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ABSTRACT 

Carcinoma of unknown primary (CUP) is a metastatic malignancy in the absence of an identifiable 

primary tumour. CUP accounts for up to 5% of all cancer diagnoses and is the 4th most common 

cause of cancer death in both sexes. There is no optimal treatment strategy, and although mortality 

rates have declined over time, the 5-year survival rate remains less than 20%. This poor survival 

rate is due to the aggressive nature of the disease and the generally limited treatment option of 

broad spectrum chemotherapy. Because conventional treatment paradigms for most cancers are 

predominantly based on determining the original site of origin, CUP poses a significant challenge 

as the primary site remains unidentified. However, the emerging shift towards personalising cancer 

management based on mutation profiling offers the possibility of new treatment opportunities. An 

approach that can identify tumour-specific actionable alterations in CUP may be a clinically 

plausible method for improving patient treatment and outcomes. To date, few studies have carried 

out comprehensive molecular analysis of CUP tumours, with little known about their disease 

biology. As such, this thesis describes the use of molecular genetic testing, specifically next-

generation sequencing (NGS) and droplet digital polymerase chain reaction (ddPCR) to explore 

whether actionable, oncogenic driver mutations are present in CUP that have potential to better 

inform treatment decisions. 

Thirty-two CUP cases were identified and selected for the study. All cases were confirmed by a 

panel of pathologists as metastatic poorly differentiated tumours with no localising 

immunophenotypic profile at the initial histopathological diagnosis. Sections were cut from 

paraffin blocks of formalin-fixed tissue, and DNA and RNA were isolated separately. Extracted 

DNA was amplified with the Ion AmpliSeq Cancer Hotspot v2 panel and the Oncomine Focus 

panel for the identification of biologically relevant and actionable mutations, respectively. 

Amplified DNA was then sequenced using the Ion Torrent platform and the data was processed 

using a stringent variant filtration pipeline. In contrast, the extracted RNA was reverse transcribed 

and ddPCR was used to quantify HER2 (also known as ERBB2) mRNA. HER2 transcript levels 

were assessed relative to a primary cancer of known HER2 status. 

Biologically relevant variants were detected in 87% (n = 27) of cases. A large proportion of the 

variants detected in this study are known to be associated with various signal transduction 

pathways, apoptotic regulation and cell cycle progression. The most common variants were in 

TP53 (48%), KRAS (19%), MYC (6%), BRAF (6%) and CDKN2A (6%). Potentially actionable 

variants were detected in 45% (n = 14) cases, with the most common druggable variants identified 

in KRAS (exon 1)(43%) and MYC (gene amplifications)(14%). Differences at the molecular level 

were seen between common CUP histological subtypes. CUP adenocarcinomas and poorly 

differentiated (PD) carcinomas harboured the highest frequency of variants in genes involved in 

signal transduction pathways (e.g. MET, EGFR, HRAS, KRAS, and BRAF). In contrast, squamous 
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cell carcinoma (SCC) exhibited a higher frequency of variants in cell cycle control and DNA repair 

genes (e.g. TP53, CDKN2A and MLH1). When assessing HER2 status with ddPCR, results 

revealed that CUP cases harboured relatively low levels of HER2 transcript and did not show any 

distinct patterns relating to clinicopathological characteristics. 

This study successfully identified biologically relevant variants in the majority of CUP cases. 

However, there was no single common CUP-specific molecular profile, with over 80% of cases 

harbouring exclusive variants that are shared with many advanced solid tumours of known tissue 

origin. This highlights the genetic heterogeneity of CUP and supports the theory that these are not 

a discrete group of malignancies. Of importance, half of the variants detected were potentially 

actionable with drugs currently approved for use in known primary cancer types or undergoing 

clinical trials. This provides novel “personalised” treatment options for patients with CUP. 

Following the current efficacy of targeted therapies against a range of HER2 positive cancers, and 

the detection of a druggable HER2 mutation in one of the cases, this thesis sought to characterise 

HER2 status in CUP to determine whether HER2 assessment could provide additional therapeutic 

option for CUP patients. Although HER2 transcript levels were low in CUP tumours, data from 

the present study supports the potential utility of ddPCR as an accurate objective and practical 

method for quantitating transcript levels. 

This thesis successfully demonstrated that genomic profiling (by NGS and ddPCR) can provide a 

more informed molecular classification, identifying potentially novel treatment options not 

generally considered in CUP. This is important considering the limited therapeutic benefit current 

CUP patients receive with generic chemotherapy.  
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CHAPTER 1 – INTRODUCTION 

1.1 Cancer 

Cancer is a significant cause of morbidity and mortality worldwide, with an estimated 14 million 

new cases diagnosed and 8 million deaths each year.1 In Australia, it has been estimated that there 

will be 134,000 new cases of cancer in 2018 and over 48,000 deaths.2 Cancer arises when a single 

cell begins to divide abnormally, resulting in exponential growth of additional cancer cells, which 

form a tumour. This process is caused by a combination of exogenous (e.g. tobacco smoke, ultra 

violet (UV) light) and endogenous (e.g. enzymatic DNA modification, dysfunctional DNA repair 

pathways) mutational exposures, leading to the accumulation of mutations in oncogenes and 

tumour suppressor genes, resulting in genomic instability and an increased replicative potential.3, 

4 Over time, additional cancer hallmarks (such as evasion of apoptosis and establishment of 

angiogenesis) are gained leading to invasion and distant metastases.3 In general, metastatic cancers 

are treated based on the primary tissue of origin.5 However, problems arise when some cancers 

present as metastatic lesions without an identifiable primary tumour. These cancers are referred to 

as carcinoma of unknown primary (CUP).6 

1.2 Carcinoma of Unknown Primary 

1.2.1 Definition 

According to the European Society of Medical Oncology (ESMO), CUP is defined as a metastatic 

malignancy in the absence of an identifiable primary tumour after standardised clinical workup at 

the time of diagnosis.7 However, this definition has varied over time and been influenced 

predominantly by the inclusion criteria used to define CUP, and advancements in diagnostic 

methodologies.8 Several synonyms of CUP exist, including Unknown Primary Tumour, Tumour 

of Unknown/Unidentified Origin, Metastatic Cancer of Unknown Origin and Malignancy of 

Unknown Origin.9 Historically, the simplest accepted term was ‘Cancer of Unknown Primary’, 

and included all patients who presented with histologically confirmed metastatic cancers with a 

non-identified primary site of origin following complete medical history, physical and radiological 

examination.8, 9 In the 1970s it was argued that a diagnosis of CUP could only be made if the 

primary tumour was not identified following autopsy.10 The definition was further refined with 

subsequent improvements in imaging techniques and immunohistochemical (IHC) investigations 

between 1980-2000, and the introduction of tissue of origin (TOO) molecular profiling assays 

between 2000-2010.11 Currently the most widely accepted term used is ‘Carcinoma of Unknown 

Primary’, which is now restricted to histologically confirmed metastatic carcinomas following 

extensive pathological (histology, IHC), clinical (medical history, radiological exam, blood tests) 

and molecular (tumour profiling) work-up which fails to identify a primary site of origin.7 
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Even with this widely accepted definition for CUP, inconsistencies remain between its 

classification in clinical practice and in the literature. Some studies include non-epithelial 

malignant lesions such as mesotheliomas, metastatic sarcomas and melanomas as CUP.12-14 

However, others have debated whether these histological cancer types should be categorised as 

CUP, with many reports suggesting that these neoplasms should be reclassified into histological 

categories of their own because histologic type- and stage-based treatments are available for these 

malignancies.15-18 

The definition of “un-identifiable primary” varies between studies. The definition has been altered 

to include cases without a primary origin diagnosis solely based on either histopathology alone, 

or clinical findings alone.14, 19-21 Occasionally the sole use of histopathology cannot differentiate 

between primary and metastatic lesions. An example of this includes the identification of poorly 

differentiated liver lesions, whereby a definitive distinction cannot be made between an 

intrahepatic cholangiocarcinoma and a metastatic adenocarcinoma from an unknown origin.22 

Similarly, basing a CUP diagnosis solely on clinical investigations could result in the inclusion of 

a non-epithelial malignancy (e.g. sarcoma or lymphoma) which would no longer be a CUP 

diagnosis by todays definition. As such, the majority of studies tend to include CUP cases where 

the primary site of origin could not be identified following combined histopathological and clinical 

review to confirm the presence or absence of other lesions that may indicate primary or non-

epithelial metastatic disease.22, 23 

With the continuous advances in pathological diagnostic techniques and expansion of IHC 

validated markers, a larger number of putative primary sites are being identified. However, at 

present, it is still not clear whether a case with an immunophenotypic profile suggestive of a 

primary TOO should be considered CUP, when the likely primary origin has been narrowed down 

to a few sites but is not definitive of a single origin. For example, if a metastatic lesion of the liver 

with morphology and an immunophenotype suggestive of an upper gastrointestinal (GI)-

pancreaticobiliary (PB) primary, this would suggest an upper GI-PB as the primary site of origin. 

However, this diagnosis encompasses several organs making identification of a definitive primary 

extremely difficult.  

1.2.2 Epidemiology 

CUP is a well-recognised, heterogeneous clinical disorder, accounting for up to 5% of all 

malignant epithelial tumours worldwide.24, 25 In Australia, CUP is reported to be the eighth most 

frequent malignant tumour, and is the fourth most common cause of cancer death in both sexes, 

with nearly 3,000 new cases diagnosed annually.26 The overall age-standardised incidence of CUP 

in Australia has steadily declined between 1982-2013 from 18 cases per 100,000 people to 10 

cases per 100,000 people (Figure 1.1).27 However the declining incidence rate is still higher in 

Australia (10 cases per 100,000) than in other developed nations (7 cases per 100,000 according 
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to the World Health Organisation (WHO) world standard population), and its predominance in 

older adults (approximately 60% of all cases are >70 years) is highly relevant to Australia’s ageing 

population.25, 27, 28 This declining incidence observed in developed countries has been mostly 

attributed to advances in diagnostic techniques and the subsequent improved ability to classify 

tumours.22  

CUP mortality rates have also declined over time; however, most patients have poor prognoses 

and retain a high disease burden. Mortality rates in Australia between 1982-2012 decreased from 

10 cases per 100,000 people to 9 cases per 100,000 people (Figure 1.1).27 Despite the declining 

incidence of CUP and the fall in mortality rates, this disease is associated with a short lived history 

of signs and symptoms leading to highly aggressive progression and clinical behaviour. As such, 

survival rates are poor, with 1-year relative survival of 22%, and 14% for 5-year relative survival. 

The median survival of CUP patients is 9 months.29 

There are reasons to suspect that the reported incidence of CUP may be inaccurate.30, 31 For 

pragmatic reasons, some CUP cases may be assigned a “known primary origin” and treated 

accordingly, but may only have a suspected primary that remained uncertain. These cases would 

be recorded in cancer registries as known primaries, and therefore not registered as CUP. 

Similarly, the absence of a primary site diagnosis may be due to poor general health of the patient 

as a result of the advanced stage of the disease at diagnosis, avoiding an in-depth diagnostic work-

up, leading to a default CUP classification.22, 31 In contrast, some cases may be incorrectly defined 

Figure 1.1. Age-standardised incidence and mortality rates of CUP by year. The age-standardised rates 

used are standardised to the Australian 2001 standard population and expressed per 100,000 

males/females. Graph generated from data compiled by the Australian Institute of Health and Welfare.27 
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as CUP initially and additional diagnostic workup may resolve the diagnosis to a known primary 

origin. Many of these cases are likely to remain recorded incorrectly as CUP in cancer registries.22, 

30 A recent Australian study carried out an audit of CUP diagnoses registered by the New South 

Wales (NSW) Central Cancer Registry, to assess the impact of potentially misreported CUP 

incidences.30 It was reported that 30% (172/574) of the cases initially registered as CUP were 

reclassified as a cancer with a primary site following the audit. The age/sex standardised incidence 

rates of CUP decreased from 26% to 16% per 100,000 people/year. These results highlight the 

potential errors associated with interpreting CUP incidence data from cancer registries and further 

emphasise the complexity of diagnosing CUP.30 

1.2.3 Risk Factors for CUP 

The precise causes contributing to the pathogenesis of CUP are unknown and are likely diverse. 

Sparse observational evidence suggests a common risk factor associated with CUP is age. In 

Australia in 2013 the average age at diagnosis was 75 years, with fewer than 5 cases per 100,000 

people diagnosed before the age of 50, which dramatically increases to over 100 cases per 100,000 

people after the age of 80 (Figure 1.2).27, 29 CUP has been found to occur more frequently in men 

than in women and is higher in people living in more remote areas compared with those living in 

major cities.29  

 

 

 

 

 

 

 

 

 

  

Figure 1.2. Age-specific incidence rates of CUP for 2013. The age-specific rates used are standardised to 

the Australian 2001 standard population and expressed per 100,000 males/females. Graph generated from 

data compiled by the Australian Institute of Health and Welfare.27 
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These data suggest that reduced access to medical services in the older population is somewhat 

related to CUP diagnosis.29, 32 Little is known about other lifestyle risk factors for CUP. A single 

prospective cohort study showed evidence suggesting smoking was associated with a 4-fold 

increased risk of CUP.33 This study also suggested a wide waist circumference and heavy alcohol 

consumption may also lead to an increased risk. Despite the prospective cohort design, the study 

had incomplete data regarding the CUP site of diagnosis, limiting the analysis to include all CUP 

cases, potentially diluting more relevant associations for minority subtypes associated with other 

clinicopathological parameters. This was apparent in another cohort study that not only confirmed 

that smoking was a risk factor for CUP, but was specifically higher in CUP cases presenting in the 

lung.34 

1.2.4 Biology of CUP 

The general biological characteristics and pathogenesis of CUP are poorly defined, and it is 

unclear why identification of a primary site cannot be achieved.22, 23 A possible explanation may 

be that the primary tumour is either so small it is missed, or it has regressed and spontaneously 

resolved following dissemination.22, 31, 35 A second theory is that the secondary tumour may have 

risen from migratory stem cells. The hypothesis is that a premalignant or malignant stem cell 

migrated away from their tissue of origin, giving rise to a tumour in a new site without generating 

a primary tumour in the original tissue.35, 36 Finally, it is theorised that some patients may possess 

primary tumours that arise from cellular lineages present in many areas of the body (i.e. 

lymphomas, melanomas and sarcomas), making it difficult to find the exact primary site.35 

Despite its unknown pathogenesis, the biology of CUP also appears to differ compared with 

advanced cancers of known tissue origin.6, 9, 37, 38 In contrast to metastases from known primaries, 

the percentage of cases with more than 3 organs involved is doubled in CUP cases (15% vs 30% 

respectively).38 Furthermore, CUP often presents in unpredictable sites that differ from those 

arising from known primary sites. For example, pancreatic cancer that is identified as CUP is 4 

times more likely to metastasise to bones and has a 30% incidence of lung metastases compared 

with metastatic sites of known primary pancreatic cancer (most commonly metastasises to the 

liver).6 On the contrary, conflicting evidence has been reported when comparing microRNA 

expression profiles of the favourable subtype of CUP with other tumours of known origin that 

matched the same clinical profile. The study could not identify any differences at the microRNA 

level between the matched unknown and known primary tumours.39 However, it should be noted 

that the findings also included distinct CUP biological signatures that existed in parallel to the 

primary TOO signature, Furthermore, the cohort was limited to the favourable subtype of CUP 

cases which only makes up a minority of cases (20%).6 Together, these suggest that there are likely 

changes in the biology between what was presumably the primary and the presenting metastatic 

malignancy in CUP. Further, it supports the notion that the biological changes in CUP appear to 
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be far greater than the biological differences in those of cancers where the primary tumour site can 

be readily identified, supporting the hypothesis that CUP is a distinct clinical entity.25 

Attempts have been made at elucidating the underlying molecular biology of CUP and whether or 

not they form a distinct biological entity with specific phenotypic and genetic modifications.25, 40, 

41 This has included investigations into CUP chromosomal abnormalities as well as protein and 

gene expression studies of common oncogenes and tumour suppressor genes. Chromosomal 

abnormalities are a common hallmark of cancer. Aneuploidy is frequently observed in 70-90% of 

solid malignancies, and can correlate with chemo-resistance and poor prognoses.40, 42 A similar 

aneuploidy frequency has also been observed in a cohort of CUP cases (70%), without direct 

correlations to survival.43 Although the median survival appears not to differ between diploid and 

aneuploid tumours, 18% (9/46) of the patients with diploid tumours survived for more than 2 years 

compared to only 9% (10/106) of patients with aneuploidy tumours.43  

Specifically, abnormalities in both the short arms of chromosome 1 (1p) and chromosome 12 (12p) 

have been reported in CUP tumours.44, 45 The presence of chromosome 12 abnormalities was not 

only a germ cell cancer-specific marker for patients with unknown primary midline lymph node 

metastases, but also a predictive marker for response to cisplatin-based chemotherapy (75% CUP 

responders with 12p alteration vs 18% non-responders without the alteration).45 Other common 

chromosomal rearrangements detected in CUP include abnormalities in chromosomes 3, 6, 7 and 

11.46 The presence of multiple complex chromosomal alterations in CUP tumours has been 

associated with worse prognosis (shorter survival) compared with tumours possessing fewer 

chromosomal changes (median survival 3 vs 19 months respectively).46 The significantly shorter 

survival observed in CUP cases with a large number of chromosomal changes could help provide 

an indication of the patients prognosis, even in the absence of an identifiable primary site. In 

addition, combined interphase and metaphase cytogenetic analyses have been shown to assist in 

the differential diagnosis of a subset of CUP cases. In light of this, the use of these techniques 

have been suggested as an adjunct with the standard diagnostic workup, proving its utility in CUP 

cases with indistinct morphological features whereby histopathological analyses are unable to 

provide a definitive diagnosis.46 

1.2.5 Diagnosis of CUP 

The lack of an identifiable primary tumour of origin makes therapeutic decisions for patients with 

CUP a challenging process. As such diagnostic accuracy is of extreme importance. Diagnosis of 

CUP commonly includes a complete workup for CUP patients which encompasses 

histopathological examinations (including IHC analyses), radiological investigations, and a 

detailed clinical history examination.7, 22  
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1.2.5.1 Histopathological Evaluation of CUP 

Pathologic investigation follows a systematic approach (Table 1.1)31, 47:  

i. determine which tissue specimen is representative of the neoplastic tumour;  

ii. establish whether the tumour is benign or malignant;  

iii. determine whether the cancer is a primary tumour or metastasis;  

iv. establish the broad cancer type: carcinoma, melanoma, lymphoma or sarcoma; 

v. identify the cancer subtype: adenocarcinoma, squamous cell carcinoma (SCC) or 

neuroendocrine carcinoma; and  

vi. histopathology and immunohistochemistry are used to predict the primary site of origin. 

Initial evaluation is carried out through histologic examination of a tumour biopsy specimen using 

the gold standard haematoxylin and eosin (H&E) stain. Following routine H&E stain, a panel of 

more specific IHC antibody markers are examined.22 Staining is usually performed on formalin-

fixed paraffin-embedded (FFPE) tissue, with antibodies directed against cellular proteins.48 IHC 

is used to identify the correct lineage of poorly differentiated tumours (Table 1.1). 

For the diagnosis of carcinoma, IHC detection of pan-cytokeratins are used; IHC detection of 

S100, melan-A and human melanoma black 45 (HMB45) is indicative of malignant melanoma; 

IHC detection of leukocyte common antigen (LCA) and other lymphocyte specific markers (e.g. 

CD20, CD3) can be indicative of a lymphocyte disorder (i.e. lymphoma); lastly, subtyping of 

sarcomas can be achieved through IHC detection of several markers, including: vimentin, desmin, 

myogen and actin.7, 22, 23 

The vast majority of CUP present as carcinoma and can be stratified into 4 subtypes according to 

cancer morphology41, 49:  

i. well-to-moderately differentiated adenocarcinoma (~50%);  

ii. undifferentiated or poorly differentiated (PD) carcinoma (~30%) 

iii. SCC (~15%); and 

iv. undifferentiated neoplasms (~5%) including neuroendocrine tumours and lymphomas 

Metastatic melanoma and poorly differentiated sarcoma are occasionally diagnosed without an 

apparent primary tumour site, these cases are generally managed according pre-established clinical 

guidelines.50 Basic histological analyses of CUP rarely lead to the identification of a primary site 

of origin, requiring additional pathologic evaluation. The most common IHC markers for the 

classification and differential diagnosis of CUP are shown in Table 1.1 under organ-specific 

carcinomas.7, 35, 38 
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Table 1.1. Histopathological step-by-step diagnostic procedure for the pathological work-up of CUP 

diagnosis. Table adapted from Kramer et al. (2016)16. 
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i. Adenocarcinoma: Well-differentiated to moderately-differentiated adenocarcinomas are 

the most common histological subtype identified, and have been found to account for up to 50% 

of all CUP diagnoses.41, 49 The clinical presentation is dependent on the site of involvement, the 

most common of which include lymph nodes, liver, lung and bones.23 Many patients presenting 

with unknown primary adenocarcinomas have multiple metastases and poor prognoses, with 

median survival ranging between 4-6 months. However, within this group are a subset of patients 

with a more favourable prognosis, and with adequate diagnostic evaluation this group can be 

identified and treated accordingly.28, 49 The diagnosis of adenocarcinoma is based on histological 

features, particularly glandular structures, and because most adenocarcinomas share this histologic 

feature, a primary site diagnosis can be extremely challenging. 

After initial morphological classification as an adenocarcinoma, confirmation through detection 

of the IHC markers cytokeratin 7 (CK7) and cytokeratin 20 (CK20) is performed. Additional 

markers are then used to help determine the organ of origin.22 This can include IHC detection of 

markers such as prostate specific antigen (PSA), androgen receptor (AR) and prostate specific 

membrane antigen (PSMA) for prostate carcinomas; thyroid transcription factor 1 (TTF1) and 

surfactant protein A for pulmonary adenocarcinomas and caudal type homeobox 2 (CDX2) for 

colorectal/gastrointestinal adenocarcinomas. Similarly, thyroid carcinomas are positive for both 

TTF1 and thyroglobulin. Breast cancer classification can be achieved through the detection of 

markers such as mammaglobin, GATA binding protein 3 (GATA3), gross cystic disease fluid 

protein 15 (GCDFP15) as well as through the detection of the hormone receptors oestrogen 

receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2). 

Adenocarcinomas of the ovary can express cancer antigen 125 (CA125), paired-box-containing 8 

(PAX8), Wilms tumour 1 (WT1) and mesothelin. Detection of renal cell carcinoma (RCC) marker 

and co-expression of cluster of differentiation 10 (CD10), PAX8 and vimentin can indicate a renal 

cell carcinoma diagnosis.7, 22 

ii. Poorly Differentiated Carcinoma: Poorly differentiated (PD) carcinoma is the second 

most common subtype detected in unknown primary cancers.41, 49, 51 Approximately one third of 

cases in this subtype have tumours with few poorly differentiated adenocarcinoma features. 

Generally, no histologic features have been identified that can differentiate a histological 

subcategory (e.g. adenocarcinoma or SCC). All unknown primary PD carcinoma require 

additional specialised pathological evaluation which can include electron microscopy, IHC and 

cytogenetic analysis. Generally, even with careful clinical review of these tumours, well-defined 

histological types are rarely defined (e.g. germ cell tumour, melanoma, lymphoma, sarcoma or 

neuroendocrine tumour) and account for only 3% of all CUP PD carcinoma cases.51, 52 

iii. Squamous Cell Carcinoma: SCC represent up to 15% of all CUP diagnoses.41, 49 

Generally, SCC present with isolated metastases, presenting most commonly in the cervical or 
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inguinal lymph nodes.23 CUP SCC involving the cervical lymph nodes are generally treated 

similarly to the guidelines for advanced head and neck cancer.23 This group of patients belong to 

a more favourable subset of CUP patients, and when treated appropriately have long term disease-

free survival.23, 53 The most accurate IHC stains for the differentiation of SCC from other subtypes 

is the combined use of cytokeratin 5 and 6 (CK5/6) and tumour protein 63 (p63) IHC markers.54, 

55 Unlike the panel of IHC markers available for adenocarcinomas, site-specific markers are 

lacking for SCC TOO identification. As such, conventional histology and IHC cannot distinguish 

between metastatic SCC originating from skin, oesophagus, urinary system or from the head and 

neck region.23 At present the only site-specific test associated with SCC is the detection of human 

papilloma virus (HPV) which strongly indicates a primary tumour from either the uterine cervix 

or oropharyngeal region.7, 22, 23 

iv. Neuroendocrine Carcinoma: Neuroendocrine carcinomas are rare and account for ~3% 

of all CUP cases.41, 49 Recent advances in pathologic methods have led to refinements in the 

characterisation of neuroendocrine carcinomas into 3 main groups.23 The first is the most well-

described group of low-grade tumours typically displaying histologic features similar to carcinoid 

tumours, islet cell tumours and paragangliomas. A second histologic group is defined by having a 

high-grade tumour biology and small-cell appearance which is likened to small cell lung cancer. 

The last group is defined by its high-grade poorly differentiated histology, but possesses no 

distinctive neuroendocrine features upon morphological review and requires IHC staining for 

accurate identification.7, 22, 23 Whilst all 3 groups have favourable prognoses, accurate 

identification of the specific group is crucial because therapeutic management differs between 

each group. The first two groups can be defined on the basis of histomorphology alone. However, 

the specific IHC staining for chromogranin A, synaptophysin and CD56 are useful for the 

definitive diagnosis of poorly differentiated neuroendocrine carcinomas.7, 22, 23 

Although advances have been made towards identifying organ-specific markers, it is important to 

note that many of these IHC markers can be expressed in multiple neoplasms of different sites, 

and there are still many tissue-specific markers lacking for other common cancers (e.g. pancreatic 

carcinoma, cholangiocarcinoma).22 It is important to note that these markers are only 

diagnostically significant in context with the histopathological and clinical findings.7 CUP 

biopsies and cytology specimens usually contain small amounts of tissue, making it difficult to 

carry out an in-depth IHC workup, limiting the use of a large range of staining markers. In addition, 

histopathological workup on poorly differentiated and undifferentiated neoplasms can be 

extremely difficult, especially when there are no specific, or only a few specific IHC markers 

staining positive.56 Such difficulties in classifying poorly differentiated metastatic tumours are 

highlighted by a meta-analysis of several large blinded studies, which evaluated the performance 

of multiple IHC markers across a range of different tumours for TOO identification.57 On average, 
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the study suggested that IHC was able to correctly identify a TOO in 82% of cases (range 77-86%) 

across known primary and metastatic tumour, and in an average of 66% (range 60-71%) of 

metastatic tumour cases.57 It was concluded that the use of IHC alone was inadequate in 

determining the TOO for metastatic tumours, which remains the challenge pathologists face when 

analysing CUP cases. 

Once a differential diagnosis has been established by histopathological findings, or if the initial 

findings are not entirely conclusive, further clinical evaluation and molecular characterisation is 

required.7, 22 In this context, additional molecular testing can be used to support the diagnostic 

accuracy of histopathological diagnoses, or provide a definitive diagnosis where an initial 

diagnosis by IHC was inconclusive.7, 22 

1.2.5.2 Clinical Evaluation of CUP 

Clinical evaluation of suspected CUP cases typically involves an extensive clinical history 

assessment, radiological studies, physical examinations and a myriad of biochemical 

investigations.7, 22 This is because CUP can present as one or multiple metastatic tumours in almost 

any site of the body. The majority of CUP patients (60%) present with more than 2 affected sites, 

with the most frequently involved site being lymph nodes, followed by other commonly observed 

metastatic sites i.e. liver, lung and bone.8, 47 Specifically, based on data from the Western 

Australian Cancer Registry (WACR) collected between 2005-2015, the most frequently observed 

CUP sites included lymph node and liver, with the third most common site presenting in the 

thoracic cavity (Figure 1.3).  

 

 

Figure 1.3. Common anatomical sites of CUP presentation, based on Western Australian Cancer Registry 

data collected between 2005-2015. 
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Radiology 

Imaging forms an essential part of the diagnostic evaluation and therapeutic management of CUP 

patients. This can include the localisation of putative primary tumours and the identification of 

metastatic deposits which assists with the characterisation of CUP into either clinicopathologically 

favourable or unfavourable diagnostic subsets.22 Following advancements in technology, the 

accuracy of detecting a primary tumour by computed topography (CT), magnetic resonance 

imaging (MRI) and positron emission tomography (PET) scans has doubled over the past 30 

years.6, 47, 58-60 

Serum Tumour Markers 

Routine measurement of serum tumour markers is not currently performed on all CUP cases, 

because almost 70% of cases simultaneously express high levels of several epithelial serum 

tumour markers, albeit in a non-specific way. Despite this, the ESMO and American National 

Comprehensive Cancer Network (NCCN) guidelines recommend that PSA, CA125, alpha 

fetoprotein (AFP) and human chorionic gonadotropin (hCG) be measured in CUP cases. The most 

commonly tested tumour markers include: carcinoembryonic antigen (CEA) and CA19-9 for 

adenocarcinoma, CA15-3 and CA125 in women and PSA in men. These markers can sometimes 

indicate suitable treatment; for example, PSA could indicate prostate cancer, CA125 could indicate 

ovarian cancer, and AFP/hCG could indicate a germ cell tumour of the ovaries or testis. However, 

it has been suggested that the measurement of serum tumour markers contributes to less than 1% 

to making a diagnosis.61 

1.2.5.3 Clinicopathological Subtypes of CUP 

Major advances in diagnostic techniques and therapeutic management of cancer patients has 

established a method of classifying CUP into clinicopathological subsets according to 

demographic, clinical and histopathological presentation (Table 1.2).28, 49 Clinically, patients with 

CUP are characterised into favourable and unfavourable prognostic groups (20% and 80% of 

patients respectively).28, 49 Early stratification of CUP into these groups is of prognostic 

importance, because some of the clinicopathological subsets achieve better response to systemic 

or local treatment resulting in a more favourable prognosis.62 

 

 

 

 

 

 



  Chapter 1 - Introduction  

 

13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Favourable Subtypes 

The favourable prognostic group accounts for 20% of CUP cases, and includes subsets with 

clinical and biological features that resemble certain metastatic cancers of known primary origin.28, 

49  The following CUP subsets are included: women with adenocarcinoma of the peritoneal cavity; 

women with adenocarcinoma of the axillary nodes; SCC of the cervical lymph nodes; poorly 

differentiated carcinoma of the midline; poorly differentiated neuroendocrine carcinomas; 

adenocarcinomas with a colon cancer specific IHC profile; men with adenocarcinoma blastic bone 

metastases and elevated PSA levels (Table 1.2). This group is recognised as having improved 

survival after site specific recommended treatment.28, 49  

Unfavourable Subtypes 

The unfavourable prognostic group accounts for the majority (80%) of CUP cases, and comprises 

of visceral metastatic tumours that possess a highly aggressive nature and limited response to 

therapy.28, 40, 49 The following CUP subsets are included: adenocarcinoma metastatic to the liver; 

malignant ascites from non-papillary adenocarcinoma; multiple brain metastases; multiple pleural 

metastases; multiple bone metastases (Table 1.2). The most common subset among this 

unfavourable prognostic group are metastatic adenocarcinoma of the liver.  

Table 1.2. Groups of CUP patients’ clinicopathologically characterised according to favourable and 

unfavourable prognostic groups. Adapted from Pavlidis et al. (2012)48. 
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1.2.6 The Role of Molecular Profiling in CUP 

1.2.6.1 Background 

Over the past 10 years substantial progress has been made in the area of molecular profiling. This 

has led to advances and improvements in diagnoses, prognoses and drug responses for many 

cancer types.56, 63 The information gained from such testing has potential to provide additional 

information that may help identify a primary tumour. All tissues have specific biological functions 

and therefore express unique sets of genes. Conservation of these expression profiles is frequently 

reported between carcinogenic transformation of known primary tumours and their metastatic 

counterparts.47 The important controversial question in CUP is whether or not the biology is 

defined by the primary tumour, or whether there are unique changes that occur during the 

metastatic progression irrespective of the expression profile of the primary tumour. If the former 

were true, treatment tailored specifically to the primary tumour gene expression profile would be 

ideal, while the latter would require effective targeting and personalised treatment following 

identification of CUP specific gene expression profiles.40, 47 

Consistency between molecular profiles of primary and metastatic cancers has been widely 

explored.63-65 One study collated data from 15 publicly available serial analysis of gene expression 

(SAGE) libraries, representing adenocarcinomas from 15 different tumour sites.64 Hierarchical 

clustering revealed that both primary and metastatic tumours clustered according to their site of 

origin, suggesting that metastatic cancers retain some molecular information from the primary 

tumour.64 Another study carried out microarray gene expression analyses of over 16,000 genes in 

144 primary tumours originating in 14 different sites.65 This study reported that only certain 

tumour types formed relatively discrete clusters, whereas others, in particular the epithelial 

tumours, were largely intermixed. Not surprising, poorly differentiated tumours were unable to be 

classified according to their tissues of origin.65 This is highly relevant to CUP which are made up 

of poorly differentiated epithelial neoplasms, At the DNA level, through gene sequencing, recent 

work by The Cancer Genome Atlas (TCGA) identified somatic variants across 12 major tumour 

types. It was noted that although each cancer type had a common set of driver mutations, the 

combination of these drivers and their distribution within the tumours primary clones and sub-

clones varied between individuals. It has been theorised that knowing the clonal makeup of the 

tumours in each individual patient may be important for determining treatment efficiency and is 

currently being explored.63 

1.2.6.2 Tissue of Origin Molecular Profiling 

Conservation of tissue-specific gene expression profiles during carcinogenesis may allow 

classification of CUP according to primary site.25 These tests have been reported to yield up to 

90% accuracy across known cancers, however their validity in day-to-day practice in CUP is still 

a topic of controversy.6, 40 There are several commercial gene expression-based tests available that 
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attempt to classify tumours of unknown origin (Table 1.3).12, 66-68 The first is an Australian-based 

test that utilises a 3,549-gene microarray (CUPGuide; Circadian Technologies Ltd) and is a 

histology-guided gene expression tumour classifier, matching expression to 450 FFPE samples of 

known origin comprising 18 different tumour groups.14 The CUPGuide assay demonstrated an 

overall sensitivity of 88% (83/94) for correctly predicting tumour type in a set of known tumours. 

The assay was validated in a cohort of CUP cases where a presumed primary site became apparent 

6 months following initial gene expression analyses. The gene expression classifier predicted the 

“correct” primary site in 78% (38/49) of cases, improving accuracy of a primary site prediction 

based on histology alone from 33% to 78% with the histology-guided expression assay.14 

The second is a 92-gene quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

(CancerTYPE ID; bioTheranostics) assay that is based on expression profiles of almost 600 known 

primary and metastatic tumours, and is reported to classify 39 different tumour types.69 The 

CancerTYPE ID assay demonstrated overall sensitivity of 87% for tumour type and 82% for 

tumour subtype, with a high specificity (96-100%) when tested in a blinded cohort of cancers of 

known origin.70 The CancerTYPE ID assay also claims an accuracy of 75-80% for identification 

of a TOO when testing a cohort of suspected CUP cases.66 However, this statistic should be 

interpreted with caution because by definition, the TOO remains elusive for true CUP cases. 

The third commercially available test is a 48-microRNA qRT-PCR assay (miRview mets; Rosetta 

Genomics) based on expression profiles of 1,282 known primary and metastatic tumours, which 

is reported to classify 42 different tumour types. Similar to CancerTYPE ID, it has shown overall 

sensitivity of 85% and a specificity >99% in a blinded cohort of known cancers.12 When validated 

in a cohort of CUP cases, the assay predicted a site of origin in 88% (45/51) of cases that was 

consistent with a suggested (but unconfirmed) origin based on clinicopathological data.12 

The most recent commercially available tests incorporate a microarray-based platform. One 

utilises a 1,550-gene microarray (Pathwork Tissue of Origin Test; Pathwork Diagnostics) that is 

based on the expression profiles of 2,039 known primary and metastatic tumour. The Pathwork 

Tissue of Origin test is reported to classify 15 known tissue types and has demonstrated an overall 

sensitivity of 88% with >99% specificity when tested in a blinded cohort of known origin 

cancers.71 This assay has been able to identify probable primary sites in 76% (16/21) of cases when 

tested in a cohort of CUP cases with clinicopathological data suggestive of possible primary sites.72 

Another test, CupPrint (Agendia BV) is a 1,900-gene microarray assay based on the expression 

profile of 633 tumours. CupPrint is reported to classify 49 different tumour types with an overall 

sensitivity of 79% and specificity of >99% when reviewed in a cohort of known origin primary 

and metastatic cancers.67 An independent in silico validation was carried out using a previously 

examined CUP dataset with extensive clinical and pathological data indicative of a primary origin, 

and predicted a probable primary in 92% (12/13) of cases.67
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Table 1.3. Commercially available molecular expression profile assays for TOO identification in CUP. Sensitivity and specificity of each test was calculated using blinded 

cohorts of known primary and metastatic cancers. Table adapted from Greco et al. (2012)31. 
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Another technique that has shown promise for TOO prediction, is the use of methylation 

profiling.73 A recent study established a tumour type classifier based on the DNA methylation 

profiles in a training set of 2,790 tumour samples of known origin representing 38 tumour types 

and including 85 metastases. Upon validation on an independent set of 7,691 known tumour 

samples from the same tumour types (99·6% specificity, 97·7% sensitivity), the group applied 

the classifier to 216 well-characterised cases of cancer of unknown primary. DNA methylation 

profiling predicted a possible primary cancer of origin in 188 (87%) of 216 patients with cancer 

with unknown primary. Although only 39 CUP cases had a primary site identified either following 

autopsy or subsequent detection of a primary site after the initial presentation, the predictions 

provided by the methylation profiling were consistent with the best available knowledge of the 

clinical, pathological, and molecular features of each case.73 

1.2.6.3 Accuracy of Tissue of Origin Diagnosis 

The identification of the TOO in CUP patients has been the main focus of research over the last 

few decades.35 The majority of studies assessing the predictive nature of IHC and molecular 

tumour profiling techniques are carried out on known cancer types first, and subsequently 

validated in CUP.31 Although most studies to date have reported promising results, the prediction 

of TOO for CUP patients still remains uncertain because for the majority of patients, a true 

primary site generally remains unidentified and therefore any predictions made cannot be 

confirmed.74, 75 A review of several studies examining over 2,000 CUP patients found that the 

anatomical primary site was identified in only 19% of patients, in 7% of patients ante-mortem, 

and in 35% of patients post-mortem.9, 10, 76-81 This emphasises the difficulty in identifying a ‘true’ 

primary origin in CUP patients. Furthermore, it can be argued that once a latent primary tumour 

has been identified, the original metastatic cancer is no longer a CUP. Although it has not been 

explored, it could be theorised that cases of CUP with primary cancers identified following initial 

diagnoses, may differ genetically compared with CUP cases with a TOO remaining undiscovered. 

