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Abstract 

Molecular analysis of circulating cell-free DNA in lung cancer 

Ricky Mark Trigg 

Two-thirds of patients with non-small cell lung cancer (NSCLC) are diagnosed 
with incurable disease, reflecting the need for early detection. However, research 
in this area has been hampered by the inability to identify individuals with early-
stage tumours or preneoplastic lesions that may progress to malignancy.  

In this thesis, the Kras+/LSL-G12D mouse was used to model lung preneoplasia, 
permitting analysis of circulating-free DNA (cfDNA) in comparison with tumour 
burden. Using end-point polymerase chain reaction (PCR), tumour-derived 
cfDNA (ctDNA) was detected in 3/7 Kras+/LSL-G12D mice with lung preneoplasia but 
no evidence of malignant transformation. Moreover, total levels of cfDNA were 
elevated in Kras+/LSL-G12D mice (mean, 66.6 ng/mL) relative to Kras+/+ mice (mean, 
2.5 ng/mL) (P = 0.006). To permit a quantitative analysis of cfDNA, digital and 
quantitative real-time PCR strategies were then developed to detect KrasLSL-G12D 
and KrasLox-G12D. Using these assays, analysis of the sensitivity of ctDNA in 
Kras+/LSL-G12D mice may inform its diagnostic potential in human NSCLC. 

In a separate project, somatic copy number alteration (SCNA) in cfDNA was 
investigated in 143 patients with advanced NSCLC. Analysis of SCNA in five 
commonly amplified genes (EGFR, FGFR1, HER2, MET and PIK3CA) by qPCR 
and ddPCR identified gene amplification in 18 patients. Next-generation 
sequencing identified mutations in 28 patients, of which only 2 patients also had 
evidence of SCNA. Interestingly, patients with SCNA in cfDNA had significantly 
poorer overall survival (OS) than patients without (HR, 1.78; 95% CI, 1.05 – 3.02; 
P = 0.03). This significance was improved further when SCNA and mutation data 
were combined; patients with one or both types of alteration had significantly 
poorer progression-free survival (PFS) (HR, 1.50; 95% CI, 1.01 – 2.21; P = 0.02) 
and OS (HR, 1.88; 95% CI, 1.24 – 2.84; P = 0.003) than patients without. This is 
the first time SCNA in cfDNA has demonstrated predictive potential in any solid 
cancer type. 
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1.1 The human lung 

The lungs are located within the thoracic cavity on either side of the mediastinum. 

The left lung comprises two lobes and the right lung comprises three lobes. An 

indentation between the two lobes of the left lung, called the cardiac notch, 

accommodates the heart. The principal function of the lungs is rapid respiratory 

exchange, which is facilitated by a large surface area-to-volume ratio and a rich 

blood supply. Air is inhaled through the trachea, the primary bronchi, a series of 

successively narrowing airways (secondary bronchi, tertiary bronchi, bronchioles, 

terminal bronchioles, respiratory bronchioles), and finally into the functional units 

of gaseous exchange; the alveoli (Murray, 2010). The bronchi are characterised 

by thick muscular walls surrounded by cartilage rings, whilst the bronchioles have 

thinner walls and no cartilage support (Sun et al., 2007). The epithelium of the 

major bronchi comprises three differentiated cell types: ciliated cells, goblet 

(mucous-producing) cells and pulmonary neuroendocrine cells (Fig 1.1). The 

putative stem cell for these cell types is the basal cell (Boers et al., 1998). In 

contrast, the epithelia of the respiratory bronchioles and alveoli are characterised 

by Clara cells and type II pneumocytes, respectively, both of which are thought 

to arise from a common precursor; the bronchioalveolar stem cell (Kim et al., 

2005). 

 
Figure 1.1 – Cellular composition of human airway epithelia. 
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1.2 Lung histopathology 

Approximately 98% of primary lung tumours are carcinomas and are classified 

according to their histopathological characteristics (Travis et al., 1995). The two 

major subtypes, which differ significantly with respect to treatment and prognosis, 

are small cell lung carcinoma (SCLC) (approximately 20%) and non-small cell 

lung carcinoma (approximately 80%). NSCLC may be further classified into 

adenocarcinoma (35 – 40%), squamous cell carcinoma (25 – 30%), large cell 

carcinoma (10 – 15%) and mixed subtypes (Califano et al., 2012). Lung 

carcinomas present centrally (arising from major bronchi) or peripherally (arising 

from alveoli/respiratory bronchioles).  

 

1.2.1 Small cell lung carcinoma  

It is currently unclear whether SCLC arises from a preneoplastic lesion, although 

this tumour type is believed to originate predominantly from neuroendocrine cells 

within major bronchial epithelium (Park et al., 2011; Sutherland et al., 2011). 

SCLC is characterised by small cells (< 21 µm) with ‘scant’ cytoplasm and ill-

defined borders (Fig 1.3 A). Characteristic nuclear defects include granular (‘salt 

and pepper’) chromatin, absent/undefined nucleoli and nuclear moulding. 

Consistent with its putative neuroendocrine origin, SCLC expresses several 

neuroendocrine markers, including neurosecretory vesicles, neural cell adhesion 

molecule, and neuropeptide growth factors (Franklin, 2000). Up to 30% of SCLCs 

are interrupted with discrete regions of non-small cell components, derived from 

all NSCLC subtypes. A tumour of this kind is classified as a combined SCLC (c-

SCLC), although it is treated for standard SCLC (Wagner et al., 2009). Rarely, 

SCLC can also be associated with less common lung malignancies, such as 

carcinosarcoma, giant cell carcinoma and spindle cell carcinoma (Summermann 

et al., 1990; Fishback et al., 1994; Tsubota et al., 1992).  
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1.2.2 Non-small cell lung carcinoma (NSCLC) 

1.2.2.1 Squamous cell carcinoma (SqCC) 

SqCC develops from preneoplastic lesions within major bronchial epithelium. 

These lesions begin with basal cell hyperplasia, squamous metaplasia, dysplasia 

(mild, moderate, severe) and eventually progress to carcinoma in situ (CIS); a 

state that may persist for several years. Hyperplasia and squamous metaplasia 

alone are not regarded as preneoplastic changes, whereas dysplasia and CIS 

are bona fide preneoplastic lesions with a significant chance of progression 

(Jeremy George et al., 2007).  Mild dysplasia involves cell crowding and mild 

cytological atypia restricted to the basal layer (lower third of the epithelium).  

Moderate dysplasia involves cell crowding and vertically-orientated nuclei within 

the lower two-thirds of the epithelium, and mitoses are present in the lower third. 

Severe dysplasia involves greater cytological atypia, mitoses are present in the 

lower two-thirds of the epithelium, and there is virtually no maturation at the 

surface (Kerr, 2001). CIS is characterised by severe cytological atypia, cell 

crowding and scattered mitotic figures, which all occur throughout the entire 

epithelium (Lantuejoul et al., 2009). 

Histologically, SqCC comprises large, flattened cells with a high cytoplasm to 

nucleus ratio, and is characterised by intercellular bridging (desmosomes) and 

keratinisation, which may be in the form of scattered keratin pearls (concentric 

rings of squamous epithelium surrounding a core of acellular keratin) (Figure 1.3 

B, centre) or intracytoplasmic keratin. These keratinised features are prominent 

in well-differentiated tumours and only focally present in poorly differentiated 

tumours (Churg et al., 2005). Rare variants of SqCC include papillary, small cell, 

clear cell and basaloid, the latter of which gives poor prognosis (Travis et al., 

1999; Moro et al., 1994).  
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1.2.2.2 Adenocarcinoma (AC) 

Lung AC represents a group of heterogeneous tumours and, as such, histological 

classification is challenging. In light of recent advancements in our understanding 

of lung adenocarcinomas, a revised classification has been proposed by the 

International Association for the Study of Lung Cancer (IASLC), American 

Thoracic Society (ATS) and European Respiratory Society (ERS) (Travis et al., 

2011). Accordingly, adenocarcinomas can be grouped into preinvasive lesions, 

minimally invasive adenocarcinoma and invasive adenocarcinomas. If the former 

two types of adenocarcinoma are completely resected, a disease-specific 

survival rate of near 100% is expected (Travis et al., 2012).  

Atypical adenomatous hyperplasia (AAH) and adenocarcinoma in situ (AIS; 

formerly bronchioloalveolar carcinoma) are believed to be precursor lesions for 

invasive disease. AAH follows a non-invasive ‘lepidic’ growth pattern, in which 

tumour cells grow along and replace the surface of intact alveolar walls, without 

invading surrounding structures (Fig 1.2 A). Often found incidentally in resected 

lung tissue, AAH lesions have a maximum diameter of 5 mm and do not contain 

invasive foci. Histologically, cells resemble type II pneumocytes or Clara cells, 

exhibit mild atypia and frequently contain dense nuclear inclusions (Kitamura et 

al., 1999; Mori et al., 2001).  

AIS is the next stage of a stepwise progression from pulmonary AC to invasive 

AC. This lesion also follows a lepidic growth pattern with no stromal invasion, but 

is larger than AAH, typically between 5 mm and 3 cm (Figure 1.2 B). Defining 

histological features of AIS include tall, columnar, closely packed tumour cells 

(giving a ‘picket fence’ pattern), cell crowding, cell stratification, coarse chromatin 

and prominent nuclei (Travis et al., 2011).  

AIS progresses to minimally invasive adenocarcinoma (MIA), which is distinct 

from AIS only by the presence of a ≤ 5 mm stromal invasion that follows a non-

lepidic growth pattern. This lesion is not associated with vascular/pleural 

infiltration or necrosis (Borczuk et al., 2009; Yim et al., 2007; Maeshima et al., 

2010). AIS and MIA lesions are generally non-mucinous; only rare cases of 

mucinous lesions have been reported (Yoshizawa et al., 2011).  
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Figure 1.2 – Preneoplastic stages of lung adenocarcinoma. (A) Atypical adenomatous 
hyperplasia. (B) Adenocarcinoma in situ. Images kindly provided by Dr David Moore 
(histopathologist, Department of Cancer Studies, University of Leicester). 
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Invasive lung ACs may show up to five distinct patterns of growth. These are 

acinar, lepidic, papillary, micropapillary and solid with mucin production. The 

recent IASLC classification recommends that ACs showing multiple growth 

patterns, which account for up to 90% of cases, are identified by their 

predominant growth pattern (Travis et al., 2011). Acinar growth presents 

histologically as irregular glandular structures of varying shapes and sizes, 

consisting of atypical epithelial cells with hyperchromatic nuclei and prominent 

nucleoli (Yoshizawa et al., 2011). The malignant cells and/or glands themselves 

may or may not contain mucin (Travis et al., 2013). As previously discussed in 

the context of pre-invasive lesions, lepidic growth is a non-invasive growth pattern 

involving mild-to-moderately atypical cells that proliferate along pre-existing 

alveolar walls, causing a slight thickening. A lepidic-predominant invasive AC is 

distinguished from AIS/MIA by the presence of an invasive focus measuring > 5 

cm in its greatest diameter, which invades lymphatics, vasculature and/or pleura, 

or if the tumour contains necrotic lesions. The invasive focus, by definition, will 

comprise cells following an acinar, papillary, micropapillary or solid growth pattern 

(Travis et al., 2013). Papillary growth is characterised by the presence of papillary 

structures, which are formed by the growth of tumour cells around fibrovascular 

cores. With micropapillary growth, these structures do not contain fibrovascular 

cores; instead, tumour cells form papillary ‘tufts,’ which may or may not be 

connected to the surrounding alveolar walls (Miyoshi et al., 2003). Solid growth 

with mucin production comprises sheets of poorly differentiated polygonal cells 

with no evidence of other growth patterns. At least five cells should stain positively 

for intracytoplasmic mucin, per each of two high-power fields analysed. Solid 

predominant ACs may appear histologically similar to poorly differentiated SqCCs 

and large-cell carcinomas, which can also express intracytoplasmic mucin (Travis 

et al., 2011). Rare growth patterns of invasive AC include foetal, colloid 

(mucinous), signet ring, clear cell and mucinous cystadenocarcinoma (Travis et 

al., 2004).  
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1.2.2.3 Large cell carcinoma (LCC) 

This term is assigned to poorly differentiated tumours that lack obvious small cell, 

squamous or glandular architecture. It is likely that LCC represents poorly 

differentiated squamous cell carcinomas and adenocarcinomas, and therefore 

the cell types of origin are likely to be multiple (Kitamura et al., 2008). Defining 

features include sheets/nests of large, round to polygonal cells with pale-staining 

cytoplasm, vesicular nuclei and prominent nucleoli (Fig 1.3 D) (Travis et al., 

2004). Several uncommon variants include basaloid carcinoma, 

lymphoepithelioma-like carcinoma, clear cell carcinoma, LCC with rhabdoid 

phenotype and large cell neuroendocrine carcinoma. The latter rare variant 

belongs to a subset of neuroendocrine lung carcinomas (one of which is SCLC), 

and has a poor prognosis (Takei et al., 2002).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 – Histological appearance of lung carcinoma subtypes. (A) Small cell lung 
carcinoma. (B) Squamous cell carcinoma. (C) Adenocarcinoma (lepidic predominant). (D) Large 
cell carcinoma. Images kindly provided by Dr David Moore (histopathologist, Department of 
Cancer Studies, University of Leicester). 
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1.3 Disease staging and prognosis 

SCLC and NSCLC are staged by the TNM system, developed by the American 

Joint Committee on Cancer (AJCC) and the International Union Against Cancer. 

The most recent (7th) edition adopts recommendations made by the International 

Association for the Study of Lung Cancer (IASLC) (Edge et al., 2010). The TNM 

staging system combines three pieces of information: the size of the primary 

tumour (T), the extent of regional lymph node involvement (N) and the extent of 

metastasis to distant tissues (M) (Table 1.1). Once T, N and M scores are 

assigned, they are combined into an overall stage (Table 1.2). Although the 7th 

edition of the TNM staging system includes SCLC, these tumours are commonly 

staged as either ‘limited-stage’ disease (LD) or ‘extensive-stage’ disease (ED), 

reflecting the tendency to metastasise early. LD is defined as a tumour confined 

to one hemithorax, with the possibility of regional lymph node extension. ED is 

defined as tumour extension beyond the regional lymph nodes (Stahel et al., 

1989). 

The overall prognosis of lung cancer is extremely poor, because over two-thirds 

of patients present with evidence of local (stage IIIA) or distant (stage IIIB/IV) 

metastases that are refractory to curative treatment. In the UK, one-year and five-

year survival rates for SCLC and NSCLC combined are approximately 30% and 

8%, respectively (Office for National Statistics, 2011). Table 1.3 shows UK one-

year and five-year survival rates (SCLC and NSCLC combined) by tumour stage. 

The prognosis of SCLC is particularly poor, due to the rapid growth rate and onset 

of metastasis. The overall five-year survival rate for SCLC is approximately 5%, 

whilst for ED (TNM: Tany, Nany, M1a/b) it is < 1%.  Median survival for ED without 

treatment is 2 – 4 months. 

 

 

 

 

 



Chapter 1             Introduction 
 

 

10 

 

 

 

Table 1.1 – TNM staging of lung tumours (7th Edition). Adapted from Edge et al., 2010. 

 

 

 

 

 

 

 

 

 

 

T Tumour 

TX Primary tumor cannot be assessed, or tumor proven by the presence of malignant cells in sputum or 
bronchial washings but not visualized by imaging or bronchoscopy 

T0 No evidence of primary tumor 

Tis Carcinoma in situ 

T1 Tumor ≤3 cm in greatest dimension, surrounded by lung or visceral pleura, without bronchoscopic 
evidence of invasion more proximal than the lobar bronchus (i.e., not in the main bronchus) 

T2 Tumor >3 cm but ≤7 cm in greatest dimension, or tumor with any of the following features (T2 tumors with 
these features are classified T2a if ≤5 cm): involves main bronchus, ≥2 cm distal to the carina; invades 
visceral pleura (PL1 or PL2); or is associated with atelectasis or obstructive pneumonitis that extends to 
the hilar region but does not involve the entire lung 

T3 Tumor >7 cm or one that directly invades any of the following: parietal pleural (PL3) chest wall (including 
superior sulcus tumors), diaphragm, phrenic nerve, mediastinal pleura, or parietal pericardium or tumor in 
the main bronchus (<2 cm distal to the carinab but without involvement of the carina) or associated 
atelectasis or obstructive pneumonitis of the entire lung or separate tumor nodule(s) in the same lobe 

T4 Tumor of any size that invades any of the following: mediastinum, heart, great vessels, trachea, recurrent 
laryngeal nerve, esophagus, vertebral body, carina, or separate tumor nodule(s) in a different ipsilateral 
lobe 

N Nodes 

NX Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in ipsilateral peribronchial and/or ipsilateral hilar lymph nodes and intrapulmonary nodes, 
including involvement by direct extension 

N2 Metastasis in ipsilateral mediastinal and/or subcarinal lymph node(s) 

N3 Metastasis in contralateral mediastinal, contralateral hilar, ipsilateral or contralateral scalene, or 
supraclavicular lymph node(s) 

M Metastasis 

M0 No distant metastasis 

M1 Distant metastasis 

M1a Separate tumor nodule(s) in a contralateral lobe tumor with pleural nodules or malignant pleural (or 
pericardial) effusion 

M1b Distant metastasis (in extrathoracic organs) 
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Table 1.2 – TNM stage groupings. Adapted from UyBico et al., 2010. 

 

 

 

 

 

 

 

Table 1.3 – NSCLC survival rates by tumour stage. Data taken from Department of Health, 
2011. 

 

 

 

T N M 

Occult carcinoma TX N0 M0 

Stage 0 (AIS) Tis N0 M0 

Stage I A T1a, T1b N0 M0 

B T2a N0 M0 

Stage II A T1a, T1b N1 M0 

T2a N1 M0 

T2b N0 M0 

B T2b N1 M0 

T3 N0 M0 

Stage III A T1, T2  N2 M0 

T3 N1, N2 M0 

T4 N0, M1 M0 

B T4 N2 M0 

Any T N3 M0 

Stage IV Any T Any N M1a, M1b 

Stage One-year survival (%) Five-year survival (%) 

I 47% 42% 

II 39% 23% 

III 31% 10% 

IV 23% 2% 

Unknown 27% 2% 
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1.4 Screening and detection 

Screening in medicine is the process of detecting a disease, or predicting the 

probability of development of a disease, in individuals showing no clinical signs 

and symptoms of the disease. The overall aim of screening is to reduce the 

incidence and mortality of a particular disease by early detection (Bretthauer and 

Kalager, 2013).  

 

1.4.1 Imaging 

To date, screening efforts for lung cancer have focused principally on chest 

radiography and computed tomography (CT). Radiographic screening studies 

have consistently failed to show a reduction in disease-specific mortality, and this 

was also the outcome of the Prostate, Lung, Colorectal, and Ovarian (PLCO) 

randomised trial (Frost et al., 1984; Flehinger et al., 1984; Fontana et al., 1991; 

Oken et al., 2011). This is likely because small nodules are not detectable using 

radiography, and larger, benign nodules lead to false-positives (Dhillon et al., 

2013). The advent of low-dose CT imaging prompted the use of CT in the 

screening setting, because it was shown to detect small lung nodules at lower 

doses of radiation than conventional CT. Early single-arm studies consistently 

reported low-dose CT to be superior to chest radiography in the detection of small 

lung nodes, a significant portion of which were confirmed as malignant (Kaneko 

et al., 1996; Sone et al., 1998; Henschke et al., 1999; Henschke et al., 2001). 

Further studies recruiting current and former asymptomatic heavy-smokers 

reported the ability of low-dose CT to detect early-stage lung cancers (Swensen 

et al., 2005; Diederich et al., 2002; Pastorino et al., 2003; Sobue et al., 2002). 

Despite these encouraging results, a meta-analysis of six randomised trials 

assessing the utility of low-dose CT in lung cancer screening found a high rate of 

false-positive lesions (235 benign nodules per 1,000 individuals screened) (Gopal 

et al., 2010). The largest randomised trial comparing low-dose CT to radiography 

in the screening of lung cancer was the National Lung Screening Trial (NLST), 

which recruited 53,454 current and former heavy smokers (National Lung 

Screening Trial Research Team et al., 2011b). Individuals were screened at 
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baseline, year one, year two, and then monitored for around 6.5 years. The CT 

arm generated a positive rate of 27% at baseline, with 96% confirmed as false-

positives. Overall, the percentage of stage 1 cancers identified through CT was 

63%, compared to 47.6% identified through radiography. The overall number of 

disease-specific deaths throughout the trial was 354 in the CT arm and 442 in the 

radiography arm, which corresponds to a 20.3% decrease in disease-related 

deaths with CT screening (National Lung Screening Trial Research Team et al., 

2011a). The results from this trial prompted the National Comprehensive Cancer 

Network (NCCN), an alliance of twenty-one American cancer organisations, to 

publish recommendations for lung cancer screening in high-risk individuals using 

helical low-dose CT. NCCN defines high-risk individuals as either those aged 50-

74 with a 30+ pack-year history of smoking tobacco, including those who have 

quite within the last 15 years, or those aged 50+ with a 20+ pack year history of 

tobacco smoking, and one additional risk factor (including cancer history, lung 

disease history, family history and carcinogen exposure) (Wood et al., 2012). 

Such a screening programme has not yet been adopted in the UK. 

 

1.4.2 Sputum cytology 

Two early randomised lung cancer screening trials, namely the Johns Hopkins 

Lung Project and the Sloan-Kettering Lung Study, investigated the efficacy of 

annual chest radiography with and without sputum cytology at four-month 

intervals (Frost et al., 1984; Melamed et al., 1984). Both trials reported no 

significant benefit of sputum cytology, in terms of disease-specific mortality, but 

these trials failed to follow-up patients long-term and were not sufficiently 

powered to detect a significant benefit (Doria-Rose et al., 2009). However, 

several combined analyses of these screening trials also report only a modest 

reduction in disease-specific mortality with sputum cytology (Rate Ratio [RR] 

0.88; 95% confidence interval [CI], 0.74-1.05), and therefore this screening 

technique is not in clinical use (Doria-Rose et al., 2009; Manser et al., 2004).  
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1.5 Treatment and palliation 

1.5.1 SCLC 

The tendency of SCLC to metastasise early renders curative surgical resection 

impossible in most cases; only patients with a small, confined lesion and 

confirmed node-negativity (T1N0M0) may benefit from surgery (Yu et al., 2010). 

SCLC is highly sensitive to chemotherapy and radiotherapy, and these 

treatments can demonstrate remarkable efficacy in shrinking the primary tumour.  

Combined chemotherapy and radiotherapy (chemoradiotherapy) is the first-line 

treatment for LD SCLC. Patients that cannot tolerate concurrent 

chemoradiotherapy may be given sequential chemoradiotherapy if a response to 

chemotherapy is evident. The addition of radiotherapy has been shown to reduce 

intrathoracic recurrence by 25% in LD (Warde and Payne, 1992). The 

chemotherapy regimen for LD SCLC consists of a platinum-based agent 

(carboplatin/cisplatin) with a topoisomerase I/II inhibitor (irinotecan/etoposide), 

with cisplatin and etoposide as first-line (Pujol et al., 2000; Sundstrom et al., 

2002). If a patient with LD SCLC responds adequately to radiotherapy, 

prophylactic cranial irradiation (PCI) can also be considered. This measure has 

been shown to increase three-year OS by 6% (Prophylactic Cranial Irradiation 

Overview Collaborative Group, 2000).  

ED SCLC is treated with palliative intent, since distant metastases cannot be 

cured. The first-line treatment is chemotherapy, which is commonly a 

combination of cisplatin and etoposide (Jackman and Johnson, 2005). 

Radiotherapy may be given if there is evidence of a response to chemotherapy 

at distant metastatic sites.  Radiotherapy can also be used for palliation within 

symptomatic regions of disease (Lutz et al., 2011). If a patient responds to first-

line chemotherapy, PCI may be offered to reduce the incidence of brain 

metastases and lengthen both disease-free and overall survival (Slotman et al., 

2008). 

Whilst SCLC typically responds very well to chemotherapy, approximately 80% 

of LD patients and virtually all ED patients eventually relapse (Schneider, 2008). 

If relapse is evident after 90 days of the completion of first-line treatment, the 
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patient is said to be sensitive to treatment. If relapse is evident within 90 days, 

the patient is said to be refractory to treatment (Hurwitz et al., 2009). Around 25% 

of sensitive-relapse patients may benefit from second-line treatment, which is the 

topoisomerase I inhibitor, topotecan (von Pawel, 2003). However, second-line 

treatment only extends survival by several months. Refractory-relapse patients 

rarely respond to second-line treatment, and are thus more suited to palliative 

care (Ardizzoni et al., 1997).   

There are currently no targeted therapies approved for the treatment of SCLC. 

Many agents have been investigated in SCLC, including inhibitors of apoptosis 

(obatoclax), angiogenesis (bevacizumab, cediranib, marimastat, sorafenib, 

sunitinib, thalidomide, vandetanib), tyrosine kinases (gefitinib, imatinib), mTOR 

(everolimus, temsirolimus) and the insulin growth factor receptor. None of these 

agents have proved more beneficial for the treatment of SCLC over traditional 

chemotherapeutic agents (Lu et al., 2013; Spigel, 2012). However, recent next-

generation sequencing studies in SCLC have identified several actionable 

alterations that may be amenable to targeted therapy on an individual patient 

basis, such as mutations in KRAS, EGFR, BRCA2 and RICTOR and possibly 

amplification of MYC (Ross et al., 2014; Sos et al., 2012). 
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1.5.2 NSCLC 

In contrast to SCLC, NSCLC is relatively insensitive to chemotherapy and 

radiotherapy. Surgery is the standard radical treatment, but complete resection 

is only feasible in stages I/II, and occasionally in stage IIIA (Scott et al., 2007). 

Surgery may be used for palliation in stage IV disease. Surgical resection may 

require the removal of an entire lung (pneumonectomy), a lobe (lobectomy), a 

small wedge-shaped section of a lobe (wedge resection) or a large section of a 

lobe (segmentectomy). During surgery, regional lymph nodes are removed and 

analysed for metastatic spread. In medically-fit patients, lobectomy is preferred 

over sublobar methods (wedge resection and segmentectomy); sublobar 

methods may be used for patients who cannot tolerate a lobectomy (Mery et al., 

2005). A sleeve lobectomy, in which a lobe and its supplying bronchial segment 

are removed, is indicated for the resection of more advanced or centrally-located 

tumours (Scott et al., 2007).  

Depending on the stage of disease, chemotherapy may be offered as a 

neoadjuvant therapy (stage IIIA), an adjuvant therapy (stage I-II), or without 

surgery (stage IIIB/1V or earlier stages where surgery is contraindicated) (Pignon 

et al., 2008; NSCLC Meta-analyses Collaborative Group et al., 2010). For 

advanced disease (stage IIIB/IV), chemotherapy is used as a first-line treatment, 

giving a modest improvement in overall survival at 1-year (NSCLC Meta-

Analyses Collaborative Group, 2008). A typical regimen for NSCLC 

chemotherapy combines a platinum-based agent (cisplatin/carboplatin) with 

another drug such as a mitotic spindle poison (docetaxel, paclitaxel, vinorelbine), 

gemcitabine or pemetrexed (Chen et al., 2010; Chang, 2011). Pemetrexed can 

be used for maintenance chemotherapy in patients with advanced non-squamous 

lung tumours who have not received the drug as first-line chemotherapy 

(Ciuleanu et al., 2009). Radiotherapy is used to resect early-stage lung cancer 

when surgery is contraindicated by the presence of other health conditions, or 

when the tumour is inaccessible (Rowell and Williams, 2001). Radiotherapy is 

also used when surgery does not provide complete resection of the tumour. If 

stage IIIA lung cancer is not suitable for surgery, chemoradiotherapy is offered. 
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Surgery is not considered curative for stage IIIB disease and, therefore, 

chemoradiotherapy is first-line (Robinson et al., 2007). Radiation can be given 

alone at this stage for palliation of specific symptoms. Stage IV lung cancer is 

also not resectable, and chemotherapy is used alone to extend survival. 

Radiotherapy and surgery can be offered for palliation (Lester et al., 2006).  

For advanced disease, it is sometimes beneficial to add a targeted agent to the 

chemotherapeutic regimen. Tumours harbouring activating mutations in the 

EGFR gene, predominantly L858R and short deletions within exon 19, may be 

targeted with reversible tyrosine kinase inhibitors (TKIs), namely erlotinib and 

gefitinib.  These agents may extend PFS by several months in EGFR-mutant 

patients, but their efficacy in EGFR-negative patients remains unclear (Paz-Ares 

et al., 2010; Laurie and Goss, 2013). The EML4-ALK fusion, which is present in 

approximately 4% of NSCLCs, permits the use of the ALK/MET/ROS1 inhibitor, 

crizotinib. Like the EGFR inhibitors, crizotinib can extend PFS by several months 

(Forde and Rudin, 2012). Whilst targeted agents are associated with fewer side 

effects than standard chemotherapeutic agents, their efficacy is limited by the 

emergence of resistance mechanisms (Kobayashi et al., 2005; Choi et al., 2010). 

Resistance to EGFR TKIs is commonly acquired through the T790M mutation at 

the ‘gatekeeper’ residue within the ATP-binding pocket. Several studies have 

showed that this mutation is a subclonal event that occurs prior to initiation of 

EGFR TKI therapy (Wheeler et al., 2010). Less commonly, acquired resistance 

can be caused by amplification of MET or mutation of genes downstream of 

EGFR (Stewart et al., 2015). Resistance to ALK TKIs arises via secondary 

mutations in the tyrosine kinase domain of ALK or EGFR in approximately 60% 

of cases. Genomic amplification of ALK fusions is responsible for a further 15% 

of cases. Activation of KIT, KRAS and IGFR1 is also implicated in acquired 

resistance, but their relative contributions are currently unclear (Isozaki et al., 

2015).   
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1.6 Genetic alterations in lung cancer and preneoplasia 

1.6.1 NSCLC 

Genomic sequencing efforts in NSCLC have revealed a complex and 

heterogeneous landscape of alterations, some of which appear to discriminate 

between molecular subtypes and smoking status. In addition, these efforts have 

led to the discovery of novel drivers that may be actionable with existing therapies 

or therapies currently undergoing clinical testing (Araujo et al., 2015). A summary 

of large-scale genome sequencing studies in NSCLC is provided in Table 1.4, 

showing the most commonly altered genes. 

The mutational burden of NSCLC is ten-fold higher in smokers than in never-

smokers, with a positive correlation between smoking exposure and mutation 

number (Govindan et al., 2012a). Moreover, C>A transitions are particularly 

abundant among smokers, whereas C>T transitions are more abundant among 

never-smokers (Govindan et al., 2012a; Ding et al., 2008a; Lee et al., 2010; 

Imielinski et al., 2012). Interestingly, smoking is associated with alterations in 

specific gene sets; KRAS, TP53, BRAF, STK11 and JAK2/JAK3 are commonly 

mutated in smokers, whereas EGFR and PTEN mutations and ALK, ROS1 and 

RET fusions are common in never-smokers (Govindan et al., 2012a; Seo et al., 

2012; Shigematsu et al., 2005; An et al., 2012).  

The KRAS gene is mutated in approximately 25% of NSCLC. The majority of 

mutations are missense, affecting codons 12, 13 and 61, resulting in 

hyperactivation of KRAS signalling (Johnson et al., 2012). EGFR mutations are 

found in 15 – 40% of NSCLC, with a high prevalence among East Asians 

(Yoshida et al., 2007; Cortes-Funes et al., 2005; Tokumo et al., 2005). Up to 90% 

of EGFR mutations are the L858R missense mutation (exon 21) and small, in-

frame exon 19 deletions, and these are currently screened for in routine practice 

since they confer sensitivity to TKIs (Ladanyi and Pao, 2008). KRAS and EGFR 

mutations are mutually exclusive and have been identified in both preneoplastic 

lung lesions (Chapter 1.6.3) and founder clones of overt NSCLC, strongly 

suggesting these genes are early drivers (Govindan et al., 2012a; Yoshida et al., 

2005; Tang et al., 2005; Marchetti et al., 2011).TP53 is mutationally inactivated 
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in 40 – 60% of NSCLC, independent of KRAS and EGFR status (Mogi and 

Kuwano, 2011; Mao, 2001). Mutations are predominantly missense, clustering in 

exons 5 – 8 (DNA-binding domain) (Vousden and Lu, 2002; Yokota and Kohno, 

2004; Mechanic et al., 2005). Several other genes are reported to be mutated at 

varying frequencies, including BRAF, ERBB2, FGFR2, PIK3CA, PTEN and RB1 

(Table 1.4). 

Somatic copy number alteration (SCNA) of key genes is also a major driver in 

NSCLC. Amplification of MET is observed in 2 - 4% of TKI-naïve patients and 

rises to around 20% in patients receiving TKI therapy as a mechanism of drug 

resistance (Go et al., 2010; Bean et al., 2007; Chen et al., 2009; Cappuzzo et al., 

2009a; Cappuzzo et al., 2009b). The frequency of EGFR amplification has been 

reported at 4 – 14% and copy number is closely correlated with EGFR mutation 

status (Chang et al., 2008; Liang et al., 2010). Although controversial, high-level 

amplification of EGFR has been shown to confer sensitivity to TKIs (Cappuzzo et 

al., 2005; Hirsch et al., 2005; Sone et al., 2007). Several SCNAs are strongly 

smoking associated, such as amplifications in FGFR1, PIK3CA and SOX2. These 

alterations predominantly occur in SqCC at frequencies of 5 – 8%, around 33% 

and 20 – 72%, respectively (Kawano et al., 2006; Yamamoto et al., 2008; Wang 

et al., 2012; Wang et al., 2014a; Yuan et al., 2010; Wilbertz et al., 2011; Brcic et 

al., 2012; Bass et al., 2009; Hussenet et al., 2010a). Amplification of ERBB2 is 

uncommon (around 1% of ACs) but has been proposed as a mechanism of 

resistance to TKI therapy (Takezawa et al., 2012). 

A subset of NSCLCs are driven by gene fusions. The most common gene fusion 

is EML4-ALK (3 – 6%), which is generated by the translocation of an inverted 

region (variable composition) of EML4 to exons 20 – 29 of ALK (Soda et al., 

2007). 1 – 2% of ACs are driven by RET fusions with CCDC6, KIF5B or TRIM33 

and all fusions exhibit sensitivity to TKI therapy (Kohno et al., 2012; Lipson et al., 

2012).  A further 1 – 2% of ACs are driven by ROS1 fusions with diverse partners, 

including CD74, EZR, FIG, LRIG, SCF34, SDC4, SLC34A2 and TPM3 

(Bergethon et al., 2012; Yoshida et al., 2013; Davies et al., 2012; Takeuchi et al., 

2012; Rimkunas et al., 2012). Interestingly, all ALK, RET and ROS fusions are 
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associated with light/never smokers, AC histology and are mutually exclusive of 

other drivers (Thunnissen et al., 2012). 

 

Study (et al) Year NSCLC subtype (n) 
Commonly altered 
genes (top five) 

Reference 

Lin 2016 AC (61) EGFR, KRAS, PIK3CA, 
BRAF, EML4-ALK (fusion) 

Shao et al., 2016 

Deeb 2015 Not specified (13) KRAS, ERBB2, EGFR, 
PTEN, - 

Deeb et al., 2015 

Qiu 2015 AC (89) TP53, EGFR, KRAS, 
PIK3CA, BRAF 

Qiu et al., 2015 

Hagemann 2015 AC (147), SqCC (36), 
LCC (4), other (15) 

KRAS, EGFR, PIK3CA, 
BRAF, PTEN 

Hagemann et al., 2015 

TCGA Research 
Network 

2014 AC (230) TP53, KRAS, KEAP1, 
STK11, EGFR  

Cancer Genome Atlas 
Research Network, 
2014 

Govindan 2012 AC (16), LCC (4) KRAS, LRP1B, TP53, 
MET, EGFR 

Govindan et al., 2012b 

Imielinski 2012 AC (183) TP53, KRAS, EGFR 
STK11, KEAP1 

Imielinski et al., 2012 

Lipson 2012 Not specified (24) KRAS, TP53, STK11, 
LRP1B, JAK2 

Lipson et al., 2012 

TCGA Research 
Network 

2012 SqCC (178) TP53, CDKN2A, PTEN, 
PIK3CA, KEAP1 

Cancer Genome Atlas 
Research Network, 
2012 

Xiong 2012 AC (3), SqCC (5), other 
(6) 

TP53, MXRA5, EGFR, 
PIK3CA, KRAS 

Xiong et al., 2012 

Ding 2008 AC (188) TP53, KRAS, STK11, 
EGFR, LRP1B 

Ding et al., 2008b 

 
Table 1.4 – Commonly altered genes in NSCLC as determined by large-scale genomic 
analyses. AC, adenocarcinoma; LCC, large cell carcinoma; SqCC, squamous cell carcinoma.  
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1.6.2 SCLC 

The genomic landscape of SCLC is less well characterised. Genomic 

characterisation of this tumour subtype is challenging due to the high mutational 

burden and the difficulty in obtaining clinical material for research. This has led to 

cell lines becoming a vital resource for genomic analyses (Semenova et al., 

2015). It is known, however, that SCLC exhibits a very high mutational burden 

(second to colorectal cancer), consistent with tobacco carcinogenesis, and is 

frequently driven by copy number alterations and inactivating mutations in tumour 

suppressors such as TP53, RB1 and PTEN (Toyooka et al., 2003; Wistuba et al., 

2000a) Activating mutations in oncogenes such as EGFR, PIK3CA and KRAS 

are relatively rare.  

The most common genetic alterations in SCLC are mutational 

inactivation/deletion of TP53 and RB1, which are observed in 66 – 95% of cases 

(Wistuba et al., 2001; Arriola et al., 2008; Mori et al., 1990). Compared with other 

lung cancer subtypes, SCLC has the highest rate of allelic loss within adjacent 

‘normal’ bronchial epithelium. Interestingly, 17p13 deletions (TP53) are 

particularly frequent, suggesting TP53 loss may be an initiating event in the 

development of these tumours (Wistuba et al., 2000b). Mutational inactivation of 

PTEN is observed in 4 – 16% of cases and 20 – 40% of SCLCs harbour mutations 

and/or amplifications in other genes of the PI3K pathway, leading to pathway 

hyperactivation (Ross et al., 2014; Yokomizo et al., 1998; Peifer et al., 2012; 

Umemura et al., 2014).   

Many copy number alterations in SCLC are also observed in NSCLC. Loss of 

large segments on chromosome 3p is common to all lung cancer subtypes and 

suggests key TSGs are likely contained within this region (Otterson et al., 1992). 

However, few TSGs within 3p have been identified to date. In SCLC, a pattern of 

arm-level LOH is frequently observed in chromosomes 4p, 4p, 4q, 10q, 13q 

(RB1), 1q and 17p (TP53), and appears to be unique to this tumour subtype (Ried 

et al., 1994; Virmani et al., 1998; Shivapurkar et al., 1999; Staaf et al., 2013).  

