomas,45, 51 as well as in 40 – 80% of papillary thyroid cancers (PTCs) and ~50% of CRCs 

exhibiting Mut L homologue-1 (MLH1)-associated microsatellite instability (MSI).52, 53  BRAF 

encodes the serine-threonine protein kinase BRAF associated with the mitogen-activated protein 

kinase pathway regulating cell expansion, differentiation and apoptosis.  FDA-approved 

therapeutics for BRAF V600E positive metastatic or unresectable melanomas that lack evidence 

of activating mutations in downstream effectors include the mutant BRAF inhibitors PLX4032 

(vemurafenib (Roche)) and Tafinlar (dabrafenib (GlaxoSmithKline)).1, 198 Either small molecule 

binds the active state of the kinase domain to selectively inhibit the proliferation of cells with 

unregulated BRAF activity.  Resistance to vemurafenib or dabrafenib often occurs within 6 to 12 
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months, necessitating careful disease monitoring.199  When relapse is observed, the FDA has 

approved treatment of BRAF V600E positive patients using a combination of dabrafenib and the 

MEK-inhibitor trametinib; that regimen is also approved for treating BRAF V600K positive 

metastatic or unresectable melanomas.200  In addition to V600E (79–84% of all V600 coding 

mutations) and V600K (8–12%), V600R (2–5%), V600M (0.3–4%), V600D (0.3–1.3%), V600G 

(~1.3%), V600A (< 1%) and V600L (< 1%) mutations are observed, and there is evidence that 

V600 mutation status correlates with metastasis-free survival and may be associated with other 

distinct oncological features of melanoma.19, 56, 201  Importantly, there is increasing evidence that 

BRAF and MEK inhibitors can be effective in treating late-stage melanoma patients harboring 

any non-synonymous BRAF V600 mutation.31 

 

National Comprehensive Cancer Network (NCCN) clinical practice guidelines for colorectal 

cancer (http://www.nccn.org/professionals/physician_gls/f_guidelines.asp) also recommend 

BRAF mutational testing of MLH1-deficient CRC patients, as the anti-tumor activity of anti-

EGFR-antibodies (cetuximab, panitumumab) may be suppressed or lost in BRAF V600E positive 

patients.202 Moreover, the BRAF V600E mutation correlates significantly with adverse 

pathological features and distinct clinical characteristics of CRC, including altered differentiation 

mucinous histology, MSI, and CpG (i.e., C-phosphate-G) island methylator phenotype.203, 204  As 

with melanoma, other BRAF V600 mutations have been observed in CRC, with the total 

collective incidence of non-synonymous V600 mutations estimated at 10 – 15%, including a ~ 50 

– 60% frequency in MLH1-deficient CRCs.205 

 

BRAF status is also being considered as a prognostic biomarker for papillary thyroid cancer, as 

disease progression and reoccurrence correlate significantly with BRAF V600E.206 Correct 

identification of V600 status is therefore integral to understanding and treating cancers in which 

BRAF activity plays an important role.  A clinical pipeline that permits rapid, accurate and 

sensitive detection of BRAF V600E, as well as tumors harboring a rare non-synonymous V600 

mutation at a frequency suitable for NGS analysis, could serve to improve clinical and 

pathological staging to achieve better management of BRAF-related cancers. 
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Toward that goal, a diagnostic technology is developed and presented here that leverages the 

unique capabilities of droplet digital PCR (ddPCR) to rapidly and effectively discriminate 

patients carrying wild-type BRAF from those carrying a BRAF V600E mutation or any other 

V600 mutation.  The nearest-neighbor type molecular thermodynamic model described in 

Chapter 2 and Appendix A32, 161 is used to design a locked nucleic acid (LNA) substituted dual-

labeled hydrolysis probe against BRAF V600E1 (Val600Glu c.1799t>a) to quantitatively detect 

that clinically relevant somatic variation.  Those models, as well as a corresponding model for 

un-substituted DNA, are also used to optimize two dual-labeled hydrolysis probes against WT 

BRAF over the hot-spot oncogenic region within codons 598 to 603: one in a standard pure-DNA 

format, and the other a LNA/DNA chimera.33 Either of these WT-specific probes is expected to 

show sufficiently low cross-reactivity to any known V600 mutation that MT and WT alleles can 

be unequivocally discriminated.  Data are presented showing that this essential capability is not 

provided by the standard pure-DNA probe, but is fully realized by the LNA-substituted probe 

when applied in a ddPCR format.  A second LNA-substituted probe targeting a highly conserved 

16-nt sequence within BRAF is used to quantify the total number of amplifiable BRAF templates 

within the gDNA sample, permitting the MF to be quantified with high accuracy to a limit of 

detection (LOD) of 0.05% while also defining the total quantity of amplifiable DNA present in 

the sample.  The method offers advantages over either AS/MS-PCR or IHC assays through its 

sensitivity to all BRAF V600 mutations; it likewise holds advantages over high-resolution melt 

analysis, particularly when applied to genomic DNA recovered from FFPE samples, by not only 

detecting the presence of a mutation, but also quantifying the mutant frequency and the mass of 

high-quality amplifiable DNA present in the sample: two parameters essential to properly 

assessing the potential success of a subsequent NGS run and the depth of sequencing that would 

be required.   

 

The performance of this novel ddPCR BRAF V600 status assay is demonstrated through 

successive application first to a set of plasmid-DNA standards, each presenting a specific V600 

mutant allele, over a range of mutant frequencies, and then to sets of reference cell lines and 

FFPE tissues.  Finally, clinical utility is assessed by comparing results from the new ddPCR 

BRAF V600 status assay to those from a validated BRAF V600E IHC assay when applied to 

FFPE tumor specimens from 41 MSI-positive CRC patients. 
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3.2 Materials and Methods 

3.2.1 Oligonucleotides  

All primers, pure-DNA and LNA-substituted dual-labeled hydrolysis probes, and WT and MT 

BRAF alleles were purchased from IDT, Inc. (Coralville, IA).  Probes were HPLC purified, while 

primers and templates were purified by desalting.  Purified primers, probes, and templates were 

resuspended to 100 µM in TE (10 mM Tris, pH 8.0, 0.1 mM EDTA) buffer and stored at –20 °C 

prior to use. 

 

3.2.2 Primers and Probes Design 

Forward (FP) and reverse (RP) primers were designed using Primer3.155 Primers used to amplify 

a 165 bp fragment spanning across the V600 codon were designed within the BRAF intron/exon 

15 boundary. All primers were analyzed by primer-BLAST to find any sequence similarities 

within the human genome database. 

 

Table 3.1 Sequence and Concentrations of Primers and Dual-Labeled Hydrolysis Probes 

Used in the ddPCR-based BRAF V600 Status Assay.  LNAs shown in bold. 

 

Primer/ 

Probe 

Sequence Conc. 

(µM) 

Forward Primer 

Reverse Primer 

LNA V600E1 

Probe 

DNA WT 

V600 Probe 

LNA WT 

V600 Probe 

Consensus 

BRAF Probe 

5’-CTACTGTTTTCCTTTACTTACTACACCTCAGA-3’   

5’-AGCCTCAATTCTTACCATCCA-3’   

5’-(6-FAM)/AGATTTCTCTGTAGC/(BHQ1)-3’ 

 

5’-(6-FAM)/CATCGAGATTTCACTGTAGCTAGACC/(BHQ1)-3’ 

 

5’-(6-FAM)/CGAGATTTCACTGTA/(BHQ1)-3’ 

 

5’-(HEX)/TCCCATCAG/ZEN/TTTGAACAGTTGTCTGG/(IABkFQ)-3’ 

 

0.9 

0.9 

0.25 

 

0.25 

 

0.25 

 

0.25 

6-FAM = 6- carboxyfluorescein; HEX = hexachloro-fluoroscein; BHQ1 = Black Hole Quencher 

1; ZEN = the ZEN internal quencher; IABkFQ = Iowa Black fluorescence quencher; the 

consensus probe is labeled with HEX in well 1 (as shown), but with 6-FAM in well 2 of the 

assay. 
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Each dual-labeled hydrolysis probe (Table 3.1) was likewise engineered to minimize PCR 

artifacts and to selectively hybridize to a specific sequence within BRAF at ddPCR reaction 

conditions.  The consensus probe, a 16 nucleotide (nt) FAM or HEX-labeled/BHQ1-quenched 

probe spanning BRAF codons 607 to 612, was designed using the NNT melting thermodynamics 

model to i) define the combinations of LNA substitutions needed to limit probe length to within a 

highly conserved region of exon 15, and ii) to achieve a melting temperature (Tm) of ca. 66 – 67 

°C when duplexed to WT BRAF.  As detailed in Chapter 2 and Appendix A, that model accounts 

for the effects of PCR solution conditions and the addition of a fluorescent reporter dye (HEX or 

FAM) and quencher (e.g., BHQ1 – Black-Hole Quencher 1) on probe-template melting 

thermodynamics.  Potential probe-derived PCR artifacts were identified and avoided using 

primer-Blast software.207 The LNA BRAF V600 WT-specific probe and the LNA BRAF V600E1 

specific probe spanning BRAF hot-spot codons 598 to 603 were designed in a similar manner. 

There, however, LNA-DNA mismatches must be accounted for in the model to identify probe 

sequences that minimize probe cross-reactivity to non-target alleles.  Finally, a 26 nt pure-DNA 

version of the WT-specific probe was designed as a benchmark for evaluating the performance 

improvements conferred by LNA substitutions.  Melting thermodynamics required for WT-

specific DNA probe design were predicted using a corresponding melting thermodynamic model 

developed by Hughesman et al.33 for un-substituted DNA duplexes. Model predicted Tm values 

for probes were verified experimentally by UV melt spectroscopy according to standard methods. 

 

3.2.3 Tumor and Reference Samples, and DNA Extraction Protocols 

Formalin fixed paraffin-embedded (FFPE) tissues from a cohort of metastatic CRC (mCRC) 

patients were obtained from Lion’s Gate Hospital (North Vancouver, Canada) with approval 

from the UBC Clinical Ethics Research Board (CREB) number H14-00577. The colorectal 

carcinoma cases were selected from a pool of MLH1-deficient tumors, identified by IHC testing 

as part of the population-based Vancouver Coastal Health 172 Lynch-syndrome screening 

program.  Three non-MLH1 deficient cases (samples 3, 5 and 20) were also included.  Specimens 

were derived from 10% neutral buffered formalin fixed resections in all but one case (sample 

37), which was a formalin fixed malignant ascites fluid specimen. The original diagnosis was 

confirmed by a pathologist (Dr. Robert Wolber, Lions Gate Hospital, North Vancouver, BC, 

Canada), and an optimal tumor block containing invasive carcinoma was selected for sampling.  
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Two cores of each carcinoma were taken for construction of tumor microarray (TMA) blocks, 

and two additional cores were taken for the ddPCR studies. Four FFPE standards, each harboring 

either WT BRAF or a verified frequency of a particular V600 mutant allele (0.8% V600K MF, 

1.4% V600E, or 50% V600R), were purchased from Horizon Discovery (HDx) Ltd. (Cambridge, 

UK).  DNA from FFPE reference standards and CRC FFPE cores was purified using the 

QIAamp DNA FFPE tissue kit (Qiagen, Inc.; Santa Clarita, CA) under a modified protocol for 

the xylene-assisted paraffin removal step that serves to reduce shearing of genomic DNA during 

that process.  Xylene (0.8 mL) was added to FFPE cores (two) collected in 1.5 mL micro-

centrifuge tube) and the mixture equilibrated by rotational mixing for 10 minutes.  The sample 

was then centrifuged at 14,000 rpm for 1 min to collect tissue.  The waste xylene was removed 

and the process repeated twice more.  Three successive washes with 0.8 mL of 100%, 100% and 

70% ethanol, respectively, were then completed using the same procedure.  Finally, the sample 

was placed in a Vacufuge™ (eppendorf, Hamburg, Germany) for 5 minutes at medium heat to 

dry, and the residue carefully removed for further processing according to the standard QIAamp 

DNA FFPE protocol. 

 

Purified gDNA from the SW480 cell line (WT BRAF) and the YUMAC cell line (homozygous 

for BRAF V600K) was kindly provided by the BC Cancer Agency.  pIDTSMART-AMP 

plasmids, each containing a 280 bp gene fragment (exon 15) of either WT BRAF or a BRAF 

V600 MT allele, were purchased from IDT.  

 

DNA concentration was measured using a NanoDrop ND-1000 spectrophotometer (Thermo 

Scientific; Waltham, MA).  As plasmids exhibit supercoiling, pIDTSMART plasmid DNA (1.5 

µg) was linearized with ClaI restriction enzyme as per the manufacturer’s instructions (Life 

Technologies; Carlsbad, CA) prior to concentration determination and use in assays. 

 

3.2.4 ddPCR Assay Workflow and Characterization 

Digital PCR mastermix solutions (20 µL) were prepared from 2X dUTP-free ddPCR supermix 

for probes (BioRad, Inc.; Hercules, CA), 900 nM each of FP and RP, 250 nM of the consensus 

probe, 250 nM of either the LNA BRAF V600E1 probe (well 1) or the LNA BRAF V600 WT-

specific probe or pure-DNA BRAF V600 WT-specific probe (well 2), and an amount of purified 
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plasmid or gDNA containing ~10000 copies of BRAF (gDNA purified from clinical colorectal 

FFPE samples sometimes contained fewer copies (~ 5000 – 8000) of amplifiable BRAF).  No 

template control (NTC) samples were prepared in IDTE buffer. Emulsified sub-nL reaction 

droplets were created by introducing a 20 μl sample into a well of an eight-channel disposable 

DG8 droplet generator cartridge and adding 60 μl of droplet generation oil (BioRad).  40 μl of 

the resulting droplet emulsion (~13000 to 15000 droplets) generated on the BioRad QX-100 

Droplet Generator were transferred by multichannel p100 pipette to an Eppendorf Twin.tec semi-

skirted 96-well PCR plate, which was then heat-sealed with foil sheets. The droplet emulsions 

were thermally cycled in the CFX96™ thermocycler using the following protocol: denaturation 

at 95 °C for 10 min, followed by 50 cycles of 94 °C for 30 s and 60 °C for 1 min (ramp rate set to 

2.5 °C/s). The end-point fluorescence of each thermally cycled droplet was measured using the 

QX100 Droplet Reader (BioRad).  After cycling, a final 10 minute hold at 98 °C is applied to 

deactivate the enzyme and stabilize the droplets. The raw ddPCR data was collected and 

visualized using the QuantaSoft v1.2 program (BioRad).  MF values were then determined from 

droplet counts either through operator-based assignment of MT and WT data clusters (hereafter 

referred to as the manual method) or using an automated data analysis algorithm described 

below. 

 

Serial dilutions (1000 – 1 copies/µl) of the WT BRAF isolated from plasmid DNA, as well as 

each of 10 MT BRAF alleles, were prepared in IDTE buffer 158, with the concentration of BRAF 

template (copies/ul) in each dilution quantified on a BioRad QX100 ddPCR instrument.  For 

dynamic-range measurements, 1000 – 1 copies/µl of BRAF V600 MT plasmid-derived DNA was 

prepared in a high fixed background (10,000 copies/µl) of WT BRAF plasmid DNA.  Serial 

dilutions (1000 – 1 copies/µl) of BRAF V600K gDNA from YUMAC cells, as well as BRAFV600K 

(YUMAC cells) in WT BRAF (SW480 cells), were prepared in the same manner. 

 

3.2.5 ddPCR Raw Data Analysis Algorithm 

The droplet event data from a ddPCR-based BRAF WT-negative assay are exported from 

QuantaSoft V1.3.2 into custom software I co-developed that analyzes the data to assign each read 

droplet as either empty, “rain” (droplets having a signal lying within an indeterminate region 

between a pair of distinct positive and negative droplet clusters), MT-positive, or WT-positive.  
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The assigned droplets are then used to detect MT alleles and compute the MF in each well.  The 

software was built in the R programming language177, 179 and is available on GitHub at 

https://github.com/daattali/ddpcr, with a detailed description of its features and computational 

elements provided in our publication.178  An illustration of the data analysis process and a brief 

overview of the core computational steps of the algorithm are provided in Figure 3.1. 

 

 
Figure 3.1 Automated Data Analysis Overview for the ddPCR-Based BRAF Status Assay. 

Representative output data for the WT negative portion (well 2) of the assay are visualized in a 

2D scatter plot.  (A) Empty droplets (marked as grey dots) are identified by fitting two normal 

distributions to the signal from the FAM fluorescence amplitude channel, one of low mean 

intensity (B) and the other of high mean intensity (C). All droplets (B) below a threshold FAM 

intensity (horizontal black line) set at the mean of the lower-intensity distribution plus 7 standard 

deviations (SDs) are deemed empty and removed from the analysis.  All filled droplets are then 

identified (C) as lying within the mean ± 3 SDs of the upper distribution (grey band).  Droplets 

displaying FAM intensities outside this range (often referred to as ddPCR “rain”) are taken as 

being poor in signal quality and excluded from the analysis (D).  BRAF V600 WT-negative and 

WT-positive droplets, respectively, are identified by fitting two normal distributions to the signal 

from the HEX fluorescence amplitude channel (E), with the relevant populations bounded by the 

mean ± 3 SDs in each case.  The distribution having the lower mean HEX fluorescence 

amplitude contains the population of WT-negative droplets.  The use of this automated 

algorithm, the full details of which are presented in Appendix B, to analyze the raw ddPCR data 

in (A) to determine the population of WT-negative (left grey box) and WT-positive (right grey 

box) droplets, gives a mutant frequency value (calculated as the ratio of WT-negative droplets to 

total droplets) of 195/(195 + 426)*100% = 31.4%. 

 

https://github.com/daattali/ddpcr
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3.2.6 BRAF V600E Mutation-Specific Antibody Staining 

The colorectal carcinoma TMA was cut at 4-micron thick sections for IHC studies.  

