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Abstract 

Mammographic screening has led to an increased detection of in situ and invasive 

breast carcinoma. However, lesions with uncertain malignant potential (B3) are 

also frequently detected with routine mammographic screening. They are 

recognised as B3 due to their unpredictable but significant association with 

malignancy either on subsequent excision (i.e. upgrade) or later development of 

cancer. Atypical ductal hyperplasia (ADH) has long been thought of as a direct 

precursor of only low-grade (LG) neoplasia pathway, whereas breast papillary 

lesions (PL) are thought to be a risk factor for breast carcinoma. However, we 

have a limited understanding of how breast cancer progresses from these early 

lesions. Additionally, other B3 lesions are often misdiagnosed as ADH due to the 

subjectivity of pathologists’ criteria, therefore, unnecessary surgical excision is 

often recommended. Conversely, 10-15% of ADH patients subsequently develop 

cancer despite being surgically excised. Currently, there is no biomarker for 

accurate risk prediction of later cancer or upgrade for any of these B3 lesions.  

The first chapter of this thesis describes a novel method developed to utilise low-

input DNA for low-coverage whole genome sequencing (LCWGS) for copy 

number (CN) profiling, which enabled us to study more ADH cases than 

previously possible. The second study showed that ADH can be not only a direct 

precursor of the LG- breast cancer pathway, but also could progress to any grades 

of ER+ cancer, including high grade (HG), ER- and ERBB2 amplified cancer. To 

our knowledge, this multipotent nature of ADH with the inclusion of specific 

initiating CN events for LG and HG pathways was never shown previously. This 

study also identified a possible progression biomarker based on seven CN loci for 

individual risk prediction as well as for upgrade.  

The third study showed in detail that breast PL could be a direct precursor of any 

grade of breast carcinoma. No previous study has combined the mutational 

landscape and CN profile to identify the early clonal expansion for these lesions. 

It was shown in this study that in the absence of PIK3CA mutation, there were 

three specific CN aberrations (16q loss/1q gain or 11q loss) suggested as cancer-
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associated, which could be informative in the clinical setting for accurate risk 

prediction for both upgrades and later development of cancer.  

Finally, there was an attempt to understand the immunosurveillance process of 

early breast carcinogenesis from ADH by studying Natural Killer (NK) Cells. The 

presence of NK cell-mediated T cells might prevent breast cancer formation from 

these high risk lesions, but the study remained inconclusive due to several 

limitations of the cohort.   

Collectively, this thesis aimed at understanding breast cancer progression and has 

been able to suggest a revised breast cancer progression model including ADH 

and PL as precursors of both LG and HG breast cancer pathways. This knowledge 

could be used in the clinical setting in future for personalising management of the 

patients diagnosed with these B3 lesions in core biopsies. If validated in 

independent cohorts these potential biomarkers will be developing into a 

diagnostic assay, which may help to reduce unnecessary surgeries for patients by 

identifying the group of patients at “low-risk” for developing cancer.       
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comments were provided by my primary supervisor, Dr Kylie Gorringe, and co-
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Chapter 1, titled “Atypical ductal hyperplasia: update on diagnosis, management, 
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provided signed declaration forms acknowledging and supporting this.  
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Chapter 2: Materials and Methods is an original work. I have received advice 

with regards to conducting experiments. Bioinformatics and experimental support 

from colleagues were mentioned where appropriate.  

Chapter 3: Copy number analysis using ultra-low input DNA is an original 

work that resulted in a publication in Genome Medicine titled “Copy number 
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DNA which is used in the subsequent Chapters 4 and 5. I shared the authorship 

with Dr David Goode for this publication who provided the bioinformatics 

support. He has provided signed declaration forms acknowledging and supporting 

this, which have been submitted alongside this thesis.  
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responsible for all the major experiments, bioinformatics and data analysis 
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Zethoven has been submitted alongside the thesis acknowledging his support for 

some data analysis. The role of other co-authors for this publication was providing 

support for pathological review and access of clinical samples. Overall supervision 

was primarily received from Dr Kylie Gorringe and Prof Ian Campbell.  

Chapter 5: Genomic analysis of breast papillary lesions is an original work. 

This chapter results in a publication which has been recently submitted titled “The 

genetic architecture of breast papillary lesions as a predictor of progression to 

carcinoma”. I was mainly responsible for all the major experiments and data 

analysis described in the publication, however, signed declaration forms from 

Magnus Zethoven, Dr Elder Kenneth and Tim Semple have been submitted 

alongside the thesis acknowledging their support for data analysis, bioinformatics 

pipeline and experiments, respectively. Other co-authors for this publication 

provided support for pathological review and access of clinical samples. Overall 

supervision was primarily received from Dr Kylie Gorringe. 
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Chapter 6: Investigating immune-microenvironment of atypical ductal 

hyperplasia is an original work. I have received support for one of the major 

experiments described in the Chapter from one of the colleagues, David Byrne. 

Due to the nature of this Chapter, the scoring of immunohistochemistry was re-

reviewed by pathologists, indicated where appropriate.  

Chapter 7: Overall Discussion is an original work, providing discussion with 

regards to the importance of the work and important findings from my thesis and 

future experimental plan. Advisory comments were provided by my primary 
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Chapter 1 

  

Introduction and Literature Review 

1.1 Breast cancer 

Breast cancer is the most common cancer in women worldwide. In Australia, 

15,270 women were diagnosed in 2014 (42 each day) and the estimated annual 

number of deaths due to breast cancer is 3,157 by 2018. Breast cancer also occurs 

in men but is rare, with approximately 113 men diagnosed in 2008 

https://canceraustralia.gov.au. The majority of female breast cancer cases are 

invasive carcinomas (80%). Standard treatment of breast cancer patients depends 

on the grade and stage of the tumour, with early-stage tumours having higher 

survival rates, summarised in Table 1.1 (www.cancer.org).  

Table 1.1 Standard treatment and survival rates of breast cancer 

Types of Breast cancer Standard Treatment 
5-year survival rate/ 

recurrence rate 

Ductal carcinoma in situ 

(DCIS) 

Wide local excision with or without 

adjuvant radiotherapy or hormone 

therapy 

99-100% survival rate; 25% 

recurrence rate, half of the 

recurrences are IDC [1] 

Stage I 

Local therapy (surgery and 

radiotherapy), adjuvant systemic 

therapy (chemotherapy and hormone 

treatment); targeted therapy (only 

for HER2+ cancer) 

Almost a 100% survival 

rate 

Stage II &III Invasive 

Cancer 

Local therapy (surgery and 

radiotherapy), adjuvant systemic 

therapy (chemotherapy and hormone 

treatment); targeted therapy (only 

for HER2+ cancer) 

70-93% survival rate 

Stage IV/metastatic 

Local therapy (surgery and 

radiotherapy), adjuvant systemic 

therapy (chemotherapy and hormone 

treatment); targeted therapy (only 

for HER2+ cancer) 

22% [Ref. American Cancer 

Society] www.cancer.org. 

IDC: Invasive ductal carcinoma 

https://canceraustralia.gov.au/
http://www.cancer.org/
http://www.cancer.org/
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1.2 Types of breast cancer  

Carcinoma in situ:  

Ductal carcinoma in situ (DCIS): DCIS of the breast is a non-invasive form of 

breast cancer that forms in the terminal duct lobular unit (TDLU) (Figure 1.1) and 

accounts for 20-25% of all breast cancer diagnoses [2]. Genetic analysis of DCIS 

and invasive ductal carcinoma (IDC) revealed a similar genetic profile if matched 

for histological grade and oestrogen receptor (ER) status [3-5], suggesting DCIS 

is a non-obligate precursor of IDC. Histologically, DCIS is divided into three 

grades – low (LG), intermediate (IG) and high grade (HG) and the features used 

to distinguish the grades are nuclear size, nuclear morphology, cell shape, cellular 

polarization, the frequency of mitotic figures and tissue organisation [6]. DCIS 

generally has a high overall survival rate after therapy (Table 1.1). 

Lobular carcinoma in situ (LCIS): LCIS is a rare disease that develops in the 

breast lobules and accounts for 3-6% of diagnoses [7-9]. LCIS is also considered 

as a non-obligate precursor of lobular carcinoma (ILC), based on the fact that 

LCIS and ILC share similar genetic profiles [9, 10].  
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Figure 1.1 Illustration of breast microanatomy. Microanatomy of the breast including a 

terminal duct lobular unit (TDLU) is shown. These breast structures are usually where cancer 

begins to form. The image is adapted from https:\\nbcf.org.au.  

http://www.nbcf.org.au/
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Invasive carcinoma:  

The majority of invasive breast cancers are either IDC or invasive lobular 

carcinoma (ILC), representing approximately 80% and 20% of diagnoses, 

respectively. IDC is divided into three grades [Grade 1 (G1) (well-differentiated 

/low-grade/ slow-growing), Grade 2 (G2) (intermediate grade/moderately 

differentiated) and Grade 3 (G3) (poorly differentiated/high-grade/very 

proliferative)] which was first devised by Greenough in 1925 [11] and has been 

extensively used according to the Nottingham grading system [12-14] . While the 

grading system implies a progression from LG to HG, gene expression profiles are 

significantly different between G1 and G3 IDC, suggesting they may represent 

distinct molecular entities. G2 IDCs represent a substantial percentage of diagnoses 

(30-60%) [13, 15] and are problematic with regards to clinical management given 

their intermediate risk of recurrence and an intermediate rate of relapse. 

Interestingly, gene expression profiling of G2 IDC has revealed that the majority of 

G2 tumours are heterogeneous and could be legitimately reclassified as either G1 

or G3 tumours, which would have important ramifications for clinical management 

of all G2 tumours [14, 15]. In addition, Perou et al. [16]. and Sorlie et al. [17] 

showed that expression profiles could distinguish between oestrogen receptor (ER) 

positive and ER negative tumours and revealed four distinct “intrinsic” subtypes: 

luminal A, luminal B (ER+), HER2 and basal subtypes (ER-) [17], providing 

further evidence that breast cancer is not a single disease. The evidence that ER+ 

and ER- breast cancers are fundamentally different diseases is particularly strong. 

It is noteworthy that these four distinct subtypes are associated with distinct 

clinical management and outcomes [17]. 
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1.3 Aetiology of invasive breast cancer  

Although IDC has been extensively studied, precursor lesions and the 

molecular events leading to the invasive breast cancer types are still unclear. 

While some studies have been carried out to delineate the development and 

progression from in situ to invasive cancers [5, 18], studies of putative benign 

precursors are very limited. 

The genetic model for colorectal tumorigenesis proposed by Fearon and 

Vogelstein [19] describing the transition from small adenomas to large metastatic 

carcinomas, has become a paradigm for other solid tumours whereby the 

accumulation of mutations in oncogenes and tumour suppressor genes drives 

tumour progression. It is now generally accepted that this model of progression 

from benign tumours is applicable for most solid cancers including breast [20], 

brain [21], head and neck [22] and bladder cancer [23]. However, the original 

breast cancer progression model (Fig 1.2), proposed for the aetiology of breast 

cancer from normal to ductal hyperplasia to atypical ductal hyperplasia (ADH) to 

LG DCIS and then to LG or HG IDC (Fig 1.2), is now considered to be 

oversimplified [20].  

 

Figure 1.2 Historical model of breast cancer progression. The oversimplified model of 

breast cancer development and evolution based on morphological features and 

epidemiological studies. 

Instead, distinct LG and HG multistep models of breast cancer progression (Fig 

1.3) have been hypothesized [20, 24]. The “low-grade like” progression pathway 
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has been characterised by recurrent loss of 16q (> 75%) and gains of 1q; 

expression of hormone receptors (ER+, PR+), lack of HER2 overexpression and a 

low-grade-like gene expression signature [6, 20, 24]. The “high-grade-like” 

progression pathway has been characterised mainly by gains of 8q (75%) and 1q 

(60%), losses of 1p (60%), 8p (60%) and 17p (60%) and microarray expression 

profiling as luminal B, HER2 or basal-like [6, 20]. It is still unknown whether 

there are distinct precursors of LG and HG tumours since some of the molecular 

alterations are not necessarily exclusive to each pathway. For example, HG 

carcinomas do show 16q loss (a common genetic aberration in LG carcinoma) but 

in less than 30% of cases [6, 20]. Additionally, there might be further distinct 

subgroups within the LG and HG pathways, for example, defined by ER status. It 

is not clear whether the precursors might overlap between HG and/or ER- 

carcinoma and LG/ER+ carcinoma.  

 

Figure 1.3 Simplified multi-step breast cancer progression model. Solid lines represent 

relationships supported by strong evidence. Dashed lines are less certain. Intermediate grade 

carcinoma is not shown but may derive from low grade carcinoma. 

Some investigators have utilized cell line models to investigate potential breast 

cancer progression pathways. Gene expression profiling in a 3D culture cell line-
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based model showed that Wnt pathway alterations are predominant in the early 

transition from pre-DCIS (ADH like phenotype) to DCIS, whereas genes 

associated with invasiveness are more dominant in the later transition from DCIS 

to IDC [25]. An HRAS transformed MCF-10A spheroid model [26] identified few 

additional driver mutations for breast cancer progression from non-malignant to 

DCIS [26]. However, HRAS is not a common mutation in breast cancer in general 

and therefore; this cell line series model might not reflect the actual tumorigenic 

process in human breast cancer. 

1.3.1 Lesions with uncertain malignant potential (B3 lesions) could be 

precursors of breast carcinoma 

Breast lesions classified as lesions with uncertain malignant potential (B3) 

encompass a spectrum of histological diagnoses including ADH, flat epithelial 

atypia (FEA), classical lobular neoplasia, papillary lesions (PL) with/without 

atypia, benign phyllodes tumour (PT) and radial scars, each with variable long-

term increased risk of breast cancer. Depending on the imaging system used 

(mammogram, ultrasound, or magnetic resonance imaging (MRI)), B3 lesions 

may present as masses, densities or distortions with or without associated 

calcifications. B3 lesions can be incidental findings, for example, observed in the 

context of a synchronous breast cancer, however, they are usually diagnosed with 

either core needle biopsy (CNB) mostly using a 14-G spring loaded coring needle 

or vacuum-assisted biopsy (VAB) using a 7G-11G device either under ultrasound, 

stereotactic, or MRI guidance [27] [28]. B3 lesions are a heterogeneous group of 

abnormalities which confer low to high increased risk of cancer development 

unlike benign lesions (B2) [29]. Once B3 lesions are diagnosed in CNB or VAB, 
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management of these patients may be complex due to their variable rate of 

association of cancer either on subsequent open surgical excision (i.e. upgrade) or 

later development of tumour.   

In my thesis, ADH and papillary lesions were chosen to study based on their 

intriguing status in progression models, and their significant associated clinical 

problems of upgrade and later development of breast carcinoma, which will be 

described later in this chapter. The high risk lesion ADH, which fits into the 

category of proliferative disease with atypia, will be described in detail below in 

Section 1.4. 

Benign papilloma and PL with atypia are thought to progress to only papillary 

carcinoma (PC) [30, 31], mainly based on the occasional observation that PC 

could arise within the fibro-vascular core of benign papilloma. However, these 

lesions often co-exist or are associated with DCIS [31-33]. To date, there are data 

available from only minor molecular studies of pure PL comparing between PL 

with and without carcinoma to assess the precursor relationship, if any. These 

lesions are considered as a risk indicator rather than a direct precursor of breast 

ductal carcinoma, mainly based on the dissimilarity of morphological features 

between PL and ductal carcinoma. The current status of these lesions will be 

discussed further in Section 1.6 and studied in Chapter 5 to shed light on any 

precursor relationship, and investigating where these lesions fit into the breast 

cancer progression model.  

1.3.2 Pathology evaluation of B3 lesions diagnosed in the core needle biopsy 

In order to determine the appropriate treatment of patients diagnosed with B3 

lesions in a CNB, concordance between radiologic and pathologic findings is a 
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crucial step, i.e. can the histologic findings explain what was observed in the 

mammogram and the clinical information provided. The original imaging (i.e. 

mammogram) and the post-biopsy imaging are also compared usually in the 

setting of a multi-disciplinary meeting to evaluate whether the biopsy marker is 

located at the site of the original lesion. If any discordance arises then repeat 

biopsy or surgical excision is indicated. For example, if a case was only diagnosed 

with benign tissue with no specific high risk lesions in CNB but had a Breast 

Imaging Reporting and Data System (BIRADS) score of 4 or 5 (i.e. discordant; 4: 

suspicious, 5: possible malignancy), re-biopsy or surgical excision might be 

performed and reveal that this patient, in fact, had a well-developed DCIS/IDC. 

This discordance can easily occur due to sampling error or technical difficulties. 

When surgical excision is recommended by the multi-disciplinary meeting, the 

aim is to remove the biopsy site and the original imaged lesion. The concordance 

assessment is highly important particularly for B3 lesions like ADH and PL [34, 

35] as discussed for each in more detail below.    

1.4 Benign breast disease and atypical ductal hyperplasia 

ADH is discussed in my review article published in Breast Cancer Research, 

2018, 20:39, titled:  

Atypical ductal hyperplasia: update on diagnosis, management, and molecular 

landscape  
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1.5 Common lesions with atypia and/or often associated with 

micro-calcifications which could be misdiagnosed as atypical 

ductal hyperplasia  

Undoubtedly, population-based mammographic screening has improved the 

detection of early benign/B3/high risk lesions; however, with increased detection 

rates comes the dilemma of accurate and internationally agreed definitions and 

subsequent gold standard clinical management. The increased rate of detection 

and subsequent biopsy for non-palpable lesions has largely been driven by the 

detection of areas of calcifications which are easily visible by mammography as 

part of a screening program. The underlying biology of calcifications is not 

clearly studied, for example, are the lesions taken based on symptoms (i.e. 

palpable) and the “calcified” biopsies inherently different biologically or by their 

microenvironment? Are the calcifications mainly due to degeneration of cells or 

does it indicate an active cell-mediated process? Calcification status is usually 

clearly stated in pathology reports and often patients with calcifications are 

recommended for surgical excision if CNB shows a B3 lesion. Although the 

pathogenesis implications or mechanisms of calcifications are still unclear, 

diagnostically calcifications are interpreted as an abnormal microenvironment that 

is associated with a higher risk of local carcinoma.  

It is reported in several studies that the common B3 breast lesions associated with 

calcifications are ADH, FEA, columnar cell change and columnar cell hyperplasia, 

and UDH. Interestingly, it is reported that while ADH mimics LG DCIS, other B3 

lesions can mimic ADH, such as UDH and FEA [34]. The latter consists of atypical 

cells, often with calcifications, and previously was excised routinely due to the very 

similar morphological features as ADH and the assumption of a similar [36] rate of 
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upgrade and progression to malignancy [36]. FEA is not equivalent to ADH or ALH 

although it has “atypia” in the name [27, 34]. The current diagnostic criteria of FEA 

are as follow: while the cells may be cuboidal/columnar, the nuclei are round, similar 

to ADH/LG DCIS but lacks the secondary architecture such as roman bridges or 

cellular tufts [28], and therefore justifies its name as “flat” atypia. Although FEA is 

often observed with calcifications, if all targeted calcifications have been removed by 

CNB/VAB, close follow up should be recommended rather than an immediate 

surgical excision [34]. Very recent studies re-confirmed that pure FEA is the least 

likely of B3 lesions to be upgraded [37] or to progress to carcinoma [38] and 

therefore surgical excision could be avoided unless FEA co-exists with ADH. 

Overall, calcified FEA could easily be diagnosed as “ADH” and treated as “ADH” 

although FEA confers a much lower risk of carcinoma than cribriform-micropapillary 

ADH for example. Columnar cell change (CCL)/CCL with hyperplasia can mimic 

FEA and is often observed with calcifications [34]. It has been suggested that FEA 

and CCL with hyperplasia could be precursors for ADH [27].  

Surprisingly, UDH can also be misdiagnosed as ADH [39], although cytokeratin 

CK5/6 immunostaining can clearly differentiate between these two lesions (UDH: 

CK5/6 positive vs ADH: CK5/6 negative) [27]. If correctly diagnosed, UDH is not 

usually recommended for surgical excision due to the low risk of developing 

cancer and the low rate of upgrade [34]. Figure 1.4 shows B3 lesions that 

commonly could be misdiagnosed as ADH along with their morphological 

features and indicative relative risk (RR) of developing carcinoma. 
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Figure 1.4 Common B3 lesions often associated with calcifications commonly 

misdiagnose as ADH. The presence of B3 lesions is associated with increased risk of 

subsequent cancer and ranges from 1.5-2 fold for UDH, FEA and CCL, 3-5 fold for ADH and 

8-10 fold for LG DCIS. [27, 34]. 

Among all these B3 lesions, ADH has the highest upgrade rate [40] and therefore 

surgical excision remains standard of care. However, recent studies have tried to 

identify subsets of ADH with low-risk of upgrades [35] and interestingly, 

calcification status is one of the major criteria to identify these subsets. Very 

recently, Menen et al. [41] proposed that patients with the combination of features 

of < 3 TDLU spaces of ADH, >50-90% removal of calcification by CNB and no 

necrosis, no mass lesion or architectural distortion reported could be recommended 

for observation instead of excision. Therefore, it is clear that calcifications could be 
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of concern to both pathologists and radiologists and can easily be one of the crucial 

reasons for the misdiagnosis of other B3 lesions as ADH.  

In summary, misdiagnosis is quite common between ADH and LG DCIS, as well 

as ADH and other B3 lesions, in part due to the calcification status. Given the 

wide variation in relative risk of cancer and upgrade rate associated with these 

lesions, identification of an objective biomarker for ADH is an important goal.  

1.6 Benign breast disease: Papillary Lesions 

1.6.1 Background  

Papillary neoplasms or papillary lesions of the breast consist of a spectrum of 

entities including benign papilloma, papilloma with UDH/hyperplasia, 

papillomatosis (small multiple benign papillomas), papilloma with ADH or 

papillary lesion (PL) with atypia, papilloma with DCIS/ papillary DCIS, solid 

papillary carcinoma, encapsulated papillary carcinoma and invasive papillary 

carcinoma. Intraductal papilloma (IDP) which could be further classified as either 

benign papilloma or PL with atypia/papilloma with ADH [42]. With the increased 

detection of benign lesions by mammographic screening, 5-10% of breast biopsies 

contain an IDP lesion, benign, atypical, or rarely papillary carcinoma (PC) [28, 

43]. Unlike ADH, papilloma does not get detected mainly by calcifications, 

instead, large papilloma is often visualised as a density or mass by mammography 

[27]. Papilloma can often be symptomatic, such as presenting as a palpable mass, 

however, nipple discharge is the most common symptom associated with 

papilloma: in fact, more than half of cases (48-88%) with nipple discharge have a 

benign papilloma [30, 44]. 
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1.6.2 Definition and histopathology of intra ductal papilloma 

The definition of IDP varies whether the lesion is benign or PL with atypia. 

Generally, IDP is characterised by a continuous myoepithelial cell layer 

interposed between fibro-vascular papillary stalks and the ductal epithelium. The 

epithelial component may show foci of UDH, ADH or LG DCIS. When the 

epithelial components do not show any foci of ADH or LG DCIS, it is referred to 

as benign papilloma. In contrast, with the presence of foci of ADH, IDP is 

referred to as papilloma with ADH or PL with atypia [45]. If there is any 

uncertainty regarding the presence of myoepithelial cells, the 

immunohistochemistry in particular p63, as well as CK5/6, could be used which is 

summarised in Fig 1.5.   
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Figure 1.5 Confirmation of the subtypes of breast papillary lesions by the presence of 

myoepithelial layers using immunohistochemistry of p63. Interpretation of p63 

immunostain to confirm the histopathological subtypes of breast papillary lesions. The 

presence of a continuous myoepithelial layer lining fibrovascular cores confirms that the 

lesion is benign papilloma (p63 positive). In atypical papillary lesions, p63 would be present 

at the periphery but would be absent from the myoepithelial cells lining fibrovascular cores. 

Atypical papillary lesions could be subdivided into two groups based on the extent of atypical 

populations. Immunohistochemistry of p63 could be used to confirm the extent of atypical 

populations, however, CK5/6 immunostain is recommended to confirm if necessary (atypical 

populations will be CK5/6 –ve, reconfirming the luminal layers of the lesions) [46]. 

According to the recent definition by the WHO [27] suggests that when the atypical 

population with architectural and cytologic features of ADH comprises less than 3 mm of the 

entire lesion (i.e.<3 mm CK5/6 –ve), it is considered to be papilloma with ADH or PL with 

atypia, otherwise it is papilloma with DCIS or papillary DCIS. If p63 is absent from both the 

periphery and the fibrovascular cores it is called as PC (solid/encapsulated) [46]. 
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Benign papilloma: Benign papillomas are characterised by finger-like 

fibrovascular cores covered by an epithelial and myoepithelial cell layer. They are 

divided into two groups: central (solitary) and peripheral (multiple). Central 

papillomas arise usually without involving TDLU; instead, they originate in the 

subareolar region. In contrast, peripheral papillomas mostly originate in the TDLU 

[27]. In order to differentiate between benign papilloma and PC arising within the 

fibrovascular core of papilloma, an immunohistochemistry of the myoepithelial 

layer using p63 is widely used. The presence of a continuous myoepithelial layer 

confirms that the lesion is benign papilloma (p63 positive) (Fig 1.5). This 

particular immunohistochemistry is very important to assess, in particular when 

papilloma is diagnosed in the core biopsy with limited sampling to confirm that 

lesion is not papillary DCIS/PC (Fig 1.6) [45, 46].   

Papilloma with ADH or atypical papillary lesion:  

The criteria for differentiating ADH and LG DCIS within papilloma vary, 

however, the recent definition by the WHO [27] suggests that when the atypical 

population with architectural and cytologic features of ADH comprises less than 3 

mm of the entire lesion, it is considered to be papilloma with ADH or PL with 

atypia, otherwise it is papilloma with DCIS or papillary DCIS. It is noteworthy 

that the cut-off between the non-papillary ADH (i.e. cribriform and/or 

micropapillary) and LG DCIS is 2 mm. Additionally, the old criterion by many 

pathologists to differentiate between these two was papilloma with <30% atypical 

population would be considered as papilloma with ADH/PL with atypia, which 

can be very subjective and is not recommended for use anymore [27]. It is also 
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recommended to use the term “papilloma with ADH” instead of atypical PL 

according to the new WHO guidelines.  

 

Figure 1.6 Representation of a benign papilloma in a core biopsy. Matched p63 

immunostain for a benign papilloma, reconfirming the continuous myoepithelial layer (brown 

staining) and therefore a benign feature of papilloma. 

Papillary carcinoma (PC): PC is divided into four types: intraductal, encapsulated, 

solid and invasive. The latter refers to an extremely rare invasive cancer, in which 

>90% of a tumour is papillary. Intraductal PC, also known as papillary DCIS refers 

to an in situ carcinoma with no evidence of underlying benign papilloma. This entity 

could often be symptomatic, such as bloody nipple discharge/mass/calcifications. 
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Intraductal PC is often called as LG/IG and can also show micropapillary, cribriform 

or solid architectural patterns. The differentiating feature between intraductal PC and 

papilloma with DCIS is that the entire lesion of the former consists of monotonous 

neoplastic cell populations whereas the latter have both non-neoplastic cells as well 

as focal areas of LG DCIS.  

1.6.3 Risk prediction following diagnosis of intra ductal papillary lesions 

The risk of developing subsequent breast carcinoma associated with benign 

papilloma is two to three-fold and significantly higher if the PL is associated with 

atypia. Page et al. [31] first reported that the risk associated with the latter is four 

fold higher than the former with 17 years median follow up. Multiple recent 

studies have also reconfirmed a significant risk associated with PL with atypia 

compared to benign papilloma with 8-10 years of follow up [47] [48]. In other 

words, PL with atypia is most likely to be associated with cancer than benign 

papilloma which is not limited to PC. Analysis of a clinical cohort with long 

follow up showed that the tumours that developed later in life after PL with atypia 

diagnosis were most often ductal carcinoma of no special type (5/6 cases) [31]. Of 

note, it has been suggested that ADH/LG DCIS is often observed co-existing with 

papilloma and there is an increased risk of developing cancer associated with co-

existing ADH outside of the papilloma than within [31] [49].  