Genomic amplifications of the MYC family genes (MYC, MYCL1 and MYCN) are 

well documented in SCLC and are mutually exclusive events (Sos et al., 2012). 
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Reported amplification frequencies vary widely, but a previous array comparative 

genomic hybridisation study identified MYC family amplification in 81.8% of SCLC 

tumours (n = 33) and 61.5% of SCLC cell lines (n = 13) (Voortman et al., 2010). 

Interestingly, SOX2 amplification, which is highly prevalent in SqCC, has also 

been identified in SCLC by two recent comprehensive genomic analyses. 

However, the reported frequencies vary (4%, n = 98; 27%, n = 53) (Ross et al., 

2014; Rudin et al., 2012). Another recently implicated gene is FGFR1, which is 

amplified in 4 – 8% of cases (Peifer et al., 2012; Schultheis et al., 2013; Thomas 

et al., 2014; Zhang et al., 2015)  

Recent large-scale next-generation sequencing analyses by Rudin et al., (2012), 

Peifer et al., (2012), Ross et al., (2014), George et al., (2015) and Umemura et 

al., (2015) have highlighted several key drivers of the disease, some of which 

may be actionable with current targeted therapies. A summary of genetic drivers 

in SCLC is provided in Table 1.5. 
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Table 1.5 – Frequency of key genetic drivers in SCLC. D, deletion (loss); A, genomic 
amplification; IM, inactivating mutation; T, translocation. 

 

 

 

 

 

 

 

 

Gene Alteration Frequency (%) n Study 

FGFR1 A 
A 
A 
A 
A 

6 
6 
8 
4 
8 

63 
251 
68 
98 
77 

Peifer et al., 2012 
Schultheis et al., 2013 
Thomas et al., 2014 
Ross et al., 2014 
Zhang et al., 2015 

MYCL1 A 
A 
A 

10 
8 
8 

183 
63 
63 

Johnson et al., 1992 
Sos et al., 2012 
Peifer et al., 2012  

MYCN A 
A 
A 

7 
5 
6 

183 
63 
63 

Johnson et al., 1992 
Sos et al., 2012 
Peifer et al., 2012  

PTEN IM 
IM 
IM 
IM 

16 
10 
4 
5 

44 
29 
51 
98 

Yokomizo et al., 1998 
Peifer et al., 2012 
Umemura et al., 2014 
Ross et al., 2014 

RB1 IM 
D 
IM 
D 
R 

66 
76 
80 
95 
14 

29 
29 
110 
110 
110 

Peifer et al., 2012 
Peifer et al., 2012 
George et al., 2015 
George et al., 2015 
George et al., 2015 

SOX2 A 
A 

4 
27 

98 
56 

Ross et al., 2014 
Rudin et al., 2012 

TP53 IM 
D 
IM 
D 
T 

93 
66 
94 
95 
5 

29 
29 
110 
110 
110 

Peifer et al., 2012 
Peifer et al., 2012 
George et al., 2015 
George et al., 2015 
George et al., 2015 
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1.6.3 Lung preneoplasia 

Genetic alterations that promote the development of preneoplasia are a 

fundamental consideration in the development of strategies for early diagnosis 

and treatment. Relatively few studies have investigated the genetic changes 

associated with lung preneoplasia, reflecting the difficulty in identifying individuals 

with specific lesions of interest. Rather, these lesions are often incidental biopsy 

findings in the lungs of patients with established cancer.  

Allelic loss at 3p is one of the earliest genetic alterations in lung tumourigenesis, 

occurring in around 78% of bronchial preneoplastic lesions and 96% of lung 

tumours. A particularly interesting gene encoded within chromosome 3p is FHIT. 

This gene is subject to allelic loss in the majority of SCLCs and NSCLCs and has 

been confirmed as a bona fide TSG in lung cancer through a series of in vitro and 

in vivo studies (Sozzi et al., 1996; Antczak et al., 2013; Chen et al., 2013). In 

patients with established lung cancer, preneoplastic lesions also exhibit 

aneusomy at chromosomes 7p12 and 8q24, which encompass the sequences 

for EGFR and MYC, respectively (Jonsson et al., 2008).  

Altered expression of p53 has been reported in lung preneoplasia, with around 

25% of bronchial mild dysplastic lesions, 75% of CIS lesions and up to 60% of 

AAH lesions exhibiting increased protein expression (Brambilla et al., 1998; 

Tominaga et al., 2003). A possible explanation is that inactivating mutations in 

TP53 extend the half-life of the protein and promote nuclear accumulation 

(Mattioni et al., 2013). p53 accumulation in bronchial preneoplasia is associated 

with a high probability of invasive progression (Brambilla et al., 1998; Ponticiello 

et al., 2000; Jeanmart et al., 2003). Thus, TP53 inactivation may be a very early 

event in lung tumourigenesis.  

Inactivation of RB1 is not a feature of bronchial preneoplasia, but the 

retinoblastoma phosphorylation pathway is altered by LOH at 9p21, which 

encompasses CDKN2A. This implicates CDKN2A loss in early tumourigenesis of 

bronchial epithelium (Wistuba et al., 1999; Chyczewski et al., 2001). 

Activating mutations in EGFR are common in peripheral preneoplasia, and are 

correlated with the severity of the lesion; around 3% of AAH lesions exhibit 



Chapter 1             Introduction 
 

 

25 

 

 

mutations, compared to 10% of AIS lesions and 42% of overt adenocarcinomas 

(Yoshida et al., 2005). Interestingly, patients with EGFR-mutant AC exhibit 

identical EGFR mutations in histologically ‘normal’ respiratory epithelium within 

and adjacent to the tumour. This phenomenon is not reported in EGFR-WT AC, 

suggesting EGFR mutations may be subject to a localised field effect in the 

respiratory epithelia, and implicating EGFR in early lung tumourigenesis (Tang et 

al., 2005). EGFR mutations are uncommon in bronchial preneoplasia.  

Oncogenic KRAS is observed in preneoplastic alveolar lesions, but decreases in 

frequency as the severity of the lesion increases. Sakamoto et al reported 

mutation frequencies of 33% of AAH, 12% of AIS, 8% of MIA and 0% of low-

grade invasive ACs (Sakamoto et al., 2007). Marchetti et al reported mutation 

frequencies of 36% in AIS and 22% of invasive ACs (Marchetti et al., 2011). 

Therefore, KRAS mutations occur early in lung tumourigenesis, but the majority 

of mutant lesions do not progress to malignancy. This is also consistent with 

conditional mouse models of KrasG12D-induced lung cancer, whereby the majority 

of benign nodules do not progress to AC (Collado et al., 2005). KRAS mutations 

may not be present in bronchial preneoplasia (Sugio et al., 1994). 

Amplification of 3q is thought to be the most common genetic alteration in SqCC. 

Consistently, PIK3CA is located within this region, and is frequently amplified in 

severely dysplastic bronchial lesions (Massion et al., 2004). Another oncogene 

within 3p is SOX2, which has been identified as a possible driver of SqCC, and 

is also amplified in such lesions (McCaughan et al., 2010; Schneider et al., 2013). 
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1.7 Genetically engineered mouse models of lung preneoplasia 

In humans, it is often difficult to ascertain whether benign lesions will progress to 

malignancy, since lesions are not trackable over time. Genetically engineered 

mouse (GEM) models of cancer have the advantage that lesions can be induced 

de novo through the activation of one or more genetic alterations. Mice can be 

monitored in vivo and harvested at defined time points to develop an 

understanding of tumourigenesis from initiation to metastasis. GEM models of 

preneoplasia have particular utility for the study of early neoplasia where either 

an exploratory approach is taken to identify early disease biomarkers, or where 

known genetic alterations in the preneoplastic lesions are evaluated in blood. Two 

well characterised GEM models that produce a spectrum of preneoplastic lung 

lesions are Cre/Lox-regulated models driven by BrafV600E and KrasG12D.   

 

1.7.1 Braf+/LSL-V600E 

The first GEM model of BrafV600E-driven lung cancer was generated in the 

McMahon lab (Dankort et al., 2007). In this model (Braf+/LSL-V600E), a Cre/Lox-

regulated mini-gene containing exons 15-18 is targeted downstream of exon 14 

of Braf, such that in the absence of Cre recombinase, BrafWT is expressed at 

endogenous levels. In the presence of Cre recombinase, the mini-gene is excised 

and BrafV600E is expressed. Lung-specific expression is achieved through nasal 

administration of adenoviral Cre recombinase, the titre of which influences 

tumour multiplicity. Within 2 weeks, mice develop multiple hyperplastic regions of 

bronchial epithelium, progressing to papillary adenomas by 6-8 weeks of age. 

These lesions rarely progress to malignancy and, instead, show markers of 

senescence (Dankort et al., 2007). Malignant progression can be achieved 

through concomitant inactivation of Trp53 or Ink4a/Arf. A similar model of 

BrafV600E-driven cancer was developed by the Pritchard lab in 2005 and can be 

induced by nasal delivery of adenoviral Cre recombinase as in the McMahon 

model (Mercer et al., 2005). Figure 1.4 shows the preneoplastic features of the 

lung of a Braf+/LSL-V600E 12 weeks post-administration of Cre recombinase. 
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Figure  1.4 – Histological appearance of lung lesions in the Braf+/LSL-V600E mouse. (A) At 12 
weeks post-infection with adenoviral Cre recombinase at 5 x 107 PFU, lungs exhibit widespread 
alveolar hyperplasia and numerous well-circumscribed adenomas. (B) Alveolar hyperplasia that 
resembles atypical adenomatous hyperplasia (AAH) observed in the human lung. (C) Bronchial 
epithelial hyperplasia with surrounding alveolar hyperplasia. (D) Multiple well-circumscribed 
adenomas. (E) High magnification of an adenoma in (D), showing a papillary predominant 
architecture. Adenocarcinomas are not evident at 12 weeks post-infection.  
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1.7.2 Kras+/LSL-G12D 

The Kras+/LSL-G12D GEM model, developed by Tyler Jacks and colleagues (MIT), 

is a well characterised and extensively studied model that recapitulates the 

cognate human disease from the preneoplastic stages through to metastasis (Fig 

1.5) (Jackson et al., 2001). The model is regulated by LoxP-flanked 

transcriptional silencing (STOP) element upstream of exon 1, such that upon 

delivery of Cre recombinase, the STOP element is excised and KrasG12D is 

expressed at endogenous levels. In the absence of Cre recombinase, 

transcription is abrogated within the STOP sequence and no protein is produced. 

Like the Braf+/LSL-V600E model, spatiotemporal expression of KrasG12D in the lung 

is achieved by infecting mice intra-nasally with a recombinant adenovirus or 

lentivirus expressing Cre recombinase. Adenoviral administration gives moderate 

control over the tumour multiplicity and, more recently, the cell-of-origin through 

the delivery of adenoviral Cre strains that carry cell type-specific promoters 

(Sutherland et al., 2011; Tao et al., 2014). 

In this thesis, the Pritchard (Braf+/LSL-G12D) and Jacks (Kras+/LSL-G12D) GEM models 

of early lung cancer development were investigated as models of circulating-free 

DNA in pre-malignant lung disease (Chapters 3 and 4).  
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Figure  1.5 – Histological appearance of lung lesions in the Kras+/LSL-G12D mouse. (A) At 12 
weeks post-infection with adenoviral Cre recombinase at 5 x 107 PFU, lungs exhibit widespread 
alveolar hyperplasia, multiple adenomas with adjacent bronchiolar involvement and bronchial 
epithelial hyperplasia. (B) Alveolar hyperplasia resembles atypical adenomatous hyperplasia 
(AAH) observed in the human lung. (C) Bronchial epithelial hyperplasia with surrounding alveolar 
hyperplasia. (D) Multiple adenomas with adjacent bronchiolar involvement. Adenomas may be 
well-circumscribed (■) or with lepidic borders (▲), also evident in (A). (E) High magnification of 
the central adenoma in (D), showing a papillary predominant architecture. Adenocarcinomas are 
not evident at 12 weeks post-infection.  
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1.8 Circulating biomarkers 

Solid tumours are diagnosed and treated following histopathological analysis of 

tumour tissue. However, the procedure for obtaining tumour tissue is invasive 

and labour-intensive. Moreover, a tissue biopsy may be subject to spatial 

selection bias and fail to represent the histological and genetic heterogeneity of 

a tumour, potentially resulting in misguided treatment decisions. A ‘liquid biopsy,’ 

through circulating biomarkers, represents an alternative approach, since it is 

minimally invasive, repeatable, and may provide real-time snapshots of tumour 

dynamics (Table 1.6 and Fig 1.6)  

Circulating biomarkers of interest in the management of cancer include circulating 

free DNA (cfDNA), circulating tumour cells (CTCs), small RNA (mRNA, miRNA), 

exosomes, microvesicles, platelets and plasma proteins (Gold et al., 2015). 

However, none of these biomarker sources have been validated for clinical use 

in lung cancer (Xiang et al., 2013).  

 

 
Tissue Biopsy Liquid Biopsy 

Invasiveness 

Accessibility  

Risk of complications 

Length of process 

Longitudinal sampling 

Representative of tumour(s) 

Invasive 

Dependent on tumour location 

Post-operative risk 

Long and labour-intensive 

Not always feasible 

No; spatial selection bias 

Minimally invasive 

Always accessible 

Negligible risk  

Fast and efficient 

Feasible  

Yes (in principal)  

 
Table 1.6 – Tissue biopsy vs liquid biopsy. 
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Figure 1.6 – Blood based ‘liquid biopsy.’ A tissue biopsy is invasive, subject to spatial selection 
bias and may not faithfully recapitulate genetic heterogeneity. cfDNA can be isolated from a blood 
sample and may represent the subclonal populations of a tumour. CTCs are under investigation 
as biomarkers for metastatic potential. Adapted from Figure 1, Fleischhacker & Schmidt, 2011. 
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1.8.1 Circulating-free DNA 

1.8.1.1 Introduction 

Nucleic acids (later confirmed as DNA) were first reported in the circulation over 

60 years ago by Mandel and Métais (Mandel, P. and Métais, P., 1948). The 

discovery generated little interest until 1977, when cfDNA levels were first shown 

to be elevated in patients with cancer (Leon et al., 1977). The tumour-derived 

component of cfDNA, termed circulating tumour DNA (ctDNA), was identified in 

1994 by two independent studies in which RAS mutations were identified in the 

plasma of patients with pancreatic cancer and acute myelogenous leukemia 

respectively (Sorenson et al., 1994; Vasioukhin et al., 1994). These findings 

generated new enthusiasm to explore the clinical potential of circulating nucleic 

acids in patients with cancer.  

There are several different mechanisms of cfDNA release. cfDNA fragments are 

typically 70 – 200 bp in length, and characteristic of apoptotic cleavage. In some 

patients with cancer, high-molecular weight DNA is also evident likely derived 

from necrotic cells (Giacona et al., 1998; Jahr et al., 2001; Jiang et al., 2015). 

Basal cfDNA levels arise due to turnover of normal haematopoietic cells (Giacona 

et al., 1998). Whilst cfDNA levels are generally elevated in cancer, particularly in 

advanced disease, this phenomenon is also recognised as a hallmark of other 

conditions including diabetes, systemic lupus erythematosus, sepsis and 

myocardial infarction, thus, increased cfDNA levels are not specific to cancer 

(Rumore and Steinman, 1990; Rhodes et al., 2006; Rainer et al., 2003). This 

realisation prompted the analysis of specific genetic and epigenetic alterations in 

cfDNA that mirror those of the solid tumour. 
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1.8.1.2 Biological importance of cfDNA 

Intriguing in vitro and in vivo studies show that cfDNA from patients with cancer 

can potentially transform susceptible and seed distant metastases; the 

‘genometastasis’ hypothesis (Garcia-Olmo et al., 2000; Garcia-Olmo et al., 

2004). For example, cfDNA from tumour-bearing rats can transfect cancer cells 

in culture, and lung extracts from healthy rats contain tumour-specific markers 

after inoculation with plasma from tumour-bearing rats several weeks prior 

(Garcia-Olmo et al., 1999b; Garcia-Olmo et al., 1999a) and healthy murine cells 

cultured with cfDNA from tumour-bearing animals form xenografts when injected 

into immunodeficient mice. Lastly, 3 of 4 plasmas with mutant KRAS from patients 

with resected KRAS-mutated colorectal cancer were able to transform NIH-3T3 

cells, which were subsequently shown to induce carcinomas when injected into 

nude mice (Garcia-Olmo et al., 2010). These studies suggest that primary tumour 

resection does not necessarily eradicate circulating oncogenic DNA, and in some 

cases this DNA has transforming potential (Garcia-Olmo et al., 2012).   

Susceptible cells may also undergo oncogenic transformation via phagocytosis 

of tumour-derived apoptotic bodies. Bergsmedh et al. (2001) reported the ability 

of p53-deficient mouse embryonic fibroblasts (MEFs) to phagocytose apoptotic 

bodies derived from tumour cells, which induced loss of contact inhibition and 

anchorage independence in vitro and tumour formation in vivo.    
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1.8.1.3 cfDNA/ctDNA as a biomarker of cancer 

The tumour-derived fraction of circulating cell-free DNA (cfDNA), termed 

circulating tumour DNA (ctDNA), may comprise between 0.01% and 90% of total 

cfDNA, and is exquisitely specific, since it can carry genetic alterations 

concordant with patient’s tumour(s)  (Diehl et al., 2008). These alterations may 

include SNVs, indels, rearrangements, SCNAs, LOH and microsatellite instability 

(Diaz and Bardelli, 2014). As such, ctDNA can be detected and discriminated 

from healthy cfDNA using techniques such as quantitative/digital PCR and next-

generation sequencing. Circulating tumour DNA is a dynamic biomarker: total 

ctDNA levels have been shown to correlate with tumour burden across a range 

of cancer types and then resolve to undetectable levels following complete 

tumour regression with pharmacotherapy or curative surgery (Diehl et al., 2008; 

Shinozaki et al., 2007; Forshew et al., 2012; Dawson et al., 2013; Bidard et al., 

2014; Hamakawa et al., 2015; Tsao et al., 2015). Therefore, ctDNA levels could 

serve as a surrogate biomarker for tumour burden to monitor therapeutic 

response and assess disease status (stable or progressive).  

 

1.8.1.4 Quantitative analysis of cfDNA in lung cancer  

There has been much interest in quantitative measurement of total cfDNA levels 

in patients with NSCLC.  For example, several studies have shown a significant 

difference in total cfDNA levels between cancer patients and healthy controls 

(age-matched smokers and non-smokers) using qPCR or fluorometric assays 

(Table 1.7) A recent systematic review and meta-analysis calculated a pooled 

sensitivity and specificity of 81% and 85%, respectively, for the quantification of 

cfDNA as a diagnostic tool in NSCLC (Jiang et al., 2016). However, many of the 

studies included in the review did not distinguish between early and late-stage 

disease, and therefore the sensitivity and specificity of cfDNA quantification in the 

early disease is unknown. Moreover, two studies in advanced NSCLC have 

reported no correlation (Nygaard et al., 2014; Lee et al., 2011).
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*significance not specified. **median value. AC, adenocarcinoma; NS, not specified 

Table 1.7 – Summary of quantitative cfDNA analyses in lung cancer patients and non-cancer controls.  

Author (et al) Year 
Cancer 
subtype 

Stage  
n 

Specimen  Quantification method 
Mean cfDNA (ng/mL) 

Significance Reference 
Cancer Control Cancer  Control 

Sozzi 2001 Mixed Mixed 84 43 Plasma DNA Dipstick™ 318 18 P < 0.05* Sozzi et al., 2001 

Sozzi  2003 Mixed Mixed 100 100 Plasma qPCR (TERT, 98 bp) 75.0 4.6 P < 0.05* Sozzi et al., 2003 

Xie 2004 Mixed Mixed 67 44 Plasma PicoGreen® 110.7 11.6 P < 0.001 Xie et al., 2004 

Herrera 2005 Mixed Mixed 25 62 Plasma qPCR (ACTB, 99 bp) 14.6 10.6 P = 0.1754 Herrera et al., 2005 

Ludovini 2008 Mixed Mixed 76 66 Plasma qPCR (TERT, 98 bp) 60 5 P < 0.0001 Ludovini et al., 2008 

Ulivi 2008 Mixed Mixed 128 103 Serum qPCR (GAPDH, 125 bp) 48.0 8.8 P < 0.001 Ulivi et al., 2008 

Paci 2009 Mixed Mixed 151 79 Plasma qPCR (TERT, 98 bp) 12.8 2.9 P < 0.001 Paci et al., 2009 

Szpechcinski 2009 Mixed Mixed 30 16 Plasma qPCR (ACTB, 100 bp) 12.0 2.7 P < 0.001 Szpechcinski et al., 2009 

Yoon 2009 Mixed; SCLC Mixed 102 105 Plasma qPCR (ACTB, 99 bp) 22.6** 10.4** P < 0.0001 Yoon et al., 2009 

van der Drift 2010 Mixed Mixed 46 21 Plasma qPCR (HBB, 71 bp) 52** 29** P < 0.001 van der Drift et al., 2010 

Kumar 2010 Mixed Mixed 100 100 Plasma PicoGreen® 95.1 74.0 P < 0.001 Kumar et al., 2010 

Roth 2011 Mixed; SCLC Mixed 35 28 Serum PicoGreen® 134.1 75.3 P < 0.0001 Roth et al., 2011 

Catarino 2012 Mixed Mixed 104 205 Plasma qPCR (TERT, 98 bp) 270 122.7 P < 0.0001 Catarino et al., 2012 

Ulivi 2013 Mixed Mixed 100 100 Plasma qPCR (GAPDH, 125 bp) 47.2** 9.2** P < 0.0001 Ulivi et al., 2013 

Chiappetta 2013 Mixed NS 30 26 Plasma  qPCR (ACTB, 68 bp) 94.5 42.8 P < 0.001 Chiappetta et al., 2013 

Szpechcinski 2015 Mixed Mixed 50 40 Plasma qPCR (ACTB, 100 bp) 8.0 2.3 P < 0.0001 Szpechcinski et al., 2015 

Szpechcinski 2016 Mixed Mixed 65 16 Plasma qPCR (ACTB, 100 bp) 10.8 2.2 P < 0.0001 Szpechcinski et al., 2016 

Wei 2016 AC IV 50 25 Plasma PicoGreen® 2.2 5.0 P < 0.0001 Wei et al., 2016 
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1.8.1.5 Qualitative analysis of cfDNA in lung cancer  

Numerous proof-of-concept studies first reported the presence of tumour-specific 

microsatellite alterations in cfDNA of patients with both SCLC and NSCLC (Chen 

et al., 1996; Sozzi et al., 1999; Gonzalez et al., 2000; Sozzi et al., 2001; Beau-

Faller et al., 2003; Andriani et al., 2004; Khan et al., 2004). Activating mutations 

in KRAS were the first SNVs to be detected in the plasma of patients with lung 

cancer in relation to prognosis (Chong et al., 2007; Gautschi et al., 2007; Camps 

et al., 2011; Nygaard et al., 2013).  

Many cfDNA studies have demonstrated the ability of PCR approaches and next-

generation sequencing to detect actionable genomic alterations and follow 

response to therapy in patients with advanced NSCLC (Mok et al., 2015; Wei et 

al,. 2016; Belic et al., 2016). Digital PCR is widely used to detect ctDNA, owing 

to its ability to detect low-frequency genetic events in a complex genetic 

background (Nie et al., 2015). Using digital PCR, Yung et al. (2009) detected the 

EGFR exon 19 deletion and the L858R mutation in cfDNA with 92% sensitivity 

and 100% specificity. Moreover, mutant levels were found to correlate with 

treatment response. Other studies using modified PCR techniques, such as 

peptide nucleic acid-mediated clamping and allele-specific PCR have identified 

EGFR mutations in cfDNA from patients with advanced NSCLC, albeit with lower 

sensitivity (Kim et al., 2013b; Wang et al., 2014b; Jing et al., 2014; Mok et al., 

2015; Piotrowska et al., 2015).  

More recently, targeted deep sequencing approaches have been employed to 

identify genetic alterations in cfDNA, including those that confer therapeutic 

resistance. These alterations can then be followed longitudinally using digital 

PCR, with potential to detect relapsing disease prior to radiological progression. 

In a patient with EGFR-mutant NSCLC receiving TKI therapy, Murtaza et al. 

(2013) demonstrated emergence of the resistance-conferring T790M mutation, 

which correlated with disease relapse. Similarly, Ishii et al. (2015) detected the 

T790M mutation in cfDNA with a sensitivity and specificity of 82% and 86%, 

respectively, and an overall 83% concordance with tumour tissue in 18 patients. 

Lastly, Newman et al. (2014) were first to publish a new deep sequencing 
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strategy, termed CAncer Personalised Profiling by deep Sequencing (CAPP-

Seq), in which patient-specific mutations were identified in tumour tissue at 

ultrahigh sensitivity (0.01%) and subsequently tracked in cfDNA. In patients with 

advanced NSCLC undergoing pharmacotherapy and/or surgery, they 

demonstrated a correlation between ctDNA levels and tumour burden and also 

tracked the KIF5B-ALK fusion in a patient undergoing therapy with crizotinib, 

demonstrating a decrease in allele frequency over time (Newman et al., 2014).    

Whilst quantitative and qualitative characteristics of ctDNA have been well 

studied in patients with advanced solid cancers, relatively few studies have 

investigated ctDNA in early stage disease. Patients with early-stage disease are 

likely to have low ctDNA levels and, in turn, low mutant allele frequencies, thus 

requiring highly sensitive assays and detection methods. Bettegowda et al. 

(2014) reported that in stage I disease across a range of tumour types (n = 49), 

47% of patients had detectable ctDNA, rising to 83% in stage IV disease (n = 

136). A genome-wide copy number analysis of cfDNA from patients with early 

lung adenocarcinoma using whole-exome sequencing identified subtle but 

detectable copy number alterations, which enabled discrimination from healthy 

cfDNA (Xia et al., 2015).  
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1.9 GEM models: a tool for ctDNA analysis in early disease? 

Mouse models are fundamental to our understanding of cancer biology. The 

genetic and physiological similarities between humans and mice have been 

exploited to identify novel cancer genes, to study cancer gene function, and to 

understand the molecular and cellular mechanisms of tumourigenesis (Cheon 

and Orsulic, 2011). Mouse models also have translational applications in 

chemoprevention, drug development and biomarker discovery (Kucherlapati, 

2012). Plasma proteomic analyses have successfully identified tumour-derived 

protein signatures in mouse models of breast, colorectal, lung and pancreatic 

cancers using mass spectrometry (Pitteri et al., 2008; Hung et al., 2006; Hung et 

al., 2009; Taguchi et al., 2011; Faca et al., 2008).  

To date, few studies have utilised mouse models of cancer for biomarker 

discovery in early disease (Kelly-Spratt et al., 2008). Clinically relevant mouse 

models could provide valuable insights into the utility of ctDNA as an early 

biomarker, for several reasons. First, ctDNA analysis in humans is challenging 

due to intrinsic genetic and environmental heterogeneity between patients. 

Experimental mice are generated from inbred strains and can be housed in 

identical environmental conditions, thus minimising such extraneous variability. 

Second, some mouse models can recapitulate the initiating stages of tumour 

development in humans, which are virtually undetectable in asymptomatic 

patients. In addition, the ability to control disease onset permits the acquisition of 

blood samples at defined time points, before and during the course of tumour 

progression. Matched tumour tissue can be harvested to determine the stage of 

disease at the time of blood collection. Importantly, age- and sex-matched wild-

type littermates can be compared to experimental mice in order to confirm 

disease-specific changes in cfDNA.   
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1.9.1 Previous ctDNA analyses in mouse models 

Several xenograft model studies have demonstrated that ctDNA can be detected 

in the circulation of mice bearing human tumours (Table 1.8). These studies were 

conducted to gain insights into the relationship between ctDNA levels and tumour 

burden, and to determine whether the ctDNA profile changes during cytotoxic 

therapy. ctDNA detection and quantification in xenograft models is relatively 

straightforward since it is of human origin and can be discriminated from mouse 

cfDNA. The majority of studies have used qPCR to target either single-copy 

human genes (ACTB, GAPDH, HBB and PSAT1) or human repetitive elements 

(LINE and ALU) (Rago et al., 2007; Cheng et al., 2009; Thierry et al., 2010; 

Mouliere et al., 2011; Mouliere et al., 2013; Czeiger et al., 2011; Gorges et al., 

2012). 

Using PCR to amplify a region of the human β-actin gene, Kamat et al. (2006) 

found that levels of ctDNA in the plasma of mice xenografted with human ovarian 

cancer cells correlated with tumour burden (P < 0.01) The correlation between 

ctDNA levels and tumour burden was confirmed in other xenograft studies (Rago 

et al., 2007; Thierry et al., 2010; Mouliere et al., 2011; Mouliere et al., 2013; 

Czeiger et al., 2011; Gorges et al., 2012). Mouliere et al. (2013) used allele-

specific PCR to show that levels of the KrasG12V mutation in the cfDNA of mice 

xenografted with human colorectal cancer cells increased with tumour burden. 

Moreover, using primers to distinguish between the mouse WT Kras allele and 

human KrasG12V allele, the authors confirmed that only the ctDNA fraction 

increased with tumour burden.   

Consistent with the predominantly apoptotic origin of cfDNA, two studies have 

demonstrated that tumour-bearing mice treated with cytotoxic agents (docetaxel 

or ganciclovir) exhibit an immediate, transient spike in ctDNA levels, followed by 

a rapid decline to baseline or below baseline levels (Rago et al., 2007; Kamat et 

al., 2006). Interestingly, Rago et al. (2007) observed the same pattern in mice 

following surgical resection, suggesting induction of mass apoptosis. These 

phenomena have also been observed in patients with cancer (Swystun et al., 

2011; To et al., 2003). 
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Integrity of cfDNA has been well studied in human cancer and is frequently shown 

to be reduced (Madhavan et al., 2014). The most commonly reported method for 

evaluating cfDNA integrity involves PCR amplifying a genomic region with two 

primer pairs, producing two differentially-sized amplicons. The abundance of 

‘long’ amplicon relative to ‘short’ amplicon generates a DNA integrity index (DII). 

A DII close to 1 implies high integrity, whereas a DII close to 0 implies low integrity 

(high fragmentation). Using a 290/133 bp amplicon ratio (targeting ACTB), 

Mouliere et al. reported a sharp decrease in DII (0.44 – 0.1) with tumour weight 

in a colorectal cancer xenograft model (Mouliere et al., 2011). They subsequently 

evaluated DII in non-tumour derived (mouse) cfDNA of both xenografted and non-

xenografted mice and observed no significant difference, demonstrating that the 

observed decrease in DII is specific to the ctDNA component.  

Whilst xenograft models are valuable for investigating the efficacy of novel 

therapeutic agents and for studying the ctDNA profile before, during and after 

therapeutic intervention, they are unsuitable for analysis of ctDNA in the early 

diagnostic setting for several reasons (Fig 1.7). First, the tumour 

microenvironment, which is understood to play an important role in tumour 

development, is not recapitulated due to the impaired immune component (Basu 

and Herlyn, 2009). Second, cell line-derived tumours lack histopathological 

characteristics of autochthonous tumours and this may affect biological 

behaviour. Patient-derived tumour material may overcome this limitation 

(Marangoni and Poupon, 2014). Third, xenografted tumour cells are genetically 

and morphologically transformed prior to implantation, and hence, early, de novo 

tumour development cannot be recapitulated.  
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*mouse cell line 

Table 1.8 - Summary of ctDNA analyses in xenograft models.  

 

Author (et al) Year 
Xenografted 
cell line 

Tissue of 
origin 

Quantification method 
ctDNA vs tumour burden Reference 

Human (ctDNA) Mouse (cfDNA) 

Kamat  2006 HeyA8 Ovary qPCR (HBB, 102 bp) None R2 = 0.8; P < 0.01 Kamat et al., 2006 

Rago 2007 CL188 
HCT116 

Colon 
Colon 

qPCR (LINE, 82 bp) None Positive correlation (no statistics) Rago et al., 2007 

Cheng 2009 A431 
DLD-1 
KM12C 
RPMI-1788 
SQ5 
SR-OV-3 

Blood 
Lung 
Colon 
Colon 
Skin 
Lung 

qPCR (ACTB, 100 bp) qPCR (ACTB, 206 bp) Not studied Cheng et al., 2009 

Thierry 2010 HCT116 
HT29 
SW620 

Colon 
Colon 
Colon 

qPCR (KRAS, 145 bp; 
PSAT1, 219 bp) 

qPCR (KRAS, 219 bp; 
PSAT1, 230 bp) 

Positive correlation (no statistics) Thierry et al., 2010 

Mouliere 2011 HCT116 
HT29 
SW620 

Colon 
Colon 
Colon 

qPCR (KRAS  
73/145/300 bp; ACTB, 
133/290 bp) 

qPCR (ACTB, 214 bp) Positive correlation (no statistics) Mouliere et al., 2011 

Czeiger  2011 MCA-2* Fibrous Fluorometric SYBR 
Gold assay 

Fluorometric SYBR 
Gold assay 

Positive correlation, P = 0.015 Czeiger et al., 2011 

Gorges  2012 COLO 205 
KPL-4 
MDA-MB-231 
MDA-MB-468 

Colon 
Breast 
Breast 
Breast 

qPCR (ALUJ, 240 bp) None Positive correlation (no statistics) Gorges et al., 2012 

Mouliere 2013 SW620 Colon Allele-specific qPCR 
(KRAS, 189 bp; BRAF, 

145 bp) 

qPCR (KRAS, 214 bp) Positive correlation (no statistics) Mouliere et al., 2013 
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1.9.2 Potential of GEM models for ctDNA analysis in early cancer 

To date, there have been no publications describing ctDNA analyses in GEM 

models. These models harbour genetic alterations at endogenous loci and have 

been pivotal in delineating the roles of specific genes in tumorigenesis. Whereas 

early models expressed genetic alterations ubiquitously, current models are 

capable of conditional expression, i.e. in a tissue- and/or time-specific manner, 

using chemically-induced transcription factors and site-specific recombinases 

(Frese and Tuveson, 2007). Depending on the cancer type being modelled, 

oncogenes can be activated, tumour suppressors can be inactivated, and 

multiple alterations can be induced concomitantly. Some GEM models are 

effective at recapitulating the early stages of human tumourigenesis, since the 

tumours are genetically defined, arise de novo and interact with a complete 

tumour microenvironment (Richmond and Su, 2008). Thus, the ability to monitor 

disease progression at defined stages from initiation permits analysis of ctDNA 

in early disease. Like xenografts, GEM models also have potential for allowing 

mechanistic insights into the origins of cfDNA and mechanisms controlling its 

release. A general disadvantage of the GEM model for recapitulating human 

tumourigenesis is that tumours are not genetically heterogeneous, since only one 

or several genetic alterations are introduced. However, one could argue for the 

purposes of early ctDNA analysis that human early-stage tumours are likely to 

lack this feature (Fig 1.7) 
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Figure 1.7 – Comparison of xenograft models and GEM models for analysis of ctDNA in early disease. 

 

 

 Advantages Disadvantages 

Xenograft model 

 
 
Technically simple and inexpensive 
 
Wide choice of source material 
 
Tumours are genetically complex 

Cannot recapitulate early-stage 
tumour development 
 
Incomplete tumour 
microenvironment due to 
immunodeficiency 
 
Cell line-derived tumours lack 
histopathological characteristics of 
native tumour 

GEM Model 

Can recapitulate early-stage tumour 
development 
 
Complete tumour microenvironment 
 
Genetically well-defined tumours  

Genetic complexity of human 
cancers cannot be recapitulated 
 
Model development can be 
expensive and time-consuming 

Exon(s)

LoxP LoxP

Cre recombinase
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1.9.3 Potential of Braf+/LSL-V600E and Kras+/LSL-G12D models for analysis 

of cfDNA in early disease  

As discussed in Chapter 1.7, the Braf+/LSL-V600E and Kras+/LSL-G12D GEM models 

are clinically relevant models that exhibit a range of preneoplastic lung lesions 

that are comparable to those identified in humans.  

A key advantage of the Kras+/LSL-G12D mouse model for early ctDNA analysis is 

the ability to follow tumour progression via micro-computed tomography (µCT) 

imaging. Kirsch et al. (2010) demonstrated a strong correlation between tumour 

volumes by µCT imaging and histological analysis, which suggests longitudinal 

imaging may be a non-invasive alternative to harvesting mice at regular time 

points. This method would significantly reduce animal use and the asynchrony of 

tumour progression between mice would not complicate analysis since each 

mouse would serve as its own baseline.  

Conditional mutant alleles, such as the KrasLSL-G12D allele in the Kras+/LSL-G12D 

mouse, are latent; the genetic alterations are in the germline, but require Cre-

mediated recombination for oncogenic protein expression. Therefore, tumour-

derived cfDNA in Cre-Lox-regulated mouse models cannot be defined by the 

presence of tumour-initiating mutations. Since Cre-Lox recombination leads to 

oncogene expression and, in turn, malignant cellular transformation, tumour-

derived cfDNA is defined by the presence of a single, recombined LoxP sequence 

(Fig 1.8). 

 

 

 

 

 
 
Figure 1.8 – Tumour and non-tumour origins of LoxP sequences in unrecombined and 
recombined configurations. In Cre/Lox-regulated GEM models of cancer, Cre-mediated 
recombination of LoxP sequences produces a single, ‘recombined’ LoxP sequence that permits 
expression of an oncogene or inactivation of a tumour suppressor. Therefore, this single LoxP 
sequence represents a somatic tumour-initiating alteration that could serve as a biomarker in 
GEM models of cancer. The white box represents either a transcriptional silencing element in an 
oncogene or an exon(s) of a tumour suppressor. 

‘Unrecombined’ allele 

‘Recombined’ allele 

Germline configuration  

Somatic alteration,  

i.e. tumour-initiating 
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1.10 Aims and objectives 

 

The work carried out in this thesis comprised two main projects, where: 

i) GEM models of cancer were used to investigate ctDNA in the early, 

preneoplastic stages of lung adenocarcinoma; and 

ii) SCNAs were evaluated in cfDNA from patients with advanced NSCLC. 

 

The aims of this thesis were to test hypotheses that: 

i) ctDNA is detectable in the blood of mice with preneoplastic disease 

using the Braf+/LSL-V600E and Kras+/LSL-G12D conditional GEM models of 

lung adenocarcinoma; and  

ii) SCNAs can be detected in cfDNA from patients with both early and 

advanced NSCLC.  

 

The objectives were to: 

i) develop a quantitative PCR-based strategy for detection of ctDNA in 

the Kras+/LSL-G12D mouse; 

ii) determine whether ctDNA can be detected in the Kras+/LSL-G12D mouse 

at various stages of disease; 

iii) correlate levels of total cfDNA and ctDNA with tumour burden in the 

Kras+/LSL-G12D mouse; 

iv) analyse SCNA in cfDNA from 183 patients with NSCLC by qPCR; and 

v) compare analysis of SCNA by qPCR and ddPCR. 
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2.1 Statements of regulatory approval 

All animal procedures carried out in this thesis were scrutinised by the University 

of Leicester Animal Welfare and Ethical Review Body (AWERB) and carried out 

under UK Home Office License authority (Project Licence holder: Professor 

Catrin A Pritchard). All laboratory work involving human blood samples was 

carried out in a Good Clinical Laboratory Practice (GCLP) compliant laboratory. 