According to this theory the gene expression profiles may reflect this and differ between the false-

positive and “true” CUP cases. 

It is important to note the limitations of molecular assay TOO identification in CUP cases. Assay 

diagnoses are not 100% accurate even when carried out on cancers of known origin.12, 67, 70, 71 CUP 

validation studies are currently restricted to small cohort sizes, and therefore may not adequately 

represent the heterogeneous spread of CUP subtypes. In addition, several cancer types may 

express similar genes and therefore have similar expression profiles, which could lead to either 

an incorrect TOO diagnoses or inability to classify a TOO (e.g.molecular similarity of SCC type 

tumours including head and neck SCC and lung SCC).68, 82 Due to the wide spread of genes 

profiled in the assays described above, there may be expression profiles in cancer types that are 

not represented by any single panel, and therefore may be missed. Lastly, these assays assume 
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that CUP tumours possess similar gene expression patterns with known primary-secondary 

tumours. As stated previously, it is theorised that CUP tumours may be biologically distinct 

entities that follow different genetic pathways during metastatic progression, and therefore would 

possess different molecular profiles not comparable with known primary cancer progression.66, 83 

1.2.6.4 Gene Profiling by Next-Generation Sequencing 

The introduction and progression of next generation sequencing (NGS) technology has allowed 

whole-genome and whole-exome sequencing as well as screening specific panels of genes for 

mutations, facilitating not only routine clinical diagnostics, but also clinical research.84 The 

concept of DNA sequencing was first introduced in 1977 by Sanger et al. and Maxim and 

Gilbert.85, 86 Subsequent improvements and advances in technology have increased the efficiency 

and accuracy of sequencing. Several massively parallel sequencing methods are now available, 

allowing simultaneous screening for mutations in hundreds of loci. The two most commonly used 

sequencing approaches includes the hybridization capture and amplicon-based methods, that 

differ in their sequencing techniques. In hybridization capture based target enrichment first shears 

the genomic DNA using high‐frequency sounds waves (sonication) creating DNA fragments of 

random sizes. Then, synthetic oligonucleotides are hybridized to regions of interest in solution 

and captured through magnetic beads and sequenced. In contrast, amplicon-based technologies 

amplify target regions of interest with PCR primers which are subsequently sequenced. When 

both methods are compared, amplicon-based approaches are considered to have simplified 

workflows and require smaller amounts of input DNA. However, hybridization-capture based 

approaches are less likely to miss mutation detection and perform more uniformly with regards 

to sequencing coverage.87 

The role of NGS in CUP tumours could be biologically and clinically beneficial. When a site of 

origin cannot be identified following extensive clinical and pathological workup, the detection of 

driver and passenger mutations may add additional evidence towards the likely site of origin for 

individual CUP cases. In support of this, mutation and copy number variation (CNV) profiling 

from whole exome and whole genome NGS data has been described as a potential TOO diagnostic 

tool.88, 89 Chen and colleagues first described the use of a machine learning approach that explored 

the patterns of somatic mutations identified across various different cancer types, along with gene 

function information for the prediction of primary tumour sites. The study was able to predict 

some primary tumour sites, including the large intestine, liver, skin, pancreas, and lung (with an 

F-measure of >0.70).88 A group from Denmark applied a similar machine learning approach to 

identify primary tumour sites from genomic profile classifiers, achieving a classification accuracy 

of 85% across 6 different primary sites.89 
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Although the application of the machine learning technique was able to predict some TOO sites, 

limitations exist similar to those described in Section 1.2.6.3. For this reason, in addition to the 

use of NGS for TOO detection, sequencing may be used to identify treatment options that may 

not be traditionally considered in some cancers, specifically in CUP.90-94 Molecular profiling 

strategies to guide therapeutic decisions are already used by clinicians to treat a variety of cancers 

of known origin (e.g. epidermal growth factor receptor (EGFR) mutation in non-small cell lung 

cancer).75 Additional support for this concept comes from several studies that used various NGS 

techniques for the identification of actionable targets in an attempt to provide more personalised 

therapeutic management in patients with CUP.13, 90, 92, 94 

A massively parallel sequencing study using hybridisation capture of 701 clinically and/or 

biologically relevant genes investigated 16 CUP cases.90 Therapeutically relevant targets were 

identified in 75% (12/16) of cases. The majority of actionable targets were identified in cell 

signalling pathways, of which the most common included mutations in: cyclin dependent kinase 

inhibitor 2A (CDKN2A) (19%), phosphoinositide-3-kinase, catalytic, alpha polypeptide 

(PIK3CA) (19%), kirsten rat sarcoma viral oncogene homolog (KRAS) (13%), janus kinase 2 

(JAK2) (13%), fibroblast growth factor receptor 3 (FGFR3) (6%), AKT serine/threonine kinase 

1 (AKT1) (6%) and MET proto-oncogene, receptor tyrosine kinase (MET) (6%). In addition, 

genetic alterations in genes involved in DNA repair (e.g. breast cancer 1 (BRCA1) (19%)), 

metabolism (e.g. isocitrate dehydrogenase 1 (IDH1) (13%)) and cell fate (e.g. patched 1 (PTCH1) 

(13%)) were also identified in this study. Other clinically and/or biologically relevant genetic 

alterations detected include mutations in: tumour protein 53 (TP53) (63%), GNAS complex locus 

(GNAS) (25%), AT-rich interaction domain 1A (ARID1A) (13%), SMAD family member 4  

(SMAD4) (13%) and retinoblastoma 1 (RB1) (6%). Collectively, the mutational profile data 

combined with the information collected from the clinical and histopathological evaluations, 

helped refine the site of origin diagnosis in 69% (11/16) of cases. In 3 cases, where the clinical, 

pathological and molecular tumour profiling results were inconclusive, the sequencing data alone 

provided enough diagnostic evidence of the primary site of origin.90 

A retrospective analysis of 200 CUP cases similarly used a hybridisation capture based 

sequencing technique (of 255 cancer-related genes), identifying actionable targets in 85% 

(169/200) of the cohort.94 Of these, 26 cases had genetic alterations for which approved targeted 

therapeutics exist, while 14 cases had genetic alterations that were susceptible to “off-target” 

druggable activity (e.g. crizotinib and MET amplifications). The most common clinically relevant 

genetic alterations included mutations in: KRAS (20%), CDKN2A (19%), myeloid cell leukaemia 

1 (MCL1) (10%), PIK3CA (9%), human epidermanl growth factor receptor 2 (ERBB2 also known 

as HER2) (8%), phosphatase and tensin homolog (PTEN) (7%), rapamycin-insensitive companion 

of MTOR (RICTOR) (6%), B-Raf proto-oncogene, serine/threonine kinase (BRAF) (6%) and 
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neurofibromin 1 (NF1) (4%). The majority of these genes are involved in cell proliferation, cell 

cycle progression and apoptotic regulation. In addition, the most common genetic alterations that 

are not currently linked with targeted therapeutic options but still remain biologically relevant, 

include mutations in: TP53 (55%), V-myc avian myelocytomatosis viral oncogene homolog 

(MYC) (12%), ARID1A (11%), SMAD4 (6%), SWI/SNF related matrix associated actin dependent 

regulator of chromatin subfamily A member 4 (SMARCA4) (6%), RB1 (6%), and polybromo 1 

(PBRM1) (4%). Although these remaining actionable alterations are not currently targets with 

approved targeted therapeutic drugs, they could have potentially qualified the patients for 

approved therapies linked to various ongoing clinical trials.94 

Another study carried out an in-depth multi-platform molecular analysis of 1806 CUP cases, to 

identify predictive biomarkers to improve the management of CUP.13 The multiplatform profiling 

of the tumour samples was out-sourced to the Caris Molecular Intelligence (CMI) tumour 

profiling service, and included IHC, in situ hybridization methods (i.e. fluorescence in situ 

hybridisation (FISH) and chromogenic in situ hybridisation (CISH)) and multiple gene 

sequencing techniques (i.e. NGS, sanger sequencing and pyrosequencing). Through multi-

platform tumour profiling modalities, actionable biomarkers were identified in 96% of cases. The 

majority of the druggable targets were identified using IHC and established protein biomarkers 

including: excision repair cross-complementing group 1 (ERCC1) (68%), ribonucleotide 

reductase catalytic subunit M1 (RRM1) (66%), topoisomerase (DNA) II alpha (TOP2A) (64%) 

and thymidylate synthase (TS) (64%). Whereas FISH and/or CISH most commonly detected 

amplifications in EGFR, PIK3CA and ERBB2 (with 17%, 14% and 5% amplification rates 

respectively). Sequencing only identified 5 genes that were mutated at a frequency greater than 

5% including:  KRAS (18%), PIK3CA (9%) and serine/threonine kinase 11 (STK11) (6%), as well 

as biologically relevant genes TP53 (38%) and breast cancer 2 (BRCA2) (11%).13 

An amplicon based targeted sequencing study of 50 known oncogenes and tumour suppressor 

genes was performed on a cohort of 55 adenocarcinoma or undifferentiated carcinoma CUP 

cases.92 Overall, tumour specific mutations and amplifications/deletions were detected in 84% 

(46/55) of cases. The most frequent genetic alterations detected included mutations in: TP53 

(55%), CDKN2A (22%), KRAS (18%) and SMAD4, which further supports the results of the 

previous 3 studies whom similarly detected these genes at relatively high frequencies in their CUP 

cohorts.13, 90, 94 Molecular variants were detected in several other genes, albeit at much lower 

frequencies, of which targeted therapeutics exist for 15% (8/55) of cases. These actionable targets 

include BRAF V600E mutations, activating EGFR mutations, as well as amplification in EGFR, 

ERBB2 and MET. Moreover, the study correlated the mutational status data of the most frequently 

altered genes (TP53, CDKN2A, KRAS, and SMAD4) with the relevant patient survival data. The 

only mutated gene found to be correlated to overall survival (OS) was KRAS. It was observed in 
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this cohort that patients presenting with a KRAS mutation had lower OS compared with patients 

not presenting with one (6 months vs 17.4 months). 

A unique case study was recently performed using whole-exome sequencing (WES) and RNA 

sequencing (RNA-seq) on a presumed CUP case.95 Following comprehensive IHC profiling, the 

original diagnosis of a suspected poorly differentiated soft-tissue sarcoma was revised to the 

diagnosis of an adenocarcinoma. Molecular profiling detected known driver mutations in TP53 

(E135fs) and KRAS (G12S), as well as highly amplified KRAS, JAK2 and programmed death-

ligand 1 (PDL1). Combined IHC and FISH analyses further confirmed high-level amplification 

and subsequent expression of these genes. Additional mutations with unknown significance were 

also detected in known cancer-related genes, and included: PIK3CA, CDKN2A, nuclear receptor 

coactivator 1 (NCOA1), FAT atypical cadherin 2 (FAT2), EGFR, mutS homolog 3 (MSH3), 

ARID1A, mediator of DNA damage checkpoint 1 (MDC1), SET domain containing 1A 

(SETD1A), SET domain containing 3 (SETD3), and tet methylcytosine dioxygenase 1 (TET1). 

Integration of the IHC and FISH data with the mutational and transcriptional data provided 

rationale for the administration of immune checkpoint inhibitor therapy to the patient, based on 

the high mutational load and highly amplified/overexpressed PDL1 finding. Following treatment, 

the patient showed rapid clinical improvement with evidence of near-complete tumour regression 

and durable partial remission.95 

To investigate the use of NGS in the evaluation and treatment of CUP patients, a more recent 

study carried out hybridisation capture based sequencing of 341 cancer-related genes.96 

Oncogenic alterations were identified in 91% (137/150) of cases, of which 30% (45/150) were 

defined as actionable mutations. Similar to other studies, the most commonly mutated genes were: 

TP53, KRAS, CDKN2A, and kelch like ECH associated protein 1 (KEAP1). The most common 

actionable variants identified for which targeted therapeutics exist included BRAF V600E 

mutations, BRCA1/2 mutations, as well as amplification in ERBB2 and MET. The frequency of 

actionable targets reported in this study is substantially lower than that reported in other studies 

mentioned above. This difference likely attributed to the definition of “druggable” used by the 

other studies, which was broad and did not consider the evidence based on drug actionability with 

the variant detected.13, 90, 94, 96 

Although mutation profiles determined by NGS have suggested a range of therapeutic options for 

CUP cases, it is important to note the relationship between a specific mutation and the efficacy of 

targeted drug activity has not been established across all cancer types. The clinical activity of 

BRAF inhibitors across different cancers is a good example of how complicated the relationship 

between the molecular context of a cancer and a targeted drug can be.  BRAF inhibitors show 

therapeutic efficacy in BRAF (V600E) mutated melanomas, but has little effect in colon cancers 

with the same mutation.97 Therefore, until large prospective clinical trials assessing the efficacy 
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of biomarker-based targeted therapies in CUP patients are carried out, it will remain important to 

integrate and evaluate molecular diagnostics techniques in context of the clinical and 

histopathological data to ensure the most effective patient management is carried out in CUP 

patients.6, 22 

1.2.7 Therapeutic Management of CUP 

Historically, chemotherapy formed the foundation of treatment for patients diagnosed with CUP, 

with a large range of cytotoxic drugs being used as either single agents or in combination 

regimens.98 Pre-1980s the types of cytotoxic drugs available to CUP patients (e.g. 5-fluorouracil, 

cyclophosphamide, mitomycin-C, vincristine and nitrosoureas) only resulted in modest response 

and survival rates.6, 9, 98, 99 The introduction of more broad-spectrum chemotherapeutic agents 

post-1980s lead to improved treatments and prognoses.9, 98 Specifically, the introduction of 

taxanes (paclitaxel and docetaxel), and the subsequent administration of platinum-taxane 

combinations, offered improved treatment opportunities and survival rates in CUP patients.9, 35, 49  

1.2.7.1 Treatment of Clinicopathologically Defined Subtypes 

Advances in diagnostic techniques (e.g. IHC and molecular tumour profiling) have resulted in 

improved accuracy of prognostic classification of CUP into favourable or unfavourable groups.22 

This is important as the current treatment regimen for CUP patients is influenced by which 

clinicopathological subset a case is categorised into. The favourable prognostic category (20% of 

CUP cases) is comprised of a well-defined group of CUP patients for which there is a specific 

recommended treatment regime.7, 22 The majority of CUP patients fall into the unfavourable 

prognostic category (80% of CUP cases), for which there is no site-specific therapies and as a 

result, these cases are usually treated with broad spectrum chemotherapy regimens.22, 49 

Unfortunately, given the limited efficacy of this type of treatment, older patients in the 

unfavourable subset typically only receive palliative care.100  The median OS for CUP cases in 

the favourable prognostic category ranges between 13-37 months, compared 9 months for those 

in the unfavourable group.35  

1.2.7.2 Targeted Therapies for CUP 

The new era of personalised medicine through the use of NGS sequencing techniques is offering 

the opportunity for individualising cancer management through the identification of targeted 

therapies.101 Support for personalised therapy based on actionable mutations detected via 

molecular profiling has been observed in studies of advanced cancer.102, 103 A Phase I trial reported 

higher overall response rates with longer survival and time to treatment failure in patients with 

advanced cancers that were given personalised, targeted therapy matching their molecular 

aberrations compared with patients that were not treated with matched targeted therapy.102 Based 
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on these promising results, treatment with targeted therapies based on the identification of specific 

molecular abnormalities appears to result in improved outcomes.102  

The most common molecular pathways that are targeted for the treatment of solid cancers (e.g. 

lung, breast and colorectal) involve targeting epidermal growth factor receptors including EGFR 

(encoded by EGFR gene) and HER2 (encoded by ERBB2 gene).  These receptors have been 

shown to play a vital role in the pathogenesis and subsequent progression of different 

malignancies and therefore have become imperative in targeted drug therapy, including their 

investigation in CUP.104 A recent case study observed improved clinical outcomes in a CUP case 

that was treated with a matched targeted therapy to a druggable EGFR alteration which was 

discovered following molecular testing.105 The patient had an EGFR tyrosine kinase inhibitor 

(TKI) sensitizing mutation (EGFR L858R). Upon administering the corresponding targeted 

therapy (gefitinib monotherapy), the tumour exhibited substantial shrinkage, and the patient 

experienced a progression-free survival (PFS) of 11 months.105 Although targeting HER2 has 

been well established in various cancer types (i.e. breast and gastric cancer), HER2 targeted 

therapies have not been well studied in CUP. One case study observed an improved overall 

clinical outcome and stable disease in a CUP patient treated with a HER2 TKI following HER2 

positive protein detection.106 In light of these preliminary findings, there is evidence to suggest 

clinical benefits in identifying actionable targets in advanced tumours, including CUP.  

Given the heterogeneity of CUP tumours, and the lack of a standardised definition and well-

defined biological progression profile, prospective randomised clinical trial designs for CUP 

patients is challenging.107 Despite this, a number of clinical trials are currently ongoing to explore 

the survival benefit and clinical outcome of advanced cancer patients (including CUP) receiving 

therapy based on specific variants detected within their tumours. The first is an Australian based 

trial called Solving Unknown Primary Cancer (SUPER), and this study aimed to determine the 

frequency of clinically actionable mutations in CUP tumour samples and assess the impact of this 

approach on clinical care and patient outcome.  

Two other trials, developed by the National Cancer Institute (NCI) includes the Molecular 

Profiling-based Assignment of Cancer Therapy (MPACT) randomised trial, and the Molecular 

Analysis for Therapy Choice (MATCH) non-randomised trial. Both trials aim to assess the overall 

response rate and/or PFS in patients with advanced solid tumours when assigned a targeted 

treatment based on the presence of specific molecular aberration in patient tumours. Another two 

prospective studies carried out in Canada, the Integrated Molecular Profiling in Advanced 

Cancers Trial (IMPACT) and Community Molecular Profiling in Advanced Cancers Trial 

(COMPACT) aimed to molecularly characterise tumour DNA from advanced or metastatic cancer 

patients, to identify and administer genome-matched targeted therapies. A European based phase 

III trial, under the support of the Groupe d’Etude des Carcinomes de Primitifs Inconnus 
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(GEFCAPI), has set out to demonstrate the potential benefits of targeted therapy based on 

molecular based analyses versus empiric chemotherapy in patients with CUP. The latest clinical 

trial initiated by the American Society of Clinical Oncology (ASCO) is known as the TAPUR 

study (Targeted Agent and Profiling Utilization Registry). This is a non-randomised trial that 

similarly aims to assess the performance of commercially available targeted therapeutic drugs 

when administered to patients with advanced solid malignancies with detectable actionable 

genomic variants. The results generated by these trials will serve to provide further insight into 

the efficacy of individualising cancer management through the use of molecular sequencing 

techniques, which would be highly advantageous in a cancer entity like CUP that currently has 

limited therapeutic management. 

1.3 Rationale of this Study 

A single definition of CUP is difficult as it represents a range of cancers. However, for the 

purposes of this study, CUP has been defined as a histologically confirmed metastatic lesion 

following initial pathological (histopathology workup including extensive IHC) work-up, which 

fails to identify a primary site of origin at initial diagnoses. In Australia, CUP is reported to be 

one of the top ten most commonly occurring cancers and the fourth most common cause of cancer 

death.26 Although mortality rates have been declining over time worldwide, CUP remains a highly 

aggressive unpredictable disease with extremely poor survival rates.29 To date, there is limited 

research exploring the genetic makeup of CUP. Therefore, the present study was designed to 

characterise genetic alterations in CUP cases to provide additional insight into biological drivers 

of CUP and reveal potential new treatment options. This personalised genomic approach may in 

future provide a new paradigm for the investigation of cases that are diagnosed as CUP based on 

current clinical, radiological and pathological approaches. 

1.3.1 General Hypotheses and Aims 

Hypotheses 

1. High-throughput genomic analysis can identify driver mutations that may provide 

additional insight into the biology of CUP. 

2. Targeted molecular profiling may provide novel treatment options for patients with CUP. 

Specific Aims 

1. To identify and characterise driver mutations in FFPE CUP specimens using NGS. 

2. To identify potential actionable targets in FFPE CUP specimens using NGS. 

3. To investigate the expression of a known, targetable gene (HER2) in CUP specimens.
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CHAPTER 2 - METHODS 

This chapter outlines the basic methodologies used throughout this project. Common technical 

methods were used to detected mutated genes (targeted next-generation sequencing (NGS)) and 

for the assessment of gene expression levels (droplet digital polymerase-chain reaction (ddPCR)). 

Key differences that pertain to particular aspects of the study will be stated within respective, 

subsequent chapters. A list of all reagents and general equipment used in this project is provided 

in the appendix. Ethical approval for this study was obtained from the Sir Charles Gardiner 

Hospital Human Research Ethics Committee (SCGH HREC Number 2013-051 and 2014-025) 

and the Department of Health WA Human Research Ethics Committee (DOH HREC Number 

2015-40). 

2.1 Selection of Case Material 

2.1.1 Archival Material 

Formalin-fixed paraffin-embedded (FFPE) sections were used to study the genomic status of 

CUP, breast cancer, cell lines and control samples (normal blood). All clinical specimens were 

de-identified and assigned a unique study number to for blinded data analysis.  

Carcinoma of Unknown Primary 

A total of 32 FFPE specimens from 30 patients diagnosed with CUP between 2007 and 2014 were 

selected using a defined set of Systematised Nomenclature of Pathology (SNOP) codes from the 

PathWest Laboratory Medicine database at Queen Elizabeth II Medical Centre (QEIIMC), 

Western Australia. The diagnosis of CUP was based on histopathological analyses, and each case 

was reviewed by a panel of experienced pathologists. All cases were confirmed by the panel as 

metastatic poorly differentiated tumours with no localising immunophenotypic profile at the 

initial histopathological diagnosis.  

Breast Cancer 

A total of 178 FFPE tumour specimens from patients with breast cancer diagnosed between 2011 

and 2015 were randomly selected from the pathology archives of the PathWest Laboratory 

Medicine database (QEIIMC, WA). All breast FFPE samples were assessed by standard H&E, 

IHC and silver-enhanced in situ hybridisation (SISH). IHC and SISH were performed on a 

BenchMark XT automated slide stainer (Ventana, USA) using the Clone c-erbB-2 antibody 

(Dako, Denmark) and the INFORM HER2 Dual ISH DNA Probe Cocktail Assay (Ventana) 

respectively. Both IHC and SISH were reviewed by an expert breast pathologist (JH). All cases 

were classified according to the 2013 ASCO/College of American Pathologists (CAP) guidelines 

for HER2 interpretation of invasive breast cancer (Table 2.1).  
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Normal Controls 

Six ‘normal’ breast specimens from women undergoing breast reduction surgery were randomly 

selected from the pathology archives of the PathWest Laboratory Medicine database (QEIIMC, 

WA). Each case was reviewed by an expert anatomical pathologist, to confirm the samples were 

non-malignant. 

2.1.2 Blood Samples 

Six ‘normal’ blood specimens from healthy volunteers were collected into 

ethylenediaminetetraacetic acid (EDTA) vacutainer tubes (Becton Dickinson, USA) and included 

as negative controls. 

2.1.3 Cultured Cells and Production of Cell Blocks 

Fresh Cultured Cells 

Four human epithelial adherent breast cancer cell lines, BT474, T47D, MCF7 and MDA-MB-231 

were obtained from the American Type Culture Collection (ATCC). Cells were cultured at 37 °C 

in 5% CO2 and maintained in Roswell Park Memorial Institute (RPMI)-1640 growth medium 

(Sigma-Aldrich, USA) supplemented with 10% foetal bovine serum (FBS) (ThermoFisher 

Scientific, USA) and 1% penicillin streptomycin (Pen Strep) (ThermoFisher Scientific). 

Frozen cells were stored in liquid nitrogen until required. Cells were thawed and transferred to a 

T25 flask (ThermoFisher Scientific) containing pre-warmed growth media to make up a total 

volume of 10 mL. Media was replaced after the first 3 days and then changed every 3-4 days 

depending on cell confluence. Cell seeding density was determined empirically, and the cells were 

passaged once approximately 80% confluency was reached. For this, media was discarded, and 

the cells were rinsed with warmed (37°C) 1x phosphate buffered saline (PBS) (sterilised by 

autoclave). Cell monolayers were dissociated with trypsin (2.5%; ThermoFisher Scientific)-

EDTA (0.53mM; Invitrogen, USA) for 3 min at 37°C in a humidified incubator. Trypsin was 

neutralised by adding growth medium, followed by a 5 min centrifugation at 1,000 revolutions 

per minute (RPM). The supernatant was removed, and the cells were resuspended and seeded 1:2 

into new T25 flasks, or resuspended and used for RNA extraction. 

Table 2.1 HER2 status categorised in accordance with 2013 ASCO/CAP guidelines. 
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A 10 μL aliquot of cell suspension was combined with 10μL of Trypan Blue stain (Invitrogen) 

and transferred to both counting chambers of a haemocytometer. The haemocytometer grid was 

visualised under an Olympus BX53 research microscope (Olympus Corporation, Japan) at 40x 

magnification, and a hand-held counter was used to count cells in each of the four corner squares. 

The total number of cells for each cell line was determined, and a series of dilutions was prepared 

for RNA extraction. The dilutions included: 100,000 cells, 80,000 cells, 60,000 cells, 40,000 cells, 

and 30,000 cells. 

Fixed Cultured Cells 

The same four cell lines were processed into individual cell blocks using standard tissue 

processing methods (Transfusion Medicine Laboratory, PathWest, WA). This included the 

addition and brief incubation of expired human plasma to the pelleted cells in a 1:1 ratio, followed 

several drops of Liquid Fib (Diagnostica Stago SAS, France). The cells were then fixed in 10% 

formalin (Amber Scientific, Australia) for a minimum of 2 hrs and embedded into paraffin using 

a Leica Peloris II Tissue processor (Leica Biosystems, USA) according to standard histological 

practice (Transfusion Medicine Laboratory, PathWest). 

For direct comparison of gene expression levels between fresh and fixed cells, digital enumeration 

of the total number of cells included in each cell block was carried out. Routine H&E stained 

sections were used for the visual assessment of cells. Digital images of the slides were captured 

at 40x using the PathLive 2S digital scanner (Diagnostic Technology, Australia). Visualisation 

and cell enumeration was carried out using Slidepath’s Digital Image Hub (DIH) v4.0.5 (Leica 

Biosystems). Tissue Image Analysis was set up in the software using the ‘measured stained cells 

algorithm’, which quantifies nuclear staining to derive a numerical score for selected tissue 

sections. Default H&E algorithm preferences were optimised and modified to count all H&E 

stained tumour cells, and the analysis scale was performed at 20x magnification for all scoring. 

In addition, Slidepath DIH was used to calculate the average cell diameter for each of the four 

cell lines. Twenty cells were randomly selected from different areas of the scanned tissue section, 

and an average cell diameter was calculated from it. This was used to calculate the total number 

of cells in each tissue section, corrected the size of the section cut. 

2.2 Next-Generation Sequencing 

High throughput NGS was carried out on the CUP cohort for the identification and analysis of 

aberrant genes using an amplicon-based method as described below. 

2.2.1 Tumour Cell Isolation 

The tumour content of the 32 FFPE samples was assessed on H&E stained slides and reviewed 

by a panel of pathologists. For cases with >70% tumour content, 2x10 µm sections were collected 
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for DNA extraction. For cases with 50-70% tumour content, macrodissection was performed to 

enrich for >90% tumour material for DNA extraction. In brief, sections were mounted onto double 

positive charged slides (Hurst Scientific, Australia) and air-dried for 1 hr. Matched H&E slides 

were used to guide macrodissection and a sterile scalpel blade was used to scrape tumour rich 

tissue into a 1.5 mL LoBind Eppendorf tube (Eppendorf, Germany) for DNA extraction. Finally, 

microdissection was performed for cases with <50% tumour content using 4x8 µm sections. 

Briefly, each slide was deparaffinised, stained and dehydrated through a series of xylene (Sigma-

Aldrich) and ethanol (ThermoFisher Scientific) washes. Tumour rich sections were 

microdissected using an ArcturusXT Laser Capture Microdissection (LCM) instrument 

(ThermoFisher Scientific) with CapSure Macro LCM caps (ThermoFisher Scientific). Each 

section was selectively captured by focal melting of the caps polymer membrane with a small to 

medium sized infrared (IR) pulse (range between 45-82 mW) and a UV laser beam (range between 

5-35 mW/millisecond). The power and duration of the laser was adjusted each time a new section 

of tissue was selected. 

2.2.2 DNA Extraction 

Genomic DNA was isolated from whole tissue sections, macrodissected and microdissected 

material using a GeneRead DNA FFPE kit (Qiagen, Germany) according to manufacturer’s 

instructions, with minor exceptions. For the microdissected samples, deparaffinisation and 

proteinase K (GeneRead DNA FFPE kit) lysis was carried out directly on the CapSure Macro 

LCM caps (ThermoFisher Scientific) in 0.5 mL LoBind microfuge tubes (Eppendorf). In brief, 

once the tissue from each sample was deparaffinised, the samples were incubated at 56°C for 1 

hr with proteinase K, then again at 90°C for 1 hr to partially reverse formaldehyde modification 

of nucleic acids. Following tissue digestion, the samples were treated with Uracil-DNA-

Glycosylase (UNG; GeneRead DNA FFPE kit) for the specific removal of artificially induced 

uracils introduced by fixation and embedding. Silica-gel membrane spin columns (GeneRead 

DNA FFPE kit) were used to bind the DNA removing all contaminants. Purified DNA was eluted 

from the spin column using 30 µL nuclease free water (ThermoFisher Scientific) to ensure 

minimum salt carry-over. The DNA template was quantitatively assessed using a Qubit 

Fluorometer (ThermoFisher Scientific). 

2.2.3 DNA Quantitation 

The yield of purified genomic DNA was estimated using a Qubit 2.0 Fluorometer and Qubit 

dsDNA HS Assay Kit (ThermoFisher Scientific) according to manufacturer’s instructions. This 

assay is highly selective for double-stranded DNA (dsDNA) in a background of single stranded 

DNA and RNA and is accurate for sample concentrations from 10 ng/μL to 100 ng/μL. The 

generic format for all dsDNA Qubit assays is shown in Table 2.2. Tubes were vortexed following 
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the addition of the standards and test DNA to the working solution, incubated for 2 min at room 

temperature (RT) and measured using a Qubit 2.0 Fluorometer. 

 

 

 

2.2.4 Library Preparation 

Two different panels were used for sequencing of these samples. The Ion AmpliSeq Cancer 

Hotspot v2 panel (ThermoFisher Scientific) was used to sequence common target regions in 50 

oncogenes and tumour suppressor genes implicated in various human cancers (Table 2.3). The 

Cancer Hotspot v2 consists of 207 primer pairs enabling a multiplex PCR approach to target 

genomic areas of interest that span approximately 31 kb in total. In addition, the Ion Select 

Oncomine Focus panel (ThermoFisher Scientific) was used to detect known gain-of-function 

variants from 52 genes relevant to targeted treatment of solid tumours (Table 2.4). This panel 

consists of 269 primer pairs enabling a multiplex PCR approach to target genomic areas of interest 

that span approximately 27 kb in total. 

Semiconductor sequencing was carried out according to manufacturer’s instructions. In brief, 

following quantification, amplicon libraries were generated from 10ng of purified DNA. Target 

regions were amplified by multiplex PCR using the pre-prepared gene panels and appropriate 

high fidelity (HiFi) Master Mix for each panel. Once the target genomic regions were amplified, 

FuPa Reagent was added to phosphorylate the amplicons and to partially digest the primer 

sequences. Unique Ion Xpress Barcode Adapters 1-32 (ThermoFisher Scientific) were ligated to 

the amplicons and subsequently purified using AMPure beads (Beckman Coulter, Australia), to 

ensure each individual sample had a unique ID. The amplicons underwent a second round of PCR 

amplification to complete their linkage with the adapters, then purified and equalised to ~100pM 

in Low tris-EDTA (TE) buffer. 

2.2.5 Emulsion PCR and Semiconductor Sequencing 

Uniquely barcoded library samples were pooled for sequencing on either an Ion PI v3 chip (for 

the Cancer Hotspot v2 panel) or an Ion 318 chip (for the Oncomine Focus panel) (ThermoFisher 

Scientific). Each pool was clonally amplified onto Ion Sphere Particles (ISP) (ThermoFisher 

Scientific) by emulsion PCR with biotinylated primers. For the Oncomine Focus panel this was 

Table 2.2. Qubit HS DNA assay tube preparation as per manufacturer’s instructions. 
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carried out using a One Touch 2 System (ThermoFisher Scientific), and each pool was manually 

loaded onto an Ion 318 Select chip. In contrast, for the Cancer Hotspot v2 assay, the Ion Chef 

System (ThermoFisher Scientific) was used for fully automated template preparation and Ion PI 

v3 chip loading.  

In brief, for the Oncomine Focus panel, 25 μL of the diluted pool, 25 μL of nuclease free water, 

300 μL of Reagent Mix, 50 μL of Enzyme Mix, 500 μL of Reagent B and 100 μL of ISPs were 

added to a OneTouch 2 Reaction Filter Assembly and overlaid with 1.5mL of Reaction Oil and 

placed in a OneTouch 2 System for emulsion PCR. After emulsion PCR the clonal ISPs, which 

now contain thousands of copies of the single DNA molecule originally bound to the ISP, were 

recovered by centrifugation, and the template positive ISPs were enriched by binding to 

streptavidin-coated beads and made single-stranded using a Melt-off solution (280 μL of Tween 

solution with 40 μL of a 1 M NaOH solution). A sequencing primer was then annealed to the 

enriched ISPs, after which each pool was loaded onto a sequencing chip for single-end sequence 

analysis using an Ion Personal Genome Machine (PGM) Sequencer (ThermoFisher Scientific) 

according to the manufacturer’s instructions. Briefly, the sequencing reaction was performed 

using 500 flows (125 cycles) for 200-base-read-sequencing. 

In contrast, for the Cancer Hotspot v2 assay, the Ion Chef System was used to employ the same 

strategy for template development as the OneTouch 2 System, providing fully automated template 

preparation and chip loading. The Ion PI v3 chip was loaded into an Ion Proton System 

(ThermoFisher Scientific) for single-end sequencing using 500 flows (125 cycles) for 200-base-

read-sequencing. 

2.2.6 Coverage and Data Analysis 

Raw data was collected, processed and trimmed using the Ion Torrent platform-specific pipeline 

software for both panels. Removal of polyclonal and low-quality reads, as well as 3’ quality 

trimming of reads was performed using TorrentSuite v4.6 (ThermoFisher Scientific). Reads were 

aligned to the reference genome (human genome hg19) using TMAP v4.6 and Ion Reporter v5.0 

(ThermoFisher Scientific) was then used to detect and annotate variants and provide details about 

the possible functional consequences of the variant (e.g. non-synonymous single-nucleotide 

variant (SNV), synonymous SNV, and frameshift insertion/deletion). Ion Reporter (ThermoFisher 

Scientific) was also used to identify a subset of variants previously reported in publicly available 

databases (namely, the 1000 Genomes Project). Specifically, the ‘Oncomine Focus Panel v1—

DNA—Single Sample’ automatic workflow in Ion Reporter was used to identify and annotate the 

copy number variants from the Oncomine Focus Panel. This workflow has preconfigured 

parameter settings for copy number calling, including a 5% confidence interval and CNV ploidy 

≥  gain of 2 over normal. Alternatively, the ‘Cancer Hotspot v2—Annotate variants single sample’ 
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automatic workflow was used to identify and annotate variants from the Cancer Hotspot v2 assay. 