1.6.4 Papilloma management  

The lack of a biomarker that can predict out the cancer progression capability of 

breast papillomas makes the management of these lesions problematic, especially as 

they often present symptomatically and therefore get routinely excised to avoid 

under treatment. On the other hand, it has long been known that the likelihood of 
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developing later cancer from papilloma is very low, particularly from those 

designated as benign. Therefore, instead of routine open surgical excision, VAB 

was recommended in multiple studies [28, 50, 51] since it is thought that VAB 

takes out a larger area to confirm removal of residual lesions not sampled in CNB. 

In a retrospective study of 156 patients, it has been shown that VAB is most likely 

the safer option in terms of later development of any carcinoma, although this 

conclusion should be interpreted cautiously since the study had just 3.5 years mean 

follow up [52]. However, a recent recommendation by Nayak et al. was that any 

symptomatic papilloma should be surgically excised due to the unknown malignant 

potential [50].  

When it comes to decision making between observation/VAB/surgical excision, the 

dilemma comes from another layer of complexity associated with papilloma, which is 

an upgrade rate as high as 19% at some centres [32, 53]. There have been multiple 

recent studies aimed to identify predictive factors for upgrades, but the data has been 

inconsistent. For example, based on 103 CNB specimens, Shouhed et al. [54] 

reported that only palpable lesions are significantly associated with upgrades while 

Hong et al. [55] advised that only age of the patient (>54 years) and lesion size >1cm 

were significantly associated with upgrades. Kiran et al. [56] (n=153) and Nayak et 

al. [50] (n=80) also found no association between symptoms (nipple 

discharge/palpable) and upgrade to malignancy. Li et al. [57] reported that out of 280 

patients with nipple discharge and diagnosed with benign papilloma in CNB, 49 

(17.5%) of them were upgraded. They also showed that nipple discharge alone was 

least likely to predict upgrade, however, when they combine with any mammographic 

abnormality or association with a palpable mass, the latter group was most likely to 

be upgraded. Similarly, a very recent study by Ahn et al. [58] reported that bloody 
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nipple discharge, size on imaging ≥15 mm, BI-RADS ≥4b, peripheral location and 

palpability are independently predictive of an upgrade in their benign papilloma 

cohort (n=250, n=60 for validation cohort). It is noteworthy that most recent studies 

aiming at identifying predictive factors for upgrades are predominantly studying 

benign papilloma since those are most abundant in CNB than PL with atypia and 

most controversial with regards to management. Interestingly, in keeping with the 

significant association of high risk for developing cancer in later life for PL with 

atypia than benign papilloma, a significant difference was also observed for upgrade 

rates between these two histopathological subtypes. The former was reported to be as 

high as 40% vs 7% for benign papilloma [48, 58-60]. 

These conflicting findings led to variable suggestions regarding the use of surgical 

excision. While Kiran et al. [56] suggested avoiding surgical excision for most 

benign papilloma, but not for PL with atypia, Shouhed et al. [54] and Skandarajah 

et al. [53] suggested any PL regardless of histopathological subtype 

(benign/atypia) should be routinely excised to avoid undertreating these patients. 

However, as PL with atypia is much less common than benign papilloma in CNB, 

excising all PL could be considered as overtreatment. Similarly, it is clear from 

multiple studies that performing excision for all symptomatic papilloma would 

still be over-treating many patients. This situation highlights the importance of 

identifying robust biomarkers that can distinguish between low-risk papilloma and 

papilloma that is likely to be associated with a synchronous/metachronous 

carcinoma regardless of symptoms/patient age/histopathological subtype and 

thereby avoiding the need for recommending surgical excision for all.  
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1.6.5 Molecular features of intra-ductal papilloma 

There are very few molecular studies available describing the molecular genetic 

features of benign papilloma and PL with atypia and these are summarised in 

Table 1.2. 
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Table 1.2 Major genetic features of breast intra-ductal papilloma 

Method 
Number of samples: 

lesion 

Number 
of loci or 
genomic 

resolution 

Cases with aberrations 
Location of 

Copy number 
gain 

Location of 
copy number 

loss/LOH 

Somatic 
Mutation 

Reference 

FISH 
11: Pure papilloma 

12: G1 PC 
 

1 
0%: Pure papilloma 

67%: PC 
N/A 16q N/A Tsuda et al. [61] 

FISH 
12: Pure papilloma 

14: G1 PC 
2 

0%: Pure papilloma 
93% with 16q; 79% 1q+16q: PC 

1q12 16q11.2 N/A Tsuda et al. [62] 

FISH 
10: Pure papilloma 

14: G1 PC 
4 

0%: Pure papilloma 
21% for 17p, 15% for 3,7,X: PC 

3, 7, X 17p N/A Tsuda et al. [63] 

FISH 
7: Pure papilloma 

88: DCIS/IDC 
 

3 
14% (1/7): Pure papilloma, monosomy in 

chr 17 
88%: DCIS/IDC 

1, 11, 17 - N/A 
Komoike et al. 

[64] 

CGH 
22: Pure papilloma 

1: synchronous with IG 
DCIS, MC 

5-10 Mb 
0%: Pure papilloma 

0%: papilloma component 
- - N/A 

Boecker et al. 
[65] 

SNP array 
5: Pure papilloma 

5: PC 
Genome-

wide 
20% (1/5): pure papilloma for 16q 

100%: PC 
3p, 20q 16q N/A 

Oikawa et al. 
[66] 

LOH 
12 papilloma with 
synchronous PC 

4 
44%: both papilloma and PC component 

for 16p13 
- 

16p13, 16q21, 
16q23, 17p 

(TP53) 
N/A 

Cristofano et al. 
[43] 

LOH 
10: pure papilloma 

16: PC 
1 

60% (6/10): Pure papilloma 
63% (10/16): PC 

- 16p13.3 N/A 
Lininger et al. 

[67] 

Mass 
array 

72: Pure papilloma (61 
benign & 11 papilloma 

with ADH) 
PC: 10 

5 genes 
 

68%: Pure benign/atypia 
20%: PC 

ND ND 
PIK3CA/ 

AKT1/KRAS/ 
HRAS/NRAS 

Troxell et al. 
[68] 

 

ddPCR 
60: Pure papilloma 
9: Cancer developed 

after papilloma diagnosis 
2 genes 

48%: Pure papilloma 
22% (2/9): later developed cancer 

ND ND 
PIK3CA/ 

AKT1 
Mishima et al. 

[69] 

PC=papillary carcinoma/papillary DCIS, MC=mucinous carcinoma, LOH Loss of heterozygosity, ddPCR, droplet digital PCR, N/A: Not applicable, ND: Not done 
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This summary indicates limited data for all PL. It is particularly noteworthy that 

most studies of benign papilloma were carried out by FISH (4 out of 8 copy 

number studies), a low resolution, and locus-specific technique. Studies of LOH 

similarly only use a few markers and the only study that used high-resolution 

genome-wide CNA had a very small sample size (n=5) [66]. It is particularly 

interesting that most studies only considered the risk of PC and not DCIS or IDC. 

These experimental designs were based on the prevailing dogma that papilloma 

could only progress to PC due to their similar morphological features. Only one 

study compared the CNA observed in papilloma and to unmatched DCIS/IDC 

[64], however, their initiative was for the diagnostic purpose of differentiating 

between papilloma and DCIS from the very limited sample provided by FNA. In 

this study, all these lesions and tumours were palpable and the definitive diagnosis 

would be essential for these types of cases for appropriate management. CNA 

from all 102 FNA was compared to DCIS without considering the possible 

progression capacity of papilloma to ductal carcinoma. 

Overall, most papilloma did not have any CNA in the eight studies available to 

date, except monosomy in chromosome 17 in one palpable case studied by FISH 

(n=7) [64], loss of 16q in one of five cases studied by SNP array [66] and loss of 

16p13.3 in six out of 10 benign papilloma cases studied by LOH [67]. A CGH 

study by Boecker et al. [65] that used an appropriate CK5/6 immunohistochemistry 

showed that there were no CNA observed in benign papilloma (n=22). It is 

important to consider the limitation of these studies: not only were they of small 

sample size or low-resolution methodology, they were also carried out long before 

wide usage of p63 immunohistochemistry to differentiate between benign 

papilloma and papillary DCIS/PC, suggesting that the conclusions drawn from 
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these studies could be arguable. In contrast to benign papilloma, most LG PC 

showed CNA. The most common CN changes of PC were 16q loss, concomitant 

1q gain and 16q loss, loss of 16p13.3 and changes in chromosome 17 as well as 

rare changes in chromosomes 3, 7 and X. In summary, except one study which 

suggested that loss of 16p13.3 was common to benign papilloma and PC [67], no 

other study showed any similarity between these two types, with an overall 

absence of any locus-specific CN changes in the former. Therefore, the genetic 

features of benign papilloma were rarely similar to PC or ductal carcinoma.  

Although it has long been speculated that benign papilloma could only progress to 

PC, it was not really evaluated by molecular studies, except one study by 

Cristofano et al.[43]. This study suggested a possible clonal relationship between 

papilloma synchronous with PC (4/11 benign papilloma) with only one shared 

clonal change in the two components (16p13.3 loss). DCIS/IDC was only 

evaluated for a clonal relationship with benign papilloma by Boecker et al. [65] in 

just one case with IG DCIS and a mucinous carcinoma, which were not related to 

the associated benign papilloma based on the absence of any CN changes in the 

latter. In summary, there are very limited data available to test the genetic 

relatedness between benign papilloma and PC based on CNA. To date, there is no 

definitive data available from high-resolution methodology with sufficient clonal 

changes to confirm the relatedness of benign papilloma and PC. Additionally, it 

remains unknown whether benign papilloma can progress to ductal carcinoma 

directly although this possibility has previously been dismissed due to the 

dissimilarity of architectural features. 
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As opposed to CN changes, data on the mutational landscape is comparatively 

rich for benign papilloma. Troxell et al. [68] and Mishima et al. [69] studied 

activating somatic mutations to understand papilloma biology, particularly 

PIK3CA, AKT1 and RAS protein family members. Pure benign papilloma were 

frequent with PIK3CA mutation (33%, 20 of 61 cases), PL with atypia were also 

enriched with PIK3CA mutation (45%, 5 of 11 cases). In both histological 

subtypes, the hotspot H1047R/L in exon 20 of PIK3CA was more common than 

E545K/E542K in exon 9. Only 5% of benign papilloma cases showed 

E545K/E542K [68]. The remaining cases of both benign and papilloma with ADH 

had activating mutations in exon 2 of AKT1, E17K (32%, 23 of 72 cases) while a 

mutation in RAS family genes was rarely observed (1 of 72 cases). On the other 

hand, PC had almost no PIK3CA mutations (20%, 2 of 10 cases). In summary, this 

study suggested that benign papilloma or papilloma with ADH is enriched with 

PIK3CA mutation, unlike PC. PIK3CA mutation is also common in invasive 

breast carcinoma of different subtypes (30-49%) and it is known that the 

PIK3CA/AKT1 pathway is related to oncogenic activities such as cell 

proliferation, survival, angiogenesis and motility [70]. Troxell et al. [68] 

suggested that PC without PIK3CA mutation is unlikely to develop from benign 

papilloma harbouring PIK3CA mutation, indicating an independent origin for 

most benign and PC cases. This finding was also supported by a recent study by 

Mishima et al. [69] suggesting that papilloma is unlikely to be a direct precursor 

of breast carcinoma , however, their data (n=57) mirrored Troxell et al. [68], 

showing that papilloma cases were enriched with either AKT1/PIK3CA mutation 

(total 48%: 20% with AKT1, 28% with PIK3CA mutation). Their cohort was also 

enriched with exon 20 PIK3CA mutations. Interestingly, in their cohort, there 
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were three papilloma cases that subsequently developed cancer in the resection 

site after some years (range 6-13 years). These three papilloma cases had PIK3CA 

mutation whereas the absence of PIK3CA mutation was observed in cancer. On 

the other hand, there were five more papilloma cases with subsequent breast 

cancer at a different site than the resection site. These papilloma cases had no 

PIK3CA mutation whereas two of the subsequent carcinomas had E545K (exon 9) 

PIK3CA mutation. Consistent with the finding that PIK3CA mutation was present 

in three papillomas but not their subsequently cancer component, suggesting that 

papilloma are unlikely to be a direct precursor of cancer. Indeed, the spatial 

relationship is important: it is easier to believe that if cancer develops at the initial 

site of papilloma diagnoses, the two components are more likely to be related than 

the ones which developed at a separate site. However, this study did not clarify 

how far the subsequently developed cancer was from the site of initial papilloma. 

It was also shown in this study that papilloma is monoclonal in origin with the 

same mutation in the luminal and myoepithelial layers; thus the mutation occurred 

in the bipotent progenitor cells before the differentiation to form papilloma. Taken 

together, this study suggested that papilloma would most likely be a risk factor for 

developing breast cancer rather than a direct precursor. 

Papilloma as a risk indicator, not a precursor of breast carcinoma: 

In the studies described above, there were several limitations that preclude a final 

sentence that papilloma would be an unlikely precursor of breast cancer. Firstly, 

they both looked into only mutation status, although PIK3CA/AKT1 pathway 

mutations are the most common in many pre-malignant breast lesions [71, 72]. 

However, these mutations could be providing selective advantage only for the 
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proliferation of these lesions and might not be necessarily sufficient to start the 

tumorigenic process. Although PIK3CA mutation is the most common mutation in 

invasive ductal carcinoma, it is possible that this mutation, in particular, exon 20 

codon H1047, occurred at the later stage of cancer for a higher proliferation index. 

It is important to remember that breast cancer has been characterised by copy 

number changes in several large cohort-based studies [70, 73, 74] and thought to 

be driven by this particular somatic genetic change. These studies both lack this 

most important genetic change of breast cancer. Previous FISH studies suggested 

that it was rare to observe CN change in papilloma, unlike PC. As mentioned 

above, Troxell et al. [68] and Mishima et al. [69] suggested that it is rare to find 

PIK3CA mutation in PC or subsequently developed cancer, unlike pure papilloma. 

If those two event types could have been combined together to investigate the 

clonal relatedness of papilloma and synchronous cancer that would most likely be 

a better experimental plan, particularly in the current era of next generation 

sequencing with improved technologies. This approach has been considered to 

evaluate the relatedness between DCIS and IDC as well as ADH and DCIS. 

However, although Cristofano et al. [43] tried to employ this approach, the other 

locus-specific FISH studies with very limited sample size could not definitely 

determine if there is any clonal relationship between papilloma and PC.  

Overall these studies mainly highlight the genetic features of benign papilloma 

whereas data for PL with atypia remain scarce. This paucity of data is unlikely to 

be biased in case selection since generally the frequency of benign papilloma 

diagnosed in CNB is substantially more than PL with atypia. However, it would 

be very important to study PL with atypia to clarify their genetic features since 

these will be most strongly associated with risk of subsequent breast carcinoma.  
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1.6.6 Conclusion 

In conclusion, papilloma biology is poorly understood and therefore, it is still a 

grey area why and when papilloma would or would not progress to cancer. 

Studies concluded that papilloma would merely be a risk indicator of breast 

cancer; however, several limitations of these studies were never addressed in 

follow up studies. Exploring the genetic features of benign papilloma would be 

highly desirable with improved genetic technologies, with an emphasis on PL 

with atypia as well. Genetic features should include both CN changes and somatic 

mutation. Investigating both pure (not associated with cancer) and synchronous 

papillary lesions with both papillary and ductal carcinoma of different grades 

would shed light on the breast cancer progression model and will clarify the 

precursor/risk indicator dilemma. Genetic features of upgraded papilloma would 

be beneficial in order to provide a diagnostic tool in the clinical setting to prevent 

routine surgical excision and overtreatment. Future studies also should consider 

investigating cases that developed cancer after benign/ papilloma with ADH 

diagnosis to identify biomarkers for predicting progression, if papilloma is indeed 

a precursor for breast carcinoma. The latter two studies will definitely aid to select 

subsets of patients who would require surgical excision and/or preventative 

therapy and the remaining patients who could be managed by observation only.  

1.7 Immune microenvironment of high-risk pre-malignant 

breast lesions 

1.7.1 Background 

The role of the immune system for protecting against tumour development has 

been outlined for many years [75-77]. This protection progresses from 
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immunosurveillance to equilibrium until tumour escape which is often referred to 

as “immunoediting”. It is well established that a tumour can induce an immune 

response since their mutated genomes lead to altered protein products and neo-

antigens, which could be recognised as “non-self” or foreign by the immune 

system [78]. The immunosurveillance hypothesis refers to recognising the “foreign 

agents” and eliminating them. Immunoediting could also bring outcomes such as 

equilibrium in which less immunogenic tumours could be selected during an anti-

tumour immune response and finally tumour escape from immune destruction [79]. 

1.7.2 Tumour Infiltrating Lymphocytes (TILs) in invasive breast cancer 

and in situ lesions  

The most widely studied immune cells in breast cancer with regards to predicting 

prognosis are tumour infiltrating lymphocytes (TILs). For example, a recent meta-

analysis of 17 trials with more than 12,000 patients with breast cancer showed that 

a higher number of TILs positively correlated with favourable prognosis [80]. 

Regardless of the therapy, an overall improved survival and reduced recurrences 

were shown in HER2 positive and triple negative breast cancer that were 

associated with a higher number of TILs in primary biopsies [81]. It was also 

reported that a subset of these TILs populations, in particular, CD8+ cytotoxic T 

cells, were associated with prognosis in many solid tumours [82] and therefore, 

TILs have been proposed to predict prognosis as well as identifying a subset of 

breast cancer patients for possible immunotherapy. Infiltrating immune cells such 

as cytotoxic T cell (CD8+) and helper T cell (Th1), natural killer (NK) cells, 

macrophages polarised to an M1 phenotype as well as dendritic cell (DC) showing 

a DC1 phenotype may negatively control tumour growth and progression; 
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however, an immuno-suppressed tumour environment could be contributed by 

Th2 cells, M2 macrophages, DC2 dendritic cells, myeloid-derived suppressor 

cells and FOXP3+ regulatory (Treg) cells producing interleukin-10 (IL-10) and 

transforming growth factor-beta (TGF-β). B cells and plasma cells could have 

positive or negative anti-tumour associations depending on the context [83]. In 

addition to producing immunosuppressive molecules, such as TGF-β, many 

human tumours produce an immunosuppressive enzyme which may create the 

immunosuppressive micro-environment. Although in IDC, the immune 

microenvironment, as well as TILs, is well studied, studies of the immune-

microenvironment of in situ lesions and benign or premalignant lesions are scarce. 

Very recently, a few studies shed light on the immune microenvironment in DCIS, 

particularly aiming at understanding the concept of immunoediting. 

Immunoediting refers to body’s defence mechanism to cancer, in particular, loss 

of immunogenic tumour antigens leading to the tumour escaping adaptive immune 

control [84]. Additionally, tumour cells are constantly developing a mechanism of 

immune evasions, such as creating an immunosuppressive micro-environment 

with the enrichment of immunosuppressive cells [84, 85]. Very recently, Hendry 

et al. [86] showed that in DCIS there was a positive correlation between overall 

copy number alterations (CNA) or fraction of genome altered (FGA) and the 

presence of TILs, which was not the case in invasive breast cancer. Overall 

mutation burden in their study was not correlated with the presence of TILs, 

although overall mutation level was low in DCIS. Their data reflected studies with 

IDC, suggesting that certain subtypes of breast cancer also have higher levels of 

TILs, such as ERBB2 amplified/HER2+, ER- as well as HG DCIS. However, TILs 

were not significantly associated with recurrence of DCIS although the sample 
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size was small. A non-significant association of TILs with a recurrence of DCIS 

was also shown by Pruneri et al. (n=245) [87]. No such study was carried out yet 

for ADH cases to our knowledge.  

1.7.3 Immune landscape in normal breast lobules 

There are few studies available describing the immune landscape of normal breast 

tissues. It was reported that most normal lobules from a donor tissue cohort without 

any known benign or other histologic abnormalities showed various types of 

immune cells, such as CD8+ cytotoxic T cells, CD68+ macrophages and CD20+ B 

cells. These cells were predominantly located in lobules rather than the stroma [88]. 

CD45 leukocyte count being significantly higher in lobules compared to extra-

lobular breast tissues. More importantly, regardless of the observation of immune 

infiltrates as assessed by H&E staining, all samples were observed to have CD8+ T 

cells and dendritic cells at a close association with the epithelium, and these were 

primarily located at the basal aspect of the epithelium across all lobules [88]. 

Therefore, these intraepithelial immune cells are a consistent part of a normal breast. 

The role of these infiltrating lymphocytes in the normal breast was speculated to be a 

defence mechanism against microbes or active tumour immunosurveillance. 

1.7.4 Infiltrating lymphocytes in benign breast disease and ADH 

Previous studies with very small sample sizes (n=5-10) demonstrated that tissues 

with benign or any fibrocystic changes had very little lymphocytes or lymphoid 

infiltration compared to in situ and invasive tumours. It was also shown that 

morphologically normal lobules from biopsies with benign proliferative changes 

nearby demonstrated a greater density of intra-epithelial lymphocytes than the 

stroma, a pattern which was reversed in patients with cancer [89-93]. CD8+ T 
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cells were predominant compared to other lymphocytes, mostly within ducts or 

adjoining stroma in benign cases [90-92]. It is noteworthy that none of these 

studies indicated clearly whether ADH cases were part of their benign cohort. In 

fact, most benign tissues were described as benign hyperplasia or fibroadenoma, 

or even the very general term fibrocystic disease in these studies, so presumably 

ADH was not studied at all.      

Very recently Degnim et al. [88] showed quantitative differences in immune cell 

types between breast tissues of women without any histopathological abnormality 

(normal donors) (n=94) and patients with benign breast disease (BBD) (Cases who 

developed subsequent cancer, n=94, Control n=94). The benign cohort was 

randomly selected from 1992-2001 from the Mayo BBD cohort, and matched with 

normal donor tissues in terms of age, the year of the initial diagnosis and length of 

follow up. A proportion of ADH cases was included in their BBD cohort (atypia: 

case=22.3%, control=14.9%, normal=2.2%), but not analysed separately. It was 

shown in this study that certain types of immune cells such as CD68+ macrophages, 

CD8+ cytotoxic T cell, CD4+ helper T cell and CD20+ B cell were at a similar 

frequency in both normal tissues and tissues with BBD, however, a slightly higher 

immune cell infiltration was seen in the latter. Additionally, they showed that the 

cases with BBD who developed carcinoma later in their life had significantly higher 

levels of B cells than those who did not [94] (n=94 in each group, p=0.02). Overall, 

their data mirrored other studies mentioned above suggesting that intraepithelial 

immune cells are predominant in normal and benign lesions. However, the immune 

cell quantification was limited to intraepithelial cells in their study. In particular, the 

quantification of immune cells in the stroma of the cases with a benign disease 

which progressed later to cancer could have been informative.   
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1.7.5 Immunosurveillance of cancer and Natural Killer Cells  

1.7.5.1 Immunosurveillance of cancer 

Cancer immunoediting refers to the process by which the immune system controls 

and shapes a tumour. This is the result of three processes. Firstly, 

immunosurveillance and elimination of newly “transformed” cells in which 

immunity functions as an extrinsic tumour suppressor in naïve hosts. Secondly, 

equilibrium and expansion of transformed cells and thirdly, escape from immune 

control and growth into clinically apparent cancers [79]. It is thought that in the 

cancer equilibrium phase, there is a selection for less immunogenic tumours 

during the anti-tumour response [79]. It has been shown that adaptive immunity, 

namely CD4+ helper T cells and CD8+ cytotoxic T cells, maintain the equilibrium 

state by preventing carcinogen-induced cancer outgrowth [95]. In contrast, 

elimination is a mechanism by which the innate and adaptive immune systems 

work together to detect the presence of a developing tumour and destroy it long 

before it becomes clinically apparent. The process is not yet clearly understood, 

however, unlike the equilibrium phase, NK cells play an important role in the 

early immunosurveillance and elimination process.  

1.7.5.2 Natural Killer (NK) cells and cancer control 

As the name suggests, NK cells are involved in natural killing or direct killing of a 

newly transformed cell or a virus-infected cell. NK cells have both cytotoxic and 

cytokine-producing effector functions, which they utilise after recognising the 

aberrant cells to eliminate. It has long been suggested from both in vitro and in 

vivo studies that NK cells can recognise tumour cells as their targets. NK cells 

express MHC-class I specific receptors and can interact with MHC-class I 
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molecules constitutively expressed by “healthy” cells. Upon any kind of stress, 

“stressed” cells lose MHC-class I molecules. Lack of MHC-class I expression has 

been suggested as one of the mechanisms of how NK cells recognise “missing 

self” and allow cytotoxicity towards stressed cells. However, the mechanism 

might involve multiple inhibitory receptors as well [96, 97]. In the absence of any 

inhibitory signals, NK cells can destroy aberrant cells through the NKG2D 

pathway. Upregulation of this receptor has been shown to be a mechanism of how 

NK cells might protect the host from tumour development in mice [96, 97]. 

Interestingly, it has also been suggested that upon activation of the receptors of 

innate immune cells, pro-inflammatory and immunomodulatory cytokines get 

released and act as a bridge between the innate and adaptive systems enabling the 

development of a tumour specific adaptive immune response [84, 85]. Balanced 

activation of both innate and adaptive immunity, in particular, CD4+ and CD8+ T 

cells, is needed to protect the host against tumour development. Breast tumour 

cells transplanted in mice lacking adaptive immunity (NOD/SCID mice) 

developed a non-invasive form of cancer, whereas in mice lacking both NK cells 

and adaptive immunity (NOD/SCID/γ-cnull mice) developed a rapidly 

metastasized invasive cancer [98, 99]. In their studies, Dewan et al. [99] 

established a role of NK cells to prevent tumour growth and metastasis. Limited 

adaptive immunity by ineffective antigen presentation definitely enables tumour 

escape of the immune system, however, depleting hosts innate immunity, namely 

NK cells by anti-NK antibody in several mouse tumour models suggested a major 

role of NK cells in tumour formation by failing to recognise a tumour initially as a 

danger [96, 100]. However, cautious interpretation of the conclusions of these 
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studies is needed since as they are based on antibody depletion where there is a 

lack of specificity of the antibodies.      

In addition to the animal models mentioned above, the role of NK cells in breast 

cancer has been suggested by several gene expression profiling studies showing 

that better patient outcome is positively associated with a strong cytotoxic 

infiltrate containing NK cells [101, 102]. Additionally, other studies using cancer 

patients’ samples support a central role for NK cell in controlling breast tumour 

formation and progression [103]. For example, studies including samples from 

peripheral blood NK cells of cancer patients suggested impaired functional 

capacity of their NK cells, failing to control the tumour escape [103, 104].  

1.7.5.3 Benign breast biology and Natural killer (NK) cells     

Previously, NK cells detected with an anti-HNK1 antibody were shown to be a 

rare immune component of normal breast lobules in benign breast biopsies 

compared to other infiltrating lymphocytes by Lwin et al. [90] and Bhan et al. 

[92]. NK cells are known to be a minor fraction of total lymphocytes, for 

example, only 2-18% in human peripheral blood [96], therefore, a lower 

abundance of NK cells than other lymphocytes, such as T cells, in normal breast 

lobules might not be surprising. Intriguingly, both Lwin et al. [90] and Bhan et al. 

[92] showed that the anti-NK cell antibody was found to stain normal 

myoepithelial cells [90] or the cytoplasm of ductal cells [92] as well as immune 

cells for an unknown reason. Very recently, one study investigated CD56+NK 

cells along with their activating ligand MICA, and found that a low level of 

CD56+ NK cells and MICA was associated with increased fibrocystic changes 

[105]. However, they did not find any significant association with NK cells with 
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regards to breast tumour progression from benign cases (n=88). Notably, in this 

study, stromal CD56+ NK cells were not evaluated. Given the fact that NK cells 

are relatively rare, and that CD56 IHC stained myoepithelial cells in previous 

studies, the rationale of scoring the CD56 IHC as the percentage of positive cells 

used in this study might not be an efficient way of investigating NK cells overall. 

Additionally, other activating receptors of NK cells should be carefully evaluated 

before concluding such that activated CD56+ NK cells were not significantly 

associated with breast cancer progression. The presence of CD56+ NK cells in 

normal breast tissues and how that expression changes towards benign and ADH 

lesions is yet to be established. This could shed some light on immunosurveillance 

mechanisms in breast cancer development.  