Deparaffinized sections were stained on a Ventana (Tucson, AZ) Benchmark XT automated 

immuno-stainer using a 32 min CC1 heat induced antigen retrieval protocol.  Incubation with 

VE-1 mouse monoclonal primary antibody (Spring Biosciences, Pleasanton, CA) directed against 

BRAF V600E protein was for 16 minutes at 37 °C.  Antibody detection was done by the Ventana 

Optiview system using DAB as a chromogen.  Previous experience with this antibody 

demonstrated that homogeneous cytoplasmic staining of carcinoma cells indicates the presence 

of BRAF V600E protein.  Nonspecific nuclear staining, readily distinguished from cytoplasmic 

staining, was encountered in both benign and malignant colorectal epithelium in some cases.  

Blinded IHC scoring was performed by two pathologists, and a histotechnologist over a multi-

headed microscope.  TMA cases scored as indeterminate were retested by IHC on the whole 

section from which the corresponding TMA core was taken, and then rescored. 

 

3.3 Results 

3.3.1 Assay Design and the Unique Advantages of ddPCR 

Our assay of BRAF V600 status is a two-well test utilizing ddPCR for target amplification and 

detection.  In both wells, gDNA purified from an FFPE tissue specimen is loaded to a copies-per-

drop (CPD) of 0.2(±0.05), ensuring that at the start of the PCR most droplets contain either 0 or 1 

copy of a BRAF gene.  Approximately 10000 copies of BRAF are therefore analyzed per test.  

Well 1 (Figure 3.2A) also contains ddPCR supermix for probes without dUTP (BioRad), as well 

as primers and two dual-hydrolysis probes whose sequences and labeling chemistries are 

reported in Table 3.1.  The resulting amplicons (WT and MT) are 165 bp in length, spanning 

most of BRAF exon 5 including codons 598 to 603.  During amplification, fluorescence 

generated from hydrolysis of the BRAF consensus probe confirms the presence of a BRAF gene 

(WT or MT) in the droplet, allowing the total amplifiable copies of BRAF in the specimen to be 

quantified by HEX-positive droplet counts and Poisson statistics.  Well 1 also contains a BRAF 

V600E1 MT-specific probe that is model-designed (see below) to contain a pattern of LNA-

substitutions that ensures cross-reaction of the probe to WT BRAF or other V600 MT alleles is 

sufficiently low at ddPCR conditions to avoid overlap of BRAF V600E1 and non-V600E1 data 
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fields.  Droplets clustered in the HEX-positive/FAM-positive quadrant therefore unambiguously 

quantify BRAF V600E1 alleles, while those displaying a HEX-positive/FAM-negative signal 

quantify all WT plus non-V600E1 alleles, from which the frequency of BRAF V600E1 within the 

specimen may be quantified.  Well 1 therefore is a standard AS/MS-PCR assay that targets and 

quantifies a MT allele (BRAF V600E1) within a high background of WT allele.  It is conducted 

here in a ddPCR format, but other studies have shown that it can also be effectively performed in 

a standard qPCR format using either an AS-primer or an AS-probe, often in the presence 

blocking agents that minimize cross-reactivity.24 

 

In the second well (Figure 3.2B), our novel “WT-negative” screen is applied to the gDNA 

sample to collectively detect and quantify all BRAF V600 mutations.  The BRAF consensus 

probe, now FAM labeled, functions as described above.  The second probe is designed to 

selectively hybridize only WT BRAF and to thereby discriminate WT BRAF (FAM-

positive/HEX-positive signal) from any BRAF allele carrying a V600 mutation (FAM-

positive/HEX-negative signal).  In both wells, droplets recording a HEX-negative/FAM-negative 

signal contain no BRAF.  Digital PCR offers capabilities essential to effective execution of the 

WT-negative screen.  To fix ideas, consider a gDNA specimen harboring 10,000 total copies of 

BRAF, 10% of which are a MT BRAF allele and the remainder WT BRAF.  In the WT-negative 

screen, the probe targets the WT allele.  If the screen were conducted in a qPCR format, the 

decrease in copies of WT BRAF from 10,000 (no MT alleles) to 9,000 (10% MT frequency) 

would, in theory, result in a Cq (quantitation cycle) change of ca. 0.1, which cannot be measured 

with statistical significance (∆Cq errors in AS-PCR assays are typically ca. ± 0.3).  Conversely, 

when the WT-negative assay is conducted in a ddPCR format, templates are partitioned into 

individual droplets, enabling droplets containing WT BRAF to be fully differentiated from those 

containing MT BRAF through their end-point HEX intensities.  Very small populations of MT 

BRAF may thereby be reliably detected and quantified. 
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Figure 3.2 Schematic of the ddPCR-Based BRAF V600 Status Assay for Identifying WT, 

V600E1 and Less Common BRAF V600 Mutant Alleles in CRC Tumor Specimens.Water-

in-oil emulsion droplets are generated to contain ddPCR master-mix and a small aliquot of 

genomic DNA containing, on average, 0.2 to 0.4 copies of BRAF per droplet (CPD).  The two-

well assay utilizes forward and reverse primers that amplify a 165-bp fragment of the BRAF gene 

spanning codon V600. Two dual-labeled hydrolysis probes spanning BRAF codons 598 to 603 

are employed.  The first, used in well 1 (A), is a FAM-labeled LNA-substituted probe designed 

to selectively hybridize and unequivocally detect BRAF V600 E1 by showing no cross-reactivity 

to WT BRAF or any other clinically relevant BRAF alleles.  The second, employed in well 2 (B), 

is a HEX-labeled probe designed to hybridize only to WT BRAF and thereby distinguish WT 

BRAF V600 from all BRAF V600 MT alleles.  A “consensus” probe that binds to a highly 

conserved sequence within the BRAF amplification fragment is also added to each reaction well.  

Using well 2 (B) as an illustration of assay mechanics, when a BRAF V600 WT allele (upper 

duplex of Figure B) is amplified, end-point fluorescence signals from the WT-specific probe 

(green) and the consensus probe (blue) are both detected.  Amplification of any BRAF V600 MT 

allele (lower duplex of Figure B) results in the generation of an end-point signal from the 

consensus probe only.  In the resulting ddPCR 2D plot (output data), droplets containing 

amplicons of a V600 WT allele will cluster in the FAM-positive/HEX-negative quadrant (top 

left).  Droplets containing no BRAF will cluster in the bottom left (FAM-negative/HEX-negative) 

quadrant. 
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Together, the combined ddPCR output from the two wells permits unequivocal stratification of 

tumors bearing WT BRAF from those carrying either BRAF V600E1 or a rare V600 mutation, as 

well providing values for MF and the total abundance of amplifiable BRAF. 

 

3.3.2 Engineering Allele Specificity into Probes Used in ddPCR Assays 

In addition to the unique capabilities offered by ddPCR, successful execution of the two-well 

BRAF V600 status assay described in Figure 3.2 requires the two probes against the BRAF V600 

region to be sufficiently specific to their target allele that cross-reactivity at PCR conditions does 

not diminish assay performance.  Designing a real-time probe to unequivocally discriminate a 

target allele from an ensemble of alleles that may differ from the target sequence by as little as a 

single base is, in part, a problem rooted in chemical equilibria.  Taking design of the probe 

against WT BRAF V600 (Figure 3.2B) as an example, it requires creating sufficient difference 

(∆𝑇𝑚,(𝑊𝑇−𝑀𝑇𝑖)) between Tm,WT, the melting temperature (Tm) of the perfectly matched duplex 

formed by the probe and its WT target, and 𝑇𝑚,𝑀𝑇𝑖
, the Tm for the mismatched duplex formed by 

the probe and any mutant allele i.  In particular, Tm,WT must exceed Ta, the annealing temperature 

of the PCR assay, such that the duplex formed between the probe and WT template is sufficiently 

stable that creation of each WT amplicon results in hydrolysis of the bound probe and reporter 

release.  𝑇𝑚,𝑀𝑇𝑖
 must then be low enough that concurrent amplification of any MT allele i at Ta 

results in a negligible signal from the WT-specific probe over the course of the ddPCR run.  If 

melting heat capacity effects, which are small,37 are ignored, the fraction  of MT template i to 

which a WT-specific probe is hybridized at Ta can be estimated from the thermodynamic relation  

 

𝑙𝑛 (
𝐶𝑇(1 − 𝛼)2

2𝛼
) = −

∆𝐺𝑀𝑇𝑖
(𝑇𝑎)

𝑅𝑇𝑎
 

3.1 

 

where ∆𝐺𝑀𝑇𝑖
(𝑇𝑎) is the Gibbs energy change for the melting transition at Ta and CT is the total 

strand concentration, probe plus allele.  Equation 3.1 shows that the value of  is a metric of the 

cross-reactivity of the probe; moreover, through its dependence on ∆𝐺𝑀𝑇𝑖
(𝑇𝑎),  also provides 

an indication of the stability of the duplex formed between the probe and mutant template i.  
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Previous qPCR studies suggest that, at least qualitatively, probe efficiency (fraction of 

amplification events that result in probe hydrolysis) decreases with decreasing stability of the 

probe:template duplex.46  This is confirmed in Figure 3.3, which shows that the dependence of 

probe efficiency on duplex stability causes the end-point fluorescence in a qPCR assay to 

decrease rapidly and nonlinearly with decreasing .  As a result, total elimination of probe cross-

reactivity (i.e.  = 0) is not required to discriminate WT and MT alleles in either a qPCR or 

ddPCR assay. For example, in the ddPCR assays described here, we find that an  < ca. 0.3 at Ta 

is sufficient to eliminate a false WT end-point fluorescence signal arising from cross-

hybridization of the WT-specific probe.   

 

 

 

Figure 3.3 General relation between the end-point fluorescence (filled squares; left y axis) 

and the fraction   of template bearing a dual-labeled hydrolysis probe (filled triangles; 

right y axis) as a function of the PCR annealing temperature Ta.Data reported for end-point 

fluorescence monitoring of qPCR amplification of WT BRAF (plasmid; CT = 0.5 µM) using the 

LNA BRAF V600 WT specific probe (Table 3.1).  Data point represent mean values for triplicate 

runs at each Ta, with the size of the data points shown commensurate with the standard deviation 

for that data point having the largest experimental error. 
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The lack of appreciable end-point fluorescence at  < 0.3 may be related to findings of Holland 

et al.,208 who reported that during polymerization Taq displaces the first two or so bases it 

encounters before cleaving at that site.  Thus, probe hydrolysis by Taq requires lifting the 5’-end 

of the probe off of the template.  This destabilizes the probe:template duplex such that, when  < 

0.3, intact probe release occurs in lieu of fluorescent signal generation, which only occurs if the 

probe remains duplexed with template through cleavage of the labeled 5’-base. 

 

Based on these concepts, a standard pure-DNA dual-hydrolysis probe against WT BRAF V600 

(Table 3.1) was designed in silico using the models of Hughesman et al.33 and SantaLucia, Jr.168  

to melt at a Tm,WT of ca. 66 – 68 °C at ddPCR solution conditions, while also offering the best 

possible discrimination (∆𝑇𝑚,(𝑊𝑇−𝑀𝑇𝑖)) against all clinically relevant SPMs in codon V600.  For 

that probe, both model-predicted and experimental ∆𝑇𝑚,(𝑊𝑇−𝑀𝑇𝑖) values are small (generally ≤ 7 

°C) for all BRAF MT alleles differing from WT BRAF by a single SPM within codon V600 

(Table 3.2), reflecting the relatively low proportional contribution of the mismatch to the thermal 

stability of the cross-hybridization duplex.  The consequences of this are reflected in Figure 

3.4A, which overlays ddPCR output data for the WT-negative assay (Figure 3.2B) sequentially 

applied to WT BRAF and to a representative set of clinically relevant V600 coding mutations 

presented in the form of purified linearized plasmid DNA.  Application of the WT-negative 

screen against a WT BRAF sample generates a tight cluster of droplets displaying a strong FAM-

positive/HEX-positive signal.  For MT alleles carrying two SPMs in codon V600 (e.g. V600E2, 

V600K), ∆𝑇𝑚,(𝑊𝑇−𝑀𝑇𝑖) is sufficiently large that an appreciable HEX-positive signal resulting 

from cross-hybridization of the WT-specific probe is avoided; a tight cluster of FAM-

positive/HEX-negative droplets showing no overlap with the WT BRAF cluster is therefore 

observed.  However, for alleles having a single missense point mutation in codon V600, the MT-

positive cluster tends to carry a significant HEX-positive signal; overlap of WT and MT data 

clusters is therefore observed for several V600 mutants (G, A, and most-significantly E1), 

negating the ability to unequivocally discriminate WT and MT V600 alleles.  For those cross-

reactive MT alleles (Figure 3.4A), ∆𝑇𝑚,(𝑊𝑇−𝑀𝑇𝑖) is low (< 6 °C) and  is > 0.3.  
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Table 3.2 Experimental and model predicted predicted ∆𝑻𝒎,𝑾𝑻−𝑴𝑻𝒊
values for mismatched duplexes formed between a BRAF 

V600 MT allele and either a pure-DNA or LNA-substituted BRAF V600 WT specific probe (Table 3.1). 

Also reported are prevalence data for BRAF V600 missense mutations in melanoma19, 56 and  values for V600 MT alleles bearing a 

single point mutation. 

 

BRAF V600 Mutation i Mismatch Prevalence DNA WT BRAF V600 Probe LNA WT BRAF V600 Probe 

∆𝑇𝑚,𝑊𝑇−𝑀𝑇𝑖
 (K) 

   Pred¶            Expt 

 ∆𝑇𝑚,𝑊𝑇−𝑀𝑇𝑖
 (K) 

   Pred            Expt 

 

V600E1 

V600E2 

V600K 

V600R 

V600M 

V600D 

V600G 

V600L1 

V600L2 

V600A 

c.1799 T>A 

c.1799_1800 TG>AA 

c.1798_1799 GT>AA 

c.1798_1799 GT>AG 

c.1798 G>A 

c.1799_1800 TG>AT 

c.1799 T>G 

c.1798 G>C 

c.1798 G>T 

c.1799 T>C 

A/A 

CA/AA 

AC/AA 

AC/AG 

C/A 

CA/AT 

A/G 

C/C 

C/T 

A/C 

79 – 84% 

-£ 

8 – 12.4% 

2.2 – 5% 

0.14 – 4% 

0.3 – 1.3% 

0 – 1.3% 

0 – 0.29% 

NA* 

NA 

4.3 

-§ 

- 

- 

4.6 

- 

1.9 

7.6 

5.1 

4.9 

4.2 

8.5 

7.4 

6.6 

6.2 

8.6 

1.4 

7.4 

6.6 

4.6 

0.85 

- 

- 

- 

0.69 

- 

0.89 

0.27 

0.63 

0.66 

11.8 

- 

- 

- 

12.0 

- 

7.7 

16.9 

12.6 

12.0 

11.0 

23.9 

23.8 

18.5 

14.1 

24.7 

7.6 

17.8 

15.4 

11.6 

< 0.01 

- 

- 

- 

< 0.01 

- 

0.21 

< 0.01 

< 0.01 

< 0.01 

£ The BRAF V600E1 and V600E2 missense mutations collectively occur at a prevalence of 79 – 84%, with the V600E1 mutation 

representing most of that prevalence; * NA – no data available; ¶ Experimental (Expt) ∆𝑇𝑚,𝑊𝑇−𝑀𝑇𝑖
 values were measured by UV melt 

spectroscopy at a CT of 2 µM (50 mM K+; 3 mM Mg2+; pH 7) and then corrected to the ddPCR CT of 0.5 µM, and predicted (Pred) 

∆𝑇𝑚,𝑊𝑇−𝑀𝑇𝑖
 values were computed using the NNT model described in Chapter 2 and Appendix A; § that model does not permit 

prediction of Tm values for duplexes containing two adjacent mismatched base pairs. 
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Alternative strategies for achieving suitable ∆𝑇𝑚,(𝑊𝑇−𝑀𝑇𝑖) and  values for each possible 

V600 coding mutation include chemically modifying the V600 WT-specific probe 

through either addition of a 3’ terminal minor groove binder (MGB) ligand209 or by 

substituting nucleotides within the probe with their corresponding locked nucleic acid 

(LNA).210  We pursued the latter approach. Table 3.1 reports an LNA-substituted probe 

against WT BRAF V600 designed in the same in silico manner to achieve a ∆𝑇𝑚,(𝑊𝑇−𝑀𝑇𝑖) 

> 7 °C and an  < 0.3 for all known V600 mutations (Table 3.2). 

 

Use of the LNA/DNA chimeric probe in the WT-negative screen then results in complete 

segregation of the WT data cluster from all MT data clusters (Figure 3.4B), permitting 

unequivocal detection of a V600 mutation and determination of the mutant frequency 

through MT and WT droplet counts.  Design of the BRAF V600E1 allele-specific probe 

used in well 1 of the ddPCR assay followed the same strategy and yielded comparable 

performance results. 

 

3.3.3 Assay Limit of Detection on Plasmid, Cell-Line and FFPE Standards 

Serial dilutions (n ≥ 8 for each dilution) of BRAF MT plasmid DNA into BRAF WT 

plasmid DNA to MT frequencies down to 0.01% were used to define the LOD in each 

reaction well.  Due to the greater challenge of achieving the probe specificity required in 

the WT-negative screen, the LOD recorded in well 2 defined the overall LOD for the 

two-well assay.  For serial dilutions of V600K into WT BRAF plasmid DNA, a LOD of ≤ 

0.05% MF was recorded (Figure 3.5A).  An equivalent or better LOD was recorded for 

all other V600 mutations. As a result, when applied to gDNA samples of high quality 

(minimal chemically or mechanically (e.g. shear) induced degradation), the two-well 

assay can be used to quantify MFs down to 0.1% to a very high degree of accuracy 

(Table 3.3).
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Figure 3.4 Influence of ∆Tm value on the performance of the WT-negative component of 

the ddPCR-based BRAF V600 status assay.  Overlay of 2D data output for the BRAF V600 

WT-negative component of the assay independently applied to samples of WT BRAF and each of 

six clinically relevant MT BRAF V600 plasmid DNA samples. (A) pure-DNA BRAF V600 WT-

specific probe: data clusters for assay applied against MT alleles merge with the corresponding 

data cluster for the WT allele as ∆Tm decreases to values less than 7 °C, as seen for BRAF 

V600E, V600A and V600G.  (B) LNA BRAF V600 WT-specific probe: a ∆Tm greater than 7 °C 

is achieved against every mutant allele, resulting in complete segregation of the data cluster for 

WT BRAF from that for every clinically relevant V600 missense mutation. 