Ion Reporter was also used to identify a subset of variants previously reported in publicly 

available databases (namely, the 1000 Genomes Project).  The resulting annotated variant data 

detected with the Oncomine Focus Panel were further analysed using the Ion Torrent Oncomine 

Knowledgebase Reporter v2.0.3 (ThermoFisher Scientific, USA), providing details of the 

clinically relevant targeted therapies currently on the market or undergoing clinical trials for the 

associated Oncomine variants detected. Stringent mutation detection criteria were required to 

identify somatically-acquired mutations, because this was a retrospective study using archival 

diagnostic tissue without any source of constitutional DNA to distinguish common germline 

polymorphisms from disease-causing somatic mutations. Therefore, any variants present in the 

population with a minor allele frequency (MAF) greater than 5% according to the 1000 Genomes 

Project were excluded and considered a potential common polymorphism (mutations that don't 

contribute to the development of a neoplasm but may have occurred during its growth).
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Table 2.3 The 50 target genes amplified with the Ion AmpliSeq Cancer Hotspot Primer Panel v2 (ThermoFisher Scientific). 

Table 2.4 Oncomine Focus Panel 52 Gene List (ThermoFisher Scientific). Gain-of-function gene targets for 35 hotspot, 19 CNV and 23 fusion driver genes. 

3
2
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2.3 Gene Expression Analyses 

HER2 (ERBB2) gene expression analyses were carried out using the CUP cohort (n = 32), breast 

cancer cohort (n = 178) and cultured cells (n = 4 breast cancer cell lines) using a droplet digital 

PCR (ddPCR) workflow as described below. 

2.3.1 RNA Isolation 

Total RNA for all samples was extracted using the MasterPure Complete DNA and RNA 

Purification Kit (Epicentre Biotechnologies, USA) as per the manufacturer’s instructions with 

one minor exception. Briefly, following the DNA digestion step, 2 centrifugation spins were 

carried out consecutively upon the addition of MPC protein precipitation solution to ensure no 

protein precipitant was carried over to the final RNA eluate. 

Cultured Cells 

Each cell dilution was prepared in triplicate and incubated at 65°C overnight with proteinase K 

and Tissue and Cell Lysis Solution. Following tissue and cell digestion/lysis, a series of protein 

precipitation and isopropanol washes were carried out to remove proteins and precipitate the 

nucleic acids respectively. A DNase I step was included to ensure the removal of all genomic and 

contaminating DNA from the total nucleic acids preparations. The RNA template was 

quantitatively and qualitatively assessed using the Qubit Fluorometer (ThermoFisher Scientific) 

and NanoDrop Spectrophotometer (ThermoFisher Scientific) respectively. 

Blood Samples 

Ten mL of whole blood was drawn into an EDTA vacutainer tube (Becton Dickinson). Red Cell 

Lysis Solution was added, and the suspension was incubated at RT for 10 min with a brief vortex 

after 5 min. The white blood cells were then pelleted by centrifugation for 25 sec in a 

microcentrifuge. The samples were then incubated at 65°C overnight with proteinase K and Cell 

Lysis Solution. 

Formalin-Fixed Paraffin-Embedded Tissue 

For each CUP case (n = 32), total RNA was extracted from 1x10 µm sections. For each breast 

cancer case (n = 178), total RNA was extracted from a single 2 mm core biopsies taken from 

tumour rich regions of the tissue using a sterile 2mm biopsy punch. For the BT474 and MDA-

MD-231 fixed cell culture blocks, total RNA was extracted from 1x10 µm sections; for the T47D 

fixed cell block, total RNA was extracted from 2x10 µm sections; and for the MCF7 fixed cell 

block, total RNA was extracted from 3x10 µm sections. Prior to RNA extraction, the FFPE 

material was deparaffinised with a series of xylene (Sigma-Aldrich) and ethanol (ThermoFisher 

Scientific) washes, each followed by a 3 min centrifugation at 14,000 RPM with the removal of 
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supernatant after each centrifugation. For the first wash, each sample was incubated for 10 min at 

RT with 1000 μL of xylene, followed by centrifugation and removal of the supernatant. For the 

second wash, 1000 μL of 100% ethanol was added to each sample, vortexed briefly, and incubated 

at RT for 5 min, followed by centrifugation and removal of the supernatant. For the last wash 

1000 μL of 100% ethanol was added to each sample again, vortexed briefly, and incubated at RT 

for 5 min. Following centrifugation and the removal of the supernatant, each sample was air dried 

in a heat block at 55°C for 5-10 min until the majority of the ethanol evaporated. Following 

deparaffinisation, each sample was incubated at 65°C overnight with proteinase K and Cell Lysis 

Solution.  

2.3.2 RNA Quantitation 

The yield of purified RNA was estimated using a Qubit 2.0 Fluorometer and Qubit RNA HS 

Assay Kit (ThermoFisher Scientific) according to manufacturer’s instructions. This assay is 

highly selective for RNA and will not quantitate DNA and protein and is accurate for sample 

concentrations from 250 pg/μL to 100 ng/μL. The generic format for all HS RNA Qubit assays is 

shown in Table 2.5. Tubes were vortexed following the addition of the standards and test RNA to 

the working solution, incubated for 2 min at RT and measured using a Qubit 2.0 Fluorometer. 

After quantification, the RNA was qualitatively assessed using the NanoDrop Spectrophotometer. 

In brief, 1 μL of each sample is pipetted onto the end of the fibre optic cable and a pulsed xenon 

flash lamp passes light through the sample and which is analysed by the spectrometer. The 

260/280 and 260/230 ratios were used to assess the purity of RNA extracted by assessing the 

presence of contaminants such as protein, phenol, carbohydrates and guanidine which would 

result in a lower 260/280 ratio. We incorporated a range of 1.8-2.2 as an acceptable ratio range 

for “pure” RNA. 

 

 

 

 

2.3.3 Complementary DNA Preparation 

Total RNA was reverse transcribed into complementary DNA (cDNA) using iScript Advanced 

cDNA Synthesis Kit (BioRad, USA) according to manufacturer’s instructions. In brief, each 20 

μL reaction mix contained 1000 ng of RNA, 5x iScript advanced reaction mix and iScript 

advanced reverse transcription. The complete reaction mix was amplified using the Veriti 96-

Table 2.5 Qubit RNA HS assay tube preparation as per manufacturer’s instructions. 
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Well Thermal Cycler (ThermoFisher Scientific). The samples were reverse transcribed for 30 min 

at 42°C followed by enzyme inactivation for 5 min at 85°C. 

2.3.4 Droplet Digital PCR 

The ddPCR reaction was carried out using a standard ddPCR workflow as previously described, 

with one exception.108, 109 Given that FFPE RNA can be highly degraded, the restriction enzyme 

treatment step was omitted. Briefly, each 20 μL reaction mixture contained 100 ng of cDNA, 2x 

ddPCR probe mastermix (BioRad) and ERBB2/6-carboxyfluorescein-mino groove binder (FAM-

MGB) primer/probe set (HER2: Hs01001580_m1) (ThermoFisher Scientific). No template and 

RNA only negative controls were also included in each assay. 

Droplet formation was carried out using a QX100 droplet generator (BioRad). Each sample was 

partitioned into an emulsion of up to 20,000 uniformly sized nanolitre droplets. On average, each 

droplet contained 1 template and sufficient mastermix reagent and primer/probe to carry out a 

PCR reaction. The droplet emulsion was transferred to a 96-well plate (Eppendorf), heat sealed 

at 180°C for 5 sec with foil (BioRad). Thermal cycling was performed using the C1000 Touch 

Thermal Cycler (BioRad) as per the manufacturer’s cycling conditions. Each plate was incubated 

at 95°C for 10 min, followed by 40 cycles of 94°C for 30 sec, and 60°C for 1 min, with a last 10 

min incubation at 98°C. After the PCR, the RNA content of the droplets was quantified using the 

QX200 Droplet Reader (BioRad). ddPCR data was analysed using QuantaSoft software v1.6.6 

(BioRad). The fraction of positive and negative droplets was determined, and data was fitted to a 

Poisson distribution to determine the absolute concentration (copies/μL) of the target sequence. 

2.3.5 Droplet Digital PCR Data Analysis  

A number of statistical analysis tools were used for HER2 mRNA quantitation. A Tukey HSD 

one-way analysis of variance (ANOVA) test was performed to assess whether there were 

statistically significant differences in HER2 transcript levels between all four cell lines, and 

between technical replicates. A Kruskal–Wallis ANOVA test was performed to assess whether 

there were statistically significant differences between HER2 mRNA levels and clinically defined 

HER2 status by IHC in the breast cancer cohort, and HER2 mRNA levels between 4 and 10µm 

sections and the core biopsies. A two-tailed Pearson correlation was used to measure the 

relationship between ddPCR and SISH. Receiver operating characteristic (ROC) analysis was 

performed to evaluate the discriminatory ability of HER2 mRNA copy number and to establish a 

‘cutoff’ value for ddPCR as well as sensitivity, specificity and accuracy. Intra-class correlation 

coefficients (ICCs) and Pearson correlations were calculated to provide a statistical means of 

testing the similarity between 4, 10µm and core biopsies. P values presented are two-sided and 

were considered significant at an alpha level of 0.05. Statistical analyses were carried out using 

Statistical Package for the Social Sciences (SPSS) v22.0.
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CHAPTER 3 – DRIVER MUTATIONS IN 

CARCINOMA OF UNKNOWN PRIMARY 

3.1 Introduction 

Cancer is largely driven by somatic mutations that accumulate over time, generated by complex 

interactions between environmental stresses, genomic instability and adaptive strategies.110, 111 A 

variety of mutations are found in tumour cells ranging from single-nucleotide variants (SNV), to 

gene insertions and deletions (indels), larger gene copy number variations (CNV), to even larger 

chromosomal rearrangements.110, 111 However, not all somatic mutations found in cancer cells 

contribute to malignant transformation and progression. As such, somatic mutations present in 

cancer genomes need to be further classified according to their functional consequences involved 

in the malignancy. The least frequently occurring but arguably most important subset of mutations 

are ‘driver’ mutations. These contribute towards the selective advantage of the cancer directly, 

promoting tumour growth and survival. In contrast, the subset of mutations that are found in high 

abundance are ‘passenger’ mutations. These genetic alterations accumulate throughout the 

development of a tumour as a result of increased mutation frequency and/or deficiencies in 

mutation repair mechanisms, but are not considered to confer tumour growth and survival 

advantages.4, 112 

Many of the recent advances in our understanding of cancer cell mutations have been the result 

of the progressive affordability and availability of RNA and DNA sequencing technologies, and 

the subsequent sequencing of thousands of cancer genomes through large collaborative projects 

including the International Cancer Genome Consortium (ICGC), the Cancer Genome Project 

(CGP) and The Cancer Genome Atlas (TCGA).111 Over a decade ago, a Cancer Gene Census 

(CGC) was compiled from the literature, and included a comprehensive list of mutated genes that 

were identified to be implicated in oncogenesis.113 The most recent CGC report suggests that just 

over 1% of all human genes are implicated in cancers as a result of gene mutations.114 The current 

list includes 342 somatically mutated genes and 70 germline mutated genes which can be divided 

into oncogenes (growth promoting) and tumour suppressor genes (growth inhibiting), depending 

on the functional consequence (gain of function or loss of function) of the mutation involved.114, 

115 

In CUP, clinicians encounter the issue of a highly heterogeneous disease both clinically and 

pathologically, with both an unknown primary and an unknown biology.93, 116 To date there is still 

no consensus on the clinical importance of identifying the primary site of metastatic tumours of 

unknown origin. There remains the possibility that CUP tumours possess not only a specific 

genetic signature relatable to its primary site, but also a separate independent genetic signature 
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that is pro-metastatic and likely CUP specific.6, 116 It is therefore arguable that regardless of the 

primary site, CUP represents a unique disease entity, precluding the need to identify the primary 

site of origin.25 In support of this hypothesis, several studies have begun exploring specific genes 

associated with various functional pathways (e.g. cell signalling, DNA repair, cell cycle control) 

which may be involved in the underlying molecular mechanisms associated with CUP formation 

and progression.25, 40 Direct investigation of known oncogenes and tumour suppressors have 

begun identifying common genetic aberrations in CUP.40 

3.1.1 Oncogenes 

Proto-oncogenes are normal cellular genes typically encoding proteins involved in cell 

proliferation, differentiation and apoptosis.114 Aberrant activation of oncogenes arising from 

genetic changes to proto-oncogenes can be caused by chromosomal rearrangements, gene 

amplifications, or missense mutations involving gain-of-function gene effects.117 Oncogenic 

aberrations involved in the mitogen-activated protein kinase (MAPK) and phosphoinositide 3-

kinase (PI3K) signalling pathways have been observed in over one third of CUP cases.90, 93, 94 

Both pathways are known to be involved in cell growth, invasion and survival and are frequently 

aberrantly activated in various malignancies.118 In addition, the expression of several tyrosine 

kinases have been studied in CUP, including epidermal growth factor receptor (EGFR), human 

epidermal growth factor receptor 2 (HER2/ERBB2), mesenchymal-epithelial transition factor 

(MET), KIT proto-oncogene receptor tyrosine kinase (KIT) and v-myc avian myelocytomatosis 

viral oncogene homolog (MYC) (Table 3.1).13, 19, 90, 92-94, 105, 119-128 

The level of EGFR and HER2 protein overexpression has been shown to vary considerably in 

CUP (between 4-61% and 2-61% respectively) whereas activating EGFR and ERBB2 mutations 

have been reported in only 1-8% of cases.13, 90, 92, 94, 119, 120, 122-124, 126 EGFR overexpression has been 

reported to occur more frequently in SCC CUP (59% vs 9%), whereas overexpression of HER2 

has been reported more commonly in adenocarcinomas (22% vs 4%) when both markers are 

compared with other histological subtypes.19, 126 MET receptor tyrosine kinases (RTK) have been 

studied in CUP tumours at both the protein and DNA level.13, 90, 93, 94, 125, 127, 129 MET protein 

expression has been reported in 27-42% of CUP cases, and was found to be more frequently 

expressed in SCC compared with adenocarcinomas and poorly differentiated (PD) carcinomas 

(90% vs 29% respectively; p < 0.001).13, 129 Furthermore, increased MET expression was reported 

to be more prominent in squamous cervical and inguinal lymph nodes (100% positive) compared 

with visceral, peritoneal, axillary and midline nodal clinical subgroups (23-37% positive).129 MET 

mutations and gene amplifications have been more frequently explored in CUP populations, with 

incidences varying between 2-30% of cases.13, 90, 93, 94, 125, 130 Other oncogenes that have been 

studied include KIT and MYC. KIT and MYC protein overexpression has been observed in a small 

number of CUP tumours (range 4-23% of cases), with gene mutations reported between 1-12% 
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of cases.7, 13, 94, 122, 123 No associations have been observed between aberrations in KIT and MYC 

and CUP biology. 

One of the most commonly explored genes in the MAPK pathways is KRAS. KRAS genetic 

alterations have been observed in up to 20% of CUP cases, with overexpression of the rat sarcoma 

viral oncogene homolog (RAS) protein in about 23%.13, 90, 92-94, 119 BRAF is not commonly altered 

in CUP, with mutations only detected in 6% of cases.92-94 Another downstream effector of the 

MAPK pathway explored in CUP is the extracellular signal-regulated kinase (ERK), which has 

been reported to be expressed in up to 54% of cases.129 PIK3CA is an important gene involved in 

the PI3K pathway, and has been explored in CUP tumours. PIK3CA genetic alterations have been 

observed in approximately 9% of CUP cases.13, 90, 93, 94 One CUP study has characterised the 

protein expression of downstream effectors of the PI3K pathway, including PTEN and AKT 

serine/threonine kinase (AKT).131 Both molecules showed frequent expression in CUP tumours, 

with overexpression of PTEN and AKT reported in 60% and 85% of cases respectively.131 No 

additional correlations have been reported between aberrantly expressed proteins and/or genes 

with pathological characteristics in CUP patients. 

  

Table 3.1. Oncogenes/Oncoproteins detected in CUP. Table adapted from Kamposioras et al. (2013)40. 
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Table 3.1. (Continued) 
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3.1.2 Tumour Suppressor Genes 

Tumour suppressor genes inhibit cellular proliferation and suppress tumour development. In 

many malignancies, these genes are either lost or inactivated, inhibiting negative regulation of 

cell growth leading to abnormal proliferation.132 There has to be a loss of both copies of the gene 

for there to be a loss-of-function, and one functional copy of the gene is enough to negatively 

regulate cell signalling properties.133 Genetic mechanisms that are involved to inactivate tumour 

suppressor gene function can occur at both the cytogenetic and molecular level.134 At the 

cytogenetic level, inactivation of tumour suppressor genes can result from inherited or acquired 

loss of heterozygosity (LOH) and/or haploinsufficiency. LOH is the loss of a gene and its 

surrounding chromosomal region. In many instances, a person can inherit or develop a loss-of-

function mutation in one allele of a tumour suppressor gene, and subsequent loss of the remaining 

wild-type allele can lead to LOH, and promote tumourigenesis.134 Haploinsufficiency occurs 

when a single copy of a functional gene is insufficient to produce its normal or wild-type 

phenotype following the inactivation or deletion of the other functional copy of the gene. Similar 

to LOH, haploinsufficient tumour suppressor genes can also promote tumourigenesis.133, 135 At 

the molecular level suppression of tumour suppressor gene function can result from DNA 

methylation and/or inactivating point mutations, resulting in reduced or inhibited gene function.133 

A range of tumour suppressors have been explored in CUPs at the protein, RNA and DNA levels, 

including TP53, ERCC1, RRM1, BRCA1/2, and CDKN2A (Table 3.2).13, 90, 92, 94, 121, 126, 136-138 

The most commonly studied and frequently mutated tumour suppressor gene is TP53.139, 140 p53 

(encoded by the TP53 gene) is expressed in up to 70% of CUP cases, with overexpression 

observed in up to 53% of cases.121, 126, 137 Similar to the protein studies, mutations have been 

identified in almost 50% of CUP cases sequenced (range 26%-63%).13, 90, 92, 94, 136 The high 

occurrence of TP53 abnormalities in CUP tumours is unsurprising, because of the well-known 

association of mutated TP53 with tumour progression and metastasis.137, 141 Abnormalities in 

DNA repair genes are frequently encountered across a range of malignancies.142 The most 

common genes in this subset that have been explored in CUP include ERCC1, RRM1, BRCA1/2 

and CDKN2A. ERCC1 reduces DNA damage through nucleotide excision and repair, whereas 

RRM1 is known to be involved in tumour invasion and metastasis. High levels of ERCC1 mRNA 

in CUP patients has been observed.138 Genetic aberrations in CDKN2A have been identified in 

19-22% of CUP cases, and BRCA1/2 somatic alterations have been identified in approximately 

6-18% of CUPs.90, 92, 94 Together, hyperactivated oncogenes and defective tumour suppressor 

genes greatly contribute to cancer cell development, progression and apoptotic evasion and are 

beginning to enhance our understanding of this heterogeneous group of neoplasms.40, 114 
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3.1.3 Tumour Heterogeneity and Clonal Evolution 

Genomic diversity within tumours (intra-tumour heterogeneity) and between tumours (inter-

tumour heterogeneity) has been recognised since 1958. However, it has only been since the 

emergence of NGS technologies that the full extent of genomic tumour heterogeneity has become 

apparent (Figure 3.1).143-145 The selective pressure acting on tumours modulates the genetically 

heterogeneous landscape promoting clonal evolution, whereby each subclone either competes or 

co-operates during cancer progression.146 Recent studies have provided more insight into the 

extent of genetic diversity within and between malignancies. A highly variable degree of intra-

tumour and inter-tumour heterogeneity has been described across various primary and metastatic 

lesions.63, 143, 147, 148 The underlying biological mechanisms explaining tumour heterogeneity could 

be import in understanding the natural history and progression of neoplasms, and aid in the 

selection of appropriate samples for reliable test analysis.149 The number of somatic mutations 

within a tumour is reported to range from 0 to 8,000 (median mutation frequencies ranging 

Table 3.2. Tumour Suppressor Genes and associated proteins detected in CUP. Table adapted from 

Kamposioras et al. (2013)40. 
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between 0.001-400 mutations per mega-base), highlighting the heterogeneous nature of cancer 

(Figure 3.2).63, 143, 147, 148, 150 Despite differences in sampling procedures, tumour stage and 

sequencing technologies, it is evident that certain tumour types, such as gastric, colorectal and 

lung cancer are more genetically heterogeneous than others (e.g. ovarian and kidney cancer).63, 150  

 

 

 

 

 

 

  

Figure 3.1. Inter- and intra-tumour heterogeneity within and between individuals with the same tumour 

type and between cells within a tumour. Figure adapted from Burrell (2013)457. 

Figure 3.2. Mutational frequencies across different cancer types. Every dot represents a tumour sample, 

and the solid red lines represent the median frequency for each cancer type. The y-axis (log scaled) shows 

the number of mutations per megabase (somatic mutation prevalence), whilst the x-axis presents the 

different cancer types ordered based on their median mutational frequencies. Figure taken from Alexandrov 

(2013)150. 
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It is theorised that CUP do not share common biological mechanisms and therefore differ at a 

molecular level, making them extremely heterogeneous.22 In support of this theory, CUPs present 

with variable histological and clinical features, as well as a wide range of genomic alterations and 

mutations.37, 94 Cytogenetic profile analyses of CUP have shown frequent chromosomal changes 

that are widespread, with CUP tumours exhibiting large numbers of chromosomal aberrations that 

generally lead to worse outcomes depending on its pathological presentation.46 

Specifically, CUPs can involve various organ sites from different anatomical locations, including 

but not limited to lymph nodes, brain, lung, liver, bones and bowel.8, 47 Depending on the clinical 

site of tumour presentation, the clinical and pathological features vary, including CUP tumour 

morphology (i.e. adenocarcinoma, poorly differentiated carcinoma, squamous cell carcinoma and 

undifferentiated neoplasms) and biomarker expression (e.g. TTF1 for lung lesion, CDX2 for a 

colonic lesion).7, 35, 38, 41, 49 Furthermore, the prognosis and response to certain therapies is also 

heterogeneous in this cancer entity.28, 49 Although CUP include a wide range of heterogeneous 

tumours, they share several underlying characteristics, including early dissemination with an 

apparently absent primary tumour, a short clinical history with signs and symptoms associated 

with the metastatic site of presentation, and an aggressive clinical disease course with an 

unpredictable metastatic pattern (location and frequency of metastases differ from those of known 

primary tumours).6, 22 

3.2 Rationale of Chapter 

Although it is known that CUP has a complex mutational landscape, more needs to be learnt about 

the underlying molecular biology and whether there are common driver mutations. NGS 

technology allows whole-genome sequencing, whole-exome sequencing, or mutation analysis 

with specific (“targeted”) panels of genes. The targeted approach is likely to be the most practical 

if NGS is found to be clinically relevant and therefore applicable in routine clinical diagnostics.84 

This chapter assessed whether there are common driver mutations in CUP. To achieve this, a 

commercially available Cancer Hotspot panel (v2) (ThermoFisher Scientific) was used for the 

detection of common “hotspot” regions, which are gene regions frequently mutated in human 

cancers. The identification of genetic driver mutations may identify molecular profiles that could 

help further classify these currently unclassifiable tumours. 

It was hypothesised that NGS can identify driver mutations that may provide additional insight 

into the biology of CUP. 
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The aim of the work undertaken in this chapter was to identify potentially relevant driver 

mutations that are likely to be responsible for the development of CUP and distinguish these 

putative drivers from the larger number of passenger mutations that are less relevant to the 

malignant phenotype. Specifically, a commercially available targeted panel was applied with the 

aims to: 

1. Profile the mutations present in CUP and identify whether specific driver mutations are 

present. 

2. Identify which mutations are most commonly detected in the CUP cases. 

3. Compare the mutational profiles of CUP cases based on their histomorphology to 

determine whether genetically distinct histological subtypes exist. 

4. Compare the mutational profiles of different CUP tumours originating from the same 

patient to determine if they are genetically related. 
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3.3 Brief Method Overview 

Thirty-two CUP cases diagnosed based on the histopathological criteria of metastatic poorly 

differentiated tumours with no localising immunophenotypic profile were selected (refer to 

Section 2.1.1). Sections of 2x10µm for cases with 50-100% tumours content, and 4x8µm for cases 

with <50% tumours content were cut from paraffin blocks of formalin-fixed tissue (refer to 

Section 2.2.1) and DNA was isolated using a GeneRead DNA FFPE kit (Qiagen, Germany) (refer 

to Section 2.2.2). Extracted DNA was amplified with the Ion Ampliseq Cancer Hotspot panel v2 

(ThermoFisher Scientific, USA) for the identification of biologically relevant mutations (refer to 

Section 2.2.4). Amplified DNA was sequenced using the Ion Torrent platform (refer to Section 

2.2.5) and data was processed using a stringent variant filtration pipeline (refer to Section 2.2.6). 
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3.4 Results 

The clinicopathological characteristics of the CUP cohort are summarised in Table 3.3. Of the 32 

cases, 66% (21/32) were female and 34% (11/32) were male, with a median age of 69 (range, 36-

91). Tumours were classified into five histological subgroups: adenocarcinomas (38%), squamous 

cell carcinomas (SCC) (25%), carcinomas not otherwise specified (poorly differentiated (PD) 

carcinomas) (22%), neuroendocrine carcinomas (6%) and other including Merkel cell carcinoma 

(MCC), melanoma and basal cell carcinoma (BCC) (9%). Although these ‘Other’ lesions have 

‘known origin identities’, a primary lesion was never identified and therefore they were included 

in the cohort accordingly. The most common anatomical site where CUP presented was in the 

lymph nodes (34%), and included axillary, inguinal, cervical, mesenteric and retroperitoneal 

nodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.3. Summary of the CUP clinicopathological characteristics. 
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Sequence Coverage 

All samples were sequenced to a mean depth (average number of times that a base was 

independently sequenced and aligned to the reference genome) of 8,657 reads per nucleotide 

position within the target region. Sequence coverage was assessed from the number and 

distribution of reads across target amplicons. An average of 134,778,213 million of the total 

148,155,732 million addressable wells in the Ion PI v3 Chip were consistently loaded with ISPs 

(Figure 3.3A). Once polyclonal reads (multiple-templated beads), low quality sequence reads 

(<Q20) and primer dimers were filtered out, an average of 74,075,449 million of these remaining 

particles contained library templates (Figure 3.3B).  

 

The samples averaged 2,004,779 mapped sequence reads (total number of reads mapped to the 

reference), with a mean read length (average length of all library reads that aligned to the genome 

at the specified quality level) of 118 bp. The distribution of reads across the 269 amplicons was 

consistent among samples, with an average uniformity of 98.19% (uniformity is defined as the 

proportion of target bases sequenced to a depth of between 0.2x and 5x of the sample average).  

Figure 3.3. Run report metrics representative of the unlined reads from the pool of 32 CUP samples. (A) 

A heat map visualising the efficiency of chip loading (red represents high density loading and blue 

represents low density loading of ion sphere particles (ISP)). (B) Summary of the metrics displaying the 

ISP loading efficiency (percentage of wells that contained a live ISP); the predicted number of live ISPs 

that had a key signal identical to the library signal; the percentage of clonal ISPs (ISPs containing only 

one library); the percentage of reads which pass all filters. 
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Approximately 95% of the sequence reads were mapped to the targeted gene regions (aligned to 

human genome reference 19), with an average depth of 8,657 (range 3.3-12,355) demonstrating 

high specificity (Figure 3.4). 

 

Sequence Validation 

Successful sequencing of the samples was measured by using a minimum of 250,000 reads with 

a quality score of AQ20. A variant (AKA mutation) was considered for analysis if a sequencing 

coverage of 1000x was reached. One sample (Sample 8) did not meet sequence quality control 

(QC), with 426,055 reads, 0.2% reads on target and an average base coverage depth of only 3.3 

(Figure 3.5) and was not included in further analysis.  

  

Figure 3.4. An example of adequate sequencing coverage of Sample 21 from the Ion PI v3 Chip shown 

across the whole reference genome. Each point plotted is the base 10 logarithmic value of the total aligned 

base read count within an equal length (1/600) of the effective reference.  

Figure 3.5. The inadequate coverage of Sample 8 from the Ion PI v3 Chip shown across the whole reference 

genome. Each point plotted is the base 10 logarithmic value of the total aligned base read count within an 

equal length (1/600) of the effective reference. 
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Bioinformatic Analysis 

Prior to filtering, a total of 597 variants were detected across 37 genes, with an average of 19 

variants detected per case (range 11-46 variants). Stringent mutation detection criteria were 

required to identify somatically-acquired mutations due to the retrospective nature of this study 

and the use of archival diagnostic tissue in the absence of constitutional DNA (Table 3.4). 

Variants with a MAF (frequency at which the second most common allele occurs in the general 

population) greater than 5% according to the 1000 Genomes Project were excluded and 

considered as common polymorphisms. Similarly, untranslated region (UTR) mutations, intronic 

mutations and synonymous exonic mutations were also excluded from further analyses. Only 

variants with an allele ratio (frequency of variant allele relative to normal allele) of at least 5% 

(ratio of 0.05) in a background of wildtype alleles were included.  Variants present at allele 

frequencies of less than 5% most likely represent noise that can arise from sequencing errors 

induced by formalin-fixation, genome composition, misalignment, population-based artefacts and 

other experimental artefacts and therefore were excluded.  

 

 

 

 

 

 

 

 

 

 

 

After filtering, 72 variants remained and of these 39 were known hotspot variants comprising 38 

single nucleotide variants (SNVs) and 1 deletion. The remaining 33 were novel variants with 

unknown clinical relevance, and included 28 SNVs, 4 multiple nucleotide polymorphisms (MNP) 

and 1 deletion (Figure 3.6). Thirty-nine hotspot variants were identified in 87% (27/31) of cases, 

with an average of 1 variant detected per case (Table 3.5). 

Table 3.4. Summary of CUP variant data before and after filtering with stringent mutation detection 

criterion.  



             Chapter 3 – Driver Mutations in CUP  

 

50 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Overall, the most frequently mutated genes were TP53 (52%, 14/27), followed by KRAS (22%, 

6/27). The gene with the most common novel variant detected was adenomatous polyposis coli 

(APC) (48%, 13/27). The allele ratios at which the hotspot variants occurred at ranged from 0.08 

to 0.87. There was no correlation between the number of variants and allele frequencies detected 

and the different percentages of tumour cellularity (50-100%) and the sampling methods (tissue 

sections versus microdissection versus laser capture microdissection) (Table 3.5). Samples 

sequenced from tissue sections had allele ratios ranging between 0.22-0.75; macrodissected tissue 

had allele ratios ranging between 0.08-0.53; and LCM tissue had ratios recorded between 0.12-

0.87; no significant differences were observed. As such all sampling methods performed the same 

irrespective of tumour content.

Figure 3.6. Frequency of gene variants detected by NGS with the Cancer Hotspot v2 panel. Total number 

of hotspot mutations (blue), variants with unknown relevance (grey) identified across the CUP cases (total 

number of variants n = 72). TP53 was the most common hotspot gene detected, followed by KRAS, whereas 

APC was the most common novel gene detected with unknown significance, followed by TP53. 
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Table 3.5. Clinicopathological and genetic characteristics of 27 histologically identified CUP cases with identifiable hotspot variants. Characteristics of the CUP 

cases includes the sample number, histopathological morphology of the specimen, the anatomical location where the CUP originated from, sex and age of each 

patient, what percentage of tumour cellularity was present in the sample, and what sampling method was used to extract DNA, the gene the variant was detected 

in, what the protein change was and the allele ratio that was detected for the variant. 
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Table 3.5. (Continued) 
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Table 3.5. (Continued) 
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Individual cases demonstrated a relatively diverse frequency of somatic variants, and in most of 

cases variants detected within these genes were mutually exclusive (Figure 3.7). Seventy percent 

of CUP cases (19/27) with a detectable variant had single mutations, whilst the remaining 30% 

had 2 or more simultaneous variants, with a maximum of 4 variants detected in a single sample 

(Sample 13).  

  
Figure 3.7. Integrated gene map of the Cancer Hotspot v2 panel variant data for CUP cases. This gene map 

shows the pattern of case-specific, concurrent and mutually exclusive mutations identified in the CUP cases 

with hotspot variants. Each column represents an individual case and each row denotes a specific gene and 

the black box indicates a hotspot variant. The list of genes includes 2,800 COSMIC variants from 50 

oncogenes and tumour suppressor genes which are included in the Cancer Hotspot Panel v2 (ThermoFisher 

Scientific). 
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To compare variant frequencies across different clinicopathological characteristics, the total 

number of variants were standardised by adjusting the counts measured to a notionally common 

scale (i.e.  
 number of cases with variants presenting in a site

total number of CUP cases 
 × number of variants detected in that 

site). This allows the comparison of corresponding normalised values for different datasets, 

eliminating the effects of varying sample numbers. 

When the number of variants were standardised by site: The highest number of variants were 

detected in lymph nodes (all lymph nodes) (2.9 variants), followed by brain (1.3 variants). 

Comparison by sites showed that CUP brain lesions had a broader range of different genes 

mutated (5 different mutated genes vs 4 respectively) (Table 3.6). The most common variants in 

CUP presenting in lymph nodes were in cell cycle control genes (TP53 and CDKN2A). In contrast, 

the most common variants identified in CUP presenting in the brain were in RTK genes (EGFR, 

MET and JAK3).  

When the number of variants were standardised by histological morphology: The subtype 

associated with the greatest number of variants was adenocarcinoma (4.8 variants), followed by 

SCC (2.5 variants). CUP cases presenting with an adenocarcinoma morphology, had the broadest 

range of different mutated genes (7 different mutated genes), followed by SCC (5 different 

mutated genes) (Table 3.6). In addition, CUP adenocarcinomas and PD carcinomas had a larger 

number of cell signalling pathway variants (EGFR, MET, JAK3, KRAS, HRAS, BRAF, PIK3CA, 

PTPN11 and APC) compared with other histomorphological types. In contrast, CUP SCC 

possessed a higher number of variants in cell cycle regulation genes (TP53 and CDKN2A).  

The variant data was also characterised based on patient gender and age. Females had a larger 

number of variants arising in genes associated with cell signalling pathways (EGFR, MET, JAK3, 

KRAS, HRAS, BRAF and PIK3CA) when compared to the male patients (14.5 vs 4.1 variants when 

standardised by gender). The cohort was divided into several different age groups (Table 3.6), 

and the variants in each age group were compared. CUP patients falling within the age bracket 

50-59 years and 70-79 years exhibited a higher number of variants associated with cell signalling 

pathways (EGFR, MET, JAK3, KRAS, HRAS, PIK3CA, PTPN11 and APC), whereas patients 

within the age bracket of 60-69 years presented with TP53 variants only. Lastly, CUP patients 

within the highest age bracket of 80-89 years, presented with a similar proportion of cell signalling 

pathway associated variants and variants involved in cell cycle regulation. 

Over half of CUP patients (60%, 19/32) presented with two or more metastatic lesions and a large 

proportion (37%, 7/19) of these patients had a previous history of cancer. Within the cohort, there 

were multiple samples studied from 3 different patients. The molecular profiles of the different 

CUP lesions from the same patient were compared. Two tumours from different nodes within the 

axillary region (Samples 16 and 17) were obtained for one case, with different TP53 variants 
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identified in each sample (TP53 Y163C and R175H respectively). Another case had CUP tumours 

resected from two different regions; one from the parotid gland (Sample 23), and the other an 

atypical cutaneous lesion (intimately admixed BCC and sarcomatoid SCC) resected a year later 

(Sample 32). Both tumours harboured two different TP53 variants (Sample 23 - TP53 S241F, 

P152L; Sample 32 – TP53 P98S, E339ter) and an additional CDKN2A (R58Ter) mutation was 

identified in the skin lesion. The third case had two tumours excised from the same region one 

year apart. The first lesion (Sample 7) was resected from the parotid gland, and the following year 

a new mass (Sample 8) was identified and resected from the same place as the original parotid 

tumour. A TP53 variant was detected in the original tumour (Sample 7) at a low allele ratio (0.08). 

The second lesion that developed following resection of the first, did not carry any variants 

detectable by the panel. 
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Table 3.6. Summary of Cancer Hotspot v2 variant data in CUP cases based on clinic-pathological 

characteristics. Comparison of the total number of variants detected and genes mutated when grouped 

according to the anatomical site of presentation, the histomorphology of the CUP cases, the sex and 

age of the CUP patient. 
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3.5 Discussion 

Various attempts have been made to elucidate the underlying molecular biology of CUP to 

establish whether they form a distinct biological entity with specific phenotypic and genetic 

modifications.25, 40, 41 This has included investigations into chromosomal abnormalities as well as 

protein and gene expression studies into common oncogenes and tumour suppressor genes. The 

purpose of the work described in this chapter was to characterise genetic alterations in CUP cases 

for the identification and characterisation of biologically important oncogenic drivers. The most 

frequent molecular alterations were observed in TP53, KRAS and MET which are some of the 

most commonly altered genes in human cancers.141, 151 Genomic results from the CUP cases 

investigated demonstrated a relatively diverse frequency of variants, and in most cases these 

variants were mutually exclusive, demonstrating molecular heterogeneity, supporting the notion 

that CUPs are a heterogeneous group of tumours with differing underlying molecular and clinical 

properties. 