1.8  Overall Aim 

Mammographic screening worldwide has seen increased detection of not only 

IDC, but also known pre-invasive lesions such as DCIS, and putative precursor 

lesions such as ADH, papillomas and other fibrocystic changes. Clinical 

management of women diagnosed with these premalignant lesions is 

problematical due to a lack of objective criteria and inadequate knowledge of 

which lesions are true breast cancer precursors. The breast cancer progression 

model is poorly understood with a precursor of HG DCIS unknown. Additionally, 

given the various breast lesions with uncertain malignant potential, such as ADH 

and papilloma, along with their significant clinical problems, such as high 

upgrade rates, made these lesions of interest for many years. However, a lack of 

molecular studies with high resolution methodology and/or with a large sample 

size has been a limiting factor. Since these B3 lesions are often as small as a few 
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dozen cells, without a method using low-input DNA, a large unbiased sample size 

would never be achievable.  

The broad objective of this thesis is to resolve the molecular taxonomy of these 

putative breast cancer precursors in order to identify robust biomarkers that can be 

used clinically to accurately predict their malignant potential as well as upgrade risk. 

The specific objectives of this thesis are: 

i) To develop a robust method with low-input DNA for copy number 

alterations from FFPE derived DNA. 

ii) To undertake copy number analysis of pure ADH (no association 

with cancer), ADH synchronous with carcinoma of different grades 

as well as upgraded ADH in order to shed light on the breast 

cancer progression model and to identify a robust biomarker for 

predicting both progressions and upgrade. 

iii) To undertake copy number and mutational analysis of pure 

papilloma (both benign and papilloma with ADH, not associated 

with cancer), papilloma synchronous with carcinoma of different 

types and grades as well as upgraded papilloma in order to clarify 

the precursor relationship and to identify a robust biomarker for 

predicting both progressions and upgrade. 

iv) To understand the immune microenvironment of ADH lesions. 
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Materials and Methods 

2.1 Materials 

All chemicals and reagents were of analytical or molecular biology grade. Water 

used in buffers and solutions was purified and deionised water of high quality 

using a Milli-Q Academic Water Purification system (Merck Millipore 

Corporation, Billerica, MA). Water used in PCR reactions was sterile water for 

injection (Astra Zeneca, North Ryde, NSW).   

2.1.1 Chemicals and reagents 

Table 2.1 Chemicals and reagents 

Chemical or reagent Supplier 

Agarose, LE, Analytical grade Promega 

Entellan Mounting Medium Merck Millipore 

Eosin 1% Aqueous Stain Australian Biostain 

Ethanol POCD Healthcare 

Hi-Di Formamide Applied Biosystems 

Gel red Biotium 

Mayer’s Haematoxylin Solution Australian Biostain 

Water for injection Astra Zeneca 

Xylene Merck 

 

2.1.2 Common buffers, solutions and media 

Table 2.2 Buffers, solutions and media 

Buffers and solutions Composition 

Gel loading dye 50% (v/v) glycerol, 20 mM EDTA, 8mM Tris-HCl (pH 8.0), 2.5 mg/ml 

bromophenol blue, orange G or Xylene cyanol 

Microdissection buffer 0.1x TE, 2.5% (v/v) glycerol 

Scott’s tap water 20 mM KHCO3, 333mM MgSO4 

TAE 40 mM Tris-base Acetate, 20 mM Acetate, 1 mM EDTA (pH 8.0) 

LAB buffer 10 mM Lithium Acetate, 10mM Boric Acid 

Elution buffer 10 mM Tris-HCl, pH 8.0 
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2.1.3 Enzymes and associated buffers 

Table 2.3 Enzymes and associated buffers 

Enzyme or buffer Supplier 

Deoxynucleotide triphosphates (dNTPs) Promega 

ExoSAP-IT USB 

DNA polymerase, 5x reaction buffer Agilent Technologies 

HotStar Taq, 10x PCR buffer and MgCl2 Qiagen 

Proteinase K (20 mg/mL) Qiagen 

RNase A Qiagen 

Tissue Lysis (ATL) Buffer Qiagen 

 

2.1.4 Kits 

Table 2.4 Kits 

Kit Supplier 

Bioanalyser-High sensitivity DNA assay kit Agilent Technologies 

DNeasy Blood and Tissue Kit Qiagen 

NEBNext Ultra II DNA Library Prep Kit for Illumina New England Biolabs 

Quant-iT dsDNA HS Assay Kit Invitrogen 

SureSelect Target Enrichment Kit Agilent Technologies 

GenomePlex Complete Whole Genome Amplification Kit Sigma-Aldrich 

KAPA Hyper Library Preparation Kit for Illumina KAPA Biosystems 

NEBNext FFPE Repair kit New England Biolabs 

MagAttract® HMW DNA Mini Kit Qiagen 
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2.1.5 Oligonucleotides  

Table 2.5 Primers for Sanger Sequencing 

Primer Sequence Product 

length 

Annealing 

Temp 

(°C) 

Cycle 

Number 

BDT 

sequence 

ERBB3-

Ex8-F 

ERBB3-

Ex8-R 

TAGCTGGTGATGTTCCTCCC 

CCCCACAAGGCTCACACAT 

153 55 TD 

 

35 Reverse 

AKT1-

Ex3F 

AKT1-

Ex-3R 

ATACTTACGCGCCACAGAGA 

GGTCTGACGGGTAGAGTGTG 

186 55 TD 

 

35 Forward 

ARID1A-

Ex1F 

ARID1A-

Ex1R 

AACAACATGGCGGACAACAA 

CGCTGCGGTTGGGGTA 

150 55 TD 

 

35 Forward 

CBFB-

intron2F 

CBFB-

intron2R 

TAAGTACACGGGCTTCAGGG 

GAGTAGGAAGTGAGACGGCG 

216 55 TD 

 

35 Reverse 

PIK3CA-

Ex9F 

PIK3CA-

Ex9R 

GAGTAACAGACTAGCTAGAGAC 

CACTTACCTGTGACTCCA 

130 55 TD 

 

35 Forward 

PIK3CA-

Ex-20F 

PIK3CA-

Ex20R 

CGAAAGACCCTAGCCTTAGA 

GTGTGGAAGATCCAATCCAT 

140 55 TD 

 

35 Forward 

TD: Touch down PCR protocol. The initial annealing temperature was 65°C and decreased by 1°C/cycle for 

the first 10 cycles, then maintained at 55°C for the remaining cycles.  

2.1.6 Laboratory Equipment 

Table 2.6 Laboratory equipment 

Equipment Manufacturer 

Covaris LE220 system Covaris, Inc 

Covaris S2 Covaris 

Qubit Fluorometer Invitrogen 

ScanScope Digital Slide Scanner Aperio 

C1000 Thermal Cycler Biorad 

Tape Station 2200 Agilent Technologies 

Roche Automated Tissue Dissection System Roche 

Hybridization oven Ratek 
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2.2 Tissue specimens 

2.2.1 Identification of cases in hospital database 

In order to identify the cases diagnosed with atypical ductal hyperplasia (ADH) 

and breast papillary lesions (PL), a search term was used in the Royal Melbourne 

Hospital (RMH) database for the cases diagnosed between 1995 and 2015 

whereby “atypical ductal hyperplasia” was used for the former and “breast 

papilloma” was used for the latter. The database search was performed by Dr 

Kenneth Elder who was affiliated with The Breast Service Unit, The Royal 

Women’s Hospital, Melbourne, Australia. The database search resulted in more 

than 800 entries for each lesion type. The follow-up data for these cases diagnosed 

with ADH or PL were extracted from the Victorian Cancer Registry (VCR) till 

2017. There were three low-grade (LG) ductal carcinoma in situ (DCIS) cases and 

five upgraded ADH cases used in this thesis from the University of Nottingham 

which were identified by Dr Kylie Gorringe from the Pathology database, The 

University of Nottingham. Two LG DCIS cases were also used from Peter 

MacCallum Cancer Centre (PMCC) which was identified from the PMCC 

Pathology database. 

This study was conducted under ethical approval from the Peter MacCallum 

Cancer Centre (HREC #12-64), Melbourne Health (HREC# 2012.119) and the 

North West-Greater Manchester Central Research Ethics Committee 

15/NW/0685. The ethics approval was carried out for this project by Dr Kylie 

Gorringe and Prof Ian Campbell. 
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2.2.2 Pathological review of the cases 

Since the search term resulted in more than 800 entries for each lesion, the pure 

cases (without cancer) and cases synchronous with cancer needed to be isolated 

from the pathological data. Also, often the search detected cases where the 

pathological report stated “atypical ductal hyperplasia was not identified”, 

therefore, those cases were excluded. In total, 150 ADH and 105 papilloma cases 

were identified, which includes both pure and synchronous cases. Then all of these 

cases for both pure and synchronous were called for their reference Haematoxylin 

and Eosin (H&E) slides for the re-review by an experienced pathologist, A/P Prue 

Hill (PH), Department of Anatomical Pathology, St Vincent's Hospital, Melbourne 

who also marked the suitable areas for microdissection. Prior to re-reviews, the 

reference slides were reviewed by both myself and Dr. Jia-Min Pang (JMP) to 

reduce the number of slides to be reviewed by PH, such as removing slides where 

only adipose tissues or stroma or lymph nodes were present. This process reduced 

a large amount of slides, in particular for synchronous cases, which were often 

from Mastectomy or Wide Local Excision (WLE) specimens with more than 30 

H&E slides/case. Then the pure cases were checked with VCR for follow up of 

these patients to identify the cases that developed cancer or were upgraded (i.e. 

carcinoma found on subsequent excision). The patient selection is shown in detail 

in Chapter 4 (Section 4.2 (Publication), Supp Figure S2) for ADH cases and in 

Chapter 5 (Section 5.2 (Publication), Supp Figure S3) for papilloma cases. The 

cases re-confirmed by PH had serial sections cut from their archived formalin fixed 

paraffin embedded (FFPE) blocks, organised by the Clinical Trial Coordinator, 

Maria Bisignano, RMH Pathology. Generally, 1 H&E and 4 IHC slides (charged) 

were cut with 4 µm thickness as well as up to 20 slides with 8-10 µm thickness 
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(uncharged slides) for microdissection depending on the tissue availability. Cases 

excluded due to the unavailability of the tissue are also mentioned in the patient 

selection criteria as above.   

2.3 Methods 

2.3.1 Microdissection and DNA extraction 

2.3.1.1 Tissue preparation and staining of FFPE tissue specimens for 

microdissection  

Prior to microdissection, one slide per case of 4 µm thickness was stained H&E 

following the protocol outlined in Table 2.7. Following staining, these slides were 

cover slipped using Entellan Mounting Medium and left to dry at room 

temperature. Since these lesions could change their architectural features and 

position after sectioning, these new H&E slides were reviewed by JMP to match 

the area with marked by PH on the diagnostic slides.  

The sections of the cases were stained following the protocol mentioned in Table 

2.7. Each case of approximately 20 slides was stained at a time followed by an 

immediate microdissection before proceeding to the next case if multiple cases 

were available. It was observed by our lab group previously such that immediate 

microdissection after H&E staining provides a better yield of DNA.  
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Table 2.7 H&E staining procedure for FFPE tissue prior to DNA extraction 

Step Wash/stain Duration Step Wash/stain Duration 

1 Xylene (fume hood) 4 min 9 H2O 30 s 

2 Xylene (fume hood) 4 min 10 
Scott’s Tap 

H2O 
30 s 

3 100% Ethanol 1 min 11 H2O           30 s 

4 100% Ethanol 1 min 12 Eosin (1%) 15 s 

5 70% Ethanol 1 min 13 100% Ethanol 1 min 

6 H2O   1 min 14 100% Ethanol 1 min 

7 Haematoxylin 2 min 15 100% Ethanol 1 min 

8 H2O 30 s 16 Air dry ~5 min 

 

2.3.1.2 Microdissection and DNA extraction  

Neoplastic cells from the breast lesions (ADH, PL) and associated cancer tissues 

if applicable, were micro-dissected from 8-10 micron H&E stained sections (8-20 

sections) either by manual micro-dissection or using the Roche Automated Tissue 

Dissection System (Roche, USA) to achieve >50% tumour tissue purity. For 

synchronous cases, tissues were dissected from the IDP/ADH lesion, DCIS and/or 

IDC or PC separately. All pure, synchronous, upgraded ADH, B3 lesions which 

were initially identified as ADH (detail: Chapter 4) were dissected using the 

Roche Automated Tissue Dissection System which enabled efficient dissection of 

these small lesions with minimal contamination of stromal cells. Fig 2.1 shows 

cases before and after microdissection with this automated system. In brief, this 

automated dissection system works by drawing the lesion to be dissected on the 

associated screen image and drawing the path on the screen where the manually 

inserted needle with dissection buffer (provided by the company) or tissue lysis 

ATL buffer (Qiagen, Hilden, Germany) should go and dissect. The needle is very 

accurate following the path drawn on the screen. The same needle could be used 

for multiple sections of the same case until the full capacity of the needle. Once 
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the needle approached 100% capacity, it was manually taken out without touching 

the base of the needle to avoid contamination. Then the dissected tissues with 

tissue lysis buffer were suspended and placed into a tube. All tissues dissected 

from one case were placed into the same tube after completing dissection from 

one case. PL cases were dissected by the automated system, except for eleven 

cases that were dissected manually prior to the availability of the automated tissue  

 

Figure 2.1 Representation of microdissected cases of ADH or papillary lesions by 

automated dissection system (Roche). Before and after dissection of the lesions are shown. 

Scale bars= 250µm. 
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Microdissected tissue was placed in 100 µl of buffer ATL (Qiagen) and sonicated 

using the Covaris LE220 system (Covaris, Inc) under the “Tissue sonication 

protocol”, followed by the addition of 20 µL of proteinase K and incubation at 

56oC overnight in a hybridization oven (Ratek). Then DNA was extracted using 

the MagAttract® HMW DNA Mini Kit (Qiagen) according to the manufacturer's 

protocol as described previously [106]. In brief, 120 µL of the digested lysate with 

proteinase K was incubated with 4 µL of RNase A for 2 min at room temperature 

followed by adding 150 µL of Buffer AL, 280 µL of Buffer MB and 40 µL of 

MagAttract Suspension G to the samples. Following incubation with the magnetic 

particles for 3 min at room temperature on an Eppendorf mixer at 1400 rpm, 

several wash steps were carried out: 700 µL of Buffer MW1, followed by 700 µL 

of Buffer PE and then 700 µL of distilled water. Before every wash, the tube was 

placed in the tube holder of the magnetic rack for at least one minute to allow 

bead separation before removing the supernatant. After the last wash step, 33-50 

µL of AE buffer was used as an elution buffer and incubated at room temperature 

for 3 min at 1400 rpm. Before removing the supernatant the tube was placed in a 

magnetic rack for at least one minute to ensure the separation of beads and 30-45 

µL of supernatant was collected. The volume of AE buffer and the eluted DNA 

depends on how large the neoplastic lesions were, for example, if cancer tissues 

were dissected, the eluted volume was higher than 33 µL. 33 µL was used 

routinely for ADH and small lesions.  

DNA was extracted from manually dissected tissue (n=11) using the Qiagen DNeasy 

Blood and Tissue Kit as described previously [107]. All unpublished LG DCIS cases 

were dissected using the Roche Automated Tissue Dissection System (n=11). 

Following the Roche Automated Tissue Dissection System, DNA from new LG 
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DCIS cases was extracted using the MagAttract® HMW DNA Mini Kit (Qiagen) as 

described above except in four cases. DNA from these four cases (from Nottingham 

(n=3) and from RMH (n=1)) were extracted using the All-Prep Kit for FFPE 

(Qiagen) according to the manufacturer’s protocol only with a slight modification 

which was optimized by our lab members previously. Following the dissection and 

placing the tissues in 150 µL buffer PKD, 10 µL of Proteinase K was added to the 

sample and incubated at 56°C for 1 h. The recommended time in the original 

protocol was 15 min. This modification allowed good yield for both DNA and RNA 

which was required since these LG DCIS cases were a part of another project.  

2.3.1.3 DNA quantitation and quality  

Following dissection and DNA extraction, Quant-iTTM dsDNA High-sensitivity 

Assay Kit (Invitrogen, Carlsbad, CA, USA) was used to determine the 

concentration of extracted DNA. The quality of DNA was assessed by a multiplex 

PCR assay with primer sets that produce 100 - 700 bp fragments from non-

overlapping target sites in the GAPDH gene as described previously [106] and the 

quality varied among samples, ranging from 100 bp to 700 bp fragments. This 

assay was initially developed by van Beers et al. (2006) [108] and optimised by 

previous members of the Campbell lab as in other publications [107]. In brief, in 

this assay, the targets of 100-700 bp are amplified by PCR and the maximum 

amplifiable fragment size determined by separating the products by gel 

electrophoresis (section 2.3.1.4). Therefore, if an FFPE DNA is degraded, then 

only 200 bp bands are visible. For this multiplex PCR, 1-2 µL of FFPE extracted 

DNA was combined with PCR buffer containing 1.5 mM MgCl2, 200 µM dNTPs, 

1 unit HotStar Taq DNA polymerase and the primers in a total reaction volume of 
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30 µL. Amplification was performed as described in Table 2.8. The amplified 

template was separated by electrophoresis in a 3% (w/v) agarose/LAB gel at 100 

V for an hour followed by the product visualization. The maximum amplifiable 

fragment size was compared with the 100 bp molecular weight standard (Life 

Technologies, Australia).  

Table 2.8 PCR amplification protocol for multiplex PCR 

Step Protocol 

Initial activation 95°C for 15 min 

Amplification 35 cycles 

Denaturation 94°C for 1 min 

Annealing 56°C for 1 min 

Extension 72°C for 3 min 

Final Extension 72°C for 10 min 

Cooling Hold at 4°C 

 

2.3.1.4 Agarose gel electrophoresis  

To estimate the size of nucleic acid fragments from PCR products, they were 

subjected to gel electrophoresis. Agarose gels were made to 2% for PCR products 

or 3% for van Beers PCR products (Section 2.3.1.3) by mixing the appropriate 

volume of LE analytical grade agarose with 1x LAB buffer, followed by heating 

in a conventional microwave until all the agarose was dissolved, mixing 

occasionally. Initially, ethidium bromide was added to the cooled agarose at a 

final concentration of 0.5 µg/ml, but later ethidium bromide was substituted by 

commercially available “Gel-Red” (Biotium, Fremont, CA, USA). Then the 

mixture was poured into a prepared casting tray with a gel comb and was allowed 

to set at room temperature. Then 2 µL of PCR products were mixed with 2 µL of 

gel loading orange dye and loaded into the wells of the submerged agarose gel in 

a gel tank filled with 1x LAB running buffer. 50 or 100 bp DNA ladder (Life 
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Technologies) was loaded for the estimation of the size of the products. Size 

separation of nucleic acids was achieved by subjecting the agarose gel to 100-120 

V until sufficient separation was observed. Gels then were visualized using the 

Gel DocTM XR+ Imaging system (Biorad, Hercules, CA, USA). 

2.3.2 Next Generation Sequencing (NGS) and Molecular Inversion Probe 

(MIP) SNP arrays 

2.3.2.1 Optimisation of ultra-low input DNA method  

Due to the limited amount of DNA available for ADH cases, a novel method 

needed to be developed to utilise 5-10 ng DNA in total. This method is described 

in detail in Chapter 3 (Publication: 3.2). While developing this method, different 

attempts were made to utilise the low input DNA including whole genome 

amplification (WGA) with or without NEB-next FFPE repair followed by KAPA-

Hyper Library preparation as described in the KAPA Hyper Prep Kit Illumina® 

platforms (KR0961-v1.14, KAPA Bio systems). For this optimisation method two 

previously published Merkel Cell Carcinoma (MCC) FFPE cases [109] were used. 

Then these libraries were subjected to low-coverage whole genome sequencing 

(LCWGS, section 2.3.2.3). All of these methods including KAPA-Hyper 

preparation are discussed in the publication (Chapter 3.2) to compare the methods 

of WGA and unamplified 5 or 20 ng input DNA. The overall experiment for this 

optimisation is summarised in Fig 2.2. The protocols of WGA with or without 

NEB-Next FFPE repair and the library prep of KAPA-Hyper are not described in 

this Chapter since they all are described with modification in Chapter 3 

(Publication: 3.2).    
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Figure 2.2 Experimental design. Experimental design testing a low-input method 

(NEBNext Ultra II) on copy number detection of two FFPE MCC samples by LC WGS as 

well as the effect of WGA with or without NEB DNA repair treatment. This Figure is taken 

from Kader et al. [106] (Chapter 3.2). 

2.3.2.2 Utilising low-input DNA using NEBNext® Ultra ™ II DNA Library 

Prep 

The library preparation using the NEBNext® Ultra ™ II DNA Library Prep (NEB 

E7645S/L, New England BioLabs ® Inc., Ipswich, MA, USA) (Fig 2.2) with 

modifications was performed for the same MCC samples mentioned above. This 

method with DNA of 5-20 ng in total was used throughout the thesis for the cases 

with low-input (<25 ng in total). Therefore, this library preparation with 

modification is stated here in detail in this Chapter. 

2.3.2.2.1 Fragmentation of starting material 

The starting material of 5-20 ng DNA was placed in a Covaris micro tube 

(Covaris) with the total volume of 50 µL. If the DNA was eluted in 30 µL initially 
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after DNA extraction, elution buffer was added for the remaining 20 µL of total 

mixture volume. Then the DNA was fragmented using sheared with sonication 

(Covaris S2 system, Woburn, MA, USA) for 3 × 60 s, with the following 

parameters: duty cycles of 10, intensity of 5, and 200 cycles/burst. Later, the 

Covaris LE220 system (Covaris, Inc) was used in which multiple samples could be 

sheared simultaneously. The parameters used were in total 120 s (30% duty cycle, 

450 PIP Watts, 200 cycles/burst). A brief centrifugation was carried out to collect 

any DNA left on the top of the micro tube and transferrred to a sterile nuclease free 

tube. If DNA volume post fragmentation was less than 50 µL, then elution buffer 

was added to make the total volume up to 50 µL. The preparation of the samples 

pre and post-fragmentation was carried out under pre-PCR conditions to minimize 

any kind of contamination due to dealing with such ultra-low input DNA.    

2.3.2.2.2 NEBNext End prep and adaptor ligation  

3 µL of End prep enzyme mix (NEB) and 7 µL of End prep reaction buffer was 

added to the fragmented DNA from the previous step in 50 µL to make the total 

volume to 60 µL/sample. The crucial process for this end prep step is mixing the 

mixture very well by pipetting the entire volume up and down more than 10 times 

to mix thoroughly by setting a 200 µL pipette to 50 µL. A quick centrifuge was 

performed after mixing by pipetting to collect all liquid from the sides of the tube. 

Then the mixture was placed in a thermocycler, with the heated lid set to ≥75°C 

and incubated for 30 min at 20°C followed by another 30 min at 65°C and hold at 

4°C. Then the adaptor ligation step was immediately followed since if it was 

stopped or delayed at this stage there will be a slight loss of DNA yield. The 

adaptor dilution factor depends on the total input starting material. If the starting 
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material was between 5-100 ng DNA, the dilution factor was 1:10. The adaptor 

was diluted in the elution buffer provided by the Molecular Genomics Core 

facility, Peter Mac. Before adding anything to the mixture from the previous step 

(60 µL), a quick centrifuge was performed to collect all the liquids. 

Ligation Master Mix (30 µL) was added to the 60 µL end prep reaction mixture 

followed by 1 µL of ligation enhancer and 2.5 µL of the diluted adaptor. Next, this 

ligation mixture of 93.5 µL was mixed very well by pipetting up and down more 

than 10 times, followed by a quick centrifuge. This ligation mix was incubated at 

20°C for 15 min in a thermocycler with the heated lid off, followed by adding 3 µL 

of USER enzyme and incubation at 37°C for 15 min with the heated lid set to 

≥47°C. At this stage the samples could be stored at -20°C overnight.  

2.3.2.2.3 Purification of adaptor-ligated DNA without size selection 

While waiting for AmPure XP Beads (Beckman Coulter, Brea, CA, USA) to 

warm at room temperature at least for half an hour before use, 80% ethanol was 

prepared for the day. The whole process of clean-up was performed under pre-

PCR conditions to minimise any kind of contamination. Resuspended beads (87 

µL) were added to the thawed ligation mix and pipetted up and down more than 

10 times, followed by 5 min incubation at room temperature. Then the tubes were 

placed on the magnetic stand until the solution was separated and clear. The 

supernatant was carefully discarded such that the beads should not be disturbed or 

removed. 200 µL of 80% freshly made ethanol was immediately added to the tube 

and after 30 s incubation, the supernatant was carefully discarded, and the process 

with ethanol repeated. After two ethanol washes, the beads were allowed to dry 

for 5 min only. After drying the beads, 17 µL of elution buffer was added to elute 
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the DNA target from the beads. After mixing the elution buffer very well, the 

mixture was incubated for 2 min at room temperature and centrifuged briefly. The 

tubes were placed back on the magnetic stand and after 5 min, 15 µL of the 

supernatant (clear solution) was transferred to a new sterile PCR tube for the 

amplification step.  

2.3.2.2.4 PCR amplification of the library  

25 µL of NEB Next Ultra-II Q5 Master Mix, 5 µL of index primer (i.e. individual 

primer for individual sample) and 5 µL of universal PCR primer were added to 

the 15 µL cleaned up adaptor-ligated DNA fragments mix. A good mix was 

ensured by pipetting up and down more than 10 times followed by brief 

centrifugation to collect all liquids from the sides of the tube. Then this mixture 

was placed on a thermocycler and PCR amplification performed using the PCR 

conditions in Table 2.9.  

Table 2.9 PCR condition 

Cycle step Temp Time Cycles 

Initial denaturation 98°C 30 sec 1 

Denaturation 98°C 10 sec 
8-10* 

Annealing/extension 65°C 75 sec 

Final extension 65°C 5 min 1 

Hold 4°C ∞  

 *Depends on the starting material, optimised 8 cycles for 10-20 ng input and 10 cycles for 5-10 ng DNA.   

As stated in Table 2.9, unless the DNA is an extremely bad quality DNA, at least 

10 cycles were required for 5-10 ng DNA input and 8 cycles were required for 20 

ng DNA input. More cycles will be required for an extremely bad quality DNA. 

These cycles have been modified from the original NEB Next protocol, since this 
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was not developed for as low as 5 ng input FFPE DNA. The recommended 6 

cycles for 10 ng input failed in our hands even with good quality FFPE DNA.  

Before proceeding to the purification step, the concentration was measured by 

Qubit High Sensitivity Kit to determine if any extra number of cycles would be 

required. Unless the DNA is highly degraded, on average ~60% of the amount 

will be lost after purification; if after 8-10 cycles the concentration looks high 

enough before purification then extra cycles should be avoided since this can 

interfere with the background noise of post-sequencing data and the diversity of 

the genome may be compromised.  

2.3.2.2.5 Clean-up of PCR amplification 

Since the PCR products have now amplified templates, this step needs to be 

performed in the post PCR environment (i.e. day to day lab bench), using reagents 

dedicated to post-PCR (e.g. AmPure beads). The beads were kept at least for 30 

min at room temperature and resuspended before adding 45 µL into the PCR 

product (50 µL) followed by thorough mixing by pipetting up and down more 

than 10 times. Then this mixture was incubated at room temperature for 30 min. 

This incubation time was modified for low input DNA from the original protocol, 

where 5 min was recommended. After the 30 min incubation, the tubes were 

placed on the magnetic stand for 5 min to separate the beads from the supernatant. 

After careful removal of the supernatant, 200 µL of 80% ethanol was added as a 

wash step and after 30 s the supernatant was removed without disturbing the 

beads. This step was repeated, followed by drying the beads for 5 min. Then the 

DNA was eluted by adding 33 µL of elution buffer, mixing very well, and a quick 

centrifuge. This eluted DNA was incubated for 10-15 min. This incubation time 
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was modified from the original protocol, where 2 min was recommended. 

Following the incubation, the samples were placed on a magnetic stand for 5 min 

to separate the beads from the supernatant and 30 µL supernatant was transferred 

to a new sterile tube. This is the last step providing the final library which was 

then stored at -20°C until use.  

Finally, the concentration of the final library was checked by Qubit and 1 µL of 

the library run on a Tape station 2200 (Agilent Technologies, Santa Clara, CA, 

USA) with the High sensitivity kit. Fig 2.3 shows a size distribution made from 5 

ng DNA input and concentration measured by Qubit showed 6.07 ng/µL after the 

purification (before purification 14.2 ng/µL) in 30 µL. Therefore, with the 

absence of any primer-dimer peak, this library was amplified efficiently from 5 ng 

DNA to more than 180 ng DNA. The library peak fragment size was large for this 

case and collectively, it shows a good library prepared from 5 ng FFPE DNA. 