 

2.2 Patient tissue 

All blood samples used in this project were collected in accordance with the 

Declaration of Helsinki, with written informed consent prior to patient participation. 

Human plasma samples were obtained from the ReSoLuCENT (Resource for the 

Study of Lung Cancer Epidemiology in North Trent) study and the GALAXY-1 

clinical trial. The ReSoLuCENT study also provided genomic DNA from white 

blood cells. Samples from the ReSoLuCENT study (NCT00693836), sponsored 

by the NIHR Clinical Research Network, are referred to as the ‘ReSoLuCENT 

cohort.’ The ReSoLuCENT study protocol was approved by West Midlands Multi-

centre Research Ethics Committee (05/MRE07/72). Samples from the GALAXY-

1 trial (NCT01348126), sponsored by Madrigal Pharmaceuticals Inc. (formerly 

Synta Pharmaceuticals Corp.) (PA, USA), are referred to as the ‘GALAXY-1 

cohort.’ 
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2.3 Reagents, kits and consumables 

All laboratory reagents and consumables are detailed in Tables 2.1 and 2.2. 

Oligonucleotide primer sequences and assay details are shown in Tables 2.3 – 

2.5. 

 
Table 2.1 – Suppliers of general laboratory reagents. 

 

Item Supplier Catalogue # 

Industrial methylated spirit (99% v,v) Fisher Scientific 11492874 

AccuGENE™ 1X TE buffer Lonza 51235 

DMEM low glucose without L-glutamine Lonza BE12-707F 

Dulbecco’s PBS (without Ca2+ and Mg2+) Lonza  17-512F 

RPMI (without L-glutamine) Lonza  BE12-167F 

Acetic acid Sigma-Aldrich A6293 

Agarose Sigma-Aldrich  A9539 

Ampicillin (100 mg/mL) Sigma-Aldrich A5354 

Chloroform:Isoamyl alcohol 24:1 Sigma-Aldrich C0549 

DPX mountant Sigma-Aldrich 44581 

DMSO Sigma-Aldrich  D8418 

EDTA Sigma-Aldrich 431788 

Ethanol (anhydrous, ≥99.5%) Sigma-Aldrich  459836 

Heat-inactivated fetal bovine serum Sigma-Aldrich  F9665 

HEPES Sigma-Aldrich  H0887 

L-glutamine Sigma-Aldrich  G7513 

LB broth (Lennox) (powder) Sigma-Aldrich L3022 

NaCl (DNase, RNase, and protease-free) Sigma-Aldrich S3014 

Paraffin wax (mp, 53 – 57 °C) Sigma-Aldrich 327204 

Paraformaldehyde (crystalline) Sigma-Aldrich  P6148 

Penicillin-Streptomycin Sigma-Aldrich  P4333 

Phenol:Chloroform:Isoamyl Alcohol (25:24:1) Sigma-Aldrich P2069 

Proteinase K from Tritirachium album Sigma-Aldrich  P4850 

Sodium pyruvate Sigma-Aldrich  S8636 

Tris hydrochloride Sigma-Aldrich 857645 

Trypan blue Sigma-Aldrich  93595 

Trypsin-EDTA Sigma-Aldrich  59430C 
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Item Supplier Catalogue # 

Custom MGB/NFQ TaqMan Probes Applied Biosystems 4316034 

Fast SYBR® Green Master Mix (2X) Applied Biosystems 4385612 

MicroAmp® Fast Optical 96-Well Reaction Plates Applied Biosystems 4346907 

MicroAmp® Optical Adhesive Film Applied Biosystems 4313663 

TaqMan® Fast Universal PCR Master Mix (2X) Applied Biosystems 4352042 

K3-EDTA Vacutainers BD Biosciences 368661 

HyperLadderTM 50bp/DNA Loading Buffer (5X) Bioline BIO-33054 

ddPCRTM Supermix for Probes (No dUTP) Bio-Rad  186-3024 

ddPCRTM Droplet Reader Oil  Bio-Rad  186-3004 

ddPCRTM Droplet Generation Oil for Probes  Bio-Rad  186-3005 

ddPCRTM 2X Buffer Control Kit Bio-Rad  186-3052 

DG8TM Cartridges Bio-Rad  186-4008 

DG8TM Gaskets Bio-Rad  186-3009 

Pierceable foil heat seal Bio-Rad 181-4040 

DNA LoBind® Microcentrifuge Tubes, 1.5 mL Eppendorf  0030108051 

Custom FAM-BHQ-1TM double-dye probe Eurogentec  PB-DD601-004 

LNA®-modified bases Eurogentec  BA-LN001-004 

Qubit® dsDNA HS Assay Kit Invitrogen  Q32854 

Qubit® dsDNA BR Assay Kit Invitrogen  Q32853 

Mouse genomic DNA Promega  G3091 

GeneRead DNA FFPE Kit Qiagen 180134 

QIAamp® DNA Blood Mini Kit Qiagen  51106   

QIAamp® DNA FFPE Tissue Kit Qiagen  56404   

Human genomic DNA Roche 11691112001 

S-Monovette® (1.6 mL K3 EDTA) Sarstedt Ltd  05.1081.001 

S-Monovette® needle (22G x 1½”) Sarstedt Ltd  85.144 

Unlabelled oligonucleotides (0.025 µmol, desalted) Sigma-Aldrich VC00021 

CloneJETTM PCR Cloning Kit Thermo Scientific  K1231 

GeneJETTM Gel Extraction Kit Thermo Scientific  K0691 

GeneJETTM Plasmid Miniprep Kit Thermo Scientific  K0502 

ReddyMixTM PCR Master Mix, 1.5 mM MgCl2 (2X) Thermo Scientific  AB-0575/DC/LD/A 

Ad5-CMV-Cre Virus (8 x 1010 PFU/mL) Viral Vector Core Facility  VVC-U of Iowa-5 

Ad5-CMV-ß-gal Virus (8 x 1010 PFU/mL) Viral Vector Core Facility  None (custom) 

 
Table 2.2 – Suppliers of specialist reagents, kits and consumables.
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Assay target Oligonucleotide name  Oligonucleotide sequence Length (nt) Melting temperature (ºC) Amplicon length (bp) 

BrafWT Forward 
Reverse 

GCCCAGGCTCTTTATGAGAA 
AGTCAATCATCCACAGAGACCT 

20 
22 

61.7 
62.9 

466 

BrafLSL-V600E Forward 
Reverse 

GCCCAGGCTCTTTATGAGAA 
GCTTGGCTGGACGTAAACTC 

20 
20 

61.7 
62.9 

140 

BrafLox-V600E Forward 
Reverse 

GCCCAGGCTCTTTATGAGAA 
AGTCAATCATCCACAGAGACCT 

20 
22 

61.7 
62.9 

518 

KrasWT Forward 
Reverse 

GTCGACAAGCTCATGCGGGTG 
CCTTTACAAGCGCACGCAGACTGTAGA 

21 
27 

63.3 
64.5 

521 

KrasLSL-G12D Forward 
Reverse 

AGCTAGCACCATGGCTTGAGTAAGTCTGCG 
CCTTTACAAGCGCACGCAGACTGTAGA 

31 
27 

67.2 
64.5 

600 

KrasLox-G12D Forward 
Reverse 

TGACACCAGCTTCGGCTTCCT 
TCCGAATTCAGTGACTACAGATGTACAG 

21 
28 

63.1 
58.9 

425 

Table 2.3 – Oligonucleotide sequences for PCR genotyping of Braf+/LSL-V600E and Kras+/LSL-G12D mice. 
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Assay target Oligonucleotide name  Oligonucleotide sequence Length (nt) Melting temperature (ºC) Amplicon length (bp) 

BrafLox-G12D Forward 
Reverse 

TAGGGCTTGCTGTCTTGCTT 
TGCTATACGAAGTTATGTGCAGAAG 

20 
25 

56.8 
54.9 

205 

KrasWT/Lox-G12D Forward 
Reverse 

TCAACAAAGAATACCGCAAGG 
CAGCTAATGGCTCTCAAAGGA 

21 
21 

54.5 
56.1 

140 WT 
180 Lox-G12D 

KrasLSL-G12D Forward 
Reverse 
Probe 

CAGTCAACAAAGAATACCGCAAGG 
TCTGTTCCACATACACTTCATTCTCA 
TAGCTGTCGACATAACTTCG 

24 
26 
20 

57.9 
56.7 
69.3 

117 

KrasLox-G12D Forward 
Reverse 
Probe 

CCAGTCAACAAAGAATACCGCAAGG  
TCTGCATAGTACGCTATACCCTGTG 
TCGACA[T][A][A][C]T[T][C]G[T][A][T]A 

25 
25 
18 

60.0 
59.2 
70.0 

93 WT 
133 Lox-G12D 

Gapdh Forward 
Reverse 
Probe 

CCTCACAATCTGTCTCACCTTATT 
GACCTCTGTAAGTCCGCTTTG 
AGCCTTATTGTCCTCGGGCAT 

24 
21 
21 

55.3 
57.2 
70.4 

113 

Pseudo-Gapdh Forward 
Reverse 
Probe 

GTCGTGGATCTGACGTGCC 
CCTGCTTCACCACCTTCTTGA 
ACCTGCCAAGTATGATGA 

19 
21 
18 

60.6 
58.9 
68.0 

70 

 
Table 2.4 – Mouse-specific oligonucleotide sequences for PCR. Square brackets indicate positions of locked bases. All probes are 5’ 6-FAM™- and 
3’ MGB/NFQ-labelled, except for KrasLox-G12D, which is 3’ BHQ-1™-labelled. 
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Assay Target Genomic position Oligonucleotide name  Oligonucleotide sequence Length (nt) Melting temperature (ºC) Amplicon length (bp) 

RPPH1 
chr14:20,811,503-
20,811,564 

Forward 
Reverse 
Probe 

CGGAGGGAAGCTCATCAGTG 
GACATGGGAGTGGAGTGACA 
CACGAGCTGAGTGCGT 

20 
20 
16 

63.9 
63.2 
71.4 

62 

MET 
chr7:116,380,060-
116,380,134 

Forward 
Reverse 
Probe 

CCATCCAGTGTCTCCAGAAGTG 
TTCCCAGTGATAACCAGTGTGTAG 
TGTGGAGCATACATTAAACCAAA 

22 
24 
23 

63.9 
63.8 
71.2 

75 

EGFR  
chr7:55,209,983-
55,210,044  

Forward 
Reverse 
Probe 

CCAAGGCACGAGTAACAAGCT 
GGAGGCTGAGAAAATGATCTTCA 
CGCAGTTGGGCACTT 

21 
23 
15 

64.7 
62.5 
69.3 

63 

PIK3CA  
chr3:178,952,038-
178,952,106  

Forward 
Reverse 
Probe 

TGAGCAAGAGGCTTTGGAGT 
TTTGTTGTCCAGCCACCAT 
CATGAAACAAATGAATGATGCACA 

20 
19 
24 

63.7 
62.3 
71.5 

74 

FGFR1 
chr8:38,287,208-
38,287,276 

Forward 
Reverse 
Probe 

AGACTCCGGCCTCTATGCTT 
TTGACGGAGAAGTAGGTGGTG 
CGTAACCAGCAGCCCCTC 

20 
21 
18 

64.7 
63.3 
74.2 

69 

HER2  
chr17:37,872,088-
37,872,150 

Forward 
Reverse 
Probe 

ATAACACCCACCTCTGCTTCGT 
GGTGCGGGTTCCGAAAG 
CACACGGTGCCCTGG 

22 
17 
15 

65.6 
62.6 
71.9 

63 

SOX2  
chr3:181,713,078-
181,713,146 

Forward 
Reverse 
Probe  

ATGGGTTCGGTGGTCAAGTCC  
CCTGGAGTGGGAGGAAGAGGT 
AGGCCAGCTCCAGC 

21 
21 
14 

64.0 
62.6 
70.3 

69 

GAPDH 
chr12:6,535,416-
6,535,510 

Forward 
Reverse   
Probe 

GGCTAGCTGGCCCGATTT 
GGACACAAGAGGACCTCCATAAA 
ATGCTTTTCCTAGATTATTC 

18 
23 
20 

64.3 
63.7 
70.0 

95 

 
Table 2.5 – Human-specific oligonucleotide sequences for PCR. All probes are 5’ 6-FAM™- and 3’ MGB/NFQ-labelled.
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2.4 Cell culture 

Immortalised cell lines were obtained from the ATCC/ECACC or from stocks in 

the JS/CAP labs and stored long-term in liquid nitrogen. Cell ampoules were 

thawed for 1 minute at room temperature and then for 1-2 minutes in a 37°C water 

bath before resuspension in pre-warmed complete Dulbecco’s modified Eagle’s 

medium (DMEM; 10% heat-inactivated fetal bovine serum (FBS); 2 mM L-

glutamine; 1% penicillin-streptomycin). Cells were centrifuged for 5 minutes at 

300 x g, and the cell pellet was isolated and resuspended with pre-warmed 

complete DMEM. Cells were counted with a haemocytometer and seeded in 25 

cm2 culture flasks at a suitable density. Cells were maintained by incubation at 

37°C in a humidified atmosphere with 5% CO2.  When a confluency of 70 - 90% 

was reached, cells were detached from the culture flask with the addition of 

0.05% trypsin-EDTA and incubation for 5-10 minutes. Cells were then 

subcultured at a split ratio of 1:2. Fresh medium was provided daily by removing 

spent medium and replacing with fresh, pre-warmed medium. Cell stocks were 

maintained by freezing low passage surplus cells (2 – 4 x 106 cells/ml) in 1 ml 

freezing medium (complete DMEM; 10% heat-inactivated FBS; 10% DMSO) in 

an isopropanol container at -80°C overnight, followed by storage in liquid 

nitrogen.   

 

2.5 DNA extraction from cell lines 

Cultured cells were harvested with 0.05% trypsin-EDTA and spun at 300 x g for 

5 minutes to obtain a pellet. The supernatant was discarded and the pellet was 

washed in PBS and spun again. The washed pellet was resuspended in 0.05 M 

Tris (pH 8.0)/0.1% SDS and incubated with proteinase K (0.5 mg/ml) at 37°C for 

1 hour. An equal volume of phenol:chloroform:IAA (25:24:1) was added, 

vortexed, and spun for 3 minutes at 1,000 x g, before transferring the aqueous 

(upper) layer to a clean microcentrifuge tube. An equal volume of chloroform:IAA 

(24:1) was then added and the sample was vortexed and spun for 3 minutes at 

1,000 x g and the aqueous layer transferred to a clean microcentrifuge tube. The 
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aqueous layer was incubated at -20°C overnight with three times the volume of 

ice-cold 100% ethanol and one tenth the volume of 1.0 M NaCl.  DNA was 

pelleted by centrifugation at 1,000 x g for 15 minutes at 4°C, washed in 70% 

ethanol, and respun. The ethanol was discarded and the pellet was left to air-dry 

before resuspending in an appropriate volume of sterile ultrapure water or sterile 

TE buffer (10.0 mM Tris [pH 8.0]; 1.0 mM EDTA). DNA concentration was 

estimated using the Qubit 2.0 fluorometer (Invitrogen) and dsDNA high sensitivity 

assay kit with a detection range of 10 pg/µL – 100 ng/µL, and DNA was stored 

for long-term use at 4°C. 

 

2.6 Tissue and blood analysis 

2.6.1 Processing and sectioning of FFPE tissue 

Rinsed lung tissue was fixed in ten times the volume of 4% paraformaldehyde 

solution overnight at RT. After a brief wash with PBS, tissue was dehydrated with 

70% (v/v) ethanol and stored at 4°C for preservation. Tissue was further 

dehydrated with 70% IMS (2 hours), 90% IMS (2 hours) and 100% IMS (8 hours), 

cleared with chloroform (6 hours), and infiltrated with paraffin wax (4 hours). 

Tissue processing was automated using a Shandon Citadel 2000 Tissue 

processor (Thermo Scientific). Tissue was then impregnated with paraffin wax to 

form a paraffin block. Blocks were cooled to 4°C and cut into 5 µm sections using 

a Leica RM2135 Microtome (Leica Biosystems). Tissue sections were floated on 

warm, deionised water and transferred to clean, subbed glass slides, before 

incubating at 37°C overnight.  

 

2.6.2 Haematoxylin and eosin staining of FFPE tissue 

Tissue sections were dewaxed twice in xylene for 3 minutes each, and gradually 

brought to water by passing twice through 99% IMS for 1 minute each and once 

through 95% IMS for 1 minute. Slides were then rinsed with water for 3 minutes 

and stained with haematoxylin for 5 minutes. After washing with water for 5 

minutes, slides were stained with 1% eosin for 1 minute and rinsed briefly with 
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water. Sections were gradually dehydrated by passing through 95% IMS for 15 

seconds, 99% IMS twice for 1 minute each and xylene twice for 3 minutes each.  

Stained sections were mounted with coverslips using DPX, viewed under a Leica 

DM500B microscope (Leica Biosystems) with objectives ranging from x2.5 to 

x40, and imaged with a DFC420 C digital camera (Leica Microsystems).   

 

2.6.3 DNA extraction from FFPE tissue 

Tissue was dewaxed in xylene for 3 minutes and then passed into 99% IMS for 

3 minutes to remove all traces of xylene. After air-drying, DNA was extracted 

using the QIAamp® DNA FFPE Tissue Kit, according to the manufacturer’s 

instructions, except the incubation time with proteinase K, which was extended 

to 48 hours to increase DNA yield. For whole-lung DNA extraction, a cell scraper 

was used to collect tissue into a microcentrifuge tube. For microdissection, a 25G 

needle was used to isolate defined regions of tissue under a light microscope by 

manual scraping. Eluted DNA was stored at 4°C for immediate use or -20°C for 

later use. 

 

2.6.4 Isolation of plasma and lymphocytes from whole blood 

Whole EDTA blood was centrifuged for 10 minutes at 1,000 g at 4ºC to isolate 

plasma. Plasma was then transferred to a clean vessel, avoiding the buffy coat 

and packed erythrocytes, and spun again for 10 minutes at 2,000 g at 4ºC, before 

decanting the supernatant into aliquots and storing at -80°C for later use. The 

buffy coat (concentrated lymphocytes) was also isolated as a source of germline 

control DNA and stored at -80°C. All contaminated laboratory material was 

disposed of in a clinical waste container or in an autoclave bag after soaking 

overnight in Distel laboratory disinfectant. No information is available regarding 

plasma isolation methodology for the samples in Cohort 1 (Chapter 5.3.3.2) of 

this thesis. 
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2.6.5 cfDNA extraction from plasma and lymphocytes  

cfDNA and leukocyte DNA was extracted using the QIAamp DNA Blood Mini Kit, 

with the spin method according to the manufacturer’s protocol. This kit is based 

on silica membrane DNA purification technology, which, in brief, comprises a cell 

lysis step, a size-selective DNA capture on a silica membrane, followed by 

several washes to remove residual contaminants, and a purified DNA elution step 

with a low TE buffer (10.0 mM Tris, 0.5 mM EDTA [pH 8.0]). DNA was eluted in 

70 µL of elution buffer. Where appropriate, cfDNA was quantified using the Qubit® 

2.0 fluorometer (Invitrogen) and high-sensitivity dsDNA Qubit reagents, with a 

detection range of 10 pg/µL – 100 ng/µL. Genomic DNA from leukocytes was 

quantified with the broad-range dsDNA Qubit reagents, with a detection range of 

100 pg/µL – 1000 ng/µL. Purified DNA was stored at 4°C for immediate use or -

20°C for later use. 

 

2.6.6 Lyophilisation and reconstitution of cfDNA 

For cfDNA samples with limiting concentrations, samples were lyophilised and 

reconstituted in sterile water to concentrate the sample. LoBind microcentrifuge 

tubes containing the cfDNA were briefly centrifuged, de-lidded, covered with 

Nescofilm, and the Nescofilm was pierced with a pipette tip. Samples were then 

snap-frozen in liquid nitrogen for 10-15 seconds. Tubes were placed in a pre-

cooled VirTis BenchTop Pro Freeze Dryer (SP Scientific) and lyophilised at -50°C 

in a vacuum of 100 mTorr for 3 hours. cfDNA was reconstituted in sterile water at 

an appropriate volume and stored at 4°C for immediate use or -20°C for later use.   
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2.7 Mouse-specific techniques 

2.7.1 Generation and genotyping of mice 

The Kras+/LSL-G12D mouse was generated in the Tyler Jacks lab and obtained from 

the Mouse Models of Human Cancers Consortium (MMHCC) Mouse Repository 

(Tuveson et al., 2004). The KrasLSL-G12D allele was constructed by targeting exon 

1 of KrasWT in ESCs with a Lox-STOP-Lox (LSL) targeting vector, followed by 

selection for homologous recombination-positive clones. The LSL targeting 

vector comprised two arms; the left arm contained the LSL cassette and the right 

arm contained mutated exon 1 of Kras. The LSL cassette comprised a splice 

acceptor site, a polyadenylation sequence and a PurR selectable marker. This 

configuration enabled the insertion of the LSL cassette upstream of mutated exon 

1, such that in the absence of Cre recombinase, the STOP sequence abrogates 

transcription of the gene and the protein is not expressed (Figure 2.1A). The 

KrasLSL-G12D allele was introduced to WT (C57BL6) mice by injecting blastocysts 

with positive ESC clones. The resulting chimaeric mice were backcrossed with 

C57BL6 mice to generate heterozygotes.  

The Braf+/LSL-V600E mouse was generated by the Pritchard lab and was available 

in-house (Mercer et al., 2005). The BrafLSL-V600E allele was constructed by 

targeting exons 14 and 15 of BrafWT in ESCs with a Lox-STOP-Lox (LSL) 

targeting vector, followed by selection for homologous recombination-positive 

clones (Tuveson et al., 2004; Mercer et al., 2005). The LSL targeting vector 

comprised three arms; the left arm contained exon 14, the middle arm contained 

the LSL cassette and the right arm contained mutated exon 1 of Braf. The LSL 

cassette comprised three LoxP sequences, separating a minigene (exons 15-18 

of BrafWT) containing a splice acceptor and a NeoR selectable marker. The 

minigene and selectable marker both had polyadenylation sequences. This 

configuration enabled the insertion of the LSL cassette between exons 14 and 15 

of BrafWT, such that in the absence of Cre recombinase, the minigene enables 

expression of BrafWT protein (Figure 2.1B). The BrafLSL-V600E allele was introduced 

to WT (C57BL6) mice by injecting blastocysts with positive ESC clones. The 
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resulting chimaeric mice were backcrossed with C57BL6 mice to generate 

heterozygotes. 

Genotyping of the Kras and Braf loci were achieved by PCR of genomic DNA 

extracted from earclip tissue. Tissue was digested by heating in GNTK lysis buffer 

(0.01% gelatin, 0.45% Nonidet P40, 0.45% Tween-20, 50 mM KCl, 1.5 mM 

MgCl2, 10 mM-Tris HCl [pH 8.0]) and 100 µg/mL proteinase K to 65ºC for 2 hours. 

The unpurified lysate was used directly for recombination PCR with 

recombination-specific and non-specific primers (Table 2.4).  
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Figure 2.1 – Strategy for generation of Kras+/LSL-G12D (A) and Braf+/LSL-V600E (B) mice.  
(A) In ESCs, exon 1 of KrasWT was targeted with a two-arm vector comprising a Lox-STOP-Lox 
(LSL) cassette and mutated exon 1. In the absence of Cre recombinase, transcription is abrogated 
at a polyadenylation sequence (PA) within the STOP element. In the presence of Cre 
recombinase, the STOP element is excised and KrasG12D is transcribed. (B) In ESCs, exons 14 
and 15 of BrafWT were targeted with a three-arm vector comprising a minigene (exons 15-18), 
NeoR gene, exon 14 and mutated exon 15. In the absence of Cre recombinase, exons 15-18 of 
BrafWT are transcribed from a splice acceptor (SA) in the minigene. In the presence of Cre 
recombinase, the minigene and NeoR are excised and BrafV600E is transcribed. Black triangles 
represent LoxP.  
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2.7.2 Expression of conditional KrasLox-G12D and BrafLox-V600E alleles 

The conditional KrasLox-G12D and BrafLox-V600E alleles were expressed when mice 

reached 6 – 8 weeks of age. To achieve lung-specific expression, mice were 

nasally administered a replication-deficient adenovirus expressing Cre 

recombinase (adenoviral Cre) under the constitutive CMV promoter (Ad5-CMV-

Cre), by staff within the Division of Biomedical Services (University of Leicester). 

A dose of 5 x 107 or 1 x 108 PFU adenoviral Cre (specified in Chapter 4) was 

suspended in 50 µL sterile PBS and dropped onto the nostrils of the mice under 

light anaesthesia with 2% isoflurane. Control mice were administered an 

adenovirus expressing ß-galactosidase (Ad5-CMV-ß-gal) at the same 

concentration. Viral preparation and administration were carried out in designated 

class II biosafety cabinets. Adenoviral Cre-treated mice were kept in separate 

individually ventilated cage systems to ß-gal-treated mice to prevent air-borne 

transfer of adenovirus between the two groups.  

 

2.7.3 Micro-computed tomography (µCT) imaging of the lungs 

Mice were imaged under general anaesthesia with an XGI-8 Anaesthesia System 

(PerkinElmer), consisting of an induction with 3% isoflurane and maintenance 

with 2 – 3% isoflurane at a flow rate of 1 L/min and in a background of 100% 

oxygen. Once the breathing rate of the mice dropped below 1 breath/sec and 

stabilised, µCT data was acquired with a Quantum FX µCT Imaging System 

(PerkinElmer) using a 40 mm field of view, 80 µm voxel size and an approximate 

radiation dosage of 58 mGy per 34 sec scan (512 projections in total). Respiratory 

gating was used to correct for breathing motion-related artefacts. All imaging 

functions, including automatic 3D reconstruction, were controlled by Quantum FX 

µCT Software on an embedded computer. Imaging was carried out by Dr Michael 

Kelly and Ms Justyna Janus (Preclinical Imaging Facility, Centre for Core 

Biotechnology Services, University of Leicester). 
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2.7.3.1 Tumour volume measurement 

Individual tumour volumes were calculated from the reconstructed µCT images 

using the Volume Edit and Region of Interest tools in Analyze 11.0 Software 

(AnalyzeDirect, Inc) according to a pipeline devised by Dr Francois Lassailly 

(London Research Institute). Before identifying individual tumours, bone 

structures were identified by defining a voxel intensity threshold (min around + 

400; max around + 3000) and extracting the object via the Extract Object function. 

Lung tissue was then identified by defining an empirical voxel intensity threshold. 

Individual tumours were identified as hyperdense, moderate to well-

circumscribed, spherical lesions that appeared approximately round in all slices. 

Hyperdense lesions that appeared round in some slices and became tubular in 

others were identified as airway structures. Tumours were defined in each slice 

using the manual Draw tool and the annotated reconstruction was saved as an 

Object Map. The Object Map file was loaded into the Region of Interest tool and 

the volume of each annotated region (tumour) was calculated. Tumours were first 

identified in end-point scans and the approximate tissue coordinates were used 

to track back to previous scans. The µCT analysis pipeline for tumour volume 

assessment was validated with histological analysis by Mr Callum Rakhit. 

Kras+/LSL-G12D lungs were µCT imaged and tissue was then FFPE treated, H/E 

stained and sectioned serially at 20 µm intervals. At each interval, the areas of 

tumour were calculated using ImageJ Software v1.49 (NIH) and the areas 

throughout the tumour were stacked to create a 3D estimate of tumour volume. 

 

2.7.3.2 Functional lung volume measurement 

Functional volumes were calculated from the reconstructed µCT images using 

the Volume Edit and Region of Interest tools in Analyze 11.0 Software 

(AnalyzeDirect, Inc) (Fig 2.2). Image intensity was manually adjusted to optimise 

contrast between lung airspace and surrounding tissue. Functional airspace was 

identified as a hypodense mass in the thoracic cavity and segmented with the 

region-growing method. Using the Object Extractor function in the Volume Edit 
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tool, a seed point was placed manually on a region of functional airspace close 

to the diaphragm, avoiding airway structures. The voxel intensity thresholds were 

manually adjusted until the green dashed line encompassed the entire lung area, 

and the object was extracted. To confirm all functional volume was extracted, the 

entire thoracic cavity was viewed in all anatomical planes (axial, coronal and 

sagittal), and the process was carried out in triplicate for each scan. The 

annotated reconstruction was saved as an Object Map. The Object Map file was 

loaded into the Region of Interest tool and functional volume was calculated for 

both lungs combined. 

 

 
Figure 2.2 – Measurement of functional lung volume using the Object Extractor tool. Red 
shading represents areas that have been defined as lung tissue using the region growing method. 
Top right shows the 3D render of the functional lung volume. 

 

 

 



Chapter 2                    Materials and methods 
  

 

63 

 

 

2.7.3.3 Total lung volume measurement 

Total volumes were calculated from the reconstructed µCT images using the 

Volume Edit and Region of Interest tools in Analyze 11.0 Software 

(AnalyzeDirect, Inc) (Fig 2.3). Image intensity was manually adjusted to optimise 

contrast between lung airspace and surrounding tissue. The Auto Trace tool was 

used to define the region of interest in each slice. A seed point was placed on a 

region of lung tissue in each slice and the intensity thresholds were adjusted until 

the green dashed line encompassed the entire lung area. This process was 

repeated for all slices in the image stack. The annotated reconstruction was 

saved as an Object Map. The Object Map file was loaded into the Region of 

Interest tool and total lung volume was calculated for both lungs combined. 

 
Figure 2.3 – Measurement of total lung volume using the Auto Trace tool. 
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2.7.4 Collection of mouse blood and tissue 

For longitudinal sampling, 40 µL blood samples were taken by saphenous 

venepuncture at three-week intervals. Blood was aspirated from the leg using an 

EDTA-coated pipette tip and transferred to 200 µL PBS containing a 4 mM EDTA 

solution in PBS. Where 40 µL blood was not obtained, the volume of blood was 

determined by winding down the pipette dial. For terminal bleeds, 200-1000 µL 

blood was collected by cardiac puncture when either the mice displayed 

symptoms of the lung cancer phenotype (hyperventilation due to bronchial 

obstruction and locomotion using back legs due to a net compression of organs 

towards the back end) or the experiment had reached a pre-defined endpoint. 

Cardiac blood was collected into 1.6 mL EDTA S-Monovettes using 23G needles 

and gently agitated to mix the EDTA into the blood. 
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2.8 Analytical techniques 

2.8.1 Polymerase chain reaction (PCR) 

2.8.1.1 Assay design, validation and optimisation 

Where possible, oligonucleotides were designed using the Primer3 web-based 

primer design tool (Whitehead Institute, MIT) and aligned to the mouse or human 

genome using the NCBI nucleotide Basic Local Alignment Search Tool (BLASTN) 

to confirm specificity. The expected amplicon length for each primer pair was 

verified with the UCSC in silico PCR tool using the mm10 mouse reference 

assembly or hg38 human reference assembly (Fujita et al., 2011). Sequences 

were checked for propensity to form hairpins and self/heterodimers using 

OligoAnalyzer 3.1 (Integrated DNA Technologies), where a ΔG value for 

secondary structures more positive than - 5 kcal/mol was considered acceptable. 

Where oligonucleotides could not be successfully designed using Primer3, 

oligonucleotides were designed empirically by eye. In this case, the following 

parameters were observed as closely as possible, given the sequence 

constraints: GC content of 40 - 60%, length of 15 - 30 bp, primer Tm of 58 – 62°C, 

probe Tm of 68 – 72°C, no runs of > 3 consecutive C or G bases, a GC-clamp 

containing ≤ 3 G or C bases, and amplicon length < 150 bp. Desalted primers 

were supplied as lyophilised pellets and reconstituted in sterile dH2O to a stock 

concentration of 200 µM. Primers stocks were further diluted to a working 

concentration of 10 µM. 

For probe-based assays, primers were checked for efficiency, specificity and 

possible primer-dimer formation by SYBR Green melt curve analysis before 

introducing the probe. The efficiency of each assay was determined by 

constructing a standard curve from serially diluted genomic DNA (two-fold 

dilution; seven points starting at 20 ng), with each dilution run in triplicate. Each 

reaction (10 µL) was performed in triplicate and contained the following: 5 µL Fast 

SYBR Green Master Mix (2X), 0.6 µL forward primer (600 nM final concentration), 

0.6 µL reverse primer (600 nM final concentration), 0.2 µL sterile dH2O and 3.6 

µL template DNA. A no template control (NTC) was included, using sterile dH2O 
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in place of template DNA. Reactions were set up in MicroAmp Fast Optical 96-

well reaction plates, sealed with MicroAmp Optical adhesive film, centrifuged, and 

run on an Applied Biosystems StepOnePlus™ Real-Time PCR System under fast 

SYBR Green cycling conditions (enzyme activation at 95°C for 20 seconds, 

followed by 40 cycles of denaturation at 95°C for 3 seconds and 

annealing/extension at 60°C for 30 seconds, and enzyme inactivation at 95°C for 

15 seconds) and a melt curve (60°C to 95°C with fluorescence readings every 

0.3°C). 

A standard curve was plotted as log [hgDNA] vs. cycle threshold (Ct), and E was 

calculated as:  

E = 10
- 

1
 slope                            % E = ((10

- 
1

 slope) -1) ∙ 100 

Efficiency between 95% and 105%, and R2 > 0.98 were deemed acceptable. After 

confirming presence of a single melt peak (i.e. single product and absence of 

primer-dimers), the qPCR product was run on a 3% agarose gel to confirm 

amplicon size (Chapter 2.8.3). If the amplicon size determined by agarose gel 

electrophoresis was as expected, the SYBR Green assay was converted to a 

TaqMan assay by introduction of a 5’ 6-FAM™, 3’ MGB/NFQ or 3’ VIC®-labelled 

hydrolysis probe. Assay efficiency was again determined by constructing a 

standard curve of serially diluted genomic DNA. Since digital PCR does not 

require near-perfect amplification efficiency, assay optimisation for ddPCR did 

not involve standard curve generation. To optimise each assay, an annealing 

temperature (Ta) gradient was performed with a range of temperatures above and 

below the calculated Tm of the primers (typically 55°C - 65°C, over eight 

temperatures). The optimum Ta for each assay was defined as the temperature 

which permitted the greatest discrimination between positive and negative 

droplets whilst avoiding non-specific amplification.  
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2.8.1.2 Manual (end-point) PCR 

PCR was performed in a GeneAmp® PCR System 9700 (Applied Biosystems) 

with ReddyMix PCR Master Mix in a final volume of 25 µL. Each reaction 

contained 500 nM forward primer, 500 nM reverse primer, 0.625 Units 

ThermoPrime Taq polymerase and 1.5 mM MgCl2. Generic cycling conditions 

were as follows: initial denaturation at 95°C for 5 minutes, followed by 40 cycles 

of denaturation at 95°C for 30 seconds, annealing at 60°C for 30 seconds and 

extension at 72°C for 30 seconds. PCR products were resolved by agarose gel 

electrophoresis (Chapter 2.8.3). Oligonucleotide sequences are detailed in 

Tables 2.3 and 2.4. 

 

2.8.1.3 Quantitative real-time PCR (qPCR)  

TaqMan® assays were developed for absolute or relative quantification of targets 

in cfDNA. Absolute quantification was achieved by constructing a standard curve 

of serially diluted genomic DNA (1:2 dilution; 10 points) with a range of 5 ng to 40 

pg. Each assay comprised unlabelled forward and reverse primers (final 

concentration, 600 nM) and a 5’ 6-FAM™- (or 5’ VIC®-), 3’ MGB/NFQ-labelled 

hydrolysis probe (final concentration, 200 nM). Each 10 µL reaction contained 5 

µL TaqMan® Fast Universal Master Mix (2X), 1.4 µL primer/probe mix and 3.6 µL 

template DNA. Reactions were performed in duplicate and a no template control 

(NTC) was included on each plate with sterile dH2O. Reactions were set up in 

MicroAmp Fast Optical 96-well reaction plates, sealed with MicroAmp Optical 

adhesive film, centrifuged, and run on an Applied Biosystems StepOnePlus™ 

Real-Time PCR System under fast cycling conditions (enzyme activation at 95°C 

for 20 seconds, followed by 40 cycles of denaturation at 95°C for 1 sec and 

annealing/extension at 60°C for 20 sec). Oligonucleotide sequences are detailed 

in Tables 2.3 and 2.4. For relative quantification of targets in cfDNA, the ΔΔCT 

method was used as follows:  

ΔΔCT = cfDNA [CT (target) - CT (reference)] - gDNA [CT (target) - CT (reference)] 
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2.8.1.4 Droplet digital PCR (ddPCR) 

Each 22 µL reaction contained 11 µL ddPCR Supermix for Probes (No dUTP) 

(2X), 1.1 µL primer/probe mix (20X), 3 µL template DNA and 6.9 µL sterile dH2O. 

Reactions were performed in duplicate. Positive and negative controls were 

included on each plate, along with a no template control (NTC) comprising sterile 

dH2O. Prior to droplet generation, reactions were set up in MicroAmp Fast Optical 

96-well reaction plates in strips of eight wells, lightly sealed with MicroAmp 

Optical adhesive film, centrifuged, transferred to DG8 ddPCR Cartridges and the 

cartridges were sealed with DG8 ddPCR Gaskets. Where strips of eight wells 

were not all filled with reagents, empty wells were filled with 11 µL ddPCR 2X 

Buffer Control and 11 µL sterile dH2O. 20 µL of each reaction was mixed with 70 

µL ddPCR Droplet Generation Oil for Probes using a QX200™ Droplet Generator 

(Bio-Rad) and the droplet suspensions were transferred to Eppendorf twin-tec 

96-Well x 250 µL Semi-Skirted PCR Plates. Plates were sealed with Pierceable 

Foil Heat Seal at 180°C using a PX1™ PCR Plate Sealer (Bio-Rad). Plates were 

run on a C1000 Touch™ Thermal Cycler (Bio-Rad) under standard cycling 

conditions (enzyme activation at 95°C for 10 minutes, 40 cycles of denaturation 

at 94°C for 30 seconds and annealing/extension at 60°C for 30 seconds, and 

enzyme inactivation at 98°C for 10 minutes). The ramp rate was unaltered at 

100%. Droplets were read with a QX200™ Droplet Reader (Bio-Rad) using 

ddPCR Droplet Reader Oil and data was analysed using QuantaSoft™ Software 

v1.7 (Bio-Rad) under Rare Event Detection settings for detection of discrete 

events or Copy Number Variation (CNV) settings for analysis of copy number. 

Absolute quantification did not require standard curves. 
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2.8.1.5 Multiplex preamplification PCR 

Multiplex preamplification of DNA was achieved by first generating a 10X primer 

mix, containing 0.3 µM of each primer in dH2O. The preamplification reaction was 

carried out in a total volume of 25 µL, containing 12.5 µL 2X TaqMan PreAmp 

master mix, 2.5 µL 10X primer mix and 10 µL DNA (1 ng total). The reaction was 

performed in a GeneAmp® PCR System 9700 (Applied Biosystems) with the 

manufacturer’s recommended protocol (initial denaturation at 95°C for 10 

minutes, 40 cycles of denaturation at 95°C for 15 seconds and annealing 

/extension at 60°C for 4 minutes, and a final denaturation at 99°C for 10 minutes).  