Key Genes and Mutations 

TP53 mutations have been described to contribute to metastatic progression in multiple cancer 

types, supporting the high percentage of TP53 variants reported in CUP patients.152 TP53 

mutations were detected in 60% (18/31) of CUP cases, with 14 different non-synonymous 

variants. Of the several studies that have identified TP53 mutations in CUP, only 2 reported 

variant-specific codon changes, and only one TP53 variant (R273L) identified in this chapter was 

previously identified. 13, 90, 92, 94, 127, 136 Most TP53 variants detected in this chapter have been 

predicted to elicit deleterious effects on protein function, as they were located in known functional 

domain of the gene (i.e. DNA binding domain; transactivation domain and nuclear exclusion 

domain), as reported by Catalogue of Somatic Mutations in Cancer (COSMIC) and according to 

the International Agency for Research on Cancer (IARC) TP53 database.153 Specifically, TP53 

variants R175H and R248W are reported to be some of the most frequently occurring TP53 

variants across a range of human malignancies.154, 155 The diverse types of TP53 mutations and 

range of positions they are located within, has been linked to the causal effects of mutagenic 

exposures which may provide insight into the mechanisms involved in the cancer etiology.141 The 

existence of such variations in mutational patterns between different CUP cases as observed in 

this chapter, also suggests that the mutational profiles may be related to individual environmental 

exposures (e.g. geographic origin of the tumours, lifestyle and environmental risk factors).141 

Although no direct association has been made between the identification of TP53 aberrations and 

clinicopathological characteristics in CUP, mutations in this gene have been linked to apoptotic 

evasion, with functions that drive cell migration, invasion and metastasis.156 These are highly 

relevant biological functions in CUPs, that can result in this highly aggressive metastatic disease. 

Mutations in TP53 have been reported to occur at different stages throughout malignant 
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transformation, thus differentially contributing to tumour initiation, progression, aggressiveness 

and invasion.157 As such it can be speculated that a range of different TP53 mutations detectable 

in CUP tumours could be one of the many contributing factors to the heterogeneity observed 

between not only different CUP cases, but other tumours types as well. 

Half (20/41) of the variants detected in this cohort were observed in genes involved in the 

activation and regulation of key signal transduction pathways. According to the COSMIC 

database, RAS is one of the most frequently altered genes in human malignancies, with KRAS 

being the most frequently mutated isoform.151 In support of this, the second most common hotspot 

variant detected in the CUP cohort was in the KRAS gene (20%, 6/31). These genes encode for 

proteins that regulate pathways responsible for cell proliferation and survival.158 Activating 

mutations in codons 12 and 13 of KRAS are the most commonly occurring isoforms in human 

cancers. These mutations result in amino acid alterations adjacent to the kinase binding pocket, 

reducing and/or inhibiting KRAS’s guanosine triphosphatase (GTPase) activity, leading to its 

permanent activation and downstream signalling.159, 160 This was highly representative of the CUP 

cohort investigated in this chapter, with G12D and G13D KRAS variants making up 67% (4/6) of 

KRAS variants detected. Data from in vitro and in vivo studies have suggested that the malignant 

potential of KRAS-mutant cancer cells may be influenced by the molecular nature of the mutation. 

Specifically, it has been reported that KRAS codon 12 mutations confer a more aggressive tumour 

phenotype with stronger transforming abilities compared with codon 13 mutations.159, 161-163 

Although the prognostic implications of specific mutations of the KRAS gene have been reported 

in other malignancies, the higher prevalence of codon 12 mutations identified in this cohort could 

be indicative of the highly aggressive nature of CUP tumours that show strong transforming 

capabilities. However, functional studies will have to be carried out to characterise and confirm 

the functional effects of different KRAS mutations in CUP. 

Another common gene altered in the CUP cohort was MET seen in 10% of cases (3/31) all with 

different point mutations in different codons (E168D, R988C and T1010I). MET mutations in 

CUP cohorts have been reported at varying incidences of 2-30%, with the majority of studies 

identifying MET variants in a relatively small frequency of CUP cases.90, 94, 125, 130 The results 

presented in this chapter support these findings, with only 10% of CUP cases harbouring MET 

mutations. Only one other study has reported MET variant-specific codon changes, and two MET 

variants (T1010I and E168D) identified in this chapter have been previously reported.125 One 

study suggested that MET mutational status may be reflective of tumour differentiation grade, 

with a high frequency of activating MET mutations found in PD CUP tumours.125 The results in 

the present study supported this observation, with MET mutations identified in tumours lacking 

differentiation markers with no identifiable primary origins. The detection of MET variants in 

CUP has been speculated to contribute towards the tumours oncogenesis and pathological 
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progression to metastatic disease and are more frequently detected in metastases versus primary 

tumours.125, 164 In support of this theory, MET gene alterations are reported to prevent tumour cell 

apoptosis and promote invasion through the activation of downstream pathway effectors. 

Activation of MET pathways can result in an aggressive tumour phenotype by promoting 

epithelial-mesenchymal transition (EMT), enhanced cell migration, invasion, proliferation and 

metastasis.93, 125, 129, 165 As such it can be theorised that the presence of aberrant MET variants may 

contribute to the metastatic phenotype in CUP by promoting invasive growth, specifically in PD 

tumours.125 

Mutational Profile Characterised by Histomorphology 

The clinical presentation of CUP varies from patient to patient, depending on the main site of 

metastatic involvement and the cellular morphology. In the present cohort, the most common 

histological presentation of CUP was adenocarcinoma and was associated with increased 

molecular heterogeneity compared with the other histological subtypes. One other study 

comparing mutational profiles by morphological subtypes reported a higher frequency of genetic 

alterations involved in key signal transduction pathways in CUP cases classified as 

adenocarcinoma, compared with non-adenocarcinoma CUP types.94 Specifically, variants in 

EGFR, ERBB2, KRAS and BRAF were observed at higher frequencies in CUP adenocarcinomas 

(72%, 90/125) compared with non-adenocarcinoma CUPs (39%, 29/75). This was inconsistent 

with the results presented in this chapter. When the cases were grouped into these two distinct 

categories, the mutational profiles did not differ between adenocarcinoma vs non-

adenocarcinoma cases, with a similar frequency of aberrations in genes associated with cell 

signalling pathways in the non-adenocarcinoma group.  

There are several explanations for this discrepancy. First, the panel used in the study by Ross et 

al. included over 250 cancer-related genes, covering a broader range of genes. Secondly, the 

sample sizes differed between the two studies. Ross and colleagues profiled 200 CUP cases, of 

which 125 were adenocarcinoma and 75 were non-adenocarcinoma, whilst the present study 

included only 32 cases, 12 adenocarcinoma and 20 non-adenocarcinoma. In addition to the inverse 

proportion of adenocarcinoma to non-adenocarcinoma, the present study included non-

adenocarcinoma histopathological subtypes not included in the study by Ross et al., including 

MCC, BCC and melanoma. As such, molecular differences would exist between the histological 

subtypes included in the non-adenocarcinoma groups when both studies are compared. Lastly, the 

current study successfully utilised LCM techniques for the enrichment of tumour cells from CUP 

tissue. This approach facilitated sequencing of enriched tumour cell populations isolated by LCM, 

ensuring the detection of tumour-specific, low frequency variants which otherwise may be missed 

when sequencing whole tissue sections. It has been reported that due to the sensitivity limits of 

many sequencing techniques, low frequency mutant allele(s) in tumours cells can become diluted 
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amongst the more abundant background wild-type alleles that are present in some tumour cells 

and in most benign cells. As such, these low frequency mutant alleles may be missed and the 

absence of the mutation becomes a false negative.166, 167 Therefore, techniques such as the LCM 

used in this study, capable of isolating tumour cells populations from a heterogeneous 

environment, is crucial for accurate mutational profiling. Ross and colleagues isolated DNA from 

CUP cases with a cut-off of 20% tumour content. It is possible that with such a low tumour 

content, some pathogenic variants occurring at lower frequencies may be diluted out and missed 

in a higher background of non-malignant germline variants. This could result in imprecise 

histologically characterised CUP molecular profiles. 

In addition to evaluating the cohort based on adenocarcinoma and non-adenocarcinoma 

morphology, all histomorphologies were individually compared and grouped according to 

functionally similar genetic aberrations. Adenocarcinomas, PD carcinomas and SCCs were the 

tumour subtypes with the highest numbers of cases. Together, CUP adenocarcinomas and PD 

carcinomas harboured the highest frequency of variants in genes involved in signal transduction 

pathways (i.e. MET, JAK3, EGFR, HRAS, KRAS, BRAF and PTPN11). Similar to the results in 

this chapter, other studies have reported mutations in similar genes in adenocarcinomas from a 

range of different cancers including CUPs. The detection of variants in KRAS, APC, EGFR, NRAS 

and BRAF have been reported more commonly in adenocarcinomas compared with SCC.168-170 In 

contrast, SCCs exhibited a higher frequency and potentially characteristic set of variants in cell 

cycle control and DNA repair genes (i.e. TP53, CDKN2A and MLH1), with TP53 variants being 

the most frequent variants identified in this histomorphological group. In support of these results, 

TP53 mutations have been reported to occur at high frequencies in SCCs of several different 

cancers (e.g. lung, skin, oesophageal and head and neck).171-174 Interestingly, some of the SCC 

CUP cases in this cohort had proposed lung and skin primary cancers, which may also support 

the high frequency of TP53 variants detected in this subgroup. 

The distinction between SCCs and adenocarcinomas can be difficult in some poorly differentiated 

tumours, where hallmark squamous or glandular morphological features (for SCCs and 

adenocarcinomas respectively) are subtle and difficult to distinguish.175 Unlike the panel of IHC 

markers available for adenocarcinomas, site-specific markers are lacking for SCC TOO 

identification. As such, it is difficult for conventional histology and IHC to distinguish between 

metastatic SCCs originating from different sites in the body.23 This is the first study to report a 

possible SCC molecular profile in CUP cases. Specifically, the SCC profile seen was variants in 

TP53, CDKN2A and MLH1. Accurate distinction between adenocarcinomas and SCC is crucial 

for appropriate molecular testing and is important for the histological classification of CUP 

patients. 
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Mutational Profile of Different Lesions Originating from the Same Patient 

Molecular profiles of cases with multiple tumour sites were compared to determine whether they 

were genetically relatable within the same patient. From one case, different TP53 variants were 

identified in two discrete tumours located in different nodes within the axillary region. The 

possibility of the two CUP samples originating from the same primary tumour is high, given that 

both tumour specimens were resected from the same axillary region. This further highlights the 

genetically heterogeneous nature of CUP neoplasms. Spatial genomic heterogeneity such as this 

has been documented for several different cancers (e.g. glioblastomas, colorectal cancer (CRC) 

and melanoma), where studies have observed dissimilar gene aberrations in different cells within 

the same tumours.176 It is likely that each TP53 mutant subclone was present in different cells 

within the primary tumour, and the metastatic dissemination of selected malignant subclones 

differed between the two lymph node lesions. The theory of polyclonal seeding has been 

established in other cancers, whereby different metastases from various sites in the same patient 

showed distinct subclonal aberrations.177 A second theory is that common metastatic driver 

variants were not detectable because they were not included in the targeted gene panel used to 

sequence the CUP cases in this chapter. The differing TP53 variants, could therefore be additional 

mutations that developed following the colonisation and progression of the metastases. This can 

result from branched evolution, whereby primary and metastatic lesions share some common 

clones and continue to evolve independently.178 

Another case with two tumours located at discrete sites involving the parotid gland and skin were 

investigated. The tumours were dissected one year apart and were characterised by mutually 

exclusive TP53 variants. The skin lesion also harboured a mutation in the CDKN2A gene. In 

keeping with the diagnostic difficulties associated with CUP, diagnostic workup was unable to 

confirm whether both lesions originated from the same tissue of origin. Histopathological 

investigation indicated a similar histomorphology between the two lesions, and therefore it was 

assumed that the lesions were likely related. Although the sequencing results were not able to 

detect common variants between the two lesions, the use of a targeted panel limited to 50 genes 

and the likely presence of clonal heterogeneity, may explain this result. Interestingly, mutually 

inclusive variants in TP53 and CDKN2A have been proposed to contribute to the development 

and progression of SCCs, specifically inactivating mutations which were observed in the skin 

lesion from this case.153, 179, 180 Furthermore, one of the TP53 aberrations (P98S) identified in the 

skin lesion, has been previously reported in BCC lesions.153 The sequencing results therefore 

support the histomorphological diagnosis of a skin lesion with combined BCC and SCC 

morphologies. 
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A third case with multiple samples had two parotid tumours excised from the same region one 

year apart. The following year a new mass was identified and resected from the same site as the 

original parotid tumour. A TP53 variant was detected in the original tumour at a low allele ratio 

(0.08) and no variants were detected in the second mass. Based on the low allele ratio, it is likely 

that the TP53 variant detected in the first lesion did not possess growth and/or survival advantages 

for oncogenesis, representing a passenger mutation not important for metastatic progression. 

Another potential explanation could be simply that all tumour clones expressing this TP53 variant 

were removed when the first tumour was resected, and therefore were not present during the 

development of the second lesion. Identifying the clonal composition of tumours at the genetic 

level could be the key to understanding the nature and progression of CUP lesions, contributing 

to the prognostic assessment of the disease. 

These results may represent examples of clonal evolution, whereby selective pressures favoured 

the growth and survival of only variant subpopulations that possessed biological selective 

advantages.176 Other explanations for the intra-patient, inter-tumour variation could be due to 

technical reasons. The samples were sequenced from a few sections of tissue cut from tumour 

blocks, and as such the entire tumour was not sequenced, potentially excluding the extraction of 

some subclones present within the tumour. As mentioned previously, the sequencing panel 

includes only a subset of some of the most commonly associated variants in human cancers, and 

it is possible that variants in other genes not included in the panel are present and are not identified 

within the tumours. Although the differences observed between patient-paired CUP lesions could 

be a result of technical limitations, it could also highlight the potential biological diversity that 

exists not only between CUPs from different patients, but also between CUPs within the same 

patients. Differences in molecular profiles of CUP tumours within the same patients suggest that 

they likely arise as independent events, supporting the hypothesis that CUPs are distinct clinical 

entities.25 This raises the possibility that CUP tumours may possess a genetic signature that could 

be independent of the primary lesion, pro-metastatic and likely CUP-specific.116 To verify 

whether true clonal relationships can be inferred between the spatially separated samples, more 

in-depth sequencing would have to be carried out (i.e. whole-exome or whole genome) to identify 

additional shared somatic mutations between the paired lesions. 

Conclusions 

Mutations in relevant driver genes were identified in the vast majority of CUP tumours (87%, 

27/31). Results from this chapter in conjunction with other studies, have consistently shown that 

mutations in TP53 are the most abundantly detected aberrant gene among CUP cases. 

Interestingly, TP53 variant heterogeneity was observed among the CUP cases, with sequencing 

identifying 18 variants, of which only 3 were identical whilst the remaining 15 variants were 

exclusive. These results further highlight the genetic heterogeneity that exists between CUP 
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tumours and raises the possibility that the broad spectra of TP53 may have a range of prognostic 

impacts among these patients. Half (20/41) of the variants detected in this chapter are known to 

be associated with various signal transduction pathways. The genes most commonly altered in 

these pathways included mutations in KRAS and MET, which likely contribute towards tumour 

initiation, progression, and invasion. Differences at the molecular level were seen between 

common CUP histological subtypes. CUP adenocarcinomas and PD carcinomas harboured the 

highest frequency of variants in genes involved in signal transduction pathways. In contrast, SCC 

exhibited a higher frequency of variants in cell cycle control and DNA repair genes. Furthermore, 

clonal evolution and genetic heterogeneity was identified between patient-paired CUP tumours, 

with differing mutational profiles between CUP tumours from the same patients. This 

heterogeneity hinders the identification of recurrent driver mutations across samples, highlighting 

the likely need for individual molecular classification of CUP tumours which can be successfully 

achieved through targeted NGS technology. Overall, the identification of a common CUP-specific 

signature remains elusive, with over 80% of cases harbouring exclusive variants. The molecular 

heterogeneity of the cohort does not support the assumption that CUP have common biological 

mechanisms underlying their formation. The ultimate validation of whether the mutations 

identified in this chapter are drivers or passengers now requires functional experimental validation 

with both in vitro and in vivo models. 
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CHAPTER 4 – ACTIONABLE TARGETS IN 

CARCINOMA OF UNKNOWN PRIMARY 

4.1 Introduction 

In addition to the identification of biologically relevant molecular alterations, the use of gene 

sequencing and molecular profiling for the identification of potentially therapeutically actionable 

targets has begun to emerge.181 A push towards tailored therapies that provide a more targeted 

mechanism of action has provided encouraging results (Table 4.1).5, 182 For example, two HER2 

targeting agents (trastuzumab and pertuzumab) have resulted in improved median OS (56.5 

months vs 40.8 months) and median PFS (18.7 months vs 12.4 months) when administered to 

breast cancer patients together with chemotherapy (docetaxel), versus administering trastuzumab 

alone with chemotherapy.183, 184 Moreover, erlotinib and crizotinib have both demonstrated 

prolonged median PFS (10.4 months vs 5.2 months with erlotinib; 7.7 months vs 3.0 months with 

crizotinib) when compared with chemotherapy alone, in patients with lung cancer.185, 186 The 

primary goal of targeted therapy is to distinguish patients based on their individual tumour 

makeup and treat them with specific drugs that act on specific targets, avoiding morbidity 

associated with ineffective and unnecessary treatment.187, 188 This is because targeted therapies 

generally cause less damage to healthy cells compared with conventional therapies, as they are 

more precise in their action targeting specific cells.189 Targeted treatments can offer improved 

survival and overall quality of life.190 Continued advances in high-throughput genomic, 

transcriptomic and proteomic technologies has provided individualised patient information 

allowing personalised medical decisions.  

 

 

 

 

 

 

 

 

 

Table 4.1. Examples of FDA approved targeted therapies for cancer treatment. Table adapted from Gagan 

et al. (2015).343 
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4.1.1 Historical Overview of CUP Treatment 

Between the 1960s and 1970s, the most common cytotoxic drugs for CUP treatment included 5-

fluorouracil, cyclophosphamide, mitomycin-C, vincristine and nitrosoureas.9, 98, 99 Overall, these 

drugs only resulted in response rates of less than 10%.9, 99 These response rates doubled (20-25%) 

with the introduction of doxorubicin-containing chemotherapy, however median survival still 

remained low (4-6 months).6, 9, 98 Broad-spectrum chemotherapeutic agents became available after 

1980 and offered improved treatment responses and survival for a subset of CUP cases (referred 

to as the favourable subset).9, 49, 98 The introduction of taxanes (paclitaxel and docetaxel) and the 

subsequent administration of platinum-taxane combinations resulted in further improvements, 

offering additional treatment opportunities for CUP patients who did not fit into the favourable 

subsets.9, 35, 191, 192 Regardless of these developments, OS for CUP remains poor, with a 5-year 

relative survival of 14% and a median survival of only 9 months.29 

4.1.2 Current CUP Treatment 

The main treatment used for CUP remains broad spectrum chemotherapy (e.g. paclitaxel; 

carboplatin). However, if the tumour is in a specific anatomical site, the treatment may be 

modified with the assumption that the CUP is a poorly differentiated malignancy originating from 

a known primary tissue.28, 193 For example, tumours presenting in the axillary node are treated in 

the same manner as breast cancers, peritoneal presentations are treated as if they were ovarian 

cancer and neck nodes are usually treated as head and neck cancer.28, 193  However, prognosis can 

be improved in those patients where the CUP tissue of origin is identified by a combined 

algorithm of clinical (gender, sites of metastasis, history), radiological (CT, MRI and PET) and 

histological techniques (IHC), to direct more specific treatment regimen.24  

4.1.3 Actionable Mutations and Treatment of CUP 

The success of personalised therapy targeting actionable mutations in various advanced cancer 

cases of known origin has been reported.102, 103, 194 A phase I clinical assessed the clinical outcomes 

of over 1,000 patients with advanced or metastatic cancer whom were given targeted agents 

matching their tumour alterations.103 The study demonstrated that genotype-matched targeted 

therapy was associated with higher objective response rates compared with non-matched therapy 

(12% vs 5% respectively), with improved median OS (11.4 months vs 8.6 months) and PFS (3.9 

months vs 2.2 months).103 More recently, over 1640 patients were enrolled in the IMPACT and 

COMPACT trials and molecular profiling of their DNA was carried out to evaluate the clinical 

utility of detecting variants to guide targeted treatment.194 The overall response rate was higher in 

patients receiving genotype-matched targeted therapies compared with unmatched targeted 

therapies (19% vs 9%). Together, the studies provide preliminary evidence that genome-matched 
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targeted therapies selected on the basis of molecular profiling can provide improved overall 

response rates and OS in patients with advanced or metastatic malignancies.103, 194 

4.1.4 Complexities of Targeted Therapy 

Although NGS technologies have permitted the investigation of targeted treatments guided by 

individualised tumour genomic characterisation, interpreting the relevance and effects of most 

genomic aberrations detected in tumours presents key challenges.181, 195 Co-occurrence of 

alternative mutational drivers in the same tumour cells and/or the presence of different co-existing 

tumour cell populations (clones) with distinct mutational profiles (tumour heterogeneity) can 

present as cofounding factors that have to be considered when assessing the relevance of targeted 

treatment responses.181 

An example of the complexity observed between the molecular environment of a tumour and 

targeted drug efficacy, is the clinical activity of BRAF inhibitors across different cancers. BRAF 

inhibitors have proven highly efficient in BRAF (V600) mutated melanomas, with response rates 

between 50-80%.196, 197 In contrast, BRAF inhibitors have demonstrated to be ineffective in 

BRAF-mutant CRC, with response rates of only 5%.97, 198 It is likely that the poor response to 

BRAF targeted therapies that is observed in some BRAF-mutant malignancies, including CRC, is 

due to the presence of alternative BRAF variants (e.g. V600K, V600E2, V600R, and L597S 

mutations). The most successful BRAF inhibitors, vemurafenib and dabrafenib, were designed to 

target specifically V600E alterations, and lack efficacy in other mutated BRAF variants. Another 

proposed mechanism for limited BRAF inhibition in CRC, could be the co-activation of other 

genes involved in BRAF-associated signalling pathways (e.g. EGFR, PIK3CA and PTEN), 

leading to re-activation of the pathway bypassing BRAF inhibition.199-202  

This emphasises the need for deeper insight into the extensive molecular biological complexity 

of tumours, to gain a better understanding of efficient drug targeting and why some cancers do 

not respond to treatments targeting their oncogenic driver mutations. It is becoming increasingly 

clear that all signalling pathways form complex, dynamic and interconnected networks, making 

it difficult to determine specifically which pathways are involved in tumour development.203 

Although it is inevitable for cancer patients treated with targeted agents to eventually acquire 

pharmacological resistance and undergo relapse, targeted treatments have still revolutionised 

cancer therapy, offering a more efficient and specific way of targeting tumour cells with reduced 

deleterious effects on normal tissue.204 
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4.2 Rationale of Chapter 

“Precision medicine” is a rapidly advancing field that integrates an individual’s unique 

environmental, genomic and clinical information to personalise patient care. Advances in 

genomic sciences, including NGS, has led to the identification of hundreds of clinically significant 

genetic variants, many of which have originated from the analysis of tens of thousands of cancer 

samples through large consortia’s such as The Cancer Genome Atlas.205 From this, great progress 

has been made towards molecular profiling of key genes that characterise CUP, and towards the 

development of a wide range of targeted treatment regimens. The lack of a common genetic 

signature among CUP cases (as observed in Chapter 3), highlights not only the heterogeneity of 

these tumours, but also emphasises the need for personalised treatment approaches based on 

individual tumour makeup. However, personalised targeted therapies for CUP are yet to be 

established, highlighting a gap in knowledge associated with this clinical entity. Furthermore, the 

results from a recent Australian population-based study that demonstrated only 30% of CUP 

patients actually receive any form of treatment.206 This indicates that CUP patients are less likely 

to receive treatment compared to those with metastatic cancers of known origin.32, 206 It is likely 

that this pattern of care reflects the markedly poorer survival and fragility of patients with CUP 

compared to those with cancers of known primary site.206 As such, this chapter focuses on the use 

of genetic medicine to detect actionable targets that may provide personalised drug therapeutic 

options for this highly fatal metastatic malignancy. Specifically, high-throughput NGS was used 

to detect mutations and copy number variations (CNVs) of clinical relevance using the targeted 

Oncomine Focus sequencing assay. This assay, coupled with the Oncomine Knowledgebase 

interrogates variants with matched targeted drug therapies that have been approved and are 

available, or are currently being investigated in active, ongoing clinical trials. 

It was hypothesised that actionable mutations will be present in CUP that may reveal new 

therapeutic options. 

The aim of the work described in this chapter was to determine whether patients with CUP have 

genetic abnormalities in the neoplastic tissue for which there is a targeted drug available. 

Specifically, a commercially available targeted panel was used to: 

1. Determine the percentage of CUP cases with potentially actionable mutations. 

2. Identify which mutations are most commonly detected in the CUP cases. 

3. Determine which anatomical sites most frequently have actionable mutations. 
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4.3 Brief Method Overview 

Thirty-two CUP cases diagnosed based on the histopathological criteria of metastatic poorly 

differentiated tumours with no localising immunophenotypic profile were selected (refer to 

Section 3.1.1). Sections of 2x10µm for cases with 50-100% tumours content, and 4x8µm for cases 

with <50% tumours content were cut from paraffin blocks of formalin-fixed tissue (refer to 

Section 3.2.1) and DNA was isolated using a GeneRead DNA FFPE kit (Qiagen, Germany) (refer 

to Section 3.2.2). Extracted DNA was amplified with the Oncomine Focus panel (ThermoFisher 

Scientific, USA) for the identification of potentially actionable mutations (refer to Section 3.2.4). 

Amplified DNA was sequenced using the Ion Torrent platform (refer to Section 3.2.5) and data 

was processed using a stringent variant filtration pipeline (refer to Section 3.2.6). The resulting 

annotated data was further analysed using the Ion Torrent Oncomine Knowledgebase Reporter 

v2.0.3 (ThermoFisher Scientific) for the identification of variant specific clinically relevant 

targeted therapies currently on the market or undergoing clinical trials. 
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4.4 Results 

The clinicopathological characteristics of the CUP cohort are summarised in Chapter 3, Table 3.3. 

Sequence Coverage 

All samples were sequenced to a mean coverage depth of 1327 reads per nucleotide position 

within the ~27kb target region. Sequence coverage was assessed from the number and distribution 

of reads across target amplicons. An average of 6.84 million (range 5.99-7.53 million) of the total 

11.29 million addressable wells in the Ion 318 Chips were consistently loaded with ISPs (Figure 

4.1A). Once poly, low quality sequence reads (<Q20) and primer dimers were filtered out, an 

average of 2.85 million (41.7%; range 2.46-3.25 million) of these remaining particles contained 

library templates (Figure 4.1B). The samples averaged 417,150 mapped sequence reads (range 

8,670-619,592), with a mean read length of 106 bp (range 101 – 113 bp). The distribution of reads 

across the 269 amplicons was consistent among samples, with an average uniformity coverage of 

97.58%. Approximately 91% of the sequence reads were mapped to the targeted gene regions 

(aligned to human genome reference 19), with an average base coverage depth of 1,394 (range 

0.7-2,120) demonstrating the high specificity (Figure 4.2). 

 

 

 

Sequence Validation 

As per Chapter 3, successful sequencing of the samples was measured by using a minimum of 

250,000 reads with a quality score of AQ20, a sequencing coverage of 1000x, as well as a variant 

frequency of at least 5% in a background of wildtype alleles.  One sample (Sample 5) did not 

meet our sequence QC, with 8,670 reads, 2.4% reads on target and an average base coverage 

depth of only 0.7 (Figure 4.3) and was removed from further analysis 

Figure 4.2. An example of adequate sequencing coverage of Sample 8 from Chip 5 shown across the whole 

reference genome. Each point plotted is the base 10 logarithmic value of the total aligned base read count 

within an equal length (1/600) of the effective reference. 
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Figure 4.3. The inadequate coverage of Sample 5 from Chip 5 shown across the whole reference genome.  
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Figure 4.1. Run report metrics representative of all 5 Pools before alignment for the Oncomine Focus Panel. Each pool was loaded onto a single Ion 318 Chip. (A) A heat 

map visualising the efficiency of chip loading (red represents high density loading and blue represents low density loading of ion sphere particles (ISP)). (B) Summary of 

the metrics displaying the ISP loading efficiency (percentage of wells that contained a live ISP); the predicted number of live ISPs that had a key signal identical to the 

library signal; the percentage of clonal ISPs (ISPs containing only one library); the percentage of reads which pass all filters. 
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Bioinformatic Analysis 

Prior to filtering, a total of 346 variants were detected across 43 genes, with an average of 11 

variants detected per case (range 7-17 variants). Similar to the approach described in Chapter 3, 

stringent mutation detection criterion was required to identify somatically-acquired mutations 

(Table 4.2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A total of 29 variants remained post-filtering, of which 20 were known gain-of-function variants 

(Oncomine specific), comprising 14 SNPs, 1 deletion and 5 actionable CNVs. The remaining 9 

variants were novel somatic variants with unknown clinical relevance (Figure 4.4). Twenty 

known actionable variants and copy-number aberrations were identified in 45% (14/31) of cases, 

with an average of 1 variant detected per case (Table 4.3).  

 

Table 4.2. Summary of CUP Oncomine Focus variant data before and after stringent mutation detection 

criterion.   
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Table 4.3. Clinicopathological and genetic characteristics of 14 histologically identified CUP cases with an identifiable actionable variant. Characteristics of the CUP 

cases includes the sample ID, histopathological morphology of the specimen, the anatomical location where the CUP originated from, sex and age of each patient, the 

gene the variant was detected in, what the protein change was/copy number, and if it was a hotspot variant what the allele ratio was. 
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Table 4.3. (Continued) 
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Known hotspot mutations in cell signalling pathways were detected in the following genes: 

ERBB2, FGFR1, MET, KRAS, PIK3CA and BRAF. Overall, the most common hotspot mutation 

detected was KRAS (43%, 6/14), the most common CNV was MYC amplification (14%, 2/14) and 

the most common novel variant was ERBB2 (14%, 2/14). The most common variant (KRAS) had 

adenocarcinoma morphology and were identified in several different sites (e.g. bone, bowel. Brain 

and lymph node). The allele ratios at which the hotspot variants occurred at ranged from 0.05 to 

0.67. Individual cases demonstrated a relatively diverse frequency of somatic variants, and in 

most of cases variants detected within these genes were mutually exclusive (Figure 4.5). Similar 

to Chapter 3, no differences were observed between the number of variants and allele frequencies 

detected in the different percentages of tumour cellularity, and between the sampling methods 

(tissue sections verses microdissection versus laser capture microdissection) (Table 4.3). The 

samples with the lowest percentage of tumour cellularity (samples 11 and 14 with 50% tumour 

cellularity) had two of the highest allele ratios, compared with two samples with greater than 90% 

tumour content having allele ratios less than 0.1 (samples 25 and 30). All sampling methods 

performed the same irrespective of the tumour content. 

Figure 4.4. Frequency of gene variants detected by NGS with the Oncomine Focus panel. Total number of 

hotspot mutations (blue), amplifications (red), and variants with unknown relevance (grey) identified 

across the CUP cases (total number of variants n = 28). KRAS was the most common known hotspot gene 

detected, followed by HRAS, whereas MYC was the most common CNV detected. 
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Figure 4.5. Integrated gene map of the Oncomine Focus panel variant data for the CUP cases. This 

gene map shows the pattern of case-specific, concurrent and mutually exclusive mutations identified in 

the CUP cases with actionable variants. Each column represents an individual case and each row 

denotes a specific gene assigned to one of two functional categories. A black box indicates a hotspot 

variant, while a grey box indicates a CNV. The list of genes includes 35 hotspot genes and 19 CNVs 

which are included in the Oncomine Focus Panel (ThermoFisher Scientific). 
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Similar to what was observed with the Cancer Hotspot panel for driver mutations (Chapter 3), 

when the number of variants were standardised by site (i.e. 

 
 number of cases with variants presenting in a site

total number of CUP cases 
 × number of variants detected in that site), the 

highest number of variants were detected in lymph nodes (all lymph nodes) (1 variant), followed 

by brain (0.4 variants). A broader range of total genes altered (n = 7) were detected in CUP cases 

with lymph node involvement (Table 4.4).  

When the number of variants were standardised by histological morphology, the subtype 

associated with the greatest number of variants was adenocarcinoma (1.1 variants), followed by 

squamous cell carcinoma (SCC) (0.8 variants), and poorly differentiated carcinomas (0.7 

variants). In addition, CUP cases presenting with an SCC histomorphology had the broadest range 

of altered genes (6 different aberrant genes), followed by adenocarcinoma and poorly 

differentiated carcinomas (4 different aberrant genes) (Table 4.4).  

 

 

 

 

 

  

Table 4.4. Summary of Oncomine variant data in CUP cases originating from different anatomical sites 

with different histomorphological characteristics. Comparison of the total number of variants detected and 

genes mutated amongst the anatomical site of presentation and histomorphology of CUP cases. 
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4.5 Discussion 

The purpose of this chapter was to assess whether there are genetic abnormalities in CUP for 

which there is a targeted drug available. Using an amplicon-based NGS approach, mutations and 

copy-number alterations of therapeutic importance were identified in 45% (n = 14) of the cohort. 

Currently approved and commercially available therapeutic agents are available for three of the 

variants detected (BRAF V600E, EGFR E746_A750del, ERBB2 S310F), whilst therapeutic 

agents for the remaining gain-of-function variants detected are currently being investigated in 

active, ongoing clinical trials. These results are consistent with other studies demonstrating the 

utility of sequencing techniques for analysis of CUP in the context of druggable target 

discovery.90, 93, 94 These studies similarly identified actionable variants in 93% (1923/2077) of 

CUP cases, including activating variants in core mitogenic and cell growth pathways.13, 90, 92, 94 

Comparable to our study, clinically relevant alterations were detected in genes such as ERBB2, 

EGFR, KRAS, PIK3CA and BRAF. These results are promising, as the majority of available 

targeted drugs are designed to target these pathways which are commonly found to be altered in 

many cancers.207-209 

Variants in Receptor Tyrosine Kinases 

Oncogenic mutations in receptor tyrosine kinase (RTK) genes can lead to enhanced or 

constitutively active signalling.210 This study identified an EGFR deletion in exon 19 

(E746_A750del) in a CUP adenocarcinoma resected from the brain (3%, 1/31). This is consistent 

with other studies that have reported EGFR mutations and gene amplifications in 1-17% of CUP 

cases.13, 90, 92, 94, 105 One other study identified the same EGFR deletion (E746_A750del), whereas 

the remaining studies identified activating EGFR mutations (e.g. L858R, M600T). 13, 90, 92, 94, 105 

In the metastatic setting, mutations in EGFR are strong predictors of response to EGFR tyrosine 

kinase inhibitors (TKIs). There are several Food and Drug Administration (FDA) approved EGFR 

TKIs, including gefitinib, erlotinib, cetuximab and panitumumab, targeting various EGFR 

activating alterations, including deletions in EGFR exon 19.186, 190, 211-213 Three studies have 

reported successful targeting of EGFR mutations by EGFR TKIs in CUP.13, 105, 214 The first was a 

large sequencing study (n = 1806), whereby a CUP patient was treated with erlotinib following 

the identification of an EGFR deletion, subsequently exhibiting a near-complete clinical response 

at 5 months.13  The other two were both case studies reporting improved clinical outcomes with 

durable clinical benefits and a reduction in tumour size when treated with a targeted therapy (i.e. 

gefitinib) matching EGFR mutations (i.e. L858R) identified in each of the tumours.105, 214 

Compounds such as erlotinib and gefitinib could prove to be valid markers for targeting tumours 

expressing EGFR, supporting their investigation as therapeutic strategies in patients with CUP. 

Specifically, targeting EGFR exon 19 deletions (as per this study) could have proven 

therapeutically beneficial for this CUP patient. 
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Another important targetable RTK gene is ERBB2 (HER2). An ERBB2 variant (S310F) was 

identified in one CUP case (3%, 1/31) in the present study. These results support those observed 

in the literature, with ERBB2 mutations reported in 1-8% of CUP tumours.13, 90, 92, 94 Two other 

studies have reported ERBB2 variant-specific codon changes (V777L) which differed from the 

one identified in this chapter.13, 215  Several HER2-targeted therapeutics have been FDA approved 

for the treatment of HER2-positive breast and gastric cancers, including trastuzumab, lapatinib 

and pertuzumab.216-218 A case for personalised medicine comes from the encouraging response 

rates and OS benefits observed in ERBB2-mutant and/or HER2 overexpressing tumours treated 

with HER2 targeted therapies, supporting the investigation of HER2 inhibitors in CUP.219 

Specifically, one case study reported stable disease and a good overall clinical outcome for a CUP 

patient that was treated with a HER2 targeted therapy (trastuzumab) following HER2 positive 

protein detection.106 Similarly, preclinical and clinical studies have demonstrated the oncogenicity 

of ERBB2 mutations (including the ERBB2 variant detected in this chapter), and their sensitivity 

to HER2 inhibitors in vitro and in vivo across a range of cancer types.220-225 Therefore, HER2 

targeted therapy may have been a potential option for the CUP patient with the ERBB2 variant 

detected in this chapter, and warrants further investigation. 

To date, one other study has reported the identification of an ERBB3 mutation in CUP but the 

prognostic value of this variant remains undefined.226 Therefore the finding of an ERBB3 variant 

in one CUP case (3%, 1/31) in the present study is of interest and adds to the literature of potential 

druggable targets in CUP. Two studies have shown that small molecule inhibitors such as 

patritumab and neratinib were effective at targeting ERBB3 mutants in advanced solid tumours 

(NCT01953926).227, 228 Preliminary data from another study reported improved efficacy with a 

partial response and stable disease, when HER3 partner inhibitors were administered to various 

ERBB3 mutant tumour types (e.g. head and neck SCC, lung SCC, breast carcinoma, biliary tract 

carcinoma).226 Although the therapeutic benefit of targeting ERBB3 has not yet been studied in 

CUP, the results from this study in conjunction with the other study that detected an ERBB3 

mutation in a CUP, support the need for investigating ERBB3-specific therapies in this otherwise 

poorly treated group of cancers. 