2.3.2.2.6 Example of a library prepared with this protocol 

 

Figure 2.3 Library distribution. This shows size distribution of a library prepared 

(black box) from low-input DNA (5 ng) with a peak fragment size of 312 bp. The black 

box suggests an average fragment size is between 200-500 bp. Red arrow confirms 

absence of primer-dimer peak after purification of PCR amplified products. 
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2.3.2.3 Low-coverage whole genome (LCWGS) sequencing 

The libraries prepared by both KAPA Hyper and NEBNext kits were used for 

LCWGS. An Illumina Nextseq platform (NextSeq 500) (paired-end 75 bp, on a 

mid output flow cell) (Illumina, San Diego, CA, USA) was used to run the pooled, 

normalized indexed libraries according to the standard protocol. High output flow 

cells were used if more than 8 libraries were pooled and run. The final 

concentration was 2 nM pooled and diluted to 1.8 pM as the standard Illumina 

protocol. This pooling of the prepared libraries and run on the NextSeq Platform 

were carried out by the Molecular Genomics Core Facility, Peter Mac. 

Sequencing of those samples led to genome coverage of 1.6–1.8 × per sample 

(Individual sample coverage: Supp File 2: Chapter 4.2, 5.2). 

2.3.2.4 Targeted Gene Panel Sequencing 

Cases from breast papillary lesions and associated carcinoma were selected for 

Targeted Gene Panel Sequencing based on the DNA available. Nine pure, nine 

synchronous and three upgraded papillomas were subjected to targeted gene panel 

sequencing using an Agilent SureSelect Custom Panel targeting 258 genes (total 

targeted region of 1.337 Mb [110]) (Chapter 5, Publication: Supp Table 1: Gene 

list) including breast cancer driver genes such as PIK3CA, AKT1, PIK3R1, 

GATA3, PTEN, TP53, ARID1A. Library preparation was performed mostly from 

an input of at least 100 ng of DNA using the KAPA Hyper system (Agilent, Santa 

Clara, USA) as described previously [110] except three pure and one upgraded 

IDP cases where 40-70 ng DNA was used (DNA input/sample: Supp File 2, 

Chapter 5: Publication).   
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2.3.2.4.1 Library preparation for Targeted gene panel sequencing  

The library preparation as described in Lee et al. [110] is also described below 

in brief.  

2.3.2.4.1.1 Fragmentation of DNA followed by end repair, 3’-adenylation, 

adaptor ligation and post ligation clean up 

Fragmentation of DNA was carried out under the same optimised method as 

outlined in section 2.3.2.2.1. If DNA volume post fragmentation was less than 50 

µL, then elution buffer was added to make the total volume up to 50 µL. Then 7 

µL of End Repair and A-Tailing Buffer and 3 µL of Enzyme mix were added to 

this fragmented DNA to a total volume of 60 µL. This mixture was incubated in a 

thermocycler at 20°C for 30 min and 65°C for 30 min. Following this step, 

adaptor ligation step was carried out by adding 2.5 µL of PCR-grade water, 30 µL 

of ligation buffer, 10 µL of DNA ligase, 7.5 µL of adaptor stock, which made the 

total volume of 110 µL. This mixture was incubated for 15 min at 20°C. 88 µL of 

AMPure beads were added to this ligated DNA mixture. After mixing well by 

pipetting up and down, the tubes were incubated at room temperature for 15 min 

so that the DNA can bind well to the beads. Then the tubes were placed on a 

magnetic stand and after 5 min supernatants were discarded. A washing step with 

200 µL of ethanol was carried out twice and the supernatant was removed. The 

beads were allowed to be dried only for 5 min and 25 µL of elution buffer was 

added to elute the DNA from the beads. After mixing well, the tubes were 

incubated for 2 min to elute the DNA off the beads and then the tubes were placed 

back on the magnetic stand. After the supernatant was clear, 20 µL of supernatant 

was transferred to a new sterile PCR tube for the amplification process.   
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2.3.2.4.1.2 PCR amplification and post-amplification cleanup 

25 µL of 2x KAPA HiFi HotStart ReadyMix and 5 µL of 10x Library 

Amplification Primer Mix were added to the 20 µL of adaptor-ligated library 

which made the total volume of 50 µL. Then this mixture was placed on a 

thermocycler and PCR amplified using the PCR conditions in Table 2.10. 

Table 2.10 PCR condition 

Cycle step Temp Time Cycles 

Initial denaturation 98°C 45 sec 1 

Denaturation 98°C 15 sec  

9-10* Annealing 65°C 30 sec 

Extension 72°C 30 sec  

Final extension 72°C 1 min 1 

Hold 4°C ∞  

*depends on the input of DNA, usually FFPE 100 ng input requires 9-10 cycles. Exceeding 10 cycles is not 

recommended as sequencing performance could be adversely affected.   

After the amplification process, the product could be stored at -20°C up to 72 

hours before proceeding to the amplification cleanup. 50 µL of AMPure beads 

were added to the 50 µL amplified product and incubated for 15 min to bind DNA 

to the beads. Then the tubes were placed on a magnetic stand and after 5 min 

supernatants were discarded. Washing step with 200 µL of ethanol was added 

twice and the supernatant was removed. The beads were allowed to be dried for 5 

only min and 33 µL of elution buffer was added to elute the DNA from the beads. 

After a good mix, the tubes were incubated for 2 min to elute the DNA off the 

beads and then the tubes were placed back on the magnetic stand. After the 

supernatant was clear, 30 µL of supernatant was transferred to a new sterile tube 

which contains the library. Library QC by quantifying and size distribution with 

Tape station (Agilent Technologies) was performed and the library was stored at -

20°C before proceeding to the Target enrichment protocol. The Tape station 



Chapter 2 

70 

profile should show that the average fragment size falls between 150-500 bp and 

the yield should be between 500 ng and 2 µg.    

2.3.2.4.1.3 Sure Select Target enrichment system for Illumina paired-end 

multiplexed sequencing library 

The prepared pre-captured libraries were subjected to hybridisation to a target-

specific capture library. Hybridisation buffer was prepared by mixing 25 µL of 

Sure-select Hyb-cap-1, 1 µL of Hyb-2, 10 µL of Hyb-3 and 13 µL of Hyb-4 per 

capture. Then RNase block was prepared following Table 2.11 and 2.12. Next, 

Capture baits and RNase block was combined in the following step described in 

Table 2.13.  

Table 2.11 Prepare RNase Block 

Capture 

Type 

Volume of 

Capture Library 

per Hyb 

RNase Block 

Dilution (Parts 

RNase block: 

Parts water) 

Volume of RNase 

Block Dilution to 

Add 

3 2 µL 0.5 µL (10%) 4.5 µL (90%) 

 

Table 2.12 Prepare the Blocking Mix 

Reagent Volume (1 reaction) (µL) 

Molecular Biology Grade Water 6 

SureSelect Indexing Block #1 (green cap) 2.5 

SureSelect Block #2 (blue cap) 2.5 

SureSelect Indexing Block #3 (brown cap) 0.6 

Total 11.6 µL 

 

 

Table 2.13 Prepare Capture Baits for Hybridization 

Capture size <3Mb 1 Library 

Diluted (1:10) RNase Block 5.0 µL 

Capture Library 2.0 µL 

Total Volume 7.0 µL 
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Hybridisation was carried out using the automated hybridisation system at the 

Peter Mac Molecular Genomics Core Facility followed by the immediate post-

capture wash as recommended (as per the SureSelect Capture &Wash protocol). 

Then captured libraries were amplified with index libraries/sample outlined in 

Table 2.14 and 2.15. 

Table 2.14 Adding index 

Reagent Volume (1 reaction) µL 

Nuclease-free water 2.5 µL 

5× Herculase II Rxn Buffer (clear cap) 10 µL 

100 mM dNTP Mix (green cap) 0.5 µL 

Herculase II Fusion DNA Polymerase (red cap) 1 µL 

SureSelect ILM Indexing Post Capture Forward 

PCR Primer (orange cap) 
1 µL 

 

After adding a different index for each sample, the following PCR protocol was run.  

Table 2.15 PCR condition 

Cycle step Temp Time 

1 98°C 2 min 

2 98°C 30 sec 

3 57°C 30 sec 

4 72°C 1 min 

5 Repeat step 2-4 with total 12 cycles  

6 72°C 10 min 

7 4°C ∞ 

 

Following amplification, AmPure XP beads were used to clean up the amplified product 

as recommended and collect the supernatant in total 30 µL. After quantification, the 

yield should be between 30-150 ng. The captured multiplex DNA libraries’ molarity can 

be calculated using the following formula prior to run on Next Seq: 

DNA library molarity (nM) = ((Concentration ng/ µL/ 1000)  

      / (Ave Frag Length bp x 650)) x 10^9. 
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2.3.2.4.1.4 Illumina NGS  

Sequencing of target-enriched DNA libraries was performed using the Illumina 

Next Seq 500 generating 75 bp paired-end sequence reads by the Molecular 

Genomics Core Facility, Peter Mac.  

2.3.2.5 Molecular Inversion Probe (MIP) SNP arrays 

The Affymetrix Molecular Inversion Probe (MIP) 330 K OncoScan array was 

used to analyze four breast cancer samples (version 3) and two pre-cancerous 

lesions (version 2) (Chapter 3.2) for the comparison of copy number profile 

generated by low input DNA libraries. MIP arrays were also used for 11 breast 

papillary cases (Chapter 5: Publication). MIP array was performed according to 

the manufacturer’s instructions by the Ramaciotti Centre for Genomics (version 3, 

NSW, Australia) or Affymetrix Inc (version 2, Santa Clara, CA, USA). DNA 

input was 40–100 ng for this assay. MIP data were pre-processed by the 

Ramaciotti Centre for Genomics or Affymetrix Inc., with tumor samples batch 

normalized against Affymetrix controls as described previously [107].  

2.3.3 Bioinformatics Analysis 

2.3.3.1 Bioinformatics and data analysis for LC WGS 

Reads were aligned with bwa mem (v0.7.12-r1039) [111] to hg19 (GRCh37) after 

removal of sequencing primers by cutadapt (v1.7.1) [112]. ControlFREEC 

(version 6.7) [113] was used to estimate copy number from the LC WGS data in 

50 kb windows across genome build hg19, with default parameters, no matched 

normal sample and baseline ploidy set to 2. To reduce spurious calls, blacklisted 

regions (problematic regions, including highly repetitive centromeric regions, 
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where DNA copy number cannot be accurately measured) as identified from 

Scheinin et al. [114] were filtered out by R (v.3.5.1). The scripts (FREEC, R) 

which were initially run by Dr David Goode and later by myself, are provided in 

Appendix A.  

2.3.3.2 Bioinformatics analysis for Targeted Gene Panel Sequencing 

2.3.3.2.1 Data analysis pipeline 

For Targeted Sequencing, paired-end sequence reads were aligned to the g1k v37 

hg19 reference genome using BWA [115]. Optical duplicate reads were removed 

using Picard (http://broadinstitute.github.io/picard/), then local realignment 

around indels and base quality score recalibration were performed using the 

Genome Analysis Tool Kit (GATK) in accordance with their recommended best 

practice workflow [116]. SNP and indel variants were called using GATK Unified 

Genotyper, Platypus [117] and Varscan 2 [118]. Called variants were additionally 

annotated using the Ensembl Variant Effect Predictor [119]. This whole process 

was carried out by the Bioinformatics Core facility, Peter Mac (Magnus Zethoven/ 

Dr Niko Thio).  

2.3.3.2.2 Identification of somatic mutations and copy number alterations in 

breast papillary lesions and carcinoma 

Somatic mutations in the tumour sequencing data were identified by applying the 

following filters: canonical transcript; variants identified by at least two variant 

callers; minor allele frequency (MAF) present at ≤0.001 in ExAc (Version 0.3.1, 

excluding TCGA data, released March 14 2016) [120], GnomAD (Version 2.0, 

released 27 February 2017), EVS (Version ESP6500SI-V2-SSA137) [121]. 
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Manual inspection of the sequence reads using the Integrative Genomics Viewer 

(IGV) [122] were performed before finalizing the somatic mutations.    

Off-target sequencing reads were used to generate genome-wide copy number 

data using CopywriteR [123] using a 50 kb window and utilising a normal 

lymphocyte DNA control (NA12878, Coriell Institute) run in the same sequencing 

batch for the normalisation baseline.  

2.3.4 Data Analysis for copy number alterations 

Genome wide copy number profile: All sample data from LC WGS, MIP SNP 

array, Targeted Gene Panel Sequencing were imported into Nexus (v8, 

BioDiscovery Inc., Hawthorne, CA, USA) and segmented using SNP-FASST. 

Copy number gains were called if the log2 ratio of the segment was >0.15 and 

losses called if <-0.15. Genome wide copy number profile as well as individual 

chromosomes were visualised including break points in Nexus. The shared 

breakpoints were observed at 50 kb resolution for sequencing data and at the 

resolution of the SNP loci for MIP array data. Shared breakpoints with the same 

copy number alteration (CNA) were evaluated for clonality (described in Chapter 

4, Chapter 5). If no breakpoint was shared, the case was called non-clonal even if 

the components had the same CNA. For ADH, lesions were classified as clonally 

related when sharing ≥2 CAN with visually inspected shared breakpoints (Fig S4, 

S5, S6, S7: Chapter 4.2) at 50 kb resolution, except one case where ADH and LG 

DCIS shared one rare CNA, gain of whole chromosome 8. The other methods to 

define clonality for ADH lesions, were described in the Chapter 4.2 methods. 

Additional copy number events did not preclude clonality as these may be a 

consequence of further evolution.      
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CN profiles (pure, clonal and non-clonal) were compared to cases of DCIS 

(previously published and new) [107, 124], and IDC cases from METABRIC 

[73]. CNA segments were exported from Nexus and the percentage of genome 

altered by copy number in base pairs resolution or the weighted fraction of the 

genome altered (FGA) was calculated.   

FGA calculation: In brief, FGA was calculated by the summation of the CN 

change in base pairs for each chromosome and then dividing by the length of that 

chromosome. The final FGA for a sample was calculated by taking the average of 

the percentage of CN change across all chromosomes [125].  

2.3.5 Mutation validation by Sanger sequencing  

2.3.5.1 Preparation of amplified template for DNA sequencing  

The variants identified by Targeted Sequencing Panel were validated by Sanger 

sequencing where DNA was available. Additional samples were screened for 

PIK3CA variants in Exons 9 and 20. Primers for Sanger sequencing were 

designed in Primer 3 as described previously [126]. The primer sequences with 

used in this thesis are listed in Table 2.5.   

PCR conditions for each primer pair were optimised to amplify a single target in 

10 µL reaction volume with the inclusion of 1 µL of 10 ng/µL DNA or 2 µL (with 

a concentration of DNA less than 10 ng/µL). Along with DNA, 1 µL 10x buffer, 1 

µL each of forward and reverse primers at 1 µM, 0.5 µL of 2.5 µM dNTPs and 

0.05 µL of HotStar Taq DNA polymerase were added to the reaction volume and 

H2O was added to make the total reaction volume to 10 µL. The cycles required 

for PCR and the annealing temperature are listed in Table 2.5. Amplification was 
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performed following the general protocol in Table 2.16. To ensure a single 

amplicon was achieved, 2 µL of each PCR product was separated in a 2% (w/v) 

agarose/LAB gel as outlined in section 2.3.1.4.  

Table 2.16 General PCR cycling protocol 

Cycle step Temp Time 

Initial activation 95°C 15 min 

Amplification Repeat for the optimised cycle number  

Denaturation 95°C 30 s 

Annealing Optimised annealing temperature 30 s 

Extension 72°C 30 s 

Final extension 72°C 10 min 

Cooling Hold at 4°C  

 

Then unincorporated primers and dNTPs were degraded and dephosphorylated by 

the addition of ExoSAP-IT (1 µL of SAP, 0.25 µL of Exo1 and 1.75 µL of H2O per 

5-10 µL of PCR product) and incubated at 37°C for 15 min followed by enzyme 

inactivation at 80°C for 15 min as optimized by Campbell Lab previously.  

2.3.5.2 BigDye Terminator v3.1 Cycle Sequencing and DNA precipitation 

PCR products were sequenced using BigDye Terminator v3.1 (Applied 

Biosystems) and a 3730 DNA Analyzer (Applied Biosystems) as described 

previously [126]. Reactions for BigDye Terminator (BDT) were prepared with 4 

µL of purified PCR product template in a total volume of 20 µL, with the 

inclusion of 1 µM forward or reverse primer (Table 2.5), 3.5 µL of 5x sequencing 

buffer, 1 µL of BDT v3.1 mix following the protocol outlined in Table 2.17. 

 

 



Chapter 2 

77 

Table 2.17 BigDye Terminator v3.1 Cycle Sequencing protocol 

Step Protocol 

Cycle Sequencing (repeat 

for a total of 25 cycles) 

96°C for 10 s 

50°C for 5 s 

60°C for 4 min 

Cooling Hold at 4°C 

 

These reactions were purified by ethanol/sodium acetate precipitation to remove 

unincorporated dye terminators prior to capillary electrophoresis. 40 µL of 

precipitation mix (38.5 µL of 95% ethanol and 1.5 µL of 3 M sodium acetate pH 

5.2) was added to each 20 µL of BDT reaction. After mixing the plate well by 

inverting 10 times with adhesive film on the sealed wells, the plate was incubated 

on ice for 15 min in the dark. Following this incubation, the plate was centrifuged 

at 1825 rcf for 40 min at 4°C. Following this, after draining the liquid the inverted 

plate was centrifuged 21 rcf for 1 min at 4°C. Then 70% ethanol was added to 

each well and again the plate was centrifuged at 1825 rcf for 5 min at 4°C. The 

inverted plate was spinned at 21 rcf at 4°C and then incubated with 56°C for 5 

min to evaporate the residual ethanol. 15 µL of Hi-Di Formamide was added to 

each well prior to sequencing. The sequencing was carried out by Peter Mac 

Pathology. Chromatograms were visualized in Geneious v8.1.9 (Biomatters, 

Auckland, New Zealand).  

2.3.6 Immunohistochemistry (IHC) 

Immunohistochemistry (IHC) was performed for ADH and breast papillary 

lesions using whole 4 µm sections of FFPE tissue. ER, Ki67, CK5/6, p63 IHC 

was performed on all cases by the Peter MacCallum Cancer Centre Anatomical 

Pathology Department using standard protocols with the following antibodies, 

Ki67 (pre-diluted, 30-9, using Ventana Benchmark Ultra, Roche Diagnostics, 
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USA), ER (pre-diluted, SP1, Ventana, Roche Diagnostics, USA) and CK5/6 

(1:50, D5 & 16B4, Cell Marque, USA) . 

2.3.6.1 ER 

ER was scored using the Allred system [127]. ER firstly was scored based on the 

presence of ER expression of ADH/breast papillary lesions and/carcinoma. When 

there was absolutely no expression of ER, they were scored as ER negative. If 

more than 1% cells were ER positive, then it was scored based on their intensity 

of the lesions: strong, moderate or weak. The pattern of ER staining was also 

reported as this is often used as a differential diagnosis between ADH and usual 

ductal hyperplasia (UDH). ADH always shows uniform positively stained nuclei 

for ER whereas UDH shows scattered positively stained nuclei for ER (see 

Chapter 4, Supp Figs 1 and 3 for examples).  

2.3.6.2 Ki67 

Ki67 scoring was performed using the following tool: 

http://153.1.200.58:8080/immunoratio/ [128]. This tool shows the percentage of 

cells showing positive Ki67 immunostaining in a sample. Figure 2.4 shows an 

example of the website derived images with calculated Ki67 (%).  

http://153.1.200.58:8080/immunoratio/
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Figure 2.4 Example of the scoring of Ki67. The website derived image with the 

calculation of the percentage of cells stained with Ki67. The overlayed brown dots of the 

website derived image suggest positively stained Ki67 cells. 
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2.3.6.3 CK5/6 

The basal marker CK5/6 was performed to assess the presence or absence of 

luminal cell layers of ADH or papillary lesions with atypia. The neoplastic cells 

comprising the proliferative lesion are CK5/6 negative, while surrounding 

myoepithelial cells show staining for CK5/6. Lack of atypia or UDH cases showed 

CK5/6 staining, confirming the presence of basal layers (many positively stained 

cells). Examples shown in Chapters 4 (Supp Fig S1) and 5 (Supp Figs 1, 2). 

2.3.6.4 p63 

p63 was performed to assess the presence or absence of the myoepithelial layer of 

benign papillary lesions [46]. p63 positive IHC suggests a continuous 

myoepithelial layer within the fibrovascular core of papillary lesion and 

reconfirms the lesion as breast papillary lesions without carcinoma. Papillary 

carcinoma always shows the absence of p63 expression both within and the 

periphery of the lesions. The interpretation of this IHC is also explained in Fig 1.5 

(Chapter 1: Section: 1.6.2). The examples of p63 positive case are shown in Supp 

Fig S1and S2 (Chapter 5: publication 5.2).   

2.3.6.5 CD56, CD45 and CD3 

Four micron FFPE tissue sections of pure ADH (n=17), UDH (n=4) and LG DCIS 

(n=4) cases were used for IHC using CD56 (MRQ-42) Rabbit monoclonal 

primary antibody (Cell Marque) and CD3 (SP7) Rabbit monoclonal antibody 

(Spring Bioscience) on the Ventana BenchMark® ULTRA system (Tucson, 

Arizona, USA) (n=4: pure ADH) as per the recommended protocol. CD56 was 

used to investigate Natural Killer (NK) cells and CD3 was used as a general T cell 
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marker. Four ADH cases were also analysed by dual-staining of CD45 

(2B11+PD7/26) Mouse monoclonal antibody (Dako) and CD56. The details of the 

antibody with dilution factor are outlined in Table 2.18. In general, the sections 

were deparaffinised followed by antigen retrieval with Cell Conditioner 1 (CC1) 

(Ventana) at 100°C for 32 minutes. Sections were then incubated with a primary 

antibody at the appropriate dilution (Table 2.18) followed by the OptiView DAB 

as a detection system for single staining or OptiViewDAB (CD56 - brown) with 

UltraViewAP (CD45 - red) for dual stains. Counterstaining was performed with 

Mayer's hematoxylin and Scott's tap water bluing reagent. Positive controls were 

included such as human tonsillar, spleen, pancreatic tissues and colon cancer 

tissues. All of these IHC were performed by David J Byrne, the Peter MacCallum 

Cancer Centre Anatomical Pathology Department. Each slide was digitally 

scanned by Aperio Image Scope (Leica Biosystems). 

CD3 scoring was performed using the following tool: 

       http://153.1.200.58:8080/immunoratio/ [128].  

This tool shows the percentage of cells showing positive CD3 immunostaining in 

a sample. Figure 6.4 (Chapter 6) shows CD3+ T cells using this tool. 

The scoring system of CD56 we have developed is as follows: absence of 

staining=0, corresponds to overall absence of NK cells; while moderate strong 

staining of cells=2, or strong staining of cells =3, corresponds to an overall 

presence of NK cells (Fig 2.5). The overall presence or absence of CD56 was 

measured across all lobules and ducts for each case. Dual staining of CD56 and 

CD45 was used to confirm the CD45 positive cells are immune cells since CD45 

is a leukocyte marker. An example is shown in Chapter 6 (Fig 6.5).  

http://153.1.200.58:8080/immunoratio/
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Table 2.18 Immunohistochemistry protocol 

Ab Clone Code Manufacturer 
Species 

Raised 
Conc 

Retrieval 

Time (min) 

Retrieval 

Temp (oC) 

Ab 

Incubation 

Time (min) 

Ab 

Incubation 

Temp (oC) 

Retrieval 

Buffer 

Detection 

 

CD3 SP7 M3070 
Spring 

Bioscience 
Rabbit 1 in 100 32 100 28 36 CC1 

OptiView 

DAB 

CD45 
2B11+ 

PD7/26 
M0701 Dako Mouse 1 in 200 32 100 16 36 CC1 

OptiView 

DAB 

CD56 MRQ-42 760-4596 Cell Marque Rabbit 
Pre-

dilute 
32 100 28 36 CC1 

OptiView 

DAB 

CD56 / 

CD45 

DUAL 

MRQ-42 

 

2B11+ 

PD7/26 

 

760-4596 

 

M0701 

 

As above 

 
As above CC1 

OptiView 

DAB (CD56 -

brown) 

Ultra View 

AP (CD45 - 

red) 

Ab: antibody; conc: concentration; CC1: Cell Conditioner 1. All these IHC were run on the Ventana Benchmark Ultra. 
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The scoring of these antibodies was recorded individually on ADH lesions, 

normal TDLUs/ducts, other fibrocystic changes as well as stroma (if applicable) 

for each case and then generated the overall presence/absence of the immune 

cells. CD56 and CD45 scoring was performed by TK (observer 1) and was 

reconfirmed by a pathologist, PH (observer 2).   

 

Figure 2.5 Example of CD56 scoring. CD56 scores with 2 or 3 correspond to overall 

presence of CD56. Red arrow shows examples of the area with CD56+. Overall presence (P) 

and overall absence (A) are outlined in Table 6.1 (Chapter 6). 

2.3.7 Scoring of histopathological features of ADH 

We devised a histopathological score (H-score) to summarise the features of each 

ADH case to measure how abnormal it appeared. Features were each given a 

value by pathologist PH as follows: Mild atypia = 1, moderate atypia = 2, severe 

atypia = 3. No intra-ductal calcification = 0, mild intra-ductal calcification (where 

only one duct has very little calcification) = 1, moderate intra-ductal calcification 

= 2, severe intra-ductal calcification (where most ducts are involved with severe 

calcification) = 3 (Fig 2.6). 1-3 ducts of ADH = 1, >3 ducts = 2. The sum of the 

scores from each histopathological feature was calculated. For atypia, both 

cytological and architectural atypia were taken into consideration.  
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Figure 2.6 Example of intra-ductal calcifications involved with ADH ducts. 

2.3.8 Assessment of lymphocytes in the specialised stroma of ADH foci 

Lymphocytes were assessed on whole H&E stained sections as described 

previously by Hendry et al. [86]. The percentage of stromal lymphocytes, defined 

as the percentage of stromal area covered by mononuclear inflammatory cells, 

was estimated in the specialised stroma surrounding ADH/DCIS-containing ducts 

[87, 129]. For synchronous cases, lymphocytes were assessed individually for 

DCIS and IDC when these components were both present and the average of these 

two components was used for data analysis. Lymphocytes were assessed by a 

non-pathologist, TK (observer 1) and a pathologist, S Hendry (observer 2). Data 

was used from observer 2 although there was not a substantial difference between 

their average counts. Examples of cases with 0%-10% lymphocytes in the 

surrounding “specialised” stroma of 20 pure ADH ducts/foci and 20 synchronous 

ADH cases with carcinoma are shown in Fig 6.1 (Chapter 6).  
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Chapter 3 

  

Copy number analysis using ultra-low input DNA 

3.1 Introduction 

The broad research objective of the work described in this chapter is to develop a 

robust method for analysing copy number alteration (CNA) from ultra-low input 

formalin-fixed paraffin embedded (FFPE)-derived DNA. While there are a few 

reliable approaches for CNA such as comparative genomic hybridization (CGH) or 

molecular inversion probe (MIP) SNP arrays that have been described, however, 

these require more than 80 ng of DNA. Therefore, analysing CNA from small biopsy 

samples, in particular, breast early neoplasia such as atypical ductal hyperplasia 

(ADH) has been always limited in terms of the sample size and/or low-resolution or 

locus-specific methodology. In order to utilise a larger cohort for the molecular 

characterisation of these small lesions, a novel method was required with which we 

could get an accurate CNA profile from as little as 5 ng DNA. Overall, the goal of 

this chapter is assessing the performance of low-coverage whole genome sequencing 

(LCWGS) to detect CNA using an ultra-low input of FFPE-derived DNA.  

The specific aims of this chapter are: 

1.  Investigating methods of reducing DNA input and improving 

performance, including whole genome amplification (WGA) and pre-

treatment with a DNA repair method. 

2. Investigating a low-input whole genome sequencing (WGS) library 

preparation method. 