 

Table 3.3 Mean mutant frequency (MF) and standard deviation (n = 8) values measured 

using the ddPCR-based BRAF V600 status assay. Samples having 0.10% MF were created 

from MT and WT plasmid DNA.  Data for clinically relevant BRAF V600 missense 

mutations are shown. 

 

BRAF Allele Expected MF Measure MF 

V600E 

V600K 

V600R 

V600D 

V600M 

V600G 

V600A 

V600L 

0.10 % 

0.10 % 

0.10 % 

0.10 % 

0.10 % 

0.10 % 

0.10 % 

0.10 % 

0.10 (± 0.05) % 

0.14 (± 0.06) % 

0.11 (± 0.04) % 

0.10 (± 0.08) % 

0.09 (± 0.04) % 

0.11 (± 0.05) % 

0.09 (± 0.05) % 

0.10 (± 0.06) % 

 

 



 

 

62 

MF values were computed by exporting raw ddPCR data (e.g., Figure 3.4) into the custom-

designed data analysis software described in Chapter 2 (section 2.3.4) and Appendix B.  For the 

BRAF status assay described here, that algorithm accurately identifies and isolates unique data 

clusters (e.g., MT droplet cluster, WT droplet cluster) using a Gaussian mixture model51 to set 

cluster borders in both the HEX and FAM dimensions to either side of the mean of the cluster 

(see Figure 3.1).  Droplets falling outside those limits 181 are eliminated prior to MF calculation.  

The data analysis algorithm is fully automated, and results recorded by it, including computed 

standard deviations and confidence intervals agree quantitatively with manually computed results 

across the full dynamic range of the assay (0.05 – 100% MF). 

 

As illustrated for BRAF V600K (Figure 3.5B), the basic metrics of assay performance (LOD, 

limit of blank (LOB), confidence intervals, dynamic range) remain unchanged when applied to 

serial dilutions of gDNA isolated from the YUMAC cell line (homozygous for BRAF V600K) 

into that from the SW480 cell line (wild-type BRAF).   

 

 

 

Figure 3.5 Analytical sensitivity (LOD) of the WT-negative component of the ddPCR-based 

BRAF V600 status assay when applied to (A) V600K plasmid and (B) cell-line derived DNA 

standards. 

 

 

In both figures, measured mutant frequency (MF) and standard deviation values (n = 24 for 

0.01% - 0.1% data, and n = 4 for MF > 0.1% data) are plotted versus expected MF for serial 
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dilutions down to 0.01% MF.  The dotted line is the limit of blank of the WT-negative 

component of the assay.  Significant linear correlation (R2 > 0.996; p < 0.0001) between the 

measured and expected MF is observed down to 0.05% MF.  Replicates (n = 24) of BRAF V600 

WT DNA from the specified source (plasmid or cell line) were used to define mean false-

positives (“WT BRAF” labeled solid horizontal line) and standard deviations, from which the 

95% confidence interval was determined and used to define the LOB – 0.008% MF for both 

systems.  Statistically significant MF values can be obtained using the assay to an LOD of 

0.05%.  

 

V600 MT frequencies detected in gDNA isolated from FFPE standards (Figure 3.6) carry larger 

uncertainties.  The quality (and often the amplifiable quantity) of target template is generally 

lower in gDNA prepared from FFPE specimens, leading to an array of possible sequence and 

PCR artifacts.52 The heterogeneous cell population comprising tissue samples will also display 

larger genomic sequence diversity.  Replicate (n = 24) ddPCR BRAF V600 status assay runs on 

gDNA from the 1.4% BRAF V600E FFPE reference standard, as well as gDNA from that 

standard serially diluted into gDNA from the 100% BRAF WT V600 FFPE reference (1%, 0.8%, 

0.6%, and 0.4% MT frequencies) were therefore conducted to estimate a LOD for the assay when 

working on gDNA recovered from FFPE samples as an input.  For those replicates, statistically 

significant V600 WT-negative calls could be made for MT frequencies of 0.8 % and higher.  

Evidence of MT template (i.e., a distinct MT cluster) could be observed at MT frequencies 

between 0.8% and 0.4% (see Figure 3.6B, for example), but the standard deviation in MT 

template counts was too large to discriminate, for instance, 0.6% and 0.4% MFs.  An MF of 0.8% 

was therefore assigned as the sensitivity of the ddPCR-based BRAF V600 status assay when 

applied to FFPE tissue specimens. 
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Figure 3.6 BRAF V600 WT-negative screen (well 2) output when applied to HDx Reference 

FFPE standards. Automated analysis of the data yields mean mutant frequencies of (A) 0.04 (± 

0.04) % for a 100 % BRAF WT V600 FFPE reference standard (n = 24), (B) 0.43 (± 0.37) % for 

a 0.4 % BRAF V600E FFPE reference standard, (C) 1.51 (± 0.47) % for a 1.4 % BRAF V600E 

FFPE reference standard, and (D) 47.82 (± 1.28) % for a 50% BRAF V600E FFPE reference 

standard.  Values are expressed as mean ± SEM (n = 2).  FAM = 6-carboxyfluorescein; HEX = 

hexachloro-fluorescein; FFPE = formalin-fixed paraffin-embedded; WT = wild-type. 

 

3.3.4 Assay Validation on Clinical Colorectal Cancer Tumor Samples 

Colorectal carcinoma cases were selected from a pool of MLH1-deficient tumors identified by 

IHC testing as part of the population-based Vancouver Coastal Health 172 Lynch-syndrome 

screening program.  Three non-MLH1 deficient cases (specimens 3, 5 and 20) were also 

included.  Genomic DNA specimens purified from the cohort of n = 41 colorectal cancer FFPE-

stabilized tumor samples were subjected to the ddPCR assay, and complete BRAF V600 status 

results for each specimen are reported in Table 3.4 along with corresponding V600E calls made 
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using the orthogonal gold-standard mutation-specific IHC VE1 assay. The IHC VE1 staining 

results, examples of which are reported in Figure 3.7, are expressed as staining negative (N) or 

positive (P) for V600E.  Results of the ddPCR BRAF V600 status assay are expressed as N or P 

for V600E1 (well 1), and as WT or WT-negative (well 2), with the mutant frequency calculated 

as the percentage of WT-negative V600 alleles over total BRAF alleles.   

 

Table 3.4 Analysis of genomic DNA recovered from patient FFPE tumor specimens by the 

VE1 IHC (V600E) staining assay and the ddPCR-based BRAF V600 status assay. 

 

Sample 
IHC-VE1 Staining Assay  

(V600E) 

dPCR BRAF V600 Status Assay 

Well 1 

(V600E) 

Well 2 

 
BRAF V600 Mutant Frequency 

1 N N WT 0.08 (±0.08) % 

2 P P WT Negative 45.05 (±1.35) % 

3 N N WT 0.04 (±0.04) % 

4 P P WT Negative 30.00 (±1.10) % 

5 N N WT 0.12 (±0.08) % 

6 P P WT Negative 14.45 (±0.35) % 

7 P P WT Negative 28.40 (±2.30) % 

8 N N WT 0.25 (±0.09) % 

9 P P WT Negative 22.66 (±0.35) % 

10 N N WT 0.054 (±0.054) % 

11 N N WT 0.047 (±0.047) % 

12 P P WT Negative 44.25 (±1.48) % 

13 N N WT 0.19 (±0.19) % 

14 P P WT Negative 35.55 (±0.85) % 

15 N N WT 0.24 (±0.07) % 

16 P P WT Negative 35.95 (±0.95) % 

17 P P WT Negative 29.37 (±3.24) % 

18 P P WT Negative 30.90 (±2.90) % 

19 P P WT Negative 32.40 (±2.13) % 

20 N N WT 0.17 (±0.17) % 

21 P P WT Negative 28.50 (±0.40) % 

22 N N WT 0.20 (±0.20) % 

23 P P WT Negative 31.90 (±2.12) % 

24 N N WT Negative 57.40 (±1.85) % 
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Sample 
IHC-VE1 Staining Assay  

(V600E) 

dPCR BRAF V600 Status Assay 

Well 1 

(V600E) 

Well 2 

 
BRAF V600 Mutant Frequency 

25 P P WT Negative 25.00 (±1.90) % 

26 N N WT 0.32 (±0.11) % 

27 P P WT Negative 34.80 (±0.60) % 

28 P P WT Negative 30.75 (±0.65) % 

29 P P WT Negative 40.10 (±0.40) % 

30 P P WT Negative 31.20 (±0.20) % 

31 N N WT 0.31 (±0.08) % 

32 P P WT Negative 36.05 (±0.15) % 

33 P P WT Negative 22.4 (±0.25) % 

34 P P WT Negative 31.95 (±1.95) % 

35 N N WT 0.00 (±0.00) % 

36 P P WT Negative 12.10 (±0.56) % 

37 P P WT Negative 18.30 (±3.30) % 

38 N N WT 0.39 (±0.34) % 

39 P P WT Negative 48.95 (±12.25) % 

40 N N WT 0.35 (±0.32) % 

41 N N WT 0.33 (±0.09) % 

 

 

As summarized in Table 3.5, 17 of 41 CRC samples tested negative for BRAF V600E by VE1 

staining, with a typical negative V600E staining result shown in Figure 3.7A. All 24 MLH1-

deficient tumors testing positive for BRAF V600E by VE1 staining (see, for example Figure 

3.7B) tested both positive for BRAF V600E1 (well 1) and WT-negative (well 2) in the ddPCR 

assay, confirming the accuracy of both components of the assay against the clinically actionable 

V600E mutation.  Thus, VE1 IHC staining data and ddPCR BRAF V600 status assay results were 

in concordance for all clinical samples except sample number 24 (bold), which stained negative 

for V600E in the VE1 IHC assay (Figure 3.7C).  That sample likewise tested negative for BRAF 

V600E1 in well 1 of our dPCR assay, but tested WT-negative in well 2, with a recorded MF of 

57.4 (±1.9) %.  Sanger sequencing results for the amplified template (Figure 3.7D) confirm that 

the patient carries the rare BRAF V600R mutation, highlighting the comprehensive ability of the 

ddPCR BRAF V600 status assay to both detect clinically relevant V600 mutations and, in the 
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case of rare V600 mutations, provide quantitative evidence that the MF is sufficient to permit 

unequivocal MT-sequence verification. 

 

Table 3.5 Summary of BRAF V600 status calls made using the ddPCR-based assay and the 

gold-standard IHC VE1 assay. 

 

IHC VE1 Assay ddPCR-based BRAF V600 Status Assay 

V600E Negative V600E positive WT V600E1 WT negative 

17/41 24/41 16/41 24/41 25/41 

 

 

 

The remaining n = 16 specimens testing negative for BRAF V600E by VE1 staining tested WT-

positive in the ddPCR assay based on a mean MF (and error) computed from duplicate runs 

falling below the sensitivity of the assay when applied to FFPE specimens. 

 

3.4 Discussion 

The growing library of biomarkers prognostic of cancer risk and progression includes somatic 

mutations in (proto-)oncogenes that are thought to drive malignant cell proliferation or prolong 

their survival. Those markers are enabling individualize genetic analyses of tumors, which is in 

turn helping to transform oncology toward the effective design and use of therapeutics against 

molecular targets and associated signaling-pathway aberrations that are specific to a patient’s 

cancer. Relative to conventional (chemo)-therapeutic treatments, targeted molecular therapies 

generally offer fewer side effects, can often be administered as a patient-friendly oral dosage, and 

can prove effective against certain tumor types for which standard therapies offer little to no 

benefit.  The development of panels of biomarkers offering increasingly detailed pharmaco-

genetic analyses of patient-specific cancers also points to more comprehensive mutational 

analyses being utilized in cancer genetics testing laboratories to facilitate clinical decisions.211  In 

the case of an oncogene that is susceptible to either common or more rare somatic mutations in a 

single codon or adjacent set of codons, this includes assays able to detect the complete set of 

relevant mutant alleles in a manner that not only identifies clinically-actionable mutations, but 

also alerts the clinician of a rare mutation that might necessitate more aggressive clinical 

monitoring by NGS or a personalized course of treatment.   
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Figure 3.7 Comparison of ddPCR-based BRAF V600 status assay results to those of the 

VE1 IHC assay for representative MT and WT BRAF tumor samples. (A) Sample #1 (see 

Table 3.4) – testing V600E negative by the VE1 IHC assay, and WT-positive by the ddPCR-

based assay; (B) Sample #6 – testing V600E positive by the VE1 IHC assay, and V600E1-

positive/WT-negative by the ddPCR-based assay; (C) Sample #24 – testing V600E negative by 

the VE1 IHC assay, and V600E1-negative/WT-negative by the ddPCR-based assay; (D) Sanger 

sequence of gDNA of sample #24 shows a BRAF V600R missense mutation (red arrow indicate 

mutated nucleotides) in concordance with the ddPCR-based BRAF V600 status assay results. 
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For clinical testing of BRAF V600 mutations associated with colorectal cancer, we have shown 

here how such an assay can be realized by using ddPCR to i) unambiguously detect BRAFV600E1 

and thereby identify MLH1-deficient CRC patients unsuitable for anti-EGFR-antibody therapy, 

and ii) further segregate MLH1-deficient tumors into those bearing WT V600 and therefore 

eligible for treatment with cetuximab or panitumumab, and those harboring a rare V600 

mutation, for which a more comprehensive NGS-based screen of CRC biomarkers may be 

justified.  Differentiation of WT V600 from MT V600 is achieved using a WT-negative 

screening strategy, and the assay can be successfully applied to as little as 8 ng gDNA at a total 

cost of goods of ca. $8 US per sample.  Interestingly, the concept of the WT-negative screen has 

only been described once before – in the landmark paper of Vogelstein and Kinzler126 that is best 

known for providing the first description and demonstration of digital PCR.  It has not been 

demonstrated on clinical samples.  To our knowledge, the work reported here therefore provides 

the first evidence that a WT-negative screen can be designed for and successfully applied to 

mutational analyses of tumor specimens; it therefore adds to a number of powerful new 

applications of digital PCR to screening of rare alleles.145, 212  Through use of a model-designed 

LNA/DNA chimeric probe against WT V600, we achieve a sensitivity of 0.8% MF when the 

assay is applied to gDNA isolated from FFPE specimens.  That LOD is dictated by the poorer 

quality and generally lower quantity of amplifiable BRAF template (often 5000 – 8000 copies) 

that could (and typically can) be extracted from the colorectal FFPE specimens, but nevertheless 

exceeds that projected for the coming generation of clinical NGS instrumentation (≥ 1% mutant 

frequency) and is at least 3.5-fold better than provided by the best NGS technology currently 

available to clinics.  In particular, specific calls on all possible mutations in the BRAF V600 

codon and proximal codons has been achieved by deep pyrosequencing down to MF values ≥ 

3%.213 The sensitivity and the mutational coverage of our assay also exceed what can be 

achieved by conventional IHC testing. 

 

We note that comparable or better sensitivities can be realized using allele-specific PCR assays 

against a particular MT BRAF allele.  For example, for plasmid DNA samples, sensitivities as 

low as 0.001% have been reported in assays against BRAF V600E utilizing allele-specific 

qPCR,214 wild-type blocking PCR,215 E-ice-COLD-PCR,216 or ddPCR.149  The capabilities of 

those assays, however, differ considerably from that reported here, as they are not designed to or 

capable of detecting all BRAF V600 mutations.  Moreover, they generally do not operate on (or 
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at least have not been applied to) gDNA recovered from FFPE specimens, for which (as 

demonstrated in this work) the assay LOD is largely determined by the nature and quantity of 

amplifiable template available per test.   

 

Finally, some discussion is warranted as to how the ddPCR-based assay described may be 

extended for application to testing of BRAF V600 status in advanced melanomas.  The BRAF 

V600E mutation has been accepted as a biomarker predictive of melanoma patient response to 

the mutant BRAF inhibitors vemurafenib and dabrafenib, while a combination of dabrafenib and 

trametinib has been generally accepted for treatment of V600K-positive metastatic and 

unresectable melanomas.  Multiplexing of the ddPCR assay could permit specific detection of 

V600E and V600K mutations in well 1.  This would require model-based design of a probe 

against V600K that exhibits no cross-reactivity to WT V600 or any other relevant V600 MT 

(analogous to the V600E1-specifc probe described in this work).  FAM labeling of the V600E-

specific probe and, say, Alexa Fluor 488 labeling of the corresponding V600K-specific probe 

may then be used to unambiguously detect and quantify either mutation in the resulting 2D 

ddPCR data plot for well 1.  Through its ability to detect rare BRAF V600 mutations, the WT-

negative assay conducted in well 2 could then serve to inform the clinician of the need for 

enhanced patient monitoring or a more aggressive course of treatment.   In this regard, the ability 

to detect all clinically relevant V600 mutations at frequencies lower than currently achieved by 

Sanger sequencing or NGS could ameliorate the dangers of a negative sequencing result arising 

not from absence or remission of disease, but rather from a MF below the detection limit of the 

instrument (~ 5%).  This concern is heightened by growing evidence that minor sub-clones 

positive for a V600 coding mutation have altered immune responses.  Moreover, though they 

typically provide significant clinical response over several months, BRAF inhibitors can alter 

immune inflammatory mechanisms associated with those aberrant cells.  Knowledge of the V600 

mutation and the associated immunogenicity of the tumor-associated cells bearing that mutation 

may therefore provide a sound basis for designing combinations of BRAF inhibitors and 

immuno-therapeutics that improve progression-free survival by strengthening immune responses 

or counteracting immune escape mechanisms.217 
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Chapter 4: Quantitative analysis of KRAS G12/G13 status in colorectal cancer 

using a novel wild-type negative assay that unequivocally differentiates 

missense and synonymous alleles 

 

4.1 Introduction 

Nearly 1.4 million new cases of colorectal carcinoma (CRC) are diagnosed each year 

worldwide, making it the third most common cancer and fourth most common cause of cancer-

related deaths.218 Current established targeted therapies for metastatic CRC (mCRC) include 

the anti-epidermal growth factor receptor (EGFR) antibodies (mAbs) panitumumab (Vectibix; 

Amgen Inc.) and cetuximab (Erbitux; Bristol-Myers Squibb Inc.). Nonsynonymous somatic 

point (missense) mutations in the Kirsten Ras (KRAS) oncogene are theranostic of mCRC 

patient response to treatment with anti-EGFR mAbs, with patients carrying any one of a set of 

known missense mutations in KRAS being nonresponsive or poorly responsive. KRAS is 

located on the short arm of chromosome 12 and encodes the GTPase KRAS that signals 

downstream of EGFR in the mitogen-activated protein kinase (MAPK; RAF/MAPK) and PI3K 

signaling pathways regulating cell expansion, differentiation, and apoptosis. Missense 

mutations in KRAS are observed in 30-50% of CRC tumors,80 with codons 12 and 13 being two 

hot spots that account for approximately 95% of all observed KRAS mutations.219, 220 Both of 

these codons code for glycine in wild-type68 human KRAS. Mutation of either one or of both of 

the first two bases in either codon is often observed in mCRC and leads to an amino acid 

substitution in KRAS that results in activation of the MAPK pathway without need for ligand 

binding to EGFR. Resistance to anti-EGFR mAb treatment is then observed.3, 202, 221, 222 

 

KRAS mutational testing of mCRC patients is now mandatory in the US, Europe and Japan,97, 

98 with panitumumab or cetuximab therapy approved in the US for KRAS G12/G13 mutation-

negative mCRC97, 99 and in Europe if KRAS within the tumor is WT.100 In either jurisdiction, 

evaluation of KRAS status across codons 12 and 13 is therefore required. Sequencing can be 

and is (albeit rarely) used clinically for this purpose, but is known to suffer from a lack of 

sensitivity. This creates potential for misinterpretation of results leading to lack of response to 

anti-EGRF therapy in patients with a KRAS mutation frequency (MF) below ~ 10%.223 
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Clinical testing of KRAS mutational status is therefore most often conducted using a real-time 

PCR (qPCR) based assay, and two FDA-approved test kits are available for this purpose: the 

TheraScreen® KRAS mutation kit (DxS-Qiagen) and the cobas® KRAS mutation test (Roche 

Molecular Systems). The TheraScreen assay detects the seven most frequent somatic point 

mutations (SPMs) observed in codons 12 and 13 of KRAS. The analytical sensitivity (LOD) to 

each of these mutant (MT) alleles is approximately 5%, depending on the DNA quality. 