In the present study, a MET mutation was identified in one CUP case (3%, 1/31). Similar to the 

results in this chapter, the majority of studies have reported MET variants in a relatively small 

number of CUP cases (2-6%).90, 94, 130 In contrast, one study identified a high mutational incidence 

of MET mutations in CUP (30%, 7/23). This is likely due to the entire MET coding region being 

sequenced, which may explain this inflated result.125 The MET variant identified in this chapter 

(T1010I) was similarly identified, highlighting the likely tumourigenic nature of this tyrosine 

kinase domain mutation.125 There are several MET-specific agents currently in clinical 

development, and 2 small molecule inhibitors approved by the FDA, including crizotinib and 
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cabozatinib.185, 229, 230 One case study explored the therapeutic effect of targeting a MET amplified 

CUP using crizotinib and reported a sustained complete clinical response.127 The current success 

of MET targeted therapies in advanced and/or metastatic malignancies, and the recent success of 

crizotinib demonstrating a positive response in a MET-mutant CUP tumour, provides evidence 

for future evaluation of MET as a therapeutic option in patients with CUP, and specifically for 

one of the CUP cases in the present cohort. 

Amplifications in FGFR1 and FGFR4 genes were observed in 2 CUP cases (6%, 2/31). Similar 

to this study, another recent study detected FGFR1 amplifications in 2% of CUP cases.94 Of 

significance, the present study is the first to report the detection of FGFR4 aberrations in CUP 

tumours. To date no selective FGFR4 inhibitors have been approved, however a number of non-

selective pan-FGFR inhibitors have either been approved or are undergoing testing. Five such 

inhibitors (pazopanib, ponatinib, lenvatinib, regorafenib and BLU9931) may be suitable options 

for FGFR-mutant CUP patients in the absence of other targeted therapies and once all other 

options had been exhausted.94, 231 Furthermore, of these multi-kinase inhibitors, four of them have 

received FDA approval for use in human cancers, inhibiting FGFR1-3 (pazopanib, ponatinib, 

lenvatinib and regorafenib) resulting in improved survival.231 Only one of these RTK inhibitors 

(BLU9931) has shown potent FGFR4 inhibition with high specificity in FGFR4-mutant cancer, 

exhibiting strong antitumour activity, including complete responses.232 The FGFR4 altered CUP 

case in this cohort also harboured a concurrent EGFR deletion variant described above. Both 

genes are involved in the MAPK pathway, and dual inhibition may result in a more effective and 

durable response to treatment, highlighting the importance of detecting multiple druggable 

targets. 

Variants Downstream of Receptor Tyrosine Kinases 

Variants in the RAS gene are one of the most well described targets in cancer. The most common 

druggable target detected in this study, was in the RAS gene (50%, 7/14). Six of these cases (86%, 

6/7) had variants in KRAS, whilst one case (14%, 1/7) had 2 variants in HRAS. A number of 

studies have observed KRAS alterations in up to 18% of CUP cases.13, 90, 92-94 Although the same 

KRAS variants identified in this chapter (G12D and G13D) have been observed in one other CUP 

study, this is the first study to report the detection of other KRAS codon 12 variants (G12A and 

G12R).13 Similarly, other than the present study, no other studies have described the presence of 

HRAS gene variants in CUP tumours. To date, the development of therapeutics to target and 

inhibit mutant KRAS activity has been challenging, with no direct inhibitor proven effective. As 

an alternative, antisense oligonucleotide-based therapy for the inhibition of KRAS has been 

evaluated as a therapeutic approach, demonstrating promising preliminary success.233 Although 

this novel KRAS-targeted therapy is still currently undergoing clinical testing, promising results 

have been observed with other FDA approved downstream targeted therapeutics, including RAF 
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(e.g. vemurafenib and dabrafenib) and MEK inhibitors (e.g. cetuximab and trametinib) for the 

treatment of KRAS- and HRAS-mutant tumours that are dependent on MAPK signalling.207, 234, 235 

Therefore, due to the limited therapeutic options for RAS-driven tumours, RAS-mutant CUP 

tumours may be potentially treated with MEK inhibitors. In further support, a case study reported 

a partial response in a CUP patient treated with a MEK inhibitor (trametinib) following the 

detection of a KRAS G12D mutation.236 Together this suggests a potential prognostic role for 

KRAS mutation screening in CUP. The characterisation of KRAS mutations may therefore also 

serve as a predictive marker for targeted therapies. Interestingly one of the KRAS mutated CUP 

cases in this cohort also harboured a concurrent ERBB3 mutation described above. Inhibition of 

just one of the two variants present in this tumour could either render the treatment ineffective, or 

result in rapid therapy resistance. This is because the second mutation may lead to pathway 

signalling by bypassing the first targeted mutation.237 Both genes are involved in the same 

signalling pathway, and therefore dual inhibition may result in a more effective and durable 

response to treatment. 

In CUP, activating BRAF mutations have been described in 1-6% of cases, of which over half 

coded for V600E mutant proteins, similar to the data observed in this chapter, where a BRAF 

V600E variant was identified in one of the CUP cases (3%, 1/31).13, 92-94 It is important to note 

that BRAF inhibitors such as vemurafenib and dabrafenib have shown clinical efficacy in a range 

of different tumours harbouring BRAF mutations, most commonly V600E. However, as 

previously mentioned, some BRAF mutant malignancies have shown limited response to BRAF 

targeted therapies due to the presence of different BRAF variants, or because of additional 

mutations in key genes involved in BRAF-associated signalling pathways.199-202 Nonetheless, the 

diverse range of tumours that do respond to BRAF targeted therapies supports the need to 

clinically evaluate whether or not they would be efficacious in CUP. In further support, a case 

study reported the brief clinical response of a patient treated with a BRAF targeted therapy 

(debrafenib) following the identification of a CUP inguinal nodal mass harbouring a BRAF V600E 

mutation. Subsequent treatment with a second BRAF inhibitor (vermurafenib) and 

immunotherapy (ipilimumab), the patient exhibited complete response which is currently 

ongoing.238 Although these results are based on one case study, it provides preliminary evidence 

for the exploration of BRAF inhibitors in metastatic cancers like CUP. 

PIK3CA is another frequently mutated oncogene.239 Although a wide range of PIK3CA mutations 

have been reported, the majority occur in exons 9 (E543K, E545K) and 20 (H1047R).240 In line 

with this, a PIK3CA E545K variant was detected in the CUP cohort (3%, 1/31). PIK3CA genetic 

alterations have been observed in 2-19% of CUP cases, half of which presented with E545K 

variants.13, 90, 92-94, 130 This is highly pertinent, because PI3K inhibitors have recently entered early 

phase clinical trials, and preliminary results have demonstrated effective anti-tumour activity in 
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advanced solid tumours (NCT02189174, NCT01928459).208, 240 Other FDA approved small 

molecule inhibitors have been developed to target downstream molecules involved in the PI3K 

pathway, include mTOR and AKT.240 Preliminary studies and phase I clinical trials have 

demonstrated that administering PI3K/AKT/mTOR inhibitors to cancers harbouring PIK3CA 

mutations results in better response rates, providing additional targeted treatment options in 

PIK3CA mutated CUP cancers.241, 242 

Other Relevant Gene Variants 

Although the majority of genetic aberrations detected in this chapter are directly involved in key 

signal transduction pathways, several other genes identified in the CUP cohort are known to 

encode proteins that are involved in apoptotic regulation and cell cycle progression. IDH1 

aberrations were only detected in one CUP case (3%, 1/31) with MCC morphology. Other reports 

have also only described them in 2-7% of CUP cases.13, 90, 94 One study reported higher frequencies 

of IDH1 mutations in adenocarcinomas of unknown primary vs non-adenocarcinomas.94 In 

contrast to this, IDH1 mutations were not seen in any of the adenocarcinomas in the present 

cohort. To date, no previous reports of MCC harbouring IDH1 variants have been documented, 

highlighting the molecular differences between metastases of unknown primary verses known 

primary.37, 243, 244 Several different IDH1 inhibitors have been developed and have shown 

encouraging results in vitro, with many currently undergoing clinical trial evaluation in advanced 

haematological and solid malignancies (NCT02074839 and NCT02073994 respectively) with 

promising results.245 The clinical benefits and positive response rates in advanced IDH1-mutant 

cancers highlights its detection as a potential target in a cancer entity such as CUP. However, it 

is important to note that although the IDH1 mutation was a codon 132 mutation it had a very low 

MAF and may represent a minor subclone; as such may not be an effective druggable target in 

this particular case. 

Two previous studies have characterised MYC aberrations in CUP, which is consistent with the 

results observed in the current cohort.94, 119 One study assessed the expression of MYC protein by 

IHC, and observed positive staining in 96% (25/26) of cases.119 Another more recent study 

identified MYC amplifications in 12% (23/200) of cases by genomic profiling, which was 

comparable to the results observed in this study with MYC amplifications detected in 2 of the 

CUP cases  (14%, 2/31).94 Recent studies have reported the significant therapeutic value of 

indirect MYC inhibition through targeting factors involved in MYC transcription.246-248 The high 

MYC protein expression reported in the literature and relatively high number of MYC amplified 

CUPs identified in the current cohort, supports the investigation of targeted therapeutics in MYC-

driven CUP tumours.  
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Cyclin D1 (encoded by CCND1) overexpression has been associated with increased metastases 

and shorter patient survival in various cancer, which is consistent with enhanced migration and 

invasion characteristic of CUP tumours.249-252 Few CUP cases with CCND1 amplifications have 

been reported.90, 94 One small case study reported the co-amplification of CCND1 with MYC and 

MET (1/200 CUP cases), whilst another study identified a mutually exclusive CCND1 

amplification in one of their CUP samples (1/16 CUP cases).94 The low frequency of CUP cases 

reported in the literature harbouring CCND1 aberrations supports the current findings in this 

chapter, where only one CUP cases (3%, 1/31) harboured a CCND1 amplification. Although D 

type cyclins are difficult to target directly, a more feasible approach currently being explored 

involves targeting cyclin D associated kinases.251 Recently, inhibitors specifically targeting cyclin 

D1 associated-CK4 and CK6 have begun clinical testing, with one inhibitor receiving FDA 

approval (palbociclib) for treatment of metastatic breast cancer.253, 254 Preclinical studies have 

shown that these more specific CK inhibitors prevent tumour cell proliferation leading to cell 

cycle arrest, and are being tested in patients with advanced malignancies with potential benefits 

extending to CUP patients.254, 255 

Conclusions 

Results from this study identified actionable mutations for which there are targeted therapeutic 

available in 45% (14/31) of CUP cases, with the most common druggable variants being in the 

KRAS gene and MYC gene amplifications. This suggests that, since there is limited “standard of 

care” for these patients, there may be potential alternative therapies available for CUP patients. 

Of interest, the variants identified in the present study were from CUP tumours comprising of a 

range of histologies including adenocarcinoma, SCC and poorly differentiated (PD) carcinoma. 

Therefore, although there were slightly different driver mutation “molecular signatures” between 

adenocarcinomas and SCC (Chapter 3), there was no link with CUP histomorphology when 

assessing for therapeutic targets. This implies that there may be no requirement for stratifying 

CUP tumours based on morphology when identifying potential druggable targets. Although there 

was a relatively small number of CUP from varying anatomical sites, the highest number of 

variants with the broadest range of altered genes were detected in lymph nodes (all). Although 

mutational profiling has suggested a range of therapeutic options, it is acknowledged that the 

efficacy of such targeted treatments for CUP are largely yet to be established. The lack of 

validated druggable targets for currently funded and/or approved therapeutic agents should 

encourage targeted therapeutic exploration in these patients. Overall, the results presented in this 

chapter provide proof of principle that massively-parallel NGS can be used to obtain mutational 

data of potential therapeutic utility, which can be achieved with routinely processed FFPE 

samples. This indicates that application of this technology offers the prospect of greatly enhanced 

management options for CUP patients in the future.
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CHAPTER 5 – THE CLINICAL RELEVANCE 

OF HER2 IN CARCINOMA OF UNKNOWN 

PRIMARY 

5.1 Introduction 

At present, the therapeutic management of CUP patients relies on their classification into two 

clinicopathological subsets according to demographic, clinical and histopathological 

presentation.28, 49 The first subset includes patients that fall into a favourable category, and include 

a well-defined group of CUP tumours for which there is a recommended site-specific treatment 

regime.7, 22 Unfortunately the majority of CUP tumours fall into the second category, which is 

made up of a subset of unfavourable CUP tumours, for which there is no site-specific therapies.22, 

49 Stratification of CUP cases in these subsets is important, because the favourable subset achieves 

better responses to therapeutic management.35 One category that falls in the favourable CUP 

subset includes women presenting with isolated adenocarcinoma involving the axillary nodes.6 

This group of patients is usually treated based on the assumption that they have occult stage II 

breast cancer, and as such are managed according to guidelines for stage II breast carcinoma.9, 49, 

256, 257 A diagnosis of breast cancer is considered “favourable” because these patients often 

respond to targeted treatment therapies (e.g. trastuzumab for HER2 receptor positive patients; 

tamoxifen for ER positive patients). The prognosis and the selection of the most appropriate 

treatment option for CUP patients with isolated adenocarcinoma involving axillary nodes, is 

dependent on a variety of factors, including analysis of the stage of the disease, the levels of ER, 

PR and HER2 receptor expression (reported in 43%, 41% and 31% of CUP cases respectively), 

as well as the age and menopausal status of the affected patient. Occult breast cancer can be 

treated by various combinations of surgery, radiotherapy, chemotherapy, hormone therapy and 

more recently, targeted therapy.258 Typically CUP patients falling into this subset and when 

treated accordingly exhibit 3-year OS rates of up to 97%.6, 22, 47  

5.1.1 HER2 and Cancer 

Over the last few decades, improved understanding of the pathobiology of a range of cancer types 

has led to improvements in the diagnosis, treatment and prognosis of patients.259 The 

identification of the HER2 (or ERBB2) was one such discovery, which has been observed to be 

overexpressed and/or amplified in a range of different cancers.260-262 In normal cells, there should 

be 2 copies of the HER2 gene per cell. However, in a neoplastic cell with HER2 amplification, 

there may be up to 50 copies of the HER2 gene, commonly resulting in up to 100-fold increase in 

the number of HER2 receptors present on the cell surface.261, 263 The assessment of HER2 has 

become essential in some cancers because it is not only a prognostic factor correlating to a more 
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aggressive tumour phenotype and reduced survival, but it is also a predictive factor for response 

to HER2 targeted therapies.261 Specifically, detection and targeted treatment of HER2 has been 

successfully implemented in breast cancers, however its relevance in many other cancers is still 

largely unknown but is being investigated.264 Malignancies including, but not limited to, salivary 

duct carcinomas, non-small cell lung carcinomas (NSCLC), oesophageal, ovarian, endometrial 

and colon cancers have been reported to overexpress the HER2 protein and/or exhibit gene 

amplification in a variable range of cases.265, 266 Furthermore, mutations in HER2 have also been 

described in a small number of breast, ovarian, colon and lung cancers.220-224, 265 Various studies 

have reported sensitivity to therapies targeting HER2 overexpressed, amplified or mutated 

tumours across a diverse range of cancer types, implying the possible role for HER2 targeted 

therapies outside of breast cancers.220-224 

5.1.2 HER2 and CUP 

Identifying biologically important biomarkers is crucial in selecting optimal therapeutic strategies 

for cancer patients. The efficacy of targeted therapies against HER2 across a range of different 

cancers is encouraging, and supports the therapeutic potential and prognostic implications of 

detecting HER2 in different cancer entities, including CUP.19, 267 There are various reasons to 

suspect that a number of CUP tumours could express HER2. Firstly, HER2 overexpression is 

commonly observed in adenocarcinomas, which are the most common histological subtype of 

patients with CUP.41, 49, 268 Secondly, CUP are associated with an aggressive, poorly differentiated, 

highly metastatic phenotype, which are also associated with HER2 overexpressed breast and 

gastric cancers.260, 261, 269 Lastly, the most common occult primary tumour sites discovered at 

autopsy of CUP patients, are in locations commonly associated with HER2 overexpressing 

cancers (e.g. lung, pancreas, colon, stomach and breast).19, 22, 47  

Despite the reality that there are many targeted drugs approved for use in specific tumour types, 

the genomic profiling efforts from the large sequencing consortiums continue to identify common 

genomic alterations that drive tumourigenesis in cancers from diverse origins.267 Identification of 

these alterations, including HER2, sensitises different tumours to a range of targeted therapies. 

Therefore, the characterisation of HER2 in CUP patients may identify the presence of aberrantly 

expressed HER2, suggesting they may benefit from therapies that target HER2. In further support, 

two different case studies reported improved survival and stable disease outcomes in HER2 

positive CUP patients treated with HER2 targeted therapy.106 Unfortunately, often clinical and 

pathological methods fail to characterise CUP and established cancer tumour markers, including 

HER2, are not requested by pathologists. As such CUP patients are not stratified and subsequently 

denied possible associated treatments.23   
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5.1.3 HER2 Detection 

At present, there is no approved methods for the identification and characterisation of HER2 in 

CUP tumours. Therefore, to determine the most optimal method for HER2 assessment in CUP, 

the methods currently approved for use in other cancers need to be assessed. Testing for HER2 

status is of extreme importance in the field of breast oncology, with breakthrough findings that 

showed improved survival in women with HER2 positive breast cancer when treated with HER2 

targeted therapy. Specifically, HER2 is observed to be overexpressed and/or amplified in over a 

quarter of all breast cancers.260, 261, 270 Although updates to the clinical guidelines for HER2 testing 

are occasionally revised, the optimal method to assess HER2 remains controversial. There are 

currently several tests available for the detection of HER2 at the protein, RNA and DNA levels. 

To date, the only currently FDA approved tests include IHC and in-situ hybridisation (ISH) and 

are considered the gold standard diagnostic approaches used for the assessment of HER2 status 

(Appendix 3).271 Despite the observed benefits of HER2 targeted therapy in HER2 positive 

patients, some evidence has suggested that this benefit may also extend to classically defined 

HER2 negative (non-overexpressing/normal expressing) patients.272-274 Unexpectedly, it has been 

reported that 10% (174/1787) of HER2 negative cases have benefitted as much from adjuvant 

trastuzumab as the HER2 positive cases.274, 275 In contrast, a proportion (10-33%) of HER2 

positive patients do not respond to the targeted therapy.273, 276, 277 Therefore, separating patients 

based on HER2 positivity or negativity as determined by the gold standard methods may not be 

enough, because trastuzumab’s clinical benefit extends to subpopulations in the HER2 negative 

category, whilst proving ineffective in subpopulations of the HER2 positive category.273-277 

Furthermore, discordance rates for HER2 status determined by gold standard methodologies 

between local (the pathology department at the primary treatment site) and central (larger scale 

globalised facilities) laboratories is well documented.278-281 Alarmingly, the results have reported 

that up to a quarter of the enrolled patients may not have been optimal candidates for the 

evaluation of HER2 targeted therapeutic benefits.275, 279, 282-284 This lack of concordance highlights 

the need for more robust and less subjective tests. 

Digital PCR 

Alternative techniques that have been proposed for the assessment of HER2 status include PCR-

based assays evaluating changes in HER2 gene copy number and expression.285-287 Quantitative 

reverse transcription polymerase chain reaction (qRT-PCR) has been explored for the 

quantification of HER2 DNA and mRNA in FFPE and fresh frozen breast cancer tissue. This 

technology calculates a relative fold change by comparing HER2 detection with that of one or 

more reference genes.285 Although overall HER2 qRT-PCR assessments thus far have shown 

promise, limitations exist for this technique, including semi-quantitation of transcripts of interest 

and the requirement for signal normalisation.260, 287-292 As such, some studies have investigated 
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the use of digital PCR techniques to detect and quantify HER2 at both the RNA and DNA level.293-

296 

Digital PCR has enabled precise, highly sensitive quantification of nucleic acids across a range 

of biological models.297-300  Two basic platforms of digital PCR are available. The first uses 

microfluidic technology (chamber-based PCR (cdPCR)) to uniformly separate samples into 

thousands of individual reactions/chambers. The second category partitions samples into 

thousands of uniformly nanolitre-sized droplets in an emulsion of oil (droplet digital PCR 

(ddPCR)).109, 301  In both methods each partitioned reaction undergoes end-point PCR, and the 

starting template concentration is determined by taking into account Poisson’s statistical analysis 

of the ratio of positive (containing amplified target) to negative (no detectable amplified target) 

droplets detectable.109, 301 Although microfluidic cdPCR analysis is relatively rapid and the 

microfluidic chip simplifies the reaction set-up, the limited number of partitions generated doesn’t 

allow high-throughput sample processing. In contrast, emulsion ddPCR increases the total 

number of partitions from hundreds to many thousands, yielding more accurate sample 

quantitation for even low abundance nucleic acids.109, 301 

Digital PCR combines the traditional first-generation end-point semi-quantitative PCR process, 

with second generation fluorescence-based qRT-PCR detection methods. The recent surge in 

interest in the newer digital PCR technologies offers direct absolute quantitation of a gene of 

interest eliminating the need for standard curves and reference genes as per first and second 

generation PCR methods.108, 302 In addition, it is often difficult to distinguish between CNVs and 

gene expression differences smaller than approximately 2 fold when using conventional qRT-

PCR.303  The ability to detect alleles with frequencies below 1% can be challenging with qRT-

PCR, because the signal can be lost amongst highly abundant common alleles with similar 

sequences.303 In contrast, digital PCR is able to differentiate between samples with CNV that may 

differ by 1 copy (e.g. 5 versus 6 copies), measure differences in gene expression of 30% and 

smaller, and have the capability of identifying alleles with frequencies down to 0.001%.303. 

ddPCR has been successfully applied to a wide range of applications, with increased interest in 

cancer biomarker studies for the detection of varying levels of cancer mutations, resolving CNVs 

in a range of malignancies, and for the development and analysis of molecular markers with the 

aim towards personalised medicine.296, 304-306 The unique pattern of gene expression in a specific 

cells or tissue types can assist in further sub-classifying tumours based on distinct biological 

properties and aid with therapy selection. For example, this has been extremely important in the 

molecular classification of breast cancers into two distinct treatable subtypes: hormone therapy 

treatment subtype (ER and/or PR positive), whereby the patient is treated with one or a 

combination of anti-oestrogens (e.g. tamoxifen), aromatase inhibitors (e.g. letrozole) and 
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progestins (e.g. megastrol acetate); and targeted therapy treatment subtypes (HER2 positive), 

whereby the patient is treated with HER2 targeted therapies (e.g. trastuzumab).307 

To date, digital PCR HER2 assessment has only been explored in breast and gastric cancers, 

showing high concordance rates ranging between 91-100% when compared to the results 

generated by the gold standard IHC and ISH techniques.293-296 These results subsequently support 

the use of digital PCR as an effective method for quantifying HER2 RNA and DNA, not only in 

breast and gastric cancers, but also in other cancers including CUP. However, the clinical 

implications of precise absolute quantitation of transcript levels in human malignancies is 

currently unknown, and most likely vary depending on the clinical scenario. The accurate and 

precise quantitation of messenger RNA (mRNA), and the ability of digital PCR to quantify 

nucleic acids without the need for a housekeeping gene, makes this technique highly attractive in 

HER2 gene expression studies. 

5.2 Rationale of Chapter 

It is well recognised that a common CUP favourable subtype clinically presents similar to late 

stage breast cancer, and are typically treated accordingly.47, 49 Therefore, assessing HER2 at the 

protein, RNA and/or DNA level could be beneficial for this group of cancers that would otherwise 

have limited treatment options available. Furthermore, based on the encouraging response rates 

and survival benefits observed in HER2-positive tumours treated with HER2 targeted therapies, 

the detection of a druggable target such as HER2 in CUP may offer an alternative treatment option 

for this poor prognostic group. The current gold standard techniques for HER2 detection, IHC 

and ISH, have been associated with technical limitations surrounded by controversy over which 

method is considered most efficient for the assessment of HER2. Digital PCR provides an 

alternative technique which could improve the diagnostic ability to objectively and quantitatively 

assess HER2 at both the RNA and DNA levels. 

It was hypothesised that ddPCR can be used for the detection and absolute quantitation of HER2 

mRNA in subset of CUP cases, providing a potential druggable target. 

  



                                                                      Chapter 5 – The Clinical Relevance of HER2 in CUP  

 

90 
 

To achieve this, ddPCR methodology was optimised and the translational potential was 

established using breast cancer cell lines and FFPE breast cancer clinical specimens with known 

HER2 status. Specifically, a commercially available HER2 target-specific primer/probe was used 

to: 

1. Determine the absolute concentration of HER2 transcript levels (copies/µL) in four 

different breast cancer cell lines with well defined, varying levels of HER2 expression. 

2. Evaluate the upper and lower threshold for HER2 mRNA detection by ddPCR. 

3. Evaluate whether the formalin fixation process impacts absolute HER2 expression 

quantitation, by comparing HER2 transcript level detection in fresh and fixed breast 

cancer cells. 

4. Investigate the diagnostic potential of the ddPCR assay by comparing HER2 mRNA 

levels in 4µm, 10µm and core biopsy material. 

5. Validate the ddPCR assay in a large cohort of breast cancer specimens with known HER2 

status and correlate results with previous diagnostic findings (gold standard IHC and 

SISH test results). 

6. Investigate the optimal ddPCR cutoff value to distinguish between HER2 positive and 

negative breast cancer cases. 

7. Validate ddPCR assay reproducibility by including several technical replicates. 

Once the ddPCR workflow was established, and the diagnostic potential was determined, this 

chapter aimed to investigate HER2 mRNA levels in a cohort of CUP cases. These results were 

used to determine whether any cases had high HER2 transcript levels which may indicate that 

HER2 assessment should be part of routine pathology analysis and provide potential therapeutic 

options not traditionally considered for CUP patients. Specifically, a commercially available 

HER2 target-specific primer/probe was used to: 

1. Determine the absolute concentration (copies/µL) of HER2 transcript levels in 32 CUP 

cases. 

2. Correlate levels with clinical characteristics, indicating whether HER2 expression may 

provide an additional therapeutic option for CUP patients.  
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5.3 Brief Method Overview 

Cell Lines 

Four human epithelial adherent breast cancer cell lines, BT474, T47D, MCF7 and MDA-MB-231 

were selected and cultured for this chapter (refer to Section 2.1.3). Specifically, cells were grown 

and maintained in RPMI-1640 growth medium (Sigma-Aldrich, USA) supplemented with 10% 

FBS (ThermoFisher Scientific, USA) and 1% Pen Strep (ThermoFisher Scientific) and passaged 

once ~80% confluence was reached. Once the total number of cells for each cell line was 

determined, a series of dilutions (100,000 cells, 80,000 cells, 60,000 cells, 40,000 cells and 30,000 

cells) was prepared for RNA extraction. For direct comparison of gene expression levels between 

fresh and fixed cells, all four cell lines were processed into individual cell blocks using standard 

tissue processing methods (Transfusion Medicine Laboratory, PathWest, WA) (refer to Section 

2.1.3). For each cell block, RNA was extracted from up to 3x10µm sections (refer to Section 

2.3.1).  

Breast Cancer 

The diagnostic potential of ddPCR was assessed by comparing HER2 transcript concentration 

from five randomly selected clinical breast cancer cases of varying HER2 status (refer to Section 

2.1.1). Specifically, RNA was extracted from 2mm core biopsies, 4 and 10µm sections (refer to 

Section 2.3.1). 

One-hundred and seventy-eight clinical breast cancer cases were randomly selected (refer to 

Section 2.1.1), and the HER2 status of each case was classified by an expert breast pathologist. 

Core biopsy punches were taken and RNA was isolated using a MasterPure Complete DNA and 

RNA Purification kit (Epicentre Biotechnologies, USA) (refer to Section 2.3.1).  

Carcinoma of Unknown Primary 

Thirty-two CUP cases diagnosed based the histopathological criteria of metastatic poorly 

differentiated tumours with no localising immunophenotypic profile were selected (refer to 

Section 2.1.1). For each CUP case, RNA was extracted from 1x10µm sections (refer to Section 

2.3.1).  

Droplet Digital PCR 

Totally RNA was isolated from all material (fresh and fixed) using a MasterPure Complete DNA 

and RNA Purification kit (Epicentre Biotechnologies, USA) (refer to Section 2.3.1). Total RNA 

was then reverse transcribed into cDNA using iScript Advanced cDNA synthesis kit (BioRad, 

USA) (refer to Section 2.3.3). ddPCR was performed using the BioRad QX200 Droplet Digital 

PCR system, ddPCR supermix, and BioRad standard reagents for droplet generation and reading 

(refer to Section 2.3.4). 
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5.4 Results 

Cell Lines 

Four breast cancer cell lines with varying HER2 expression were investigated. Morphology of the 

breast cancer cell lines in vitro are shown in Figure 5.1. Images were taken when the cells reached 

80-90% confluency. The BT474 breast cancer cell line is characterised by strongly overexpressing 

HER2 positive cells that form slow growing patches of compact multilayered colonies that only 

reach a confluency of 80% (Figure 5.1, 1A and B). T47D and MCF7 are characterised by the 

‘normal’ expression of HER2 positive cells growing in tightly cohesive colonies with cobblestone 

appearance (Figure 5.1, 2A and B, 3A and B respectively). The MDA-MB-231 cell line does not 

express HER2 and is characterised by HER2 negative cells that have elongated spindle cell-like 

morphology, forming non-compact cell colonies (Figure 5.1, 4A and B).  

 

  

Figure 5.1. Photomicrographs of BT474, T47D, MCF7 and MDA-MB-231 cells were taken by a light 

microscope at a magnification of 4x (A) and 10x (B). Images were taken when cells reached 80-90% 

confluency. 
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HER2 mRNA Quantitation 

A series of dilutions from 100,000 to 30,000 cells were assessed to determine the upper and lower 

detection limits, and sample was considered of sufficient quality (minimal protein and organic 

compound contamination) if the 260/280 and 260/230 ratios fell within the optimal range of 1.8-

2.2. RNA from each cell line met these criteria and was assayed in triplicate. Average HER2 

mRNA levels ranged between 221 to 108,297 copies/µL (Figure 5.2).  

 

 

 

 

 

 

 

 

 

 

Differences in HER2 concentration (copies/µL) were analysed between triplicates from each cell 

count, and standard deviations were calculated within each replicate (Table 5.1).  The standard 

deviation (SD) was calculated to measure the variation of HER2 expression within each cell count. 

BT474 exhibited less variations in HER2 expression across all cell counts, whilst MCF7 and 

MDA-MB-231 exhibited a relatively higher degree of variation in HER2 expression across all 

cell counts. Specifically, SD ranged from 4,050 18,715 copies/µL across all BT474 cell dilutions; 

37 to 811 copies/µL across all T47D cell dilutions; 279 to 1,109 copies/µL across all MCF7 cell 

dilutions; and ranged from 118 to 2,919 copies/µL across all MDA-MB-231 cell dilutions (Table 

5.1).

Figure 5.2.  Average HER2 mRNA concentration range between 4 breast cancer cell lines across various 

cell number dilutions. BT474 (blue) exhibited the highest HER2 mRNA levels; T47D (orange) and MCF7 

(red) exhibited similar ranges of HER2; whilst MDA-MB-231 (yellow) exhibited the lowest levels of HER2 

mRNA. The error bars represent the standard deviation (SD) between replicates.  
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Table 5.1. Mean and SD of the HER2 concentration range between 4 breast cancer cell lines across various cell number dilutions. 

9
4
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On average, the HER2 concentration was significantly higher in the BT474 (30,731-122,760 

copies/µL, mean = 73,009 copies/µL) compared with the other cell types (p < 0.001) (Figure 5.3). 

No significant difference was observed between T47D, MCF7 and MDA-MB-231, with the 

lowest average concentration observed in MDA-MB-231 (77-5,437 copies/µL, mean = 813 

copies/µL). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Comparison of HER2 mRNA concentration between 4 different breast cancer cell lines by ddPCR. 

The concentration on average was significantly higher in the BT474 cell line compared with all three other 

cell lines (***p < 0.001). The "o” symbols in the graph represent outliers. 
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Fresh vs FFPE cells 

To confirm the clinical applicability of the ddPCR assay, HER2 mRNA quantitation was 

compared between FFPE and fresh cultured cells. The four cell lines were processed into 

individual cell blocks and whole H&E sections with representative sections of higher 

magnification, are seen in Figure 5.4.  

Figure 5.4. Histological H&E sections of the breast cancer cell blocks. Digital images of BT474 (1), T47D (2), 

MCF7 (3) and MDA-MB-231 (4) cells captured using the PathLive 2S digital scanner (Diagnostic Technology, 

Australia). Visualisation was carried out using Slidepath’s Digital Image Hub (DIH) v4.0.5 (Leica Biosystems). 
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Tissue Image Analysis was set up in the Slidepath DIH software, and the ‘measure stained cells 

algorithm’ was optimised to identify positive H&E stained cells within the section of interest. 

Figure 5.5 provides an example of what the algorithm defines as an H&E stained cell within the 

green rectangular region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The total number of cells processed for RNA extraction from FFPE calculated with the Tissue 

Image Analysis software was 218,675 cells (BT474); 119,001 cells (T47D); 169,536 cells 

(MCF7); and 89,502 cells (MDA-MB-231) (Table 5.2).  

Figure 5.5. Example of cells which have been recognised by Slidepath Tissue Image Analysis software. 

Areas detected as positive for H&E staining by image analysis are highlighted in orange. 
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From the cell blocks, the HER2 concentration ranged between 26 and 31909 copies/µL. Similar 

to the results observed in fresh cells, the HER2 concentration was significantly higher in the 

BT474 (13,161-31,909 copies/µL, mean = 23,555 copies/µL) compared with the other cell types 

(p < 0.001 and p < 0.002) (Figure 5.6). No significant difference was observed between T47D, 

MCF7 and MDA-MB-231, with the lowest average concentration observed in MDA-MB-231 

(26-112 copies/µL, mean = 60 copies/µL).  

Table 5.2. Comparison of FFPE breast cultured cells characteristics as determined by DIH. 

Figure 5.6. Comparison of HER2 mRNA concentration from FFPE breast cancer cell lines by ddPCR. 

The concentration was significantly higher in the BT474 cell line compared with all three other cell lines 

(***p < 0.001 and **p < 0.002). 
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The average HER2 concentration per cell (copies/cell) was calculated for each cell line (Table 

5.3). No significant differences in HER2 concentration were seen between the fresh and FFPE 

samples across all cell lines (p > 0.05). BT474 cells had a significantly higher HER2 concentration 

per cell compared with the other cells lines (p = 0.05), and MDA-MB-231 had the lowest 

detectable HER2 concentration per cell. 
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Table 5.3. Comparison of HER2 mRNA expression between fresh and FFPE breast cancer cultured cells by ddPCR. No significant difference was observed 

in HER2 concentration. 
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Sensitivity and Diagnostic potential of ddPCR: Cores vs tissue sections 

The sensitivity and diagnostic potential of ddPCR was further assessed by comparing HER2 

transcript concentration from 2 mm core biopsies, 4 and 10 µm sections from 6 different FFPE 

clinical breast cancer cases (Table 5.4). The cases were clinically classified HER2 positive (IHC 

3+; SISH 18.8 signals/cell), equivocal (IHC 0; SISH 5.1 signals/cell), and HER2 negative (IHC 

range 0-2+; SISH range 1.7-3.3 signals/cell). No significant differences in HER2 transcript levels 

were observed between core biopsies and either 4 or 10 µm tissue sections (Figure 5.7). 

Regardless of the type of starting material, the HER2 mRNA concentrations were similar. 

Specifically, the HER2 concentration of the HER2 positive case ranged between 1022 and 1652 

copies/µL (mean = 1319 copies/µL, SD = 317 copies/µL). The HER2 concentration of the 

equivocal case ranged from 42-54 copies/µL (mean = 49 copies/µL, SD = 7 copies/µL). The 

HER2 concentration of the HER2 negative cases ranged between 113 and 389 copies/µL (mean 

range 130-243 copies/µL, SD range 17-128 copies/µL). Strong statistically significant 

correlations were observed between 4 and 10 µm sections (R = 0.995, p < 0.001), 4 µm sections 

and 2mm cores (R = 0.981, p = 0.003) and 10 µm sections and 2 mm cores (R = 0.968, p = 0.007) 

suggesting there was no significant difference in HER2 expression based on the amount of tissue 

analysed (Figure 5.8). 
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Table 5.4. HER2 mRNA comparison between core biopsies and tissue sections. Clinical FFPE breast 

cancer samples stratified by protein, gene amplification and mRNA HER2 status. One HER2 positive, 

one HER2 equivocal and three HER2 negative cases were included in the analyses. The mean and SD 

between cores and sections is included for each sample. 
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Figure 5.7. Comparison HER2 mRNA concentration between core biopsies and tissue sections. HER2 

mRNA concentrations were similar between cores (dark grey bars), 4µm sections (light grey bars) and 

10µm sections (grey bars). 
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Figure 5.8. Correlation of HER2 mRNA expression between different size tissue sections and core 

biopsies. Strong statistically significant correlations were observed between: A) 4 and 10 µm sections 

(R = 0.995, p < 0.001), B) 4 µm sections and 2 mm cores (R = 0.981, p = 0.003) and C) 10 µm 

sections and 2mm cores (R = 0.968, p = 0.007). 