 

2.8.2 Molecular cloning 

DNA from recombined lung tissue (FFPE) of a Kras+/LSL-G12D mouse was cloned 

to compare KrasWT and KrasLox-G12D alleles for the presence of mutations. A 271 

bp region containing the recombined LoxP sequence and 231 bp region 

corresponding to the WT allele were amplified by PCR. 

 

2.8.2.1 Insert DNA preparation 

A 1.5 mm Ø core was punched from a FFPE tissue and genomic DNA was 

extracted using the GeneRead DNA FFPE Tissue Kit according to the 

manufacturer’s instructions. The genomic region of interest was amplified with 

PCR, except only 25 cycles of PCR were carried out to reduce the impact of PCR-

induced mutations. PCR products were resolved on a 2% agarose gel (Chapter 

2.8.3) and the desired band was quickly excised with a scalpel over a UVP 

Chromato-Vue UV transilluminator (302 nm) to minimise DNA damage. The gel 

slice was weighed and DNA was extracted using the GeneJET Gel Extraction Kit 

according to the manufacturer’s instructions. In brief, the gel slice was dissolved, 

PCR products were diluted in a binding buffer, bound to a silica-based membrane 

and centrifuged to remove primers. Salts were removed with a wash buffer and 

pure DNA was eluted in 10 mM Tris-HCl buffer. DNA was quantified using the 

Qubit® 2.0 fluorometer (Invitrogen) and high-sensitivity dsDNA Qubit reagents. 
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2.8.2.2 Blunting of insert DNA  

Cloning was carried out using the CloneJET PCR Cloning Kit according to the 

manufacturer’s instructions. The DNA blunting reaction (18 µL total) contained 10 

µL reaction buffer, 6 µL water, 1 µL DNA blunting enzyme and 1 µL purified PCR 

product (or water) (15 ng; 0.25 pmol ends) and was prepared on ice. The reaction 

was incubated at 70°C for 5 minutes.  

 

2.8.2.3 Ligation of DNA 

The ligation reaction was prepared by adding 1 µL pJET1.2 blunt cloning vector 

(50 ng; 0.05 pmol ends) and 1 µL T4 DNA ligase to the completed blunting 

reaction, thus achieving an insert:vector ratio of 5:1. The reaction was prepared 

on ice and carried out at RT for 5 minutes. A negative control with no insert DNA 

and a positive control with 971 bp PCR product (supplied with kit) were included 

to rule out false-positive recombinants and to verify the efficiency of blunting and 

ligation, respectively. A map of pJET1.2 is shown in Figure 2.4. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 – Map of pJET1.2 blunt cloning vector. The multiple cloning site (MCS) is located 
within a lethal gene encoding a restriction enzyme (eco471R), which enables positive selection 
for recombinants. The plasmid also contains a ß-lactamase gene, bla (ApR), to confer resistance 
to ampicillin and thus select for transformed cells. 
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2.8.2.4 Transformation of competent E. coli  

Chemically competent DH5 cells (prepared in-house by Dr Mikael Feracci) were 

transformed with plasmid DNA via heat-shock. 15 µL competent cells were mixed 

with 3 µL plasmid DNA and incubated on ice in pre-chilled Eppendorf tubes for 

30 minutes, with gentle agitation every 5 minutes. Cells were then heat-shocked 

in a water bath at 42°C for 30 seconds and returned to ice for 2 minutes. Pre-

warmed S.O.C. medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM 

KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose) was added to a final volume 

of 250 µL and cells were incubated at 37°C on a shaker (300 rpm) for 60 minutes. 

Transformed E. coli were spread onto two LB agar plates (1% tryptone, 0.5% 

yeast extract, 0.5% NaCl, 1.2% agar) containing 100 µg/mL ampicillin for colony 

selection; one plate containing 50 µL cells and the other 150 µL cells. Plates were 

left to dry, inverted, and incubated at 37°C overnight.  

 

2.8.2.5 Liquid culture  

Individual colonies of bacteria were picked with a sterile pipette tip and used to 

inoculate 3 mL aliquots of pre-warmed LB medium (1% tryptone, 0.5% yeast 

extract, 0.5% NaCl) containing 100 µg/mL ampicillin. Liquid cultures were 

contained in 50 mL falcon tubes and incubated at 37°C on a shaker (200 rpm) for 

16 hours. Cells were then pelleted at 5,000 x g for 10 minutes at 4°C.   

 

2.8.2.6 Plasmid DNA purification 

Plasmid DNA was purified using the GeneJET Plasmid Miniprep Kit according to 

the manufacturer’s instructions. In brief, this began with alkaline lysis of bacterial 

cells along with RNase A to degrade bacterial RNA, followed by pelleting of cell 

debris and bacterial DNA. The supernatant was then centrifuged through a silica-

based membrane to allow binding of plasmid DNA, the membrane washed to 

remove salts, and pure plasmid DNA eluted in 10 mM Tris-HCl buffer. Plasmid 
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DNA was quantified using the Qubit® 2.0 fluorometer (Invitrogen) and broad-

range dsDNA Qubit reagents, with a detection range of 100 pg/µL – 1000 ng/µL. 

 

2.8.2.7 PCR screening of recombinant plasmids 

Prior to sequencing, recombinant plasmids were screened for the presence of the 

desired insert by PCR (Chapter 2.8.1.2) using the original primers (Table 2.4). 

PCR products were resolved on a 2% agarose gel (Chapter 2.8.3). Plasmids 

containing unwanted insert were not taken forward for sequencing.  

 

2.8.2.8 Recombinant plasmid sequencing 

PCR-verified plasmids containing the desired insert were sent to the Protein and 

Nucleic Acid Chemistry Laboratory (PNACL) at The University of Leicester for 

automated dideoxy sequencing in both directions using an Applied Biosystems 

3730 Genetic Analyser. The primers were: forward, CGA CTC ACT ATA GGG 

AGA GCG GC; reverse, AAG AAC ATC GAT TTT CCA TGG CAG. DNA 

sequence files (.ab1) were analysed with Sequence Scanner v1.0 software 

(Applied Biosystems). 

 

2.8.3 Agarose gel electrophoresis 

PCR products were resolved on a 2-3% agarose gel. The gel was prepared by 

heating an appropriate weight of agarose in TAE buffer (40 mM Tris; 20 mM 

acetic acid; 1 mM EDTA) until fully dissolved. When cooled to hand-hot (50 – 

60ºC), ethidium bromide was added at a concentration of 0.5 µg/mL and the gel 

was poured into a tray with a comb. Once set, the comb was removed and the 

gel was placed in an electrophoresis tank containing TAE buffer. DNA was 

stained with DNA loading buffer (5X) and a 50 bp HyperLadder was included.   

Gels were electrophoresed at 120 V for approximately 1 hour and imaged with a 

G:BOX Chemi XX6 Gel Documentation System and GeneSys software 

(Syngene). 
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2.8.4 Sanger sequencing  

Genomic regions of unknown sequence were PCR-amplified and the products 

were resolved on a 2% agarose gel. The desired product(s) were band-excised 

with a scalpel and DNA was extracted using the GeneJET Gel Extraction Kit 

according to the manufacturer’s instructions (Chapter 2.8.2.1). Purified DNA was 

quantified with the Qubit 2.0® fluorometer (Invitrogen) and sent to the Protein and 

Nucleic Acid Chemistry Laboratory (PNACL) at the University of Leicester for 

automated dideoxy sequencing in both directions using an Applied Biosystems 

3730 Genetic Analyser. DNA sequence files (.ab1) were analysed with Sequence 

Scanner v1.0 software (Applied Biosystems). 

 

2.9 Statistical analysis 

Data from qPCR and ddPCR experiments were imported into MS Excel. 

GraphPad Prism 7.0 (GraphPad Prism Software Inc., CA, USA) was used to 

generate summary statistics for all quantitative data and to run paired and 

unpaired t-tests. Cox regression analyses were conducted and Kaplan-Meier 

plots generated for survival data in MedCalc for Windows (MedCalc Software, 

Ostend, Belgium). All P values in this thesis were considered significant if < 0.05, 

unless data were subjected to multiple testing. In this scenario (Chapter 5.3.3.1, 

Figure 5.5), significance levels were adjusted to correct for false discovery rate 

(FDR) using the Benjamini-Hochberg procedure (Benjamini and Hochberg, 

1995).  
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Development of PCR strategies for detection of 

Cre-Lox recombination in the Kras+/LSL-G12D mouse  
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3.1 Introduction 

3.1.1 Cre-Lox recombination 

The Cre-Lox system of bacteriophage P1 is a site-specific recombination system 

responsible for circularising the genome and partitioning DNA during 

reproduction (Shaikh and Sadowski, 1997). The system comprises a 38 kDa Cre 

recombinase protein and two 34 bp LoxP recognition sequences. LoxP consists 

of a core 8 bp sequence flanked by two 13 bp inverted repeat sequences (Fig 

3.1A). Cre recombinase catalyses recombination between two LoxP sequences, 

producing a single, identical LoxP sequence. The location and orientation of one 

LoxP sequence relative to another determines whether the recombination event 

leads to a deletion, translocation or inversion of DNA (Fig 3.1B) (Aranda et al., 

2001).  

Since demonstrating the recombination system can also function in mammalian 

cells, the Cre-Lox system has become an established tool in the generation and 

manipulation of genetically engineered mice (Frese and Tuveson, 2007). In 

cancer models, oncogenes can be activated and tumour suppressor genes can 

be inactivated by inserting a LoxP-flanked STOP element upstream of the gene, 

or LoxP-flanking a critical exon, respectively (DuPage et al., 2009). These 

conditional genetic changes only occur upon delivery of Cre recombinase, which 

can be controlled spatially using tissue-specific expression and/or temporally 

using modified forms of the enzyme which become activated by inducing agents 

(e.g. doxycycline and tamoxifen) (Frese and Tuveson, 2007).  
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Figure 3.1 – Cre-Lox recombination. (A) LoxP is a 34 bp palindromic sequence comprising an 
8 bp core region flanked by 13 bp inverted repeats. (B) In the presence of Cre recombinase, LoxP 
sequences recombine to produce deletions, translocations or inversions of DNA, depending on 
sequence location and orientation. 
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3.1.2 PCR detection of LoxP 

3.1.2.1 Genomic DNA 

Genotyping of Cre-Lox-regulated mice is achieved by PCR or Southern blot 

targeting of LoxP sequences in genomic DNA, which is commonly derived from 

ear or tail tissue. PCR genotyping requires primers that flank a single LoxP 

sequence or a floxed DNA sequence, such that presence/absence of LoxP can 

be determined by analysis of product size. This technique can also distinguish 

between unrecombined and recombined LoxP sequences. Fig 3.2 exemplifies a 

genotyping strategy for a floxed allele. Weis et al. have developed a probe-based 

qPCR assay to assess for Cre-Lox recombination, which is more sensitive and 

less time-consuming than end-point PCR (Fig 3.3) (Weis et al., 2010).  

 

  

 

 

 

 

 

 

Figure 3.2 – Example of PCR genotyping for a floxed allele. PCR primers F and 1R amplify a 
region of the unrecombined allele and the WT allele, with a product size difference of 34 bp. 
Primers F and 2R amplify the recombined allele only; the unrecombined allele is too long. 

 

 

 

 

 

 

 

Figure 3.3 – qPCR assay for assessment of Cre-Lox recombination. Allele-specific primers 
flank the LoxP sequence. A universal hydrolysis probe is directed against the LoxP sequence in 
both alleles. Adapted from Figure 1, Weis et al., 2010.  

Recombined allele 
F R 

P 

Unrecombined allele 
F R 

P 

Unrecombined allele 

Recombined allele 

Exon 1 Exon 3 Exon 2 

Exon 1 Exon 3 Exon 2 WT allele 

246 bp 

280 bp 

F 

F 

1R 

1R 2R 

Exon 1 Exon 3 

430 bp 

F 2R 



Chapter 3                    PCR strategies for Cre-Lox recombination 
  

 

78 

 

 

3.1.2.2 Circulating cell-free DNA 

There are currently no published studies assessing Cre-Lox recombination in 

cfDNA. Since many mouse cancer models are driven by conditional alleles under 

Cre-Lox control, recombination represents a tumour-specific alteration. Thus, 

quantitative analysis of Cre-Lox recombination in cfDNA from these mice may 

provide insights into the utility of cfDNA as a biomarker for the early detection of 

cancer and possibly a biomarker for response to therapeutic agents. There are 

also no published studies assessing total cfDNA levels over time in GEM models 

of cancer. Since cfDNA levels are known to increase over time in patients with 

cancer and in xenograft models, this phenomenon is worthy of investigation in 

GEM models, and may permit correlation of cfDNA levels with tumour burden.   

The design of a PCR strategy for quantitative analysis of Cre-Lox recombination 

in cfDNA is accompanied by several constraints. First, cfDNA is generally of low 

integrity and so the PCR amplicon must be kept short. Second, cfDNA exists at 

low concentrations and the volumes of blood obtainable from a mouse are small, 

so the assay must be highly sensitive. Based on these considerations, a qPCR 

approach similar to that of Weis et al. may be suitable.  
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3.2 Aims and objectives 

 

The aims of this chapter were to develop PCR approaches for quantification of: 

i) total cfDNA (mouse); and 

ii) Cre-Lox recombination in cfDNA of the Kras+/LSL-G12D mouse. 

 

The objectives of this chapter were to: 

i) design and optimise a qPCR assay for quantification of total mouse 

cfDNA; 

ii) map the cloning-in position of the LSL element in KrasLSL-G12D; 

iii) clone and sequence the recombined LoxP site in the Kras+/LSL-G12D 

mouse to assess for sequence variation; and 

iv) design, validate and optimise dPCR assays for quantification of 

unrecombined (KrasLSL-G12D) and recombined (KrasLox-G12D) alleles in 

cfDNA of the Kras+/LSL-G12D mouse. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3                    PCR strategies for Cre-Lox recombination 
  

 

80 

 

 

3.3 Results 

Work presented in this Chapter was motivated by the outcome of proof-of-

concept work presented in Chapter 4.3.1. 

3.3.1 Design of sensitive assay for quantification of total cfDNA 

To analyse quantitative changes in the cfDNA profile of mice longitudinally, a 

sensitive assay for quantification of total cfDNA from small (approximately 40 µL) 

blood samples was required. A 70 bp TaqMan® qPCR assay was designed to 

target 44 Gapdh pseudogenes (of which there are 285 in the mouse genome). 

The assay had a minimum linear dynamic range of 2 – 5,000 pg/reaction, an 

efficiency of 97.1% and R2 of 0.998, as determined by a standard curve of serially-

diluted genomic DNA (Fig 3.4).        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 – Standard curve for total quantification of cfDNA by targeting of Gapdh 
pseudogenes. A TaqMan® qPCR assay targeting 44 Gapdh pseudogenes was validated through 
a 12-point, 1:2 dilution series of genomic DNA. Data points represent three replicates per dilution. 
CT, cycle threshold. 
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3.3.2 Mapping the position of the LSL element in KrasLSL-G12D 

Detection of KrasLox-G12D in cfDNA of Kras+/LSL-G12D mice by end-point PCR 

(Chapter 4.3.1.2) provided justification for characterisation of the recombined 

LoxP locus within intron 1 of KrasLSL-G12D, with the view to developing a qPCR 

assay similar to that of Weis et al. (Fig 3.3).  

To determine the precise genomic location of the LSL element within exon 1 of 

KrasLox-G12D, the region surrounding the recombined LoxP sequence and the 

corresponding region of the Kras+ allele were analysed using the 140/180 bp 

primers in Table 2.4. A schematic of the primer positions on the Kras+ and KrasLox-

G12D alleles is shown in Figure 3.5. PCR was carried out using recombined MEF 

cell line DNA as template. PCR products were resolved, gel-purified and 

subjected to dideoxy sequencing. Pairwise alignment of the two sequences 

revealed the insert position of the LSL element to be a Sal1 restriction site 

(G^TCGAC) at chr6:145,247,173 – 145,247,178 (GRCm38) (Fig 3.6).  

 

 

Figure 3.5 – Positioning of the 140/180 bp primers in Kras+ and KrasLox-G12D. Primers were 
designed to flank the recombined LoxP sequence in KrasLox-G12D, producing a 180 bp amplicon 
for KrasLox-G12D and a 140 bp amplicon for the corresponding region of Kras+.  
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Figure 3.6 – Electropherogram showing the position of the LSL element in KrasLSL-G12D. Primers shown in Figure 3.6 were used to amplify the region 
flanking the recombined LoxP sequence in Kras+/LSL-G12D and the corresponding region of Kras+. PCR products were sequenced and aligned in a pairwise 
manner to identify the insert position of the LSL element in KrasLSL-G12D, which was found to be a Sal1 restriction site (G^TCGAC) at chr6:145,247,173 – 
145,247,178 (GRCm38).
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3.3.3 Design of assay to detect unrecombined Kras  

Longitudinal assessment of tumour-derived cfDNA in the Kras+/LSL-G12D mouse 

requires detection of both unrecombined (KrasLSL-G12D) and recombined (KrasLox-

G12D) Kras alleles. The unrecombined LoxP sequences fold into predicted stem-

loop structures with a length of 13 bp. mFold software (Zuker, 2003) predicted 

these secondary structures to have a Tm of 55.6°C, which should be sufficiently 

destabilised to permit PCR amplification at conventional annealing temperatures. 

Thus, a probe-based qPCR assay similar to that reported by Weis et al. was 

designed (Weis et al., 2010). 

The KrasLSL-G12D assay was targeted to the left LoxP sequence (most distal to 

exon 1 of KrasLSL-G12D). A long minor groove binder (MGB) probe (TAGCTGTCGA 

CATAACTTCG) was designed to have a high Tm (74°C), ensuring the LoxP stem-

loops would have been sufficiently destabilised when the probe annealed. This 

probe is discussed in Chapter 3.3.5.4 as ‘MGB 3’ in development of the assay for 

detection of KrasLox-G12D. Specificity for the left LoxP sequence was achieved by 

placing the forward primer (CCAGTCAACAAAGAATACCGCAAGG) upstream of 

the LoxP sequence and the reverse primer (TCTGTTCCACATACACTTCATTCT 

CA) within the STOP region of the LSL element, producing a 117 bp amplicon. 

Assay performance was assessed by a generating a standard curve of serially-

diluted KrasLSL-G12D DNA from a MEF cell line over seven points (Fig 3.7 A). The 

assay had a minimum linear dynamic range of 160 – 10,000 pg/reaction, an 

efficiency of 101% and R2 of 0.990. The assay was specific for KrasLSL-G12D, as 

shown by the lack of PCR signal for Kras+/Lox-G12D and Kras+/+ templates (Fig 3.7 

B, C).  

A schematic of the KrasLSL-G12D detection assay is shown in Figure 3.8.   
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Figure 3.7 – Performance of qPCR assay for detection of KrasLSL-G12D. (A) A 7-point, 1:2 
dilution series of Kras+/LSL-DNA MEF DNA, ranging from 160 pg – 10 ng/reaction. Data points 
represent three replicates per dilution. CT, cycle threshold. (B) qPCR amplification plot with 
Kras+/Lox-G12D MEF DNA. (C) qPCR amplification plot with Kras+/+ MEF DNA. 
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Figure 3.8 – qPCR strategy for detection of KrasLSL-G12D. A 20-base 5’ 6-FAM™- 3’ MGB-labelled hydrolysis probe targets the right arm of the stem-
loop structure on the reverse strand, formed by the LoxP sequence most distal to exon 1 of KrasG12D. Unlabelled primers flank the unrecombined LoxP 
sequence, producing an amplicon of 117 bp. The stem-loop on the reverse strand is not shown.
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3.3.4 Development of an assay to detect recombined Kras  

3.3.4.1 SYBR Green qPCR 

To assess for Cre-Lox recombination in cfDNA of the Kras+/LSL-G12D mouse, 

several PCR strategies for detection of KrasLox-G12D (recombined LoxP sequence) 

were compared. First, a SYBR Green qPCR strategy using the 140 bp/180 bp 

primer pair was attempted, in which melt-curve analysis could theoretically 

distinguish between the Kras+ and KrasLox-G12D amplicons due to the 40 bp 

difference in length. The predicted melting temperature (Tm) values of the 140 bp 

and 180 bp products were 57.1ºC and 65.7ºC, respectively, as calculated using 

mFold software (Zuker, 2003).  However, generation of a melt-curve from Kras+/+ 

and Kras+/Lox-G12D MEF DNA showed single peaks corresponding to an amplicon 

Tm of 79.4°C, and resolving the PCR products on an agarose gel confirmed that 

only the WT (140 bp) amplicon was generated (Fig 3.9). 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 3.9 – Melt-curve analysis of PCR products from 140 bp/180 bp primers. (A) The 
primers pair that co-amplify Kras+ (140 bp) and KrasLox-G12D (180 bp) were tested with Kras+/+ (red) 
and Kras+/Lox-G12D (yellow) MEF DNA. (B) Agarose gel from end-point PCR. L, ladder; NTC, no 
template control.  
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3.3.4.2 End-point PCR strategy with conventional length primers 

The result in Fig 3.9 may be explained by the Tm of the primers, which are around 

10.4ºC lower than that of the KrasLox-G12D PCR product (65.7ºC). Another possible 

explanation for the absence of the KrasLox-G12D (180 bp) product is that 

amplification of the 140 bp amplicon is favoured due to shorter length.  

To prevent co-amplification of Kras+, primers were designed to target the 

recombined LoxP sequence. Multiple primer pairs were designed in which the 

forward primer and/or the reverse primer extended into the recombined LoxP 

sequence (Fig 3.10). Primer sequences are given in Table 3.1. 

 

 

 

 

 

 

 

 
Figure 3.10 – Targeting of the recombined LoxP sequence in KrasLox-G12D with conventional 
primers. To prevent co-amplification of Kras+ (as with the 140/180 bp primers, A and G), forward 
and/or reverse primers were designed to overlap into the LoxP sequence. F, forward; R, reverse.  

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.1 – Primer sequences used in the PCR strategy shown in Figure 3.10. 

Primer Sequence Tm (°C) 

F1 TCAACAAAGAATACCGCAAGG 59.7 

F2 GAATACCGCAAGGGTAGGTGTT 61.1 

F3 GTAGGTGTTGGGATAGCTGTCGA 62.2 

F4 GTGTTGGGATAGCTGTCGACATAA 62.1 

F5 GGGATAGCTGTCGACATAACTTCG 62.9 

F6 CTGTCGACATAACTTCGTATAGCATACA 61.5 

R1 CAGCTAATGGCTCTCAAAGGA 59.5 

R2 GTGGACACACCCGCATGAG 63.3 

R3 TGTCGACATAACTTCGTATAATGTATGC 61.2 

R4 CGCATGAGCTTGTCGACATAAC 62.6 

R5 GCATGAGCTTGTCGACATAACTTC 62.0 

R6 CATGAGCTTGTCGACATAACTTCG 62.8 
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The strategy shown in Fig 3.10 was carried out by end-point PCR, enabling 

simple determination of PCR product size using agarose gel analysis. Forward 

(F1-6) and reverse (R1-6) primers were paired in all 36 possible combinations, 

and used to amplify from three DNA templates extracted from MEF cell lines: 

Kras+/+ (+/+), Kras+/LSL-G12D (+/LSL) and Kras+/Lox-G12D (+/Lox). PCR products were 

analysed on an agarose gel. Smeared bands and bands at unexpected sizes 

were dismissed as primer dimers and non-specific products. Primer combinations 

that produced visible bands of the expected sizes are shown in Figure 3.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.11 – Agarose gel analysis of PCR products from targeting of the recombined LoxP 
sequence in KrasLox-G12D with conventional primers. Primers F1-6 and R1-6) were used in all 
36 combinations to amplify Kras+ and/or KrasLox-G12D from three DNA templates extracted from 
MEF cell lines: Kras+/+ (+/+), Kras+/LSL-G12D (+/LSL) and Kras+/Lox-G12D (+/Lox). Only the primer pairs 
that generated products of the expected size are shown. Primer positions are shown in Figure 
3.17. The bands outlined in red correspond to the KrasLox-G12D product. 
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As expected, R1 amplified both Kras+ and KrasLox-G12D when paired with F1 and 

F2 (faint bands outlined in red in Fig 3.11). However, only Kras+ was amplified 

when R1 was paired with F3. R2 produced amplicons when paired with F1-3 but 

not F4-6. All amplicons corresponded to Kras+ and not KrasLox-G12D. R3 amplified 

Kras+, but not KrasLox-G12D, when paired with F1 and F2. No amplicons were 

produced when in combination with F3-6.  R4, R5 and R6 did not produce any 

amplicons when paired with any forward primer. These results show that the WT 

allele is amplified with primer pairs that do not overlap into the LoxP sequence, 

but any primers that overlap into this region do not result in amplification of WT 

(as expected) or KrasLox-G12D.     
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3.3.4.3 Secondary structure prediction of single-stranded LoxP 

PCR strategies so far have demonstrated great difficulty in amplifying across the 

recombined LoxP sequence using short amplicons suitable for qPCR. Based on 

the palindromic nature of the 34 bp LoxP sequence, one possible explanation for 

the failure of previous PCR strategies for amplify across LoxP is that, when 

single-stranded following PCR denaturation, it folds into a stable stem-loop 

structure that occludes primer and polymerase access (Huang et al., 2007). In 

addition, the 6 bp palindromic Sal1 restriction sites that flank the recombined 

LoxP site in the Kras+/LSL-G12D model would result in a 19 bp stem-loop structure 

with a high Tm (Fig 3.12). Secondary structure analysis of the Sal1-flanked 

recombined LoxP sequence with Mfold Software (Zuker, 2003) predicted the Tm 

of this structure to be 65.5°C (ΔG = -12.67 kcal/mol at 37.0°C), assuming a two-

state model, which is higher than the Ta of conventional PCR primers in Table 3.1 

and may explain failure of the PCR amplicons targeting LoxP. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 3.12 – Stem-loop structure of LoxP in the Kras+/LSL-G12D mouse. When single-stranded, 
the 34bp palindromic LoxP sequence folds into a 13 bp stem-loop structure (left) with a predicted 
Tm of 55.6°C. In the Kras+/LSL-G12D mouse, the LSL element is flanked with 6 bp palindromic Sal1 
sites, resulting in a Sal1-flanked recombined LoxP sequence upon Cre-mediated recombination. 
When single-stranded, this sequence folds into a 19 bp stem-loop structure (right) with a predicted 
Tm of 65.5°C. Stem-loops assemble on both strands.   
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3.3.4.4 End-point PCR strategy with high-Tm primers 

An alternative strategy was to lengthen the primers in order to increase Tm and, 

in turn, aid in destabilisation of the predicted 19 bp LoxP/Sal1 stem-loop. To this 

end, long (24 – 41 bp) and high-Tm (66.0 – 77.0°C) primers were designed to 

flank or overlap into the recombined LoxP sequence, theoretically preventing 

stem-loop formation at the high annealing/extension temperature of 64.0°C. This 

strategy is shown in Figure 3.13 and the primer sequences are given in Table 

3.2. Figure 3.14 shows the agarose gel analysis of this PCR strategy.  

 

 

 

 

 

 

 
Figure 3.13 – Targeting of the recombined LoxP sequence in KrasLox-G12D with high-Tm 
primers. Primer positions for forward long (FL) and reverse long (RL) primers targeting the 
recombined LoxP sequence (black box). Flanking Sal1 restriction sites are shown as white boxes.  

 

 

 

Table 3.2 – Primer sequences used in the PCR strategy shown in Figure 3.13. 
 

 

 

 

 

 

Primer Sequence Tm (°C) 

FL1 GAATACCGCAAGGGTAGGTGTTGG 66.3 

FL2 CAAAGAATACCGCAAGGGTAGGTGTTGGGATAGC 74.4 

RL1 GGCTCTCAAAGGAATGTATCATGACTTCACTCAGTACAAA 74.8 

RL2 ACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGG 75.7 

RL3 CACACCCGCATGAGCTTGTCGACATAACTTCGTATAATG 76.7 

RL4 TGAGCTTGTCGACATAACTTCGTATAATGTATG 68.8 

90 30 60 0 180 120 150 

Sequence length (bp) 

RL4 
RL3 

FL1 
FL2 

RL1 
RL2 
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Figure 3.14 – Agarose gel analysis of PCR products from targeting of the recombined LoxP 
sequence in KrasLox-G12D with high-Tm primers. Primers FL1-2 and RL1-4 were used in all 8 
combinations to amplify Kras+ and/or KrasLox-G12D from three DNA templates extracted from MEF 
cell lines: Kras+/+ (+/+), Kras+/LSL-G12D (+/LSL) and Kras+/Lox-G12D (+/Lox). Only the primer pairs that 
generated products of the expected size are shown. Primer positions are shown in Figure 3.20. 
The bands outlined in red correspond to the KrasLox-G12D product. 
 

All primer pair combinations successfully amplified Kras+, where neither of the 

primers overlapped into the LoxP sequence. However, consistent with the 

previous strategy (conventional length primers), all combinations in which the 

reverse primer overlapped into the LoxP sequence (RL3, RL4) did not amplify 

KrasLox-G12D. The shortest LoxP-containing amplicon (KrasLox-G12D) produced 

using this high-Tm strategy was 163 bp (123 bp Kras+), which was shorter than 

the amplicon produced with the original 140/180 bp primers, but still too long for 

quantitative analysis of cfDNA and for use with qPCR. 
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3.3.4.5 TaqMan probe strategy 

Another approach was to incorporate a TaqMan probe to improve specific of the 

PCR. To avoid use of long, non-specific primers, a TaqMan qPCR strategy 

comprising an MGB hydrolysis probe and conventional primers was developed. 

Addition of the MGB moiety raised the probe Tm by approximately 10°C, thus 

allowing a relatively short probe to reach a high Tm without favouring non-specific 

priming. A high Tm would theoretically permit annealing to (and thus structural 

destabilisation of) the LoxP sequence before primers anneal.  

 
Figure 3.15 – Targeting of MGB and LNA hydrolysis probes to the recombined LoxP stem 
loop(s). Hydrolysis probes targeting the recombined LoxP stem-loop(s) were modified to increase 
Tm; either by addition of a 3’ minor groove binder (MGB) moiety or by locking specific bases 
(represented as hollow circles) using Locked Nucleic Acid (LNATM) technology. Arrows represent 
5’3’ directionality of probes. 

 

MGB 1 MGB 2 MGB 3 LNA 1 LNA 2 

Tm (ºC) 70 74 72 70 74 

Length 22 20 25 24 18 

LNA 0 0 0 7 9 

Strand AS AS AS AS AS/S 
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Three MGB probes (Tm 70.0 – 74.0°C) were designed to destabilise different 

regions of the stem-loop on the reverse strand (Fig 3.15). MGB 1 was targeted to 

the 8 bp loop and the left arm of the stem, MGB 2 was targeted to the right arm 

of the stem and 3’ region, and MGB 3 was targeted to the right arm of the stem 

and 8 bp loop. The probes were not multiplexed. No PCR signal was achieved 

when each probe was tested with compatible primers from Fig 3.10 (F1 - F5 and 

R1 - R6 for probe MGB 1; F1 - F2 and R1 - R6 for probes MGB 2 and MGB 3) in 

all combinations, despite performing a Ta gradient for each primer pair (Fig 3.16).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 – Representative example of TaqMan qPCR amplification plot for targeting of 
LoxP sequence in KrasLox-G12D with F2/R2/MGB 3 oligonucleotides (no signal).  
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3.3.4.6 Locked nucleic acid (LNA) probe strategies  

After failure of the TaqMan probe strategy to amplify across the recombined LoxP 

sequence, alternative strategies to provide sufficient destabilisation of the stem-

loop were sought. The nucleotide sequence of probe MGB 3 was used to design 

a locked nucleic acid (LNA) probe (LNA 1, Fig 3.17), in which 7 nucleotides were 

conformationally restricted by addition of a 2′-O-4′-C-methylene bridge. This 

‘locked’ conformation increases the affinity of oligonucleotides for their 

complementary sequences, whilst decreasing affinity for highly similar sequences 

containing minor mismatches. In addition, LNAs are reported to exhibit strand-

invasion properties, which could facilitate destabilisation of the LoxP stem-loop 

(Hertoghs et al., 2003). The modification of probe MGB 3 to incorporate locked 

bases enabled a Tm of 70.0°C to be reached in the absence of the MGB moiety; 

at this temperature, the LoxP sequence should not fold into a stem-loop structure. 

The precise targeting of probe LNA 1 to the LoxP stem-loop is shown in Fig 3.15. 

Probe LNA 1 (CGACA[T]A[A]C[T]T[C]GTAT[A]G[C]ATAC[A]T) was first tested in 

assay format with primers FM 1 (CCAGTCAACAAAGAATACCGCAAGG) and 

RM 2 (CTGTGGACACACCCGCATGA), which were modified sequences of 

primers F1 and R2 (Fig 3.10) and had a Tm of 65.8°C and 62.5°C, respectively. 

In this format, the LNA 1/FM 1/RM 2 assay amplified 113 bp of KrasLox-G12D and 

73 bp of Kras+. A Ta gradient (57.0 – 62.0°C in 1.0°C increments) was carried out 

with the following DNA templates from MEF cell lines: Kras+/Lox-G12D, Kras+/LSL-G12D 

and Kras+/+. The assay demonstrated specificity for the recombined Kras allele, 

since no PCR was obtained from Kras+/LSL-G12D and Kras+/+ templates (Fig 3.17).  
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Figure 3.17 – Targeting of the recombined LoxP sequence in KrasLox-G12D with the LNA 1 
assay (113 bp). Probe LNA 1 was tested with primers RM 1 and RM 2 (approximate locations 
shown in Fig 3.12) and amplification plots at a Ta of 62.0°C are shown. (A) KrasLox-G12D MEF DNA. 
(B) KrasLSL-G12D MEF DNA. (C) Kras+/+ MEF DNA. Rn, normalised reporter.  
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To determine the potential utility of the 113 bp LNA 1 qPCR assay (Fig 3.17) in 

cfDNA, efficiency was calculated by standard curve analysis with serially diluted 

Kras+/Lox-G12D MEF DNA, with a range of 156 pg/reaction – 10 ng/reaction. The 

assay had 85% efficiency and poor reproducibility (Fig 3.18, solid line).  

Since all oligonucleotides in the LNA 1 assay were able to anneal to the same 

genomic regions of Kras in the unrecombined state, efficiency of the assay may 

be further reduced in the presence of unrecombined allele. To assess the 

possible influence of KrasLSL-G12D on detection of KrasLox-G12D using this assay, a 

standard curve was generated with KrasLox-G12D MEF DNA as before, but each 

standard was spiked into a background of KrasLSL-G12D MEF DNA (Fig 3.18, 

dashed line). Frequency of the recombined allele (as % of total unrecombined 

and recombined) ranged from 50% in the first dilution to 0.78% in the seventh 

dilution. Whereas the recombined allele could be detected in the seventh dilution 

in the absence of KrasLSL-G12D, addition of KrasLSL-G12D adversely affected 

amplification, and the assay failed to detect the recombined allele after the fourth 

dilution (recombined allele frequency of 6.25%) as shown by the dashed line in 

Figure 3.18. Therefore, this qPCR assay was not suitable for use in cfDNA.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.18 – Standard curve for quantification of KrasLox-G12D in absence and presence of 
KrasLSL-G12D allele with the 113 bp LNA 1 assay. Efficiency of an LNA probe-based qPCR assay 
targeting the KrasLox-G12D allele was calculated with two standard curves (7 points, 1:2 dilution). 
Solid line represents KrasLox-G12D only and dashed line represents presence of KrasLSL-G12D allele.  
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To overcome co-amplification of KrasLSL-G12D, the 113 bp LNA 1 qPCR assay was 

transferred to a droplet digital PCR (ddPCR) system, such that KrasLSL-G12D and 

KrasLox-G12D would be unlikely to exist in the same droplets. A Ta gradient (60.0 – 

66.0°C over 8 temperatures) was carried out to determine the Ta at which 

discrimination between positive and negative droplets was greatest, using 10 ng 

of the following DNA templates from MEF cell lines: Kras+/Lox-G12D, Kras+/LSL-G12D 

and Kras+/+. The optimum Ta was found to be 62.0°C (Fig 3.19). In all reactions, 

negative droplets clustered tightly between 3,000 and 4,000 fluorescence units 

(FU), but there was additional rain extending up to 5,000; this is not a typical 

observation with fluorescent probes in ddPCR and was likely a consequence of 

autofluorescence from the 6-FAM™ fluorophore. The presence of positive 

droplets in the Kras+/+ template reaction suggests occasional mispriming of probe 

LNA 1 to the Sal1 restriction site in Kras+. 

 

 
Figure 3.19 – 1D droplet plots of the 113 bp LNA 1 probe-based assay. Probe LNA 1 and 
primers FM 1/RM 2 were run at a Ta of 62.0°C with the following templates: (A) Kras+/Lox-G12D MEF 
DNA, (B) Kras+/LSL-G12D MEF DNA, (C) Kras+/+ DNA. FU, fluorescence units. 
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Probe LNA 1 was redesigned to eliminate the suspected autofluorescence (Fig 

3.20). Since the palindromic nature of LoxP promotes stem-loop formation on 

both DNA strands, probe LNA 2 was designed to destabilise both stem-loops 

simultaneously. This ‘double destabilisation’ strategy was based on a strategy by 

Esposito et al. for improving sequencing through attL recombination sites, which 

are inverted repeat sequences that form stem-loops (Esposito et al., 2003). Probe 

LNA 2 (Fig 3.20) was based on the sequence of probe LNA 1, except targeting 

of the 8 bp loop was avoided, because this region is not palindromic and would 

prevent the probe annealing to both strands. Instead, the probe was targeted only 

to the right arm of the stem on both strands by reducing the length to 18 nt and 

shifting the probe further into the Sal1 restriction site. Addition of 9 LNA bases to 

the probe increased the Tm to 70°C, which is higher than the predicted Tm of the 

amplicon. Since probe LNA 2 was designed to anneal to 5 nt of the 6 nt Sal1 

restriction site, which is also present in Kras+, there was concern that the probe 

may have misprimed to the WT sequence. To minimise this possibility, specific 

bases within the probe that would have formed mismatches with the WT 

sequence were locked, thus decreasing the stability of base pairing (Fig 3.20).  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 3.20 – Targeting of LNA probes 1 and 2 to the recombined LoxP sequence. Probe 
LNA 1 targets the loop and right arm of the stem on the reverse strand. Probe LNA 2 targets the 
right arm of the stem on both strands. Black circles show locked bases. The Sal1 sites are in grey.  
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The clustering of positive and negative droplets with probe LNA 2 was determined 

by performing a Ta gradient as with probe LNA 1, using the same three templates. 