3. Comparing the optimal method to MIP SNP arrays. 
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All aims have been addressed in an article published in Genome Medicine, 2016 

8:121 which is enclosed as an article in section 3.2. Supplementary Figures are 

included at the end of the main text of the article.  
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3.2 Publication 

3.2.1 Published Article Main Text 
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3.2.2 Supplementary Figures with Figure legends 
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Chapter 4 

  

Genomic analysis of atypical ductal hyperplasia 

4.1 Introduction 

The broad research objective of the work described in this chapter is to 

characterise the high- risk premalignant lesion, atypical ductal hyperplasia 

(ADH), at the molecular level to understand any precursor relationship of ADH 

with breast carcinoma of different grades. For several decades, ADH has been 

thought to be a non-obligate precursor for the low grade (LG) breast neoplasia 

pathway only [130]. However, there was no substantial molecular evidence that 

ADH could not be a direct precursor of the high grade (HG)-like pathway [130]. 

In addition to the high risk of developing cancer, ADH has a high risk of upgrade 

(33-56%) to mostly ductal carcinoma in situ (DCIS) [131] as described in Chapter 

1. Since there is no robust biomarker which can predict any of these outcomes, the 

current most common treatment recommendation for all ADH diagnosed in core 

needle biopsies (CNB) is performing surgical excision. This recommendation is to 

confirm that the diagnosed high-risk lesion, ADH, was not associated with any 

carcinoma that was missed due to inadequate initial sampling [36, 131]. Recent 

studies have emphasized the need to identify a robust biomarker to predict the 

likelihood of developing cancer [132] as well as for predicting upgraded ADH 

[35, 41], so that the unnecessary excision can be avoided. Additionally, it was 

reported that ADH is a challenging lesion for pathologists to diagnose correctly 

and reproducibly. Often usual ductal hyperplasia (UDH) [39] and flat epithelial 

atypia (FEA) [36] as well as LG DCIS [36, 130] were misdiagnosed as ADH, 

particularly when these lesions were associated with micro-calcifications [34]. 
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The diagnostic agreement among pathologists varies among 10-89%. Therefore, 

an assay that could inform the radiologists, pathologists and the surgeons with 

regards to all of these challenges at once, would definitely aid in risk stratification 

and patient management. 

The specific aims of this chapter are:  

1. Investigate genetic features of pure ADH (not associated with carcinoma) 

and synchronous ADH with carcinoma of different grades to shed light on 

the breast cancer progression model. 

2. Investigate histopathological features of ADH and their correlation with 

genetic features. 

3. Investigate molecular profiles of upgraded ADH cases. 

4. Identification of genetic features associated with the progression of ADH 

to breast carcinoma. 

5. Identification of potential biomarker associated with ADH for differential 

diagnosis for ADH, UDH/FEA and LG DCIS, upgraded ADH and 

predicting prognosis.   

The first aim has been addressed in an article recently been accepted for publication 

in the Journal of Pathology which is enclosed as an article in section 4.2. 

Supplementary Figures and Methods are included at the end of the main text of the 

article. Supplementary File 1 (sample information) is included as Tables at the end 

of the main text of the article. The other aims are addressed in section 4.3-4.7. 
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4.2 Exploring the genetic landscape of ADH 
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Figure 5 
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Figure 6 
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4.3 Common histopathological features and ADH 

Since histopathological features of ADH have previously been shown to be risk 

indicators (e.g. micro-calcifications, number of the ducts/foci), I wanted to 

investigate whether there was any correlation between the genetic changes and 

common histopathological features. The major histopathological features include 

the number of the ducts/foci, intra-ductal/stromal calcifications and the extent of 

atypia. All these features are listed in Table 4.1 and 4.2 for both pure and 

synchronous ADH cases, respectively. 

4.3.1 Correlation of CN changes with histopathological features in pure 

ADH cases 

ADH displayed a wide range of FGA (0-19% with a median of 5%) and frequency 

of specific CN events and I investigated if there was any correlation between the 

genomic and histopathological features. Pure ADH cases with intra-ductal 

calcifications had significantly higher FGA than those without (p= 0.035, Fig 4.1 

A). Interestingly, all cases with 8q gain showed intra-ductal calcifications, which 

was statistically significant compared to the cases without intra-ductal 

calcifications (p= 0.014, Fig 4.1 B). Gain of 8q or gain of 20q, both features of 

HG carcinoma, were only observed among cases of ADH with intra-ductal 

calcifications (6 out of 8 cases). When I compared all cases showing HG-like 

CNA of ADH (n=7), described in Section 4.2 (Fig 1A), interestingly, all of these 

showed intra-ductal calcifications. The remaining cases (n=13) of pure ADH 

showed either no CN change (n=6) or LG-like CNA (n=7), and 12 out of these 13 

cases were without intra-ductal calcifications (p= 0.0001, Fig 4.1 C). The 
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exceptional case with intra-ductal calcifications with LG-like CNA was 

harbouring concomitant 16q loss and 1q gain.  

Cases with >3 ducts also had higher FGA than those with 3 (p= 0.0057, Fig 4.1 

D). Interestingly, cases with >3 ducts showed both HG-like and LG–like CN 

change, but no cases with 3 ducts had HG-like CN events (p= 0.0147, Fig 4.1 E). 

There was no correlation of CN with the degree of atypia (p= 0.20, Fig 4.1 F). 

Instead of considering individual histopathological features, for each case a 

histology score (H-score) was calculated that included all features mentioned 

above, as described in Chapter 2: Methods (Section 2.3.5), is summarised in Table 

4.1. A significant positive correlation was observed between the H-score and FGA 

(p= 0.0002, r= 0.74, Fig 4.1 G).  

I then looked at histopathological features of ADH synchronous with carcinoma. 

There were no significant correlations of clonality with most individual histological 

features (Table 4.2). However, there were two clonal ADH cases with synchronous 

HG carcinoma that showed intra-ductal calcifications, and those two cases carried 

8q gain in the ADH as well as the carcinoma. Collectively, all these data suggest 

that the histopathological features of multifocality and intra-ductal calcifications 

showed positive correlations with the genetic changes of pure ADH cases of our 

cohort, particularly the subset of cases carrying HG-like genetic events.  
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Figure 4.1 Correlation of CN changes with histopathological features in pure ADH cases (n=20). A. Correlation of FGA with intra-ductal calcifications. 

Correlation of the number of cases with (B) chromosome 8q change (gain) and intra-ductal calcifications, (C) HG-like CN change and intra-ductal calcifications. D. 

Correlation of FGA with number of ducts involved. E. Correlation of the number of cases with HG-like CN change and number of ducts. Correlation of FGA with 

(F) the extent of atypia, (G) the H-score given to an individual case based on all histopathological features. (A), (D) and (F): Mann-Whitney two tailed t-test was 

performed; (B), (C) and (E) Fisher exact test and (G) Spearman test was performed. Error bars indicate mean and standard deviation. * p<0.05, ** p< 0.01, *** 

p<0.001; ns, not significant.  
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Table 4.1 Histopathological features of pure ADH cases 

Sample ID 

Age at 

diagnosis 

(years) 

Architectural features 
Extent of 

Atypia 

Intra-ductal 

calcifications 

Number of 

ducts 
H-score FGA (%) 

P17 54 cribriform mild No 2 2 0 

P10 49 cribriform & micropapillary moderate No 2 3 5 

P16 44 cribriform & micropapillary mild No 1 2 1 

P20 68 cribriform mild No >3 3 0 

P8 45 cribriform mild mild >3 4 4 

P11 44 cribriform & papillary moderate No 1 3 5 

P9 67 cribriform mild moderate >3 5 16 

P13 54 cribriform & micropapillary moderate No 3 3 6 

P2 58 cribriform & micropapillary moderate severe >3 7 8 

P3 49 cribriform & micropapillary moderate mild >3 5 5 

P4 51 cribriform & micropapillary moderate No >3 4 9 

P18 74 cribriform & papillary moderate No 1 3 0 

P6 44 cribriform mild No >3 3 7 

P19 53 cribriform & micropapillary mild No 2 2 1 

P14 38 micropapillary & papillary moderate No >3 4 9 

P15 63 cribriform-micropapillary & papillary mild No 3 2 0 

P5 48 cribriform mild severe >3 6 5 

P7 43 cribriform & micropapillary mild severe >3 6 9 

P12 67 cribriform & micropapillary moderate severe >3 7 19 

P1 62 cribriform & micropapillary mild severe >3 6 8 

Cases with HG-like CN changes are in grey. H-score calculation: (see Method Chapter 2.3.5) 
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Table 4.2 Histopathological features of synchronous ADH cases 

 

Sample ID 

 

Age at diagnosis 

(years) 

 

Architectural features 

Of ADH 

 

Extent of Atypia 

Intra-ductal 

calcifications 

Number of 

ducts 
H-score 

FGA(%)-

ADH 

Average 

FGA(%)-

Carcinoma 

S1* 61 cribriform mild No 1 2 20 12 

S2* 70 cribriform moderate No 1 3 33 17 

S3 72 micropapillary moderate No >3 4 2 4 

S4* 43 cribriform moderate No 2 3 3 12 

S5 64 cribriform mild No >3 3 3 10 

S6* 46 cribriform moderate No 1 3 5 23 

S7* 52 
Cribriform & 

micropapillary 
moderate No 1 3 17 27 

S8* 66 cribriform mild No 2 2 7 10 

S9 75 micropapillary moderate No 2 3 2 12 

S10 51 cribroform mild No 2 2 4 16 

S11 75 cribriform mild No 1 2 11 15 

S12 49 micropapillary mild No 3 2 2 20 

S13* 37 cribriform moderate Mild >3 5 10 19 

S14* 44 cribriform mild No 2 2 18 26 

S15* 62 cribriform mild No 1 2 14 22 

S16* 61 cribriform mild No >3 3 44 47 

S17* 51 
Cribriform & 

micropapillary 
moderate No 2 3 7 12 

S18 47 micropapillary mild No 1 2 6 14 

S19* 45 cribriform moderate Mild >3 5 10 7 

S20* 55 cribriform moderate No >3 4 10 13 

*Clonal ADH cases  
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The degree of cellular proliferation was measured using the marker Ki67 [133] 

and all ADH cases showed less than 8% of nuclei staining positive (Fig 4.2 A). 

There was no significant positive correlation of FGA or H-score with Ki67 in pure 

ADH (Spearman’s test, p= 0.8136, p= 0.56, respectively, Fig 4.2 B, C). 

Additionally, in terms of the proliferation status, there was no significant 

difference in the percentage of nuclei positive for Ki67 between pure and clonal 

ADH cases (p=0.27, Fig 4.2 A). However, statistically significant higher Ki67 

was observed in the carcinoma components compared to the ADH components of 

both clonal (p= 0.0009) and non-clonal cases (p<0.0001) (Fig 4.2 A), with the 

mean percentage Ki67 of 9.3±5.4 in the carcinomas overall.  
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Figure 4.2 Ki67(%) of ADH cases. A. Ki67(%) positively staining nuclei for pure, clonal, non-clonal ADH cases as well as synchronous carcinoma. Welch’s t-test 

was performed; mean±standard deviation, *** p<0.001, **** p<0.0001, ns; not significant. Correlation of Ki67(%) with (B) FGA of pure ADH cases, (C) H-score of 

pure ADH cases. (B, C) Spearman’s test; ns, not significant. 
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4.4 Genetic features of upgraded ADH 

No reliable biomarker for predicting upgrade of ADH is currently available. Since 

the upgrade rates of ADH are high (33-56%) [131] and therefore most patients are 

recommended for surgical excision, I wanted to investigate if there are any 

particular genetic profiles that could be an objective biomarker for predicting 

upgrade of ADH.  

Upgraded ADH diagnoses (i.e. subsequent surgical excision revealed in situ or 

invasive carcinoma after an ADH diagnosis in CNB) were initially identified from 

RMH (n=10) (Supp Fig S2: Patient Selection, Publication: Section 4.2) and 

Nottingham University Hospitals NHS Trust, UK (n=3). All cases were re-

confirmed by extensive pathology review by PH and the excision slides were 

assessed when available to reconfirm the carcinoma components. Cases with 

available tissue and DNA were subjected to LCWGS (n=7) or targeted gene panel 

sequencing (n=3). The result of clinical imaging at diagnosis was recorded when 

available. One case was excluded from the final analysis due to poor quality data. 

The description of all nine upgraded ADH cases are summarised in Table 4.3 and 

all were ER+ and CK5/6- (Fig 4.3). Case P29 showed ADH with a mix of FEA. 

Four out of nine ADH cases were upgraded to LG DCIS. Interestingly, cases P27 

and P29 were upgraded to LG DCIS, which were 2.2 and 3 mm at total extent 

respectively (Table 4.3), suggestive of a very small/ not well-developed LG DCIS. 

Of note, one of the common clinical scenarios was observed in case P22, in which 

the CNB review was stated as “fall short of DCIS, excision recommended”, where 

half of the ADH duct was present close to the margin of one of the CNB, 

suggestive of technical error or inadequate sampling.  
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Table 4.3 Sample characteristics of upgraded ADH 

Sample 

ID 

Age at 

diagnosis 

(years) 

Image finding CNB specimen Surgery type Upgraded to 

Size of the 

carcinoma 

(mm) 

FGA ER CK5/6 Ki67 

P21* 56 
 Micro-

calcifications 
>3 ducts excision IG DCIS N/A 11% + - 11% 

P22 41 
Micro-

calcifications 

Fall short of 

DCIS; 2 

ducts/core (2 

CNB) 

excision LG DCIS  11 3% + - 6.70% 

P23 58 
 Micro-

calcifications 

2 TDLU space; 

>3 ducts 
excision IDC G2 20 8% + - 1.10% 

P24 72 Diffuse area 1 duct 

excision, positive 

margin, 

immediate Mx 

IG/HG DCIS 

+LCIS+LG 

DCIS 

140 19% + - 4% 

P25 55 
Micro-

calcifications 

1 TDLU space, 

>3 ducts 
Mx 

IDC G2, HG 

DCIS 
20 9% + - 7.50% 

P26 58 N/A 3 ducts 
Carbon localised-

excision 

LG P-DCIS, HG 

DCIS 
N/A 4% + - 0.60% 

P27 58 N/A 1 duct excision LG DCIS  2.2 4% + - 12% 

P28 40 N/A 1 duct excision HG DCIS N/A 24% + - N/A 

P29 50 
Micro-

calcifications 

1 TDLU space; 

>3 ducts 
excision LG DCIS  3 9% + - 1% 

Mx: Mastectomy; LG: Low grade; HG: High grade, IG: Intermediate grade; DCIS: Ductal carcinoma in situ, IDC: Invasive ductal carcinoma, LCIS: Lobular carcinoma in situ, P-DCIS: 

Papillary DCIS, N/A: Not available; CNB: Core needle biopsy. Cases from Nottingham University Hospitals NHS Trust are in grey; * noisy CN profile.    
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Figure 4.3 Representation of upgraded ADH with the matched ER and CK5/6 

immunostaining. The neoplastic cells comprising the proliferation are CK5/6 negative 

(surrounding myoepithelial cells show staining for CK5/6) as well as strong and uniform 

positively stained nuclei for ER. Both features are reconfirming the foci of ADH in core 

biopsy which was upgraded to HG carcinoma (P25) and to LG DCIS (P27). 

Major CN alterations observed in our upgraded ADH cases (n=9) are summarised 

in Table 4.4. The CN profile of upgraded ADH showed that all cases carried CN 
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events, with a median FGA of 9% (3-24%) (Fig 4.4 A, B). The FGA was not 

significantly different compared to pure ADH cases (p=0.11, Mann Whitney t-

test), nor was it different to clonal ADH cases (p= 0.22), with the median FGA 

lying in between these groups. A non-significant trend of a higher number of CN 

events was observed in upgraded ADH compared to pure ADH (Fig 4.4 C, p= 

0.08, Fisher Exact test). CN analysis showed that the most prevalent changes were 

16q loss (5/9 cases, 56%), followed by 1q gain (4/9, 45%) and 11q loss (4/9, 45%) 

(Fig 4.4 C, Table 4.4). Furthermore, 8q gain and/or 20q gain were observed in 

cases where ADH was upgraded to HG DCIS (cases: P24, P25, P28). 11q loss 

was observed significantly more frequently in upgraded ADH cases compared to 

pure ADH cases (4/9 cases vs 1/20 case, p= 0.02) (Table 4.4). Overall, upgraded 

cases had a very similar CN profile as the clonal ADH cases (Fig 4.4 A, C, D).  
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Table 4.4 Genetic features in upgraded ADH, pure and clonal ADH 

 Number of cases (%) 
P value 

Overall CNA (>10Mb) of 

upgraded ADH 
Upgraded ADH (n=9) Pure ADH (n=20) Clonal ADH (n=13) 

Upgraded vs Pure Upgraded vs clonal 

16q loss 5/9 (56%) 13/20 (65%) 10/13 (76.9%) 0.7 0.4 

1q gain 4/9 (45%) 5/20 (25%) 6/13 (46.2%) 0.4 1 

Both 16q loss & 1q gain 2/9 (22%) 4/20 (20%) 6/13 (46.2%) 1 0.4 

X loss 2/9 (22%) 0 2/13 (15.4%) 0.09 1 

8q gain 2/9 (22%) 4/20 (20%) 4/13 (30.8%) 1 1 

11q loss 4/9 (45%) 1/20 (5%) 5/13 (38.5%) 0.02 1 

11q13.1-q13.4 high gain 3/9 (33%) 1/20 (5%) 2/13 (15.4%) 0.07 0.6 

20q gain 2/9 (22%) 2/20 (10%) 2/13 (15.4%) 0.5 1 

17p loss 1/9 (11%) 1/20 (5%) 2/13 (15.4%) 1 1 

17q gain 3/9 (33%) 0 2/13 (15.4%) 0.08 1 

P value from Fisher exact test (significant P values are in bold) 
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Figure 4.4 CN analysis of upgraded ADH and compared to pure and clonal ADH 

cases. A. CNA profile of 9 upgraded ADH cases. Top: Chromosome number. Bottom: 

Individual sample profiles. Blue=gain; red=loss. B. Fraction of the genome altered by CN. 

Mann Whitney t-test was used for statistical analysis, mean ± standard deviation; ns; not 

significant. C. Percentage of cases with different numbers of CN events observed in pure 

ADH, upgraded and clonal ADH cases. D. Frequency plots of CN gain (blue) and loss (red) 

with chromosome number on top; comparing upgraded ADH with pure ADH and clonal 

ADH. CNA <1 Mb have been filtered out to reduce background noise and sequence artefacts. 
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4.5 Genetic features of other uncertain malignant potential (B3) 

lesions, initially diagnosed as atypical ductal hyperplasia in 

our cohort 

Many cases in the cohort were initially diagnosed as ADH (Section 4.2, Supp 

Figure S2: Publication), but were not confirmed as such by our experienced 

pathologist either due to absence of atypia or unmet criteria for ADH (n=40), for 

example, FEA. Accurate diagnosis of ADH varied among pathologists [39], and 

for ADH/UDH/other B3 lesions misdiagnosis was not uncommon, in particular 

with the presence of micro-calcifications [34, 36, 39, 134-136]. Collectively, these 

scenarios indicated that the differential diagnosis between UDH/other B3 lesions, 

ADH and LG DCIS should be more objective than the current subjective 

definition since this is exacerbated by the differencing levels of the experience of 

pathologists varies in the clinical setting. Furthermore, it was shown in Chapter 

4.2 that with the correct diagnosis of ADH, the proportion of ADH carrying an 

HG-like genetic profile could be greater than in LG DCIS and thus the clinical 

significance could be greater. On the other hand, other B3 lesions often 

misdiagnosed as ADH, such as FEA, confer a very low risk of upgrade or of 

developing cancer [36-38]. Therefore, the differential diagnosis or accurate 

diagnosis of these lesions would be extremely useful in the clinical setting not 

only from a diagnostic point of view but also for the accurate risk prediction of 

upgrades and subsequent cancer development. Such an advance would spare a lot 

of patients from unnecessary surgeries and overtreatment, such as undertaking 

mastectomy or chemoprevention. 

We wanted to investigate the genetic profile of the cases which were not re-

confirmed as ADH by pathologist PH, with the aim of developing a diagnostic 
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biomarker for the differential diagnosis between B3 lesions and ADH. From those 

cases (Supp Fig S2, Publication Section 4.2), tissues were available for 6 cases 

which lacked atypia. Sample characteristics and architectural features of these 

cases were mentioned in Table 4.5.  

4.5.1 Sample characteristics and architectural features of pure B3 lesions 

All pure B3 lesions with available tissues (n=6), initially identified as ADH in the 

RMH database but excluded by our experienced pathologist, PH, were ER + as 

well as CK5/6 positive (Supp Figure S1, Section 4.2), the latter reconfirming the 

differential diagnosis from ADH. The major architectural features of these six 

cases were proliferative cells with lack of atypia. The median follow-up time was 

14 years (5-22 years) (Table 4.5) with no patients recording a subsequent 

carcinoma diagnosis in that period. Subsequent excision sections were assessed as 

well to reconfirm the cases were not upgraded to carcinoma. The median age of 

the patient cohort was 54 (range 43-72) (Table 4.5).  

Table 4.5 Sample characteristics of pure UDH 

Sample 

ID 

Age at 

diagnosis 

(years) 

Follow up 

 (yrs) 
Specimen FGA ER CK5/6 Ki67 

U1 43 15 Core 0 + + 0.70% 

U2 54 19 Core(HNL) 0 + + 0% 

U3 53 5 Excision 0 + + N/A 

U4 72 13 Core 0 + + 5% 

U5 N/A 22 Core 0 + + 7% 

U6 68 13 Core 0 + + 0.70% 

 

4.5.2 Genetic features of pure B3 lesions 

Six pure B3 lesions cases (n=6) were subjected to LC WGS, which showed that 

none of them had any CN events. When comparing the FGA of pure B3 lesion 
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cases with the FGA of ADH, a significant difference was observed (0% vs 9%, B3 

lesion vs ADH, respectively, p<0.0001, Fig 4.5).  

 

Figure 4.5 Fraction of the genome altered by CN between B3 lesion, pure ADH, LG 

DCIS. Mann Whitney t-test was used for statistical analysis, mean ± standard deviation; * p< 

0.05, **** p<0.0001. 

4.6 Identification of CN changes associated with the progression 

and upgrades of ADH 

In section 4.2, CN events were identified that were absent or rarely observed in 

pure ADH cases, but present in DCIS and clonal ADH cases, and therefore, we 

speculated these could be prognostic CN events or associated with progression to 

LG/ HG DCIS (Fig 6: Publication Section 4.2). It is noteworthy that upgraded 

ADH cases were also enriched with these CN events, such as 11q loss, 11q13.1-

13.4 high gain and 17q gain or X loss (Table 4.4). This result suggests that these 

CN events could be used not only as prognostic biomarkers but also as a 

biomarker for predicting upgrade when ADH is diagnosed in CNB. Taken 

together, with CN events identified in Section 4.2 (Table 1, Fig 6), CN events 

such as 11q loss, 13q loss, 17p loss, 17q gain, 18q loss, 22q loss or changes in Xq 
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were enriched in clonal ADH cases, LG/HG DCIS and upgraded ADH cases. A 

higher number of cases harbouring CN changes in at least one of those loci was 

observed in DCIS overall and in upgraded ADH cases than in pure ADH cases 

(Fig 4.6 A, p<0.0001, Chi-square test). Additionally, the number of cases carrying 

more than one of those events gradually increased from pure B3 lesions lacking 

atypia to pure ADH to HG DCIS (Fig 4.6 B, p<0.0001, Chi-square test), 

reconfirming that these CN events are important for progression from pure ADH 

to LG/HG DCIS.  
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Figure 4.6 Identification of CN events associated with progression and upgrade of 

ADH. A. Number of cases harbouring any of the CN events in chromosomes 11q, 13q, 17p, 

17q,18q, 22q, Xq in B3 lesion (initially diagnosed as ADH), pure ADH, upgraded ADH, LG 

and HG DCIS, ** p< 0.01, *** p<0.001, **** p<0.0001, Fisher Exact test was performed. B. 

Percentage of cases with the number of those CN events observed in pure, upgraded, LG and 

HG DCIS cases, **** p<0.0001, Chi-square test was performed. 
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4.7 Clinical model: Differential diagnosis of usual ductal 

hyperplasia or other B3 lesions, atypical ductal hyperplasia 

and low-grade ductal carcinoma in situ as well as predicting 

upgrades and prognosis 

In this chapter, CN changes were identified that were associated with ADH 

progression and upgrades (summarised in Fig 4.6), and since pure B3 lesions 

misdiagnosed as ADH lack CN events, it would not be unreasonable to speculate 

that specific CN changes could be used in the clinical setting for the accurate 

diagnosis of high-risk ADH, predicting upgrades of ADH as well as prognosis. It is 

noteworthy that the cases initially diagnosed as ADH from the RMH database 

(n=26) (Pure ADH n=20 + other B3 lesions n=6) were all recommended for 

surgical excision and excised, even including mastectomy in 2 cases. This treatment 

recommendation is not surprising since this is the standard practice if pathologists 

diagnose something as “ADH” in CNB (see Fig 1.4). None of these 26 cases has 

progressed further as yet, although with variable follow up years. Out of all 26 

cases, almost half of the cases (12/26 cases, 46.2%) showed no CN events, which 

might be suggestive of overtreatment with unnecessary surgeries (Fig 4.7 A).  

Intriguingly, while the prognostic CN events accurately predicted upgrade for 

most ADH, clonal ADH, LG DCIS and HG DCIS (Fig 4.6), a few cases of 

upgraded ADH (n=2) and LG DCIS (n=5) lack those prognostic events. It was 

found that those cases lacking prognostic events carried mostly LG-like initiating 

events (16q-&/1q+) or HG-like initiating events (8q+/20q+) (Fig 4.7 B), as 

described in Chapter 4.2 (Fig 6: Revised Breast Cancer Progression Model). The 

two upgraded ADH lacking prognostic CN events and possessing only LG-like 

initiating CN events (16q-&1q+), were those cases with small (2.2-3 mm extent) 
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LG DCIS components (P27, P29, Section 4.4, Table 4.3). This could suggest that 

these cases, although technically DCIS on current definition, were in fact just 

slightly bigger ADH, with potentially very limited malignant potential. On the 

other hand, the upgraded ADH case (P22) with a comment of “fall short of DCIS” 

showed a prognostic event (17p loss), and upgraded to LG DCIS, suggesting that 

this was a bigger lesion (11 mm) than just slightly over 2 mm extent. Taken 

together, this suggests that LG DCIS with a very few ducts might not have been 

well developed by the time of diagnosis. These LG DCIS may be very low risk in 

terms of progression to IDC, a theory currently being tested by several clinical 

trials of non-excision of low-risk DCIS [137]. However, as biomarkers of 

progression to invasive disease from DCIS are currently unknown, initiating CN 

events should be included to investigate upgrades in the clinical setting. However, 

there were 6 out of 20 pure ADH cases harboured at least one of the prognostic 

events (P8, P9, P10, P11, P12, P14: Fig 1A: Publication section 4.2). 

Interestingly, as shown in Fig 4.6 B, 2 out of these 6 cases harboured two 

prognostic CN events (P9, P12: Fig 1A). 
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Figure 4.7 Identification of CN events associated with accurate diagnosis, progression 

and upgrade of ADH. A. The overview of CN profile of the twenty six cases diagnosed with 

ADH initially in the RMH database with the type of CN profile (LG-like/HG-like) as well the 

presence of prognostic events. B. Cases lacking prognostic events in particular upgraded, 

clonal ADH as well as LG DCIS showed either no CN events or only LG-like initiating 

events (16q-&1q+) or only HG-like initiating events (8q+/20q+). 

The description of these six cases is summarised in Table 4.6. This result 

highlights the limitations of having a small cohort when trying to predict 

prognosis. For example, case P9 has been treated with wide local excision (WLE) 
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at the age of 67 whereas cases P14 and P10 have been treated with mastectomy at 

the age of 38 and 49, respectively. Although follow up years for other cases are 

important, these three cases are the least likely to progress since they were already 

aggressively treated, most likely due to their young age (P14, P10).    