                                                                     Chapter 5 – The Clinical Relevance of HER2 in CUP  

 

105 

 

HER2 Gene Expression in Breast Cancer 

A total of 178 FFPE breast cancer specimens from patients diagnosed between 2011 and 2013 

were randomly selected using a defined set of SNOP codes from the PathWest Laboratory 

Medicine database at QEII, WA. The clinicopathological characteristics of the cases are 

summarised in Table 5.5. The median age was 62 years (range, 27-95 years). The majority of 

cases were invasive ductal carcinomas (89%) followed by lobular carcinomas (6%) and other 

types (5%) including solid papillary carcinomas, micropapillary carcinomas and tubular 

carcinomas with all three Nottingham Grades represented. Of the 178 cases, 55 (31%) were HER2 

positive, 6 (3%) were HER2 equivocal and 117 (66%) were HER2 negative, as determined in 

accordance with ASCO/CAP Guideline Recommendations for HER2 testing.271 Upon 

comparison, the HER2 IHC and SISH results were 97% concordant (172/178). Five cases were 

classified as HER2 positive by SISH (≥6 signals/cell) but were only weakly positive (1+) by IHC. 

In contrast, one case was classified as HER2 equivocal by SISH (≥ 4.0 < 6.0) but was completely 

negative by IHC (0). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.5. Summary of the clinicopathological characteristics. 
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HER2 mRNA Quantitation 

RNA was considered of sufficient quality for all samples based their 260/230 and 260/280 ratios 

being within the optimal range of 1.8-2.2. The clinical HER2 status, IHC, SISH, and ddPCR 

results are summarised in Table 5.6.  

 

 

 
 

 

The HER2 concentration by ddPCR ranged between 6 and 1,000,000 copies/µL (Figure 5.9). 

When the cases were grouped according to their HER2 status determined by the gold standard 

methods (IHC and SISH), the HER2 positive cases (n = 55) had statistically significantly higher 

HER2 transcript levels (32-1,000,000 copies/µL, mean = 22,329 copies/µL) than HER2 equivocal 

(n = 6) (54-1048 copies/µL, mean = 125 copies/µL, p = 0.025) and HER2 negative cases (n = 

117) (6-644 copies/µL, mean = 138 copies/µL, p < 0.001) (Figure 5.10). 

 

 

 

 

Table 5.6. HER2 status stratified by protein, gene amplification and mRNA (n = 178). Clinical HER2 

positivity as defined by a SISH copy number ≥6 signals/cell; clinical HER2 equivocal as defined by a SISH 

copy number ≥ 4.0 and < 6.0 signals/cell; clinical HER2 negativity defined by a SISH copy number <4 

signals/cell. 
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Figure 5.9. HER2 mRNA concentration by ddPCR categorised by HER2 status (based on IHC and SISH). The HER2 mRNA concentration is in descending order (logarithmic 

scale). HER2 positive cases are displayed as dark blue bars, HER2 equivocal cases are displayed as pink bars and HER2 negative cases are displayed as light blue bars. The 

red dashed line indicates the 490 copies/µL HER2 mRNA concentration threshold value determined by ddPCR. Discordant cases (by IHC and SISH) are marked either with 

an ‘o’ for HER2 positive cases and ‘x’ for HER2 negative cases. Based on this HER2 mRNA concentration threshold of 490 copies/µL, 46 of the 55 HER2 positive cases were 

correctly classified and 9 were missed. In contrast, 5 equivocal cases were classified as negative with 1 case classified as positive, and 116 of the 117 negative cases were 

correctly classified. 
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Figure 5.10. Comparison of HER2 mRNA concentration by ddPCR according to HER2 status (as 

determined by IHC and SISH). The concentration was significantly higher in HER2 positive cases 

compared with HER2 equivocal (*p = 0.025) and HER2 negative cases (***p < 0.001). 
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To assess how well ddPCR performed relative to the gold standard tests, the HER2 mRNA 

concentration generated by ddPCR was directly compared with the IHC and SISH results. HER2 

mRNA levels were significantly higher in HER2 IHC 3+ (n = 35, mean = 30,695 copies/µL, range 

32-1,000,000 copies/µL) compared with IHC equivocal cases (n = 39, mean = 1,004 copies/µL, 

range 20-8,600 copies/µL) (p < 0.001) and IHC negative (n = 104, mean = 145 copies/µL, range 

6-1,048 copies/µL) (p < 0.001) (Figure 5.11). The HER2 mRNA concentration was also 

significantly different between IHC equivocal (2+) and negative cases (0/1+) (***p < 0.001 and 

**p = 0.015 respectively). 

 

 

 

 

Figure 5.11. Stratification of ddPCR HER2 mRNA values by IHC scores. The concentration of HER2 

mRNA was significantly higher in IHC 3+ cases compared with equivocal (2+), and negative (0/1+) 

cases (***p < 0.001). In addition, HER2 mRNA was significantly higher in equivocal cases compared 

with negative cases (**p = 0.015 and ***p < 0.001 for IHC 1+ and 0 respectively). 
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In addition, HER2 transcript concentration generated by ddPCR was compared to the SISH scores 

for each specimen. A strong positive correlation was observed between HER2 mRNA 

concentration and gene amplification (R2 = 0.723, p < 0.001) (Figure 5.12), with individual cases 

clustering in groups according to their HER2 status as determined by SISH. 

 

 

  

Figure 5.12. Correlation between HER2 ddPCR mRNA concentration and HER2 gene amplification by 

SISH (R2 = 0.723, p < 0.001). Open circle points are HER2 positive cases, cross symbols are HER2 

equivocal cases, and solid black circle points are HER2 negative cases. 
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Association Analyses 

Receiver operating characteristic (ROC) curve analysis was performed to investigate whether an 

optimal ddPCR cutoff value could be determined that could distinguish between HER2 positive 

verses negative cases (Figure 5.13). The area under the curve (AUC) value was calculated, 

measuring the efficacy with which ddPCR and IHC could predict HER2 status as determined by 

SISH. Different ddPCR cutoff values were tested, and the number of true HER2 positives and 

true negatives (determined by SISH) were compared to the number of false positives and false 

negatives. ROC analyses for ddPCR yielded an AUC value of 0.973 (95% CI, 0.951-0.995; p < 

0.001) (Figure 5.13A,C). In contrast, the IHC AUC value was 0.935 (95% CI, 0.898-0.972; p < 

0.001) (Figure 5.13B,C). Comparison of the AUC values suggest that ddPCR was superior to IHC 

at determining HER2 status.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.13. Receiver Operating Characteristic (ROC) curve was performed to evaluate the optimal 

threshold value of HER2 mRNA in differentiating positive from negative. (A) ROC curve for ddPCR; (B) 

ROC curve for IHC; (C) the Area Under the Curve (AUC) indicates the diagnostic superiority of ddPCR 

which yielded a value of 0.973 (95% CI, 0.951-0.995; p < 0.001), compared to IHC which yielded a 

value of 0.935 (95% CI, 0.898-0.972; p < 0.001). 
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Results from the ddPCR ROC curve defined 490 copies/µL as the optimal cutoff value for this 

cohort, supporting sensitivity of 85%, specificity of 98%, 85% positive predictive value (PPV), 

98% negative predictive value (NPV) and accuracy of 94%.  

Based on the HER2 mRNA concentration cutoff of 490 copies/µL, 48 cases were classified as 

HER2 positive and 130 cases were classified as HER2 negative. Overall this ddPCR cutoff value 

demonstrated a high concordance rate with conventional IHC and SISH tests, correctly 

identifying 84% (n = 46) of positive cases and 99% (n = 116) of negative cases, with most 

equivocal cases being classified as HER2 negative by ddPCR (83%, n = 5). 

Assay Reproducibility 

Six different cases were randomly selected as technical replicates to validate the reproducibility 

of the ddPCR assay previously established in Chapter 5 (Figure 5.14). Three of the cases were 

HER2 positive (IHC range 1-3+; SISH range 7.1-16.8 signals/cell), and three were HER2 negative 

(IHC range 0-2+; SISH range 1.7-2.2 signals/cell).  

 

 

Figure 5.14. Box and whisker plot of 6 technical replicate cases. 
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The mean HER2 concentration for routinely defined positive cases ranged between 859-5,033 

copies/µL. In contrast, the mean HER2 concentration for routinely defined negative cases ranged 

between 15-69 copies/µL (Table 5.7). The standard deviation was slightly wider for the HER2 

positive cases in comparison with negative cases and highlights a smaller degree of variation 

among replicates. 

 

 

 

 

 

Non-malignant controls were investigated and included six ‘normal’ breast tissue samples and six 

healthy blood specimens (Table 5.8). The HER2 mRNA concentration ranged between 1-32 

copies/µL (mean = 13, SD = 14) in the ‘normal’ breast tissue, and 0-6 copies/µL (mean = 2, SD 

= 3) in the healthy blood controls. As expected, the no template and ‘RNA only’ negative controls 

were consistently negative. 

  

 

  

Table 5.8. HER2 mRNA concentration range, mean and SD for the two sets of negative control cohorts. 

Both ‘normal’ breast tissue samples and healthy blood specimens had low mean and standard deviation 

values. 

Table 5.7. HER2 status stratified by protein, gene amplification and mRNA for the technical replicates. Six 

technical replicates were selected for ddPCR assay reproducibility. Three of the cases were clinically 

HER2 negative, the remaining 3 cases were clinically HER2 positive. 
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HER2 Gene Expression in Carcinoma of Unknown Primary 

Once the ddPCR workflow was established, and the validity and clinical applicability of the 

method was confirmed in FFPE breast cancer samples, HER2 expression analyses were carried 

out in the CUP cohort. The clinicopathological characteristics of this cohort are described in 

Chapter 4.  

The RNA samples from all cases were considered of sufficient quality with 260/230 and 260/280 

ratios falling within the optimal range of 1.8-2.2. The HER2 concentration ranged between 0 to 

20.4 copies/µL with a mean concentration of 4 copies/µL. Seventy-five percent of cases expressed 

below average HER2 concentrations, with less than 1 HER2 copy/µL observed in 53% (17/32) of 

cases (Table 5.9). Significantly higher HER2 concentrations were observed in samples 17 (20.4 

copies/µL) and 26 (20.0 copies/µL), compared with other CUP samples (p < 0.05) (Figure 5.15). 

When the HER2 transcript levels were characterised according to clinicopathological 

characteristics (i.e. anatomical location, morphology, sex and age) no distinct correlation was 

observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                     Chapter 5 – The Clinical Relevance of HER2 in CUP  

 

115 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.9. Clinicopathological characteristics and HER2 mRNA concentration in 32 CUP cases. 

Characteristics of the CUP cases includes the sample number, histopathological morphology of the 

specimen, the anatomical location where the CUP originated from, sex and age of each patient, and the 

HER2 mRNA concentration determined by ddPCR. 
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Figure 5.15. HER2 mRNA concentration in CUP cases determined by ddPCR. The HER2 mRNA 

concentration is in descending order. The red dashed line at 4 copies/µL indicates the average HER2 

mRNA concentration value. Three quarters of the cohort expressed HER2 transcript levels lower than 

the average calculated concentration. HER2 mRNA was significantly higher in samples 17 and 26 

compared with all other cases (*p < 0.05). 
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5.5 Discussion 

HER2 is one of the few molecules that has been extensively studied and successfully targeted in 

medical oncology.308, 309 The therapeutic and survival benefits of determining HER2 status in 

breast cancer is well established, however the relevance of HER2 expression in other cancers, 

namely CUP, is largely unknown.40, 264 Patients with CUPs form a diverse group, with variable 

clinical, histopathological and biological features, with varied responses to therapy. Most patients 

with CUP do not fit into a defined treatable subgroup, and are usually treated with broad spectrum 

chemotherapy regimens offering little survival benefit.22, 49 The characterisation of HER2 in CUP 

may indicate whether HER2 assessment should be included as part of routine pathology analysis 

and if proven relevant, could become a potential therapeutic target in this otherwise poorly treated 

group.  

Due to the lack of international consensus and ongoing quality control issues, the need for an 

accurate molecular diagnostic method to establish HER2 status persists.271, 310 Currently, the only 

techniques that have been FDA approved for HER2 status detection involve DNA (ISH) and 

protein (IHC) evaluation.285 Gene amplification assessment by ISH is technically challenging and 

laborious. Protein expression by IHC is subjective and dependent on individual expertise, and 

both techniques are semi-quantitative.311, 312 Therefore exploration of different methods are 

required to ensure accurate assessment of HER2 status.261 Evaluation of HER2 transcript has been 

proposed by some as a potential complementary or alternative methodology for HER2 

assessment.260, 290, 291, 313-315 This chapter aimed to determine HER2 status in a cohort of CUP cases 

offering them an alternative option for more specific targeted treatment, with the focus on 

quantifying HER2 transcript levels using the highly objective, fully-quantitative ddPCR 

technique. This is the first comprehensive report demonstrating that ddPCR can provide absolute 

quantitation of HER2 gene expression in FFPE CUP specimens. 

HER2 Transcript Quantitation in Cell Lines 

Before HER2 assessment in CUP was carried out, the methodology and approach was optimised 

using breast cancer samples with known HER2 status. When analysing the extent of gene 

expression in surgically-resected clinical cancer specimens, sensitivity can be diluted by normal 

cell contamination. In order to minimise discrepancy from normal cell contamination, breast 

cancer cell lines were initially used to develop the assay for accurate and precise HER2 mRNA 

quantitation. A range of cell densities were used (30,000 cells up to 100,000 cells) and on average, 

the HER2 concentration was significantly higher in the BT474 cells (mean = 72,221 copies/µL) 

compared with the other cell lines, and the lowest HER2 concentration was observed in the MDA-

MB-231 cells (mean = 813 copies/µL). This was expected because BT474 is a HER2-

overexpressing cell line, whilst MDA-MB-231 is a HER2 negative cell line. The ability to detect 
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HER2 transcript levels with little variation across replicates and across different cell 

concentrations with varying levels of HER2 expression, highlights the robustness and replicability 

of ddPCR for the absolute quantitation of HER2 mRNA. This is the first study to determine the 

absolute concentration (copies/µL) of HER2 transcript levels by ddPCR in the four-

abovementioned breast cancer cell lines (i.e. BT474, T47D, MCF7 and MDA-MB-231).  

HER2 Transcript Quantitation in FFPE Tissue 

Once the method was established, the translational potential of HER2 mRNA quantitation by 

ddPCR was assessed. Breast cancer cells lines were used to facilitate a direct comparison between 

fresh and fixed tissue. No significant change in the concentration of HER2 mRNA was observed 

following the FFPE process (p > 0.05). This result is supported by several studies that also 

compared gene expression between fresh and FFPE material (techniques included qRT-PCR, 

microarray and NanoString probe-based analyses) reporting relatively good correlation and 

reproducibility between the fresh and fixed samples.315-320 This is the first report comparing HER2 

RNA quantitation from fresh and fixed breast cancer cells by ddPCR analysis. Collectively, these 

results confirmed the suitability of FFPE material for quantifying HER2 expression by ddPCR in 

clinical practice. This is important because a large proportion of diagnostic material stored and 

available is FFPE. 

Sensitivity and Diagnostic Potential of HER2 Transcript Quantitation 

After establishing the reproducibility of the ddPCR method between fresh and fixed material, 

varying amounts of fixed material was used to assess the accuracy and precision of the assay. This 

is highly relevant in the context of many CUP FFPE samples that may be core biopsies, fine 

needle aspirates or small resections. To assess any differences in HER2 mRNA levels between 

2mm core biopsies, 4 and 10µm sections, clinical breast cancer specimens of known HER2 status 

were analysed. Despite known HER2 heterogeneity in breast cancer tissue and an estimated 

difference in the number of cells assayed between the cores and sections, no significant 

differences were observed in HER2 transcript levels. The results further confirm the diagnostic 

potential of ddPCR, which was shown to accurately quantitate HER2 mRNA in sections as thin 

as 4µm sections. Several studies have similarly observed high concordance when comparing 

protein, RNA or DNA targets between cores and resections.321-323 Although other studies have 

similarly observed concordance between transcript levels detected paired core biopsies and tissue 

resections, this is the first study to assess absolute HER2 mRNA copy numbers by ddPCR. 

Validation and Application of HER2 Transcript Quantitation in Clinical Breast Cancer 

Specimens 

The prognostic and therapeutic importance of accurate HER2 assessment in breast cancer is well 

established.261 Therefore, once the HER2 ddPCR assay was optimised and the detection limits 
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confirmed, the method was validated in a large cohort of clinical breast cancer specimens of 

known HER2 status, to assess the clinical applicability of this method. This is the first 

comprehensive report describing the use of ddPCR to accurately quantitate gene expression 

(mRNA) in FFPE breast cancer specimens. Despite the continuum of HER2 expression data 

across all cases (6 to 1000,000 copies/µL of HER2 transcript), ddPCR strongly correlated with 

IHC and SISH. Specifically, HER2 results generated by ddPCR were over 90% concordant with 

conventional SISH, and when compared with IHC (in ROC analyses), ddPCR was better at 

discriminating HER2 positive and negative cases. This suggests that ddPCR may be a better 

complement to SISH.  

To date, only one other study has assessed HER2 transcript expression in breast cancer by 

ddPCR.108 Similar to the current study, Heredia and colleagues successfully quantified HER2 

mRNA in clinical breast cancer cases by ddPCR, which correlated with results from standard IHC 

and ISH methods. This study, unlike the one described in this chapter, utilised a much smaller 

cohort (n = 50) which included only 10 positive cases, and no equivocal cases. In addition, this 

study used standard reference genes to normalise HER2 expression. Although this approach 

allowed comparison with traditional ISH HER2/reference gene ratios, biological samples are 

vulnerable to fluctuations within reference genes which are known to change significantly under 

pathological conditions.324 Therefore normalising HER2 expression to that of a reference gene 

could result in inaccurate gene quantitations. A particularly vulnerable housekeeping gene, 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), was used in this particular study and is 

known to fluctuate due to its involvement in a wide range of physiological (e.g. DNA replication, 

nuclear RNA export, DNA repair) and pathological (e.g. apoptosis) functions.325-327 Moreover, 

different subpopulations of cells can exhibit highly heterogeneous GAPDH mRNA level, 

emphasising the difficulty of using this gene for normalisation in gene expression analyses.328 By 

optimising each step of the ddPCR assay used in the present study, the absolute quantitative power 

and technical reproducibility of this approach was harnessed, accurately enumerating the number 

of HER2 mRNA transcripts without the need for normalisation against reference genes. Overall 

the HER2 results generated by ddPCR were highly concordant with traditional tests and showed 

high reproducibility among technical replicates.  

Although the HER2 ddPCR assay was highly reproduceable in this study, it is important to note 

that not all archival samples are going to be of the same quality. Whilst there is an advantage of 

using ddPCR for absolute quantitation without the need for endogenous controls, it may be 

important to consider alternative methods for determining RNA fragmentation/modifications that 

may prevent efficient reverse transcription. 

  



                                                                     Chapter 5 – The Clinical Relevance of HER2 in CUP  

 

120 

 

HER2 Transcript Quantitation in Carcinoma of Unknown Primary 

Once the validity and clinical applicability of the ddPCR assay was established in clinical breast 

cancer cases of known HER2 status, HER2 expression in CUP cases of unknown HER2 status 

was explored. Targeted therapies developed against various oncoproteins such as HER2, are 

widely available across various malignancies and raise the idea of exploring their utility in 

therapeutically challenging cancers such as CUP.40 HER2 mRNA was detected in CUP cases at 

relatively low concentrations, with the majority of the cohort expressing less than 1 copy/µL. This 

is the first study to date analysing absolute HER2 mRNA expression by ddPCR in CUP, therefore 

the expected concentration range and clinical relevance is currently unknown.  This is because to 

date, the majority of studies evaluating HER2 in CUP have involved HER2 protein expression 

detection by IHC, with only two studies assessing CUP HER2 gene amplification by ISH.13, 19, 119-

122, 124, 126 Somewhat comparable to the present results, only a small portion of CUP cases in the 

other studies were reported to overexpress HER2 protein or have amplified HER2.13, 19, 119-122, 124, 

126  

When the HER2 transcript concentration levels detected across the CUP cohort were compared 

with those detected in the clinical breast cancer cohort, the results detected in the CUP cases were 

substantially lower.329 Specifically, a mean HER2 mRNA concentration of 23,144 copies/µL 

among clinically HER2 positive breast cancer cases and 135 copies/µL in clinically HER2 

negative cases, compared to a mean of 4 copies/µL detected in the CUP cohort.329 This result is 

not surprising, because CUP tumours represent potential metastases, and it has been reported in 

the literature that HER2 status can differ between metastases when compared with its matched 

primary tumour.330, 331 This provides a plausible explanation for the low HER2 expression detected 

in the CUP cases. It is important to note the HER2 concentration threshold determined by ROC 

analysis for distinguishing HER2 positive from HER2 negative cases, was defined from a cohort 

of primary breast cancer cases. Therefore, future studies are required to determine whether disease 

(e.g. CUP) specific thresholds for HER2 transcript levels are required by establishing correlations 

with response to HER2 targeted treatment. 

Few studies have attempted to characterise HER2 status across non-breast and non-gastric 

cancers.262, 265, 332 One study in particular interrogated close to 40,000 tumour samples across 31 

different cancer types characterising HER2 protein expression with or without amplification in a 

single-lab setting.262 The incidence of HER2 overexpression ranged from 12% down to 0 

demonstrating variability in the rates of HER2 overexpression across a range of malignancies. 

Interestingly, the study included 1376 cases of CUP, of which 2% (29/1376) demonstrated HER2 

positivity (by IHC and/or ISH), which was lower than the incidence observed in breast cancer 

(11%, 388/3706). Similarly, another study characterising the mutational landscape of more than 

10,000 metastatic tumour samples spanning across 50 different cancer types, revealed 4% (6/146) 
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HER2 amplification present in CUP tumours compared with 14% (188/1324) detected in breast 

cancer tumours.333 Together, both studies further support the results observed in the present study, 

whereby the incidence of HER2 positivity is much lower in CUP compared with breast cancer. 

There is some evidence that some classically defined (by IHC and ISH) HER2 negative breast 

cancer patients benefit from HER2 targeted treatment.272-274 A study that reanalysed HER2 status 

in tumours from patients involved in a National Surgical Adjuvant Breast and Bowel Project 

(NSABP B-31), reported that 10% (174/1787) of cases that had been initially classified as HER2 

positive and received targeted HER2 therapy, were discovered to be true HER2 negative. 

Unexpectedly, these newly assigned HER2 negative cases benefitted as much from adjuvant 

trastuzumab as the HER2 positive cases.274, 275 Although the reliability of the HER2 analyses were 

initially questioned, similar results have been observed by another group who reported treatment 

benefits in HER2 “normal” expressing patients.334, 335 This raises the possibility that even cases 

with low-level HER2 expression may benefit from HER2 targeted therapy, and this benefit may 

extend to non-breast cancer cases including CUP. To explore this theory several considerations 

will need to be taken into account when considering HER2-directed strategies in non-breast and 

gastric cancer types like CUP. Since many of these malignancies have lower incidences of HER2 

positivity, a sufficient level of anti-tumour activity must be demonstrated in pre-clinical and early 

phase trials to justify implementing HER2-speicific diagnostic testing.336 The ease of 

identification of the potentially responsive tumour subgroups amongst CUP tumours also needs 

to be considered, and histological subgroups with known higher incidences of HER2 positivity 

should be investigated first.336  

It is noteworthy that an activating ERBB2 variant (S310F) was identified in one of the CUP cases 

(3%, 1/31) in a previous chapter (Chapter 4). The CUP tumour harbouring an ERBB2 variant 

(identified by NGS) was found to have a HER2 mRNA concentration of 1.1 copies/µL. This 

concentration was lower than the mean HER2 concentration of the cohort (mean = 4 copies/µL). 

Although the ERBB2 variant detected has been characterised as a gain-of-function variant, a 

possible biological explanation for the low HER2 mRNA levels detected in this lesion could be 

due to limited gene transcription.337-339 These findings support the concept that ERBB2 somatic 

mutations represent an alternative mechanism for HER2 activation in HER2 negative cancers. It 

has been reported that some ERBB2 mutations of the extracellular domain (like the one identified 

in this study) lead to constitutive pathway activation through hyper-phosphorylation of HER2 

protein.220, 340 Therefore, activating alterations in ERBB2 that do not always result in gene 

amplification or protein overexpression, which could provide justification for the overall low 

mRNA concentrations observed in the CUP cohort.94 Although low HER2 transcript levels were 

detected in this particular case, other studies have demonstrated the oncogenicity of ERBB2 

mutations, and have demonstrated that their presence renders tumours highly sensitive to HER2 
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inhibitors.220-224 Consequently, this CUP cases may have still benefitted from HER2 targeted 

therapy supporting evaluation of HER2 in this tumour type. 

Conclusions 

Overall, these results confirm that ddPCR can accurately measure HER2 mRNA and represents a 

valid adjunct for determining HER2 status. ddPCR revealed that CUP cases harbour relatively 

low levels of HER2 transcript relative to breast cancer and did not show any distinct patterns 

relating to clinicopathological characteristics. Although a cut-off of 490 copies/µL was 

established in characterising HER2 status in breast cancer specimens, a disease specific cut-off 

will likely be required for CUP as indicated by the lower transcript levels detected. It is also 

important to note that the clinical utility of HER2 mRNA assessment has not yet been confirmed 

in any malignant model. It is currently unknown whether the presence of HER2 clonal 

heterogeneity is therapeutically relevant but may have to be considered when assessing the 

clinical utility of HER2 quantitation by ddPCR, which is unable to assess molecular heterogeneity 

at a single cell level. Further evaluation in a larger cohort is therefore necessary to define the 

incidence of HER2 positivity and assess the efficacy of HER2 targeted therapies in CUP tumours 

in relation to HER2 transcript expression. 
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CHAPTER 6 – GENERAL DISCUSSION 

6.1 Discussion 

Based on current cancer paradigms, accurate determination of the tissue of origin is crucial for 

selecting optimal treatment approaches.259 For CUP, this is a problem as the primary cancer origin 

remains unidentified. However, the use of molecularly-defined, personalised and targeted 

treatment approaches are emerging.5, 101, 341 Targeted therapies offer more efficacious and safer 

treatment options as demonstrated by agents currently on the market (e.g. trastuzumab in HER2 

amplified breast cancer).5, 101 The successful selection of the most appropriate personalised cancer 

treatment is largely based on the efficiency of diagnostic tests in characterising genomic 

alterations that are present within individual tumours.101 Thus far, few studies have undertaken 

comprehensive genetic analysis of CUP and there remains no evidence to suggest a clear 

mechanism for development of a targeted treatment approach. As such, allocation of the most 

appropriate treatment for CUP tumours is reliant on characterising subsets with clinical and 

biological features that resemble certain metastatic cancers of known primary origin (favourable 

subsets).28, 49   However, a large proportion of CUP patients do not fit into these subsets, restricting 

treatment options to palliative chemotherapy which lacks precision and effectiveness.28, 40, 49  

Advances in the genomic area offers opportunities for individualising cancer management in 

poorly characterised neoplasms such as CUP.101 This thesis proposes the use of high sensitivity 

methods including massively-parallel NGS and ddPCR for the characterisation of biologically 

relevant genes in CUP . These methods offer high-throughput gene profiling that is reproducible, 

sensitive and highly objective.108, 342, 343 Specifically, this study aimed to genetically characterise 

CUP lesions to provide a better understanding of the underlying molecular biology driving their 

metastatic progression; and see whether targeted NGS could identify potentially actionable 

genetic alterations which may identify treatment options not traditionally considered for most 

CUP patients. This thesis further focused on one particular biomarker, HER2, which has 

significant prognostic and therapeutic importance. The accurate identification of this biologically 

relevant biomarker that has been extensively characterised in several cancers, could be beneficial 

for CUP.  

Biologically relevant mutations were detected in the majority of CUP cases (87%, 27/31), of 

which half (45%, 14/31) provided potentially novel treatment options not generally considered in 

CUP. This is important considering the limited therapeutic benefit current CUP patients receive 

with generic chemotherapy. Support for this concept is offered by several small studies of patients 

with CUP that have reported durable treatment responses with the use of gene matched targeted 

therapies. These have been when EGFR, KIT, MET and BRAF variants are detected.105, 127, 214, 219, 
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236, 238 However, additional studies will be required to investigate the relationship between specific 

mutations in CUP at various sites and the efficacy of targeted drug activity. 

The most commonly mutated gene identified was TP53 (48%, 15/31), and results demonstrated 

multiple genomic variants in genes commonly known to be associated with signal transduction, 

cell cycle control and DNA repair pathways. Although driver mutations were identified in the 

vast majority of cases, there was no single common CUP-specific molecular profile, with over 

80% of cases harbouring exclusive variants that are shared with many advanced solid tumours of 

known tissue origin.63 This highlights the genetic heterogeneity between CUP tumours. 

Additional support for this concept is provided by the differing molecular profiles identified 

between common CUP histological subtypes. Specifically, CUP adenocarcinomas and PD 

carcinomas harboured the highest frequency of variants in genes involved in signal transduction 

pathways compared with SCC that exhibited a higher frequency of variants in cell cycle control 

and DNA repair genes. Therefore, it is likely that CUP cases with different clinicopathological 

characteristics may be modulated by distinct biological mechanisms which differ at a molecular 

level.22, 37, 94 Being able to recognise these genetic differences has the potential to assist clinicians 

in differentiating between poorly differentiated CUP subtypes. This also suggests that different 

CUP tumours likely express genes in different carcinogenic pathways that ultimately may 

influence response to therapy and provide opportunities for combination therapies.  

Identifying biologically important biomarkers similar to those discussed in this thesis may be 

crucial in selecting optimal therapeutic strategies for CUP patients. In particular, HER2 (encoded 

by ERBB2) is a well-characterised biomarker that has become essential for prognostic and 

therapeutic prediction in certain cancers, namely breast cancer.13, 90, 92, 94, 119, 120, 122-124, 126, 261 The 

current efficacy of targeted therapies against a range of HER2 positive cancers provided a solid 

foundation for assessing the prognostic implications of characterising HER2 in CUP.19, 267 

Although HER2 transcript levels were low in CUP tumours relative to breast tumours, the clinical 

relevance of transcript expression in CUP are still uncertain. Data from the present study supports 

the potential utility of ddPCR as an accurate objective and practical method for quantitating 

transcript levels in fixed and fresh material alike and remains relevant in HER2 positive tumours. 

Additional larger studies will be required to characterise the level of HER2 mRNA in CUP and 

further assess its potential as a druggable target. 

This is the first study to have successfully utilised LCM and core biopsy techniques for the 

enrichment of tumour cells from CUP tissue with the subsequent detection of oncogenic drivers 

and actionable targets by NGS and ddPCR. Previous studies have used hybridization capture 

techniques that are optimal for samples possessing a high tumour burden, requiring larger 

concentrations of input DNA. The use of an amplicon-based approach (as used in this thesis) 

tolerates lower concentrations of input DNA and is advantageous because it allows sequencing of 
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low levels of enriched tumour cell populations (isolated by LCM). This is highly relevant in the 

context of CUP, because a large proportion of CUP cases have limited tissue available as they are 

generally core biopsies and fine needle aspirate FFPE cell blocks. An additional unique feature 

of this study was the targeted sequencing approach used for the investigation of sample-specific 

variants with published evidence of oncogenic activity and gene-matched targeted on-market 

drugs or therapeutics currently in clinical trial. This enables a more translatable definition of 

actionability, which is not taken into consideration by the prior CUP sequencing studies.90, 93, 94 

The use of two different but complementary NGS panels provided an internal, orthogonal method 

for validating the sequencing results, whereby several variants covered by both panels were 

similarly identified. We demonstrated that variants detected in our study that were included in 

both the CHPv2 and OFA panels were 100% concordant. This confirms that the workflow and 

platform utilised in this study with either panel generated results that were reproductible, accurate 

and precise to each sample. Seven different variants covered by both sequencing panels were 

detected in six different CUP specimens. Specifically, this included common hotspot variants in 

PIK3CA, MET, EGFR, HRAS, KRAS, and BRAF that were detected at similar allele frequencies 

(Appendix 2). Although 12 hotspot targets were identified by both panels, other important hotspot 

variants commonly reported in cancer were found exclusively by either panel. For example, the 

detection of ERBB2 gain-of-function variants was only covered by the OFA, whilst TP53 and 

CDKN2A hotspot variants were only covered by the CHPv2 panel. It is important to note that 

additional clinically relevant copy number alterations were detected by the OFA panel only. This 

included the detection of amplifications (8 or more copies) in CCND1, FGFR1, FGFR4 and MYC 

across two different CUP cases. 

In summary, genomic profiling (by NGS and ddPCR) has proven to be a useful tool 

complementing routine diagnostic work-up by delivering a more informed diagnostic 

classification, guiding therapeutic decisions, and/or providing prognostic insights for patients 

with CUP. The data generated from this thesis, in conjunction with data from other similar studies, 

provides compelling evidence that CUP may in fact represent a diagnostic conundrum reflecting 

several different tumour types with largely different molecular profiles. 
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6.2 Future Directions 

Sample Size and Coverage 

The preliminary dataset that was generated by this study can be used for data mining and future 

discovery of gene networks that map the different tumour subtypes that make up CUP. This will 

require more comprehensive gene discovery and validation before eventual application in a 

diagnostic setting. One of the main limitations of this study was the availability of a large number 

of high quality samples for sequencing. Adequate population sampling ensures effective coverage 

of this highly heterogeneous cancer type which is imperative for attaining highly representative 

genetic data. There is no specific SNOP code for the identification of CUP cases, which was the 

only tool available for use in this study. As such it was a challenge identifying and collecting a 

large number of retrospective CUP cases. Although the number of CUP tumours analysed in this 

thesis was modest, it provided sufficient preliminary data to establish proof of principle in the use 

of NGS to obtain variant data of biological and therapeutic importance from FFPE material. A 

larger cohort will be required to establish truly representative gene signatures across different 

CUP tumour types. 

Gene Panels 

NGS technology has provided the flexibility of multiplexing allowing the screening for gene 

mutations using specific panels. In this thesis, the Ion AmpliSeq Hotspot and Oncomine Focus 

panels were used to target commonly mutated (“hotspot”) regions from up to 52 oncogenes and 

tumour suppressor genes known to be frequently mutated in human cancers. A number of 

commonly mutated genes were identified within the cases; however, additional genes may be 

involved in the development and progression of CUP lesions that are not currently included in the 

two panels. While a follow-up study with a more comprehensive custom-designed gene panel 

could be developed to detect variants in genes not included in the panels, there have been few 

studies analysing the mutational profiles of CUP lesions, and thus little is known about other 

genes commonly mutated in these lesions.  

Although this thesis focuses on gene panel-based interrogation of CUP, it would also be extremely 

relevant and biologically important to consider more in-depth sequencing for a more precise 

mutation signature analysis. It would be beneficial to perform whole-exome sequencing to reveal 

novel and functionally relevant causative genes that are specific to CUP tumours. With the advent 

of NGS, it is now possible to infer specific ‘mutation signatures’ from sequencing the entire 

genome. Characterisation of mutational signatures based on observed mutations across whole 

genomes offers insights into actual alterations that result in response to either mutagenic 

exposures (e.g. UV carcinogen signatures) or endogenous mutational processes (e.g. somatic 

mutational signatures). The observation of previously characterised signatures in tumours can 
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also implicate previously unsuspected exposures in different cancers. The detection of such 

mutations would need to be validated in a large cohort study in order to determine their potential 

clinical or diagnostic significance. Such a study would greatly build on the findings of this thesis 

that molecular profiling is a useful approach for investigating CUP. 

Application of additional techniques such as transcriptome analysis by NGS (RNA sequencing), 

could also be used not only identify differentially expressed genes providing an understanding of 

genetic variation, but could also identify gene expression-based signatures including: immune 

signatures and specific oncological signatures. RNA sequencing can elucidate expression 

differences of genes involved in the complex interplay between tumour, microenvironment and 

immune response, allowing complete characterisation of disease biology. 

Moreover, this thesis explored and successfully demonstrated the diagnostic potential of HER2 

transcript quantitation by ddPCR, making this technique extremely attractive for gene expression 

studies. The use of this assay for future CUP expression studies investigating other potential gene 

targets would be highly beneficial due to ddPCR accurate and precise quantitation of mRNA, and 

its ability to quantify nucleic acids without the need for housekeeping genes. This could include 

exploring the transcript levels of other genes such as EGFR, BRAF, PIK3CA and MET. 

Functional Significance 

Although mutations were identified in genes selected for their role in oncogenesis, the functional 

significance of specific mutations in the development of CUP lesions was difficult to determine, 

particularly when some of these mutations have not been previously implicated in CUP tumours 

(e.g. ERBB3 and FGFR4). To overcome this, novel mutations identified by this study could 

provide the basis for future in vitro and in vivo investigations to determine the involvement of 

these mutations in the development of CUP lesions. Specifically, these gene mutations should be 

studied in depth using cell lines and animal models such as genetically modified mouse models 

and human xenograft models, to determine their transformation and/or malignant potential, and 

provide an opportunity to perform drug efficacy testing. Furthermore, comparative analyses of 

DNA, RNA and protein profiling should be investigated in this cancer entity, for additional insight 

into the biological processes involved in the formation and progression of CUP tumours. 