However, other missense mutations in codons G12/G13 promoting constitutive activation of 

KRAS are known, and the TheraScreen assay does not identify the ~2% of mCRC patients 

carrying one of those mutations. The cobas KRAS assay is more comprehensive in that it can 

detect those less common mutations. However, the assay is likewise limited by an LOD of 

~5%, and results provided by it are qualitative (i.e. the test does not quantify MF) above that 

detection limit.223 Other methods have been reported,16, 17, 29, 224, 225 but none to our knowledge 

have received regulatory approval or significant clinical use. 

 

More sensitive and quantitative KRAS detection methods capable of detecting and quantifying 

all clinically actionable missense mutations within codons G12/G13 would therefore be of 

considerable clinical value, as anti-EGFR therapy could be avoided in CRC patients harboring 

a KRAS mutation at a frequency below 5%. As shown in this thesis, droplet digital PCR 

(ddPCR) can be used to inexpensively and quantitatively profile somatic variations and their 

frequencies in oncogenes present within formalin-fixed paraffin-embedded (FFPE) tissue 

specimens, as well as in fresh cellular tissues isolated from blood, or circulating tumor DNA 

.133, 149, 226-232 The novel ddPCR-based BRAF V600 status assay (Chapter 3) detects all known 

missense mutations within the V600 codon of BRAF to enable clinics to reliably and rapidly 

determine BRAF gene status in metastatic melanoma and mCRC patients.233 When applied to a 

cohort of mCRC patients positive for microsatellite instability, that assay reported 100% 

clinical accuracy to an LOD well below 1% MF, offering the ability to detect and quantify the 

frequency of the most prevalent V600 mutations (V600E and V600K) as well as all known rare 

BRAF V600 mutations, such as V600R.   
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Those advances are leveraged here to create a multiplexed ddPCR assay to discriminate 

patients carrying WT KRAS from those carrying a missense mutation within codons G12/G13 

or within codons 14 to 17 of KRAS. The nearest-neighbor type (NNT) molecular 

thermodynamic model (Chapter 2 and Appendix A) is used to design a highly specific locked 

nucleic acid (LNA) substituted dual-labeled hydrolysis probe against each known WT KRAS 

allele over the hot-spot (proto-)oncogenic region comprising codons 12 to 14.  In the BRAF 

WT-negative assay (Chapter 3), a single LNA-substituted WT-specific probe designed using 

these models was shown to unequivocally discriminate between WT BRAF V600 and all 

known nonsynonymous BRAF V600 alleles.233 Due to the specificity of the probe used, ddPCR 

assays of this type were therefore collectively named “wild-type negative assays”.   

 

Compared to BRAF, creation of a WT-negative assay for KRAS is complicated significantly by 

the fact that seven synonymous KRAS alleles are observed across codons 12 and 13, while 

BRAF is characterized by a single WT sequence within and adjacent to its V600 codon.  

Creation of a WT-negative test of KRAS status therefore requires significant multiplexing to 

enable unequivocal discrimination of all known KRAS WT alleles from all known G12/G13 

missense mutations.  Such capability has not yet been demonstrated in a ddPCR assay, and 

collectively requires the set of dual-labelled WT-KRAS-specific hydrolysis probes one utilizes 

to show no cross-reactivity to any known missense mutation within codons 12 and 13. To 

achieve a duplex stability that enables its efficient hydrolysis, each such WT-specific probe 

must extend beyond codons G12/G13 and into KRAS codon 14.  The assay therefore must 

include a means to determine if a lack of WT-specific probe binding is due to a known (but 

rare) SPM within codon V14 (three V14 mutations have been reported in the COSMIC 

(Catalogue of Somatic Mutations in Cancer) database 50 at a total MF of 0.07%). An LNA-

substituted probe targeting codons 14 – 17 is employed in the assay for this purpose. Finally, a 

dual-labeled “consensus” probe targeting a highly conserved 23-nt sequence within KRAS is 

used to detect the total number of amplifiable KRAS templates within the genomic DNA 

(gDNA) sample, permitting the MF to be quantified for plasmid and cell-line DNA samples 

with high accuracy to an LOD of 0.025%, while also defining the total amount of amplifiable 

DNA present in the sample. The method therefore offers advantages over current qPCR-based 

tests of KRAS status through a combination of its improved sensitivity, its ability to not only 
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detect the presence of all clinically actionable KRAS G12/G13 missense mutations but to also 

accurately quantify the MF, and, particularly when applied to gDNA recovered from FFPE 

samples, its ability to quantify the total copies of amplifiable KRAS present in the sample.   

 

The performance of this novel ddPCR-based KRAS G12/G13 status assay is first demonstrated 

through application to a set of plasmid-DNA standards, each presenting a germline or specific 

G12/G13 mutant allele, and to gDNA recovered from mutant KRAS cell-line and FFPE 

standards. The assay is then applied in combination with the previously validated BRAF V600 

status assay233 to clinical FFPE tumor specimens from 87 mCRC patients positive for high 

microsatellite instability (MSI-H). CRCs often develop as a “classical” adenoma to carcinoma 

progression in which KRAS mutation may be observed. However, approximately 20 – 30% of 

CRCs arise via an alternative pathway, most often one of the serrated pathways characterized 

by progression of micro-vesicular hyperplastic polyps through sessile serrated adenoma (SSA) 

to full SSA dysplasia, and then ultimately to carcinoma. CRCs arising through the serrated 

pathway are often characterized by MSI-H resulting from epigenetic inactivation of DNA 

repair genes, most notably the Mut L homologue-1 (MLH1) gene.  CpG island methylation 

phenotype (CIMP) and BRAF V600 mutation are also but not always observed in serrated-

pathway associated CRCs and the status of each may be used to further sub-classify the 

cancer.234, 235 Co-mutation of both BRAF V600 and KRAS G12/G13 is a rare event, observed 

before in only 3 patients236, whose pathology has not been well described.  However, through 

application of the KRAS status assay described here, two additional MLH1-deficient mCRC 

patients carry tumors harboring a missense mutation in both BRAF V600 and KRAS G12/G13 

are identified.  In one of those patients, the frequency of the KRAS MT is low (~ 2%), below 

the sensitivity offered by either the TheraScreen or cobas assay, providing evidence of the 

utility of the new assay as well as pathological insights into the potential origin of this rare 

event. 
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4.2 Materials and Methods 

4.2.1 Oligonucleotides  

All primers, pure-DNA and LNA-substituted dual-labeled hydrolysis probes, and WT and MT 

BRAF alleles were purchased from IDT, Inc. (Coralville, IA).  Probes were HPLC purified, 

while primers and templates were purified by desalting.  Purified primers, probes and templates 

were resuspended to 100 µM in IDTE (10 mM Tris, pH 8.0, 0.1 mM EDTA) buffer and stored 

at -20 °C prior to use. 

 

4.2.2 Primers and Probes Design 

Forward (FP) and reverse (RP) primers (Table 4.1) were designed using Primer3 software. All 

primers were designed by first applying primer-BLAST software to identify and avoid 

sequences that might show cross-reactivity to non-target sequences within the human genome.  

Each dual-labeled hydrolysis probe (Table 4.1) was likewise engineered to minimize PCR 

artifacts and to ensure selective hybridization to a specific sequence within KRAS at ddPCR 

reaction conditions. The consensus probe, a 23 nucleotide (nt) HEX and Iowa black 

fluorescence quencher (IABkFQ) labeled pure-DNA probe spanning elements of KRAS 

intron/exon 2 (includes exon 2 codons 1 to 3), was designed using the NNT model of 

Hughesman et al. 161 to achieve a melting temperature (Tm) of ca. 68 °C when duplexed to WT 

KRAS. That model for pure-DNA probes accounts for the effects of PCR solution conditions 

and the addition of a fluorescent reporter dye (HEX or FAM) and quencher (IABkFQ, BHQ, or 

Dab) on probe-template melting thermodynamics. Potential probe-derived PCR artifacts were 

identified and avoided using primer-Blast software. Each LNA-substituted KRAS G12/G13 

WT-specific probe (denoted WTP1 to WTP7), as well as the LNA-substituted probe against 

WT KRAS codons 14 to 17, were designed using the NNT model described in this thesis 

(Chapter 2; Appendix A) to define the combination and pattern of LNA substitutions needed to 

limit probe length to the target codons while achieving a suitable Tm (~ 67 to 72 °C) for use in 

the assay.  For each known germline allele, a set of putative probe sequences was thereby 

designed, and the LNA-DNA mismatch capabilities of the model then used to identify among 

them that probe sequence that minimizes cross-reactivity to non-target alleles. Model predicted 
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Tm values for probes were verified experimentally by UV melt spectroscopy according to 

standard methods.237 

 

 

Table 4.1 Sequences and concentrations of primers and dual-labeled hydrolysis probes 

used in the ddPCR-based KRAS G12/G13 screening assay. 

 

Primer/Probe Sequence Conc. 

(nM) 
Forward Primer 

Reverse Primer 

WTP1 (39G, 36A) 

WTP2 (39G, 36T) 

WTP3 (39A, 36A) 

WTP4 (39T, 36A) 

WTP5 (39C, 36A) 

WTP6 (39G, 36C) 

WTP7 (39G, 36G) 

WTP14-17 

Consensus Probe 

5’-ATTTGATAGTGTATTAACCTTATGTGTGAC-3’ 

5’-ACCTCTATTGTTGGATCATATTCG-3’ 

5’-(6-FAM)/ACGCCACC/(Dab)-3’ 

5’-(6-FAM)/ACGCCTCC/(Dab)-3’ 

5’-(6-FAM)/ACACCACC/(Dab)-3’ 

5’-(6-FAM)/ACTCCACC/(Dab)-3’ 

5’-(6-FAM)/ACCCCACC/(Dab)-3’ 

5’-(6-FAM)/ACGCCCCC/(Dab)-3’ 

5’-(6-FAM)/ACGCCGCC/(Dab)-3’ 

5’-(HEX)/CTCTTGCCTACG/(BHQ_1)-3’ 

5’-(HEX)/AAGGCCTGC/ZEN/TGAAAATGACTGAA/IABkFQ)-3’ 

900 

900 

250 

250 

250 

250 

150 

100 

100 

150 

150 

 

Locked nucleic acids are in bold. Bases that vary between WG-specific probes are underlined. 

Nomenclature: WTP = wild-type specific probe; 6-FAM = 6-carboxy-fluorescein; Dab = dabcyl; 

HEX = hexachloro-fluorescein; BHQ_1 = Black Hole Quencher® 1; ZEN = ZEN internal 

quencher; IABkFQ = Iowa Black fluorescence quencher. 

 

4.2.3 Tumor and Reference Samples, and DNA Extraction Protocols 

FFPE tissue specimens from a cohort of mCRC patients were obtained from Lion’s Gate 

Hospital (North Vancouver, Canada) with approval from the UBC Clinical Research Ethics 

Board (CREB; certificate number H14-00577) and patient consent following the Helsinki 

protocol. The CRC MSI+ cases were selected from a pool of MLH1-deficient tumors, 

identified by immune-histochemical (IHC) testing as part of the population-based Vancouver 

Coastal Health 172 Lynch-syndrome screening program.  Three non-MLH1-deficient cases 

(samples 3, 5, and 20) were also included. Specimens were derived from 10% neutral buffered 

formalin-fixed resections in all but one case (#37), which was a formalin-fixed malignant 

ascites fluid specimen. The original diagnosis was confirmed by a pathologist (Dr. Robert 

Wolber, Lion’s Gate Hospital, North Vancouver, BC, Canada), and an optimal tumor block 

containing invasive carcinoma was selected for sampling. Two cores of each carcinoma were 
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taken for construction of tumor microarray (TMA) blocks, and two additional cores were taken 

for the ddPCR studies reported. 

 

Eight FFPE standards, each harboring either a WT KRAS allele or a ~5% MF of one of the 

prevalent G12/G13 mutants, were purchased from Horizon Discovery Ltd. (Cambridge, UK). 

gDNA specimens from the FFPE reference standards or from mCRC FFPE cores were purified 

using the QIAamp DNA FFPE tissue kit (Qiagen, Inc.; Santa Clarita, CA) under a modified 

protocol for the xylene-assisted paraffin removal step that serves to reduce DNA shearing. In 

that modified method, xylene (0.8 mL) was added to FFPE cores (two) collected in a 1.5 mL 

micro-centrifuge tube and the mixture equilibrated by rotational mixing for 10 min. The 

sample was then centrifuged at 14,000 rpm for 1 min to collect tissue. Waste xylene was 

removed and the process repeated twice more. Three successive washes with 0.8 mL of 100%, 

100% and 70% ethanol, respectively, were then completed using the same procedure. Finally, 

the sample was placed in a Vacufuge™ (eppendorf, Hamburg, Germany) for 5 min under 

medium heat to dry, and the residue carefully removed for further processing according to the 

standard QIAamp DNA FFPE protocol. 

 

Purified gDNA specimens from cell lines HT-29 (homozygous for the germline KRAS allele 

WT1; labeled WT1 to reflect that it is the most prevalent WT allele (the sequence of WT1 from 

codon 11 through 17 is GGTGGCGTAGGCAAGAGT), SW480 (homozygous for KRAS 

G12V), SW460 (homozygous for KRAS G12A), SW116 (heterozygous for KRAS G12A), MIA 

(homozygous for KRAS G12C), PL45 (heterozygous for KRAS G12D), A549 (homozygous for 

KRAS G12S), H1355 (heterozygous for KRAS G13C), and LOVO (heterozygous for KRAS 

G13D) were kindly provided by the BC Cancer Agency. pIDTSMART-AMP plasmids, each 

containing a 270 bp gene fragment (intron/exon 2) of either WT1 KRAS or a KRAS G12/13 MT 

allele, were purchased from IDT.  

 

The concentration of DNA within purified samples was measured using a NanoDrop ND-1000 

spectrophotometer (Thermo Scientific; Waltham, MA). As plasmids exhibit supercoiling, 

pIDTSMART plasmid DNA (1.5 µg) was linearized with ClaI restriction enzyme as per the 
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manufacturer’s instructions (Life Technologies; Carlsbad, CA) prior to concentration 

determination and use in the assays. 

 

4.2.4 ddPCR Assay Workflow and Characterization 

Digital PCR mastermix solutions (20 µL) were prepared from 2X dUTP-free ddPCR supermix 

for probes (BioRad, Inc.; Hercules, CA), 900 nM each of FP and RP, 250 nM of the consensus 

probe, 100 nM to 250 nM (Table 4.1) of each of the LNA-substituted KRAS G12/G13 WT-

specific probes, and typically an amount of purified plasmid or gDNA containing ~10000 

copies of KRAS; gDNA purified from clinical colorectal FFPE samples sometimes contained 

roughly 2-fold fewer (but still ≥ 5000) copies of amplifiable KRAS. No template control (NTC) 

samples were prepared in IDTE buffer. Emulsified sub-nL reaction droplets were created by 

introducing a 20 μl sample into a well of an 8-channel disposable DG8 droplet generator 

cartridge and adding 60 μl of droplet generation oil (BioRad). 40 μl of the resulting droplet 

emulsion (~13000 to 15000 droplets) generated on the BioRad QX-100 Droplet Generator 

were transferred by multichannel p100 pipette to an Eppendorf Twin.tec semi-skirted 96-well 

PCR plate, which was then heat-sealed with foil sheets. The droplet emulsions were thermally 

cycled in the CFX96™ thermocycler using the following protocol: denaturation at 95 °C for 10 

min, followed by 50 cycles of 94 °C for 30 s and 60 °C for 1 min (ramp rate set to 2.5 °C/s). 

The end-point fluorescence of each thermally cycled droplet was measured using the QX100 

Droplet Reader (BioRad).  After cycling, a final 10 min hold at 98 °C was applied to deactivate 

the enzyme and stabilize the droplets. The raw ddPCR data was collected and visualized using 

the QuantaSoft v1.3.2 program (BioRad Inc.). Droplet assignments into MT and WT data 

clusters and subsequent counts, from which MF values were computed, were then made by 

exporting the data from QuantaSoft into the custom software (and associated graphical user 

interface) described in Chapter 2 and Appendix B 178. 