The optimum Ta was found to be 62.0°C; at this temperature, there was improved 

discrimination between positive and negative droplets, with negative droplets 

forming a tight cluster at around 1,000 FU. However, clustering of positive 

droplets was poor (Fig 3.21 A). No positive droplets were observed with Kras+/LSL-

G12D and Kras+/+ MEF DNA (Fig 3.21 B, C) 

 
Figure 3.21 – 1D droplet plots of the 113 bp LNA 2 probe-based assay. Probe LNA 2 and 
primers FM 1/RM 2 were run at a Ta of 62.0°C with the following templates: (A) Kras+/Lox-G12D MEF 
DNA, (B) Kras+/LSL-G12D MEF DNA, (C) Kras+/+ DNA. FU, fluorescence units. 
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Poor droplet clustering, as seen in Figure 3.21, does not permit a confident 

determination of droplet status (positive/negative) and increases risk of a true 

positive droplet falling below the threshold. In cfDNA, such positive droplets may 

signify rare events, and hence accurate determination of droplet status is critical. 

To improve droplet clustering and permit setting of a higher threshold, two 

modifications to the standard thermal cycling protocol were made. First, the cycle 

number was increased from 40 to 50, in an attempt to increase the fluorescence 

amplitude of positive droplets. Second, a probe annealing stage was added, 

theoretically increasing the time for which the LNA probe may anneal to the LoxP 

sequences in their open conformation.  

Modifications were run independently using Kras+/Lox-G12D template. An increase 

in cycle number from 40 to 50 raised the fluorescent amplitude of each droplet, 

but gave only a marginal improvement in positive droplet clustering (Fig 3.22 A). 

Introduction of a probe annealing stage at a range of temperatures (68.0 – 

72.0°C) also did not improve clustering (Fig 3.22 B). 

 

Figure 3.22 – Cycling protocol optimisation of the 113 bp LNA 2 probe-based assay. (A) 
The assay was run for 50 cycles with Kras+/Lox-G12D MEF DNA template. (B) A probe annealing 
step was introduced to the cycling protocol, with a Ta range of 68.0 – 72.0°C. FU, fluorescence 
units. 
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Based on the earlier observation that the amplicon length was critical to the ability 

of primers flanking the LoxP sequence to amplify (Fig 3.10), the amplicon length 

of the LNA 2 assay was increased from 113 bp to 133 bp. This theoretically 

decreased the thermal stability of the LoxP stem-loop at the Ta of the primers, 

increasing the probability of the LoxP sequence existing in a linear conformation. 

Probe LNA 2 (Fig 3.20) was tested in assay format with primers FM 1 and R 133 

(TCTGCATAGTACGCTATACCCTGTG), which both had a Tm of 65.8°C. A Ta 

gradient (57.0 – 62.0°C in 1.0°C increments) was carried out with the following 

DNA templates: Kras+/Lox-G12D MEF DNA, Kras+/LSL-G12D MEF DNA and Kras+/+ 

DNA. The assay was specific to KrasLox-G12D and the clustering of positive droplets 

showed significant improvement from the 113 bp assay, as shown in Fig 3.23.  

 
Figure 3.23 – 1D droplet plots of the 133 bp LNA 2 assay. Probe LNA 2 and primers FM 1/R 
133 were run at a Ta of 62.0°C with the following templates: (A) Kras+/Lox-G12D MEF DNA, (B) 
Kras+/LSL-G12D MEF DNA, (C) Kras+/+ DNA. FU, fluorescence units. 
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At the earliest stages of tumour progression in the Kras+/LSL-G12D mouse, it is likely 

that the recombined allele will be absent or exist at a very low frequency in cfDNA, 

diluted by the unrecombined allele. Therefore, utility of the 133 bp LNA 2 assay 

in cfDNA requires that detection of KrasLox-G12D is not compromised by a 

predominant background of KrasLSL-G12D. To determine the sensitivity of the 133 

bp LNA 2 assay with ddPCR, Kras+/Lox-G12D MEF DNA was spiked into a 

background of Kras+/LSL-G12D MEF DNA and serially diluted two-fold over eleven 

points. The concentration of Kras+/LSL-G12D MEF DNA remained constant in each 

dilution, and Table 3.3 gives the theoretical copy number and frequency of 

KrasLox-G12D in each dilution.  

 

 

 

 

 

 

 

 

 

 
Table 3.3 – Theoretical copy number and frequency of KrasLox-G12D in each dilution for 
sensitivity analysis of the LNA 2 133 bp assay.  
 

To ensure the concentration of KrasLSL-G12D in each dilution was constant, the 

LNA 2/FM 1/R 133 assay for recombination was duplexed with the single-locus 

Gapdh 113 bp assay. Copy number of KrasLSL-G12D was calculated by halving the 

copy number of Gapdh (since the transgenic allele is heterozygous for KrasLSL-

G12D/KrasLox-G12D). A good correlation between the actual and theoretical copy 

number was observed down to the tenth dilution, which had a copy number of 

0.75 and allele frequency of 0.1% (Fig 3.24). The dropout at the eleventh dilution 

is consistent with only a 38% chance of a positive droplet being present.   

  

 

Dilution Copy number Frequency (%) 

1 379 33.0 

2 189 20.0 

3 95 11.0 

4 47 5.9 

5 24 3.0 

6 12 1.6 

7 6 0.8 

8 3 0.4 

9 1.5 0.2 

10 0.75 0.1 

11 0.38 0.05 
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Figure 3.24 – Experimental determination of LNA 2/FM 1/RM 2 assay sensitivity using 
ddPCR. Kras+/Lox-G12D MEF DNA was serially diluted into a background of Kras+/LSL-G12D MEF DNA. 
(A) Table to show the theoretical copy number, CN, and frequency, F, of the recombined allele in 
each serial dilution. (B) A bar chart to show the actual (white) and theoretical (black) CN of the 
recombined allele in each serial dilution. Error bars represent the mean ± SD of two replicates. 
(C) 1D droplet plot of experiment, with a manual threshold of 1,100.  
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3.3.5 Final design of assay to detect recombined Kras   

Through use of LNA technology, specific (Fig 3.23) and sensitive (Fig 3.24) 

detection of recombined Kras in a predominant background of unrecombined 

Kras has been demonstrated by ddPCR.  The final assay targets 133 bp of the 

recombined Kras (KrasLox-G12D) locus and comprises primers that flank the 

recombined LoxP sequence, along with a dual-labelled (5’ 6-FAM™ and 3’ BHQ-

1™) hydrolysis probe. This probe (Fig 3.25) contains 9 locked bases, which 

provides strand-invasion properties to the probe and brings the Tm to 70ºC, which, 

critically, is higher than the predicted Tm of the 133 bp amplicon. Through 

targeting of the probe to the right arm of the LoxP sequence and Sal1 restriction 

site, the probe can anneal to both template strands and may facilitate ‘double 

destabilisation’ of the predicted stem-loop structure formed by the palindromic 

LoxP sequence on each strand. This can, in turn, promote a linear formation of 

template for PCR extension. The cycling protocol is shown in Table 3.4 and a 

schematic of the assay is shown in Figure 3.26. 

 

 
 
 
 
 
Figure 3.25 – LNA 2 probe for ‘double destabilisation’ of LoxP stem-loop structures at the 
recombined Kras locus.  The probe is 5’ 6-FAM™ and 3’ BHQ-1™ labelled and contains locked 
bases, shown in square brackets. 

 
 

 
Table 3.4 – Cycling protocol for LNA2 133 bp assay for detection of KrasLox-G12D.  
 

 

Stage Temperature (ºC) Time  Ramp rate  Cycles  

Enzyme activation 95 10 mins 

2ºC/sec 

1 

Denaturation 95 30 secs 40 

Annealing/extension 62 30 secs 40 

Enzyme deactivation 98 10 mins 1 

6-FAM  – TCGACA[T][A][A][C]T[T][C]G[T][A][T]A –  BHQ-1 
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Figure 3.26 – Schematic of LNA 2 133 bp assay for detection of KrasLox-G12D by ddPCR. An 18-base FAM-BHQ-1™-labelled hydrolysis probe with 9 
locked bases (yellow) targets the right arm of the stem-loop structure on both strands, formed by the LoxP sequence. Unlabelled primers flank the 
recombined LoxP sequence, producing an amplicon of 133 bp. The stem-loop on the reverse strand is not shown.
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3.3.6 Summary of assays developed for analysis of cfDNA  

In this Chapter, PCR assays were designed for total quantification of cfDNA 

(targeting either single-locus Gapdh or 44 Gapdh pseudogenes) and sensitive 

detection of unrecombined and recombined KrasG12D alleles in cfDNA. 

Quantification of total cfDNA over time may permit correlation with tumour burden 

assessed via computed tomography (CT) imaging (Haines et al., 2009; Namati 

et al., 2010a). Combined use of the assays to detect KrasLSL-G12D and KrasLox-G12D 

will permit the calculation of a recombination frequency with respect to the 

transgenic allele, and monitoring dynamic changes in this parameter over time 

will enable a comparison of tumour burden and ctDNA level. 
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3.3.7 Assessment of sequence variation in recombined LoxP 

Mutational analysis of LoxP sequences before and after Cre-mediated 

recombination has not been reported previously. Since the assays developed in 

this chapter to detect Cre-Lox recombination require annealing of a probe to the 

LoxP sequence, mutations in and around LoxP may compromise assay 

performance. To investigate possible sequence variation, DNA was extracted 

from an FFPE core biopsy of Kras+/Lox-G12D mouse lung tissue, which was 

confirmed to contain multiple adenomas by histological analysis with H/E (Fig 

3.27). A 180 bp region surrounding the recombined LoxP sequence was PCR-

amplified with the 140/180 bp primers detailed in Table 2.4 and cloned into a 

vector. Clones were screened by PCR and 40 clones containing the 180 bp insert 

were sequenced.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.27 – Location of core biopsy from Kras+/Lox-G12D mouse lung. A 1.5 mm diameter 
core biopsy was punched from a region of Kras+/Lox-G12D mouse lung tissue, which was confirmed 

to contain multiple adenomas by H/E analysis. 

5x 

500 µm 
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Figure 3.28 – Alignment of reads for sequences within and around the recombined LoxP sequence in KrasLox-G12D. 140 bp/180 bp primers flanking 
the recombined LoxP sequence were used to amplify a 180 bp sequence in KrasLox-G12D. Mutations are shown in grey. Primer sequences are not shown. 

01 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTACGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
02 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAGCATACATTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
03 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
04 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAGCATACATTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
05 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAGCATACATTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
06 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAGCATACATTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
07 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
08 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAGCATACATTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
09 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
10 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAGCATACATTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
11 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
12 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCCATACCCTGTGGACACACCCGCATGAGCTT GTCGGC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
13 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
14 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC GGCTATCCCAACACCTAC 
15 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
16 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
17 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAGCATACATTATACGAAGTTAT GTCGGC AGCTATCCCAACACCTAC 
18 ATGCATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
19 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAGCATACATTATACGAAGCTAT GTCGAC AGCTATCCCAACACCTAC 
20 ATGTATCACGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
21 ATGTATCATGGCTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
22 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
23 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
24 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
25 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
26 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
27 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATGCGAAGTTAT GTCAAC AGCTATCCCAACACCTAC 
28 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
29 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
30 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCTAACACCTAC 
31 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
32 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
33 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
34 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
35 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
36 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACATACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
37 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
38 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
39 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTATCCCAACACCTAC 
40 ATGTATCATGACTTCACTCAGTACAAATATTCTGCATAGTACGCTATACCCTGTGGACACACCCGCATGAGCTT GTCGAC ATAACTTCGTATAATGTATGCTATACGAAGTTAT GTCGAC AGCTGTCCCAACACCTAC 

 
Summary ATGCATCACGACTTCACTCAGTACAAATATTCTGCATAGTACGCCATACCCTGTGGACATACCCGCATGAGCTT GTCGGC ATAGCTACGTATAATGTATGCTATACGAAGTTAT GTCAGC GGCTGTCCTAACACCTAC 

Sal1 Sal1 LoxP 
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Sequence alignment revealed point mutations within 12 of the 40 clones 

containing recombined LoxP (Fig 3.28). These mutations clustered within and 

around the Sal1 restriction sites, and also occurred in intronic sequence, as 

shown in Figure 3.28. 11 of the 12 mutations were transitions (4 A>G; 1 G>A; 4 

T>C; 2 C>T), and all mutations were confirmed by sequencing the opposite 

strand. To confirm these mutations were not induced by errors in DNA 

polymerase during PCR amplification of the insert sequence, the 140 bp WT 

region of Kras (co-amplified by the same primers) was also cloned. 40 clones 

were sequenced and no mutations were identified, thus confirming the mutations 

observed following Cre-mediated recombination of LoxP sequences were 

induced by the recombination process.  

As shown in Figure 3.29, the presence of point mutations within and around the 

recombined LoxP sequence may prevent annealing of primers and probe in the 

ddPCR for detection of recombined Kras (Fig 3.26).  

 

 

 

 

 
Figure 3.29 – Cre-Lox recombination induces mutations within and around the recombined 
LoxP sequence. A 180 bp region surrounding the recombined LoxP sequence (black; flanked 
with Sal1 restriction sequences, white) was PCR-amplified from DNA isolated from a Kras+/Lox-

G12D mouse lung. The region was cloned and 40 clones were isolated for sequencing. Vertical 
lines indicate the positions of the mutations. Annealing positions of oligonucleotides in the 
recombined allele assay are shown in dashed boxes.    

 

 

 

 

 

 

T
>

C
 

T
>

C
 

T
>

C
 

C
>

T
 

A
>

G
 

T
>

A
 

T
>

C
 

G
>

A

C
>

T
 

A
>

G
 

A
>

G
 

A
>

G
 

forward primer 
(antisense strand) 

LNA2 probe  
(antisense strand)  

LNA2 probe  
(sense strand)  

reverse primer 
(sense strand) 



Chapter 3                    PCR strategies for Cre-Lox recombination 
  

 

111 

 

 

3.4 Discussion 

The motivation for the development of quantitative PCR strategies to analyse 

cfDNA in the Kras+/LSL-G12D mouse was the result of a proof-of-concept study 

presented in Chapter 4, in which the recombined Kras allele (KrasLox-G12D) was 

identified in the cfDNA of Kras+/LSL-G12D mice 12 weeks post-adenoviral Cre 

infection, using end-point PCR. Prior to this work, evidence of ctDNA was first 

demonstrated in the Braf+/LSL-V600E model of lung cancer (Chapter 4), but given 

the relative infrequency of Braf mutations in human lung cancer, the KrasG12D-

driven model was deemed more clinically relevant, and the Braf+/LSL-V600E model 

was not evaluated further. Interestingly, detection of ctDNA in both mouse models 

preceded the development of overt cancer; instead, mice exhibited a spectrum of 

preneoplastic lesions that closely resembled those of the cognate human 

disease. This finding raised the prospect of using conditional mouse models to 

investigate ctDNA as a disease biomarker in various settings, with a particular 

emphasis on early detection.  

 

3.4.1 Quantification of total cfDNA 

In human patients with cancer, cfDNA is a dynamic biomarker, rising in levels as 

the disease progresses and regressing to baseline levels following curative 

resection (Swystun et al., 2011; To et al., 2003). This phenomenon is also well 

reported in xenograft mouse models (Rago et al., 2007; Thierry et al., 2010; 

Mouliere et al., 2011; Mouliere et al., 2013; Czeiger et al., 2011; Gorges et al., 

2012). Therefore, total cfDNA levels may be informative in GEM models of 

cancer. cfDNA was quantified in Kras+/LSL-G12D mice using a qPCR assay targeting 

113 bp of Gapdh. The observation that cfDNA levels were significantly elevated 

in tumour-bearing mice relative to wild-type mice at end-point provided further 

evidence of ctDNA in the Kras+/LSL-G12D mouse, although cfDNA levels did not 

correlate with tumour burden, as determined by histological analysis. One 

possible explanation is that tumour burden was estimated based on a single 

tissue section, which may have poorly represented the overall tumour burden. 
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Also, end-point cfDNA levels varied widely among tumour-bearing mice, likely 

due to variable tumour burden; inconsistent delivery of adenoviral Cre to the lungs 

is major limitation of nasal delivery in conditional models (DuPage et al., 2009). 

An additional qPCR assay targeting 44 Gapdh pseudogenes was developed for 

a more sensitive quantification of total cfDNA, such as in small blood samples 

taken for longitudinal analysis (Chapter 4.3.3). This assay showed linearity down 

to 2 pg/reaction, which is less than a genome equivalent (3.3 pg). 

 

3.4.2 Detection of KrasLSL-G12D 

A qPCR assay for the detection of KrasLSL-G12D was developed to enable the 

recombination frequency of the transgenic allele (along with an assay to detect 

KrasLox-G12D) to be calculated in cfDNA. A simple MGB probe strategy based on 

the Weis et al. assay was devised, in which a hydrolysis probe was targeted to 

the left unrecombined LoxP sequence, and flanking primers were positioned 

within intron 1 and the STOP sequence of the LSL element. The assay showed 

a minimum linear dynamic range of 160 – 10,000 pg/reaction and an efficiency of 

101%, as determined by standard curve analysis. 

 

3.4.3 Detection of KrasLox-G12D 

Initial demonstration of ctDNA in the BrafV600E- and KrasG12D-driven lung cancer 

models was achieved with end-point PCR, generating amplicons corresponding 

to the recombined alleles that were easily resolved electrophoretically. However, 

several pitfalls of end-point PCR for analysis of ctDNA were evident. For detection 

of the KrasLox-G12D allele, the band corresponding to the recombined allele was 

faint, even with heterozygous cell line (Kras+/Lox-G12D) template, which should have 

produced two bands of approximately equal intensity, corresponding to Kras+ 

(140 bp) and KrasLox-G12D (180 bp). This suggests inefficient amplification of 

KrasLox-G12D relative to Kras+, possibility in part due to differences in amplicon 

length. Also, end-point PCR produces only semi-quantitative data since 

measurements are made at the plateau phase of amplification. 
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To improve the sensitivity of KrasLox-G12D detection and permit a quantitative 

analysis of cfDNA in the Kras+/LSL-G12D mouse, assays based on qPCR and 

ddPCR were developed. Initial qPCR strategies were based on SYGR Green 

analysis and avoided co-amplification of Kras+ by positioning one or both primers 

within/overlapping into the recombined LoxP sequence. These strategies failed 

to produce PCR products at the desired size, instead favouring non-specific 

products and primer dimers. It was hypothesised at this stage that, following PCR 

denaturation, the palindromic nature of the LoxP sequence may promote the 

formation of a stem-loop structure, which may have a high Tm and thus occlude 

access to primers and DNA polymerase at a Ta of approximately 60°C.  

In silico prediction of secondary structure using mFold software predicted a stem-

loop structure with a Tm of approximately 55.6°C. However, since the LSL 

element was cloned into Kras+ via a 6 bp Sal1 restriction site during generation 

of the transgene, the recombined LoxP sequence is flanked by these palindromic 

restriction sites, resulting in a significantly longer (19 bp) stem-loop structure with 

a predicted Tm of approximately 65.5°C. Thus, in the initial experiments with 

conventional length primers, it is likely that some primers could not anneal 

because their target sequences were occluded by the stable stem-loop structure. 

An alternative approach was attempted in which primers were lengthened to 

increase the Tm above the Tm of the predicted stem-loop structure of recombined 

LoxP. Theoretically, the recombined LoxP sequence would exist in a single-

stranded conformation at the Ta of the primers, permitting primer access. 

However, this PCR strategy also failed to produce products at the expected size.  

Based on a published qPCR strategy by Weis et al. (2010) for targeting the 

recombined LoxP sequence in a Dnmt3a-deleted locus, high-Tm TaqMan MGB 

probes were designed to target the recombined LoxP sequence directly (Weis et 

al., 2010). Such probes would, in theory, destabilise or prevent formation of the 

stem-loop structure to allow primers to anneal at a Ta of approximately 60°C. 

Three TaqMan MGB probes were designed to destabilise different regions of the 

stem-loop, including the left arm and loop region, right arm and loop region, and 

left arm alone. Each probe was tested with all primer pairs that produced 
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products, but no amplification signal was observed from any primer/probe 

combination. 

The reason for failure of the TaqMan MGB probe strategy to permit amplification 

across the recombined LoxP sequence was unclear. A paper published by 

Hertoghs et al. reported the use of LNA modification technology to produce 

hydrolysis probes that could invade double-stranded plasmid DNA and displace 

non-complementary strands (Hertoghs et al., 2003). It was hypothesised that the 

‘strand invasion’ property of LNA nucleotides, as reported in this paper, could 

provide further destabilisation potential to the MGB probes used previously. To 

this end, one MGB probe was redesigned to incorporate 7 locked nucleotides, 

which maintained the Tm at 70°C despite removing the MGB moiety. The modified 

probe was tested with primers flanking the recombined LoxP sequence and was 

successful in producing an amplification signal. However, a standard curve of 

KrasLox-G12D DNA showed the assay had poor efficiency, and a subsequent 

experiment in which KrasLox-G12D DNA was serially diluted into a constant 

background of KrasLSL-G12D DNA revealed that the assay was sensitive only down 

to a 6.25% frequency of KrasLox-G12D, which is unacceptable for use in cfDNA 

where the ctDNA fraction may be very low (Schwarzenbach et al., 2008). This 

suggested that KrasLSL-G12D was outcompeting KrasLox-G12D for the probe. 

To overcome the suppressive effect of KrasLSL-G12D on amplification of KrasLox-

G12D, the assay was translated to ddPCR methodology. Partitioning of template 

into many droplets would theoretically prevent the two alleles existing in the same 

droplet, providing sufficient dilution of template. Indeed, detection of KrasLox-G12D 

was unaffected by the presence of KrasLSL-G12D and Kras+, the latter of which 

competes with KrasLox-G12D for both primers. Droplet discrimination was poor, with 

the majority of positive droplets clustering loosely at low fluorescence amplitude, 

rendering discrimination between positive and negative droplets difficult. A 

clustering of droplets towards baseline was observed with all templates and the 

NTC, suggesting autofluorescence from the FAM fluorophore.  

The probe was redesigned to eliminate autofluorescence and the sequence was 

modified such that the new probe could anneal to both DNA strands, providing 



Chapter 3                    PCR strategies for Cre-Lox recombination 
  

 

115 

 

 

destabilisation to both stem-loop structures simultaneously. This strategy was 

based on an oligonucleotide blocking strategy reported by Esposito et al. for 

improving sequencing through attL recombination sites, which are inverted repeat 

sequences that are prone to stem-loop formation (Esposito et al., 2003).  

Whilst the new probe did not exhibit autofluorescence, clustering of positive 

droplets was poor and the majority of droplets were of low fluorescence, again 

making discrimination between positive and negative droplets difficult. Poor 

clustering of positive droplets may be explained by the Monte-Carlo effect, in that 

there were three probabilistic events associated with primer/probe annealing:  

(i) existence of both LoxP sequences in a linear conformation at the Ta of 

the probe;  

(ii) annealing of the probe to the linear LoxP sequences at this Ta; and 

(iii) annealing of each primer to a linear LoxP sequence at the primer Ta. 

Each of these events can influence the overall efficiency of amplification and, in 

turn, determine the fluorescence amplitude of each droplet. 

An increase in cycle number and incorporation of a probe annealing step did not 

significantly improve clustering, but a 20 bp increase in amplicon length had a 

dramatic effect, with positive droplets clustering at higher fluorescence amplitude, 

permitting more confident thresholding. The assay was not further optimised at 

this point. The analytical sensitivity of the final assay for KrasLox-G12D detection 

was evaluated by serially diluting KrasLox-G12D DNA into KrasLSL-G12D DNA. The 

assay was sensitive down to the tenth dilution, corresponding to a copy number 

of 0.75 and an allele frequency of 0.1%, which is suitable for cfDNA analysis. 

After the assays in this Chapter were developed, the possibility of mutations at 

low frequency in the recombined LoxP sequence was raised. Such mutations 

could impair the performance of the PCR assays developed in this chapter to 

detect Cre-Lox recombination, since annealing of oligonucleotides to their target 

sequences may be compromised by base mismatches. Cloning of the genomic 

region around the recombined LoxP sequence in FFPE tissue from a Kras+/LSL-

G12D mouse confirmed this observation, with 30% of clones showing a point 
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mutation in this region. Mutations were present in both the LoxP sequence and 

flanking regions (Sal1 sites and intronic sequences). Of particular concern were 

mutations within the LoxP sequence, since the assay for detection of KrasLox-G12D 

requires annealing of an LNA-modified probe to the LoxP sequence on both 

strands. Moreover, considering the mismatch discrimination properties of LNA 

bases, it is likely that single-base mismatches would abrogate annealing of the 

probe (Owczarzy et al., 2011). 

 

3.5 Conclusions 

A PCR strategy for quantitative detection of the recombined Kras allele in cfDNA 

of the Kras+/LSL-G12D mouse model was successfully designed. The propensity of 

the palindromic LoxP sequence to fold into a stable stem-loop during PCR 

presented a major challenge in the design of a PCR strategy that would provide 

sufficient destabilisation of this structure. Amplifying across the recombined LoxP 

sequence was particularly challenging because its flanking Sal1 restriction sites 

extended the stem-loop by another 6 bp to 19 bp. The shorter (16 bp) stem-loop 

formed by the unrecombined LoxP sequences were easily and efficiently 

destabilised using a conventional TaqMan MGB probe strategy based on the 

assay reported by Weis et al. (Weis et al., 2010). However, destabilising the stem-

loop formed by the recombined LoxP sequence was significantly more 

problematic, requiring an LNA-modified probe strategy to promote strand 

invasion. However, an assay with specificity for the recombined Kras allele and 

a low limit of detection was developed successfully. The LNA strategy may be 

applicable to other conditional mouse models in which the recombined LoxP 

sequence forms thermostable stem-loops that cannot be destabilised using 

conventional MGB probe-based strategies. The assays developed in this Chapter 

permitted quantitative analysis of cfDNA in further cohorts of Kras+/LSL-G12D mice, 

presented in Chapter 4.
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4.1 Introduction 

4.1.1 Background 

cfDNA has been investigated in late-stage human NSCLC, where molecular 

alterations such as mutations, copy number variations, structural rearrangements 

and epigenetic patterns have been shown to mirror those of primary and 

metastatic tumours (Elshimali et al., 2013). However, few studies have 

investigated the molecular features of cfDNA in the early and preneoplastic 

stages of the disease. Studies of this kind are hampered by the challenge of 

identifying individuals with early, preneoplastic lesions that may progress to 

malignancy. Instead, owing to the lack of cost-effective screening initiatives and 

the relatively late presentation of the disease, two-thirds of NSCLC patients 

present with metastatic spread that is refractory to curative treatment (Molina et 

al., 2008). 

Clinically-relevant mouse models could provide valuable insights into the utility of 

cfDNA as an early diagnostic biomarker, for several reasons. First, cfDNA 

analysis in humans is challenging due to intrinsic genetic and environmental 

heterogeneity between patients. Experimental mice are generated from inbred 

strains and can be housed in identical environmental conditions, thus minimising 

such extraneous variability. Second, some mouse models can recapitulate the 

initiating stages of tumour development in humans, which are virtually 

undetectable in asymptomatic patients using current screening methods. In 

addition, the ability to control disease onset permits the acquisition of blood 

samples at defined time points, before and during the course of tumour 

progression. Matched tumour tissue can be harvested to determine the stage of 

disease at the time of blood collection, and small animal imaging technologies 

may be used to non-invasively follow tumour progression longitudinally (Namati 

et al., 2010b). Importantly, age- and sex-matched wild type littermates can be 

compared to experimental mice in order to confirm disease-specific changes in 

cfDNA.   

 



Chapter 4                      Kras+/LSL-G12D Mouse Study 
  

 

119 

 

 

4.2 Aims and objectives 

 

The aims of this chapter were to determine: 

i) whether cfDNA levels increase over time and correlate with the stage 

of disease in the Kras+/LSL-G12D model; and 

ii) the earliest stage of disease at which ctDNA, i.e. the recombined 

(KrasLox-G12D) allele, can be detected.  

 

The objectives were to: 

i) quantify total cfDNA at longitudinal time points to correlate with tumour 

burden, assessed by µCT imaging; 

ii) calculate KrasLox-G12D allele frequencies in cfDNA at end-point and 

correlate with tumour burden, assessed by µCT imaging; and 

iii) track back to previous time points to determine the minimum tumour 

burden at which the KrasLox-G12D allele can be detected. 
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4.3 Results 

4.3.1 Proof-of-concept work   

4.3.1.1 Braf+LSL-V600E model  

The Braf+/LSL-V600E model of lung adenocarcinoma is a clinically relevant model 

that exhibits a range of preneoplastic lesions (Chapter 1.7.1) (Dankort et al., 

2007). To determine whether this model is a suitable model for analysis of cfDNA, 

a possible tumoural component of cfDNA was investigated using end-point PCR 

and agarose gel analysis.  

Since this model was generated by the Pritchard lab, the BrafLSL-V600E allele is 

well characterised and the sequences surrounding the LoxP sequences are 

known. A pair of primers flanking the three LoxP sequences were used to assess 

for complete Cre-mediated recombination in cfDNA. These primers were 

obtained from the Pritchard lab, where they are used for animal genotyping 

purposes. The forward primer is targeted to intron 14 and the reverse primer is 

targeted to a short sequence that was used to clone-in in the right LoxP 

sequence. In this configuration, the primers are specific to BrafLox-V600E, producing 

an amplicon of 205 bp, and do not amplify BrafLSL-V600E due to the long LSL 

element of several kb in length (Fig 4.1).  

 
Figure 4.1 – Overview of the end-point PCR strategy for detection of BrafLox-V600E in cfDNA. 
BrafLox-V600E is detected by flanking the LSL element with forward and reverse primers. The 
reverse primer does not anneal to Braf+ because it targets a unique sequence used to clone=in 
the right LoxP sequence. Primers amplify a 205 bp region of BrafLox-V600E. BrafLSL-V600E does not 
amplify because the STOP sequence within the LSL element cannot be fully extended during the 
PCR extension step. 
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45 µL cfDNA (entire eluate) was first analysed from cardiac blood in a cohort of 

4 mice (3 Braf+/LSL-V600E and 1 Braf+/+; Cohort 1) at 12 weeks following nasal 

administration of 1 x 108 PFU adenoviral Cre. At this time, all lungs exhibited 

alveolar hyperplasia throughout, bronchial epithelial hyperplasia and extensive 

well-circumscribed benign adenomas with bronchiolar involvement, as assessed 

by histological analysis with haematoxylin and eosin (H/E) stain. Fig 4.2 is a 

representative example of a Cohort 1 Braf+/Lox-V600E mouse lung at end-point. 3/3 

cfDNA samples from Braf+/LSL-V600E mice showed evidence of BrafLox-V600E (Fig 

4.3) by end-point PCR using primers as positioned in Fig 3.4.  

Since Cre expression was driven by the high-level constitutive CMV promoter, 

adenoviral Cre had potential to infect and induce recombination in any cell type, 

including blood cells if the virus crossed the respiratory membrane. To rule out 

direct recombination in the blood, genomic DNA was extracted from circulating 

leukocytes and subjected to PCR as in Figure 4.3. There was no evidence of 

leukocyte recombination in any mice (data not shown).  

Figure 4.2 – Representative H/E section of Braf+/Lox-V600E lung tissue 12 weeks post-
administration of 1 x 108 PFU adenoviral Cre. After 12 weeks of tumour development, lungs 
exhibited hyperplasia throughout, bronchial epithelial hyperplasia and extensive well-
circumscribed adenomas with bronchiolar involvement.  
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Figure 4.3 – BrafLox-V600E can be detected in cfDNA at end-point. Using primers that flank the 
LSL element in BrafLSL-V600E, the BrafLox-V600E allele (205 bp) was analysed by PCR in cfDNA from 
3 Braf+/LSL-V600E mice and 1 Braf+/+ mouse after 12 weeks of adenoviral Cre administration at 1 x 
108 PFU. MEF DNA carrying WT alleles (Braf+/+) was also included. L, ladder. 

 

These results were encouraging because they demonstrated, for the first time, 

evidence of tumour-derived DNA (i.e. the recombined Braf allele, Braf+/Lox-V600E) 

in terminal blood of genetically engineered mice with preneoplastic lesions and 

no evidence of overt cancer. 
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4.3.1.2 Kras+LSL-G12D model  

After successfully detecting the recombined Braf allele in cfDNA of Braf+/LSL-V600E 

mice at end-point, a similar approach was taken to investigate a possible tumour-

derived component of cfDNA in the Kras+/LSL-G12D model (Chapter 1.7.2) (Jackson 

et al., 2001). The approach used end-point PCR and agarose gel analysis as 

before.  

At the start of the project, the genomic position of the Lox-STOP-Lox (LSL) 

element in Kras+/LSL-G12D was not published, and this information was critical to 

the design of a short-amplicon qPCR assay for Cre-Lox recombination. To 

identify the approximate insert position, genotyping primers that flanked the 

recombined LoxP sequence (producing 425 bp and 465 bp amplicons for Kras+ 

and KrasLox-G12D alleles, respectively) were used as a starting point, and the 

genomic region was gradually shortened using a ‘walking in’ PCR approach with 

multiple primer pairs, until amplicon lengths of 140 bp for Kras+ and 180 bp for 

KrasLox-G12D were achieved using a single primer pair flanking the LSL element. 

The 5,646 bp STOP sequence within the LSL element prevented amplification of 

KrasLSL-G12D (Fig 4.4). Thus, the primer pair was suitable to assess for Cre-Lox 

recombination in cfDNA.  

 

 

 

 
 
 
 
 
 
 
Figure 4.4 – Overview of the end-point PCR strategy for detection of KrasLox-G12D in cfDNA. 
KrasLox-G12D is detected by flanking the LSL element with forward and reverse primers. Primers 
amplify a 140 bp region of Kras+ and a 180 bp region of KrasLox-G12D (WT + 40 bp LoxP). KrasLSL-

G12D does not amplify because the 5,646 bp STOP sequence within the LSL element cannot be 
fully extended during the PCR extension step. 
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45 µL cfDNA was first analysed from cardiac blood in a cohort of 7 mice (Cohort 

1) at 12 weeks following nasal administration of 1 x 108 PFU adenoviral Cre. At 

this time, all lungs exhibited widespread alveolar hyperplasia, bronchial epithelial 

hyperplasia and extensive benign adenomas with bronchiolar involvement, as 

assessed by histological analysis H/E stain. Fig 4.5 is a representative example 

of a Cohort 1 Kras+/Lox-G12D lung at end-point. 3/7 cfDNA samples showed 

evidence of KrasLox-G12D (Fig 4.6) by end-point PCR using primers as positioned 

in Fig 3.6.  

As with the Braf+/LSL-V600E mice, genomic DNA was extracted from circulating 

leukocytes and subjected to PCR as in Figure 4.6. There was no evidence of 

leukocyte recombination in any mice (data not shown). 

 

 

 

 

 

 

 

 

 

Figure 4.5 – Representative H/E section of Kras+/Lox-G12D lung tissue 12 weeks post-
administration of 1 x 108 PFU adenoviral Cre. After 12 weeks of tumour development, lungs 
exhibited widespread hyperplasia, bronchial epithelial hyperplasia and extensive adenomas with 
bronchiolar involvement.  
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Figure 4.6 – KrasLox-G12D can be detected in cfDNA at end-point. Using primers that flank the 
LSL element in KrasLSL-G12D, the KrasLox-G12D (180 bp) was analysed by PCR in cfDNA from 7 
Kras+/LSL-G12D mice and 1 Kras+/+ mouse after 12 weeks of adenoviral Cre administration at 1 x 108 
PFU. MEF DNA carrying KrasLox-G12D or KrasLSL-G12D alleles was used as positive and negative 
controls, respectively. L, ladder. 

 

These results were encouraging because they demonstrate, for the first time, that 

the recombined Kras allele can be detected in cfDNA isolated from terminal blood 

of Kras+/LSL-G12D mice, despite no evidence of overt lung adenocarcinoma. The 

next step was to quantitate levels of cfDNA at end-point in these bloods and 

correlate with tumour burden. To permit quantitative analysis of cfDNA, a qPCR 

assay targeting 113 bp of Gapdh was designed. The assay had a minimum linear 

dynamic range of 310 – 20,000 pg/reaction, an efficiency of 96% and R2 of 0.998, 

as determined by a standard curve of serially-diluted genomic DNA (Fig 4.7). 
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Figure 4.7 – Standard curve for total quantification of cfDNA by targeting 113 bp of Gapdh. 
A TaqMan® qPCR assay targeting a 113 bp region of Gapdh was validated through a 7-point, 1:2 
dilution series of genomic DNA. Data points represent three replicates per dilution. CT, cycle 
threshold. 

 

Based on the notion that cfDNA levels are generally elevated in human cancer, it 

was expected that mice with evidence of the recombined Kras allele in cfDNA at 

end point would have elevated total cfDNA levels (Diaz and Bardelli, 2014). 

cfDNA was quantified by qPCR (Fig 4.7) from cardiac blood along with 7 WT 

adenoviral Cre-treated mice (Fig 4.8). Tumour-bearing Kras+/LSL-G12D mice 

exhibited significantly greater cfDNA levels (mean, 2018.0 GE/mL) than WT mice 

(mean, 763.4 GE/mL) (P = 0.006). There was no correlation between 

presence/absence of the recombined Kras allele in cfDNA (Fig 4.8) and level of 

total cfDNA. To assess for a possible correlation between end-point total cfDNA 

levels and tumour burden, H/E lung sections were prepared for each mouse and 

tumour burden was calculated with ImageJ Software. There was no significant 

correlation between end-point cfDNA levels and lung tumour burden (R2 = 0.05) 

(Fig 4.9), which may have been due to the limited assessment of tumour burden 

in a single H/E slide rather than throughout the whole lung.    
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Figure 4.8 – cfDNA levels at end-point are significantly elevated in tumour-bearing 
Kras+/LSL-G12D mice relative to WT mice. Using the Gapdh qPCR assay in Figure 4.7, cfDNA was 
quantified from plasma isolated from cardiac blood in 8 Kras+/LSL-G12D mice and 7 WT adenoviral 
Cre-treated control mice. GE, genome equivalent (3.3 pg) 

 

 

 

 

 

 
 
 
 
Figure 4.9 – cfDNA levels were not correlated with tumour burden in Kras+/LSL-G12D mice 12 
weeks post-infection with 1 x 108 PFU adenoviral Cre. cfDNA was quantified from end-point 
blood using the Gapdh assay in Figure 4.7. Tumour burden was calculated with ImageJ by taking 
the ratio of tumour to normal area on a single H/E slide. GE, genome equivalent (3.3 pg). 

 

In summary, analysis of cfDNA in Kras+/LSL-G12D mice (Cohort 1) after 12 weeks 

of tumour progression showed evidence of the recombined Kras allele in 3/7 

mice. Moreover, tumour-bearing mice had significantly higher levels of total 

cfDNA at end-point compared to age-matched WT control mice. These findings 

are novel and encouraging, considering the Kras+/LSL-G12D mice used in Cohort 1 

did not bear malignant tumours at end-point. Based on the frequency of BRAF 
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and KRAS mutations in human NSCLC, it was decided that the Kras+/LSL-G12D 

model was more clinically relevant than the Braf+/LSL-V600E model, and therefore all 

subsequent mouse cfDNA work was carried out in the Kras+/LSL-G12D model.  