Clinical Validation 

Preclinical and early phase trials will be required to determine the clinical utility of the variants 

identified. Although molecular profiling of the CUP cases in the cohort has suggested a number 

of therapeutic options, the relationship between a specific mutation and/or gene expression level, 

and the efficacy of targeted drug activity has yet to be established across all cancer entities. The 

presence of a mutated gene alone is not indicative that a targeted therapy will be efficacious in all 

tumour types with this mutation, as is shown by the poor response of colorectal tumours 
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harbouring BRAF mutations to BRAF targeted therapy.344 As such it is important to explore the 

survival benefit and clinical outcome of patients receiving therapy based on specific variants 

detected within their tumours. 

6.3 Concluding Remarks 

CUP remains a highly aggressive metastatic disease with extremely poor survival rates.29 This 

poor survival rate is due to both the unclassifiable metastatic malignancy and the use of empirical 

broad-spectrum chemotherapy.22 The recent shift in treatment focus towards personalising cancer 

management has encouraged mutational profiling investigations in many cancer types including 

CUP.13, 90, 92, 94 Identifying biologically important biomarkers similar to those discussed in this 

thesis may be crucial in selecting optimal therapeutic strategies for CUP patients. Additional 

support for personalised medicine comes from encouraging results from various CUP case studies 

demonstrating the sensitivity of several different gene mutation to various targeted agents.13, 105, 

106, 127, 214, 236, 238 The promising results from these case studies, coupled with results from this thesis 

provide a strong foundation for trialling gene-matched targeted therapies in CUP. 
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APPENDIX 1 - MATERIALS 

Laser Capture Microdissection 

Item Supplier 

MilliQ Water  

Bleach  

Xylene 

Ethanol (Absolute) 

PEN Membrane Slides 

Macro LCM Caps 

Merck Millipore, Australia 

Brighton Professional, Australia 

Sigma-Aldrich, Australia 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

ArcturusXT LCM Instrument ThermoFisher Scientific, USA 

Next-Generation Sequencing 

Item Supplier 

Distilled Water 

Ethanol (Absolute) 

Xylene 

NaOH, ACS grade 

Double Positive Charged Microscope Slides 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

Sigma-Aldrich, Australia 

Sigma-Aldrich, Australia 

Hurst Scientific, Australia 

Ion AmpliSeq Cancer Hotspot Panel v2 

Ion Xpress P1 Adapter 

Ion Xpress Barcodes 1-36 

Agencourt AMPure XP Kit 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

Beckman Coulter, Australia 

MagnaRack 

1.5mL LoBind Tubes 

0.5mL LoBind Tubes 

0.2mL PCR Tubes 

50mL Falcon Tubes 

MicroAmp Optical 96 Well Reaction Plate 

MicroAmp Adhesive Film 

MicroAmp Compression Pad 

Promega, USA 

Eppendorf, Germany 

Eppendorf, Germany 

Fisher Biotec, WA 

Sarstedt, Germany 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

Qubit 2.0 Fluorometer 

Agilent 2100 Bioanalyzer 

Veriti 96-Well Thermal Cycler 

Ion OneTouch 2 System 

Ion PGM Sequencer 

Ion Chef System 

Ion Proton Sequencer 

ThermoFisher Scientific, USA 

Agilent Technilogies, USA 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

GeneRead DNA FFPE Kit 

QIAmp MinElute Columns, Collection Tubes, 

Deparaffinasation Solution, Buffer FTB, Buffer 

AL, Proteinase K, Buffer AW1, Buffer AW2,  

Uracil-N-glycosylate, RNase-Free Water,  

RNase A (100mg/mL), Buffer ATE 

Qiagen, Germany 

 

 



  Appendix 1 – Materials  

 

153 

 

Item Supplier 

Qubit dsDNA HS Assay Kit 

Qubit dsDNA HS Reagent, Qubit dsDNA HS 

Buffer, Qubit dsDNA HS Standard #1,  

Qubit dsDNA HS Standard #2 

ThermoFisher Scientific, USA 

 

 

 

 

Ion AmpliSeq Library Kit 2.0 

5X Ion AmpliSeq HiFi Master Mix, FuPa 

Reagent, Switch Solution, DNA Ligase, 

Platinum PCR SuperMix HiFi, Library 

Amplification Primer Mix, Low TE 

ThermoFisher Scientific, USA 

Agilent High Sensitivity DNA Kit 

High Sensitivity DNA Chips, High Sensitivity 

DNA Ladder, High Sensitivity DNA Marker, 

High Sensitivity DNA Dye Concentrate, High 

Sensitivity DNA Gel Matrix, Electrode Cleaner, 

Syringe Kit 

Agilent Technologies, USA 

Ion AmpliSeq Chef-ready Kit 

Ion AmpliSeq Cancer Hotspot Research Panel 

v2: Chef-ready, Ion AmpliSeq Chef Reagents 

DL8, Ion AmpliSeq Chef Solutions DL8, Ion 

AmpliSeq Tip Cartridge L8, PCR Frame Seal, 

Enrichment Cartridge, IonCode 0101–0132 in 

96 Well PCR Plates 

ThermoFisher Scientific, USA 

Ion PI Hi‑Q Sequencing 200 Reagents 

Ion PI Hi‑Q Sequencing Polymerase, Ion PI 

Sequencing Primer, Ion PI Control Ion Sphere 

Particles, Ion PI Chip Kit v3 

ThermoFisher Scientific, USA 

Ion Proton Sequencing Supplies Kit 

Ion Proton Reagent Tube Caps, Ion Proton Wash 

Bottle Sippers, Ion Proton Reagent Tube Sippers 

ThermoFisher Scientific, USA 

Ion PI Hi‑Q Sequencing 200 Solutions 

Ion PI Hi‑Q W2 Solution, Ion Cleaning Tablet, 

Ion PI 1X W3 Solution, Ion PI Annealing 

Buffer, Ion PI Loading Buffer, Ion PI Foaming 

Solution, Nuclease-free water, Ion PI dGTP 

dCTP dATP dTTP 

ThermoFisher Scientific, USA 

Ion PGM Select Library Reagents 

LIB HiFi Mix, LIB FuPa Reagent, LIB Switch 

Solution, LIB DNA Ligase, 5X Oncomine Focus 

DNA Assay 

ThermoFisher Scientific, USA 

Ion PGM Select Library Equalizer 

LIB AMPure Reagent, LIB Beads, LIB Primers, 

LIB Capture Reagent, LIB Wash Solution, LIB 

Elution Solution 

ThermoFisher Scientific, USA 
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Item Supplier 

Ion OneTouch Select Template Supplies 

TMPL Amplification Plate, TMPL Recovery 

Router, TMPL Recovery Tube, TMPL Sipper, 

TMPL Reagent Tube, TMPL ES Tip, TMPL ES 

Strip Tube, TMPL Cleaning Adapter, TMPL 

Emulsion Cartridge, TMPL Reagent Tube 

Labels 

ThermoFisher Scientific, USA 

Ion OneTouch Select Template Reagents 

TMPL Enzyme Mix, TMPL Reagent Mix, 

TMPL Ion Sphere Particles (ISP), TMPL CF-1, 

TMPL ES Beads, TMPL Oil, TMPL Nuclease 

Free Water, TMPL Recovery Solution, TMPL 

Wash Solution, TMPL Reagent B, TMPL ES 

Resuspension Solution, TMPL Neutral Solution, 

TMPL Tween Solution 

ThermoFisher Scientific, USA 

Ion PGM Select Sequencing Supplies  

SEQ Wash Bottle Sippers, SEQ Reagent Tube 

Sippers, SEQ Wash 1 Bottle, SEQ Wash 2 

Bottle, SEQ Wash 3 Bottle, SEQ Reagent Tube 

Labels 

ThermoFisher Scientific, USA 

Ion PGM Select Sequencing Reagents 

SEQ dGTP, dCTP, dATP, dTTP, SEQ Enzyme, 

Ion 318 Select Chips 

ThermoFisher Scientific, USA 

Droplet Digital PCR 

Item Supplier 

Distilled Water 

Isopropanol 

Ethanol 

EDTA Vacutainer Tubes 

BenchMark XT automated stainer 

Clone c-erbB-2 antibody 

INFORM HER2 Dual ISH DNA Probe 

2mm biopsy punch 

NanoDrop Spectrometer 

ddPCR Supermix for Probes (No dUTP) Reagent 

DG8 Chip Cartridges 

DG8 Gasket for Cartridges 

Droplet Generation Oil 

Droplet Reader Oil 

Pierceable Foil Heat Seal 

96-well Semi-Skirted Plates 

ERBB2/6-carboxyfluorescein-minor groove binder 

    primer/probe 

Veriti 96-Well Thermal Cycler 

QX100 Droplet Generator 

C1000 Touch Thermal Cycler 

QX200 Droplet Reader 

ThermoFisher Scientific, USA 

Sigma-Aldrich, USA 

ThermoFisher Scientific, USA 

Becton Dickinson, USA 

Ventana, USA 

Dako, Denmark 

Ventana, USA 

Kai Industries, Japan 

ThermoFisher Scientific, USA 

BioRad, USA 

BioRad, USA 

BioRad, USA 

BioRad, USA 

BioRad, USA 

BioRad, USA 

Eppendorf, Germany 

ThermoFisher Scientific, USA 

 

ThermoFisher Scientific, USA 

BioRad, USA 

BioRad, USA 

BioRad, USA 

 



  Appendix 1 – Materials  

 

155 

 

Item Supplier 

MasterPure Complete DNA and RNA 

Purification Kit 

Red Cell Lysis Solution, Tissue and Cell Lysis 

Solution, 2X T&C Lysis Buffer, MPC Protein 

Precipitation Reagent, 1X DNase Buffer, RNase 

Free DNase I, Proteinase K, TE Buffer 

Epicentre Biotechnologies, USA 

 

Qubit RNA HS Assay Kit 

Qubit RNA HS Reagent, Qubit RNA HS Buffer, 

Qubit RNA HS Standard #1 and #2, Qubit 

Assay Tubes 

ThermoFisher Scientific, USA 

iScript Advanced cDNA Synthesis Kit for RT-

qPCR 

5X iScript Advanced Reaction Mix, iScript 

Advanced Reverse Transcriptase, Nuclease-Free 

Water 

BioRad, USA 

Cell Culture 

Item Supplier 

RPMI-1640 

Foetal Bovine Serum, heat-inactivated 

Penicillin Streptomycin 

Trypsin (0.05%) 

Ethylenediaminetetraacetic (0.02%) 

Trypan Blue Stain 

Liquid Fib 

Formalin (10%) 

Sigma-Aldrich, USA 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

Invitrogen, USA 

Invitrogen, USA 

Diagnostica Stago SAS, France 

Amber Scientific, Australia 

T25 Flask 

Haemocytometer  

5mL Serological Pipette 

10mL Serological Pipette 

25mL Serological Pipette 

Eppendorf 5810R Centrifuge 

Olympus BX53 Research Microscope 

Leica Peloris II Tissue Processor 

ThermoFisher Scientific, USA 

Weber Scientific International Ltd, 

USA 

Greiner Bio-One, Austria 

Sarstedt, Germany 

Sarstedt, Germany 

Eppendorf, Germany 

Olympus Imaging, Australia 

Leica Biosystems, USA 

BT474 

T47D 

MCF7 

MDA-MB-231 

ATCC, USA 

ATCC, USA 

ATCC, USA 

ATCC, USA 

1x Phosphate Buffered Saline 

Sodium Chloride (137mM) 

Potassium Chloride (2.7mM) 

di-Sodium Hydrogen Orthophosphate (10mM) 

Potassium-di-Hydrogen Orthophosphate (1.8mM) 

Hydrochloric Acid 

MilliQ Water 

 

Sigma-Aldrich, Australia 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

ThermoFisher Scientific, USA 

VWR International, USA 

Merck Millipore, Australia 
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APPENDIX 2 – FULL LIST OF VARIANTS 

  

Sample # # Locus Type Reference Genotype Coverage Allele Coverage MAF Gene Transcript Location Function Protein Coding

1 chr4:55593464 SNV A A/C 1992 9,741,018 0.064 KIT NM_000222.2 exonic missense p.Met541Leu c.1621A>C

chr17:7579472 SNV G G/C 2000 70,1930,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG TG/GA 1989 1,367,622 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr2:209113192 SNV G G/A 1999 9,731,026 0.049 IDH1 NM_005896.3 exonic synonymous p.(=) c.315C>T

chr4:1807894 SNV G A/A 1996 0,1996 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1950 0,0,1950 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr10:43613843 SNV G T/T 1992 0,1992 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr7:55249063 SNV G A/A 1995 0,1995 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr3:178917005 SNV A G/G 1987 0,1987 0.217 PIK3CA NM_006218.2 intronic

chr13:48953830 SNV G G/A 2000 1,030,970 RB1 NM_000321.2 intronic

chr19:1220321 SNV T C/C 1974 0,1974 0.353 STK11 NM_000455.4 intronic

2 chr4:55602679 SNV A A/G 36 33,3 KIT NM_000222.2 exonic missense p.Lys834Glu c.2500A>G

chr4:55962446 SNV C C/G 1999 1936,63 KDR NM_002253.2 exonic missense p.Gly893Ala c.2678G>C

chr17:7577547 SNV CC CC/TC 1989 421,0,0,1568,0,0,0,0,0 TP53 NM_000546.5 exonic missense p.Gly245Asp c.734G>A

chr5:112176033 MNV CTG CTG/CCC 1218 1085,96,37 APC NM_000038.5 exonic synonymous|missense p.Ala1582Pro c.4743_4744delTGinsCC

chr4:55593464 SNV A C/C 1996 0,1996 0.064 KIT NM_000222.2 exonic missense p.Met541Leu c.1621A>C

chr17:7579472 SNV G G/C 1997 92,1905,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1982 0,1982 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr3:178927985 SNV A A/G 573 547,26 PIK3CA NM_006218.2 exonic synonymous p.(=) c.1263A>G

chr4:1807894 SNV G A/A 1993 0,1993 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1951 0,0,1951 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CAG/CAG 1984 0,0,1984,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1985 1900,85 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1995 1924,71 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G T/T 1985 0,1985 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr10:43615633 SNV C C/G 1998 9,751,023 0.16 RET NM_020975.4 exonic synonymous p.(=) c.2712C>G

chr11:534242 SNV A A/G 2000 3,251,675 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr17:7578210 SNV T T/C 1996 1,775,221 0.007 TP53 NM_000546.5 exonic synonymous p.(=) c.639A>G

chr18:48603034 SNV A A/G 1982 1910,72 SMAD4 NM_005359.5 exonic synonymous p.(=) c.1335A>G

chr7:55249063 SNV G G/A 1784 1,161,623 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr1:43815035 SNV C C/T 2000 1,748,252 0.003 MPL NM_005373.2 intronic

chr4:55980239 SNV C T/T 1996 0,1996 0.488 KDR NM_002253.2 intronic

chr8:38285863 SNV C C/T 1996 1929,67 FGFR1 NM_001174067.1 intronic

chr13:28610183 SNV A G/G 1999 0,1999 0.381 FLT3 NM_004119.2 intronic

Table 1. Full list of variants detected using the Cancer Hotspot Panel v2 (ThermoFisher Scientific). 
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Sample # # Locus Type Reference Genotype Coverage Allele Coverage MAF Gene Transcript Location Function Protein Coding

3 chr11:108236264 SNV C C/G 1998 1,036,962 0.009 ATM NM_000051.3 utr_3

chr5:112176035 SNV G G/C 1964 1,801,163 APC NM_000038.5 exonic missense p.Ala1582Pro c.4744G>C

chr17:7578265 SNV A A/T 1987 1733,0,0,254 TP53 NM_000546.5 exonic missense p.Ile195Asn c.584T>A

chr17:7579472 SNV G G/C 1995 72,1923,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG TG/GA 1990 1,189,801 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr4:1807894 SNV G A/A 1995 0,1995 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1958 0,0,1958 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr4:55152040 SNV C C/T 2000 1,063,937 0.208 PDGFRA NM_006206.4 exonic synonymous p.(=) c.2472C>T

chr5:112175769 SNV CGG CAG/CAG 1977 0,0,1977,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128845145 SNV C C/T 1999 1,802,197 SMO NM_005631.4 exonic synonymous p.(=) c.639C>T

chr7:128846051 SNV T T/A 1986 1914,72 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1998 1922,76 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G G/T 1996 998,998 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr11:534242 SNV A A/G 1999 9,591,040 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr11:108180917 SNV T T/C 1998 1,007,991 0.009 ATM NM_000051.3 exonic synonymous p.(=) c.5793T>C

chr19:17954185 MNV CC CC/TT 1994 1907,87 JAK3 NM_000215.3 intronic

chr4:55980239 SNV C T/T 1989 0,1989 0.488 KDR NM_002253.2 intronic

chr8:38285863 SNV C C/T 1997 1916,81 FGFR1 NM_001174067.1 intronic

chr13:28610183 SNV A A/G 2000 9,931,007 0.381 FLT3 NM_004119.2 intronic

4 chr2:212288946 INDEL C C/CG 1983 1921,62 ERBB4 NM_005235.2 exonic frameshiftInsertion p.Glu934fs c.2799_2800insC

chr3:178936091 SNV G G/A 1924 1612,312,0 PIK3CA NM_006218.2 exonic missense p.Glu545Lys c.1633G>A

chr9:21971138 SNV C C/T 1996 1300,0,696 CDKN2A NM_000077.4 exonic missense p.Asp74Asn c.220G>A

chr4:55972974 SNV T T/A 1997 1,013,984 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr17:7579470 SNV CGG CGG/CGC 1974 943,1031,0,0,0 0.0:0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1982 0,1982 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr4:1807894 SNV G A/A 1994 0,1994 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1950 0,0,1950 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CAG/CAG 1985 0,0,1985,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr10:43613843 SNV G G/T 1999 1,058,941 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr11:534242 SNV A G/G 2000 271,973 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr7:55249063 SNV G A/A 1998 0,1998 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55962545 INDEL T T/TG 1995 8,311,164 0.256 KDR NM_002253.2 intronic

chr4:55980239 SNV C C/T 2000 1,049,951 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A G/G 1999 0,1999 0.381 FLT3 NM_004119.2 intronic

5 chr7:140453136 SNV ACT ACT/TCT 1988 1547,0,0,0,0,441,0,0 BRAF NM_004333.4 exonic missense p.Val600Glu c.1799T>A

chr11:108236134 SNV A A/G 2000 1930,70 ATM NM_000051.3 exonic missense p.Thr3024Ala c.9070A>G

chr3:178927410 SNV A A/G 1997 8,311,166 0.073 PIK3CA NM_006218.2 exonic missense p.Ile391Met c.1173A>G

chr4:55972974 SNV T T/A 1996 1909,87 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr17:7579470 SNV CGG CGG/CGC 1967 973,994,0,0,0 0.0:0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr4:1807894 SNV G A/A 1993 0,1993 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1940 0,0,1940 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CGG/CAG 1975 953,0,1022,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr10:43613843 SNV G T/T 2000 0,2000 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr10:43615633 SNV C C/G 1993 1,049,944 0.16 RET NM_020975.4 exonic synonymous p.(=) c.2712C>G

chr17:7579886 SNV G G/A 2000 1,570,430 TP53 NM_000546.5 exonic synonymous p.(=) c.27C>T

chr7:55249063 SNV G A/A 1997 0,1997 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55962545 INDEL T T/TG 1989 8,801,109 0.256 KDR NM_002253.2 intronic

chr2:212812097 SNV T C/C 1990 0,1990 0.329 ERBB4 NM_005235.2 intronic

chr3:178917005 SNV A A/G 1996 1,014,982 0.217 PIK3CA NM_006218.2 intronic

chr4:55980239 SNV C C/T 2000 1,041,959 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A G/G 2000 0,2000 0.381 FLT3 NM_004119.2 intronic

chr19:1220321 SNV T T/C 1977 9,691,008 0.353 STK11 NM_000455.4 intronic

Table 1. (Continued) 
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Sample # # Locus Type Reference Genotype Coverage Allele Coverage MAF Gene Transcript Location Function Protein Coding

6 chr4:55962446 SNV C C/G 1999 1,878,121 KDR NM_002253.2 exonic missense p.Gly893Ala c.2678G>C

chr17:7577539 SNV GG GG/AG 1995 1545,450,0,0,0,0,0,0,0 TP53 NM_000546.5 exonic missense p.Arg248Trp c.742C>T

chr17:7578400 SNV G G/A 2000 1414,586,0,0 TP53 NM_000546.5 exonic missense p.Pro177Leu c.530C>T

chr9:21971096 SNV C C/A 1996 5,231,473 CDKN2A NM_000077.4 exonic nonsense p.Glu88Ter c.262G>T

chr5:112176033 MNV CTG CTG/CCC 1347 1,193,129 APC NM_000038.5 exonic synonymous|missense p.Ala1582Pro c.4743_4744delTGinsCC

chr22:24176287 SNV G A/A 1984 0,1984 0.11 SMARCB1|DERL3 NM_003073.3|NM_001135751.1 intronic|downstream | | |

chr17:7579472 SNV G G/C 1995 99,1896,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1972 0,1972 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr3:178927985 SNV A A/G 215 206,9 PIK3CA NM_006218.2 exonic synonymous p.(=) c.1263A>G

chr4:1807894 SNV G A/A 1991 0,1991 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1961 0,0,1961 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr4:55962445 SNV A A/C 1939 1854,85 KDR NM_002253.2 exonic synonymous p.(=) c.2679T>G

chr5:112175769 SNV CGG CAG/CAG 1989 0,0,1989,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1977 1901,76 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1996 1915,81 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G G/T 1997 1,043,954 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr11:534242 SNV A G/G 2000 261,974 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr18:48603034 SNV A A/G 1979 1,842,137 SMAD4 NM_005359.5 exonic synonymous p.(=) c.1335A>G

chr2:212812097 SNV T C/C 1991 0,1991 0.329 ERBB4 NM_005235.2 intronic

chr4:55980239 SNV C C/T 1999 1,061,938 0.488 KDR NM_002253.2 intronic

chr8:38285863 SNV C C/T 1999 1938,61 FGFR1 NM_001174067.1 intronic

chr13:28610183 SNV A A/G 2000 1,084,916 0.381 FLT3 NM_004119.2 intronic

chr19:1220321 SNV T T/C 1963 979,984 0.353 STK11 NM_000455.4 intronic

7 chr3:10183853 SNV C C/T 2000 1930,70 VHL NM_000551.3 exonic missense p.Arg108Cys c.322C>T

chr5:112176035 SNV G G/C 1959 1871,88 APC NM_000038.5 exonic missense p.Ala1582Pro c.4744G>C

chr17:7577082 SNV C C/T 1999 1847,0,0,152,0 TP53 NM_000546.5 exonic missense p.Glu286Lys c.856G>A

chr4:55972974 SNV T A/A 1993 181,975 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr17:7579470 SNV CGG CGG/CGC 1963 944,1019,0,0,0,0 0.0:0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1980 0,1980 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr3:10183852 SNV C C/A 2000 1930,70 VHL NM_000551.3 exonic synonymous p.(=) c.321C>A

chr4:1807894 SNV G A/A 1996 0,1996 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1944 0,0,1944 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CGG/CAG 1967 924,0,1043,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1975 1893,82 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1996 1915,81 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G G/T 1995 1,030,965 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr10:43615633 SNV C C/G 1996 9,751,021 0.16 RET NM_020975.4 exonic synonymous p.(=) c.2712C>G

chr7:55249063 SNV G A/A 1994 0,1994 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55962545 INDEL T TG/TG 1992 0,1992 0.256 KDR NM_002253.2 intronic

chr2:212812097 SNV T C/C 1989 0,1989 0.329 ERBB4 NM_005235.2 intronic

chr4:55980239 SNV C T/T 1988 0,1988 0.488 KDR NM_002253.2 intronic

chr8:38285863 SNV C C/T 1998 1934,64 FGFR1 NM_001174067.1 intronic

chr13:28610183 SNV A A/G 2000 1,038,962 0.381 FLT3 NM_004119.2 intronic

chr18:48586344 SNV C C/T 1997 1,081,916 0.048 SMAD4 NM_005359.5 intronic

8

Table 1. (Continued) 

1
5
8

 



 

159 

 

  

Sample # # Locus Type Reference Genotype Coverage Allele Coverage MAF Gene Transcript Location Function Protein Coding

9 chr7:116411923 SNV C C/T 1996 1,203,793 0.002 MET NM_001127500.1 exonic missense p.Arg988Cys c.2962C>T

chr3:10183853 SNV C C/T 2000 1940,60 VHL NM_000551.3 exonic missense p.Arg108Cys c.322C>T

chr3:10183852 SNV C C/A 1997 1908,89 VHL NM_000551.3 exonic synonymous p.(=) c.321C>A

chr4:1807894 SNV G A/A 1996 0,1996 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1934 0,0,1934 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr4:153250860 SNV G G/A 1999 8,201,179 FBXW7 NM_033632.3 exonic synonymous p.(=) c.1200C>T

chr5:112175769 SNV CGG CAG/CAG 1983 0,0,1983,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1964 1887,77 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1995 1931,64 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G G/T 1998 7,731,225 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr10:43615633 SNV C C/G 1986 7,831,203 0.16 RET NM_020975.4 exonic synonymous p.(=) c.2712C>G

chr7:55249063 SNV G A/A 1981 0,1981 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr5:112176033 MNV CTG CTG/CCC 1898 1799,65,34 APC NM_000038.5 exonic synonymous|missense p.Ala1582Pro c.4743_4744delTGinsCC

chr3:178917005 SNV A A/G 1988 997,991 0.217 PIK3CA NM_006218.2 intronic

chr4:55980239 SNV C C/T 1998 9,051,093 0.488 KDR NM_002253.2 intronic

chr8:38285863 SNV C C/T 2000 1929,71 FGFR1 NM_001174067.1 intronic

chr13:28610183 SNV A G/G 1997 0,1997 0.381 FLT3 NM_004119.2 intronic

chr19:1220321 SNV T T/C 1968 8,741,094 0.353 STK11 NM_000455.4 intronic

chr22:24176287 SNV G G/A 2000 8,181,182 0.11 SMARCB1|DERL3 NM_003073.3|NM_001135751.1 intronic|downstream | | |

chr5:149433596 MNV TG GA/GA 1979 0,1979 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

10 chr3:10183853 SNV C C/T 2000 1939,61 VHL NM_000551.3 exonic missense p.Arg108Cys c.322C>T

chr4:55962446 SNV C C/G 1998 1936,62 KDR NM_002253.2 exonic missense p.Gly893Ala c.2678G>C

chr5:112176035 SNV G G/C 1939 1,770,169 APC NM_000038.5 exonic missense p.Ala1582Pro c.4744G>C

chr9:133738347 SNV CGGGGG CGGGGG/CGGGGA 1948 1884,64 ABL1 NM_007313.2 exonic missense p.Gly270Asp c.809G>A

chr22:24176287 SNV G G/A 2000 1,055,945 0.11 SMARCB1|DERL3 NM_003073.3|NM_001135751.1 intronic|downstream | | |

chr4:55972974 SNV T T/A 1998 1,797,201 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr17:7579470 SNV CGG CGG/CGC 1970 799,1171,0,0,0 0.0:0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1985 0,1985 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr3:10183852 SNV C C/A 1987 1910,77 VHL NM_000551.3 exonic synonymous p.(=) c.321C>A

chr3:178927985 SNV A A/G 965 927,38 PIK3CA NM_006218.2 exonic synonymous p.(=) c.1263A>G

chr4:1807894 SNV G A/A 1995 0,1995 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1902 0,0,1902 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CGG/CAG 1990 1068,0,922,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1970 1906,64 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1999 1912,87 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G T/T 1992 0,1992 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr18:48603034 SNV A A/G 1979 1913,66 SMAD4 NM_005359.5 exonic synonymous p.(=) c.1335A>G

chr22:24133954 SNV C C/T 2000 1941,59 SMARCB1 NM_003073.3 exonic synonymous p.(=) c.105C>T

chr7:55249063 SNV G G/A 1591 811,780 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55962545 INDEL T T/TG 1996 7,811,215 0.256 KDR NM_002253.2 intronic

chr4:55980239 SNV C T/T 2000 301,970 0.488 KDR NM_002253.2 intronic

chr8:38285863 SNV C C/T 1998 1929,69 FGFR1 NM_001174067.1 intronic

chr13:28610183 SNV A A/G 2000 1,037,963 0.381 FLT3 NM_004119.2 intronic
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11 chr7:116411990 SNV C C/T 2000 1,010,990 0.006 MET NM_001127500.1 exonic missense p.Thr1010Ile c.3029C>T

chr22:24176287 SNV G G/A 2000 1,093,907 0.11 SMARCB1|DERL3 NM_003073.3|NM_001135751.1 intronic|downstream | | |

chr4:55972974 SNV T T/A 1997 9,931,004 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr17:7579472 SNV G G/C 1995 84,1911,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1979 0,1979 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr4:1807894 SNV G A/A 1990 0,1990 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1938 0,0,1938 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr4:55152040 SNV C C/T 1999 1,042,957 0.208 PDGFRA NM_006206.4 exonic synonymous p.(=) c.2472C>T

chr5:112175769 SNV CGG CAG/CAG 1986 0,0,1986,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr10:43613843 SNV G T/T 1999 0,1999 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr11:534242 SNV A G/G 1999 291,970 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr7:55249063 SNV G A/A 1992 0,1992 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55962545 INDEL T T/TG 1991 8,101,181 0.256 KDR NM_002253.2 intronic

chr4:55980239 SNV C T/T 1986 0,1986 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A G/G 1999 0,1999 0.381 FLT3 NM_004119.2 intronic

chr19:1220321 SNV T T/C 1980 8,381,142 0.353 STK11 NM_000455.4 intronic

12 chr3:178952181 SNV T T/C 1999 1,286,713 0.002 PIK3CA NM_006218.2 utr_3

chr12:25398284 SNV CC CC/TC 1992 843,0,0,1149,0,0,0,0 KRAS NM_033360.3 exonic missense p.Gly12Asp c.35G>A

chr4:55972974 SNV T T/A 1996 1,833,163 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr17:7579472 SNV G G/C 1993 81,1912,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG TG/GA 1986 2,611,725 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr2:209113192 SNV G G/A 2000 7,431,257 0.049 IDH1 NM_005896.3 exonic synonymous p.(=) c.315C>T

chr3:178938915 SNV C C/T 1999 1,496,503 PIK3CA NM_006218.2 exonic synonymous p.(=) c.2157C>T

chr4:1807894 SNV G A/A 1990 0,1990 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1934 0,0,1934 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CGG/CAG 1983 155,0,1828,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr10:43613843 SNV G T/T 1999 0,1999 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr11:534242 SNV A A/G 1999 1,140,859 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr7:55249063 SNV G A/A 1992 0,1992 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55962545 INDEL T T/TG 1994 1,705,289 0.256 KDR NM_002253.2 intronic

chr4:55980239 SNV C C/T 2000 1,855,145 0.488 KDR NM_002253.2 intronic

chr13:28602292 SNV T T/C 1998 1,049,949 0.039 FLT3 NM_004119.2 intronic

chr13:28610183 SNV A G/G 1999 0,1999 0.381 FLT3 NM_004119.2 intronic

chr19:17954157 SNV C C/A 2000 1938,62 JAK3 NM_000215.3 intronic
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13 chr5:112176035 SNV G G/C 1926 1,786,140 APC NM_000038.5 exonic missense p.Ala1582Pro c.4744G>C

chr9:133738347 SNV CGGGGG CGGGGG/CGGGGA 1934 1874,60 ABL1 NM_007313.2 exonic missense p.Gly270Asp c.809G>A

chr12:25398281 SNV C C/T 1994 1753,0,0,241 KRAS NM_033360.3 exonic missense p.Gly13Asp c.38G>A

chr12:112888210 SNV G G/A 2000 1646,354,0 PTPN11 NM_002834.3 exonic missense p.Glu76Lys c.226G>A

chr5:112175639 SNV C C/T 1999 1,645,354 APC NM_000038.5 exonic nonsense p.Arg1450Ter c.4348C>T

chr17:7577609 SNV C C/G 2000 1,633,367 TP53 NM_000546.5 splicesite_5

chr17:7579472 SNV G G/C 1996 107,1889,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1979 0,1979 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr3:10183852 SNV C C/A 1999 1917,82 VHL NM_000551.3 exonic synonymous p.(=) c.321C>A

chr3:178927985 SNV A A/G 940 904,36 PIK3CA NM_006218.2 exonic synonymous p.(=) c.1263A>G

chr4:1807894 SNV G A/A 1996 0,1996 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1915 0,0,1915 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr4:55152040 SNV C C/T 1999 1,278,721 0.208 PDGFRA NM_006206.4 exonic synonymous p.(=) c.2472C>T

chr5:112175769 SNV CGG CGG/CAG 1989 966,0,1023,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1970 1910,60 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1996 1925,71 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G T/T 1995 0,1995 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr10:43615633 SNV C C/G 1995 8,791,116 0.16 RET NM_020975.4 exonic synonymous p.(=) c.2712C>G

chr11:534242 SNV A A/G 1998 8,871,111 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr7:55249063 SNV G G/A 1997 8,751,122 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55962545 INDEL T T/TG 1992 1,121,871 0.256 KDR NM_002253.2 intronic

chr2:212578395 SNV G G/A 1967 1909,58 ERBB4 NM_005235.2 intronic

chr3:178917005 SNV A A/G 1988 8,291,159 0.217 PIK3CA NM_006218.2 intronic

chr8:38285863 SNV C C/T 1201 1154,47 FGFR1 NM_001174067.1 intronic

chr13:28610183 SNV A G/G 1995 0,1995 0.381 FLT3 NM_004119.2 intronic

chr22:24176297 SNV C C/T 1995 1,269,726 SMARCB1|DERL3 NM_003073.3|NM_001135751.1 intronic|downstream | | |

14 chr17:7577120 SNV CG CG/AG 1984 895,1089,0,0,0 0 TP53 NM_000546.5 exonic missense p.Arg273Leu c.818G>T

chr7:116339642 SNV G G/T 1998 6,601,338 0.003 MET NM_001127500.1 exonic missense p.Glu168Asp c.504G>T

chr19:17945696 SNV C C/T 1998 1,606,392 0.004 JAK3 NM_000215.3 exonic missense p.Val722Ile c.2164G>A

chr7:55242463 INDEL AAGGAATTAAGAG AAGGAATTAAGAG/A 1965 8,881,077 EGFR NM_005228.3 exonic nonframeshiftDeletion p.Glu746_Glu749del c.2235_2246delGGAATTAAGAGA

chr7:55242464 INDEL AGGAATTAAGAGAAGCAAC AGGAATTAAGAGAAGCAAC/AAAC 1952 899,0,1053,0 EGFR NM_005228.3 exonic nonframeshiftDeletion p.Glu746_Ala750del c.2235_2249delGGAATTAAGAGAAGC

chr17:7579470 SNV CGG CGC/CGC 1824 0,1824,0,0 0.0:0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG TG/GA 1995 1,175,820 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr4:1807894 SNV G A/A 1508 0,1508 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1949 0,0,1949 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CGG/CAG 1980 1031,0,949,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr4:55980239 SNV C C/T 2000 1,249,751 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A A/G 2000 1,393,607 0.381 FLT3 NM_004119.2 intronic

15 chr17:7578271 SNV T T/C 1994 468,0,0,0,0,0,1526,0 TP53 NM_000546.5 exonic missense p.His193Arg c.578A>G

chr22:24176287 SNV G G/A 1999 2,861,713 0.11 SMARCB1|DERL3 NM_003073.3|NM_001135751.1 intronic|downstream | | |

chr4:55972974 SNV T A/A 1985 0,1985 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr5:149433596 MNV TG GA/GA 1977 0,1977 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr4:1807894 SNV G A/A 1990 0,1990 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1945 0,0,1945 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr10:43613843 SNV G T/T 1998 0,1998 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr4:55962545 INDEL T TG/TG 1999 0,1999 0.256 KDR NM_002253.2 intronic

chr4:55980239 SNV C T/T 1991 0,1991 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A G/G 1995 0,1995 0.381 FLT3 NM_004119.2 intronic

chr19:1220321 SNV T T/C 1971 1,826,145 0.353 STK11 NM_000455.4 intronic
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16 chr17:7578442 SNV TA TA/CA 1992 1669,323,0,0 TP53 NM_000546.5 exonic missense p.Tyr163Cys c.488A>G

chr4:55972974 SNV T T/A 1993 1,158,835 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr17:7579472 SNV G G/C 1997 103,1894,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1978 0,1978 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr4:1807894 SNV G A/A 1994 0,1994 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1953 0,0,1953 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CGG/CAG 1968 1190,0,778,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr10:43613843 SNV G G/T 1998 1,200,798 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr4:55962545 INDEL T T/TG 1994 9,781,016 0.256 KDR NM_002253.2 intronic

chr4:55980239 SNV C T/T 1985 0,1985 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A G/G 1998 0,1998 0.381 FLT3 NM_004119.2 intronic