 

Serial dilutions (1000 – 1 copies/µl) of WT1 KRAS isolated from plasmid DNA, as well as 

each of 6 other known WT KRAS alleles and each of 13 clinically relevant MT G12/G13 KRAS 

alleles, were prepared in IDTE buffer 158, with the concentration of KRAS template (copies/µl) 

in each dilution quantified on a BioRad QX100 ddPCR instrument. For dynamic-range 

measurements, serial samples containing 1000 – 1 copies/µl of KRAS G12D or G12S plasmid 
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DNA were prepared in a high fixed background (10,000 copies/µl) of WT1 KRAS plasmid 

DNA. Samples of KRAS G12V gDNA from SW480 cells, as well as KRAS G12V (SW480 

cells) combined with WT KRAS (HT-29 cells), were prepared in the same manner.  

 

4.2.5 ddPCR Raw Data Analysis Algorithm 

Droplet event data exported from QuantaSoft V1.3.2 into the custom software178 were 

automatically analyzed by the algorithm to assign each read droplet as either empty, “rain” 

(droplets having a signal lying within an indeterminate region between a pair of distinct 

positive and negative droplet clusters), MT-positive, or WT-positive.  The droplets assigned to 

each category were then counted and used to detect MT alleles and compute the MF in each 

well.  The software is built in the R programming language and is available on GitHub at 

https://github.com/daattali/ddpcr and a detailed description of its features and computational 

elements is provided in Appendix B.  An illustration of the data analysis process as applied to 

data from the ddPCR-based KRAS status assay, and a brief overview of the core computational 

steps of the algorithm, are provided in Figure 4.1. 

 

  

https://github.com/daattali/ddpcr
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A       B 

 

Figure 4.1 KRAS G12/G13 status assay automated data analysis overview. Representative 

output data for the KRAS WT-negative assay is visualized in a two-dimensional scatter plot. A) 

Empty droplets are identified by fitting a two-component Gaussian mixture model to the HEX 

channel, generating one distribution of low mean intensity (representing the cluster left of the 

vertical line) and another of high mean intensity. All droplets in the low mean density 

distribution are deemed empty and removed from analysis.  B) All filled droplets are then 

identified as those lying within ± 3 standard deviations (SDs) from the mean of the high mean 

density distribution (grey band). Droplets displaying HEX intensities outside this range (often 

referred to as digital PCR rain) are taken as being poor in signal quality and are excluded from 

the analysis. KRAS G12/G13 WT and MT droplets, respectively, are then identified by fitting 

two normal distributions to the FAM channel signal, with the relevant populations bounded by 

±3 SDs in each case. The distribution having the lower mean FAM intensity contains the 

population of MT-positive droplets, from which the mutant frequency is calculated as the ratio of 

the MT droplets to total filled droplets (in this sample: 439/(439+837)x100 = 34% MF). 

Nomenclature: FAM, 6-carboxyfluorescein; HEX, hexachloro-fluorescein; WT, wild-type; MT, 

mutant. 
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4.3 Results 

4.3.1 Assay Design and Readout 

The ddPCR-based KRAS G12/G13 status assay, a schema for which is provided in Figure 4.2, 

is a single-well assay utilizing ddPCR for amplification and detection of missense mutations 

within codons 12 and 13. In each well, gDNA purified from a FFPE tissue specimen is loaded 

to a copies-per-drop (CPD) of 0.2 (±0.05), ensuring at the start of the ddPCR that most droplets 

contain either 0 or 1 copy of a KRAS allele and that ~10,000 amplifiable copies of KRAS are 

analyzed per test.  Each well contains ddPCR supermix for probes without dUTP (BioRad), as 

well as the required set of primers.  A total of 9 dual-labeled hydrolysis probes, whose 

sequences and labeling chemistries are reported in Table 4.1 are also included in each well. 

The resulting KRAS amplicons (both WT and MT) are 195 bp in length and span a portion of 

intron 2 and all of KRAS exon 2, including the oncogenic region of interest (codons 12 to 14). 

During amplification, fluorescence created from hydrolysis of the HEX-labeled KRAS 

consensus probe confirms the presence of a KRAS allele (WT or MT) within a droplet, 

allowing the total amplifiable copies of KRAS in the specimen to be quantified by HEX-

positive droplet counts and Poisson statistics. Fluorescence generated from any one of the 

seven FAM-labeled LNA-substituted probes that collectively target all known germline KRAS 

G12/G13 alleles indicates that the copy of KRAS present in a given read droplet is WT across 

codons 12 to 14. Finally, each droplet contains a HEX-labeled probe targeting germline KRAS 

across codons 14 – 17. As noted above, the COSMIC database identifies a dominant WT 

sequence across codons 14 – 17, permitting this probe to confirm not only the lack of a 

mutations in codon 14, but to also discriminate between codon 14 mutations and mutations 

present within codons 15-17. Thus droplets within the FAM-positive/double-HEX positive1 

cluster quantify WT KRAS templates, whereas droplets within the FAM-negative/double HEX-

                                                 

1 For convenience, we have named the signal arising from amplification of germline KRAS as 

“double”-HEX positive to reflect the fact that those templates are fully complementary to both 

the HEX-labeled consensus probe and the HEX-labeled probe against WT KRAS across codons 

14 – 17.  However, for a WT KRAS allele, the latter probe must compete with a FAM-labeled 

probe against codons 12 – 14.  As a result, the end-point HEX signal recorded is reduced 

somewhat.  
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positive cluster quantify missense mutations within codon 12 or 13.  In the rare case of a 

droplet containing a KRAS allele bearing a somatic mutation in codon 14, an end-point signal 

will be generated from the HEX-labeled consensus probe only, and these droplets therefore 

form a unique FAM-negative/single-HEX positive cluster, while droplets containing a KRAS 

allele bearing a mutation in codons 15 – 17 form a FAM-positive/single-HEX-positive cluster 

resulting from an end-point signal from one of the FAM-labeled WT specific probes and from 

the HEX-labeled consensus probe. Finally, droplets recording neither a HEX nor a FAM end-

point signal contain no copies of KRAS.  This novel ddPCR-based WT-negative screening 

assay thereby permits unequivocal differentiation of tumors bearing germline KRAS across 

codons 12 – 14 from those carrying a missense mutation within codons G12/G13. The assay 

also quantifies MF and the total abundance of amplifiable KRAS through signal from 

hydrolysis of the HEX-labeled KRAS consensus probe. 
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Figure 4.2 Schematic of key features, components and expected output of the WT-negative 

KRAS screening assay. This single well ddPCR assay uses forward and reverse primers that 

amplify a 195-bp fragment of the KRAS gene that spans exon 2 and codons G12/G13. The assay 

utilizes nine dual-labeled hydrolysis probes. Seven of those probes are FAM-labeled WT-

specific LNA-substituted probes (spanning codons 12 – 14). Each is designed to selectively 

hybridize to a synonymous KRAS G12/G13 allele and thereby collectively distinguish WT KRAS 

from all KRAS G12/G13 missense mutations. The other two probes, which are HEX labeled, 

include an LNA-substituted probe against WT KRAS within codons 14 – 17 and a “consensus” 

probe that binds a highly conserved sequence within the KRAS amplification template. A) When 

a WT KRAS G12/G13 allele is amplified, end-point fluorescence signals from the FAM-labeled 

probe against that WT-allele (blue), the HEX-labeled WTP14-17 probe (green), and HEX-

labeled consensus probe (green) are all detected to create a distinct WT-allele cluster of droplets, 

along with a population of empty droplets, in the 2D output 28. B) Amplification of any KRAS 

G12/13 MT allele results in the generation of an end-point signal only from the consensus probe 

(green) and the WTP14-17 probe (green). C) In the rare case where there is a mutation in codon 

14, an end-point signal is recorded from the consensus probe only, while a mutation in codons 15 

– 17 results in no end-point signals from the WT-specific probe (blue) and the consensus probe 

(green). In this manner, the assay uniquely and unequivocally detects all clinically actionable 

KRAS G12/G13 missense mutations by differentiating them from WT KRAS alleles as well as 

less common mutations within KRAS codons 14 – 17. 
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4.3.2 Engineering Allele Specificity into Probes Used in ddPCR Assays 

In addition to the unique capabilities offered by ddPCR, successful execution of the KRAS 

G12/G13 status assay described in Figure 4.2 requires the seven probes against the KRAS 

G12/G13 region to be sufficiently short and specific to their target WT allele that cross-

reactivity at PCR conditions does not diminish assay performance. Data presented in Chapter 3 

shows that designing a WT-specific probe to unequivocally discriminate a WT allele from an 

ensemble of possible MT alleles that may differ from the target WT sequence by as little as a 

single base generally requires creating a difference (∆𝑇𝑚,(𝑊𝑇−𝑀𝑇𝑖)) of ≥ 7 °C between Tm,WT, 

the melting temperature (Tm) of the perfectly matched duplex formed by the probe and its 

target WT allele, and 𝑇𝑚,𝑀𝑇𝑖
, the Tm for the mismatched duplex formed by the probe and any 

mutant allele i.233 In addition, Tm,WT must exceed Ta, the annealing temperature of the PCR 

assay, such that the duplex formed between the probe and its WT template is sufficiently stable 

that the creation of each WT amplicon results in hydrolysis of a bound probe and release of the 

reporter dye. 𝑇𝑚,𝑀𝑇𝑖
 must then be low enough that concurrent amplification of any MT allele i 

at Ta results in a negligible signal from the WT-specific probe over the course of the ddPCR 

run.  

 

Locked nucleic acid (LNA) substituted WT-specific probes were designed for this purpose 

using the NNT model161 described in Appendix B that permits in silico selection of the number 

and pattern of LNA substitutions needed to achieve a suitable ∆𝑇𝑚,(𝑊𝑇−𝑀𝑇𝑖). Melting 

thermodynamics (including Tm data) collected by the UV-melt spectroscopy method237 

confirmed that each WT-specific probe so designed had a ∆𝑇𝑚,(𝑊𝑇−𝑀𝑇𝑖) > 7 °C for all known 

G12/G13 mutations (Table 4.2). 
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Table 4.2 Melting temperature Tm data collected by UV-melt spectroscopy for each WT-

specific probe duplexed either to its complementary (PM – perfect match) germline 

sequence or to a G12/G13 mutant allele. 

 

 Tm (°C) 

Allele WTP1 WTP2 WTP3 WTP4 WTP5 WTP6 WTP7 

PM 71.7 67.8 68.4 69.4 69.6 71.7 70.8 

G12A 54.8 52.4 54.2 57.1 52.9 53.7 52.1 

G12C 57.1 56.5 55.5 55.2 51.9 52.7 53.3 

G12D 54.6 51.5 54.2 59.8 55.7 51.6 50.7 

G12R 57.9 57.2 54.6 56.1 57.3 49.2 51.9 

G12S 56.1 53.6 52.5 54.1 54.9 51.4 50.7 

G12V 50.1 53.7 56.5 54.3 54.0 52.5 52.8 

G13D 50.3 56.4 58.4 59.5 54.8 55.8 60.0 

 

 

Use of these LNA/DNA chimeric probes in the KRAS WT-negative screening assay thereby 

results in the segregation and differentiation of the WT data cluster from all MT data clusters 

(Figure 4.3), permitting detection of a G12/G13 missense mutation and accurate quantification 

of the mutant frequency through MT and total KRAS-positive droplet counts.  

 

4.3.3 Assay Application to Plasmid, Cell-Line and FFPE Standards 

Serial dilutions (n ≥ 4 for each dilution) of MT KRAS plasmid DNA into WT1 KRAS plasmid 

DNA to MT frequencies down to 0.01% were used to define the LOD for each G12/G13 

mutation.  For KRAS G12D, an LOD of ≤ 0.025% MF was recorded (Figure 4.4A).  An 

equivalent LOD was recorded for all other known G12/G13 missense mutations (e.g., Figure 

4.4B). The assay was also applied to gDNA isolated from nine cell-lines harboring various 

KRAS G12/G13 mutations, and we again observed significant linear correlation (R2 ≥ 0.998; P 

< 0.05) between the expected MF and that determined using the ddPCR assay, with the basic 

metrics of assay performance (LOD, limit of blank (LOB), confidence intervals, dynamic 

range) remaining unchanged from those recorded for plasmid DNA.  
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Figure 4.3 Representative output from the WT-negative KRAS screening assay when 

applied to gDNA isolated from various cell lines. A) HT29 cells (WT KRAS); B) PL45 cells 

(heterozygous for KRAS G12D); C) LOVO cells (heterozygous for KRAS G13D); D) MIA cells 

(homozygous for KRAS G12C); E) SW116 cells (heterozygous for KRAS G12A); and F) A549 

cells (homozygous for KRAS G12S).  Nomenclature: FAM, 6-carboxyfluorescein; HEX, 

hexachloro-fluorescein; WT, wild type. 
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A 

 

B 

Figure 4.4 Analytical sensitivity (LOD) of the KRAS screening assay when applied to 

plasmid DNA. A) KRAS G12D into WT1 KRAS, B) G12S into WT1. Measured mutant 

frequency (MF) and standard deviation values are plotted versus expected MF for serial dilutions 

down to 0.01% MF. The dotted line is the limit of blank of the KRAS screening assay. Significant 

linear correlation (R2 ≥ 0.998; p < 0.05) between the measured and expected MF is observed 

down to the analytical detection limit (LOD) of 0.025% MF for G12D. Replicates (n = 24) of 

WT KRAS plasmid were used to define the mean false positive (WT KRAS, solid horizontal line) 

and SDs, from which the 95% confidence interval (CI; dashed horizontal line) was determined 

and used to define the LOB (0.007%). Nomenclature: LOD, limit of detection; LOB, limit of 

blank; MF, mutant frequency; WT, wild-type. 

 

Finally, the ddPCR KRAS status assay was applied to gDNA prepared from seven KRAS FFPE 

reference standards, each harboring 5% MF in codons G12/G13. Once again, statistically 

significant G12/G13 missense mutation calls could be made (Table 4.3). 
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Table 4.3 Application of the WT-negative KRAS screening assay to gDNA from 5% MF 

FFPE standards.Measured mean MF and SD (n = 2) values are reported. 

 

KRAS Allele Expected %MF Measured %MF (Mean ± (SD)) 

WT 0 0.00 (± 0.00) 

G12D 5 4.59 (± 0.07) 

G12A 5 6.23 (± 0.87) 

G12C 5 7.18 (± 1.25) 

G12S 5 5.54 (± 0.61) 

G12R 5 3.48 (± 1.03) 

G12V 5 4.17 (± 0.84) 

G13D 5 7.21 (± 1.03) 

 

DNA was extracted from FFPE standards bearing either WT KRAS or a 5% KRAS G12/G13 MF 

as indicated. Nomenclature: ddPCR, droplet-digital PCR; MF, mutant frequency. 

 

 

4.3.4 Application to FFPE-stabilized MLH1-deficient CRC tumor cores 

Colorectal carcinoma cases were selected from a pool of MLH1-deficient tumors identified by 

IHC testing as part of the population-based VCH Lynch-syndrome screening program.  Three 

non-MLH1 deficient cases (samples 3, 5, 20) were also included. 

 

Duplicate gDNA specimens purified from the cohort of n = 87 tumor samples were subjected 

to our ddPCR-based assay and representative output data are shown in Figure 4.5. 
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Figure 4.5 WT-negative KRAS G12/G13 screening assay data for representative clinical 

CRC tumor specimens. A) Representative G12/G13 WT sample (#1) (Table 4.4); B) 

Representative G12/G13 MT-positive sample (#20) displaying a low MF (10.95 (±1.63) %); C) 

Representative G12/13 MT-positive sample (#5) displaying a high MF (52.84 (±0.96) %). 

Nomenclature: CRC, colorectal cancer; MLH1, Mut L homologue; ddPCR, droplet digital PCR; 

WT, wild-type; MT, mutant. 

 

 

The measured KRAS status of each specimen is reported in Table 4.4.  11 of the 87 CRC 

samples tested positive for a G12/G13 missense mutation, while the remaining 76 samples 

were WT KRAS positive. The BRAF V600 status of each specimen was also determined (Table 

4.4) using the BRAF WT-negative ddPCR assay we previously reported.233 Mutational testing 

of each specimen was also conducted independently by the Canadian Immunohistochemistry 

Quality Control (cIQc) agency. Test results obtained from these orthogonal approaches were in 

agreement. 

 

Of the 87 specimens tested using the pair of ddPCR-based assays, 54 were MT BRAF V600 

positive/MT KRAS G12/G13 negative, a phenotype often observed in MLH1-deficient/MSI-H 

CRCs. However, 2 specimens (samples 4 and 37) were positive for a missense mutation in both 

BRAF V600 and KRAS G12/G13.  Importantly, for sample 4 the ddPCR assay records a KRAS 

G12/G13 missense mutation having a MF of 2.3%, which falls below the detection limit of 

either the TheraScreen or cobas KRAS assay. 
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Table 4.4 Analysis of FFPE tumor specimens from a cohort of 87 MLH1-deficient 

colorectal cancer patients using the WT-negative KRAS screening assay and a previously 

reported ddPCR-based BRAF V600 screening assay.233Results for either assay are expressed 

as WT or MT positive, with the mutant frequency (MF) and standard error (in parenthesis) 

reported for each KRAS MT-positive sample.  FFPE processing of tissue samples serves to 

degrade the quality and quantity of isolated amplifiable DNA.  Droplet frequencies and standard 

errors recorded for the 76 KRAS WT-positive specimens identified below were therefore used to 

compute the limit of quantitation (LOQ) of the KRAS screening assay when applied to clinical 

specimens, which was found to be 0.38 (± 0.15) %. Sample 4 and sample 37 were positive for a 

missense mutation in both KRAS G12/G13 and BRAF V600; a BRAF V600 MF of 30.00 (±1.10) 

% and 18.30 (±3.30) %, were recorded for samples 4 and 37, respectively. 