 

4.3.2 Study design 

The proof-of-concept work discussed in Chapter 4.3.1 was carried out to 

determine whether BrafLox-V600E and KrasLox-G12D could be detected in the cfDNA 

of Braf+/LSL-V600E and Kras+/LSL-G12D mice, respectively, at end-point. After 

confirming a tumour-derived component of cfDNA in these mice, a series of 

further studies were conducted in which total cfDNA levels and levels of KrasLox-

G12D and KrasLSL-G12D were quantified over time until end-point in Kras+/LSL-G12D 

mice.   

Mice were scanned at baseline and at 5-week intervals until end-point with a 

Quantum FX µCT Imaging System. Respiratory gating software was used to 

correct for breathing-related artefacts. Small (40 µL) blood samples were taken 

from the saphenous vein at each time point, and an end-point blood sample (200 

– 1000 µL) was taken from the heart under general anaesthetic. Since the tumour 

burden of mice in the proof-of-concept study was high and therefore not 

representative of a typical tumour burden in a human lung, the titre of adenoviral 

Cre administered to subsequent mice was halved to 5 x 107 PFU. Mice were aged 

to 18 weeks or were sacrificed when pre-defined symptom criteria were met 

(Chapter 2.7.4).  

To avoid blood clotting, which would complicate the separation of plasma from 

the cellular fraction of centrifuged blood, saphenous blood was aspirated from 

mice with a pipette tip coated with a solution of 4 mM EDTA in PBS. To facilitate 

plasma isolation from the 40 µL blood sample, the blood was mixed with 200 µL 

of 4 mM EDTA solution before centrifugation. End-point cardiac blood was drawn 

into an EDTA S-Monovette using the aspiration method, and plasma isolated with 

the standard protocol. 

A schematic overview of the studies is shown in Figure 4.10.  
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Figure 4.10 – Schematic overview of cfDNA study in Kras+/LSL-G12D mice. 
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4.3.3 Non-invasive analysis of lung tumour burden  

Histological analysis of lung tissue in the Kras+/LSL-G12D mouse for comparison 

with cfDNA requires sequential harvesting of large animal cohorts at defined time 

points. In addition to ethical concerns, this method cannot account for the 

asynchronous nature of tumour progression between mice, and assumes that 

tumours always arise from the same lung regions and exhibit the same biological 

behaviour, thus yielding incoherent results. Micro computed tomography (µCT) 

imaging has been reported as an alternative tool for the non-invasive monitoring 

of tumour burden in conditional mouse models, including the Kras+/LSL-G12D model 

(Haines et al., 2009; Lalwani et al., 2013).  

Work carried out by a graduate colleague, Mr Callum Rakhit (MRC Toxicology 

Unit), showed that in the Kras+/LSL-G12D mouse lung, volumes of the largest 

tumours can be estimated by histological analysis of serially-sectioned lung 

tissue and are significantly correlated with tumour volumes calculated by µCT (n 

= 4, R2 = 0.96). These data led to the design of further studies in which mice were 

imaged at 5-week intervals from baseline until end-point. However, identification 

and quantification of the majority of tumours posed significant challenges. The 

widespread alveolar hyperplasia that is characteristic of the Kras+/LSL-G12D mouse 

lung (Fig 4.11) produced a fogged appearance upon µCT analysis in the later 

stages of disease, and structures such as vasculature and bronchioles are of a 

similar density to tumour tissue (Haines et al., 2009; Lalwani et al., 2013).  

 
Figure 4.11 – Representative appearance of Kras+/LSL-G12D mouse lungs via µCT. (A) coronal 
and (B) axial lung sections at 20 weeks post-adenoviral Cre infection. Red triangles point to non-
tumour structures that confound analysis of individual tumours; no tumours can be visualised in 
these virtual sections. 
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To overcome issues with identification of individual tumours, measurement of 

total airspace (‘functional lung volume’) was investigated at end-point in WT (n = 

11) and mutant (n = 16) mice. Measurements were more dispersed for mutant 

mice relative to WT mice, but there was no significant difference in functional lung 

volume between groups (P = 0.92; Fig 4.12 A). Analysis of functional lung volume 

at 5-week intervals in both WT and mutant revealed an increase over time (Fig 

4.12 B, C), suggestive of normal age-related growth.  

Since measurement of functional lung volume did not show significant differences 

between WT and mutant mice, both during tumour progression and at end-point, 

an alternative quantification approach was sought. In order to provide a measure 

of tumour burden, a quantification approach was taken from Haines et al, in which 

functional lung volume was subtracted from total lung volume to give a 

measurement of tumour and vasculature (T+V) (Haines et al., 2009). T+V 

measurement was considered a good estimate of tumour burden and was 

expressed as a percentage of total lung volume. When measured at end-point 

(20 weeks post-adenoviral Cre infection), T+V was significantly higher in mutant 

mice (mean, 22.5%) relative to WT mice (mean, 15.3%) (P = 0.004, Fig 4.13 A). 

Analysis of %T+V over time showed an increase in mutant mice, but not WT mice, 

confirming the observed difference in %T+V between groups was indeed tumour-

specific (Fig 4.13 B, C). This quantification method therefore provides a non-

invasive assessment of disease burden over time, which may be correlated with 

levels total cfDNA and levels of the recombined (KrasLos-G12D) allele. 
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Figure 4.12 – Functional lung volume analysis in WT and Kras+/LSL-G12D mouse lungs at end-
point (A) and longitudinally (B, C) via CT imaging. (A) Functional lung volume was calculated 
via CT imaging at end-point (20 weeks post-adenoviral Cre infection) in WT and Kras+/LSL-G12D 
mice. (B) Functional lung volume at 5-week intervals in WT mice. (C) Functional lung volume at 
5-week intervals in Kras+/LSL-G12D mice. 
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Figure 4.13 – ‘% tumour and vasculature’ analysis in WT and Kras+/LSL-G12D mouse lungs at 
end-point (A) and longitudinally (B, C) via CT imaging. (A) ‘% tumour and vasculature’ was 
calculated via CT imaging at end-point (20 weeks post-adenoviral Cre infection) in WT and 
Kras+/LSL-G12D mice. (B) ‘% tumour and vasculature’ at 5-week intervals in WT mice. (C) Functional 
lung volume at 5-week intervals in Kras+/LSL-G12D mice. 
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4.3.4 Longitudinal monitoring of total cfDNA levels 

To correlate tumour burden with the cfDNA profile over time, 40 µL blood samples 

were taken from the saphenous vein at 5-week intervals from baseline to 15 

weeks. Around 200 µL cardiac blood samples were obtained at 20 weeks (end-

point). Plasma was isolated and stored at -80˚C and cfDNA was extracted from 

all samples at the end of the study to avoid degradation-related bias in qPCR 

analysis. cfDNA was quantified with the 70 bp Gapdh pseudogene qPCR assay 

(Fig 3.4).  

There was no trend in cfDNA levels over time in both WT and mutant mice (Table 

4.1) and no significant difference in cfDNA levels at any time point between WT 

and mutant mice (P > 0.05). Levels were typically between 0 and 20 pg/µL at all 

time points (0, 5, 10, 15 and 20 weeks), which is in the same order of magnitude 

as those from end-point (12 weeks) bloods in WT and mutant mice from the proof-

of-concept study (Fig 4.8) (combined range, 2.3 – 25 pg/µL). Some samples from 

both WT and mutant mice had cfDNA levels greater than 100 pg/µL (highlighted 

in green in Table 4.1). The plasma samples giving unexpectedly high DNA yields 

generally had a red tinted appearance, indicating haemolysis and possible lysis 

of leukocytes; therefore, the most likely explanation for cfDNA levels greater than 

100 pg/µL is genomic DNA contamination, which is not tumour-specific. 

Coagulation was observed in five blood samples (3 longitudinal and 2 end-point), 

indicated by the dashed boxes in Table 4.1. cfDNA was not quantified in these 

samples, due to difficult in isolating the aqueous phase from blood, and also due 

to possible release of genomic DNA from leukocytes. 

Given the small volumes of blood collected, the lack of trend in cfDNA levels over 

time could be related to inefficient DNA extraction, since the Qiagen kits are 

optimised for use with 200 µL plasma. Also, the interface between the aqueous 

and cellular fractions of centrifuged blood was minimal, possibly resulting in 

aspiration of the buffy coat layer in some samples. Based on prior experience in 

collecting blood from the saphenous vein of C57BL/6J mice, samples greater 

than 40 µL cannot be reproducibly collected for longitudinal analysis, and so the 

issue of limited sample volume could not be obviated. 
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Table 4.1 – Longitudinal analysis of total cfDNA levels in Kras+/+ and Kras+/LSL-G12D mice by 
qPCR. Total cfDNA levels were measured from 40 µL saphenous blood samples at weeks 0, 5, 
10 and 15, and from 200 µL cardiac blood samples at week 20 (end-point), using the 70 bp Gapdh 
pseudogene qPCR assay targeting 44 genomic loci (Fig 3.4). Green shaded boxes highlight 
samples with cfDNA concentration > 100 pg/µL, and dashed boxes indicate samples that could 
not be quantified due to visible blood coagulation. 

 

 

 

 

 

  Total cfDNA level (pg/µL blood) 

ID Genotype Week 0 Week 5 Week 10 Week 15 Week 20 

1 +/+ 10.1 15.8  10.0 25.6 

2 +/+ 5.1 15.3 18.2 10.3 10.0 

3 +/+ 11.4 124.4 19.7 16.3 15.7 

4 +/+ 6.3 7.8 35.8 3.3 17.1 

5 +/+ 99.1 5.0 148.4 0.4 0.8 

6 +/+ 5.0 14.7 3.5 0.2 8.9 

7 +/+ 11.2 3.2 7.7 0.5 17.7 

8 +/+ 2.1 7.4 11.0 6.3 11.5 

9 +/+ 0.9 2.6 6.3 4.6 150.4 

10 +/+ 232.0 7.1 8.2 12.2 0.9 

11 +/LSL-G12D 22.2 17.5 11.7 7.2 5.3 

12 +/LSL-G12D 49.4 21.8 18.6 11.8 15.7 

13 +/LSL-G12D 19.1 8.5 8.4 0.1 0.8 

14 +/LSL-G12D 55.4 10.1 5.8 0.9 17.7 

15 +/LSL-G12D 117.9   29.3 150.4 

16 +/LSL-G12D 23.2 4.2 6.6 1.3 0.9 

17 +/LSL-G12D 9.6 9.2 5.5 5.6 11.5 

18 +/LSL-G12D 16.6 24.4 11.1 0.4 8.1 

19 +/LSL-G12D 3.8 165.5 5.5 0.9  

20 +/LSL-G12D 2.3 3.1 1.9 2.2 1.3 

21 +/LSL-G12D 5.6 5.9 4.2  4.8 
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4.3.5 Quantitative detection of recombined Kras (KrasLox-G12D)  

In the proof-of-concept study, detection of Kras+/Lox-G12D in cfDNA of mice at end-

point clearly demonstrated a tumour-derived component (Fig 4.6). To accurately 

evaluate changes in the cfDNA profile over time, qPCR and ddPCR assays for 

detection of the unrecombined (Fig 3.8) and recombined (Fig 3.26) Kras alleles 

were developed, in addition to qPCR assays for the quantification of total cfDNA 

(Figs 3.4 and 4.7). 

Since the assays for the unrecombined and recombined alleles targeted 

overlapping genomic regions, these assays could not be used in duplex. 

Considering the limited quantity of cfDNA obtainable from end-point blood 

samples, singleplex PCR was not feasible. An alternative approach was taken in 

which the single locus Gapdh assay (Fig 4.7) was duplexed with the assay for 

the recombined allele by ddPCR (Fig 3.26). Since the Kras+/Lox-G12D model is 

heterozygous for the transgene, and the transgene may be either recombined or 

unrecombined, the copy number of Gapdh was halved to estimate the total copy 

number of the transgenic allele (recombined and unrecombined). The 

recombined signal was expressed as a percentage of this value to obtain a 

recombination frequency:  

recombination frequency (%) = (
𝐾𝑟𝑎𝑠𝐿𝑜𝑥−𝐺12𝐷

𝐺𝑎𝑝𝑑ℎ
2

) x 100 

cfDNA was isolated from end-point plasma of 9 Kras+/+ mice and 15 Kras+/LSL-G12D 

mice (20 weeks post-infection with adenoviral Cre recombinase) and subjected 

to ddPCR targeting Kras+/Lox-G12D and Gapdh (Table 4.2). Unexpectedly, 5/9 

Kras+/+ mice showed evidence of the recombined allele in plasma, and 9/15 

Kras+/LSL-G12D mice showed greater levels of Kras+/Lox-G12D than Gapdh, which is 

biologically impossible. Taken together, this suggests contamination of cfDNA 

samples with the KrasLox-G12D allele. The origin of this is not known, but likely 

arose through the cloning study described in Chapter 3.3.7 or possibly through 

general PCR product contamination. Therefore, the recombination frequency in 

cfDNA could not be correlated with tumour burden. Given the results of the proof-
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of-concept work in Chapter 4.3.1.2, demonstrating tumour-derived cfDNA in 

Kras+/LSL-G12D mice at 12 weeks post-administration of adenoviral Cre 

recombinase, it might be expected that cfDNA samples from subsequent mice 

would contain Kras+/Lox-G12D at end-point.  

 

Mouse 
Genotype 

Positive events (ddPCR) Recombination 
frequency (%) KrasLox-G12D Gapdh 

Kras+/+ 0  0  -  

Kras+/+ 3  3  -  

Kras+/+ 29  2  -  

Kras+/+ 11  5  -  

Kras+/+ 35  2  -  

Kras+/+ 4  14  57.1  

Kras+/+ 0  18  0.0  

Kras+/+ 0  0  -  

Kras+/+ 0  0  -  

Kras+/Lox-G12D 7  6  -  

Kras+/Lox-G12D 1  0  -  

Kras+/Lox-G12D 14  2  -  

Kras+/Lox-G12D 15  2  -  

Kras+/Lox-G12D 7  6  -  

Kras+/Lox-G12D 4  3  -  

Kras+/Lox-G12D 5  63  15.9  

Kras+/Lox-G12D 3  3  -  

Kras+/Lox-G12D 0  2  0.0  

Kras+/Lox-G12D 64  17  -  

Kras+/Lox-G12D 3  2  -  

Kras+/Lox-G12D 6  127  9.4  

Kras+/Lox-G12D 0  0  -  

Kras+/Lox-G12D* 283  538  105.2  

Kras+/LSL-G12D* 1  505  0.4  

 
Table 4.2 – Detection of Kras+/Lox-G12D allele in cfDNA of mice at end-point by ddPCR. Blood 
was obtained by cardiac puncture from 15 Kras+/LSL-G12D mice and 9 Kras+/+ mice at 20 weeks 
post-infection with 5 x 107 PFU adenoviral Cre recombinase. Plasma was isolated, cfDNA 
extracted, and ddPCR assays targeting KrasLox-G12D and Gapdh run on cfDNA. *MEF cell line. 
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4.4 Discussion 

Two-thirds of NSCLC patients present with metastatic spread that is refractory to 

curative treatment (Molina et al., 2008). Despite intense efforts to evaluate the 

utility of cfDNA in NSCLC, late clinical presentation of the disease hampers the 

ability to study early-stage disease in humans. Hence, the earliest stage of the 

disease at which cfDNA has diagnostic potential is currently unknown. Several 

studies have demonstrated a tumour-derived component of cfDNA in xenografted 

mice bearing small tumours. However, xenograft mice are not suitable for the 

study of cfDNA in early-stage disease because the xenografted cells are 

transformed prior to implantation; thus, tumour development is not strictly de 

novo. Also, xenografted tumours lack an immune component, the importance of 

which has been highlighted in recent years. Some genetically engineered mouse 

(GEM) models are effective at recapitulating the early stages of human 

tumourigenesis, and may be suitable for analysis of cfDNA in early-stage disease 

(Chapter 1.9). 

In this chapter, the Kras+/LSL-G12D mouse was used to model lung preneoplasia 

and permit analysis of cfDNA from the earliest stages of development. The overall 

aim was to determine the earliest stage of development at which tumour-derived 

DNA was detectable in cfDNA, to inform the diagnostic potential of cfDNA in the 

cognate human disease. This work follows the proof-of-concept study in which 

the recombined Kras allele (KrasLox-G12D) was identified in the blood of Kras+/LSL-

G12D mice with lung preneoplasia 12 weeks post-infection with adenoviral Cre, 

using end-point PCR (Chapter 4.3.1.2). In addition, total cfDNA levels at end-

point were significantly higher in tumour-bearing mice than in WT control mice. 

 

4.4.1 Limitations of adenoviral Cre recombinase administration 

A recent study by Sutherland et al highlighted the importance of restricting Cre 

expression to specific cell types in the lung; using several cell type-specific 

adenoviral vectors, the authors were able to induce the development of 

adenocarcinomas from multiple cells of origin in the Kras+/LSL-G12D mouse. 
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Moreover, the cells of origin determined the histopathological features of the 

resulting tumours, suggesting lung adenocarcinoma may originate from multiple 

cell types (Sutherland et al., 2014). However, in the current study, adenoviral Cre 

recombinase (Ad5-CMV-Cre) was expressed under the control of the ubiquitous 

CMV promoter, which enabled Cre-mediated recombination in a cell type-

independent manner. Due to the route of viral administration, and the 

indiscriminate expression of Cre, it is possible that some mice could have 

developed undetected nasopharyngeal neoplasia that may have contributed to 

the circulating KrasLox-G12D allele fraction. Unpublished data from Prof Pritchard’s 

lab has also shown that ubiquitous Cre is capable of recombining myeloid-lineage 

cells of the lung, raising further concern over the origin(s) of the circulating 

KrasLox-G12D allele fraction in the Kras+/LSL-G12D model. However, the possibility of 

Cre-mediated recombination in blood cells was excluded in Chapter 4.3.1.2. A 

more reliable way of activating the conditional allele in lung cells would be through 

use of a promoter-specific adenoviral Cre, e.g. SPC-adenoviral Cre.  

 

4.4.2 Longitudinal monitoring of tumour burden  

The Kras+/LSL-G12D mouse is characterised histologically by widespread alveolar 

hyperplasia and multiple adenomas, predominantly with bronchiolar involvement. 

Most adenomas do not progress to malignancy over the time period that mice 

develop symptoms of respiratory stress. Therefore, the majority of mice in this 

study did not develop overt adenocarcinomas. Quantitative histological analysis 

of Kras+/LSL-G12D lung tissue at end-point was challenging due to widespread 

alveolar hyperplasia and diffuse tumour borders; ImageJ was used to calculate 

total tumour area, but likely provided an underestimate due to the presence of 

diffuse hyperplasia. Moreover, histological analysis of tumour burden in the 

Kras+/LSL-G12D mouse based on single slides is subject to significant sampling bias 

because of the bronchiolar origin of tumours. 

To permit a longitudinal assessment of tumour burden in the Kras+/LSL-G12D mouse 

and reduce animal usage, µCT imaging was evaluated. Data generated by a 
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colleague, Mr Callum Rakhit (MRC Toxicology Unit, Leicester), shows that in the 

Kras+/LSL-G12D mouse lung, volumes of the largest tumours can be estimated by 

histological analysis of serially-sectioned lung tissue and are concordant with 

tumour volumes calculated by µCT. These data led to the design of further studies 

in which mice were imaged at 5-week intervals from baseline until end-point.    

The µCT imaging data was initially analysed for total lung airspace volume and 

individual tumour volume. However, accurate quantification of tumour volume 

was met with several challenges. Firstly, as previously reported, tumour borders 

in the Kras+/LSL-G12D mouse were often diffuse, and therefore the contrast in 

density between tumour and normal regions was low (Haines et al., 2009; Lalwani 

et al., 2013). Secondly, diffuse alveolar hyperplasia throughout the lung masked 

over some tumours, particularly in later scans and the end-point scan where lungs 

exhibited a ‘fogged’ appearance. Thirdly, airway and vascular structures in the 

lung had a similar density to tumour tissue, which confounded identification of 

tumour, as did the presence of multiple tumours in close proximity (Haines et al., 

2009; Lalwani et al., 2013). These factors were further complicated by bronchiolar 

origin of most tumours. GEM models of lung cancer in which oncogenes are 

activated by spontaneous recombination (e.g. the KrasLA1 mouse that expresses 

KrasG12D) do not develop tumours associated with bronchioles, and may therefore 

be more amenable to imaging (Badea et al., 2012; Johnson et al., 2001). 

Future volumetric analyses of lung tumours could benefit from the use of contrast-

enhancing agents. Several studies have demonstrated the ability of injectable 

iodine-based or nanoparticulate agents to increase contrast between tumour and 

vascular tissue in the Kras+/LSL-G12D;Trp53Fl/Fl mouse, improving tumour margins 

and permitting more accurate quantification (Ashton et al., 2014; Lalwani et al., 

2013; Badea et al., 2012). Data generated by Mr Callum Rakhit shows how 

opacifying vascular tissue (using eXIATM 160 contrast agent) improves the 

identification of tumours in the Kras+/LSL-G12D and Kras+/LSL-G12D;Trp53Fl/Fl models.      

An alternative approach to improve soft-tissue contrast in the Kras+/LSL-G12D 

mouse would be through use of bioluminescence. Rodriguez et al. developed a 

lentivirus-based approach to incorporate luminescence into Cre-Lox-regulated 
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mouse models. The lentivirus contains a transgenic construct comprising 

luciferase and Cre-ERT genes, which are coded on opposite strands, as shown 

in Fig 4.7. Both genes are under the control of a single CAG promoter. The 

promoter is floxed such that, in the presence of tamoxifen, Cre recombinase 

inverts the promoter sequence, permitting expression of luciferase. The 

conditional allele in a cell infected by the lentivirus (or adenovirus) will be Cre-

recombined prior to silencing of Cre. This strategy could be readily used with the 

Kras+/LSL-G12D mouse, since it does not require any germline modification 

(Rodriguez et al., 2014). Tumour-specific luminescence can also be achieved by 

positioning the reporter gene directly upstream or downstream of an oncogene, 

or by crossing a luminescent strain with a cancer strain (Ju et al., 2015; 

Woolfenden et al., 2009).   

 

 

 

 

 
 
Figure 4.7 – Luciferase construct for introduction of bioluminescence to a Cre-Lox-
regulated mouse model. 

  

Since contrast between tumour and vascular tissue was low in the Kras+/LSL-G12D 

mouse, an alternative approach was taken from Haines et al. in which the volume 

of total tumour and vasculature was calculated and expressed as a proportion of 

whole lung volume. Using this method, tumour burden did increase over time in 

Kras+/LSL-G12D mice but not Kras+/+ mice. In summary, whilst µCT imaging samples 

the entire lung, it currently fails to provide an accurate assessment of hyperplasia, 

and individual tumours are difficult to follow longitudinally with both automated 

and user-guided analysis pipelines. Without the use of contrast enhancement, 

analysis is limited to measurement of overall tumour burden. 
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4.4.3 Longitudinal sampling and processing of blood 

Longitudinal blood samples were taken from the saphenous vein at 5-week 

intervals from baseline. To reduce variability in the volume of blood obtained 

between sampling time points, a volume of 40 µL blood was chosen. Blood was 

aspirated from a hind leg using an EDTA-coated pipette tip and transferred to 180 

µL PBS containing 4 mM EDTA. The small sampling volume presented several 

methodological challenges. Firstly, 40 µL blood produced a very small interface 

between the plasma and cellular fractions after centrifugation, increasing the 

chance of genomic DNA contamination from leukocytes during plasma isolation. 

Secondly, preventing coagulation was difficult because the saphenous blood was 

transiently exposed to air. Commercial blood collection devices that contain 

anticoagulant could not be used because they are typically optimised for larger 

blood volumes, and hence do not efficiently recover 40 µL of blood. Thirdly, 

commercial kits commonly used to isolate cfDNA are optimised for larger volumes 

of plasma (around 200 µL).  

Total cfDNA levels from longitudinal sampling did not appear to change 

significantly over time in any mouse. Whilst this could be a true biological 

observation, the variation could possibly be due to the influence of blood 

coagulation and leukocyte contamination. Also, blood coagulation occurred within 

the pipette tip during aspiration on some occasions, which prevented collection 

of the full 40 µL sample. Thus, collection and processing of small blood volumes 

for cfDNA analysis remains a critical challenge that was not solved in this study.    

 

4.4.4 Correlating cfDNA levels with tumour burden 

Total cfDNA level is a potential parameter for the monitoring of tumour burden in 

the Kras+/LSL-G12D mouse. qPCR strategies for the assessment of total cfDNA 

levels in human are widely reported in the literature, and are based on targeting 

of single-locus genes, e.g. GAPDH and RPPH1, or repetitive elements, e.g. ALU 

and LINE-1. In this chapter, a qPCR assay targeting single-locus Gapdh was 

developed for the quantification of concentrated mouse DNA. This assay had a 
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minimum linear dynamic range of 30 – 20,000 pg/reaction. Based on preliminary 

mouse experiments in which total cfDNA isolated from small (approximately 40 

µL) volumes of mouse blood was of very low concentration (5 – 10 pg/µL eluate), 

a more sensitive qPCR assay was developed. This assay targeted 40 Gapdh 

pseudogenes, enabling a greater linear dynamic range of 2 – 5,000 pg/reaction 

to be achieved. 

The lack of correlation between cfDNA levels and tumour burden in Chapter 

4.3.1.2 could have been due to tissue sampling bias and also biological 

characteristics of the lesion types identified. Whereas in solid human cancers 

there is often a single histologically-confirmed lesion, the Kras+/LSL-G12D model 

develops a range of lesions that progress asynchronously, and the relative 

contribution of each lesion type to the overall cfDNA profile is currently unknown. 

The overwhelming majority of lesions identified in the Kras+/LSL-G12D mouse are 

premalignant and it is currently unclear whether premalignant lesions contribute 

significantly to cfDNA levels in humans (Hashad et al., 2012; Zhong et al., 2007; 

Kim et al., 2014).  

 

4.4.5 Detection of KrasLox-G12D in cfDNA at end-point 

The PCR assays developed in Chapter 3 for detection of the unrecombined and 

recombined alleles of Kras are both targeted to overlapping regions of the LoxP 

sequence, which prevents their use in duplex. Instead, relative levels of 

unrecombined/recombined allele were estimated by duplexing the assay for the 

recombined allele with the assay for single-locus Gapdh. Since the Kras+/LSL-G12D 

mouse is heterozygous, the concentration of Gapdh was halved to estimate the 

total concentration of the transgenic allele (unrecombined and recombined 

together). Then, the concentration of recombined allele was combined with the 

Gapdh data to produce an overall recombination frequency. This method was 

validated with genomic DNA isolated from unrecombined and recombined MEF 

cell lines, producing recombination frequencies close to 0% and 100%, 

respectively. Unfortunately, analysis of recombination in cfDNA isolated from 
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Kras+/LSL-G12D and Kras+/+ mice 20 weeks post-delivery of adenoviral Cre 

recombinase showed evidence of KrasLox-G12D allele contamination. This issue 

likely arose from use of a pipette contaminated with the 180 bp LoxP-containing 

sequence that was cloned in Chapter 3.3.7, and therefore recombination 

frequencies in cfDNA could not be correlated with tumour burden. 

 

4.5 Conclusions 

The work in this chapter highlighted several methodological challenges relating 

to analysis of tumour burden in the Kras+/LSL-G12D mouse, and collection and 

processing of small blood volumes for analysis of cfDNA. As an alternative to 

analysis of individual lung lesions over time, overall tumour burden was measured 

using a previously reported method, which showed a clear increase over time in 

Kras+/LSL-G12D mice, but not Kras+/+ mice. Measurement of total cfDNA levels over 

time yielded variable results, and some plasma samples showed obvious 

haemolysis (red tint). Despite removing outlier samples, there were no trends in 

cfDNA levels over time in Kras+/LSL-G12D mice or Kras+/+ mice. Unfortunately, 

tumour burden could not be correlated with levels of recombined allele in cfDNA, 

because cfDNA extracts were contaminated with a plasmid from the molecular 

cloning work presented in Chapter 3. Further work should seek to overcome the 

methodological issues of tumour imaging and blood collection in order to re-

address the aims of this chapter. 

 

 

 

 



Chapter 5        SCNA analysis in cfDNA of patients with NSCLC 
 

 

145 

 

 

 

 

 

 

 

 

 

 

Chapter 5 

Analysis of somatic copy number alteration 

(SCNA) in cfDNA of patients with non-small cell 

lung cancer 

 

 

 

 

 

 

 

 



Chapter 5        SCNA analysis in cfDNA of patients with NSCLC 
 

 

146 

 

 

5.1 Introduction 

Copy number variation (CNV) is a form of natural polymorphic variation in which 

the copy number status of a particular genomic locus deviates from that observed 

in a reference genome. CNVs are inherited in the germline, but may also be 

acquired in somatic cells in cancer as a result of structural deletions, duplications, 

insertions, inversions and translocations, where somatic copy number alteration 

(SCNA) is the appropriate term (Hastings et al., 2009). Therefore, SCNA is used 

throughout this thesis to describe somatic alterations in cancer. 

Genome-wide SCNA in cancer can be evaluated with next-generation 

sequencing and hybridisation-based methods, such as comparative genomic 

hybridisation (CGH) and SNP microarrays (Shaw et al., 2012; Iranmanesh and 

Guo, 2014). Discrete genomic loci can be interrogated for SCNA with 

fluorescence in situ hybridisation (FISH), qPCR and dPCR (Vanhecke et al., 

2013; Page et al., 2011; Gevensleben et al., 2013). Using qPCR, Page et al. 

detected amplification of ERBB2/HER2 in cfDNA of patients with primary and 

metastatic breast cancer, suggesting the potential of ERBB2) amplification as a 

circulating biomarker (Page et al., 2011). Gevensleben et al. subsequently 

confirmed this by dPCR with matched tissue from patients with HER2-amplified 

tumours (Gevensleben et al., 2013). 

SCNA in specific driver genes characterise the genomic landscape of NSCLC, 

and amplifications of EGFR and MET have therapeutic and prognostic 

significance (Cappuzzo et al., 2005; Hirsch et al., 2005). EGFR is mutated in 

around 15% of NSCLCs in Caucasians and around 35% in East Asians (Jorge et 

al., 2014). In turn, around half of EGFR-mutated tumours also show increased 

EGFR copy number, and EGFR-amplified adenocarcinomas are associated with 

significantly poorer prognosis (Beau-Faller et al., 2008). However, multiple 

clinical studies have demonstrated that high EGFR copy number (as determined 

by FISH) confers sensitivity to EGFR TKIs and is predictive of improved overall 

survival (Cappuzzo et al., 2005; Hirsch et al., 2005; Zhu et al., 2008; Hirsch et al., 

2006). Amplification of MET is recognised as a mechanism of resistance to EGFR 

TKIs, accounting for up to 20% of resistant tumours, and is observed at low 
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frequency (approximately 6%) in TKI-naïve tumours. In NSCLC, MET 

amplification often co-exists with EGFR amplification and is associated with 

advanced tumour stages and poor prognosis following surgical resection (Go et 

al., 2010; Cappuzzo et al., 2009b; Okuda et al., 2008). 

Based on the clinical importance of SNCAs in EGFR and MET NSCLC, it is 

attractive to speculate that amplification of these genes may be detectable in the 

cfDNA of patients, and may have utility as circulating biomarkers for therapeutic 

guidance and disease prognostication. In addition, detection of other amplified 

genes in cfDNA may aid in the molecular and histological stratification of tumours.  

Of particular interest are gene amplifications in preneoplastic squamous lesions 

of the lung (Chapter 1.6.3), since detection of these events in cfDNA may have 

relevance to early diagnosis. PIK3CA and SOX2 are both commonly amplified in 

such lesions, as a gain of chromosome 3q (Massion et al., 2004; Schneider et 

al., 2013). Moreover, amplification and overexpression of SOX2 are associated 

with a more favourable prognosis in SqCC (Wilbertz et al., 2011).      
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Table 5.1 – Oncogenes subject to frequent amplification in NSCLC. *(7/41). **TKI-resistant. 
aCGH, array comparative genomic hybridisation; CN, copy number; FISH, fluorescence in situ 
hybridisation; GCR, gene:chromosome ratio; NS, not specified; -, rare/absent; SB, Southern blot;  
SNPa, single nucleotide polymorphism array; TKI, tyrosine kinase inhibitor. 

 

Gene 
Study n 

Tumour 
stage 

Frequency of amp (%) 
Assay Threshold Reference 

AC SqCC AC SqCC Overall  

EGFR 94 89 I-III NS NS 9 FISH GCR ≥ 2.1 Hirsch et al., 2003 

 NS NS NS NS NS 9 FISH GCR > 2.0 Cappuzzo et al., 2005 

 128 67 T1-4, N0-2 8 15 10 FISH GCR ≥ 2.0 Dacic et al., 2006 

 49 57 I-IV 33 32 32 qPCR > M ± 2SD Beau-Faller et al., 2008 

 99 0 I-IV 9 0 9 FISH GCR ≥ 2.0 Sholl et al., 2009 

 241 137 I-IV NS NS 10 FISH CN < 5.0 Cappuzzo et al., 2009b 

 133 0 I-IV 8 0 8 FISH GCR ≥ 2.0 Liang et al., 2010 

FGFR1 77 155 NS 0 10 10 FISH GCR ≥ 2.0 Weiss et al., 2010 

 555 46 I-IV 3 21 26 SNPa CN ≥ 3.25 Dutt et al., 2011 

 0 226 I-IV 0 16 16 FISH GCR ≥ 2.2 Heist et al., 2012 

 0 262 I-III 0 13 13 FISH GCR > 2.0 Kim et al., 2013a 

HER2 21 12 NS 5 0 3 SB None  Shiraishi et al., 1989 

 24 22 I-IIIa 8 0 4 FISH GCR > 2.0 Hirsch et al., 2002 

 143 80 IIIB-IV 4 1 3 FISH GCR > 3.0 Heinmoller et al., 2003 

 NS NS I-III NS NS 22* FISH GCR ≥ 3.0 Pellegrini et al., 2003 

 56 47 III 5 4 5 FISH GCR > 2.2 Junker et al., 2005 

 NS NS NS NS NS 10 FISH GCR > 2.0 Cappuzzo et al., 2005 

MET 49 57 I-IV 21 20 21 qPCR > M ± 2SD Beau-Faller et al., 2008 

 166 0 III-IV 7 0 7 FISH GCR ≥ 2.9 Cappuzzo et al., 2009a 

 241 137 I-IV NS NS 4 FISH CN < 5.0 Cappuzzo et al., 2009b 

 37 7 I-IIIb 0 14 2 qPCR > M ± 2SD Chen et al., 2009 

 25** 2** IV 8 50 11 qPCR > M ± 2SD Chen et al., 2009  

 72 97 I-IV 0 6 4 FISH GCR ≥ 2.0 Go et al., 2010 

PIK3CA 64 28 I-IV 2 36 12 qPCR CN > 3.0 Kawano et al., 2007 

 94 35 I-IV 7 34 15 FISH GCR ≥ 2.0 Okudela et al., 2007 

 195 139 I-IV 6 33 17 qPCR  CN > 4.0 Yamamoto et al., 2008 

 30 66 I-III 3 42 31 qPCR  CN ≥ 4.0 Ji et al., 2011 

 68 64 I-IV 6 36 19 FISH GCR > 2.0 Wang et al., 2014a 

SOX2 0 47 I-IV 0 23 23 SNPa CN > 2.85 Bass et al., 2009 

 17 40 NS 0 20 20 qPCR CN ≥ 4.0 Yuan et al., 2010 

 0 136 NS 0 20 20 aCGH CN ≥ 2.0 Hussenet et al., 2010b 

 208 210 I-IV 6 76 41 FISH GCR > 2.0 Wilbertz et al., 2011 

 291 49 I-IV 6 73 15 FISH GCR > 2.0 Wilbertz et al., 2011 

 70 77 I-IIIa 8 72 39 FISH GCR > 2.0 Brcic et al., 2012 

 0 178 I-IV 0 21 21 SNPa NS TCGA R Network 2012 

 0 33 III 0 22 67 FISH CN ≥ 2.0 Yoon et al., 2016 
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In this chapter, SCNA in 6 genes (Table 5.1) showing common amplification in 

NSCLC was investigated in cfDNA from patients with NSCLC in two clinical trials: 

the ReSoLuCENT study (NIHR Clinical Research Network, UK) and the 

GALAXY-1 clinical trial (Madrigal Pharmaceuticals, Inc., USA). 

ReSoLuCENT (Resource for the Study of Lung Cancer Epidemiology in North 

Trent) is an ongoing study that aims to gather epidemiological and biological data 

from patients with early-stage lung cancer and patients with a family history of 

the disease. This information will be used to study acquired and inherited genetic 

changes in lung cancer, and to assist in proteomic analyses. The study has 

obtained tumour material, serum and plasma. In this chapter, SCNA was 

investigated in cfDNA and matched genomic DNA (from leukocytes) isolated from 

plasma samples of patients enrolled on the ReSoLuCENT study and compared 

with mutation data obtained from Ion Torrent™ NGS.  

GALAXY-1 was a randomised, phase IIB/III study that investigated whether 

combining the heat shock protein 90 (hsp90) inhibitor, ganetespib, with docetaxel 

is more effective than docetaxel alone, as a second-line treatment in advanced 

(IIIB/IV) NSCLC. The trial was open to patients with evidence of radiological 

progression following systemic therapy for advanced disease (Ramalingam et al., 

2015). Blood was collected from patients at baseline and during the first and 

second cycles of treatment, and cfDNA was evaluated with the Ion Torrent™ 

NGS platform. SCNA analysis in this chapter was performed on baseline cfDNA 

and compared with mutation data obtained through NGS. In this study, SCNA 

and mutation data were combined and correlated with patient survival outcomes. 
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5.2 Aims and objectives 

 

The aims of this chapter were to: 

i) investigate SCNA of 6 genes in cfDNA of patients with NSCLC from 

the ReSoLuCENT study and GALAXY-1 clinical trial; and 

ii) determine whether SCNA and/or mutations in cfDNA are correlated 

with survival of patients with advanced NSCLC in the GALAXY-1 trial. 

 

The objectives were to: 

i) develop qPCR assays for SCNA analysis; 

ii) validate use of preamplification PCR to enable multi-target analysis 

iii) investigate SCNA in 6 genes in cfDNA of patients with locally 

advanced/advanced NSCLC; 

iv) compare results by qPCR with droplet digital PCR (ddPCR); and 

v) compare SCNA and mutation data obtained through NGS of cfDNA. 
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5.3 Results 

5.3.1 Design and validation of qPCR assays for SCNA analysis 

Based on a review of the literature and publically available data, qPCR assays 

were designed as described in Chapter 2.8.1.1 to target EGFR, FGFR1, MET, 

MYC, MYCN, PIK3CA and SOX2 (details of primer sequences are given in Table 

2.5). The performance of each assay was evaluated by standard curve analysis 

of serially diluted human genomic DNA (hgDNA) over a range of 0.156 ng to 10 

ng (Fig 5.1). Each assay showed linearity within this concentration range, and 

had an amplification efficiency within acceptable limits (95 - 105%) (Table 5.2).  