17 chr3:10183853 SNV C C/T 2000 1940,60 VHL NM_000551.3 exonic missense p.Arg108Cys c.322C>T

chr17:7578442 SNV TA TA/CA 1991 1282,709,0,0 TP53 NM_000546.5 exonic missense p.Tyr163Cys c.488A>G

chr4:55972974 SNV T T/A 1998 1,278,720 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr17:7579472 SNV G G/C 1994 91,1903,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1981 0,1981 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr3:10183852 SNV C C/A 1999 1926,73 VHL NM_000551.3 exonic synonymous p.(=) c.321C>A

chr4:1807894 SNV G A/A 1992 0,1992 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1938 0,0,1938 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CGG/CAG 1990 1335,0,655,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1960 1890,70 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1996 1912,84 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G G/T 1999 1,311,688 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr18:48603034 SNV A A/G 1981 1906,75 SMAD4 NM_005359.5 exonic synonymous p.(=) c.1335A>G

chr5:112176033 MNV CTG CTG/CCC 1873 1702,134,37 APC NM_000038.5 exonic synonymous|missense p.Ala1582Pro c.4743_4744delTGinsCC

chr4:55962545 INDEL T T/TG 1993 1,111,882 0.256 KDR NM_002253.2 intronic

chr4:55980239 SNV C T/T 1991 0,1991 0.488 KDR NM_002253.2 intronic

chr8:38285863 SNV C C/T 1996 1930,66 FGFR1 NM_001174067.1 intronic

chr13:28610183 SNV A G/G 1998 0,1998 0.381 FLT3 NM_004119.2 intronic

18 chr12:25398284 SNV CC CC/TC 1998 1283,0,0,715,0,0,0,0 KRAS NM_033360.3 exonic missense p.Gly12Asp c.35G>A

chr13:28608309 SNV C C/T 1999 1,041,958 FLT3 NM_004119.2 exonic missense p.Gly583Ser c.1747G>A

chr18:48604751 SNV A A/G 1997 1,034,963 SMAD4 NM_005359.5 exonic missense p.Ile525Val c.1573A>G

chr22:24176287 SNV G G/A 1999 9,991,000 0.11 SMARCB1|DERL3 NM_003073.3|NM_001135751.1 intronic|downstream | | |

chr4:55972974 SNV T T/A 1997 1,039,958 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr17:7579472 SNV G G/C 1980 78,1902,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1984 0,1984 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr2:209113192 SNV G A/A 1995 0,1995 0.049 IDH1 NM_005896.3 exonic synonymous p.(=) c.315C>T

chr4:1807894 SNV G A/A 1993 0,1993 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1954 0,0,1954 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr4:55152040 SNV C C/T 1999 1,088,911 0.208 PDGFRA NM_006206.4 exonic synonymous p.(=) c.2472C>T

chr10:43613843 SNV G T/T 1997 0,1997 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr11:534242 SNV A G/G 1999 211,978 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr7:55249063 SNV G G/A 1997 1,040,957 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55962545 INDEL T T/TG 1994 8,571,137 0.256 KDR NM_002253.2 intronic

chr4:1807922 SNV G G/A 1993 1,033,960 0.019 FGFR3 NM_001163213.1 intronic

chr4:55980239 SNV C C/T 1999 1,019,980 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A G/G 1999 0,1999 0.381 FLT3 NM_004119.2 intronic
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19 chr3:10183853 SNV C C/T 2000 1931,69 VHL NM_000551.3 exonic missense p.Arg108Cys c.322C>T

chr5:112176035 SNV G G/C 1953 1,827,126 APC NM_000038.5 exonic missense p.Ala1582Pro c.4744G>C

chr17:7578437 SNV G G/A 2000 9,881,012 TP53 NM_000546.5 exonic nonsense p.Gln165Ter c.493C>T

chr17:7579472 SNV G G/C 2000 80,1920,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG TG/GA 1984 9,831,001 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr4:1807894 SNV G A/A 1990 0,1990 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1951 0,0,1951 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CGG/CAG 1981 695,0,1286,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1982 1916,66 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1996 1901,95 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G T/T 1990 0,1990 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr11:534242 SNV A G/G 2000 401,960 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr4:55946354 SNV G G/T 1995 1,315,680 0.057 KDR NM_002253.2 intronic

chr4:55980239 SNV C C/T 2000 1,349,651 0.488 KDR NM_002253.2 intronic

chr8:38285863 SNV C C/T 1997 1932,65 FGFR1 NM_001174067.1 intronic

chr13:28610183 SNV A G/G 1997 0,1997 0.381 FLT3 NM_004119.2 intronic

20 chr7:55248979 SNV C C/T 2000 1,493,507 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 intronic|exonic_nc | | |

chr4:55953858 SNV G G/A 1998 1,488,510 KDR NM_002253.2 exonic missense p.Ser1193Phe c.3578C>T

chr17:7577538 SNV CG CG/TG 1983 1377,0,0,606,0,0,0,0 TP53 NM_000546.5 exonic missense p.Arg248Gln c.743G>A

chr22:24176287 SNV G G/A 2000 1,234,766 0.11 SMARCB1|DERL3 NM_003073.3|NM_001135751.1 intronic|downstream | | |

chr17:7579472 SNV G G/C 1998 81,1917,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG TG/GA 1997 1,726,271 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr4:1807894 SNV G A/A 1993 0,1993 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1946 0,0,1946 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr4:55152040 SNV C C/T 1999 1,033,966 0.208 PDGFRA NM_006206.4 exonic synonymous p.(=) c.2472C>T

chr4:55953800 SNV G G/A 2000 1,523,477 KDR NM_002253.2 exonic synonymous p.(=) c.3636C>T

chr5:112175769 SNV CGG CAG/CAG 1986 0,0,1986,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr11:534242 SNV A A/G 2000 1,147,853 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr7:55249063 SNV G G/A 2000 9,951,005 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr3:178917005 SNV A A/G 1990 9,651,025 0.217 PIK3CA NM_006218.2 intronic

chr13:28602292 SNV T T/C 1999 5,171,482 0.039 FLT3 NM_004119.2 intronic

chr13:28610183 SNV A A/G 2000 6,681,332 0.381 FLT3 NM_004119.2 intronic

21 chr3:10183853 SNV C C/T 2000 1935,65 VHL NM_000551.3 exonic missense p.Arg108Cys c.322C>T

chr5:112176035 SNV G G/C 1962 1,857,105 APC NM_000038.5 exonic missense p.Ala1582Pro c.4744G>C

chr22:24176287 SNV G G/A 2000 1,055,945 0.11 SMARCB1|DERL3 NM_003073.3|NM_001135751.1 intronic|downstream | | |

chr4:55972974 SNV T A/A 1982 0,1982 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr17:7579470 SNV CGG CGG/CGC 1966 926,1040,0,0,0 0.0:0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr3:10183852 SNV C C/A 1997 1907,90 VHL NM_000551.3 exonic synonymous p.(=) c.321C>A

chr3:178927985 SNV A A/G 737 706,31 PIK3CA NM_006218.2 exonic synonymous p.(=) c.1263A>G

chr4:1807894 SNV G A/A 1993 0,1993 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1923 0,0,1923 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CAG/CAG 1982 0,0,1982,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1971 1891,80 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1999 1916,83 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr7:55249063 SNV G G/A 2000 9,471,053 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr2:212812097 SNV T T/C 1992 8,161,176 0.329 ERBB4 NM_005235.2 intronic

chr4:55980239 SNV C T/T 1989 0,1989 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A G/G 1991 0,1991 0.381 FLT3 NM_004119.2 intronic

chr19:1220321 SNV T T/C 1971 1,013,958 0.353 STK11 NM_000455.4 intronic

chr4:55962545 INDEL T TG/TG 1990 0,1990 0.256 KDR NM_002253.2 intronic

chr5:149433596 MNV TG GA/GA 1984 0,1984 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |
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22 chr5:112173899 SNV C C/G 1999 1,857,142 0.012 APC NM_000038.5 exonic missense p.Pro870Ala c.2608C>G

chr17:7578406 SNV C C/T 1995 500,0,0,1495,0,0,0,0 TP53 NM_000546.5 exonic missense p.Arg175His c.524G>A

chr4:55593464 SNV A A/C 1994 1,634,360 0.064 KIT NM_000222.2 exonic missense p.Met541Leu c.1621A>C

chr4:55972974 SNV T T/A 1042 975,67 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr5:149433596 MNV TG GA/GA 1977 0,1977 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr4:1807894 SNV G A/A 1989 0,1989 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1960 0,0,1960 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CGG/CAG 1964 1259,0,705,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr10:43613843 SNV G T/T 1993 0,1993 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr11:534242 SNV A A/G 1999 3,541,645 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr7:55249063 SNV G A/A 1993 0,1993 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55962545 INDEL T T/TG 1994 2,671,727 0.256 KDR NM_002253.2 intronic

chr4:55980239 SNV C T/T 1988 0,1988 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A G/G 1999 0,1999 0.381 FLT3 NM_004119.2 intronic

chr14:105246566 SNV G G/A 2000 1938,62 AKT1 NM_001014431.1 intronic

23 chr4:55152120 SNV C C/T 1997 1,524,473 PDGFRA NM_006206.4 exonic missense p.Ser851Leu c.2552C>T

chr13:28610118 SNV G G/A 2000 1,445,555 FLT3 NM_004119.2 exonic missense p.Pro458Ser c.1372C>T

chr13:48941663 SNV T T/A 1997 1,845,152 RB1 NM_000321.2 exonic missense p.Tyr325Asn c.973T>A

chr17:7577559 SNV GA GA/AA 1991 1433,558,0,0,0 TP53 NM_000546.5 exonic missense p.Ser241Phe c.722C>T

chr17:7578475 SNV G G/A 1988 1553,435,0,0,0,0,0,0 TP53 NM_000546.5 exonic missense p.Pro152Leu c.455C>T

chr4:55593464 SNV A A/C 1999 1,048,951 0.064 KIT NM_000222.2 exonic missense p.Met541Leu c.1621A>C

chr4:55972974 SNV T T/A 1997 9,911,006 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr5:149433596 MNV TG GA/GA 1899 0,1899 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr4:1807894 SNV G A/A 1989 0,1989 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1913 0,0,1913 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr4:55152040 SNV C C/T 2000 1,035,965 0.208 PDGFRA NM_006206.4 exonic synonymous p.(=) c.2472C>T

chr4:55595547 SNV G G/A 1969 1,423,546 KIT NM_000222.2 exonic synonymous p.(=) c.2037G>A

chr5:112175769 SNV CGG CGG/CAG 1979 569,0,1410,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128845094 SNV C C/T 1998 1,481,517 SMO NM_005631.4 exonic synonymous p.(=) c.588C>T

chr10:43613843 SNV G T/T 1992 0,1992 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr10:43613864 SNV C C/T 1994 1,414,580 RET NM_020975.4 exonic synonymous p.(=) c.2328C>T

chr10:43615633 SNV C C/G 2000 1,111,889 0.16 RET NM_020975.4 exonic synonymous p.(=) c.2712C>G

chr7:55249063 SNV G G/A 2000 1,102,898 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55962545 INDEL T T/TG 1991 8,161,175 0.256 KDR NM_002253.2 intronic

chr11:108225623 INDEL A A/AT 1987 1906,81 ATM NM_000051.3 intronic

chr2:212812097 SNV T T/C 1997 9,881,009 0.329 ERBB4 NM_005235.2 intronic

chr4:55980239 SNV C C/T 2000 1,067,933 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A G/G 2000 0,2000 0.381 FLT3 NM_004119.2 intronic

chr18:48586344 SNV C C/T 1998 1,038,960 0.048 SMAD4 NM_005359.5 intronic

chr19:1220321 SNV T T/C 1985 1,042,943 0.353 STK11 NM_000455.4 intronic

chr19:1220341 SNV C C/T 1993 1,541,452 STK11 NM_000455.4 intronic
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24 chr17:7574027 INDEL CA CA/C 1959 1,772,187 TP53 NM_000546.5 exonic frameshiftDeletion p.Arg335fs c.999delT

chr11:534285 MNV CC CC/TT 1980 1011,0,0,969 HRAS NM_001130442.1 exonic missense p.Gly13Asn c.37_38delGGinsAA

chr1:43815030 SNV G G/A 2000 1,658,342 MPL NM_005373.2 exonic missense p.Arg522Lys c.1565G>A

chr4:55980343 SNV T T/C 2000 1,674,326 KDR NM_002253.2 exonic missense p.Thr250Ala c.748A>G

chr5:112176035 SNV G G/A 1201 1153,48 APC NM_000038.5 exonic missense p.Ala1582Thr c.4744G>A

chr11:534286 SNV C C/T 2000 1023,0,0,977 HRAS NM_001130442.1 exonic missense p.Gly13Ser c.37G>A

chr17:7574030 SNV G G/A 1968 1,774,194 TP53 NM_000546.5 exonic missense p.Arg333Cys c.997C>T

chr22:24133955 SNV C C/T 2000 1,703,297 SMARCB1 NM_003073.3 exonic missense p.Leu36Phe c.106C>T

chr3:178927410 SNV A A/G 1997 9,301,067 0.073 PIK3CA NM_006218.2 exonic missense p.Ile391Met c.1173A>G

chr17:7579472 SNV G G/C 1991 102,1889,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1980 0,1980 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr2:209113192 SNV G G/A 2000 1,192,808 0.049 IDH1 NM_005896.3 exonic synonymous p.(=) c.315C>T

chr4:1807894 SNV G A/A 1995 0,1995 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1942 0,0,1942 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CAG/CAG 1979 0,0,1979,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr10:43613843 SNV G T/T 1997 0,1997 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr11:534242 SNV A G/G 2000 261,974 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr18:48603034 SNV A A/G 1991 1,818,173 SMAD4 NM_005359.5 exonic synonymous p.(=) c.1335A>G

chr7:55249063 SNV G A/A 1996 0,1996 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr3:178917005 SNV A A/G 1993 1,103,890 0.217 PIK3CA NM_006218.2 intronic

chr4:55980239 SNV C T/T 1982 0,1982 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A G/G 1997 0,1997 0.381 FLT3 NM_004119.2 intronic

chr19:1220554 SNV C C/T 2000 1,671,329 STK11 NM_000455.4 intronic

25 chr3:37067240 SNV T T/A 1993 9,901,003 0.009 MLH1 NM_000249.3 exonic missense p.Val384Asp c.1151T>A

chr7:140453136 SNV ACT ACT/TCT 1984 1755,0,0,0,0,229,0,0 BRAF NM_004333.4 exonic missense p.Val600Glu c.1799T>A

chr5:112176033 MNV CTG CTG/CCC 1463 1391,72 APC NM_000038.5 exonic synonymous|missense p.Ala1582Pro c.4743_4744delTGinsCC

chr4:55972974 SNV T T/A 1996 9,861,010 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr17:7579472 SNV G G/C 1993 86,1907,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1972 0,1972 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr3:10183852 SNV C C/A 1997 1932,65 VHL NM_000551.3 exonic synonymous p.(=) c.321C>A

chr3:178927985 SNV A A/G 683 661,22 PIK3CA NM_006218.2 exonic synonymous p.(=) c.1263A>G

chr4:1807894 SNV G A/A 1989 0,1989 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1948 0,0,1948 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CAG/CAG 1978 0,0,1978,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128845088 SNV A A/G 1999 9,751,024 0.027 SMO NM_005631.4 exonic synonymous p.(=) c.582A>G

chr9:133750318 SNV C C/T 1997 1924,73 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G G/T 1998 1,007,991 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr10:43615633 SNV C C/G 1995 1,001,994 0.16 RET NM_020975.4 exonic synonymous p.(=) c.2712C>G

chr20:36031707 SNV C C/T 1999 1,033,966 0 SRC NM_198291.2 exonic synonymous p.(=) c.1536C>T

chr4:55962545 INDEL T T/TG 1994 8,041,190 0.256 KDR NM_002253.2 intronic

chr2:29432625 SNV C C/A 1996 1,567,429 0.1 ALK NM_004304.4 intronic

chr2:212812097 SNV T T/C 1997 9,121,085 0.329 ERBB4 NM_005235.2 intronic

chr3:178917005 SNV A A/G 1990 1,007,983 0.217 PIK3CA NM_006218.2 intronic

chr8:38285863 SNV C C/T 1998 1921,77 FGFR1 NM_001174067.1 intronic

chr13:28610183 SNV A G/G 1998 0,1998 0.381 FLT3 NM_004119.2 intronic

chr19:1220321 SNV T T/C 1972 9,421,030 0.353 STK11 NM_000455.4 intronic
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26 chr3:10183853 SNV C C/T 2000 1930,70 VHL NM_000551.3 exonic missense p.Arg108Cys c.322C>T

chr5:112176035 SNV G G/C 1943 1,806,137 APC NM_000038.5 exonic missense p.Ala1582Pro c.4744G>C

chr12:25398284 SNV CC CC/GC 1987 816,0,1171,0,0,0,0,0 KRAS NM_033360.3 exonic missense p.Gly12Ala c.35G>C

chr17:7577515 SNV T T/G 1999 864,0,0,1135 TP53 NM_000546.5 exonic missense p.Thr256Pro c.766A>C

chr19:1221241 SNV T T/C 2000 1934,66 STK11 NM_000455.4 exonic missense p.Phe255Ser c.764T>C

chr17:7579472 SNV G G/C 1994 93,1901,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1975 0,1975 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr3:10183852 SNV C C/A 1997 1934,63 VHL NM_000551.3 exonic synonymous p.(=) c.321C>A

chr3:178927985 SNV A A/G 805 766,39 PIK3CA NM_006218.2 exonic synonymous p.(=) c.1263A>G

chr4:1807894 SNV G A/A 1992 0,1992 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1946 1,0,1945 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CGG/CAG 1980 1505,0,475,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1969 1898,71 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1995 1916,79 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G T/T 1998 0,1998 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr7:55249063 SNV G G/A 1999 1,293,706 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55980239 SNV C C/T 1999 1,249,750 0.488 KDR NM_002253.2 intronic

chr8:38285863 SNV C C/T 1978 1909,69 FGFR1 NM_001174067.1 intronic

chr13:28610183 SNV A G/G 1997 0,1997 0.381 FLT3 NM_004119.2 intronic

27 chr3:10183853 SNV C C/T 1999 1940,59 VHL NM_000551.3 exonic missense p.Arg108Cys c.322C>T

chr5:112176035 SNV G G/C 1951 1,847,104 APC NM_000038.5 exonic missense p.Ala1582Pro c.4744G>C

chr12:25398284 SNV CC CC/TC 1992 751,0,0,1241,0,0,0,0 KRAS NM_033360.3 exonic missense p.Gly12Asp c.35G>A

chr3:178927410 SNV A G/G 1999 0,1999 0.073 PIK3CA NM_006218.2 exonic missense p.Ile391Met c.1173A>G

chr4:55972974 SNV T A/A 1973 0,1973 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr17:7579470 SNV CGG CGG/CGC 1963 660,1303,0,0,0 0.0:0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1981 0,1981 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr3:10183852 SNV C C/A 2000 1929,71 VHL NM_000551.3 exonic synonymous p.(=) c.321C>A

chr3:178927985 SNV A A/G 652 628,24 PIK3CA NM_006218.2 exonic synonymous p.(=) c.1263A>G

chr4:1807894 SNV G A/A 1993 0,1993 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1942 0,0,1942 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CAG/CAG 1990 0,0,1990,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1968 1883,85 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1997 1931,66 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G T/T 1995 0,1995 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr11:534242 SNV A A/G 1999 1,031,968 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr7:55249063 SNV G G/A 2000 1,008,992 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55962545 INDEL T TG/TG 1986 0,1986 0.256 KDR NM_002253.2 intronic

chr3:178917005 SNV A G/G 1970 0,1970 0.217 PIK3CA NM_006218.2 intronic

chr4:55980239 SNV C T/T 1983 0,1983 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A A/G 2000 7,641,236 0.381 FLT3 NM_004119.2 intronic

28 chr17:7578530 SNV A A/C 1999 261,1738,0 TP53 NM_000546.5 exonic missense p.Phe134Val c.400T>G

chr4:55593464 SNV A A/C 2000 1,741,826 0.064 KIT NM_000222.2 exonic missense p.Met541Leu c.1621A>C

chr17:7579472 SNV G G/C 1996 103,1893,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr4:1807894 SNV G A/A 1993 0,1993 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1968 0,0,1968 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CGG/CAG 1987 151,0,1836,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr10:43613843 SNV G T/T 1995 0,1995 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr10:43615633 SNV C C/G 1993 9,561,037 0.16 RET NM_020975.4 exonic synonymous p.(=) c.2712C>G

chr11:534242 SNV A A/G 1999 7,341,265 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr7:55249063 SNV G G/A 1995 1,286,709 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr2:212812097 SNV T T/C 1995 1,860,135 0.329 ERBB4 NM_005235.2 intronic

chr4:55980239 SNV C T/T 1989 0,1989 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A G/G 2000 0,2000 0.381 FLT3 NM_004119.2 intronic
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29 chr5:112176035 SNV G G/C 1960 1,827,133 APC NM_000038.5 exonic missense p.Ala1582Pro c.4744G>C

chr9:133738347 SNV CGGGGG CGGGGG/CGGGGA 1947 1889,58 ABL1 NM_007313.2 exonic missense p.Gly270Asp c.809G>A

chr17:7578406 SNV C C/T 1999 858,0,0,1141,0,0,0,0 TP53 NM_000546.5 exonic missense p.Arg175His c.524G>A

chr4:55593464 SNV A A/C 1999 5,131,486 0.064 KIT NM_000222.2 exonic missense p.Met541Leu c.1621A>C

chr4:55972974 SNV T T/A 1996 1,435,561 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr17:7579470 SNV CGG CGG/CGC 1976 1528,448,0,0,0,0 0.0:0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1981 0,1981 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr3:178927985 SNV A A/G 2000 1930,70 PIK3CA NM_006218.2 exonic synonymous p.(=) c.1263A>G

chr4:1807894 SNV G A/A 1992 0,1992 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1937 0,0,1937 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CAG/CAG 1987 0,0,1987,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1982 1921,61 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1995 1920,75 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G T/T 1997 0,1997 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr11:534242 SNV A A/G 2000 1,654,346 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr7:55249063 SNV G A/A 1997 0,1997 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55962545 INDEL T T/TG 1994 1,376,618 0.256 KDR NM_002253.2 intronic

chr8:38285863 SNV C C/T 1997 1907,90 FGFR1 NM_001174067.1 intronic

chr13:28610183 SNV A A/G 2000 1,512,488 0.381 FLT3 NM_004119.2 intronic

chr19:1220321 SNV T T/C 1969 1,504,465 0.353 STK11 NM_000455.4 intronic
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30 chr7:55249193 SNV G G/A 1996 1933,63 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 intronic|exonic_nc | | |

chr3:10183853 SNV C C/T 2000 1936,64 VHL NM_000551.3 exonic missense p.Arg108Cys c.322C>T

chr5:112175939 SNV G G/A 649 622,27 APC NM_000038.5 exonic missense p.Glu1550Lys c.4648G>A

chr5:112176008 SNV G G/A 662 640,22 APC NM_000038.5 exonic missense p.Glu1573Lys c.4717G>A

chr7:128851575 SNV C C/T 1995 1937,58 SMO NM_005631.4 exonic missense p.Pro634Ser c.1900C>T

chr9:133738347 SNV CGGGGG CGGGGG/CGGGGA 1940 1884,56 ABL1 NM_007313.2 exonic missense p.Gly270Asp c.809G>A

chr10:43617430 SNV C C/T 1287 1244,43 RET NM_020975.4 exonic missense p.Leu923Phe c.2767C>T

chr12:25398285 SNV C C/G 1508 1296,0,212,0 KRAS NM_033360.3 exonic missense p.Gly12Arg c.34G>C

chr13:28608270 SNV C C/T 579 559,20 FLT3 NM_004119.2 exonic missense p.Glu596Lys c.1786G>A

chr13:28608282 SNV C C/T 586 567,19 FLT3 NM_004119.2 exonic missense p.Val592Ile c.1774G>A

chr18:48575667 SNV C C/T 406 392,14 SMAD4 NM_005359.5 exonic missense p.Leu143Phe c.427C>T

chr18:48586253 SNV C C/T 1930 1870,60 SMAD4 NM_005359.5 exonic missense p.Leu308Phe c.922C>T

chr5:112176033 MNV CTG CTG/CCC 601 567,23,11 APC NM_000038.5 exonic synonymous|missense p.Ala1582Pro c.4743_4744delTGinsCC

chr5:149433596 MNV TG TG/GA 1965 1,362,603 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr17:7579470 SNV CGG CGG/CGC 1960 829,1131,0,0,0 0.0:0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr22:24176287 SNV G G/A 2000 9,881,012 0.11 SMARCB1|DERL3 NM_003073.3|NM_001135751.1 intronic|downstream | | |

chr3:10183852 SNV C C/A 1996 1914,82 VHL NM_000551.3 exonic synonymous p.(=) c.321C>A

chr3:178927985 SNV A A/G 144 137,7 PIK3CA NM_006218.2 exonic synonymous p.(=) c.1263A>G

chr4:1807894 SNV G A/A 1992 0,1992 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 703 0,0,703 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr4:55593632 SNV C C/T 1241 1175,66 KIT NM_000222.2 exonic synonymous p.(=) c.1698C>T

chr4:55946135 SNV C C/T 1651 1587,64 KDR NM_002253.2 exonic synonymous p.(=) c.4044G>A

chr5:112175769 SNV CGG CGG/CAG 1987 1008,0,979,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1963 1880,83 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr8:38285913 SNV G G/A 475 456,19 FGFR1 NM_001174067.1 exonic synonymous p.(=) c.498C>T

chr9:133750318 SNV C C/T 1999 1919,80 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G T/T 1995 0,1995 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr10:43615633 SNV C C/G 1479 801,678 0.16 RET NM_020975.4 exonic synonymous p.(=) c.2712C>G

chr10:89711925 SNV G G/A 362 345,17 PTEN NM_000314.4 exonic synonymous p.(=) c.543G>A

chr11:534242 SNV A A/G 2000 9,701,030 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr17:7579381 SNV G G/A 1975 1892,83 TP53 NM_000546.5 exonic synonymous p.(=) c.306C>T

chr19:1221293 SNV C C/T 1999 1,090,909 0.019 STK11 NM_000455.4 exonic synonymous p.(=) c.816C>T

chr4:153258990 SNV C C/T 545 525,20 FBXW7|DEAR NM_033632.3|NR_104273.1 exonic|exonic_nc synonymous| p.(=)| c.825G>A|

chr7:55249063 SNV G A/A 1758 0,1758 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr2:212812097 SNV T T/C 452 163,289 0.329 ERBB4 NM_005235.2 intronic

chr2:212812106 SNV C C/T 454 432,22 ERBB4 NM_005235.2 intronic

chr3:178927494 SNV G G/A 547 529,18 PIK3CA NM_006218.2 intronic

chr4:55946354 SNV G G/T 1999 7,851,214 0.057 KDR NM_002253.2 intronic

chr4:55980239 SNV C T/T 1023 0,1023 0.488 KDR NM_002253.2 intronic

chr10:89711814 SNV G G/A 295 281,14 PTEN NM_000314.4 intronic

chr10:89711832 SNV C C/T 302 288,14 PTEN NM_000314.4 intronic

chr13:28610183 SNV A A/G 2000 1,013,987 0.381 FLT3 NM_004119.2 intronic

chr13:48953829 SNV G G/A 1999 1939,60 RB1 NM_000321.2 intronic

chr18:48586344 SNV C C/T 2000 1,077,923 0.048 SMAD4 NM_005359.5 intronic

chr11:108218093 SNV G G/A 292 280,12 ATM NM_000051.3 splicesite_3

chr13:48923142 SNV C C/T 175 168,7 RB1 NM_000321.2 exonic missense p.Thr197Ile c.590C>T

Table 1. (Continued) 

1
6

8
 



 

169 

 

  

Sample # # Locus Type Reference Genotype Coverage Allele Coverage MAF Gene Transcript Location Function Protein Coding

31 chr3:10183853 SNV C C/T 2000 1931,69 VHL NM_000551.3 exonic missense p.Arg108Cys c.322C>T

chr4:55962446 SNV C C/G 1999 1938,61 KDR NM_002253.2 exonic missense p.Gly893Ala c.2678G>C

chr5:112176035 SNV G G/C 1940 1,778,162 APC NM_000038.5 exonic missense p.Ala1582Pro c.4744G>C

chr11:533848 SNV G G/A 2000 1940,60 HRAS NM_001130442.1 exonic nonsense p.Gln70Ter c.208C>T

chr17:7579472 SNV G G/C 1999 77,1922,0 0.398 TP53 NM_000546.5 exonic missense p.Pro72Arg c.215C>G

chr5:149433596 MNV TG GA/GA 1991 0,1991 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr3:10183852 SNV C C/A 2000 1935,65 VHL NM_000551.3 exonic synonymous p.(=) c.321C>A

chr4:1807894 SNV G A/A 1928 0,1928 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1923 0,0,1923 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr5:112175769 SNV CGG CGG/CAG 1986 1203,0,783,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr7:128846051 SNV T T/A 1960 1901,59 SMO NM_005631.4 exonic synonymous p.(=) c.981T>A

chr9:133750318 SNV C C/T 1997 1922,75 ABL1 NM_007313.2 exonic synonymous p.(=) c.1206C>T

chr10:43613843 SNV G T/T 1994 0,1994 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr11:534242 SNV A A/G 1998 1,669,329 0.297 HRAS NM_001130442.1 exonic synonymous p.(=) c.81T>C

chr7:55249063 SNV G A/A 1621 0,1621 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr2:212812097 SNV T T/C 1997 1,124,873 0.329 ERBB4 NM_005235.2 intronic

chr4:1807922 SNV G G/A 1893 1,327,566 0.019 FGFR3 NM_001163213.1 intronic

chr4:55980239 SNV C T/T 1991 0,1991 0.488 KDR NM_002253.2 intronic

chr8:38285863 SNV C C/T 1998 1936,62 FGFR1 NM_001174067.1 intronic

chr13:28610183 SNV A A/G 2000 9,811,019 0.381 FLT3 NM_004119.2 intronic

32 chr17:7577509 SNV C C/T 1999 1,514,485 TP53 NM_000546.5 exonic missense p.Glu258Lys c.772G>A

chr17:7579395 SNV G G/A 2000 1,525,475 TP53 NM_000546.5 exonic missense p.Pro98Ser c.292C>T

chr9:21971186 SNV GG GG/AG 1990 940,0,1050 CDKN2A NM_000077.4 exonic nonsense p.Arg58Ter c.172C>T

chr17:7574012 SNV C C/A 1999 1,488,511 TP53 NM_000546.5 exonic nonsense p.Glu339Ter c.1015G>T

chr4:55593464 SNV A A/C 1995 9,281,067 0.064 KIT NM_000222.2 exonic missense p.Met541Leu c.1621A>C

chr4:55972974 SNV T T/A 1994 1,067,927 0.235 KDR NM_002253.2 exonic missense p.Gln472His c.1416A>T

chr5:149433596 MNV TG GA/GA 1980 0,1980 0.294:0.27 HMGXB3|CSF1R NM_014983.2|NM_005211.3 downstream|utr_3 | | |

chr4:1807894 SNV G A/A 1989 0,1989 0.042 FGFR3 NM_001163213.1 exonic synonymous p.(=) c.1959G>A

chr4:55141050 SNV AGCCCAGATGGACATG AGCCCGGATGGACATG/AGCCCGGATGGACATG 1944 0,0,1944 0.037 PDGFRA NM_006206.4 exonic synonymous p.(=) c.1701A>G

chr4:55152040 SNV C C/T 2000 9,361,064 0.208 PDGFRA NM_006206.4 exonic synonymous p.(=) c.2472C>T

chr5:112175769 SNV CGG CGG/CAG 1981 1313,0,668,0 0.339 APC NM_000038.5 exonic synonymous p.(=) c.4479G>A

chr10:43613843 SNV G T/T 1995 0,1995 0.277 RET NM_020975.4 exonic synonymous p.(=) c.2307G>T

chr10:43615633 SNV C C/G 1999 9,741,025 0.16 RET NM_020975.4 exonic synonymous p.(=) c.2712C>G

chr7:55249063 SNV G G/A 1999 9,361,063 0.418 EGFR|EGFR-AS1 NM_005228.3|NR_047551.1 exonic|exonic_nc synonymous| p.(=)| c.2361G>A|

chr4:55962545 INDEL T T/TG 1993 8,731,120 0.256 KDR NM_002253.2 intronic

chr2:212812097 SNV T T/C 1995 1,034,961 0.329 ERBB4 NM_005235.2 intronic

chr4:55980239 SNV C C/T 2000 1,119,881 0.488 KDR NM_002253.2 intronic

chr13:28610183 SNV A G/G 2000 0,2000 0.381 FLT3 NM_004119.2 intronic

chr18:48586344 SNV C C/T 1998 1,370,628 0.048 SMAD4 NM_005359.5 intronic

chr19:1220321 SNV T T/C 1973 983,990 0.353 STK11 NM_000455.4 intronic
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1

2 chr8:38271444 CNV 8.31 8p11.23p11.22(38271444-38315089)x7.5 5%:6.78,95%:8.29 FGFR1

chr8:128748884 CNV 10 8q24.21(128748884-128753261)x9.37499 5%:8.49,95%:10.35 MYC

chr11:69456941 CNV 12.31 11q13.3(69456941-69467039)x10.875 5%:9.86,95%:12.0 CCND1

3

4 chr3:178936091 SNV G G/A 1999 1657,342,0 0.17 PIK3CA NM_006218.2 exonic missense p.Glu545Lys c.1633G>A

5

6 chr17:37868208 SNV C C/T 1197 867,0,330 0.28 ERBB2 NM_004448.3 exonic missense p.Ser310Phe c.929C>T

7

8

9

10 chr8:128748884 CNV 1.00E-10 6.97 8q24.21(128748884-128753261)x7.47368 5%:6.58,95%:8.49 MYC

11 chr7:116411990 SNV C C/T 1998 1,016,982 0.49 MET NM_001127500.1 exonic missense p.Thr1010Ile c.3029C>T

12 chr12:25398284 SNV CC CC/TC 1991 662,0,0,0,0,0,0,1329,0 0.67 KRAS NM_033360.3 exonic missense p.Gly12Asp c.35G>A

13 chr12:25398279 SNV CGC CGC/CGT 1208 1001,207,0 0.17 KRAS NM_033360.3 exonic missense p.Gly13Asp c.38G>A

chr12:25398281 SNV CC CC/TC 1210 1002,0,0,0,208,0 0.17 KRAS NM_033360.3 exonic missense p.Gly13Asp c.38G>A

14 chr5:176517311 CNV 5.04 5q35.2(176517311-176524387)x6 5%:5.21,95%:6.88 FGFR4

chr7:55242460 INDEL ATCAAGGAATTAAGAGAAGC ATCAAGGAATTAAGAGAAGC/ATCAA 1987 882,1105,0,0 0.56 EGFR NM_005228.3 exonic nonframeshiftDeletion p.Glu746_Ala750del c.2235_2249delGGAATTAAGAGAAGC

chr7:55242464 INDEL AGGAATTAAGAGAAGCAAC AGGAATTAAGAGAAGCAAC/AAAC 1973 878,0,1095 0.56 EGFR NM_005228.3 exonic nonframeshiftDeletion p.Glu746_Ala750del c.2235_2249delGGAATTAAGAGAAGC

15

16

17

18 chr12:56478854 SNV G G/A 1999 1330,669,0,0 0.33 ERBB3 NM_001982.3 exonic missense p.Val104Met c.310G>A

19

20

21

22

23

Table 2. Full list of variants detected using the Oncomine Focus Panel (ThermoFisher Scientific). 
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Sample # # Locus Type Reference Genotype Coverage Allele Coverage VAF Copy # iscn Confidence Gene Transcript Location Function Protein Coding

24 chr11:534285 MNV CC CC/TT 1718 837,0,0,881 0.51 HRAS NM_001130442.1 exonic missense p.Gly13Asn c.37_38delGGinsAA

chr11:534286 SNV C C/T 1720 838,0,0,882 0.51 HRAS NM_001130442.1 exonic missense p.Gly13Ser c.37G>A

25 chr7:140453133 SNV TTCA TTCA/TTCT 754 683,0,0,0,0,71 0.09 BRAF NM_004333.4 exonic missense p.Val600Glu c.1799T>A

chr7:140453136 SNV ACTG ACTG/TCTG 755 684,0,0,0,0,0,0,71,0,0,0 0.09 BRAF NM_004333.4 exonic missense p.Val600Glu c.1799T>A

26 chr12:25398284 SNV CC CC/GC 1843 712,0,0,0,0,1131,0,0,0 361 KRAS NM_033360.3 exonic missense p.Gly12Ala c.35G>C

27 chr12:25398284 SNV CC CC/TC 1991 733,0,0,0,0,0,0,1258,0 0.63 KRAS NM_033360.3 exonic missense p.Gly12Asp c.35G>A

28

29

30 chr2:209113113 SNV G G/A 1290 1224,66,0,0 0.05 IDH1 NM_005896.3 exonic missense p.Arg132Cys c.394C>T

chr12:25398284 SNV CC CC/CG 478 444,0,0,0,0,34,0,0,0,0 0.07 KRAS NM_033360.3 exonic missense|missense p.Gly12Arg|p.Gly12Arg c.34G>C|c.34G>C

chr12:25398285 SNV C C/G 478 444,0,34,0 0.07 KRAS NM_033360.3 exonic missense p.Gly12Arg c.34G>C

31

32

Table 2. (Continued) 
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APPENDIX 3 – HER2 TABLE 

 

 

 

 

 

 

 

 

 

Appendix 3. Guidelines for HER2 testing in breast cancer. Table adapted from Wolff et al. (2013). 
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