 

Patient 

Sample 
KRAS G12/13 Call KRAS G12/G13 MF BRAF V600 Call 

1 WT - WT 

2 WT - MT 

3 WT - WT 

4 MT   2.26 (±0.72) % MT  

5 MT 52.84 (±0.96) % WT 

6 WT - MT 

7 WT - MT 

8 WT - WT 

9 WT - MT 

10 WT - WT 

11 WT - WT 

12 WT - MT 

13 WT - WT 

14 WT - MT 

15 WT - WT 

16 WT - MT 

17 WT - MT 

18 WT - MT 

19 WT - MT 

20 MT 10.95 (±1.63) % WT 

21 WT - MT 

22 WT - WT 

23 WT - MT 

24 WT - MT 

25 WT - MT 

26 WT - WT 

27 WT - MT 

28 WT - MT 

29 WT - MT 

30 WT - MT 
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Patient 

Sample 
KRAS G12/13 Call KRAS G12/G13 MF BRAF V600 Call 

31 WT - WT 

32 WT - MT 

33 WT - MT 

34 WT - MT 

35 MT 58.43 (±7.46) % WT 

36 WT - MT 

37 MT   7.48 (±0.21) % MT 

38 WT - WT 

39 WT - MT 

40 WT - WT 

41 WT - WT 

42 WT - MT 

43 WT - WT 

44 WT - MT 

45 WT - MT 

46 MT 67.67 (±2.28) % WT 

47 WT - MT 

48 WT - MT 

49 WT - WT 

50 WT - MT 

51 MT 39.02 (±0.39) % WT 

52 WT - WT 

53 WT - MT 

54 MT 49.67 (±1.36) % WT 

55 WT - WT 

56 WT - MT 

57 WT - WT 

58 WT - WT 

59 WT - WT 

60 WT - MT 

61 MT 29.54 (±1.68) % WT 

62 WT - MT 

63 WT - WT 

64 WT - MT 

65 WT - MT 

66 WT - MT 

67 WT - WT 

68 WT - MT 

69 WT - MT 

70 WT - MT 

71 WT - MT 

72 MT 43.23 (±0.33) % WT 
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Patient 

Sample 
KRAS G12/13 Call KRAS G12/G13 MF BRAF V600 Call 

73 WT - MT 

74 WT - MT 

75 WT - WT 

76 WT - MT 

77 WT - WT 

78 MT 10.75 (±0.24) % WT 

79 WT - MT 

80 WT - MT 

81 WT - MT 

82 WT - MT 

83 WT - MT 

84 WT - MT 

85 WT - MT 

86 WT - MT 

87 WT - MT 
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4.4 Discussion 

In CRC patients, missense mutation of KRAS is a clinically actionable biomaker of negative 

response to anti-EGFR mAb therapy. As delineated in Table 4.5, a single base missense 

mutation in either codon 12 or 13 is the most common MT KRAS in CRC, with a c.35G > T 

(p.Gly12Val) or c.35G > A (p.Gly12Asp) mutation observed with highest frequency in codon 

12, else a c.38G > A (p.Gly13Asp) mutation in codon 13.  

 

Table 4.5 Frequency of clinically relevant KRAS G12/G13 missense mutations and WT 

alleles different from WT1. 

 

KRAS Mutation Nucleotide Change Frequency 

p.G12D c.35G>A 35.0% 

p.G12V c.35G>T 23.8% 

p.G13D c.38G>A 13.1% 

p.G12C c.34G>T 11.9% 

p.G12A c.35G>C 5.7% 

p.G12R c.34G>C 3.2% 

p.G13C c.37G>T 0.9% 

p.G13S c.37G>A 0.2% 

p.G13R c.37G>C 0.2% 

p.G13A c.38G>C 0.1% 

p.G13V c.38G>T 0.1% 

G12-13 Complex 0.4% 

G12G/G13G Synonymous 0.1% 

 

Other single-base missense mutations have been observed at low frequency in both codons, as 

well as in KRAS codons 61, 117, and 146.238 Rare instances of mutation of more than one base 

in codons 12/13 have likewise been reported, as have deletion and insertion mutations.11  

Current dogma is that mutation of BRAF V600 and KRAS G12/G13 tend toward mutually 

exclusive events in CRC, presumably due to their co-involvement in regulation of MAPK/ERK 

signaling;202, 236, 239 but our results, when combined with a previous study reporting three 

additional cases of CRC patients carrying co-mutations,236 challenge this assertion by 

suggesting missense mutations in both of these oncogenic hot spots can be observed with 

reasonable frequency. 
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Methods widely employed by clinics and oncogenetics labs to test CRC patient populations for 

KRAS mutations include Sanger sequencing and various next-generation sequencing 

technologies, as well as various modalities of qPCR.  The methods differ in the mutations they 

can identify and in their sensitivities in detecting those mutations, though in general they 

cannot detect a MF below ca. 5%.121, 240 Thus, though widely used, sequencing and qPCR 

strategies typically do not offer sufficient analytical sensitivity to detect mutations in biopsy 

specimens with low tumor content, including those isolated from surgical margins.  Some 

improvements in MT-detection sensitivity can be achieved through careful microdissection of a 

tissue specimen to enrich the tumor cell density prior to gDNA extraction, but that preparation 

procedure is time-consuming and typically improves sensitivity by a factor of less than 2. 

 

The WT-negative KRAS screening assay described in this work addresses this limitation and 

associated unmet clinical need by providing an inexpensive (cost of goods of ~ $8 US per 

specimen) and rapid (96 samples can be assayed in 6 hrs) means for clinics to reliably and 

quantitatively detect missense mutations in codons G12/G13 of KRAS.  The ddPCR-based 

assay offers an analytical sensitivity of 0.025% MF when applied to MT standards.  

 

When then applied in conjunction with the ddPCR-based BRAF V600 status assay (Chapter 3) 

to FFPE tumor biopsies from 87 mCRC patients deficient in the MLH1 DNA repair gene, two 

patients were identified as carrying a missense mutation both in KRAS G12/G13 and in BRAF 

V600.  Importantly, for one of those patients (#4) the KRAS MT frequency was low (2.26 

(±0.72) %), falling below the detection limit of either sequencing or FDA-approved qPCR 

assays of KRAS G12/G13 status (at best 5%).  Thus, the rare observance to date of KRAS and 

BRAF co-mutation may be due in part to the limited ability of clinics to detect the pathology. 

 

CRC is thought to arise predominantly (but not exclusively) through one of two genetic 

pathways. In the classical pathway,81 mutation of proto-oncogenes within the MAPK and PI3K 

signaling pathways and/or within various tumor suppressor genes serve to deregulate control of 

cell proliferation and apoptosis.241 Common driver mutations activating this pathway include 

ones within KRAS, NRAS, APC (adenomatous polyposis coli) – a multi-functional tumor 
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suppressor gene – and TP53 – a gene encoding tumor suppressor protein 53 (p53) involved in 

regulating the cell cycle. Pathogenic missense variants of KRAS and NRAS in particular, as well 

as of APC or TP53, can encode mutant versions of the gene product that no longer regulate cell 

growth and division properly.  

 

The alternative serrated pathway to CRC is characterized in part by impairment of DNA 

mismatch repair (MMR) functions that often results from MSI-H. Lynch syndrome (LS), an 

autosomal dominant condition associated with inherited polymorphisms in genes within the 

MMR pathway, is the most common hereditary predisposition to CRC. Roughly 3% of all CRC 

malignancies and ~15% of MSI-H CRCs progress from LS via somatic-mutation induced 

failure of the MMR pathway, often through epigenetic silencing of MLH1 by hyper-

methylation of the promoter controlling transcription. Oncogenic BRAF V600 mutations are 

associated with MSI and are observed in ca. 60% MSI-H tumors, but in only 5 – 10% of 

microsatellite stable (MSS) tumors. MT BRAF V600 is predictive of poor prognosis and 

increased mortality in MSS patients, while survival statistics for serrated-pathway CRC 

patients displaying the (MT BRAF V600/MSI-H)-positive subtype are significantly better.  

 

When combined with the previous study by Sahin et al.,236 the finding of CRC patients 

carrying a missense mutation in both KRAS G12/G13 and BRAF V600 suggests that overlap 

between or co-existence of the two primary CRC pathologies, at least with respect to genetic 

signatures, may occur at a low but statistically significant frequency.  Precisely how this co-

mutation arises remains unclear. There is, however, evidence that co-mutation of two MAPK-

associated oncogenes within the same clone is generally lethal.242 The observance of both 

BRAF V600 and KRAS G12/G13 missense mutations may therefore reflect a clonally 

heterogeneous tumor, which is consistent with the considerable difference in KRAS and BRAF 

MFs observed in each patient. 

 

As noted, one patient found in this study to carry missense mutations in both KRAS and BRAF 

exhibited a KRAS MF < 5%, and thus would not have been classified as MT-KRAS/MT-BRAF 

positive by other tests, including the cobas platform which provides for testing of both BRAF 

and KRAS mutations.  This makes clear the potential clinical value of the ddPCR-based KRAS 
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status test reported here, which quantifies MF down to a detection limit of ~1%.  Moreover, it 

points to the potential need to more comprehensively sub-classify CRCs in terms of a larger 

panel of tumor characteristics that might include MMR gene status, chromosomal instability 

phenotype, KRAS, BRAF, APC and FBXW7 (an F-box ubiquitin ligase that is thought to 

antagonize cancer development) mutational status, and CIMP status.  While it is known that 

BRAF V600 mutation promotes hyper-methylation of the MLH1 gene promotor, the impact of 

co-mutation of KRAS on that process and on activation of the MAPK pathway is not 

understood.  
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Chapter 5: Future Work 

Future work based on the concepts and findings presented in this thesis includes both an existing 

plan for continued clinical adoption of the ddPCR-based BRAF and KRAS wild-type negative 

tests I developed, and exploration of ideas for new wild-type negative tests and areas for their 

application.  

 

By working in collaboration with clinicians at Lions Gate Hospital (N. Vancouver) and the 

Canadian Immunohistochemistry Quality Control Centre (Vancouver), I was able to test and 

validate both assays on genomic DNA samples from a cohort of colorectal cancer patients with 

known pathologies.  On each sample tested, the assays were judged clinically accurate and 

informative.  But the number of patients tested was relatively small – less than 100 in each case.  

As a goal for each assay is to realize its widespread clinical adoption and use, further clinical 

validation will be required, ideally by one or more independent clinical testing laboratories with 

expertise in digital pathology and ddPCR.  This is particularly relevant to the goal of introducing 

the assays into genetic testing clinics in the US, as legislation approved as part of the Affordable 

Care Act now mandates FDA approval of genetic tests for either inherited or acquired diseases. 

Independent testing results are required by the FDA as part of the filing and approval process for 

new genetic tests for human disease or therapeutic eligibility. 

 

Specifically, clinical validation at the standard imposed by the FDA would require a third party 

CLIA laboratory to conduct retrospective and prospective double-blinded studies comparing 

BRAF V600 or KRAS G12/13 WT negative assays results to patient outcomes and/or therapeutic 

responses.  While designed to define the patient population to which each wild-type negative 

assay can be applied, these studies will also serve to refine the limit of quantitation (LOQ) of 

each test; that is, the minimum mutant frequency at which a clinical action based on the presence 

of that mutation can be taken without risking harm to the patient. 

 

Further refinements to and clinical adoption of the data-analysis tools (and graphical user 

interface) presented and used in this thesis work would also prove valuable in enhancing clinical 

adoption and use of wild-type negative assays.  The automated data analysis method presented in 
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Appendix B and used throughout the thesis is capable of accurately identifying a limited set of 

well-defined clusters within the FAM+ and HEX+FAM+ quadrants. The R code could in 

principle be extended to enable automated identification of clusters in other quadrants as well. 

That extended data analysis tool pack would then be applicable to not only the wild-type 

negative assays described in this work, but more generally to any multiplexed ddPCR assay in 

which the output data display as a set of identifiable droplet clusters.  

 

The quality and accuracy of genetic testing are known to depend on the quality and quantity of 

the DNA (or RNA) purified from the specimen and used.  While this issue has been exhaustively 

studied for competing testing technologies, most notably qPCR assays and next-generation 

sequencing tests, very little is known about how DNA quality recovered from patient specimens, 

particularly the method used to recover DNA from FFPE samples, impacts genetic assays 

conducted using ddPCR. Incomplete deparaffinization of the sample, as well as cross-linking of 

the DNA during formalin fixation, are known to impact gene amplification kinetics in traditional 

PCR.243 It therefore stands to reason that these issues might also impact template amplification 

within a droplet format. In this thesis, genomic DNA was isolated from FFPE specimens using a 

commercial kit (QIAamp FFPE tissue kit; Qiagen) that is widely used in clinics.  The results 

obtained and reported in chapters 3 and 4 show that detection limits are an order of magnitude 

lower than current FDA-approved BRAF and KRAS tests can be achieved when the ddPCR tests I 

developed are applied to gDNA recovered from FFPE samples using this commercial kit.  

Nevertheless, more attention certainly needs to be given to understanding the impact of gDNA 

quality on results obtained by a ddPCR-based WT-negative test, and to establishing best clinical 

practices with respect to the DNA purification protocol(s) used. 

 

While instrumentation development was not a focus of my thesis, it is important to note that the 

FDA and cancer testing clinics are only just now truly considering approving and adopting 

genetic tests conducted by digital PCR. The robustness and reliability of ddPCR instrumentation 

in a clinical setting therefore remain uncertain, but a general concern that has been raised with 

regard to droplet digital ddPCR instruments is the variability in the number of “readable” 

droplets created for a given sample.  Efforts to reduce that variation and to realize other 

instrument improvements would be of clear value. 
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Finally, an R program and associated graphical user interface that permits automated solution of 

the molecular thermodynamic model used in this thesis to design LNA-substituted dual-labeled 

hydrolysis probes does not currently exist.  Its creation and availability as a web-based tool could 

be of great value, as it would enable clinicians and other users outside of our laboratory to 

rapidly design truly allele-specific probes in silico. 

 

Ideas for new applications of the platform presented in this thesis include creation of WT-

negative assays against other oncogenic biomarkers comprised of one or more missense 

mutations that either drive cancer progression or determine the eligibility of a patient for a given 

targeted therapy.  Important clinically relevant examples include PIK3CA and NRAS.80, 87 The 

PIK3CA gene on chromosome 3q26.3 codes for a 124 kDa size protein, PIK3Ca, a heterodimeric 

lipid kinase. Somatic missense mutations in the PIK3CA gene are thought to drive many human 

cancer types, including colorectal, breast, brain, liver, stomach and lung cancers. Each serves to 

increase the kinase activity of the mutated PIK3CA, contributing to deregulation of cellular 

proliferation and transformation.  Oncogenic hotspot codons in PIK3CA include E542, E545 and 

H1047, and missense mutations in each are implicated in cancer progression.   

 

Approximately 20% of all metastatic melanoma patients harbor a missense mutation in NRAS, a 

gene on human chromosome 1 coding for the NRas protein, a GTPase that converts GTP into 

GDP.  It is the second most common type of mutation in melanoma after BRAF mutations, with 

mutational hotspots present at codons 12, 13 and 61.  NRAS and BRAF mutations are thought to 

be mutually exclusive, but the incidence of NRAS mutations among metastatic melanoma 

patients wild-type for BRAF is almost 40%.  Melanoma patients positive for an NRAS mutation 

show a higher mitotic rate and therefore generally exhibit a much poorer prognosis.  Moreover, 

there is evidence that NRAS mutations may affect the clinical outcome of melanoma patients 

treated with immune therapies.  In the context of this thesis work, it is important to note that 

treatment of colorectal cancer with anti-EGFR mAbs has proven most effective in patients wild-

type for not only BRAF and KRAS, but for NRAS and PIK3CA as well.80, 87  The concept of the 

multiplexed WT-negative assay might therefore be extended to more fully stratify CRC patient 

populations. 
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A final and particularly exciting possible application of the platform described in this thesis is its 

use in creating assays for detecting oncogenic biomarkers within the free circulating DNA (cf-

DNA) population in a patient’s blood.  Significant amounts of circulating cf-DNA are present in 

the plasma of cancer patients, and the concept of “liquid biopsies” is now very attractive as it 

allows for non-invasive monitoring of cancer patients post-treatment. Thus a potentially 

impactful advance, at least from the perspective of a clinical need, would be the development of 

WT negative ddPCR assays capable of amplifying fragments shorter that < 160 bp and therefore 

interrogating the short cf-DNA fragments typically found in plasma.244  
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Appendices 

 

Appendix A  Predicting Tm Values for dsDNA Containing LNAs 

A.1. A new NNT model to predict Tm values for complementary and mismatched dual-

labeled hydrolysis probes containing LNAs 

A version of Appendix A has been published in the journal Biochemistry: Hughesman C, 

Fakhfakh K, Bidshahri R, Lund HL, and Haynes C. A New General Model for Predicting 

Melting Thermodynamics of Complementary and Mismatched B-Form Duplexes Containing 

Locked Nucleic Acids: Application to Probe Design for Digital PCR Detection of Somatic 

Mutations. Biochemistry 54: 1338-1352 (2015). 

 

 

While the NNT models described in Chapter 2 enable prediction of melting thermodynamics for 

short complementary dsDNA, I desired a model capable of predicting Tm values for 

complementary and mismatched dual-labeled hydrolysis probes containing LNAs.  Regrettably, 

such a model did not exist.  I therefore worked closely with two colleagues, Dr. Curtis 

Hughesman and Kareem Fakhfakh, to address that need.  The result of that collaborative effort 

was a new model for predicting melting thermodynamics of complementary and mismatched B-

form duplexes containing LNAs in one strand that can be applied to the design of allele-specific 

probes for digital PCR detection of missense mutations.  The full details of that model can be 

found in the 2015 Biochemistry paper cited at the start of this Applendix. As this represents 

collaborative work completed as part of my thesis, I present here only the key features of this 

new model, and then provide in section A.2 an example of the model’s use in designing one of 

the probes used in my WT-negative ddPCR assays. 