Table 4.6 Characteristics of six pure ADH cases harbouring prognostic CN events 

Sample 

ID 

Age at 

diagnosis 

(years) 

Type of 

surgery 

performed 

Follow 

up 

years 

Overall 

CN 

events 

observed 

Number of ducts, intra-ductal 

calcifications (Yes/No) & 

Ki67(%) 

P8 45 Excision 2 HG-like >3; Y; 4.2% 

P9 67 WLE 2 HG-like >3; Y; 5.2% 

P12 67 Excision 18 HG-like >3; Y; 6.90% 

P10 49 Mastectomy 2 LG-like <3; N; 6.5% 

P11 44 Excision 22 LG-like <3; N; 5% 

P14 38 Mastectomy 15 LG-like >3; N; 4.9% 

WLE= Wide local excision; Y= Yes, N=No. Cases harbouring two prognostic events are in grey.  

These six pure cases harbouring at least one of the prognostic events had a 

median follow up of 8.5 years; however, three cases had only two years follow 

up. In one of the largest cohorts to date, histopathological features, in particular, 

the number of involved ducts/foci, combined with patient age has been shown to 

be an effective risk predictor and therefore, we looked at the histopathological 

features of our six cases in detail (Table 4.1, Table 4.6). Interestingly, these six 

pure cases harbouring prognostic events had both <3 and >3 ducts (Table 4.6). 

Three cases with >3 ducts also had intra-ductal calcifications (P8, P9, P12). 

Cases P9 and P12 had two prognostic events and P8 harboured an HG-like 

prognostic CN event (18q loss).  

Collectively, when ADH is diagnosed in CNB, absence of any of these seven 

prognostic CN events (11q loss/13q loss/17ploss/17q gain/18q loss/ 22q 

loss/changes in X, Fig 4.6) could potentially be suggestive of lower risk of an 
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upgrade as well as for subsequent cancer development. Similarly, absence of both 

initiating and prognostic events (46.2% in our cohort) might be representing as a 

subset of lesions histologically similar as ADH, however, might be excluded 

safely from routine surgical excision.  

4.8 Discussion  

4.8.1 Multipotent nature of atypical ductal hyperplasia 

In this chapter, there were several objectives that have been addressed. Firstly, the 

enclosed publication (Sec 4.2) clarified the breast cancer progression model with 

inclusion of ADH as the precursor of HG DCIS (ER+) as well as ER- and ERBB2 

amplified breast carcinoma. A revised model of breast cancer progression (Fig 6) 

includes ADH as a multipotent precursor with different initiating CNA steering 

progression to either LG (16q-&1q+) or HG (8q+/20q+) carcinoma. Additionally, 

several CN changes have been identified as potential progression biomarkers from 

ADH to LG or HG DCIS. It was also suggested that CN analysis of ADH biopsies 

could be used in the clinical setting to personalize management by identifying 

which subset of patients are at higher risk of developing cancer, and in particular 

the clinically more aggressive HG carcinoma.  

4.8.2 Identification of copy number changes associated with progression 

and upgrade of ADH 

Here, we showed that the absence of certain CNA (11q loss, 13q loss, 17p loss, 

17q gain, 18q loss, 22q loss, changes in Xq) in core biopsy sample could be used 

in clinical setting for identifying the lesions least likely to progress to carcinoma 

or be upgraded to different grades of carcinoma; therefore, could be spared 
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surgical excision and/chemoprevention. Some of these loci (11q loss, 13q loss) 

have been found in clonal ADH cases in previous studies [138, 139] as well as 

any changes on chromosome 17 in DCIS but not ADH [139], however, we are the 

first to demonstrate that upgraded cases could be diagnosed based on their genetic 

profile. The upgraded ADH cases most likely were clonally related to the co-

existing carcinoma and therefore had a very similar genetic profile as clonal ADH 

cases overall. Additionally, the profile was reflective of the respective grades of 

carcinoma they were associated with. The combination of initiating events and 

prognostic loci were never previously shown as a biological assay for accurate 

diagnosis of B3 lesions, upgrades and for progression.  

Two upgraded ADH (2 out of 9) in our cohort that was upgraded to small LG 

DCIS (2.2 mm, 3 mm in size) lacked any prognostic events and showed only 

concomitant 16q loss & 1q gain (LG-like initiating event). These two cases were 

classic examples where the definition of ADH and LG DCIS was considered 

borderline or insufficient sampling in the biopsy (for example, only 1 duct was 

sampled in case P27, Fig 4.3). With a size of just over 2 mm, by definition they 

were LG DCIS, not ADH, however, these two were not necessarily well-

developed LG DCIS. It was recently recommended that in this type of scenario, 

ADH should not be excised without examining the area of imaging abnormality. 

If the imaging is equivocal with one very small area of calcification or mass, then 

surgical excision could be avoided. The growing evidence in this field gives 

importance to radiological-pathological concordance assessments, particularly 

with high-risk ADH lesions. The suggestion from recent studies to compare pre 

and post-biopsy imaging to consider how well the target lesion was sampled 

and/or whether removal of those small lesions seen in imaging was complete 
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along with any presence of calcifications, is a crucial step [34]. In particular, it 

was documented that surgery did not significantly improve the 10-year breast 

cancer survival rate for LG DCIS, with no significant difference in hazard ratio 

between the surgery (n=56053) and non-surgery group (n=1169) [140]. This 

outcome implies that unnecessary surgical excision could be excluded in ADH 

cases if we could identify the group at low risk of upgrades. Recent studies have 

attempted to develop a scoring system to identify a subset of patients with ADH 

diagnosed in biopsy least likely to be upgraded [35, 141]. For example, Menen et 

al. [41] isolated subset of patients with “low-risk criteria” for upgrades (n=125), 

mainly based on <3 TDLUs involved, >50-90% removal of initially observed 

calcifications in mammogram by biopsy and absence of necrosis. However, these 

criteria were only applicable if there was no mass observed in imaging. 

Importantly, 76.8% of these patients were not treated with any chemoprevention 

therapy but simply observed with a recommendation for six months to annual 

mammograms. With a median of 3 years follow up, only 7 patients from the 

observed group developed carcinoma. One other study showed on low-risk ADH 

with similar criteria as Menen et al. and found that the low-risk group was 

upgraded <3% of the time [142]. There is no randomised controlled trial to test 

these features yet, however, these studies emphasize that a subset of ADH patients 

based on histopathological and other features could be identified as a lower risk 

group of upgrade and developing later cancer. Therefore, if minimal ADH lesions 

diagnosed in CNB were subjected to a CN assay and revealed only LG-like 

initiating events (16q-&1q+) a VAB could be performed to remove the residual 

lesions instead of surgery if imaging does not show any mass [41] or <10 mm 

lesion size in imaging [35]. A CN assay including initiating events as well as 
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prognostic events could be very useful in the clinical setting; however, this would 

need to be validated in an independent cohort with imaging information to 

combine with CNA data. Although we did not have imaging information for all of 

our upgraded cases, one case showed a diffused area (P24) in imaging and others 

had micro-calcifications (P21, P23, P25, P29, P22). All these cases harboured CN 

changes at least one of those seven prognostic loci, suggesting this genetic event 

could efficiently indicate a high-risk group for upgrades.  

4.8.3 Clinical model 

Since other low-risk B3 lesions are often misdiagnosed as ADH, instead of 

depending on a pathologists’ subjective view, absence of any CN changes would 

inform the treating clinician not to excise these lesions regardless of the type 

diagnosed. This approach will be least likely to lead to under treatment when 

radiology and pathology are concordant since FEA was shown to be least likely to 

progress [38] or be upgraded (0%) [37]. It was shown previously that CN change 

might be rare in FEA, with 16q loss the only recurrent CN event reported to date 

[27]. Although we did not have tissues available for those B3 lesion in our cohort 

that were, in fact, FEA not ADH (n=3), those patients have not yet developed 

cancer after a long follow up, supporting the low progression capacity of these 

lesions [38, 143]. We did have six cases with available CNA data that lacked 

atypia, i.e. UDH (Supp Fig S1: Publication Section 4.2) that showed no CN 

events. Routine surgeries for such lesions could be excluded based on the CN 

profile from the core biopsies (in our cohort 40% of the cases were UDH/FEA and 

may be over treated with surgical excision). Therefore, a comprehensive assay 
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design for ADH/B3 lesions should include initiating events as well as prognostic 

events to cover the various possible diagnostic outcomes (Figure 4.7).  

4.8.4 Correlations of the genetic profile of ADH and histopathological 

features 

Our data not only describe detailed genomic characteristics of pure ADH (Chapter 

4.2), it also showed the correlation of those genetic features with intra-ductal 

calcifications and the number of ducts involved. These histopathological features are 

very common in ADH [144], in particular with growing evidence that ADH with >3 

foci is the most likely to develop carcinoma [132, 145]. However, to our knowledge, 

the correlation of these features with genomic characteristics has not been reported 

previously and could be very informative in the clinical setting. It is clear from our 

data that only intra-ductal (or intra-luminal) calcifications, not stromal calcifications, 

was associated with a higher FGA, HG-like genetic profile as well as direct clonal 

expansion to IG and HG carcinoma. Calcifications have been reported to be 

associated with a higher risk of developing carcinoma after ADH diagnosis in some 

studies [146], but not as an independent factor in others [145, 147]; however, the 

location of the calcifications and the grades of the recurrent tumours associated with 

calcifications were not reported. Interestingly, it was shown that the normal and 

lactating mammary epithelium is capable of concentrating calcium ions, a basic 

component of milk, but is unable to pass it through the epithelial plasma membrane 

to the lumen. However, the tumour-containing ducts are able to pass it towards the 

lumen causing intra-ductal calcifications [148]. Although not well studied, intra-

ductal calcifications are thought to be the consequence of active secretory process by 

tumour cells, not just cellular debris or degenerated tumour cells [148]. The actual 
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mechanism of calcifications is unknown, however, it was suggested that these 

subsets of breast carcinoma cells could be highly metabolically active as shown by 

high ATPase activity of plasma membranes [149] and therefore, could be able to 

transport concentrating calcium ions across the plasma membrane to the lumen. In 

many cancer types, abnormal expression of several Ca2+ pumps and channels results 

in dysregulated Ca2+ homeostasis that drives tumour growth and confers poor 

prognosis for survival [150]. Micro-calcifications were shown to be associated with 

a higher risk of recurrence and less effective radiotherapy of IDC irrespective of 

grade and nodal status, [151]. One study with 1,657 patients diagnosed with DCIS 

found that micro-calcifications were significantly associated with a lower survival 

rate [152]. Therefore, this small subset of ADH patients could be identified as a 

potential higher risk group for developing IG/HG carcinoma by the combination of 

the presence of intra-ductal calcifications and CNA in core biopsy samples. 

Surprisingly, we didn’t find any significant association of CNA with the degree of 

atypia alone; the cases with intra-ductal calcifications and high FGA had either mild 

or moderate atypia. However, other factors such as calcifications could be stronger 

predictors. No previous studies have tried to address this particular feature as a 

predictor of ADH progression or recurrence, however, the degree of atypia would be 

extremely hard to standardise among pathologists: full pathology review would be 

required on a large cohort. Moreover, significantly higher FGA was observed in pure 

ADH cases with more than three ducts involved. However, unlike the calcifications 

status, >3 ducts were correlated with both HG-like and LG-like CN events (Fig 4.1 

E). Although ours is the first study to show any correlation between the number of 

ducts/foci with genetic profiles, recent data from the Mayo Clinic showed that ADH 

with >3 foci have almost double the rate of developing cancer compared to those 
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with 1 or 2 foci [135]. This data was further supported by Degnim et al. [132], 

suggesting an individualized risk estimation model for patients with atypical 

hyperplasia (AH) (both ADH & ALH) based on the combination of the age of the 

patients and the number of foci/ducts of AH. They suggested patients’ age range 

from 45-70 as well as >3 foci would be the highest risk group of subsequent 

carcinoma development as opposed to the lowest risk group with 1 focus of ADH. 

Although the sample size for this study was large, (n=142), the median follow up 

was 8.1 years which may not be long enough: while the risk of subsequent cancer 

from ADH diagnosis is highest in the first five years, the risk remains high up to 10 

years for ipsilateral cancer. This study is particularly important since it identified a 

higher risk group of women (>25% cumulative breast cancer risk) who could be 

recommended for MRI screening or chemoprevention. However, their model might 

be specific for their own institute, since validation with the Nashville cohort 

predicted well only for the low to intermediate risk group [132]. On the flip side, it is 

possible that their model could work well for cases detected in the mammographic 

era since the Nashville cohort was enriched with biopsies from 1967-1981 (78% of 

cases), a pre-mammographic era when a biopsy might have mostly been taken from 

symptomatic/palpable cases. On the other hand, the Mayo Clinic cohort was 

enriched with cases from the post-mammographic era (85% of cases from 1982-

2001) and only 40% of the cases were symptomatic. In contrast to this study, a 

recent case-control study (Nurses’ Health Study) [153] showed that multifocality of 

ADH was not associated with a higher rate of subsequent carcinoma. These 

contradictory data might be the result of differences in sampling and pathology 

review. Moreover, there are an ongoing controversy with regards to ADH and LG 

DCIS definitions among pathologists, such that:  
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a) more than 2 ducts should be LG DCIS [9, 154] vs,  

b) 2 or more TDLU space should be LG DCIS [154] or, 

c) 2 or more TDLU space could still be ADH as long as they are only 

partially filled and with < 2 mm individual extent or (e.g. Mayo Clinic 

definition [145]) if there is complete involvement of the ducts then >2 

TDLU space should be considered as LG DCIS. This definition is 

supported by others recently [130, 131] and also recommended for the 

recent classification of breast tumours by WHO [27].  

d) anything less than 2 mm will be ADH, but this can be measuring 2 mm 

across the span of the lesions observed and summing the collective 

size overall [135] or, 

e)  describing ADH as “severe ADH” when multifocal [155].   

Therefore, the number of ducts might be very subjective and might not be a good 

prediction tool across all institutes, and many pathologists could disagree with any 

definition selected. Additionally, if we would like to predict prognosis and upgrade 

from the initial core biopsy with limited/incomplete ducts then it would be very 

unreasonable to use the number of involved ducts as the sole predictive factor. Our 

data suggest that increasing numbers of ducts with ADH is associated with higher 

CN levels, but not necessarily exclusively. For example, of the six pure ADH cases 

in our cohort harbouring prognostic events suggestive of malignant potential, two 

cases had <3 ducts.  

Although all the histopathological features described above could be used to predict 

the risk of cancer development, it must be remembered that the studies were based on 

surgical excision specimens. Therefore, the predictive models described could only 

be used for preventing further carcinoma after excision with 
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tamoxifen/chemoprevention. This model would not be useful for accurate diagnosis 

or upgrade, as it is implied that all ADH (along with low-risk B3 lesions) still will be 

excised. Therefore, molecular profiling of these lesions from an initial biopsy might 

be more precise across all institutes and among all involved clinicians including 

radiologists, pathologists, and surgeons, in order to make the decision to excise or 

observe for both risk prediction as well as upgrade. Since histopathological features 

positively correlated with higher copy number levels in our cohort and have been 

suggested by others as risk indicators, they should be combined with the genetic 

profile in a predictive model. It will be essential to test this model in an independent 

external cohort, preferably a large cohort of ADH that subsequently developed cancer 

and compared with the cases that did not. This would be particularly helpful for 

classifying the highest risk group for prevention therapy in order to minimize 

unnecessary treatment with chemoprevention. A limitation of this study was the lack 

of information about previous personal or family history of breast cancer as they 

might represent as a higher risk group for developing cancer regardless of copy 

number changes and was not addressed in our study cohort. 

4.8.5 Personally tailored prognosis  

Collectively, a clinical model using CN events is summarised in Fig 4.8 for future 

validation for differential diagnosis, accurate risk prediction of upgrade and 

developing cancer, including suggested clinical management. The age of the 

patients and the histopathological features were not included in this model, 

however, these all would be combined with the CN changes in future studies. 

Imaging information, such as the presence of a mass, the size of the lesion seen in 

imaging, micro-calcifications, and the proportion removed by initial biopsy, will 

be evaluated as current clinical practice. 
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Figure 4.8 Clinical model: Risk stratification followed by precise treatment decision 

for individual patients diagnosed with B3 lesions (including ADH) in the core biopsy. 

The common misdiagnosis of other B3 lesions such as UDH, FEA (in our cohort: 40%), CCL 

(in our cohort: 0%), and the common confusion between ADH and LG DCIS due to the 

similar morphological features and/or presence of calcifications could be resolved based on 

multiplexing identified initiating and prognostic CN events. Regardless of the type of B3 

lesion, if there are no CN events observed, excision could be spared because these are least 

likely to be upgraded or progress further to carcinoma. In contrast, if both the presence of any 

prognostic events as well as HG-like initiating CN events are observed in the core biopsies, 

those cases need to be excised since they might most likely to be upgraded. If not upgraded, 

those cases might confer a higher risk of developing HG cancer, suggesting recommending 

any preventative therapies, particularly if the patient is young (<50 years). On the other hand, 

if both the presence of any prognostic events as well as LG-like initiating CN events are 

observed, that patient would best be managed with surgical excision since they are likely to be 

upgraded, however, if not upgraded, preventative therapies might not be required due to their 

presence of LG-like initiating events. Histopathological features and imaging information are 

not shown here but will need to be evaluated in a validation cohort. 

4.8.6 Conclusion 

Overall, our revised breast cancer progression model represents a significant shift 

in understanding of the origin and progression of breast cancer. Additionally, this 

suggested clinical model could be a way of utilising the genetic profile to 

personalise management of patients with ADH or B3 lesions. To our knowledge, 

this approach has not previously been taken into consideration. A further 

validation cohort is essential for future studies; however, this approach might be 

able to reduce unnecessary surgeries, as well as clarify the definition dilemma of 

ADH/FEA/UDH/LG DCIS by characterising them based on the major somatic 

genetic changes instead of a subjective pathological review.  
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Chapter 5 

  

Genomic analysis of breast papillary lesions 

5.1 Introduction 

The broad research objective of the work described in this chapter is to 

characterise breast papillary lesions (PL), both benign papilloma and atypical PL, 

at the molecular level to understand any pre-cursor relationship of PL with breast 

carcinoma of various grades. For several decades, PL has been thought to be a 

precursor only for papillary carcinoma (PC) [30, 31]. It was also thought that PL 

could only be a risk factor for ductal breast cancer development. However, there 

was no significant molecular evidence that papilloma could not be a direct 

precursor of ductal carcinoma. Although there were a few molecular studies 

available with benign papilloma [43, 61-63], studies of PL with atypia remain 

scarce. Therefore, it remains inconclusive as to where the breast PL fit into the 

breast progression model. Intriguingly, the risk associated for subsequent cancer 

development is consistently significantly higher in PL with atypia than benign 

papilloma [31, 47, 48]. In addition to the moderate risk of developing cancer, both 

benign papilloma and PL with atypia have a high risk of upgrade (7-37%), 

although this risk is variable between these two histological subtypes. Since there 

is no robust biomarker which can predict any of these outcomes, the current most 

common treatment recommendation for all symptomatic papilloma as well as PL 

with atypia diagnosed in core needle biopsies (CNB) is performing surgical 

excision [28, 50]. This action is to confirm that the diagnosed papilloma is not 

associated with any carcinoma that was missed due to inadequate initial sampling, 

and to reduce the risk of subsequent carcinoma developing. Recent studies have 
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emphasized the need to identify a robust biomarker for predicting upgrades, so 

that unnecessary excision can be avoided. Therefore, an assay that could inform 

the radiologist, pathologist and the surgeon with regards to these challenges, 

would definitely aid in risk stratification and patient management. 

The specific aims of this chapter are:  

1. Investigate genetic features of pure papilloma (not associated with 

carcinoma) and synchronous papilloma with carcinoma of different grades 

to shed light on the breast cancer progression model. 

2. Investigate molecular profiles of upgraded papilloma cases. 

3. Identification of genetic features associated with the progression of 

papilloma to breast carcinoma. 

4. Identification of potential biomarkers for upgraded papilloma and 

predicting later cancer occurrence.   

All aims have been addressed in an article (recently submitted to Breast Cancer 

Research) which is enclosed as an article in section 5.2. Supplementary 

Figures, Tables and Methods are included at the end of main text of the article. 

Supplementary File 1 (sample information) is included as Tables at the end of 

the main text of the article. Supplementary File 2 (DNA input, sequence 

performance) is included as Tables in Appendix B. This manuscript is currently 

under editorial review. 

  



Chapter 5 

208 

5.2 Publication 

5.2.1 Main Text 
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Figure 1 
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Figure 2 
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Figure 4 
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5.2.2 Additional File 1: Supplementary Figures: Kader et al. 2018. 

Figure S1 
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Supp Fig 1.  Representation of pure papilloma cases. All benign/atypical papillary cases 

showed p63 positive immunostain (brown staining: brown arrow), suggesting continuous 

myoepithelial layer and reconfirming them as breast papillary lesions without carcinoma. 

CK5/6 immunostain was additionally performed only for atypical papillary lesions to 

reconfirm <3 mm or <30% of populations are atypical/negatively stained (P8: 824.8 µm 

atypical populations). Atypical populations within this papilloma (Case: P8) are indicated with 

red arrows (CK5/6-). Areas with CK5/6+ or p63+ are also indicated with brown arrows, 

suggesting non-atypical areas of this papilloma. 
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Figure S2 
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Supp Fig 2.  Representation of synchronous papilloma with HG and LG DCIS cases. p63 

positive immunostain (brown staining) of case S16 suggests a continuous myoepithelial layer 

and reconfirms this as a breast papillary lesion without carcinoma. Atypical populations within 

this papilloma are indicated with red arrows. Case S6: Areas with atypical populations are 

indicated with red arrows (CK5/6-). Non-atypical populations of the same lesion shown as 

CK5/6+, indicated with brown arrow. 

 

 

Figure S3 

 

Supp Fig 3.  Patient selection flow diagram.    
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Figure S4 
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Supp Fig 4.  Example of shared breakpoints of a clonal atypical papillary lesion with HG 

DCIS (S16). Genome wide CN profile of a clonal atypical papillary case (S16) which showed 

multiple gains and losses shared with the synchronous HG DCIS. Separate chromosomes 

from 1 to 22 including X are shown and a log2 ratio equal to zero corresponds to a copy 

number of 2. Red arrows indicate the shared break points of these two components. SNP MIP 

arrays were used for this case. AI= Allelic information. 
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Figure S5 
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Supp Fig 5.  Example of shared breakpoints of two clonal atypical papillary lesions with 

LG DCIS (S2, S6). Genome wide CN profile of two clonal atypical papillary cases which did 

not cluster with their cancer components in unsupervised hierarchical cluster analysis. 

Separate chromosomes from 1 to 22 including X are shown and a log2 ratio equal to zero 

corresponds to a copy number of 2. The profile showed gain of 1q shared with the 

synchronous LG DCIS for both cases. Red arrows indicate the shared break points of these 

two components. LC WGS was utilised for these two cases. 

 

Figure S6 

 

Supp Fig 6.  Example of shared breakpoints of a clonal atypical papillary lesion with HG 

DCIS (S20). Chromosome 20 is shown as an example of the shared break point (red arrow) of 

all components. 
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Figure S7 

 

Supp Fig 7.  Genome wide CN profile of a non-clonal atypical papillary case (S13) which 

showed gain on 1q without the same shared break points as the synchronous IG DCIS. 

Separate chromosomes from 1 to 22 including X are shown and a log2 equal to zero 

corresponds to a copy number of 2. Arrow indicates break point of 1q gain. 
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Figure S8 

 

Supp Fig 8.  Sanger sequencing validation. Validation of mutations identified in AKT1, 

CBFB, ARID1A and ERBB3, by targeted gene panel sequencing. 
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Figure S9 

 

Supp Fig 9.  Proportion of pure and synchronous papilloma cases with 

histopathologically classified as benign or atypical. Fisher Exact test was performed,  

** p<0.01. 
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Figure S10 

 

Supp Fig 10.  Ki67 immunohistochemistry. The comparison of percentage of cells showing 

positive Ki67 immunostaining in pure, clonal and non-clonal papilloma cases. 

Error bars indicate mean and standard deviation B. Ki67 (% positive cells) and 

PIK3CA mutation status in the pure papilloma cohort. 
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Figure S11 

 

Supp Fig 11.  Copy number plot of a clonal atypical papillary lesion synchronous with 

an ERBB2 amplified IG papillary DCIS lesion and a mucinous carcinoma (HER2-ve). 

The top panel shows the whole genome wide CN profile of the three components of this 

case. Blue=gain; Red=loss. The bottom panels show the copy number plot of chromosome 

17 and 20 of all components. Amplification of the ERBB2 region (17q12) (red arrow) was 

observed in both the papillary lesion and DCIS, however, the mucinous carcinoma showed 

only low level gain without amplification in that region (black arrow). Chromosome 20 is 

shown as an example of the shared break points of all components. Red arrow indicates 

break points are shared in all of the components. Blue arrow indicates shared only between 

papillary lesion and papillary DCIS components. 