Slopes created by standard curve analysis were parallel for all assays, including 

the reference (RPPH1), which permitted use of the reference assay in 

combination with all target assays. Figure 5.1 shows a representative example of 

a standard curve targeting MET.  R2, efficiency and slope values are detailed for 

each assay in Table 5.2.  

Figure 5.1 – qPCR SCNA assay evaluation. Representative standard curve for a qPCR assay 
targeting MET, constructed with a seven-point, 1:2 dilution of hgDNA. Each dilution was 
performed in triplicate. CT, threshold cycle.  
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Table 5.2 – Performance parameters of qPCR assays for SCNA analysis. Parameters were 
calculated using StepOnePlus™  Software v2.3 (Applied Biosystems). E, efficiency; R2, squared 
Pearson correlation coefficient. 

 

Having demonstrated that the 7 assays showed similar efficiency, each assay 

was validated using DNA isolated from cancer cell lines with known gene 

amplification (Table 5.3). RPPH1 was chosen as the endogenous reference 

gene, since it is not associated with CNV or SCNA, and hgDNA as the calibrator, 

thus enabling relative quantification (RQ).  

 
Table 5.3 – Cell lines with known gene amplifications used for validation of qPCR SCNA 
assays. AC, adenocarcinoma; aCGH, array comparative genomic hybridisation; ER, erlotinib-
resistant; FISH, fluorescence in situ hybridisation; NS, not specified, SNPa, single nucleotide 
polymorphism array; SqCC, squamous cell carcinoma.  

Assay  R2 E (%) Slope 

RPPH1 0.994 98.0 -3.352 

EGFR  0.995 99.7 -3.309 

FGFR1 0.993 100.5 -3.221 

HER2  0.996 99.7 -3.386 

MET 0.998 99.3 -3.349 

PIK3CA  0.995 102.0 -3.290 

SOX2  0.999 98.9 -3.348 

Gene Amplified cell line Cancer Type Method CN Reference 

EGFR  HCC827 
 
PC-9 
PC-9/ER 

Lung AC 
 
Lung AC 
Lung AC 

FISH 
aCGH 
FISH 
FISH 

> 20 
36 
NS 
NS 

Amann et al., 2005 
Amann et al., 2005 
Ohashi et al., 2012 
Ohashi et al., 2012 

FGFR1 H520 Lung SqCC SNPa 
qPCR 
aCGH 

10 
5-6 
6 

Weiss et al., 2010  
Dutt et al., 2011 
Rooney et al., 2016 
Rooney et al., 2016 

HER2  SKBR3 Breast AC FISH 
qPCR 
dPCR 
qPCR 
FISH 

16-22 
19 
14 
13 
14 

Kallioniemi et al., 1992 
Whale et al., 2012 
Whale et al., 2012 
eBioscience, 2016 
eBioscience, 2016 

MET None available - -  - 

PIK3CA  H520 Lung SqCC FISH 
 

5-10 Singh et al., 2002 

SOX2  HCC95 
H520 

Lung SqCC 
Lung SqCC 

SNPa 
NS 

4.7 
NS 

Watanabe et al., 2014 
Bass et al., 2009 
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Figure 5.2 – Cell line validation of qPCR assays for SCNA analysis. Cancer cell lines of known 
positive amplification status (*) with respect to each target gene were used to validate each qPCR 
assay. Copy number was determined using the relative quantification (RQ or ΔΔCT) method using 
RPPH1 as the endogenous reference gene and hgDNA as the calibrator (white). Columns 
represent the mean of three replicates and the positive error bars indicate SD.  
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There was an overall good agreement between copy number measurements 

obtained with the qPCR assays in Figure 5.2 and those reported in the literature 

for each cell line (Table 5.4). EGFR was amplified in cell line HCC827 at RQ 24, 

which is consistent with previous reports (RQ 20 - 36). Copy number of PIK3CA 

was higher than expected in cell line H520, but the previously reported 

amplification PIK3CA in this cell line used FISH rather than PCR. Conversely, 

SOX2 copy number was low than expected in cell line HCC95, but the previously 

reported copy number was based on array CGH.  

An RQ ≥ 2 (CN ≥ 4) has previously been considered to indicate amplification with 

respect to a specific locus (Kulka et al., 2006; Suo et al., 2004). In summary, all 

expected SCNAs were detected in the cell lines evaluated using RQ qPCR, 

suggesting that the assays could be used to evaluate copy number in DNA 

samples of unknown copy number status. 

 

 

 

 

 

 

Table 5.4 – Comparison of copy number measurements in cell lines previously reported to 
show amplification.  

 

 

 

 

 

 

 

Gene 
Copy number 

Literature  Thesis 

EGFR  20-36 24 

FGFR1 6-10 7.4 

HER2  13-22 15.4 

PIK3CA  5-10 26 

SOX2  4.7 2.9 
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5.3.2 Multiplex preamplification PCR 

Multiplex preamplification is a preanalytical technique used to increase target 

abundance with minimal bias (Noutsias et al., 2008; Korenkova et al., 2015; 

Mengual et al., 2008). Due to the low yield of cfDNA recovered from many plasma 

samples, it was necessary to use preamplification to enable multi-target qPCR 

analysis for SCNA. The approach was first modelled using cell line DNA (Fig 5.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 5.3 – Schematic workflow of preamplification study. SCNA was evaluated in cell lines 
using qPCR assays developed in Chapter 5.3.1, either using DNA directly after extraction or by 
first preamplifying the qPCR targets for 5 or 10 cycles. Copy number was calculated with the RQ 
method and compared for preamplified and non-preamplified DNA to assess for bias. 
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1 ng DNA (Table 5.3) was preamplified with a primer pool targeting RPPH1, 

EGFR, FGFR1, HER2, MET and PIK3CA. The assay targeting SOX2 was 

designed after the validation process and hence was not included in the 

preamplification study. Preamplification was carried out comparing 5 and 10 

cycles, and preamplified templates were diluted 1:10 to yield CT values in the 

range obtained with unamplified DNA. RQ values were calculated comparing 

unamplified and preamplified DNA after 5 and 10 cycles (Fig 5.3 and 5.4). Copy 

number measurements between preamplified (5X and 10X) and unamplified DNA 

were generally concordant in DNA that did not show amplification, whereas genes 

showing SCNA varied. 10 cycles of preamplification introduced significant bias to 

all assays (P < 0.05) compared to unamplified template, whereas all assays 

except EGFR were not significantly biased by 5 cycles of preamplification (P > 

0.05). The low RQ of PIK3CA in H520 after 10 cycles of preamplification could 

have been caused by a technical error during preparation of the preamplification 

reaction. Based on these data, 5 cycles of preamplification was used for all 

subsequent experiments with cfDNA samples  
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Figure 5.4 – Comparison of gene amplification in amplified and unamplified cell line DNA 
by RQ qPCR. Each qPCR assay was performed with 1 ng DNA extracted from three cell lines, 
before preamplification (-PA) and after 5 (5X) and 10 (10X) cycles of preamplification. Columns 
represent the mean of three replicates and the positive error bars indicate SD. RQ, relative 
quantification. 
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5.3.3 SCNA in locally advanced and advanced NSCLC 

5.3.3.1 ReSoLuCENT cohort 

SCNA was evaluated in cfDNA from a cohort of 40 patients with locally advanced 

or advanced NSCLC from the ReSoLuCENT study. These patients may have 

received any type of therapy for any number of cycles at the time of blood 

collection. Genomic DNA isolated from leukocytes was used as a germline control 

for each patient’s cfDNA. In addition, cfDNA samples from 29 age and sex-

matched healthy controls were evaluated to determine the range of SCNA values 

in healthy cfDNA. Clinicopathological characteristics of the patients in the 

ReSoLuCENT cohort are summarised in Table 5.5. 

 

 

 

 

 

 

 

 

 

 

Table 5.5 – Clinicopathological characteristics of patients enrolled on the ReSoLuCENT 
study. Details of ethnicity and smoking history were not available. AC, adenocarcinoma; NS, not 
specified; SqCC, squamous cell carcinoma. 

 

1 ng of cfDNA was preamplified for 5 cycles before RQ qPCR analysis of SCNA 

in 5 genes. Samples < 100 pg/µL were concentrated by lyophilisation prior to 

preamplification. 1 ng germline DNA was also preamplified and subject to qPCR 

in the same way. All 39 cfDNA samples produced signal at the qPCR stage, 

Characteristic n 

Gender   

    male 22  

    female 18  

Histology   

    AC 12  

    SqCC 13  

    NS 15  

Stage   

    IIIA 10  

    IIIB 6  

    IV 24  

Total  40  
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indicating preamplification was successful. One germline DNA sample (P28) did 

not preamplify correctly, shown by the lack of qPCR signal across all assays.   

Figure 5.5 shows the RQ of each gene in the 40 patient (●), 39 matched genomic 

DNA (○) and 29 control (Δ) samples, calculated using the RQ method with human 

genomic DNA (98 genomes) used as the calibrator. RQ ≥ 2.5 and ≤ 0.5 were 

considered indicative of amplification and deletion, respectively, based on 

previous SCNA analyses using qPCR and accounting for a possible bias from 

the preamplification PCR (Page et al., 2011; Lamy et al., 2011; Bednarz et al., 

2009).  

For PIK3CA, the RQ threshold was raised to 3.0, based on a wider range of RQ 

values obtained in both patients and healthy controls. There was no evidence of 

gene amplification in cfDNA in the healthy controls. Results in cfDNA showed a 

narrow range of RQ values (0.7 to 2.3) (Table 5.6), whereas RQ values ranged 

from 0.8 to 11.9 in cfDNA of patients with NSCLC (Table 5.7) .10/40 (25%) patient 

cfDNA samples showed at least one SCNA across the gene panel. 3 showed 

amplification at EGFR, 4 at FGFR1, 5 at HER2, 2 at MET and 8 at PIK3CA (Fig 

5.11). No amplification was detected in germline DNA. Interestingly, half of all 

amplified samples showed co-amplification, with 2 samples harbouring 

amplification of all genes on the panel. Sample P08 exhibited high-level 

amplification of all genes, ranging from RQ 5.4 (MET) to 11.9 (PIK3CA). This 

patient had progressive stage IV disease and had a significantly higher cfDNA 

level than all other patients (298.5 ng/mL plasma vs. 7.4 ng/mL mean). All 

amplified samples were from patients with stage IV disease, except P30 

(PIK3CA) and P38 (HER2), which were from stage IIIA. The mean RQ for each 

assay in patient cfDNA was significantly higher than in matched germline DNA (P 

< 0.02; FDR-adjusted significance (q) = 0.05). Plasma cfDNA levels were 

significantly elevated in samples with detectable SCNA relative to those without 

detectable SCNA (mean of plasma, 12.6 ng/mL vs 5.8 ng/mL, respectively) (P = 

0.007; q = 0.025), and 8/10 patients with detectable SCNA had stage IV disease 

(vs. 16/30 without). 

 



Chapter 5        SCNA analysis in cfDNA of patients with NSCLC 
 

 

160 

 

 

Figure 5.5 – Analysis of SCNA in cfDNA and matched germline DNA of ReSoLuCENT 
patients by qPCR. SCNA was evaluated in five genes from preamplified cfDNA (P; ●) and 
matched germline DNA (G; ○) of 40 patients with stage IIIA/IV NSCLC. cfDNA from 29 healthy 
controls (C; Δ) is also shown. Solid horizontal lines represent median values and perforated lines 
represent RQ thresholds. These data were subjected to multiple testing; therefore, P values were 
corrected for FDR according to the Benjamini-Hochberg procedure. 
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ID EGFR FGFR1 HER2 MET PIK3CA ID EGFR FGFR1 HER2 MET PIK3CA 

C01 1.23 1.25 1.67 1.34 1.09 C16 0.93 1.34 1.38 0.98 1.40 

C02 0.94 1.05 1.44 0.75 1.80 C17 0.91 1.09 1.24 0.98 2.08 

C03 1.06 1.37 1.37 1.25 1.47 C18 0.91 1.15 0.91 0.87 0.67 

C04 0.92 1.08 1.49 0.85 1.98 C19 0.92 1.18 1.30 1.09 1.77 

C05 1.08 1.46 1.30 1.17 1.54 C20 1.25 1.39 1.27 1.24  

C06 0.82 1.12 1.25 1.22 2.01 C21 1.29 1.45 1.68 1.19 1.93 

C07 1.18 1.30 1.48 1.13 2.01 C22 0.85 1.06 1.08 0.91 1.46 

C08 0.88 1.07 1.12 1.08 1.65 C23 1.09 1.11 1.22 1.03 1.55 

C09 0.93 1.02 1.14 0.90 1.32 C24 1.09 1.36 1.13 1.04 1.72 

C10 1.22 1.37 1.50 1.06 1.60 C25 1.47 1.59 1.73 1.03 0.89 

C11 0.75 1.09 1.45 0.73 0.97 C26 1.02 1.30 1.27 1.07 2.27 

C12 1.08 1.18 1.31 0.85 1.62 C27 1.05 1.15 1.12 1.01 1.61 

C13 0.90 1.13 1.24 1.00 1.28 C28 0.68 0.96 1.14 0.78 1.32 

C14 0.90 1.14 1.31 1.05 1.87 C29 0.93 1.08 1.35 0.86 1.64 

C15 0.83 1.16 1.29 0.93 0.98       

 
Table 5.6 – RQ values per gene in healthy controls. 
 
 
 
 

 
Table 5.7 – RQ values per gene in ReSoLuCENT patients. Pink = samples subjected to NGS. 
Blue = amplification. Leuk, leukocyte. 

ID 
EGFR FGFR1 HER2 MET PIK3CA 

Plasma Leuk Plasma Leuk Plasma Leuk Plasma Leuk Plasma Leuk 

P01 1.86 1.06 1.97 0.77 2.54 1.16 2.08 0.78 3.14 1.06 

P02 1.67 0.96 1.78 0.91 1.92 0.85 1.87 0.84 3.71 1.13 

P03 1.64 0.81 1.47 0.76 1.95 0.81 1.87 0.94 2.49 1.04 

P04 1.54 0.91 1.61 0.90 2.14 0.68 1.56 0.79 2.12 1.06 

P05 1.78 1.07 2.23 0.89 2.35 0.83 1.99 0.91 2.94 1.39 

P06 0.92 1.20 0.92 0.67 1.10 0.87 1.03 1.00 1.53 1.23 

P07 2.20 1.21 1.88 0.83 2.12 1.05 2.20 0.94 2.53 1.40 

P08 8.39 0.96 7.06 0.80 6.54 0.77 5.38 0.84 11.9 1.30 

P09 1.11 1.01 1.36 0.93 1.68 0.91 1.10 1.06 1.90 0.93 

P10 1.41 1.10 1.52 0.78 1.82 0.90 1.52 0.94 1.39 0.95 

P11 1.55 1.20 1.78 1.06 1.97 1.11 1.85 1.31 2.82 1.38 

P12 1.34 1.25 1.49 1.04 1.66 1.24 1.44 1.25 1.58 1.22 

P13 1.29 0.96 1.28 1.14 1.48 1.02 1.20 1.04 1.43 1.40 

P14 1.58 1.16 1.62 1.17 2.12 1.21 1.34 1.19 2.14 1.67 

P15 1.50 0.91 1.50 1.05 1.70 0.89 1.21 0.92 1.80 1.34 

P16 1.05 1.04 1.30 1.04 1.22 1.05 1.24 1.05 1.95 1.44 

P17 1.56 0.88 1.69 0.80 1.87 0.93 1.65 0.91 1.93 1.46 

P18 0.84 1.14 1.02 0.90 1.23 0.77 0.93 1.09 1.30 1.41 

P19 0.97 1.03 1.37 1.11 1.40 1.14 1.14 1.02 1.42 1.52 

P20 0.95 1.25 0.97 1.45 1.07 0.99 0.91 1.11 1.35 1.51 

P21 0.96 1.28 1.21 1.01 1.38 0.84 1.03 1.35 1.22 1.70 

P22 0.85 1.27 0.98 1.05 1.03 0.93 1.06 1.06 2.00 1.29 

P23 0.94 1.25 1.04 0.93 1.12 1.06 0.98 1.14 1.43 1.70 

P24 1.03 1.15 1.28 0.85 1.46 1.03 1.18 1.06 1.09 1.33 

P25 1.07 1.09 1.54 1.20 1.71 1.21 1.55 1.00 1.89 1.44 

P26 1.30 0.92 1.51 0.94 1.84 1.15 1.40 0.84 1.61 1.24 

P27 1.04 1.00 1.43 1.09 1.61 1.09 1.22 0.91 2.09 1.25 

P28 1.36  1.37  1.51  1.90  1.66  

P29 1.47 1.14 1.54 1.03 1.70 1.14 1.72 1.40 3.27 1.23 

P30 1.52 1.25 1.63 1.10 1.39 1.19 1.70 1.06 3.34 1.17 

P31 2.61 1.36 3.04 1.32 3.25 1.23 1.86 1.04 1.96 1.30 

P32 1.37 1.27 6.76 1.42 1.46 1.29 1.30 1.10 3.12 1.22 

P33 1.40 0.97 1.59 1.03 1.92 1.30 1.39 1.24 1.90 1.37 

P34 2.91 1.15 2.96 1.15 3.02 1.17 2.85 1.12 4.72 1.09 

P35 1.98 1.22 1.78 0.92 2.25 1.30 1.99 1.18 2.31 1.34 

P36 1.32 1.13 1.50 1.01 1.81 1.28 1.66 1.21 2.22 1.38 

P37 1.15 1.04 1.23 0.94 1.60 1.02 0.97 0.99 1.17 1.05 

P38 1.07 0.88 1.32 0.97 3.38 1.01 0.94 0.80 1.67 0.99 

P39 1.30 1.10 1.13 0.99 1.49 1.25 1.21 1.03 3.30 1.22 

P40 1.56 1.23 1.51 1.36 1.48 1.55 1.30 1.23 1.70 1.57 
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20 cfDNA samples (pink ID in Table 5.7) from the ReSoLuCENT cohort were also 

sequenced with the Ion AmpliSeq™ Colon and Lung Cancer Research Panel v2 

(Life Technologies) covering 22 genes (1850 hotspots), by Dr Barbara Ottolini 

(University of Leicester). The remaining 20 samples did not have sufficient (10 

ng) cfDNA for sequencing. Variants with a coverage > 400x and a quality score 

> 25 were included in the analysis, and mispriming artefacts were filtered out 

using an algorithm developed by Dr Robert Hastings (Guttery et al., 2015). Figure 

5.6 shows all patients with detected SCNAs and/or mutations in cfDNA.  

 

 

 

 

 

 

 

 

Figure 5.6 – Oncoprint for cfDNA of ReSoLuCENT patients. 40 cfDNA samples from patients 
with stage IIIA-IV NSCLC were sequenced with the Ion Torrent NGS platform, using the Ion 
AmpliSeq™ Colon and Lung Cancer Research Panel v2. Stringency parameters are detailed in 
the main text. SCNA was investigated using qPCR.  

 

Variant allele frequency (VAF) ranged from 2.4 to 77.5% (mean, 13.6%) and was 

not correlated with original concentration of cfDNA (R2 = 0.27). cfDNA levels were 

not significantly higher in patients with detectable mutations (mean of plasma, 

11.5 ng/mL) than in patients without (mean of plasma, 11.8 ng/mL) (P = 0.24) 

 

Among the 20 samples, 6 showed evidence of circulating tumour DNA (ctDNA) 

by NGS after filtering (2 stage IIIA, 1 stage IIIB, 3 stage IV). Four samples had a 

single somatic mutation and 2 samples had 2 mutations. Interestingly, patient 

P08 with the highest cfDNA levels and amplification of all 5 genes also had a high 

frequency substitution mutation in TP53 (c.A536T) at 77.5% VAF. Patient P29 

showed amplification of PIK3CA (RQ, 3.3) and had a silent mutation in EGFR at 
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5.2% VAF. Patient P30 also had PIK3CA amplification and a dinucleotide change 

in TP53 (c.CG743GA) at 3.5% VAF. 

In summary, analysis of cfDNA in the ReSoLuCENT cohort (40 patients with 

stage IIIA-IV NSCLC) detected mutations in 6/20 patients by NGS (30% of cohort) 

and SCNA in 10/40 patients by qPCR (25%), with both mutations and SCNA 

detected in 3 patients. Combined analysis of mutations and SCNA identified 

ctDNA in a third (33%) of patients, despite no mutation analysis being performed 

in 20 patients. In addition, plasma cfDNA levels were significantly elevated in 

patients with SCNA (P = 0.007) but not mutated samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5        SCNA analysis in cfDNA of patients with NSCLC 
 

 

164 

 

 

5.3.3.2 GALAXY-1 cohort 

SCNA was evaluated in EGFR, FGFR1, HER2, MET, PIK3CA and SOX2 in 

cfDNA of 143 patients from the GALAXY-1 clinical trial. Blood samples were 

obtained at baseline. All patients enrolled had received one prior systemic 

therapy, after which there was evidence of radiological progression (Ramalingam 

et al., 2015). Clinicopathological characteristics of the GALAXY-1 cohort are 

summarised in Table 5.8 and detailed in Supplementary Table S1.1 (Appendix). 

Results were also compared with cfDNA from the 29 healthy controls (Table 5.6 

in Chapter 5.3.3.1). Had matched germline (leukocyte) DNA samples in the 

patient cohort been available, these would also have been evaluated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.8 – Clinicopathological characteristics of patients enrolled on the GALAXY-1 trial. 
AC, adenocarcinoma. 

 

Characteristic n 

Ethnicity   

    Asian 1  

    Black 1  

    White 141  

Gender   

    male 89  

    female 54  

Histology   

AC 143  

Smoking status   

    current 37  

    former 73  

    never 33  

Stage   

    IIIB 7  

   

    IV 136  

Total  143  
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1 ng cfDNA was preamplified for 5 cycles before RQ qPCR analysis in 143 

patients from the GALAXY-1 trial.  Low concentration cfDNA samples (< 100 

pg/µL) were concentrated by lyophilisation prior to preamplification. 16 patients 

were not included in the analysis due to failure (no signal) at the qPCR stage. 

qPCR was repeated on failed samples, which ruled out qPCR-specific error, but 

an additional 1 ng of cfDNA was not available to repeat the preamplification step 

in these failed samples. Failure of qPCR was not related to cfDNA concentration 

before preamplification (mean of 16 failed samples, 0.22 ng/µL; mean of 143 

amplifiable samples, 0.25 ng/µL) There was no correlation between sample 

failure and disease stage or survival.  

Figure 5.7 shows the RQ of each gene in the 143 patient (●) and 29 control (○) 

samples, calculated using the RQ (ΔΔCT) method with human genomic DNA as 

the calibrator. RQ values in cfDNA from 143 patients ranged from 0.2 to 4.7 (25.5 

may be an outlier) (Table 5.9). There was no significant difference in total cfDNA 

levels between samples with and without detectable SCNA (mean 0.21 vs 0.25 

ng/µL, respectively) (P = 0.40). qPCR failed for a single assay in patient P136 

(shown as diagonal lines in Tables). 18/143 (13%) patient cfDNA samples 

showed at least one SCNA across the gene panel. 7 showed amplification of 

EGFR, 2 of FGFR1, 3 of HER2, 4 of MET and 7 of PIK3CA (Fig 5.7). Interestingly, 

4 of the 7 patients with EGFR amplification showed coamplification of MET and 

1 patient sample showed coamplification of FGFR1 and HER2. 
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Figure 5.7 – Analysis of SCNA in cfDNA of GALAXY-1 patients by qPCR. SCNA was 
evaluated in five genes from preamplified cfDNA of 143 patients with stage IIIB/IV lung 
adenocarcinoma (P; ●) and 29 healthy controls (C; ○) using qPCR assays described in Chapter 
5.3.1. Solid horizontal lines represent median values and perforated lines represent RQ 
thresholds.  
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Table 5.9 – RQ values per gene in GALAXY-1 patients. Blue = amplification. Yellow = deletion. 

ID EGFR FGFR1 HER2 MET PIK3CA ID EGFR FGFR1 HER2 MET PIK3CA 

P001 1.58 1.35 1.57 1.58 2.07 P073 1.22 1.50 1.58 1.19 1.86 

P002 2.16 0.94 1.11 1.70 1.26 P074 1.12 1.83 1.92 1.38 1.78 

P003 1.28 0.89 0.82 1.83 1.68 P075 0.97 1.34 1.29 1.23 1.00 

P004 1.22 1.31 1.50 1.41 1.65 P076 1.28 1.27 1.33 1.38 2.54 

P005 3.55 1.08 1.45 3.11 2.30 P077 1.50 1.51 1.80 0.93 2.02 

P006 2.52 0.98 1.11 2.04 2.32 P078 0.86 0.94 1.15 1.06 1.12 

P007 1.61 1.51 1.84 1.60 1.50 P079 1.10 1.32 1.51 0.93 1.51 

P008 2.82 1.09 1.10 1.41 1.76 P080 1.22 1.18 1.24 1.00 1.82 

P009 1.66 1.26 1.28 1.54 1.40 P081 1.29 0.86 1.83 1.13 1.18 

P010 1.56 1.03 1.07 1.19 1.67 P082 0.80 1.20 1.07 1.17 1.01 

P011 2.25 1.37 1.67 2.04 2.60 P083 0.95 1.28 1.45 1.30 2.03 

P012 1.04 1.22 0.98 0.99 1.37 P084 1.02 1.43 1.46 1.00 1.69 

P013 1.28 1.24 1.09 1.16 1.51 P085 25.48 0.91 1.26 3.52 1.58 

P014 1.70 1.38 1.17 1.43 1.95 P086 1.27 1.14 1.19 1.84 1.84 

P015 1.90 1.31 1.18 1.38 1.18 P087 3.42 1.31 1.53 2.52 2.61 

P016 1.41 1.55 1.18 1.16 1.45 P088 1.25 1.67 1.74 1.23 2.13 

P017 1.31 1.28 1.33 1.01 1.12 P089 0.95 1.16 1.13 1.00 1.91 

P018 1.57 1.25 1.10 1.45 1.62 P090 0.95 1.26 1.63 1.05 2.02 

P019 1.13 1.22 1.16 1.21 2.31 P091 1.09 1.50 1.53 1.22 2.56 

P020 1.73 1.99 2.66 1.76 1.17 P092 0.98 1.07 1.25 0.96 1.06 

P021 1.99 1.59 1.88 1.50 1.18 P093 1.15 1.24 1.45 0.92 1.46 

P022 1.95 1.61 2.29 1.74 1.23 P094 0.90 1.08 1.34 0.83 0.89 

P023 1.77 0.95 1.20 1.52 0.85 P095 1.44 1.06 1.62 1.14 1.42 

P024 1.41 1.32 1.10 0.95 0.99 P096 0.80 1.00 1.16 0.84 1.21 

P025 2.21 1.31 1.44 1.16 1.79 P097 2.04 1.43 2.19 1.36 1.93 

P026 1.24 1.04 0.91 0.95 1.25 P098 1.32 2.51 1.90 1.37 1.89 

P027 1.08 0.86 0.91 0.96 1.34 P099 0.96 1.25 1.26 1.1 1.44 

P028 1.11 0.86 0.81 1.12 1.28 P100 1.02 1.31 1.16 1.21 1.42 

P029 1.61 1.60 1.63 1.63 2.19 P101 1.29 1.45 1.78 1.08 1.94 

P030 1.71 1.60 1.78 2.23 1.29 P102 1.13 1.27 1.31 0.85 1.11 

P031 1.17 1.33 1.41 1.21 1.73 P103 0.90 1.10 1.17 1.00 1.33 

P032 1.58 2.15 1.98 1.56 2.54 P104 0.82 1.11 1.30 0.81 1.70 

P033 1.15 1.14 1.18 1.01 1.57 P105 1.05 1.27 1.44 0.85 2.05 

P034 1.08 0.90 1.40 0.94 1.29 P106 1.35 1.17 1.29 1.22 1.42 

P035 1.19 1.39 1.43 1.28 1.95 P107 1.23 1.26 1.69 1.28 1.73 

P036 0.90 1.28 1.29 0.97 1.02 P108 1.29 0.21 1.09 1.18 1.49 

P037 1.01 1.10 1.29 0.98 2.05 P109 1.16 1.34 1.89 1.09 4.72 

P038 0.85 1.25 1.27 1.25 1.63 P110 1.43 1.13 0.93 1.37 1.23 

P039 1.31 1.81 1.82 1.94 1.53 P111 1.57 1.09 1.32 1.36 1.18 

P040 1.88 2.19 2.14 1.84 3.06 P112 1.34 1.35 1.47 1.26 1.41 

P041 1.26 1.25 1.55 1.15 1.60 P113 1.41 1.15 1.26 1.36 1.52 

P042 1.09 1.17 1.37 1.01 1.63 P114 1.32 0.91 1.13 1.06 1.40 

P043 0.96 1.20 1.27 1.05 2.38 P115 1.24 1.83 2.08 1.75 3.13 

P044 0.98 1.28 1.33 0.95 1.70 P116 1.14 1.06 1.18 1.11 2.04 

P045 1.30 1.58 1.33 1.27 1.75 P117 2.62 1.17 1.55 1.62 2.71 

P046 1.16 1.42 1.41 1.00 2.74 P118 0.84 1.10 1.34 0.99 2.13 

P047 1.03 1.35 1.41 0.95 1.46 P119 1.01 1.26 1.36 0.97 1.11 

P048 1.49 1.34 1.66 1.03 1.64 P120 0.94 1.05 1.28 1.00 2.06 

P049 1.15 1.25 1.58 1.06 1.77 P121 0.74 0.91 1.09 0.79 1.08 

P050 1.24 1.44 1.46 1.18 2.60 P122 1.00 0.94 1.24 0.82 2.13 

P051 2.58 1.41 1.57 2.69 1.60 P123 1.24 1.50 1.24 1.20 1.30 

P052 1.57 1.14 1.43 1.21 1.38 P124 1.45 1.44 1.52 1.32 2.11 

P053 1.91 1.53 1.83 1.75 1.24 P125 2.22 1.89 2.10 2.34 4.36 

P054 1.43 1.33 0.95 1.27 1.17 P126 1.41 1.07 1.25 1.36 2.01 

P055 1.37 1.14 1.11 1.20 0.98 P127 1.20 1.47 1.66 1.13 1.57 

P056 1.91 0.91 1.66 1.46 0.89 P128 1.08 1.36 1.34 0.97 1.19 

P057 1.70 1.03 1.29 1.27 1.48 P129 1.27 1.69 1.62 1.14 2.40 

P058 1.14 1.25 1.21 0.95 1.80 P130 1.23 1.51 1.89 1.56 1.96 

P059 1.17 1.18 1.23 0.82 1.83 P131 1.64 1.62 1.96 1.50 2.00 

P060 1.59 1.05 1.29 1.11 2.12 P132 1.35 2.09 1.85 1.50 1.16 

P061 1.71 1.45 1.62 1.29 2.22 P133 2.00 2.17 2.19 1.43 1.37 

P062 1.07 0.90 0.87 1.20 1.91 P134 1.92 2.03 1.51 1.77 1.11 

P063 1.72 1.04 1.49 1.16 3.08 P135 1.34 1.40 1.48 1.16 0.78 

P064 1.08 1.13 1.42 1.35 1.13 P136 1.25 1.10 0.74  4.03 

P065 1.44 1.18 0.99 1.53 1.07 P137 1.17 1.73 1.18 1.39 2.13 

P066 1.58 0.72 1.00 1.56 0.77 P138 1.32 1.33 1.39 1.51 1.75 

P067 2.07 0.93 1.07 1.28 1.13 P139 1.32 1.25 1.17 1.34 2.08 

P068 1.47 1.05 1.06 1.08 1.26 P140 1.18 1.14 1.05 1.22 1.68 

P069 1.89 1.52 1.76 1.34 3.53 P141 2.41 1.19 1.59 1.73 1.60 

P070 1.29 1.06 1.15 1.19 1.34 P142 1.24 1.14 0.99 1.11 2.14 

P071 1.12 2.62 2.90 1.01 1.63 P143 1.16 0.98 1.03 1.48 1.75 

P072 2.01 1.76 2.27 1.93 2.94       
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A disadvantage of qPCR for SCNA detection is that small differences in 

amplification efficiency of the target relative to reference can bias copy number 

measurements (Guescini et al., 2008). Droplet digital PCR (ddPCR) may help to 

overcome this limitation, since the digital readout is not influenced by relative 

measurements. In addition, ddPCR can detect fine copy number differences and 

without the need for technical replicates. SCNA analysis using ddPCR often 

requires digestion of template DNA, since tandem repeats may be present in the 

same droplets, thus losing the ability to distinguish between one or multiple 

copies of a gene on a DNA strand. However, the fragmented nature of cfDNA 

obviates the need for this step. Samples showing amplification of EGFR, MET 

and PIK3CA by qPCR were evaluated by ddPCR, with each gene assayed in 

duplex with RPPH1. Borderline amplified samples were also run for each assay. 

Representative droplet clustering and fluorescence thresholds for EGFR, MET, 

PIK3CA and RPPH1 are shown in Figure 5.8. 
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Figure 5.8 – Droplet clustering in ddPCR assays for SCNA analysis and comparison with 
qPCR. Each point represents a single droplet, which, in theory, contains a single copy of template. 
The height of each point is determined by the end-point fluorescence in the respective droplet, 
which is dependent on the number of cleaved 6-FAM™ fluorophores. FU, fluorescence units. 

Events (x 1000) 

5 15 10 

6
-F

A
M

 F
U

 (
x
1

0
0
0
) 

3 

 

1 

4 

6 

0 

5 

2 

0 

RPPH1 

Events (x 1000) 

0 2 

6
-F

A
M

 F
U

 (
x
1

0
0
0
) 

4 

 2 

6 EGFR 

10 

 8 

12 

 

4 6 8 10 12 14 16 

Events (x 1000) 

0 2 

6
-F

A
M

 F
U

 (
x
1

0
0
0
) 

4 

 2 

6 MET 

10 

 8 

4 6 8 10 12 

Events (x 1000) 

0 5 15 10 

6
-F

A
M

 F
U

 (
x
1

0
0
0
) 

4 

 
2 

6 

8 

PIK3CA 

0 

0 

0 



Chapter 5        SCNA analysis in cfDNA of patients with NSCLC 
 

 

170 

 

 

Paired qPCR and ddPCR copy number measurements for EGFR, MET and 

PIK3CA are shown in Table 5.10. The unit ‘copy number ratio’ (CNR) is used 

when comparing qPCR and ddPCR (instead of relative quantification), since 

ddPCR measurements are absolute values. For EGFR, 4/7 samples that were 

amplified by qPCR did not show amplification by ddPCR. Conversely, one sample 

was amplified by ddPCR only (qPCR CNR, 1.9, ddPCR CNR, 3.1). For MET, 4 

samples were amplified by qPCR but not by ddPCR. However, 2 other samples 

showed amplification by ddPCR only (CNR, 2.7 and 2.6), the latter of which 

showed coamplification of EGFR by ddPCR. For PIK3CA, only two amplified 

samples by qPCR (CNR, 3.1 and 4.7) remained amplified by ddPCR (CNR, 9.0 

and 4.0), the latter of which showed coamplification of MET by ddPCR. There 

was no significant difference in original cfDNA concentrations between amplified 

and unamplified samples by ddPCR (mean of eluates, 0.32 vs 0.25 ng/µL, 

respectively) (P = 0.43).  

SOX2 is located within the region of chromosome 3q that is frequently amplified 

in lung SqCC. Since this region also contains PIK3CA, it is possible that SOX2 

and PIK3CA may be coamplified in some cancers. To investigate this, cfDNA 

samples that were positive for PIK3CA amplification by qPCR, were assayed for 

SOX2 amplification by ddPCR. No samples showed SOX2 amplification (Table 

5.11). This suggests a focal rather than chromosome-level amplification of 

PIK3CA. 

Overall, a general decrease in CNR was observed with ddPCR relative to qPCR 

for all genes. The magnitude of the difference in copy number measurements 

was greater with qPCR than ddPCR, which could have been caused by standard 

curve-based artefacts in some assays; PIK3CA in particular (Table 5.2; 4% higher 

efficiency relative to RPPH1). Standard curves were constructed using high-

integrity genomic DNA rather than cfDNA, and it is possible that some assays 

were more sensitive to DNA fragmentation (i.e. in cfDNA) than others, leading to 

a bias in copy number measurement. 
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Table 5.10 – Comparison of qPCR and ddPCR data for SCNA analysis in cfDNA of patients 
with advanced lung adenocarcinoma. Genomic amplifications previously identified by qPCR in 
EGFR, MET and PIK3CA were assessed by ddPCR. Randomly selected cfDNA samples that did 
not show amplification of these genes by qPCR were also assayed. Blue = amplification. Values 
are copy number ratios (target vs RPPH1). 

 

 
 
 
 
 
 
 
 
 
Table 5.11 – ddPCR analysis of SOX2 copy number in PIK3CA-amplified cfDNA samples.  
Copy number of PIK3CA and SOX2 determined by ddPCR. Values are copy number ratios (target 
vs RPPH1). Blue = amplification. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

ID 
EGFR  

ID 
MET 

ID 
PIK3CA 

qPCR ddPCR qPCR ddPCR qPCR ddPCR 

P005 3.6 3.5 P005 3.1 1.4 P040 3.1 1.8 
P006 2.5 1.6 P051 2.7 2.3 P063 3.1 9.0 
P008 2.8 1.4 P085 3.5 2.0 P069 3.5 2.1 
P051 2.6 1.8 P004 1.4 1.1 P109 4.7 4.0 
P085 25.5 1.3 P006 2.0 1.2 P115 3.1 2.3 
P087 3.4 2.6 P007 1.6 1.0 P125 4.4 2.3 
P117 2.6 2.8 P008 1.4 0.7 P136 4.0 1.7 
P004 1.2 1.2 P009 1.5 1.5 P002 1.3 1.4 
P007 1.6 1.2 P011 2.0 1.5 P011 2.6 0.6 
P009 1.7 1.2 P069 1.3 1.2 P050 2.6 1.8 
P011 2.3 2.2 P072 1.9 1.7 P065 1.1 0.6 
P069 1.9 3.1 P109 1.1 2.7 P066 0.8 0.8 
P072 2.0 2.1 P117 1.6 2.6 P067 1.1 2.7 
      P068 1.3 1.4 
      P072 2.9 1.5 
      P076 2.5 1.1 
      P087  2.6 1.7 
      P117 2.7 1.4 
      P132 1.2 2.1 
      P134 1.1 2.1 
      P135 0.8 1.0 

ID PIK3CA (ddPCR)  SOX2 (ddPCR)  

P040 1.8 1.1 
P063 9.0 1.5 
P069 2.1 1.7 
P109 4.0 1.3 
P115 2.3 1.3 
P125 2.3 1.4 
P136 1.7 1.3 
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5.3.3.2.1 Correlation of SCNA in cfDNA with survival 

Survival characteristics were available for all GALAXY-1 patients. Cox regression 

analysis revealed no significant decrease in PFS (HR, 1.30; 95% CI, 0.75 – 2.24; 

P = 0.27) but a significant decrease in OS (HR, 1.78; 95% CI, 1.05 – 3.02; P = 

0.03) (Fig 5.9) in patients with SCNA detected by qPCR and/or ddPCR (n = 18).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9 – Kaplan-Meier survival curves based on SCNA status. Comparison of (A) 
progression-free survival and (B) overall survival between patients with (n = 18) and without (n = 
125) SCNA detected in cfDNA. PFS, progression-free survival.  
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5.3.3.2.2 Correlation of mutations in cfDNA with survival 

cfDNA from the GALAXY-1 patient cohort was also deep-sequenced with the Ion 

Torrent NGS platform using the Ion AmpliSeq™ Cancer Hotspot Panel v2 (Life 

Technologies) covering 50 genes, by Mr C. Rakhit (MRC Toxicology Unit, 

Leicester). Variants with > 400x coverage and quality > 25 were included, and 

mispriming artefacts were filtered out using an algorithm designed by Dr Robert 

Hastings (Guttery et al., 2015). Mutations and SCNA are shown in Figure 5.10.  