 

The model, which extends the capabilities of the NNT model of Hughesman et al.33 described in 

Chapter 2 (equations 2.8 to 2.10) for predicting melting thermodynamics of pure-DNA duplexes, 

permits prediction of the Tm of a short duplex bearing any pattern of LNA substitutions in one of 

the strands.  It can be applied to a short LNA-modified oligonucleotide duplexed either to its 

perfect complement or to a template with which it forms a mismatched base pair. For a duplex 
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composed of non-self-complementary oligonucleotides, the Tm value is predicted from the 

sequence and chemistry of the strands through the relation:  

 

𝑇𝑚 =
∆𝐻𝐿𝑁𝐴(𝑇𝑚) + ∆∆𝐻𝑓/𝑞 + ∆∆𝐺𝐷𝑁𝐴:𝑀𝑀 + ∆∆𝐺𝐿𝑁𝐴:𝑀𝑀

∆𝑆𝐿𝑁𝐴(𝑇𝑚) + ∆∆𝑆𝑓/𝑞 + ∆∆𝑆𝑠𝑎𝑙𝑡 − 𝑅 𝑙𝑛(𝐾)
 

A.1 

 

where ∆𝐻𝐿𝑁𝐴
 (𝑇𝑚) and ∆𝑆𝐿𝑁𝐴

 (𝑇𝑚) are the enthalpy and entropy changes, respectively, for 

denaturation of the LNA containing duplex at Tm. ∆∆𝐺𝐷𝑁𝐴:𝑀𝑀
  and ∆∆𝐺𝐿𝑁𝐴:𝑀𝑀

  are the 

perturbations to duplex stability (in terms of the Gibbs energy) arising from any DNA:DNA or 

LNA:DNA mismatches, respectively. The effect on duplex stability of any terminal fluorescent 

reporter dyes and quenchers is captured through their perturbations to the melting enthalpy, 

∆∆𝐻𝑓/𝑞
 , and melting entropy, ∆∆𝑆𝑓/𝑞

 , while ∆∆𝑆𝑠𝑎𝑙𝑡
  accounts for the dependence of duplex 

stability on salt composition (i.e. Mg2+, Na+, and other ion concentrations).  The required ∆∆𝐻𝑓/𝑞
  

and  ∆∆𝑆𝑓/𝑞
  parameters are given in Moreira et al,245 while ∆∆𝑆𝑠𝑎𝑙𝑡

  is computed using a 

modification to the method of von Ahsen et al.246  

∆∆𝑆𝑠𝑎𝑙𝑡 = 0.874 𝑛𝑏𝑝 𝑙𝑜𝑔10 (
[𝑁𝑎𝑒𝑞

+ ]

1000
) 

A.2 

 

[𝑁𝑎𝑒𝑞
+ ] = [𝑚𝑜𝑛𝑜𝑣𝑎𝑙𝑒𝑛𝑡 𝑐𝑎𝑡𝑖𝑜𝑛𝑠] + 120√[𝑀𝑔2+] − [𝑑𝑁𝑇𝑃𝑠]  A.3 

 

In equations A.2 and A.3, [𝑁𝑎𝑒𝑞
+ ] is the concentration in mM of sodium ion equivalents in the 

sample, [𝑀𝑔2+] is the magnesium ion concentration (mM), and [dNTPs] is the mM 

concentration of deoxyribonucleotide triphosphates in the sample. 

 

∆𝐻𝐿𝑁𝐴(𝑇𝑚) and ∆𝑆𝐿𝑁𝐴(𝑇𝑚) are computed as:  

 

∆𝐻𝐿𝑁𝐴(𝑇𝑚) = ∆𝐻𝐷𝑁𝐴
𝑜 (𝑇𝑟𝑒𝑓) + ∆∆𝐻𝐿𝑁𝐴

𝑜 + ∆𝐶𝑝(𝑇𝑚 − 𝑇𝑟𝑒𝑓) A.4 

 

∆𝑆𝐿𝑁𝐴(𝑇𝑚) = ∆𝑆𝐷𝑁𝐴
𝑜 (𝑇𝑟𝑒𝑓) + ∆∆𝑆𝐿𝑁𝐴

𝑜 + ∆𝐶𝑝 𝑙𝑛 (𝑇𝑚/𝑇𝑟𝑒𝑓) A.5 
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where ∆𝐻𝐷𝑁𝐴
𝑜 (𝑇𝑟𝑒𝑓), ∆𝑆𝐷𝑁𝐴

𝑜 (𝑇𝑟𝑒𝑓), and ∆𝐶𝑝 are computed as described in Chapter 2.  ∆∆𝐻𝐿𝑁𝐴
𝑜  

and ∆∆𝑆𝐿𝑁𝐴
𝑜  are the incremental enthalpy and entropy changes, respectfully, to duplex stability 

provided by LNA substitutions, and are computed as: 

 

∆∆𝐻𝐿𝑁𝐴
𝑜 = ∑ 𝑛𝑖  ∆∆𝐻𝑖

𝑜

4

𝑖=1

 

A.6 

 

∆∆𝑆𝐿𝑁𝐴
𝑜 = ∑ 𝑛𝑖  ∆∆𝑆𝑖

𝑜

4

𝑖=1

 

A.7 

 

In equations A.6 and A.7, 𝑛𝑖 is the number of LNA substitutions of type i, and ∆∆𝐻𝑖 
𝑜 and ∆∆𝑆𝑖 

𝑜 

are the incremental enthalpy and entropy parameters for each possible LNA–DNA base-pair i.  

based on calorimetry data, all ∆∆𝐻𝑖
𝑜 parameters were found to be negligible in value, indicating 

that the stabilizing effect of locking a nucleotide is purely entropic in nature.  The required ∆∆𝑆𝑖
𝑜 

parameters are provided in Table A.1 along with values of ∆∆𝐻𝑓/𝑞 and ∆∆𝑆𝑓/𝑞 for the reporter-

dye/quencher pairs used in this thesis work. 

 

Equations A.1 to A.7 can be used to predict Tm values for fully complementary duplexes 

containing any number and pattern of LNAs in one strand with an accuracy of 0.0 ± 1.4 °C 

(mean error ± standard deviation).   

 

The model can also predict Tm values for short duplexes bearing mismatched DNA–DNA and/or 

LNA–DNA base pairs. Perturbations to the Gibbs energy of the duplex resulting from DNA–

DNA or LNA–DNA base-pair mismatches are accounted for in equation A.1 

through ∆∆𝐺𝐷𝑁𝐴:𝑀𝑀
  and ∆∆𝐺𝐿𝑁𝐴:𝑀𝑀

 , respectively, where:  

 

∆∆𝐺𝐷𝑁𝐴:𝑀𝑀 = − ∑ 𝑛𝑖  ∆𝐺𝐷𝑁𝐴𝑖

𝑜

10

𝑖=1

+ ∑ 𝑛𝑗  ∆𝐺𝐷𝑁𝐴:𝑀𝑀𝑖

40

𝑗=1

 

A.8 
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∆∆𝐺𝐿𝑁𝐴:𝑀𝑀 = ∑ 𝑛𝑖  ∆𝐺𝐿𝑁𝐴:𝑀𝑀𝑖

12

𝑖=1

+ ∆∆𝐺5′𝑁𝑁−𝐿𝑁𝐴 + ∆∆𝐺3′𝑁𝑁−𝐿𝑁𝐴 

A.9 

 

As indicated in equation A.8, ∆∆𝐺𝐷𝑁𝐴:𝑀𝑀
  is computed by first subtracting the Gibbs energy of 

each complementary nearest neighbor base pair i lost in the formation of a mismatch; the Gibbs 

energy of the nearest neighbor doublets, j, containing the mismatch are then added through use 

of the  ∆∆𝐺𝐷𝑁𝐴:𝑀𝑀𝑖

  parameters reported in Table A.2. Participation in a mismatch of a more 

structurally rigid LNA nucleotide generally impacts duplex stability far more punitively. 

∆∆𝐺𝐿𝑁𝐴:𝑀𝑀
  accounts for this added perturbation to the transition energy change, with the 

 ∆∆𝐺𝐿𝑁𝐴:𝑀𝑀𝑖

  parameters (Table A.3) describing the energetic penalty of each possible LNA–

DNA mismatch relative to the corresponding isosequential pure DNA–DNA mismatch. Finally, 

perturbations to the energy change for denaturation of a duplex where an LNA is immediately to 

the 5’ side or 3’ side of a mismatch are then accounted for through the two base independent 

parameters, ∆∆𝐺5′𝑁𝑁−𝐿𝑁𝐴 = – 0.17 kcal mol-1 and ∆∆𝐺3′𝑁𝑁−𝐿𝑁𝐴 = – 0.55 kcal mol-1, 

respectively. 

 

Table A.1 Incremental entropy parameters (∆∆𝑺𝒊
𝒐), as well as ∆∆𝑯𝒇/𝒒 and ∆∆𝑺𝒇/𝒒 values 

[taken from Moreira BG, et al. (2005) Biochem Biophys Res Commun 327: 473-484] for the 

reporter-dye/quencher pairs used in this thesis work.  LNAs shown in bold type. 

 

LNA–DNA base pair  

∆∆𝑺𝒊
𝒐 

(cal mol-1 K-1) 

 

A–T  

T–A 

G–C 

C–G    

- 2.3 

- 3.2 

- 2.5 

- 4.8 

 

Reporter dye or  

Quenching agent 

∆∆𝑺𝒇/𝒒 

(cal mol-1 K-1) 

∆∆𝑯𝒇/𝒒 

(kcal mol-1) 

5’-FAM 

5’-HEX 

3’-BHQ1 

3’=IABkFQ 

- 12 

- 19 

  9 

- 42 

- 4 

- 7 

4 

- 14 
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Table A.2 Incremental nearest-neighbor energy parameter ∆𝑮𝑫𝑵𝑨:𝑴𝑴𝒊
 (@ 37 °C) values 

(kcal mol-1) for DNA:DNA base-pair mismatches next to complementary Watson-Crick 

base pairs in 1 M NaCl.  Energies reported are for the denaturation reaction (dsDNA → ssDNA) 

 

Nearest Neighbor 

Base Sequence 

 

X 

Y 

A C G T 

GX/CY 

 

 

 

 

CX/GY 

 

 

 

 

AX/TY 

 

 

 

 

TX/AY 

A 

C 

T 

G 

 

A 

C 

G 

T 

 

A 

C 

G 

T 

 

A 

C 

G 

T 

- 0.17 

- 0.47 

0.52 

PM 

 

- 0.43 

- 0.79 

- 0.11 

PM 

 

- 0.61 

- 0.77 

- 0.02 

PM 

 

- 0.69 

- 1.33 

- 0.74 

PM 

- 0.81 

- 0.79 

PM 

- 0.98 

 

- 0.75 

- 0.70 

PM 

- 0.40 

 

- 0.88 

- 1.33 

PM 

- 0.73 

 

- 0.92 

- 1.05 

PM 

- 0.75 

0.25 

PM 

1.11 

0.59 

 

- 0.03 

PM 

0.11 

0.32 

 

- 0.14 

PM 

0.13 

- 0.07 

 

- 0.42 

PM 

- 0.44 

- 0.34 

PM 

- 0.62 

- 0.08 

- 0.45 

 

PM 

- 0.62 

0.47 

0.12 

 

PM 

- 0.64 

- 0.71 

- 0.69 

 

PM 

- 0.97 

- 0.43 

- 0.67 

Parameter values are reported without their associated errors; parameter errors can be found in 

the original references [see Santa Lucia, Jr. J and Hicks D (2004) Annual Rev Biophys Biomol 

Structure 33: 415-440; and references therein] 
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Table A.3 Incremental nearest neighbor energy parameter ∆𝑮𝑳𝑵𝑨:𝑴𝑴𝒊
 values (kcal mol-1) 

for LNA:DNA base pair mismatches next to complementary Watson-Crick base pairs in 1 

M NaCl.  Energies reported are for the denaturation reaction (dsDNA → ssDNA).  LNA shown 

in bold. 

 

 

Mismatched LNA:DNA Base Pair 

∆𝑮𝑳𝑵𝑨:𝑴𝑴𝒊
 

(kcal/mol) 

 

A–A  

A–G 

G–A 

G–G 

C–C 

C–T 

T–C 

T–T 

A–C 

G–T 

C–A 

T–G 

 

- 0.50 

- 0.63 

- 1.18 

- 0.82 

- 0.59 

- 0.44 

- 0.35 

- 0.32 

- 0.11 

  0.38 

- 0.17 

- 0.28 
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A.2.  Sample Model-Based Calculations for LNA-Substituted Probes 

Below, the model described in Appendix A.1 is applied to the prediction of Tm values for the 

LNA-substituted BRAF WT-specific dual-labeled hydrolysis probe (see Chapter 3; the sequence 

for the probe is 5’-HEX-CGAGATTTCACTGTA-BHQ1-3’; see Table 3.1) when duplexed to 

either I) WT BRAF or II) BRAF V600E1. 

 

I. Tm Prediction for Duplex Formed Between WT BRAF and the BRAF WT-specific probe 

As this is a fully complementary duplex, ∆∆𝐺𝐷𝑁𝐴:𝑀𝑀
  and ∆∆𝐺𝐿𝑁𝐴:𝑀𝑀

  equal 0 in this calculation. 

 

Step 1: Compute ∆𝐻𝐷𝑁𝐴
𝑜  and ∆𝑆𝐷𝑁𝐴

𝑜  using equations 2.9 and 2.10 and the parameters provided in 

Table 2.1: 

 

∆𝐻𝐷𝑁𝐴
𝑜 = ∑ 𝑚𝑗∆𝐻𝑗

𝑖𝑛𝑖𝑡

2

𝑗=1

+ ∑ 𝑛𝑖∆𝐻𝑁𝑁𝑖

𝑜

10

𝑖=1

 

 

∆𝐻𝐷𝑁𝐴
𝑜 = [(-0.1) + (-2.3)] + [10.6 + 3*(8.2) + 2*(7.8) + 2*(7.2) + 2*(7.9) + 2*(8.5) + 2*(8.4)] 

 

∆𝐻𝐷𝑁𝐴
𝑜 = 112.4 kcal mol-1 

 

∆𝑆𝐷𝑁𝐴
𝑜 = ∆𝑆𝑠𝑦𝑚 + ∑ 𝑚𝑗∆𝑆𝑗

𝑖𝑛𝑖𝑡

2

𝑗=1

+ ∑ 𝑛𝑖∆𝑆𝑁𝑁𝑖

𝑜

10

𝑖=1

 

 

∆𝑆𝐷𝑁𝐴
𝑜 = 0 + [2.8 + (-4.1)] + 302.1 = 310.8 cal mol-1 K-1 

 

 

Step 2: Set ∆∆𝐻𝐿𝑁𝐴
𝑜  = 0 and compute ∆∆𝑆𝐿𝑁𝐴

𝑜  using equation A.7 and the parameters in Table 

A.1 
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∆∆𝑆𝐿𝑁𝐴
𝑜 = ∑ 𝑛𝑖  ∆∆𝑆𝑖

𝑜

4

𝑖=1

 

∆∆𝑆𝐿𝑁𝐴
𝑜 = – 20.8 cal mol-1 K-1  

 

 

Step 3: Compute ∆Cp  

From chapter 2: 

 

∆𝐶𝑝
 =  𝑛𝑏𝑝

 ∆𝐶𝑝
𝑏𝑝

  = 15*(42 cal mol-1 K-1) = 630 cal mol-1 K-1  

 

 

Step 4: Compute ∆𝐻𝐿𝑁𝐴(𝑇𝑚) in kcal mol-1 and ∆𝑆𝐿𝑁𝐴(𝑇𝑚) in cal mol-1 K-1 as a function of Tm 

using equations A.4 (with ∆∆𝐻𝐿𝑁𝐴
𝑜  = 0) and A.5 and the values determined in Steps 1 to 3. 

 

∆𝐻𝐿𝑁𝐴(𝑇𝑚) = ∆𝐻𝐷𝑁𝐴
𝑜 (𝑇𝑟𝑒𝑓) + ∆𝐶𝑝(𝑇𝑚 − 𝑇𝑟𝑒𝑓) = 112.4 + 0.630*(Tm – 326.15)  

 

∆𝑆𝐿𝑁𝐴(𝑇𝑚) = ∆𝑆𝐷𝑁𝐴
𝑜 (𝑇𝑟𝑒𝑓) + ∆∆𝑆𝐿𝑁𝐴

𝑜 + ∆𝐶𝑝 𝑙𝑛 (𝑇𝑚/𝑇𝑟𝑒𝑓) = 290 + 630 ln (Tm/326.15) 

 

 

Step 5: Compute ∆∆𝑆𝑠𝑎𝑙𝑡 from equations A.2 and A.3 for the chosen PCR solution conditions 

[CT = 0.25 µM; 50 mM K+ and 3 mM Mg2+; dNTP concentration is ignored in this calculation]. 

In the absence of the salt correction, the model predicts the Tm at standard thermodynamic 

solution conditions [1 M NaCl at pH 7].  Note that all concentrations in these equations are in 

mM units, with ∆∆Ssalt then given in cal mol-1 K-1. 

 

[𝑁𝑎𝑒𝑞
+ ] = [𝑚𝑜𝑛𝑜𝑣𝑎𝑙𝑒𝑛𝑡 𝑐𝑎𝑡𝑖𝑜𝑛𝑠] + 120√[𝑀𝑔2+] − [𝑑𝑁𝑇𝑃𝑠] = 257.8 mM 

 

∆∆𝑆𝑠𝑎𝑙𝑡 = 0.874 (𝑛𝑏𝑝 − 1) 𝑙𝑜𝑔10 (
[𝑁𝑎𝑒𝑞

+ ]

1000
) = – 7.2 cal mol-1 K-1 
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Step 6: Iteratively compute Tm using equation A.1 with ∆∆𝐺𝐷𝑁𝐴:𝑀𝑀
  and ∆∆𝐺𝐿𝑁𝐴:𝑀𝑀

  set equal to 

0.  Note that Tm appears on both sides of the equation.  One must therefore solve for Tm using a 

root-finding algorithm, such as Newton’s method or the bisection method, both of which are 

widely available, including on many hand-held programmable calculators.  Calculating the Tm 

for the complementary duplex when the probe contains no attached fluorophore or quencher, so 

that the ∆∆𝐻𝑓/𝑞 and ∆∆𝑆𝑓/𝑞 terms in equation A.1 are ignored, gives 

 

𝑇𝑚 =
∆𝐻𝐿𝑁𝐴(𝑇𝑚)

∆𝑆𝐿𝑁𝐴(𝑇𝑚) + ∆∆𝑆𝑠𝑎𝑙𝑡 − 𝑅 𝑙𝑛(𝐾)
 

 

Tm = 340.75 K = 67.6 °C 

 

For comparison, the experimentally determined (UV melt spectroscopy, with Tm value then 

corrected to a CT = 0.25 µM) value of Tm at these conditions is 67.9 °C. 