Chapter 5 

259 

Figure S12 

 

Supp Fig 12.  H&E (top panel) and p63 immunohistochemistry (bottom panel) of an 

upgraded papilloma diagnosed in a core biopsy (P29). p63 immunostaining confirms the 

continuous myoepithelial layer (brown staining) suggestive of benign papilloma. 
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5.2.3 Additional File 2: Supplementary Tables: Kader et al. 2018  
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5.2.4 Additional File 3: Supplementary materials and methods:  

Kader et al. 2018 
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5.2.5 Additional File 4: Supplementary File 1: Sample information:  

Supp File 1a-Pure papilloma cases 

Sample 

ID 

Method 

utilised 
CNA/mutation 

Age at 

diagnosis 

(years) 

Follow 

up 

(years) 

Age at 

last 

follow 

up 

(years) 

Specimen Benign/Atypical 
Other 

Lesions 
calcification Symptoms FGA PIK3CA ER P63 CK5/6 Ki67(%) 

P1 TSP both 72 15 87 core benign .  lump 0% Y + + + 2% 

P2# LC WGS 
CN, 

PIK3CA(sanger) 
68 13 81 core benign no Y  0% N + + + 0 

P3# LC WGS CN 33 13 46 core 
atypical 

papillary lesion 

sclerosing 

adenosis 
  0%  + + 

+ve (small 

populations 

-ve) 

0 

P4 TSP both 76 13 89 HNL 

benign 

papilloma w 

UDH 

no   0% Y + + + 1.6 

P5# LC WGS 
CN, PIK3CA 

(sanger) 
44 13 57 microdotechtomy benign 

UDH, 

apocrine, 

sclerosing 

adenosis 

 ND 2% N + + + 0 

P6# LC WGS CN 69 13 82 excision 

sclerosed 

intraductal 

papilloma, no 

atypia 

no  lump 0%  + + + 1.5 

P7 TSP both 60 13 73 lumpectomy 
atypical 

papillary lesion 
no  lump 5% Y + + + (few -ve) 1.3 

P8 LC WGS CN 52 12 64 core 
atypical 

papillary leison 
.  lump 5%  + + 

+ (small 

populations 

-ve) 

2.1 

P9* TSP both 63 10 73 core benign .   0% Y + + + 0 

P10 MIP CN 76 11 87 core benign no   0%  + + + N/A 

P11 MIP CN 51 10 61 core benign no Y  0%  + + + N/A 

P12 MIP CN 75 10 85 core benign no   0%  + + + 2 

P13* TSP both 20 9 29 excision benign .   2% Y + + + 0.6 

P14 
LC 

WGS 
CN 57 9 66 core benign . Y  1%  + + + 3 

P15# 
LC 

WGS 

CN, PIK3CA 

(sanger) 
64 9 73 core benign    0% N + + + 3.2 

P16 MIP CN 60 7 67 core benign no Y  0%  + + + 1.5 

P17 TSP both 50 7 57 excision benign .  ND 15% Y + + + 4 

P18 LC WGS 
CN, PIK3CA 

(sanger) 
74 7 81 excision benign ADH   4% Y + + + 5.4 
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P19 TSP both 62 6 68 core benign .   3% Y + + + 10% 

P20 MIP CN 57 6 63 core 

benign 

papilloma w 

UDH 

ADH, 

apocrine 

metaplasia 

Y  0%  + + + 1.5 

P21 TSP both 50 5 55 excision benign .   0% Y + + + N/A 

P22 MIP CN 58 5 63 core 

benign 

papilloma w 

UDH 

no   1%  + + + 1 

P23 MIP CN 48 21 69 core 
atypical 

papillary leison 
. Y  0%  + + 

+ (small 

populations 

-ve) 

N/A 

P24 TSP both 68 20 88 core benign .  lump 0% N + + + 0% 

Y=Yes; N/A: Not available; CN: Copy number; * noisy CN profile; # normalised against normal to reduce noise and spurious CN calls; ND=nipple discharge; LC WGS: Low-coverage Whole Genome Sequencing, 

MIP: Molecular Inversion Probe SNP arrays, TSP: Targeted Gene Panel Sequencing; UDH: usual ductal hyperplasia, ADH: atypical ductal hyperplasia.  
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 Supp File 1b-synchronous papilloma cases 

Low grade Cancer 

Sampl

e ID 
Lesions 

Technique 

used 

CN/mutatio

n 

Clon

al 

ER/PR/Her2 

(cancer) 
Specimen 

lateralit

y 

tumour arch 

feature 

Bloc

k 

Age 

(years

) 

Extra 

commen

t 

Other 

lesion/sympto

ms 

ER P63 CK5/6 Ki67 

S1 
benign pap, LG 

DCIS 
TSP both Yes 

ER+, Her2-(Copy 

number/CN) 
WLE L 

6mm 

dimension 

LG DCIS 

same 48  lump 
N/

A 
+ + 

pap 2.5%, 

DCIS 4.7% 

S2 
atypical pap,LG 

DCIS 
LCWGS CN Yes 

ER+, Her2-(Copy 

number/CN) 
excision L 

5 mm 

dimension 
diff 83  ADH, UDH + + 

+ (small -ve 

populations) 

pap 1.3%, 

DCIS 11% 

S3 
atypical papillary 

lesion, LG DCIS 
LCWGS CN yes 

ER+, Her2-(Copy 

number/CN) 
WLE  R 

cribriform LG 

DCIS 
same 67  ADH + + 

+ (small -ve 

populations) 
N/A 

S4 
Papillomatosis 

benign, LG DCIS 
MIP CN No N/A WLE R N/A same 41  N/A 

N/

A 
N/A N/A N/A 

S5 
atypical papillary 

leison,LG DCIS 
TSP both Yes ER+PR+Her2- stereo core R 

5 mm, 

calcified 
diff 40  lump, CC + + 

+ (small -ve 

populations) 

pap 5.8%, 

DCIS 6% 

S6 
atypical papillary 

lesion , LG DCIS 
LCWGS 

CN, PIK3CA 

(sanger) 
Yes ER+Her2- WLE N/A 

6 mm 

dimension 
same 72  N/A + + 

+ (small -ve 

populations) 
N/A 

S7 
atypical papillary 

lesion,  LG-DCIS 
TSP both Yes ER+PR+ Her2- core R cribriform same 50  N/A + + 

+ (small -ve 

populations) 

3% pap, 

6.1% DCIS 

Intermediate grade  Cancer 

Sampl

e ID 
Lesions 

Technique 

used 

CN/mutatio

n 

Clon

al 

ER/PR/Her2 

(cancer) 
Specimen 

lateralit

y 

tumour arch 

feature 

Bloc

k 

Age 

(years

) 

 

Other 

lesion/sympto

ms 

ER P63 CK5/6 Ki67 

S8 
papillomatosis. G2 

IDC 
LCWGS 

CN, PIK3CA 

(sanger) 
No 

ER+ PR+ Her2 

equivocal(path) 

Her2-(CN) 

partial 

mastectom

y 

L 

1-2 mm; solid 

and 

cribriform, no 

comedo-

necrosis 

same 70  
symp N/A, not 

niple discharge 
+ + + 

pap 4.9%, 

IDC 2.1% 

S9 
atypia papillary 

lesion, G2 IDC 
MIP & TSP both Yes ER+PR+ Her2- 

lump 

excision 
R 12 mm same 59  lump + 

+(path

) 

+ (small -ve 

populations) 

pap 1.6%, 

IDC 7.3% 

S10 
atypia papillary 

lesion, IG DCIS 
LCWGS CN Yes N/A WLE L N/A same 59  N/A 

N/

A 

+ 

(path) 
N/A N/A 

S11 

atypia pap, 

papillary IG 

DCIS, G1 

mucinous 

TSP, 

LCWGS(m

ucinous) 

both Yes 

ER+PR+; SISH 

not amplified 

(only mucinous 

reported) 

HN 

excision 
L 

25 mm 

mucinous, 

solid/cribrifor

m 

same 45 

Her 2+ 

pap, 

DCIS 

(amplifie

d 17q12-

q21.2) 

not 

mucinou

s 

CC w atypia + 

N/A 

poor 

stainin

g 

N/A poor 

staining 

4.7% 

DCIS, pap 

2% (poor 

stain), 30% 

mucinous 

S12 
IG DCIS,beingn 

pap 

LCWGS(D

CIS), 

pap(TSP)_s

anger 

both No N/A WLE R 

25 mm 

dimension 

solid & 

cribriform w 

diff 71  
no pagets 

disease 
+ + +ve N/A 



Chapter 5 

272 

(AKT1) comedo-

necrosis 

S13 
atypia pap,IG-

DCIS 
TSP both No ER+PR+Her2- WLE L cribriform diff 69  UDH, CC + 

N/A 

poor 

stainin

g 

N/A poor 

staining 
N/A 

High grade Cancer 

Sampl

e ID 
Lesions 

Technique 

used 

CN/mutatio

n 

Clon

al 

ER/PR/Her2 

(cancer) 
Specimen 

lateralit

y 

tumour arch 

feature 

Bloc

k 

Age 

(years

) 

 

Other 

lesion/sympto

ms 

ER P63 CK5/6 Ki67 

S14 

Papillomatosis 

benign, HG DCIS, 

G2 IDC 

LCWGS CN No 
ER+PR+ 

Her2+(CN) 
WLE L 

DCIS-

cribriform & 

comedo, 

necrosis 

diff 71  

UDH, 

sclerosing 

adenosis 

N/

A 
N/A N/A N/A 

S15 

benign pap, 

LG_IGDCIS,G3I

DC 

LCWGS 
CN, PIK3CA 

(sanger) 
No ER+PR+Her2- WLE L 8mm IDC diff 57  N/A + + + 

pap 0%, 

DCIS 4.1% 

S16 
atypical papillary 

lesion, HG DCIS 
MIP, TSP both Yes ER+PR-Her2- excision R 

25 mm 

dimension of 

DCIS 

same 66  N/A + + 

+ (small -ve 

populations)po

or staining 

pap 9.6%, 

DCIS 12% 

S17 
benign papilloma, 

HGDCIS 
LCWGS CN No ER+Her2- WLE  N/A 

40 mm 

comedo 

necrosis 

same 49  N/A + N/A + 
24.2%DCI

S, Pap-0% 

S18 
atypia pap, IG-HG 

DCIS 
LCWGS 

CN, PIK3CA 

(sanger) 
No 

ER+PR+Her2-

(CN) 
WLE R solid same 58  N/A + + 

+ (small -ve 

populations) 

12.5% pap, 

15.5% 

DCIS 

S19 
benign pap,IG-HG 

DCIS 
TSP both No Her2+(CN) 

partial 

mastectom

y 

L clinging diff 63  paget's disease + + + 

1.2% pap, 

14.5% 

DCIS 

S20 
atypical pap, HG 

DCIS 
MIP CN Yes Her2-(CN),ER+ excision N/A N/A same N/A  N/A 

N/

A 
N/A N/A N/A 

N/A: Not available; L: Left, R: Right; CN: Copy Number; LG: Low grade, HG: High grade, IG: Intermediate grade, G1: Grade 1, G2: Grade 2, G3: Grade 3; WLE: wide local excision 
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Supp File 1c-upgraded papilloma cases diagnosed in core biopsies 

Sample ID Techniques CN/mutation Benign/Atypical 
Upgraded to 

cancer 

Age at 

diagnosis 

(years) 

Mammogram 
US (if 

applicable) 
FGA ER P63 CK5/6 Ki67 

P25* LCWGS CN 
atypical 

papillary lesion 

Grades/type 

N/Av 
62 MicroCa++ Nil 15% + + 

+ ( very small -

ve populations) 
N/A 

P26 LCWGS CN 
atypical 

papillary lesion 

in situ-grade 

unknown 
66 Mass 

Hypoechoic 

mass 
19% + mostly -ve just few +ve 13% 

P27 LCWGS CN 
atypical 

papillary lesion 

LG DCIS 

micropapillary 

type 

67 Mass N/A 5% + + 
+ ( very small -

ve populations) 
9% 

P28 TSP both 
solid papillary 

lesion 
IG DCIS N/A N/A N/A 1% N/A N/A N/A N/A 

P29** TSP both 
benign 

papilloma 

solid papillary 

carcinoma 
74 Mass and ca++ 

Hypoechoic 

mass 
48% + + + N/A 

P30** TSP both 
atypical 

papillary lesion 

invasive solid 

papillary 

carcinoma 

63 Mass 
Hypoechoic 

mass 
58% + + 

+ ( very small -

ve populations) 
9% 

N/A: Not available; CN: copy number; * sample normalised with matched normal; **300kb bin size was used to reduce noise and spurious calls.   

 

LG and HG DCIS cases were mentioned in Chapter 4 (Supp File: Sample information: Publication 4.2) 

 

Supplementary File 2: Sequencing performance and DNA input: Appendix B 
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Chapter 6 

  

Investigating immune-microenvironment 

of atypical ductal hyperplasia 

6.1 Introduction 

There have been many studies recently that emphasized the importance of the 

immune microenvironment in invasive breast cancer (IDC). For example, tumour 

infiltrating lymphocytes (TILs) were shown to be associated with better prognosis 

[80]. Higher levels of TILs in primary biopsies was shown to be associated with 

overall improved survival and reduced recurrences in HER2 and triple negative 

breast carcinoma [81]. Additionally, over 40 years ago, a possible impairment in 

immunity in breast cancer patients was reported, with lower levels of T and B 

lymphocytes in the peripheral blood in breast cancer patients [75-77]. However, 

the role of the immune system in breast cancer progression from ADH is poorly 

understood. There are a few studies that addressed the immune microenvironment 

of benign non-neoplastic lesions and carcinoma although with very limited sample 

sizes (n=5-10) [90-92], however, these samples were characterised as “benign” in 

general which could be anywhere between fibrocystic changes, fibroadenoma to 

UDH to ADH. No study to date has shown the characteristics of innate immune 

cells, such as Natural Killer (NK) cells, or the adaptive immune system, such as 

overall TILs, or T or B cells, precisely in ADH. 

It has long been assumed that malignant transformation from normal breast cells 

leads to antigenic changes which could be recognised by the immune system as 

“foreign”. Recently, it has been shown that the immune response in breast and 
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other cancer types may correlate with overall mutational load [156] or mutational 

signatures [157] and another study also showed a positive correlation between 

overall copy number alterations of DCIS and the presence of TILs [86]. No such 

study has been carried out yet for ADH. Degnim et al. [94] showed a possible role 

of B cells in the progression from benign disease, however, without classifying 

the breast lesions further into ADH/ALH. Kerekes et al. [105] also recently 

showed a role for an activated ligand of CD56+ NK cells, MICA, with regards to 

protection against breast tumorigenesis from benign lesions. However, the former 

study focussed on intra-epithelial/intra-lobular lymphocytes without investigating 

lymphocytes of the inter-lobular stroma. Overall, there are very few studies 

available with regards to the presence of various immune cells in normal breast 

lobules and benign lesions and there was no study to date which has correlated the 

presence of immune cells to the genetic profile of ADH.  

Therefore, there is a lack of knowledge in terms of the role of immune cells in 

the normal breast and how this varies during benign changes, ADH and 

eventually progress towards cancer. Since recent studies showed that the 

prognosis and prediction of overall survival in many solid tumours largely 

depend on the host immune response to a tumour, unravelling the immune 

microenvironment at an early phase of breast cancer progression might provide a 

better understanding of how breast cancer develops and also might provide 

potential biomarkers to predict prognosis.  

NK cells are innate immune cells which have the ability to distinguish normal 

cells from any “modified” or foreign cells, which in turn involves direct killing 

once activated through releasing of cytotoxic enzymes and/or soluble factors 



Chapter 6 

277 

[96]. It was shown in mouse studies that balanced activation of both innate (NK 

cells) and adaptive (T cells) is needed to protect the host from tumour 

development [98, 99]. It was also shown that the absence of NK cells can 

contribute to rapid tumour formation in mice. Therefore, I sought to investigate 

the patterns of NK cells in pure UDH, ADH and LG DCIS cases and there is any 

correlation between the presence of NK cells with the genetic profile of these 

lesions. This analysis aimed to shed some light on immunosurveillance 

mechanisms in breast cancer development.  

The broad research objectives for this chapter were to investigate the immune 

microenvironment of ADH cases which we used for molecular profiling in 

Chapter 4. The specific aims were for this chapter: 

i) Investigating infiltrating lymphocytes of pure ADH cases and if there 

is any correlation with their genetic profile and progression potential.  

ii) Investigating T cells (CD3+) and NK cells (CD56+) in pure ADH 

cases to understand the immunosurveillance process and if there is any 

correlation with their genetic profile and progression potential.  

6.2 Method 

6.2.1 Assessment of lymphocytes in the specialised stroma 

Lymphocytes were assessed on whole H&E stained sections as described 

previously by Hendry et al. [86] and described in brief in Chapter 2: Method 

(Section 2.3.6).  
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6.2.2 Immunohistochemistry (IHC)  

The details of IHC for CD56, CD45 and CD3 were outlined in Chapter 2: Method 

(Section 2.3.6.5). The scoring of each is also stated in this Chapter (Section: 6.3.3: 

CD3, 6.3.4: CD56)  

6.2.3 Statistical Analysis 

The copy number analysis and FGA calculation were described in Chapter 4. 

Statistical significance was determined as p-value of <0.05.   

6.3 Results 

6.3.1 Analysis of lymphocytes on H&E of pure and synchronous ADH  

The presence of lymphocytes in the surrounding “specialised” stroma of 20 pure 

ADH ducts/foci was assessed. For the 20 synchronous cases, lymphocytes were 

assessed for both ADH and DCIS and/or IDC components (Examples: Fig 6.1).  
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Figure 6.1 Examples of the presence of lymphocytes (%) in pure and 

synchronous ADH cases with carcinoma. The percentage of stromal 

lymphocytes, defined as the percentage of stromal area covered by mononuclear 

inflammatory cells, was estimated in the specialised stroma surrounding 

ADH/DCIS-containing ducts (White circle/White arrow shows the area where the 

lymphocytes are present around ADH ducts/DCIS, respectively). 

The presence of lymphocytes in pure ADH cases ranged from a score of 0-5%, 

with a mean of 1.4% (Fig 6.2 A, Table 6.1). Five pure ADH cases (5/20, 25%) 

had no infiltrating lymphocytes present. Two cases showed a maximum score of 

5% (2/20, 10%). There was no significant association between the lymphocyte 

score and histopathological features (p=0.67, r=0.1, Spearman correlation). The 
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presence of lymphocytes in synchronous ADH ranged from 0-10%, with a mean 

of 2.9%. When the presence of lymphocytes was compared between pure ADH 

and synchronous ADH, there was not a significant difference observed (p=0.96, 

Mann-Whitney test) (Fig 6.2 A). The score of total lymphocytes of synchronous 

ADH cases and associated cancer components are summarised in Table 6.2.  

Since in Chapter 4 it was shown that we have both clonal (n=13) and non-clonal 

(n=7) ADH cases based on shared genetic events, we compared the lymphocytes 

score between these two groups. There was no significant difference in total 

lymphocytes score observed between clonal (ranged from 0-10%) and non-clonal 

ADH (ranged from 0-1%) (p=0.14, Mann-Whitney test) (Fig 6.2 B). However, 

interestingly, ADH cases clonal with HG carcinoma (n=7) showed significantly 

higher lymphocytes compared to cases clonal with LG cancer (n=6) (p=0.04, 

Mann-Whitney test) (Fig 6.2 C). The range of lymphocytes of the LG cancer 

group was 0-5%, with a mean of 1.2%. However, the HG cancer group had a 

mean of 6.5% lymphocytes range from 0-10%. Interestingly, the maximum 

presence of lymphocytes was observed (i.e. 10%) in ADH cases clonal with HG 

cancer, and where the ADH was located on the same block as carcinoma (Table 

6.2), suggesting a close spatial association between these two components was 

important. Additionally, a comparison between ADH and their associated 

carcinoma component showed a significant difference in terms of their total 

presence of lymphocytes (p<0.0001, Wilcoxon paired test). ADH components 

with 10% lymphocytes also showed a higher percentage of TILs in their 

associated carcinoma (Table 6.2). Moreover, upgraded ADH had lymphocytes, 

ranged from 0-10%, with a mean of 2.9% (Fig 6.1 E, Table 6.2). When the 

presence of lymphocytes was compared between pure ADH and upgraded ADH, 
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there was not a significant difference observed, although with a small sample size 

(p=0.39, Mann-Whitney test) (Fig 6.1 E).   

 

Figure 6.2 The presence of lymphocytes in pure and synchronous ADH cases. 

A. The percentage of lymphocytes between pure ADH (not associated with cancer) 

and synchronous ADH with cancer. B. Lymphocytes (%) between clonal and non-

clonal ADH. C. Lymphocytes (%) between clonal ADH cases with LG carcinoma 

and HG carcinoma. D. Lymphocytes of synchronous cases (%): comparison between 

ADH components and cancer components. E. The percentage of lymphocytes 

between pure ADH and upgraded ADH (i.e. cancer on subsequent excision). ns; not 

significant, *p<0.05, ****p<0.0001. A-C, E: Mann-Whitney test, D: Wilcoxon paired 

test. Error bars indicate mean and standard deviation. 
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6.3.2 Association of lymphocytes and copy number aberrations of ADH 

The presence of lymphocytes was compared with the FGA calculated in Chapter 4 

for pure ADH cases (Figure 6.3). The summary of lymphocytes score, FGA and 

other immune cells investigated in this thesis are summarised in Table 6.1. There 

was no significant correlation observed between FGA and the lymphocytes score of 

pure ADH (p=0.98, Spearman correlation). There was also no significant difference 

between the cases that had no CN events (n=6) and cases with prognostic events 

identified in Chapter 4 (Publication 4.2) (n=6) (p>0.99, Mann-Whitney test) with 

regards to their total score of lymphocytes. Pure ADH cases with only initiating 

events (either LG-like or HG-like) (n=8) also showed no significant difference in 

terms of the presence of lymphocytes compared to the cases with both initiating and 

prognostic events (n=6) (p=0.44, Mann-Whitney test).   
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Figure 6.3 Genetic associations with lymphocytes in ADH. A. The correlation of FGA 

and lymphocytes scores of pure ADH. Spearman correlation analysis was performed. B. 

Lymphocytes score of pure ADH cases and absence of CN changes, the presence of initiating 

events and prognostic events identified in Chapter 4, Mann-Whitney test. ns; not significant. 

Error bars indicate mean and standard deviation. 
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Table 6.1 Summary of lymphocytes (%), CD3 (%) and CD56 staining for pure ADH, pure UDH and pure LG DCIS cases 

Sample 

ID 

Follow 

up 

(years) 

Age 

(years) 
CNA 

FGA 

(%) 

Lymphocytes 

(%) 

CD56 

(ADH/ 

UDH/LG 

DCIS) 

CD56 

(TDLU) 

CD56 

(fibrocystic 

change) 

CD56 

(Stroma) 

Overall CD56 

(present/absent) 

CD3-

intraductal 

(ADH) (%) 

CD3-stroma 
CD3-TDLU/other 

changes 

Pure ADH cases 

P17 3 54 No CN 0 0 0 N/A 3 0 P N/A N/A N/A 

P10 2 49 Prognostic 5 1 0 3 3 0 P 2.80% 
Present (both inter-
lobular + very little 

stromal area) 

Present: almost every 
TDLU &other 

fibrocystic changes 
(range 7.8-26%) 

P16 3 44 No CN 1 1 0 0 0 0 A N/A N/A N/A 

P20 2 68 No CN 0 0 3 3 3 0 P N/A N/A N/A 

P8 2 45 Prognostic 4 2 0 0 0 0 A N/A N/A N/A 

P11 22 44 Prognostic 5 1 N/A N/A N/A N/A N/A N/A N/A N/A 

P9 2 67 Prognostic 16 1 N/A N/A N/A N/A N/A N/A N/A N/A 

P13 18 54 LG-like 6 2 0 2 0 0 P N/A N/A N/A 

P2 9 58 HG-like 8 0 3 3 3 3 P 1% Inter-lobular: 30% 
Present: Most TDLUs; 

26.5% 

P3 7 49 LG-like 5 1 0 0 0 0 A N/A N/A N/A 

P4 7 51 LG-like 9 5 0 0 0 0 A N/A N/A N/A 

P18 7 74 No CN 0 2 2 3 3 0 P N/A N/A N/A 

P6 4 44 LG-like 7 0 0 3 2 0 P N/A N/A N/A 

P19 18 53 No CN 1 2 N/A N/A N/A N/A N/A N/A N/A N/A 

P14 15 38 Prognostic 9 0 0 0 0 0 A N/A N/A N/A 

P15 4 63 No CN 0 1 3 2 3 0 P N/A N/A N/A 

P5 4 48 HG-like 5 5 0 0 0 N/A A N/A N/A N/A 

P7 3 43 HG-like 9 1 0 0 0 0 A 1.30% Present* Present: 2% 

P12 18 67 Prognostic 19 1 0 0 0 0 A 4.55% Present* Present: 1.7% 

P1 12 62 HG-like 8 2 0 0 0 0 A N/A N/A N/A 

Pure UDH cases 

U5 22 N/A No CN 0 0 0 0 0 0 A N/A N/A N/A 

U4 13 72 No CN 0 0 0 0 0 0 A N/A N/A N/A 

U1 15 43 No CN 0 0 0 0 0 0 A N/A N/A N/A 

U2 18 54 No CN 0 0 0 0 0 0 A N/A N/A N/A 

Pure LG DCIS cases 

P1523 10 46 LG-like 14 0 0 0 0 0 A N/A N/A N/A 

35183 4 51 LG-like 3 1 0 0 0 0 A N/A N/A N/A 

P0651 1 53 LG-like 0 1 2 2 0 2 P N/A N/A N/A 

A13006 19 69 LG-like 20 2 0 0 0 0 A N/A N/A N/A 

N/A: Data not available; CD56: absent=0, moderate staining=2, strong staining=3. TDLU: Terminal ductal lobular unit *mostly adipose tissue, less stroma; A=Absent; P=Present (Scoring details of CD56: Section 6.3.4) 
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Table 6.2 Summary of lymphocytes (%) of synchronous and upgraded ADH cases 

Sample ID 
Age 

(years) 
Lesion ADH_cancer block Clonal? FGA(%)-ADH 

FGA(%)-
cancer-average 

lymphocytes (%) 
ADH 

lymphocytes (%) 
cancer-average 

Synchronous Cases 

S1 61 ADH, LG DCIS, G1 IDC ADH_IDC same block, DCIS diff block yes 20 12 0 1 

S2 70 ADH, LG DCIS, G2 IDC ADH_DCIS same block, IDC diff block yes 33 17 0 2 

S3 72 ADH, LG DCIS different block no 2 4 1 5 

S4 43 ADH, LG-IG DCIS same block yes 3 12 1 1 

S5 64 ADH, LG DCIS same block no 3 10 1 1 

S6 46 ADH, LG DCIS different block yes 5 23 5 5 

S7 52 ADH, LG DCIS, G1 IDC same block yes 17 27 0 0 

S8 66 ADH, LG DCIS, G1 IDC ADH_IDC same block; DCIS diff block yes 7 10 1 2 

S9 75 ADH, LG DCIS, G2 IDC ADH_DCIS same block; IDC diff block no 2 12 0 3 

S10 51 ADH, HG DCIS, G2 IDC different block no 4 16 1 6 

S11 75 ADH HG DCIS G3 IDC different block no 11 15 0 35 

S12 49 ADH HGDCIS different block no 2 20 1 20 

S13 37 ADH HGDCIS different block yes 10 19 10 30 

S14 44 ADH, HG DCIS, G3 IDC same block yes 18 26 5 15 

S15 62 ADH, HG DCIS, G2 IDC same block yes 14 22 10 15 

S16 61 G2 IDC, ADH different block yes 44 47 0 1 

S17 51 ADH, G3 IDC different block yes 7 12 1 20 

S18 47 ADH, G3 IDC different block no 6 14 0 40 

S19 45 ADH, IG DCIS, G2 IDC same block yes 10 7 10 15 

S20 55 ADH,  HG DCIS, G2 IDC same block yes 10 13 10 20 

Upgraded ADH cases 

Sample ID 
Age 

(years) 
Lesion in core biopsy Upgraded to 

Surgery 

type 
FGA (%) ADH 

FGA(%)-

cancer-average 

lymphocytes (%) 

ADH 

lymphocytes (%) 

cancer-average 

P21 56 ADH IG DCIS excision 11 N/A 3 N/A 

P22 41 ADH LG DCIS excision 3 N/A 10 N/A 

P23 58 ADH IDC G2 excision 8 N/A 5 N/A 

P24 72 ADH IG/HG DCIS +LCIS+LG DCIS 
excision,  

Mx 
19 N/A 1 N/A 

P25 55 ADH IDC G2, HG DCIS Mx 9 N/A 1 N/A 

P26 58 ADH LG P-DCIS, HG DCIS 

Carbon 

localised-

excision 

4 N/A 0 N/A 

P27 58 ADH LG DCIS excision 4 N/A 0 N/A 

P28 40 ADH HG DCIS excision 24 N/A 5 N/A 

P29 50 ADH LG DCIS excision 9 N/A 1 N/A 

All ADH components ER+, CK5/6- and ERBB2 unamplified, FGA=Fraction of Genome Altered by CN, Mx=Mastectomy; N/A: Not available. 
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6.3.3 Intra-epithelial T cells (CD3+ T cells) 

It was reported previously that regardless of the immune cells observed on H&E, 

an abundance of a subset of immune cells, such as B-cells or T-cells, were 

observed in intimate association with the epithelium of lobules in normal breast 

tissues [88]. Due to the limited sections available, only four pure ADH cases (P10, 

P2, P7 and P12) had additional sections left for IHC. These four cases were 

stained with a general T-cell marker, CD3, in order to assess whether there were 

any T cells residing in ADH ducts as well as other fibrocystic changes and in 

stroma that could not be visualised by H&E. Their distribution was recorded and 

summarised in Table 6.1 and examples are shown in Fig 6.4. Multiple lobules 

were scored separately and the range is summarised in Table 6.1. It was indeed 

observed that CD3+ T cells were primarily located on the inside of the ADH duct. 

It was also observed that almost all fibrocystic changes and/or normal TDLU 

demonstrated intraepithelial CD3+ T cells as well as stromal with the close 

association of these ducts.  
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Figure 6.4 Quantification of immune cells (CD3). A&C. Immunohistochemistry of CD3 

alone. B&D. Colour overlay demonstrating positively stained immune cells with CD3, in both 

intraepithelial (A, B) and in stroma closely associated with normal lobules/ducts (C&D). 