Variant allele frequency (VAF) ranged from 3.6 to 39.3% (mean, 14.7%) and was 

not correlated with total cfDNA levels (R2 = 0.0016) or the total number of 

mutations detected per sample (R2 = 0.02). However, cfDNA levels were 

significantly higher in patients with detectable mutations (mean of eluate, 0.43 

ng/µL) than in patients without (mean of eluate, 0.21 ng/µL) (P < 0.0001). 

Among the 143 samples, 28 showed evidence of ctDNA by NGS after filtering. 

18 samples had a single somatic mutation (17 with a substitution and 1 with a 

deletion) and 10 samples had multiple mutations. Patients with mutations had a 

significantly shorter PFS (HR, 1.61; 95% CI, 0.99 – 2.62; P = 0.02) and OS (HR, 

1.65; 95% CI, 1.02 – 2.68; P = 0.04) than patients with no detectable mutations 

in cfDNA by Cox regression analysis (Fig 5.11). The 18 samples with detected 

SCNA by qPCR and/or ddPCR, 2 harboured mutations, and combined analysis 

of mutations and SCNA (by both PCR methods) detected alterations in 44 

patients (31%). Patients with mutations and/or SCNA had a significantly shorter 

PFS (HR, 1.50; 95% CI, 1.01 – 2.21; P = 0.02) and OS (HR, 1.88; 95% CI, 1.24 

– 2.84; P = 0.003) than patients with no alterations in cfDNA (Fig 5.12).  

Patient P040 had a substitution in RB1 (c.C1666T) at 8.9% VAF and amplification 

of PIK3CA (CNR, 3.1 by qPCR and 1.8 by ddPCR) and MET (CNR, 1.1 by qPCR 

and 2.7 by ddPCR). This patient had stage IV disease and a PFS of 21 days. 

Patient P109 had a substitution in HRAS (c.T81C) at the highest VAF in the 

cohort (39.3%) and amplification of PIK3CA by both qPCR and ddPCR (CNR, 4.7 

and 4.0, respectively). This patient had stage IV disease and poor PFS (22 days 

on docetaxel vs. mean of 137 days for stage IV patients on docetaxel (n = 69)).



Chapter 5                SCNA analysis in cfDNA of patients with NSCLC 
 

 

174 

 

 

Key:         substitution                indel                 amplification                  loss 

Figure 5.10 – Oncoprint for cfDNA of GALAXY-1 patients. 143 cfDNA samples from patients with advanced lung adenocarcinoma were sequenced 
with the Ion Torrent NGS platform, using the Ion AmpliSeq™ Cancer Hotspot Panel v2. Stringency parameters are detailed in the main text. SCNA was 
investigated using qPCR (Q) and ddPCR (D). B, amplified by both qPCR and ddPCR. Only patients with detected mutations and/or SCNA are shown.  
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KDR                                             (2/0) 

KIT                                             (3/0) 

KRAS                                             (8/0) 

MET Q                   Q        Q          D  D     (0/5) 

PIK3CA             Q        B  Q               B Q  Q  Q  (2/7) 

RB1                                             (2/0) 

RET                                             (2/0) 

SMARCB1                                             (1/0) 

STK11                                             (2/0) 

TP53                                             (8/0) 
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Figure 5.11 – Kaplan-Meier survival curves based on mutation status. Comparison of (A) 
progression-free survival and (B) overall survival between patients with (n = 28) and without (n = 
115) one or more mutations detected in cfDNA. PFS, progression-free survival. 
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Figure 5.12 – Kaplan-Meier survival curves based on SCNA and mutation status. 
Comparison of (A) progression-free survival and (B) overall survival between patients with (n = 
44) and without (n = 99) one or more SCNA and/or mutations detected in cfDNA. PFS, 
progression-free survival. 
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Since mutation and/or SCNA status were significantly correlated with survival 

outcomes in the GALAXY-1 cohort, patients were sub-grouped into the treatment 

arms (docetaxel alone and docetaxel plus ganetespib) to investigate whether 

treatment further influenced survival outcomes. Using Cox regression analysis, 

there was no significant influence of treatment on survival in patients grouped by 

SCNA or combined SCNA and mutation status. In patients with no detected 

mutations (n = 115), there was a significant decrease in PFS in the docetaxel arm 

relative to the docetaxel plus ganetespib arm (HR, 1.56; 95% CI, 0.99 - 2.43; P = 

0.05) and a favourable trend towards poor OS in these patients (HR, 1.4; 95% 

CI, 0.94 - 2.29; P = 0.09) (Rakhit et al., 2016 [submitted]). 

In summary, analysis of cfDNA in the GALAXY-1 cohort (143 patients with 

advanced lung adenocarcinoma) by NGS detected mutations in 28 patients (19% 

of cohort), and these patients had significantly higher total plasma cfDNA levels 

than patients with no detectable mutations (P < 0.0001). Addition of a five-gene 

panel for SCNA analysis by PCR provided evidence of SCNA in a further 16 

patients. Thus, combined analysis of mutations and SCNAs identified ctDNA in a 

total of 44 patients (31% of cohort). The subset of patients with SCNA (n = 18) 

had significantly poorer OS than patients with no detectable SCNA (P = 0.03), 

and this survival trend was seen albeit with lesser significance when stratifying 

patients based on mutation status (one or more mutations vs. no mutations), in 

addition to a significant decrease in PFS. Importantly, the difference in survival 

outcomes was most significant when SCNA and mutation statuses were 

combined (P = 0.02 and P = 0.003 for PFS and OS, respectively). Thus, analysis 

of SCNA in the GALAXY-1 cohort increased the ability to stratify patients based 

on survival outcomes compared with NGS alone.     
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5.3.3.3 Summary of ReSoLuCENT and GALAXY-1 cohort results 

The ReSoLuCENT and GALAXY-1 cohorts comprised a total of 183 patients with 

locally advanced and advanced NSCLC. Patients either had evidence of 

progression after one systemic therapy (GALAXY-1) or were undergoing 

treatment (ReSoLuCENT). All patients’ cfDNA samples were analysed for SCNA 

using and panel of five genes, and a total of 28 samples (15%) showed evidence 

of amplification or deletion. In the ReSoLuCENT cohort, patients with SCNA had 

significantly higher plasma cfDNA levels than patients with no evidence of ctDNA 

(P = 0.007). In the GALAXY-1 cohort, this held true for patients with mutations 

(but not SCNA) (P < 0.0001). Half of the ReSoLuCENT samples (20/40) and all 

of the GALAXY-1 samples were subjected to NGS: 21% (34/163) of patients were 

positive for at least one mutation. The mutation VAFs ranged from to 2.4 to 

77.5%, and two samples with high VAF (HRAS at 39.3% in P109 and TP53 at 

77.5% in P08) were associated with gene amplification.  

Of particular interest was the strong association between cfDNA alterations and 

survival outcomes (OS and PFS) in the GALAXY-1 cohort. Analysis of SCNA by 

qPCR and ddPCR identified 18 patients with evidence of ctDNA, and these 

patients had significantly poorer OS (HR, 1.78; P = 0.03) than patients with no 

detectable SCNA. NGS identified a further 26 patients with significantly worse 

PFS (HR, 1.78; P = 0.02) and OS (HR, 1.65; P = 0.04) than patients with no 

detectable mutations. Combined analysis of mutations and SCNA identified a 

subset of 44 patients with significantly poorer PFS (HR, 1.50; P = 0.02) and OS 

(HR, 1.88; P = 0.003) when compared to patients with no detectable alterations 

in cfDNA, and this was more significant for OS than with analysis of SCNA or 

mutations alone.  Thus, SCNA is an important alteration in cfDNA that identified 

a subset of patients in this GALAXY-1 cohort with significantly poorer survival. 

PCR-based SCNA panels assessing commonly altered genes may have clinical 

utility for the evaluation of cfDNA, owing to their low cost (relative to NGS), 

simplicity of workflow and high throughput.  
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5.4 Discussion 

The aim of this chapter was to determine whether SCNA in genes commonly 

amplified in NSCLC can be detected in the cfDNA of patients with locally 

advanced and advanced disease. A panel of genes (EGFR, FGFR1, HER2, MET 

and PIK3CA) was analysed by qPCR following multiplex preamplification and 

some SCNAs were validated with ddPCR. Where possible, copy number data 

was combined with Ion TorrentTM NGS mutation data from the same patients and 

correlated with survival outcomes. 

 

5.4.1 Methodological limitations 

The low concentration of cfDNA obtained from the blood samples in this study 

necessitated use of multiplex preamplification, enabling multi-target analysis by 

PCR. While several studies have reported the successful use of preamplification, 

others have reported its potential to introduce significant experimental bias in 

copy number measurements (Noutsias et al., 2008; Korenkova et al., 2015; 

Mengual et al., 2008; Sanders et al., 2011). The performance of all assays except 

EGFR was not significantly influenced by preamplification, and bias in this assay 

was only observed in the highly EGFR-amplified cell line, HCC827. Concordant 

with this, assays generally showed greater bias in cell lines harbouring high-level 

amplifications. In the ReSoLuCENT cohort, the mean copy numbers of all assays 

except PIK3CA in germline DNA samples was around 1.0, which confirms no 

significant bias from preamplification at the patient analysis stage.  

PIK3CA copy numbers were more dispersed in both patient cohorts, and the 

mean RQ was greater than that of other genes in germline DNA of the 

ReSoLuCENT cohort, likely due to a 4% difference in PCR efficiency between 

PIK3CA and RPPH1. This observation highlights an inherent pitfall of qPCR for 

analysis of copy number, since qPCR assays are rarely 100% efficient and PCR 

inhibitors can have an assay-specific influence on performance (Kontanis and 

Reed, 2006). It has been reported that a 4% difference in efficiency of 

amplification between target and reference can bias the ΔCT value up to 400% 
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(Guescini et al., 2008). For this reason, the RQ threshold for amplification of 

PIK3CA was raised to 3.0. The paralogue ratio test (PRT) is reported to be more 

accurate than qPCR for copy number calculation, since a copy-neutral region of 

the genome is simultaneously amplified with the region of interest using the same 

primer pair  (Armour et al., 2007; Aldhous et al., 2010). However, the PRT 

approach could not be adopted in this project because copy-neutral regions of 

the genome that share sequence homology to the genes of interest could not be 

identified.  

 

5.4.2 SCNA analysis in cfDNA of patients with NSCLC 

cfDNA from a total of 183 patients with locally advanced or advanced NSCLC 

were evaluated for somatic copy number alteration (SCNA) in this Chapter. qPCR 

analysis detected SCNA in 15% of patients, which were all amplification events, 

except one single deletion event (FGFR1). Interestingly, the frequency of 

coamplification in amplified samples was higher than anticipated, with a third of 

amplified samples across both cohorts exhibiting coamplification. MET and 

EGFR (both on chromosome 7) are frequently coamplified in NSCLC (20 - 30% 

of EGFR-amplified tumours), and coamplification of MET was frequently 

observed in this study. (Cappuzzo et al., 2009b; Beau-Faller et al., 2008). 

However, other observed coamplifications, such as HER2/FGFR1 and 

HER2/PIK3CA, have not been reported.  

In the GALAXY-1 cohort, ddPCR was used to evaluate copy number in all 

samples with amplification by qPCR, since it is not reliant on equal efficiency of 

target and reference assays. In line with previous reports, there was a general 

downward shift in copy number measurements by qPCR relative to ddPCR, 

possibly due to an overestimation by qPCR (Whale et al., 2012; Devonshire et 

al., 2014; Bharuthram et al., 2014). However, by ddPCR there was an overall 

tendency of samples that reached amplification by qPCR to retain a higher copy 

number than those not amplified by qPCR, showing the ability of qPCR to 

distinguish between higher and lower copy genes. Interestingly, GALAXY-1 
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patients with mutations had significantly higher cfDNA levels, whereas this was 

true for ReSoLuCENT patients with SCNA. 

Half of the cfDNA samples in the ReSoLuCENT cohort and all samples in the 

GALAXY-1 patient cohort were sequenced by Ion Torrent™ NGS. Combined 

SCNA and NGS analysis identified evidence of ctDNA in a third of patients from 

both cohorts. Although only few samples exhibited both SCNA and mutations, the 

sequencing panels covered only 22 (ReSoLuCENT study) or 50 (GALAXY-1 

study) genes, and the SCNA panel only 5 genes. Therefore, speculation that 

individual tumours may have been predominantly mutation- or SCNA-driven 

should be avoided.   

In some patients, interesting correlations were made between mutation/CNA data 

and clinicopathological characteristics. For example, a patient with a high 

frequency mutation in HRAS and amplification of PIK3CA by both PCR methods 

had stage IV disease and a PFS significantly poorer than average for the cohort. 

Another patient with high cfDNA levels and amplification of all genes had a high-

frequency mutation in TP53, which is suggestive of aneuploidy. 

Of particular interest, correlation of SCNA/NGS data with survival outcomes 

revealed that patients with SCNA, mutation or both types of alteration had 

significantly worse OS and PFS than in patients without any detectable 

alterations. This was more significant for SCNA-only than mutation-only patients, 

and was most significant when patients harboured both types of alteration. This 

clearly demonstrates the value of SCNA analysis (without or in combination with 

NGS) in the GALAXY-1 cohort in predicting survival outcomes, and is the first 

time that SCNA analysis in cfDNA has shown such utility. Moreover, PCR-based 

SCNA panels such as the panel developed in this thesis may find clinical utility, 

owing to the simple workflow and low cost-per-sample (relative to NGS).       
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5.4.3 Sensitivity of methods used to evaluate SCNA in cfDNA 

It is important to consider the sensitivity of SCNA detection methods in 

discriminating fine changes in copy number, since SCNA in blood is brought 

closer to the germline copy number by the dilution effect of healthy cfDNA. For 

example, when a tumour-specific SCNA with a CNR of 5.0 represents 5% of total 

cfDNA, the CNR is reduced to 1.2 (Whale et al., 2012). As previously discussed, 

the reliance of qPCR on equal efficiency between target and reference assays 

may not permit an accurate quantitation of copy number, and low amplification 

thresholds (such as CNR, 1.2) may fail to discriminate between true and error-

induced copy number gains. In contrast, several studies have shown the ability 

of ddPCR to distinguish between amplified and non-amplified tumours with 

respect to a particular locus, using a low threshold for amplification in cfDNA. 

Gevensleben et al. used a CNR threshold of 1.25 to indicate HER2 amplification 

in cfDNA of patients with metastatic breast cancer, which identified amplification 

in 64% of confirmed HER2-positive patients and no amplification in 94% of HER2-

negative patients (Gevensleben et al., 2013). Kinugasa et al. evaluated HER2 

amplification in serum and FFPE tissue in patients with gastric cancer by ddPCR. 

Using a CNR threshold of 1.20, the authors achieved a concordance rate of 63% 

with respect to amplification status (Kinugasa et al., 2015). Recent targeted and 

whole-exome NGS studies have reported a SCNA detection limit of 10% ctDNA 

(Page et al., 2016 [in press]) (Belic et al., 2015). This figure is in agreement with 

previous NGS analyses (Heitzer et al., 2013; Murtaza et al., 2013; Mohan et al., 

2014). A recent study used a novel NGS strategy to target SNPs in five 

chromosome arms subject to frequent SCNA in breast cancer. The authors 

demonstrated sensitivity down to an average allelic imbalance of 0.5% in cfDNA 

of patients with stage II disease, which is at least five times more sensitive than 

whole-genome sequencing (Kirkizlar et al., 2015). Therefore, with ctDNA 

comprising between 0.01% and 90% of cfDNA, it is possible that SCNA in some 

cancers may not be detectable with even the most sensitive detection methods 

(Schwarzenbach et al., 2008).    
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5.5 Conclusions 

The work presented in this chapter has demonstrated the ability of a PCR-based 

SCNA gene panel to identify alterations in cfDNA of a subset of patients with 

locally advanced/advanced NSCLC, the majority of which did not have mutations 

detected by NGS. Moreover, correlation of SCNA and mutation data with survival 

characteristics in the GALAXY-1 cohort revealed significantly reduced OS and 

PFS in patients with SCNA and/or mutations, relative to patients with no 

detectable alterations in cfDNA. Interestingly, SCNA status alone identified 

patients with significantly poorer OS, and this is the first time SCNA in cfDNA has 

been shown to correlate with survival outcomes in any cancer type. 

 

5.6 Future direction 

Since most patients with SCNA did not have detectable mutations, SCNA 

analysis identified an additional subset of patients despite interrogating only five 

commonly amplified genes. Future work may involve expanding the gene panel 

to include more loci with the aim of detecting ctDNA in a greater proportion of 

patients, in addition to evaluating SCNA in patients with earlier stage disease. 

The significant correlation between SCNA status and OS in the GALAXY-1 cohort 

may prompt further studies assessing the utility of SCNA in cfDNA as a predictor 

of survival in cancer.     
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6.1 Analysis of cfDNA in GEM models of NSCLC  

Around two-thirds of patients with non-small cell lung cancer (NSCLC) present 

with advanced disease, which is refractory to curative treatment (Folkert and 

Timmerman, 2015). Therefore, early detection strategies for NSCLC remain a 

major unmet need for improving clinical outcomes (Birring and Peake, 2005). 

Owing to the largely asymptomatic nature of early NSCLC, research into early 

detection of the disease is hampered by the inability to identify individuals with 

either early disease or individuals harbouring preneoplastic lesions that may 

progress to malignancy. One research approach is to use genetically engineered 

mouse (GEM) models of cancer, in which activation of one or more oncogenes is 

under precise spatiotemporal control. As suggested by Kelly-Spratt et al. (2008), 

clinically-relevant GEM models may be ideal platforms for biomarker evaluation 

(including cf/ctDNA), since they can recapitulate many features of the cognate 

human diseases while eliminating sources of confounding genetic and 

environmental variability (Kelly-Spratt et al., 2008). Most advantageous to early 

detection research is the ability to monitor de novo tumour development from 

initiation and obtain blood (e.g. for isolation of cfDNA) at desired time points for 

comparison with disease burden.  

There are currently no published studies that report use of GEM models for 

cfDNA analysis. In this thesis, BrafV600E- and KrasG12D-driven GEM models of 

early lung adenocarcinoma development were used for longitudinal evaluation of 

cfDNA in comparison with disease burden. These models are controlled 

spatiotemporally by Cre-Lox recombination, and develop preneoplastic lesions 

recapitulating those observed in humans (Dankort et al., 2007; Johnson et al., 

2001). Proof-of-concept work using conventional end-point PCR demonstrated 

the presence of lesion-derived cfDNA through detection of the recombined 

conditional allele (single, recombined LoxP sequence) in both models 12 weeks 

post-adenoviral Cre administration. Moreover, KrasG12D mice had significantly 

elevated total cfDNA levels relative to wild-type mice by qPCR. Of note, these 

observations were made in mice with preneoplastic lung lesions but no evidence 

of malignant disease, suggesting that it may be possible to detect mutations in 
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preinvasive human malignancies through cfDNA. However, several aspects of 

this proof-of-concept study were different to cfDNA analysis in humans. First, 

lesion burden (up to 90% of lung volume) was significantly higher than observed 

in humans. Second, cfDNA was isolated from blood collected by cardiac 

puncture, a technique that can yield up to two-thirds of total blood volume 

(McClure, 1999). To improve clinical relevance, further studies aimed to 

quantitatively assess cfDNA in KrasG12D mice with lower tumour burden from 

small volumes of blood collected at defined time points, and to quantify tumour 

burden by computed tomography (CT) imaging.  

To permit quantitative assessment of Cre-Lox recombination in cfDNA, PCR 

assays were designed to target unrecombined and recombined alleles of 

KrasG12D. Weis et al. (2010) published a qPCR assay to detect gene deletion in a 

Cre-Lox regulated GEM model by targeting the recombined LoxP sequence 

(Weis et al., 2010). In this thesis, an assay to detect the unrecombined allele of 

KrasG12D was successfully developed based on the Weis et al. assay. However, 

this methodology could not be used to detect the recombined allele, because the 

recombined LoxP sequence was predicted to form a thermostable stem-loop 

structure that prevented PCR amplification (Zuker, 2003). Amplification could not 

be achieved using high-Tm primers and/or hydrolysis probes, but was achieved 

using a locked nucleic acid (LNA)-modified probe targeted to LoxP sequences on 

both strands, promoting destabilisation of both stem-loops. This strategy was 

based on a published method by Esposito et al. (2003) for improving sequencing 

through attL recombination sites, which are inverted repeat sequences that form 

stem-loops (Esposito et al., 2003). Using droplet digital PCR (ddPCR), the 

recombined KrasG12D detection assay demonstrated a limit of detection of 0.1% 

in a background of 3.7 ng unrecombined allele, and was therefore deemed 

suitable for analysis of cfDNA. The PCR assays developed in this thesis for 

quantitative detection of Cre-Lox recombination in cfDNA may have broad 

applicability to other GEM models of cancer, including models used in ongoing 

cfDNA projects at the University of Leicester.  
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One potential confounding factor of cfDNA analysis using the PCR assays 

previously described is that mutations may occur within the LoxP sequence.  

Therefore, the recombined LoxP sequence and surrounding genomic region were 

cloned from tumour-bearing lung tissue of a KrasG12D mouse, and analysis of 40 

clones revealed a high frequency of point mutations, both within the LoxP 

sequence and in flanking intronic regions of KrasG12D. These mutations were not 

observed in the corresponding intronic regions of KrasWT from the same tissue 

sample. Previous studies have demonstrated that point mutations in the 13 bp 

Cre-binding sequences of LoxP inhibit recombination, unless two unrecombined 

LoxP sequences have identical mutations (Thomson et al., 2003; Chatterjee et 

al., 2004). Taken together, it is unlikely that the mutations observed in 

recombined KrasG12D were already present in the unrecombined LoxP sequences 

prior to Cre-mediated recombination. 

To permit correlation of cfDNA with disease stage, tumour burden was assessed 

by CT imaging at defined time points from activation of KrasG12D to end-point. The 

KrasG12D model has been well characterised by CT imaging previously (Haines et 

al., 2009; Lalwani et al., 2013; Cavanaugh et al., 2004; Kirsch et al., 2010). In 

agreement with previous reports, volumetric analysis of individual lung lesions 

was not possible due to their small size, poorly circumscribed borders and the 

confounding effect of airway and vasculature structures (Haines et al., 2009; 

Lalwani et al., 2013). Instead, a method reported by Haines et al. (2009) was 

used to calculate tumour burden, in which the combined volume of tumour and 

vasculature was expressed as a percentage of total lung volume (Haines et al., 

2009). Using this method, tumour burden was found to increase over time in 

KrasG12D but not wild-type mice, thus serving as a means to follow progression of 

tumours and correlate with quantitative changes in the cfDNA profile. 

Unfortunately, serial cfDNA extracts became contaminated with plasmid DNA 

(containing recombined KrasG12D), most likely via a contaminated pipette, which 

precluded correlation analysis between tumour burden and levels of recombined 

KrasG12D in cfDNA over time.  Moreover, total levels of cfDNA in longitudinal blood 

samples of KrasG12D mice varied. There were some issues with sample collection, 
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including obvious haemolysis revealed by a red-tinted plasma; these samples 

generally yielded very high levels of (cf)DNA due to contamination with genomic 

DNA. Future studies should seek to address the methodological challenges of 

handling small blood volumes that may lead to such erroneous results. Despite 

removing outlier samples, no trends in cfDNA levels were seen over time in 

KrasG12D mice or wild-type mice. 

 

6.2 Significance of SCNA in cfDNA of patients with NSCLC 

Several oncogenes are subject to frequent amplification in NSCLC, and some 

amplifications are associated with clinical outcome. For example, amplifications 

of EGFR and MET confer poor prognosis, and EGFR amplification also confers 

sensitivity to tyrosine kinase inhibitors (Cappuzzo et al., 2005; Hirsch et al., 2005; 

Beau-Faller et al., 2008; Zhu et al., 2008; Hirsch et al., 2006). Moreover, MET 

amplification is a known mechanism of resistance to such drugs (Go et al., 2010; 

Cappuzzo et al., 2009b; Okuda et al., 2008). Therefore, detection of these 

alterations in cfDNA may enable non-invasive disease management.  

Previous studies from this and other groups have demonstrated amplification at 

discrete genomic loci in cfDNA of patients with breast and lung cancers using 

qPCR and ddPCR (Page et al., 2011; Gevensleben et al., 2013; Beck et al., 2013) 

(Page et al., 2016). In this study, qPCR was used to evaluate somatic copy 

number alteration (SCNA) in six genes that are commonly amplified in NSCLCs 

(EGFR, FGFR1, HER2, MET, PIK3CA and SOX2) in cfDNA from 183 patients 

with stage IIIA – IV NSCLC. ddPCR was used as a comparator method in 

samples that showed SCNA by qPCR. Fifteen percent of patients showed 

amplification in at least one gene. Interestingly, a third of SCNA-positive samples 

showed coamplification of two or more genes, most commonly EGFR and MET; 

previous studies have reported coamplification of these genes in 20 – 30% of 

MET-amplified NSCLC (Cappuzzo et al., 2009a; Beau-Faller et al., 2008). Other 

coamplified loci included PIK3CA and MET, and FGFR1 and HER2, which have 

not been reported previously. 
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Consistent with previous reports, there was a general downward trend in copy 

number measurements by ddPCR relative to qPCR across all genes (Whale et 

al., 2012; Devonshire et al., 2014; Bharuthram et al., 2014). A limitation of qPCR 

for copy number analysis was evident by observing the spread of copy number 

values across the cohort for PIK3CA. There was a 4% difference in PCR 

efficiency between assays for PIK3CA and RPPH1 and, as a result, copy number 

values for PIK3CA were more scattered than for any other gene. Moreover, 

PIK3CA showed the greatest discordance between copy numbers calculated by 

qPCR and ddPCR. In line with this observation, Ramakers et al. (2003) reported 

a bias in ΔCT of up to 400% with a 4% difference in efficiency between target and 

reference (Ramakers et al., 2003). Therefore qPCR data for PIK3CA must be 

excluded. 

Combined analysis of SCNA and mutations (identified through Ion Torrent™ NGS 

in 163 patients) revealed that only 4 patient samples had both SCNA and 

mutations in cfDNA, thus demonstrating the added value of combined SNV and 

SCNA analysis, with each analysis detecting ctDNA in a distinct group of patients. 

Significant correlations were observed between SCNA and/or mutation status in 

cfDNA and survival outcomes. Patients with SCNA in cfDNA had significantly 

worse overall survival than those patients with no SCNA detected. The same 

trend was seen, for patients with mutations but no SCNA detected in cfDNA. 

Overall, combining SCNA and mutation data showed that patients with any 

detectable alteration in cfDNA had poorer progression-free survival (PFS) and 

overall survival (OS) than patients with neither alteration.  

Numerous studies have investigated the predictive capacity of cfDNA biomarkers 

in patients with NSCLC (Catarino et al., 2012; Li et al., 2016; Nygaard et al., 2014; 

Sirera et al., 2011; Camps et al., 2006; Gautschi et al., 2004; Vinayanuwattikun 

et al., 2013). A recent meta-analysis confirmed that elevated cfDNA levels are a 

predictor of poor PFS (HR, 1.32; 95% CI, 0.66 – 2.56) and OS (HR, 1.64; 95% 

CI, 0.49 – 2.25), presumably because cfDNA levels are correlated with tumour 

burden (Ai et al., 2016). However, this review did not find a significant predictive 

role of tumour-specific alterations (EGFR and KRAS mutations) in cfDNA. To my 
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knowledge, there are no publications to date that describe the use of SCNAs in 

cfDNA as predictive biomarkers in patients with NSCLC. Data described in this 

thesis suggests the utility of specific SCNAs as predictive biomarkers of cancer 

through liquid biopsy, and warrants validation in larger cohorts of patients.  If 

validated, this raises the prospect of using simple, low-cost PCR-based gene 

panels in the clinical setting. 

 

6.3 Conclusion 

In conclusion, data described in this thesis has demonstrated proof-of-concept 

that tumour-derived alterations can be detected in cfDNA of BrafV600E and 

KrasG12D-driven GEM models of NSCLC in mice with preneoplastic lesions alone. 

Moreover, PCR strategies have been developed for quantitative detection of Cre-

Lox recombination in cfDNA of KrasG12D mice, in addition to measurement of total 

cfDNA levels, permitting longitudinal analysis of cfDNA in comparison with 

tumour burden by CT imaging. In an unrelated study, SCNA analysis was able to 

detect ctDNA in a group of patients with advanced NSCLC that did not show 

evidence of hotspot mutations in 50 cancer genes in ctDNA by NGS. Patients 

with detectable ctDNA had significantly poorer survival outcomes than patients 

with no detected SCNA in cfDNA. This demonstrates, for the first time, the 

potential of SCNAs as predictive biomarkers of NSCLC.   
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6.4 Future direction 

Based on the observation that tumour-derived cfDNA was detected in GEM 

models with lung preneoplasia, similar investigation is warranted in GEM models 

of other cancer types, such as pancreatic cancer, where early detection strategies 

are urgently sought. Moreover, since KrasG12D is a common driver of pancreatic 

ductal adenocarcinoma, and pancreatic expression of KrasG12D leads to formation 

of preneoplastic lesions in mice, the PCR assays developed for quantitative 

detection of Cre-Lox recombination in this thesis are directly transferable to 

analysis of cfDNA in such models (Hingorani et al., 2003; Carriere et al., 2007; 

Gidekel Friedlander et al., 2009). Also, the PCR assays may be used to 

investigate cfDNA in GEM models of lung adenocarcinoma driven by KrasG12D 

and concomitant loss of tumour suppressors, such as Trp53, Ink4a/Arf and Lkb1 

(Jackson et al., 2005; Ji et al., 2007; Fisher et al., 2001). Sequence variation 

within and around the recombined LoxP sequence is worthy of further 

investigation in Cre-Lox regulated alleles of other GEM models, to determine 

whether the variation observed in this thesis was specific to the KrasG12D model, 

or whether such mutations arise through Cre-mediated recombination. A major 

challenge in analysis of mouse cfDNA in this thesis was the collection and 

handling of small volumes of blood (< 40 µL), with samples frequently displaying 

signs of haemolysis, and contamination of plasma with white blood cells. 

Therefore, future studies should address the methodology relating to blood 

collection and handling, in order to permit a more standardised quantitative 

measurement of cfDNA levels over time. 

Since most patients with SCNA in cfDNA did not have detectable mutations, 

SCNA analysis identified an additional subset of patients with NSCLC with 

detectable ctDNA, despite interrogating only five commonly amplified genes. 

Future work could involve expanding the gene panel to include other loci, in 

addition to evaluating SCNA in patients with earlier stage disease. The significant 

correlation between SCNA status and overall survival in the NSCLC patient 

cohort may prompt further studies with large patient cohorts, assessing the utility 

of SCNA in cfDNA as a predictor of survival in cancer.
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Supplementary Table S1.1 – Detailed clinicopathological characteristics of GALAXY-1 
patients. D, docetaxel; D/G, docetaxel and ganetespib; OS, overall survival; PFS, progression-
free survival; Tx arm, treatment arm. 

ID 
Tx 
arm 

Sex Stg  
Smoking 
status 

KRAS 
status 

Death 
OS 
(days) 

PFS 
(days) 

ID 
Tx 
arm 

Sex Stg  
Smoking 
status 

KRAS 
status 

Death 
OS 
(days) 

PFS 
(days) 

P001 D F IV Never None NO 621 549 P073 D/G M IV Past None YES 244 119 

P002 D/G F IV Never None YES 168 88 P074 D/G M IV Current None NO 527 337 

P003 D M IV Current None YES 72 72 P075 D M IV Current G12C NO 509 266 

P004 D F IIIB Past G12V NO 608 169 P076 D M IV Past None NO 56 21 

P005 D/G F IIIB Past G13D YES 350 88 P077 D/G F IV Never None YES 228 127 

P006 D M IV Current G12V YES 33 33 P078 D/G M IV Current None NO 526 510 

P007 D/G M IV Past None YES 60 60 P079 D M IIIB Past None YES 524 51 

P008 D F IV Past None NO 711 701 P080 D F IIIB Never None YES 94 31 

P009 D/G M IV Current None YES 8 8 P081 D/G F IV Past None YES 208 75 

P010 D F IV Current G12V YES 195 42 P082 D/G F IV Never None YES 246 169 

P011 D M IV Past G12C YES 121 44 P083 D/G M IV Past None NO 478 171 

P012 D/G F IV Never None NO 542 338 P084 D/G M IV Past G12C NO 599 420 

P013 D F IV Never None YES 275 209 P085 D/G M IV Past None YES 160 160 

P014 D M IV Past None NO 534 421 P086 D F IV Never None YES 120 112 

P015 D/G M IV Current None YES 237 209 P087 D M IV Past None YES 95 1 

P016 D/G F IV Current None NO 531 126 P088 D M IV Past G12A YES 118 118 

P017 D F IV Past None YES 244 244 P089 D M IV Past None YES 309 128 

P018 D M IIIB Past None YES 59 19 P090 D M IV Past G12C YES 363 209 

P019 D/G M IV Past None NO 545 339 P091 D M IV Current G12C YES 87 82 

P020 D M IV Current None YES 86 43 P092 D/G F IV Past None NO 664 323 

P021 D F IV Past G12C YES 177 87 P093 D/G M IV Never G12D YES 231 170 

P022 D M IV Current None YES 71 43 P094 D/G M IV Past G12C YES 68 22 

P023 D/G F IV Past None YES 358 88 P095 D/G M IV Past G12V NO 617 118 

P024 D M IV Current G12C YES 135 41 P096 D/G F IV Past G12V NO 583 525 

P025 D F IV Past None YES 154 42 P097 D/G F IV Never None YES 34 17 

P026 D M IV Past None YES 366 216 P098 D F IV Current None YES 87 42 

P027 D/G M IV Past None YES 136 44 P099 D M IV Past G12V NO 364 211 

P028 D F IV Past None NO 520 520 P100 D/G M IV Current G12D YES 10 10 

P029 D/G F IV Never G12V NO 509 169 P101 D/G M IV Past G12C YES 335 85 

P030 D F IV Never None YES 29 19 P102 D/G M IV Past None NO 360 85 

P031 D/G M IV Past None YES 185 138 P103 D M IV Current None YES 6 6 

P032 D/G F IV Past None NO 534 173 P104 D F IV Never None YES 317 85 

P033 D M IV Past G12C YES 30 30 P105 D/G M IV Never G12V YES 21 21 

P034 D M IV Never None NO 477 138 P106 D/G M IV Past G12V YES 15 15 

P035 D M IV Current None YES 406 253 P107 D/G F IV Never None NO 355 341 

P036 D/G F IV Never None NO 196 86 P108 D/G M IV Past None YES 456 213 

P037 D/G M IV Current None YES 48 48 P109 D F IV Past None YES 239 22 

P038 D M IV Current G12C NO 461 131 P110 D M IV Current G12V YES 72 69 

P039 D/G M IV Past None NO 429 85 P111 D/G F IV Never None YES 276 179 

P040 D F IV Current None YES 131 21 P112 D/G F IV Past None NO 540 465 

P041 D M IV Never None YES 206 82 P113 D M IV Past None YES 57 57 

P042 D M IV Current None NO 3 1 P114 D/G M IV Current None NO 48 20 

P043 D F IV Current G12D YES 278 1 P115 D/G M IV Past G12V YES 107 43 

P044 D F IV Never None NO 351 215 P116 D/G F IV Past None NO 530 380 

P045 D M IV Past G12V YES 65 11 P117 D M IV Past None YES 107 23 

P046 D/G M IV Past None YES 24 1 P118 D/G F IV Past None YES 137 87 

P047 D F IV Past G12V YES 130 90 P119 D/G F IV Past None NO 447 255 

P048 D/G M IV Past None YES 34 34 P120 D/G M IV Never G12D YES 17 17 

P049 D/G F IV Past G12C YES 294 89 P121 D/G M IV Past None NO 383 340 

P050 D/G F IV Never None NO 328 301 P122 D M IV Never G12D YES 37 35 

P051 D F IV Current G12C YES 158 96 P123 D/G F IV Current G12D NO 551 85 

P052 D/G F IV Never G12C YES 326 211 P124 D/G M IV Current G12V YES 130 130 

P053 D M IV Past None YES 125 22 P125 D/G M IIIB Past None YES 117 102 

P054 D M IV Past G12D YES 350 172 P126 D/G F IV Past None NO 503 208 

P055 D/G M IV Current G12C YES 322 126 P127 D F IV Never None NO 427 258 

P056 D F IV Never None YES 69 69 P128 D F IV Never None YES 309 37 

P057 D M IV Past None YES 174 127 P129 D/G M IV Current G12S YES 78 23 

P058 D M IV Current None YES 404 211 P130 D M IV Past None YES 340 172 

P059 D/G F IV Never None YES 440 169 P131 D M IV Past G12C YES 147 83 

P060 D M IV Current None NO 540 128 P132 D/G M IV Never None YES 120 65 

P061 D/G F IV Never None YES 227 160 P133 D/G M IV Current G12C YES 102 44 

P062 D M IV Past None NO 657 211 P134 D F IV Never None YES 364 85 

P063 D M IV Current None YES 155 83 P135 D/G M IV Past None YES 441 211 

P064 D M IV Never None NO 674 468 P136 D/G F IV Past G12C YES 367 89 

P065 D F IV Past G12C YES 9 9 P137 D F IV Current G12C NO 211 167 

P066 D F IV Current None YES 254 125 P138 D/G M IV Past None YES 72 19 

P067 D/G M IV Past G12V YES 53 22 P139 D/G M IV Past None YES 58 37 

P068 D M IV Past None NO 605 80 P140 D/G M IIIB Past None NO 554 505 

P069 D M IV Past None YES 152 21 P141 D M IV Past None YES 100 57 

P070 D M IV Never None NO 632 632 P142 D/G M IIIB Current None YES 310 22 

P071 D M IV Current None YES 353 83 P143 D M IV Past None YES 442 251 

P072 D/G M IV Past G12C YES 43 20 
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