 

When the ∆∆𝐻𝑓/𝑞 and ∆∆𝑆𝑓/𝑞 terms correcting for the presence of the 5’-HEX fluorophore and 

3’ quencher, the predicted Tm is 

 

𝑇𝑚 =
∆𝐻𝐿𝑁𝐴(𝑇𝑚) + ∆∆𝐻𝑓/𝑞

∆𝑆𝐿𝑁𝐴(𝑇𝑚) + ∆∆𝑆𝑓/𝑞 + ∆∆𝑆𝑠𝑎𝑙𝑡 − 𝑅 𝑙𝑛(𝐾)
 

 

Tm = 340.05 K = 66.9 °C 

 

 

II. Tm Prediction for Duplex Formed Between BRAF V600E1 and the BRAF WT-specific probe 

This duplex is the same as in example I, except for the replacement of a complementary A–T 

Watson-Crick base pair at the 5’–10 position with a mismatched A–A base pair (BRAF c.1799 

T>A mutation).  The calculations in example I must therefore be extended to account for that 

mismatch. As a result, ∆∆𝐺𝐷𝑁𝐴:𝑀𝑀
  and ∆∆𝐺𝐿𝑁𝐴:𝑀𝑀

  are no longer equal to 0 in this calculation. 
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The calculation follow that of Example I with corrections made to account for the mismatched 

base-pair. 

 

Step 1:  Compute ∆∆𝐺𝐷𝑁𝐴:𝑀𝑀
  by identifying the two doublets (reading from the 5’ end) altered 

by the mutation, and then applying equation A.8 and the parameters in Table 2.1 and Table A.2  

 

∆∆𝐺𝐷𝑁𝐴:𝑀𝑀 = − ∑ 𝑛𝑖  ∆𝐺𝐷𝑁𝐴𝑖

𝑜

10

𝑖=1

+ ∑ 𝑛𝑗  ∆𝐺𝐷𝑁𝐴:𝑀𝑀𝑖

40

𝑗=1

 

∆∆𝐺𝐷𝑁𝐴:𝑀𝑀
  = - (1.45 + 1.44) + ((-0.43) + (-0.17)) = - 3.49 kcal mol-1   

 

 

Step 2:  Define ∆∆𝐺5′𝑁𝑁−𝐿𝑁𝐴 and ∆∆𝐺3′𝑁𝑁−𝐿𝑁𝐴.  In this probe, LNA substitutions are present on 

the base to the 5’ side of the mismatch and on the base to the 3’ side of the mismatch, so both 

parameters must be applied. 

 

∆∆𝐺5′𝑁𝑁−𝐿𝑁𝐴 = -0.17 kcal mol-1  

 

∆∆𝐺3′𝑁𝑁−𝐿𝑁𝐴 = -0.55 kcal mol-1  

 

 

Step 3:  Use those values and the parameter in Table A.3 for an A–A mismatch to compute 

∆∆𝐺𝐿𝑁𝐴:𝑀𝑀
  using equation A.9   

 

∆∆𝐺𝐿𝑁𝐴:𝑀𝑀 = ∑ 𝑛𝑖  ∆𝐺𝐿𝑁𝐴:𝑀𝑀𝑖

12

𝑖=1

+ ∆∆𝐺5′𝑁𝑁−𝐿𝑁𝐴 + ∆∆𝐺3′𝑁𝑁−𝐿𝑁𝐴 

 

∆∆𝐺𝐿𝑁𝐴:𝑀𝑀 = - 0.5 + ((-0.17) + (-0.55)) = - 1.22 kcal mol-1  
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Step 4:  Compute Tm as before but with energy corrections (∆∆𝐺𝐷𝑁𝐴:𝑀𝑀
  and ∆∆𝐺𝐿𝑁𝐴:𝑀𝑀) 

accounting for the mismatched base pair included. 

 

𝑇𝑚 =
∆𝐻𝐿𝑁𝐴(𝑇𝑚) + ∆∆𝐻𝑓/𝑞 + ∆∆𝐺𝐷𝑁𝐴:𝑀𝑀 + ∆∆𝐺𝐿𝑁𝐴:𝑀𝑀

∆𝑆𝐿𝑁𝐴(𝑇𝑚) + ∆∆𝑆𝑓/𝑞 + ∆∆𝑆𝑠𝑎𝑙𝑡 − 𝑅 𝑙𝑛(𝐾)
 

 

Tm = 328.2 K = 55.1 °C 
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Appendix B   Algorithm and Software Tool for Analyzing Data from a ddPCR WT-

Negative Assay 

 

Further information on the software tool described here in appendix B, including the complete R 

code and the Shiny web application, has been published in F1000Research: 

 

Attali D, Bidshahri R, Haynes C and Bryan J. ddpcr: an R package and web application for 

analysis of droplet digital PCR data. F1000Research 2016, 5: 1411 (doi: 

10.12688/f1000research.9022.1) 

B.1 Description of the ddpcr Algorithm 

The algorithm for automated analysis of output data from a wild-type negative assay consists of 

five main data-processing steps. To provide context as to how each step is conducted, I describe 

here the application of the algorithm to the analysis of output data from the BRAF WT-negative 

assay described in chapter 3.  The output from that assay is comprised of three clusters: a FAM–

/HEX– cluster of empty droplets, a FAM+/HEX+ cluster (droplets containing WT BRAF), and a 

FAM+/HEX– cluster (WT negative droplets). The software automatically gates droplets into 

unique clusters using kernel density estimation and Gaussian mixture models applied to the 

droplet fluorescence amplitudes. The five main steps of the algorithm are as follows: 

Step 1: Identify Failed Wells 

Any wells that clearly failed the ddPCR run are first identified by applying four quality control 

metrics. The first check ensures that the total number of droplets in a well exceeds a specific 

threshold value of 5000 droplets. The instrument manufacturer (BioRad Inc.) claims that wells 

should have 20,000 readable droplets, but in practice we usually read 12,000 – 17,000 droplets 

per well.  Lower values are observed on occasion, and any well with less than 5000 read droplets 

is considered a failure. The other three metrics evaluate the expected droplet clusters (empty, 

mutant, wildtype) and their quality by fitting a two-component Gaussian mixture model to the 

FAM signals for all read droplets.  The mean center and standard deviation of each component 

are computed and recorded. In a typical well, the distribution with the lower center will capture 

the empty droplets, while the higher distribution captures all FAM+ (template-containing)  

http://dx.doi.org/10.12688/f1000research.9022.1
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droplets.  The second metric involves looking for acceptable segregation of empty droplets from 

the FAM+ cluster by measuring the difference between the centers of the two distributions and 

ensuring it is acceptably large. The third metric evaluates the relative droplet frequency within 

the lower (empty) population to ensure the fraction of empty droplets is above a default threshold 

of 0.3. Failure to meet this criterion indicates a lack of a defined empty cluster. Similarly, the 

fourth quality control check ensures the empty droplet frequency is below a default fraction of 

0.99, as having too many empty droplets is a sign that there is not enough amplifiable templates 

in the well. Any well that does not meet all four criteria is deemed a failed run, and such wells 

are removed from further analysis. 

 

Step 2: Identify outlier droplets 

For each signal channel (FAM and HEX), the 1% percent of droplets having the highest signal 

value are identified. An outlier threshold is then defined as Q3 + k*IQR (where Q3 is the 3rd 

quartile, IQR is the interquartile range, and the percentile k is set as a default to 5 (i.e. 5%)). Any 

droplet in any well that has a FAM signal exceeding the FAM outlier threshold or a HEX value 

exceeding the HEX outlier threshold is considered an outlier droplet, and removed from further 

analysis.  

 

Step 3:  Identify and eliminate empty droplets 

Droplets with very low fluorescent signal in both channels are considered empty and are 

removed from further analysis as these droplets do not contain any amplifiable template. The 

removal of empty droplets is beneficial for two reasons. First, it greatly reduces the dimension of 

the data, which consequently allows for faster computations on the remaining droplets. Secondly, 

removing the empty droplets also serves to eliminate any bias in data analysis that might occur 

due to the large number of empty droplets.  No useful information is lost, as all the template-

containing droplets are retained.  

 

Empty droplets are identified by first fitting a two-component Gaussian mixture model to the 

FAM signals of all droplets in a well. Only the FAM signal is used because all empty droplets 

emit no FAM signal while all template-containing droplets emit FAM signal. Note that the same 

argument cannot be applied to the HEX signal because both empty droplets and mutant-positive 
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droplets are HEX–, so while FAM can be used to identify empty droplets, HEX cannot. The 

Gaussian distribution with the lower mean is assumed to be modeling the empty droplets, and 

generally has a small standard deviation since the empty droplets tend to densely cluster. A FAM 

threshold for empty droplets is then calculated under the assumption that the FAM value of 

empty droplets can be roughly modeled by a normal distribution. Specifically, a threshold is 

defined as the mean + k* (where  is the standard deviation) of the lower (empty) distribution. 

A default percentile of k = 7 is used but can be adjusted as needed to improve model fit. Any 

droplets in the well with a FAM value lower than the threshold are deemed empty and not 

considered in further analysis. Figure B1 shows an illustration of this step.  

 

 

Figure B1. A) Typical output data from the ddPCR-based BRAF WT-negative assay and a 
marginal density plot of the FAM values for all FAM– droplets. The lower solid line is the 
mean of the lower Gaussian distribution fitted to the FAM values, while the dotted line is 
the mean + 7* for that lower distribution. B) Droplets falling below the mean + 7* line 
(dashed line) for lower distribution are identified as empty droplets (marked in red) and 
discarded. 

Step 4: Identify and gate template-positive droplets 

The remaining droplets are automatically classified according to their FAM and HEX 

fluorescence amplitudes.  For instance, non-empty droplets recorded in the BRAF WT-negative 

assay are classified as either mutant, wild-type, or rain. Rain droplets are droplets that are not 

empty, but that have fluorescence amplitudes that fall outside the boundaries of a defined 
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positive-droplet cluster.  The exact cause of rain droplets is not well understood, but they are 

omitted from our analysis due to their ambiguity. The remaining droplets, which contain high 

quality amplifiable template, are defined as the filled droplet population; every filled droplet is 

then assigned to a cluster through use of a droplet gating algorithm that may be broken down into 

its sub-steps. 

 

Sub-step 1: Identify rain droplets:  Similar to the way empty droplets are identified in each well, 

rain droplets are identified using a FAM threshold. A two-component Gaussian mixture model is 

fitted to the FAM signals of all non-empty droplets in each well. The population of filled 

droplets have similar FAM fluorescence amplitudes, while the rain droplets have a wide range of 

FAM signals that are collectively of lower amplitude. Therefore, the Gaussian distribution with 

the higher mean captures the filled droplet population. A FAM threshold is calculated as 

the mean - k* (k = default is 3) of the higher (filled) distribution. Any droplets below this value 

are assigned as rain and removed from further analysis. 

 

Sub-step 2: Identify mutant versus wildtype droplets: In a BRAF WT-negative assay, all 

remaining droplets at this stage contain either a mutant or wildtype template. These droplets all 

have similar FAM values, while their HEX values differ and may be used to further discriminate 

and assign droplets. While employing a simple clustering method, such as a k-means, can in 

principle be used to cluster the two groups of droplets, that approach did not yield good results 

on many datasets.  We therefore defined the two template-positive clusters by first computing the 

kernel density estimate of the distribution of HEX values. The local minimum of the density 

estimate is then used as the gate separating mutant-positive and wild-type positive droplets. 

When computing the kernel density estimate, the degree of smoothing is an important variable 

that can affect the densities of the resulting clusters.  The algorithm therefore attempts to find the 

optimal smoothing bandwidth by iteratively increasing the smoothing parameter and using 

heuristics to assess the quality of the density estimations. 

 

At an ideal smoothing bandwidth, the density estimator of the HEX values will have two local 

maxima with one local minimum between them. The two local maxima capture the centers of the 

mutant-positive and wild-type-positive clusters, while the local minimum defines the border that 
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separates those clusters. If the smoothing bandwidth is too high, the mutant cluster will not be 

identified, while too low of a bandwidth will falsely identify most droplets as mutant. An 

iterative process is used to find the optimal smoothing parameter by multiplying the default 

bandwidth by an increasingly larger value of k. 

 

Initially, k is set to a specific value (the default (starting) k_min is 4) and the kernel density is 

estimated by adjusting the default smoothing bandwidth by k. If there is only one local maximum 

in the density curve, then all filled droplets are taken as having wild-type template. If two local 

maxima are identified, then a gate is created at the local minimum between the two maxima, with 

the droplets within the distribution of lower mean HEX signal assigned as the mutant cluster and 

droplets within the high-HEX distribution assigned as wild-type. If there are more than two local 

maxima, k is increased in small increments until a final value of k_max (k_max = default is 20). 

At each iteration, the number of local maxima is recorded until there are only two, at which point 

the gate is defined as described. If no values of k produce acceptable results, the gate is still 

defined using the left-most local minimum, and the well flagged as inaccurate in order for the 

user to review it. 

 

Figure B2 provides an example of this process, including the identification of rain droplets, and 

the subsequent gating of the filled droplet populations. 
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Figure B2. Treatment of empty-droplet excluded raw ddPCR data to identify and remove 
rain droplets, and then gate the filled droplet populations. A) Marginal density plot of FAM 
amplitude values for a data set in which the empty droplet population has been removed (see 
Figure B1 for that process). The solid line is the mean of the Gaussian distribution fitted to the 
high FAM amplitude droplet population, and the dotted line is the mean - 3* of that 
distribution. This dotted line defines the threshold, with droplets below it assigned as rain. B) 
Marginal density plot of HEX amplitude values for a data set in which the empty droplet 
population and the rain have been removed. The two vertical solid lines define the two local 
maxima in the density kernel, while the dotted lines is the value of the local minimum between 
the two maxima. The dotted line is used as a threshold to distinguish between the two filled 
droplet populations (mutant droplet population to the left and wildtype droplet population to the 
right). C) Complete droplet population with each droplet assigned, along with the thresholds 
used to determine those assignments. The outlier droplets are excluded from this visualization. 
The black droplets are classified as empty, blue droplets as rain, green droplets as containing WT 
BRAF template, and purple droplets as containing mutant BRAF V600. 

 

Sub-step 3: Computation of the mutant frequency:  Once all filled droplets have been assigned to 

a cluster, the mutant frequency (MF) within the sample is calculated as MF = (number of mutant 

droplets / total number of filled droplets) * 100%. Using the MF value, it is then possible to 

classify each sample as harboring wildtype or mutant BRAF. In this algorithm, a sample 

classified as MT is defined as having a MF that is higher than p% (where p% is defined by the 

operator based on the limit of quantitation (LOQ) of the assay) by an amount defined by the 

confidence interval (CI).  The binomial test is carried out for this task, with the null hypothesis 

being that the real mutant frequency is at most p%. 

 

A well containing 500 filled droplets that include 7 mutant droplets would therefore be classified 

as containing a wildtype sample, as the p-value is higher than 0.01 despite a mutant frequency of 

1.4% (7 / 500 * 100), while a well with 5000 filled droplets that includes 70 mutant droplets has 
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an identical MF, but is classified as a mutant sample because the p-value is then statistically 

significant (< 0.01).  

 

Sub-step 4: Proper gating of a wildtype sample: Mutant samples display clearly defined clusters 

of mutant and wildtype droplets, making gating of clusters relatively straightforward. On the 

other hand, a wildtype sample may present small number of droplets with HEX signals 

significantly different from the cluster mean.  Assignment of those droplets can be problematic. 

However, it is possible to leverage the data acquired from mutant-positive samples to accurately 

assign those droplets as containing either mutant or wildtype template. That required reference 

data is provided by results from (at least) n = 4 wells containing a mutant-positive sample.    

 

Those data are collective used to define the average distribution of the mutant-positive clusters 

relative to that of the wildtype clusters. To conduct this analysis, a mutant-to-wildtype ratio is 

calculated for every mutant-positive sample by comparing the HEX value of the right-most 

mutant-positive droplet to the median HEX value of the wildtype-positive droplets (mutant-to-

wildtype ratio = max(mutant) / median(wildtype)). After calculating this ratio for all available 

mutant-positive-samples, a “consensus” ratio is computed by choosing the Q3 percentile. The 

median HEX value of filled droplets in each indeterminate sample well is then multiplied by the 

consensus mutant-to-wildtype ratio, and the resulting value used as the new border between 

mutant and wildtype droplets. 

 

B.2   Implementation 

As reported in chapter 3, the automated ddpcr software was applied to output data of the BRAF 

WT-negative assay when applied to FFPE specimens from a cohort of colorectal cancer (CRC) 

patients. Through its droplet gating algorithm, ddpcr accurately identified droplet clusters and 

the total number of filled droplets within each sample to provide the information needed to 

compute the frequency of mutated BRAF genes (Figure B3). 
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Figure B3. Results from applying the ddpcr software to DNA samples isolated from a 

cohort of colorectal cancer (CRC) patients. Wells highlighted in green are those containing 

samples classified as containing WT BRAF. Wells highlighted in purple are those containing 

samples classified as containing mutant BRAF V600, with the recorded mutation frequency 

shown. The grey well (C5) represents a failed run. 

 

 

To assess the accuracy of results obtained from the ddpcr software, we compared BRAF-V600 

mutation frequencies determined by it with results obtained from two independent methods: 1) 

manual analysis of each ddPCR data set by an experienced operator, and 2) a certified 

immunohistochemical staining assay against BRAF V600E. V600 mutation frequencies 
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computed from the automated ddpcr software were within 3% of those obtained by manual 

analysis of the ddPCR data by an experienced operator. Likewise, for all samples testing positive 

for either WT BRAF or BRAF V600E using ddpcr, the BRAF-V600 status corresponded to that 

provided by a certified pathologist using an immunohistochemical staining assay. We therefore 

obtained agreement between the pathologist’s binary classification of BRAF status and that 

determined using ddpcr. 

 

 