The percentage of CD3+ cells in ADH duct(s) for P10, P2, P7 and P12 were 

2.8%, 1%, 1.3%, and 4.5%, respectively. For these cases, the scores of 

lymphocytes on H&E were 0-1% (Table 6.1). Moreover, other fibrocystic 

changes/TDLU for these cases showed a range of intra-epithelial CD3+ T cells 

from 1.7-26% (Table 6.1). A higher abundance of overall CD3+T cells was 

observed in cases P10 and P2, whereby all ADH lesions, TDLUs or fibrocystic 

changes, as well as inter-lobular stroma showed CD3+ T cells. For example, in 

case P2, stroma with a close association with TDLUs/other fibrocystic changes 

other than ADH showed almost 30% CD3+ IHC (Fig 6.5: Case P2) as well as 

high intraepithelial CD3+ T cells in TDLUs and other fibrocystic changes (Fig 

6.5). In contrast, P12 showed only 1.7% CD3+ T cells in other fibrocystic 

changes/lobules.    
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Figure 6.5 Representation of a pure ADH case (P2) with CD3, CD45 and CD56 

staining. P2 with CD3 IHC, a general T cell marker (top 2 rows) and dual staining of CD45, a 

leukocyte marker and CD56, NK cell marker (bottom row). First row: the presence of 

intraepithelial CD3+ T cell (brown) in ADH and another duct. Second row: CD3+, CD3- cells 

in stroma closely associated with ducts/TDLUs. Bottom row: CD3- cells in stroma and a 

normal breast lobule of this case showed co-localisation of CD45 (red) and CD56 (brown) 

suggesting the possible presence of NK cells in close association with the basal aspect of the 

epithelium. Normal breast lobule also showed CD56+ CD45- myoepithelial layer or 

ductal/epithelial cells. 
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6.3.4 Global histologic impression with CD56 

Since CD56 IHC was used in other breast cancer studies suggestive of NK cells 

[104, 158], CD56 IHC was carried out for pure ADH cases (n=17), pure UDH 

cases (n=4) and pure LG DCIS (n=4) in order to shed some light on immune-

surveillance mechanisms in breast cancer development. Since in our study as well 

as in previous studies it was recorded that myoepithelial layers or ductal/epithelial 

cells could be also positively stained with anti-NK cell antibody [90, 92] (Fig 6.5), 

the scoring system we have developed and followed was as follows: absence of 

staining=0 corresponds to an overall absence of NK cell; or moderate strong 

staining of cells=2, strong staining of cells =3, leads to an overall presence of NK 

cell. This system was applied separately to the hyperplastic/DCIS lesions, normal 

TDLUs, other areas of any fibrocystic change, and the stroma if present. In 

addition, the overall presence or absence of CD56 was measured across all 

components and summarised in Table 6.1. Firstly, CD56 was absent in both UDH 

cases and pure LG DCIS, except one LG DCIS case (Fig 6.6 A) (Table 6.1). This 

absence was observed not only in individual ducts but also in other normal TDLUs 

or fibrocystic changes as well as stroma. Secondly, most ADH ducts themselves 

lack CD56 staining, except in five cases (29%). However, three cases (18%) 

lacking strong CD56 staining in ADH ducts showed CD56+ staining in other 

TDLUs and/or fibrocystic changes. Only one case showed positive stromal CD56 

staining (P2) perhaps due to the abundance of adipose tissues in many cases.  

It is noteworthy that while CD56 IHC was performed in order to investigate NK 

cells, CD56 was found to mostly stain normal myoepithelial cells and ductal/ 

epithelial cells, with possible occasional immune cells. In order to confirm the 
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presence of immune cells, we stained four ADH cases with both CD56 and CD45, 

latter a general leukocyte marker. These four cases were chosen because of the 

availability of extra sections and available data for CD3 IHC (described in 6.3.3). 

As shown in Fig 6.5, NK cells marked as CD56+CD45+ CD3- were occasionally 

observed. Therefore, in other cases where CD56+ was recorded, but CD45 and 

CD3 IHC could not be assessed due to limited sections, we assumed that the 

immune cells stained as CD56+ (reviewed by PH) were NK cells. However, it 

was difficult to be certain of rare immune cells (NK cells) with the strong single 

CD56+ staining of myoepithelial or epithelial cells.   

6.3.5 Correlation of CD56+ and copy number aberrations of ADH 

I also wanted to investigate whether there is any correlation with CNA and the 

presence of CD56. While it was not statistically significant with the small sample 

size of pure ADH (n=17), the presence of CN change was most likely to be 

associated with CD56- cases (p=0.13, Fisher Exact test) (Fig 6.6 B). However, 

CD56- cases did have a significantly higher level of copy number as measured by 

the fraction genome altered (FGA) by copy number (p=0.04, Mann Whitney test) 

(Fig6.6C). Additionally, CD56- cases were mostly associated with cases 

harbouring HG-like CN events and/or prognostic events (p=0.28, 2x4 Fisher 

Exact test) (Fig 6.6 D).    

There may be a correlation between the presence of NK cells and a high level of 

intra-epithelial and inter-lobular stroma CD3+ T cells (Table 6.1), however, the 

sample size is small and this needs to be interpreted cautiously.  
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Figure 6.6 Correlation of CD56+ NK cells and CN change. A. Number of cases in UDH, 

ADH and LG DCIS showing the correlation between the overall presence of CN changes and 

CD56+ NK cells. B. Correlation of the presence of CN changes in ADH cases with overall 

CD56+/- IHC. C. Correlation of FGA and CD56+/- IHC. D. Correlation of the type of CN 

change (only initiating/prognostic events) with CD56+/- staining. B, D: Fisher Exact test, C: 

Mann Whitney test. *p<0.05, ns; not significant. Error bars indicate mean and standard 

deviation. 

6.4 Discussion 

6.4.1 The role of innate immunity in immunosurveillance to prevent breast 

cancer development from ADH 

The century-old immunosurveillance hypothesis has been supported by relatively 

recent studies demonstrating that immunodeficient mice spontaneously develop 

breast and colon carcinoma [159]. It was also shown in mice lacking both innate 

and adaptive immunity that NK cells are responsible for preventing rapid tumour 

growth and metastasis as opposed to adaptive [99]. It was also shown in NK cells-
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depleted BALB/c Her2/neu mice that first tumour onset was significantly earlier 

with an overall reduction of the initial number of growing mammary carcinomas 

compared to CD8 cytotoxic depleted mice [160]. In addition to this, humans 

whose blood lymphocytes exhibited medium to high degree of natural cytotoxicity 

carried a lower risk of developing cancer than those with a low degree of 

cytotoxicity [79]. Moreover, a higher rate of cancer incidence in 

immunosuppressive patients indicates the necessity of the collaboration between 

the innate immunity and adaptive immunity of the immunosurveillance 

mechanism [79]. Experimental evidence of immunosurveillance in humans is 

scarce due to the difficulty in obtaining suitable tissues with long follow up. The 

immunosurveillance and elimination process is still not well understood. NK cells 

are thought to be an important part of this process and were studied previously in 

benign breast disease [105]; however, this study included any fibrocystic changes 

and did not evaluate adaptive immunity, in particular, T cells, for the same cases.  

Our data suggest a possible mechanism of how breast cancer could develop from 

ADH by the failure of NK cells to recognise and direct killing as well as sending 

danger signals to adaptive immunity to eliminate this pre-malignant lesion. 

However, the limitations described below need to be overcome to provide stronger 

evidence for this possibility. This was reflected by the correlation of absence of 

CD56+ NK cells with very low levels of CD3+ T cells and vice versa, although 

with very small sample size, suggesting that NK cells might directly act on T cells 

as suggested for general NK cell function [96]. It was shown previously that other 

immune cells such as dendritic cells, macrophages and T cells could be regulated 

by NK cells [96], however, this was never tested on early breast carcinogenesis. 

Due to the limited sections left after the microdissection for the genetic profiling of 
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these small lesions, co-staining of CD56 and CD45, as well as CD3, could not be 

carried out for most of the samples. The main limitation of this study was all cases 

with CD56+ staining, could not be confirmed that they were NK cells by single 

CD56 IHC. Although CD56 expression was reported as marking activated NK 

cells [161], it is possible that other subtypes of T cells, such as NK-type T cells, 

also could express CD56 [161, 162]. Therefore, in order to confirm the NK cells 

from CD56+ stained cells, IHC with CD56 and CD3 would be preferable. In 

addition, since our study and previously published studies showed that CD56 may 

also be expressed by ductal cells of breast neoplasms, CD45, CD56 as well as CD3 

IHC should be performed (i.e. CD56+ CD45+CD3- = NK cells).  

Future studies with a large number of cases with long follow up will be required 

to confirm the hypothesis that NK cell-mediated T cell response is involved in 

preventing breast cancer development. To our knowledge, this combination 

approach was never carried out by others in terms of understanding the 

immunosurveillance in early breast cancer carcinogenesis. Cytotoxic T cells 

(i.e.CD8+ T cells) might be evaluated upon sections availability due to the 

suggestive surveillance hypothesis followed by elimination such that NK cell-

mediated tumour specific CD8+ T cells recruitment to the tumour site might be 

crucial to destroy a developing tumour/transformed cells [85].   

6.4.2 Relationship of the immune microenvironment of ADH with genetic 

features  

Significantly higher FGA was observed in CD56- cases, suggesting NK cells 

might have failed to eliminate these newly transformed lesions and these cases 

further acquired higher levels of chromosomal aberrations. However, keeping in 

mind that single CD56+ staining was the limiting factor for most cases to 
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confidently rule out that they were, in fact, NK cells. When we investigated 

further, cases with prognostic events as well as HG-like initiating events had no 

NK cells, as inferred by an absence of CD56+ cells. Although not statistically 

significant, it was previously suggested that in patients with benign breast disease, 

lower levels of activated CD56+ NK cells were indicative of suppressed NK cell 

immunoprotection and a higher risk of breast cancer development [105]. Our data 

suggest that the presence of NK cell might be related to the primary immune 

protection in ADH cases and kept them in check from progressing further. NK 

cells are cytotoxic independent of the antigen presentation pathway but can also 

function as a regulator of other immune cell types; therefore, this innate system 

might have a much higher level of significance than suggested previously in early 

breast carcinogenesis. However, more data is required.  

One of the limitations of our study was investigating only CD56 for NK cell 

without investigating any of their activating ligand or receptor, such as NKG2D or 

MICA. Additionally, the CD56 dim and CD56 bright could not be distinguished in 

our study; however, they both have cytotoxic activity, slightly less in the former 

[163]. The other major limitation is the lack of samples with “normal” breast 

tissue without histological abnormality. Since we have observed no NK cells in 

five UDH cases this raises a question whether these “rare” immune cells, in fact, 

get activated at all in normal tissues and in these low-risk benign changes. It 

remains inconclusive but should be considered for future studies to unravel the 

immunosurveillance process. 

Interestingly, a characteristic of studying NK cells, which was shown by others 

previously [90, 92], is that the anti-NK cell antibody stained additional ductal 
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cells or myoepithelial cells, which could not be explained. It was not mentioned 

clearly whether the antibody used in these previous studies was also anti CD56; 

however, CD56 alone is widely used to identify NK cells in other breast cancer-

related studies [104, 105, 158]. Another antibody of CD56 could be used to see if 

there is any difference in the staining pattern, or dual staining with CD45 should 

be performed.  

Moreover, we aimed to investigate infiltrating lymphocytes in ADH cases from 

H&E sections; however, CD3 IHC would be a better evaluation than looking at 

H&E only. Indeed, our data reflected previous studies such that intraepithelial T 

cells are observed mainly in normal TDLUs or ADH ducts. T cells have been 

observed to be in stroma that is in close association with the epithelium of the 

ducts [88, 90, 92, 94]. Although it was not statistically significant, it might be 

possible to identify cases most likely to be upgraded to IG-HG cancer by the 

higher number of total lymphocytes (>5%) from H&E sections, diagnosed in core 

biopsy. However, a large sample size is required.      

6.4.3 Conclusions: 

In conclusion, due to various limitations, mainly the unavailability of sections and 

the small sample size, this chapter of the thesis was inconclusive. However, my 

data supports important findings shown by others, such as the presence of intra-

epithelial T cells in normal breast lobules and the presence of non-immune cells 

carrying CD56. This chapter is also the first attempt to understand 

immunosurveillance in early breast carcinogenesis by combining both the innate 

and adaptive immune system and provided interesting preliminary data for the 

importance of innate immune cells in breast cancer progression. Clearly, analysis 
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of more samples with clinical follow-up will be required to fully assess whether 

an immune profile combining overall lymphocytes from H&E, CD56, CD45 and 

CD3 can confirm whether immunosurveillance with the combination of the 

genetic profile can improve the risk stratification for subsequent cancer 

development and/upgrades. 
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Chapter 7 

  

Overall Discussion 

7.1 Overview 

The broad objective of this thesis was to resolve the molecular taxonomy of breast 

lesions with uncertain malignant potential (B3) detected with routine 

mammographic screening, in particular, atypical ductal hyperplasia (ADH) and 

breast papillary lesions (PL). Unravelling the precursor relationship would be very 

informative in clinical settings since the clinical management of the patients 

diagnosed with these lesions could be immensely improved.  

7.2 Utilising large patient cohorts with ultra-low input DNA and 

proposing a revised breast cancer progression model 

In this thesis, I showed that ADH could be a direct precursor of any grade of ER+ 

carcinoma, and also ER- as well as ERBB2 amplified. I was also able to show for 

the first time that PL, most commonly atypical PL, is a direct precursor of any 

grade of ductal cancer as well as papillary cancer (PC) with the largest cohort to 

date. In summary, I proposed a “revised” breast cancer progression model with 

ADH and PL lesions as precursors to any grade of ductal carcinoma, and these 

lesions represent early clonal expansions carrying initiating CN events for either 

the LG or HG pathways, as summarised in Fig 7.1. 
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Figure 7.1 Revised breast cancer progression model. The normal ductal epithelium 

develops into atypical ductal hyperplasia (ADH) with uncertain intermediate precursors 

(dashed lines). ADH is suggested as a common precursor of both low (LG) and high (HG) 

grade ductal carcinoma in situ (DCIS), showed by black arrows. The indicated initiating copy 

number (CN) events are reflected with associated grades of cancer. Papillary lesions (PL) 

with atypia most likely progress to either grade of ductal cancer or any type of papillary 

cancer (PC) with an absence of PIK3CA mutation, showed by red arrows. Indicated CN 

events show the changes required for the first clonal expansion of PL. Benign papilloma 

rarely progresses to ductal or PC. The blue arrows indicate strong evidence by published 

literature, suggesting DCIS is a direct but non-obligate precursor of invasive ductal cancer 

(IDC). An “unknown precursor” of HG DCIS is also noted in this model, suggesting a 

possible precursor that might not get detected as often as other B3 lesions as HG DCIS might 

rapidly overgrow the precursor. Overall, in this figure, dashed arrows = uncertain; solid 

arrows = strong evidence. “+” indicates gain and “-” indicates loss of a chromosome/absence 

of a mutation. 

One of the limitations of the study is that I investigated clonality based on 

identified and reported cases of ADH/Papillary next to the cancer. There still 

might be other “unknown” precursor(s) which might have been overgrown by 

carcinoma, in particular, for the subset of aggressive HG carcinoma. For instance, 

“microglandular adenosis” was suggested as one of the precursors of triple 

negative or basal-like HG DCIS [20]. In addition to that, an unknown common 

ancestor could have existed before the precursor lesions and carcinoma, which 

could not be detected or ruled out in this study.   
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Moreover, in my thesis, it was shown for the first time that ADH could be 

genetically related to ER- carcinoma and carried a few CN changes common in 

ER- cancer. However, the overall burden of CN changes of this ER- carcinoma 

case was not suggestive of BRCA1 mutation carrier or homologous recombinant 

(HR) deficiency, which is frequently associated with ER- breast cancer. Patients 

with HR deficiency were shown to carry many more CN events overall than 

observed in this case [73]. Since ADH and other high risk lesions (lobular or 

ductal carcinoma in situ) are not uncommon findings in prophylactically removed 

breasts from both BRCA carriers and non-carriers, it would be really interesting to 

investigate in future whether ADH could be a direct precursor of cases in 

mutation carriers and non-carriers with a strong family history. However, many 

early lesions might never be identified co-existing with carcinoma, since they 

might be overgrown by the aggressive nature of these types of tumours.  

7.3 Accurate diagnosis and personally tailored prognosis of 

patients diagnosed with B3 lesions  

It is evident from epidemiological studies that the accurate diagnosis and 

prognosis of all B3 lesions has long been a critical issue. Patients diagnosed with 

UDH, FEA, and CCL with or without atypia are often misdiagnosed as “ADH” 

overall and vice versa. The misdiagnosis of PL is uncommon due to their 

prominent distinguishing morphological features (finger-like projections for 

papillary features). Surgery still remains standard of care for many of these 

lesions, even including mastectomy, due to the lack of any kind of biomarker for 

either progression or upgrades. The CN events identified in my thesis as present 

in early clonal expansion and progression could be used for accurate diagnosis 
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and prognosis of B3 lesions. The summary of the risk stratification proposed 

based on the findings from this thesis is summarised in Table 7.1.  

Table 7.1 Risk stratification of B3 lesions based on this thesis 

 

However, the major limitation of my study is that all pure B3 cases (no 

association with cancer) are surgically excised; therefore, their natural history is 

unknown (i.e. we do not know what would have happened if the lesions had not 

been surgically removed). Larger sample size with long follow up than this 

experimental cohort could be carried out in the future, however, these cases will 

still be from patients most likely to have gone through surgical excision. Patients 

who were aggressively treated other than a small surgical excision, such as treated 

with mastectomy, will still be analysed, keeping in mind that they may include 

cases carrying unrealised malignant potential. The limitation in this thesis of a 

lack of a longitudinal study could be overcome in the future. In fact, such a cohort 

will be really an interesting one to investigate since some patients develop cancer 

later in their life after a B3 diagnosis despite having surgical excision. According 

to epidemiological studies, the subsequent carcinomas after ADH diagnosis 

mostly are not LG, therefore, the question remains whether these ADH cases with 

subsequent cancer all harbour a combination of the HG-like initiating events 

(8q+/20q+) and one or more prognostic CN events when initially diagnosed. The 

overall CN levels for these small subsets of patients may be higher than the cases 

 Genetic information risk group 

B3 lesion 

type 
Low risk Intermediate risk High risk 

Ductal 
No copy number 

events 

(1q gain AND 16q loss) 

OR 8q gain OR 20q gain 

Any of 11q, 13q, 

17p, 17q,18q, 22q, 

Xq 

Papillary 

No high-risk copy 

number events + 

PIK3CA mutation 

Not applicable 

1q gain OR 16q loss 

OR 11q loss & No 

PIK3CA mutation 
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that have not developed subsequent cancer, however, this remains to be 

investigated. In addition to this, the cancers develop after ADH diagnosis, whether 

they are clonally related to the initial ADH will be interesting to investigate.      

7.3.1 Proposed clinical model 

I propose a clinical model for future studies to identify low, intermediate and high 

risk patients diagnosed with any B3 lesions (ductal/ papillary) in core biopsies 

based on the combination of genetic events (Table 7.1), histopathological, clinical 

and radiological information, summarised in Fig 7.2. 

Since this assay would be designed for use in routine clinical settings for B3 

lesions, where dissecting a large number of sections would not be feasible, a 

multiplex Fluorescence in situ hybridisation (FISH) assay will be utilised for the 

loci outlined in Table 7.1, followed by optimal therapy options. Due to the small 

size of these lesions, heterogeneity of multifocal pure B3 lesions within a patient 

was not studied in this thesis, however, FISH scoring on the pure B3 cases could 

inform if any heterogeneity exists within a patient. An in situ mutation detection 

system such as Base Scope [164] for the PIK3CA mutation status will be carried 

out for papillary B3 lesions.   
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Figure 7.2 A proposed clinical model for the B3 cases identified in core biopsy. This 

model is proposed for choosing the right treatment option for the right patient, by combining 

the genetic information, radiological information, histopathological information as well as 

clinical information, such as the age of the patient. Risk stratification is outlined in Table 7.1. 
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7.3.2 Combination of imaging information (i.e. BIRADS score) with genetic 

features for predicting upgraded cases 

The combination of radiological, clinical and histopathological information with 

the genetic data would aid in unravelling some key questions that remain 

inconclusive in my thesis mainly due to the small sample size, lack of precise 

imaging information from multidisciplinary meeting and limited follow up. The 

correlation of CN profile with precise imaging information (i.e. BIRADS score: 

current clinical practice) remains unknown in this thesis. An imaging/ BIRADS 

score of 5 (i.e. malignancy) informs the radiologist that malignancy is present, and 

therefore, even if the core biopsy suggests only a “B3” lesion, this will most likely 

be excised. Conversely, ADH identified in core biopsy with the imaging 

grade/BIRADS score 4b/4a (i.e. suspicious malignancy) are the truly 

problematical cases for decision making. Therefore, in order to use our assay 

based on genetic information as a diagnostic tool for upgrade cases, CN events 

have to represent the highest risk group with excision recommended as shown in 

the clinical model (Fig 7.2) with the imaging grade of <5. Cases graded as 

suspicious malignancy (i.e. BIRADS score=4) in the imaging, are not necessarily 

always upgraded and patients may go through multiple surgeries to confirm the 

presence of carcinoma. Therefore, our assay using CN events has to be validated 

along with the imaging information to confirm that the cases with genetic events 

suggestive of the high risk group are not just those cases highly suspicious for 

malignancy by imaging alone.  
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7.3.3 Combining histopathological features with genetic features for 

prognosis of B3 lesions 

B3 cases that despite being surgically excised, developed cancer later in their life 

are indeed a very interesting cohort to investigate. As speculated earlier, these cases 

might have higher overall CN changes including HG-like CN events and/or more 

than one prognostic event. How aneuploidy shapes breast tumour evolution, a 

cancer type predominantly driven by chromosomal changes, has been of interest for 

many years. Arm or chromosomal level changes are common in this tumour type, 

and this is known to be negatively correlated with the cytotoxic activities of 

immune cells, namely CD8 cytotoxic T cells and Natural Killer (NK) cells [165], 

however, data with regards to the immune microenvironment of ADH are 

negligible. A very recent paper suggested that recurrent DCIS cases might have 

lower levels of cytotoxic CD8+T cells [166], however; total tumour infiltrating 

lymphocytes (TILs) were not predictive of prognosis for DCIS [86, 87]. Although it 

remains inconclusive in my thesis due to very limited sections, it is possibly not 

surprising that the total TILs count of ADH was very low since all ADH are ER+; a 

similar trend was observed in luminal subtypes/ ER+ DCIS and IDC.  

Another key question remains to be validated in a larger cohort with regards to the 

histopathological features, namely the significance of the presence of intra-ductal 

calcification. For example, cases of “intermediate risk” by copy number with “low-

risk imaging”; do the cases with calcification carry the same risk of progression as 

the cases without? Should cases with this feature be recommended for 

VAB/Excision instead of a yearly mammogram to confirm the complete removal 

of the lesions? Three clonal ADH cases out of thirteen in our cohort only 
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harboured the genetic profile of “intermediate” risk and yet progressed to LG/IG 

carcinoma. Additionally, all pure ADH cases with intraductal calcification showed 

HG-like CN events except for one with LG-like CN (only 16q loss and 1q gain), 

therefore, it raises a question whether the latter exceptional case might have had 

the potential for malignancy if left untreated? Interestingly, it has been reported in 

the META-BRIC study and also shown in this thesis that rare HG DCIS and IDC 

can carry only concomitant 16q loss and 1q gain. Since correlation of genetic 

features with histopathological features of B3 lesions was never explored 

previously, and the biology of calcification is not really known, histopathological 

features like calcification might be indicative of such rare cases and should be 

evaluated to prevent any under treatment. Alternatively, the precursor(s) for these 

rare HG carcinoma cases could easily be those “unidentified or unknown” 

precursors other than the B3 lesions commonly seen in biopsies. 

Taken together, B3 cases who have developed carcinoma and who did not should 

be investigated for their genetic profile, histopathological features, and immune 

microenvironment. The latter could be investigated by multiplex IHC assays such 

as for CD3 T cells, CD8+ cytotoxic T cells, MHC-I (antigen presentation), 

Regulatory T cells (Treg) (ratio of CD8: Treg), PD-L1, CD56+CD45+ (NK cells) 

and analysed for both intra-epithelial and stromal presence of these cells.        

7.3.4 Statistical analysis for future studies 

With a larger cohort and the combination of precise clinical and imaging 

information, the specificity and sensitivity of the assay will be calculated with the 

aim of utilising this data to inform a diagnostic assay in a clinical setting. An 

appropriate statistical model could be applied to predict the low, intermediate or 
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high-risk groups. Based on the sequencing data of this thesis, the combination of 

FISH loci will be applied to a cohort from St. Vincent’s Hospital, Melbourne, with 

long follow up (at least 10 years) to identify the cases which subsequently developed 

cancer. The clinical notes which were discussed in the multidisciplinary meeting for 

the management of these patients will be extracted and combined with the genetic 

information for multivariate analysis. If any of the FISH loci could be removed after 

completing all the cases without affecting the overall outcome for prediction, then 

those loci will be taken out from the final diagnostic assay for future clinical trial.     

7.4 Conclusion 

In conclusion, a revised breast cancer progression model is described including ADH 

and PL with atypia as a common precursor for any grade of ductal cancer. My 

findings lead to the development of diagnostic and prognostic assays which could be 

used in clinical settings, however, this need to be validated in a large independent 

cohort overcoming the limitations of the experimental cohort described in the thesis. 

Over a million benign biopsies get diagnosed in core biopsies every year in the US 

alone and more than 30% will demonstrate ADH, PL or other low-risk B3 lesions 

(UDH/FEA/CCL) [51, 132], which routinely get surgically excised. Therefore, upon 

validation, the data derived from my thesis to design the prognostic assay might 

significantly reduce unnecessary surgeries. This assay also may help to recommend 

preventative therapies only for the high risk patients based on their molecular and 

imaging profile. In summary, this thesis could provide a global test when combined 

with clinical, mammographic imaging and pathology data in future, which may 

assist personalised risk prediction and provide surety to the patient diagnosed with a 

breast B3 lesion and to the treating clinician to select an appropriate therapy.  
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Appendix A 

  

Bioinformatics Scripts 

Script run on Slurm Cluster to run FREEC:  

# to know the folder of Cluster: ls /researchers/tanjina.kader 

#loop FreeC:  

For bam in/researchers/tanjina.kader/Whole_Genome/input folder/*/Bam/*.bam  

; do sbatch /home/tkader/Slurm_scripts/run_FREEC_input_variable.sbatch $bam 

/home/tkader/output directory ; done 

#check the queue of my samples:  squeue | grep tkader 

Script run on R for blacklist filtering: 

setwd("~/") 

##### Function Decalration ########### 

in_blacklist_region = function(chrom,start,window){ 

  bl = S_blistnewchr[S_blistnewchr$V1==chrom,] 

  return(sum(bl$V2<start+window & bl$V3>start)>0) 

} 

S_blistnewchr <- read.table( "Blacklists/S_blistnewchr.bed.bed", sep="\t", head=F 

) 

filter_df = function(df){ 

  df$chr = paste("chr",df$Chromosome,sep="") 

  keep = 

apply(df,1,function(x){!in_blacklist_region(x["chr"],as.numeric(x["Start"]),50000

)}) 

  return(df[keep,-6]) 

} 

BlackList.Filtering <- function(List.Input.Files, Output.Files) 

{ 

  S_blistnewchr <- read.table( "Blacklists/S_blistnewchr.bed.bed", sep="\t", 

head=F ) 

  for(i in 1:length(List.Input.Files)) 

  { 

    ### Read in  bed file A 
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    sample.1 <- read.table( List.Input.Files[i], sep="\t", head=T ) ### Tab –

delimited     

        

    #Filtered.Sample.1 <- as.data.frame( setdiff( GR, GRanges_S_blistnewchr ) ) 

    Filtered.Sample.1 = filter_df(sample.1) 

    write.table( Filtered.Sample.1, file= Output.Files[i], col.names=T, 

row.names=F, sep="\t", quote=F) 

  } 

} 

####### End of Function 

#######  

## MODIFY THESE ONLY 

Base.path.input = "LCWGS/DCIS-2/" 

Base.path.input = "LCWGS/DCIS-2/" 

Base.path.output = "LCWGS/DCIS-2/" 

######################## 

###### MAIN CODE ##### 

# Read file Samples 

Input.Filenames = list.files(path = Base.path.input, full.names = TRUE, recursive 

= TRUE, pattern="*ratio.txt$") 

# Generate output string 

Output.Filenames = gsub( 

".bam_ratio.txt","_FilteredBL.txt",basename(Input.Filenames)) 

# Add base name path to wtite 

Output.Files = paste(Base.path.output,Output.Filenames,sep="") 

# Call script 

BlackList.Filtering(Input.Filenames, Output.Files) 
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Script run on R prior to import into Nexus: 

############### 

# Filenames for FREEC *bam_ratio.txt files 

filenames = list.files(path="/home/tkader/Blacklistfiltered_new/DCIS-

2/",pattern="*_FilteredBL.txt",full.names = T,recursive = T) 

# output directory 

output.dir = "/home/tkader/Blacklistfiltered_new/DCIS-2-importnexus" 

############## 

if(!dir.exists(output.dir)){ 

  dir.create(output.dir) 

} 

for(file in filenames){ 

  #new_filename = gsub(".txt","_filtered.txt",file) 

  basename = tail(unlist(strsplit(file,"/",fixed = T)),n=1) 

  new_basename = gsub(".txt","_filtered.txt",basename) 

  new_filename = paste(output.dir,new_basename,sep="/") 

  data = read.delim(file,sep="\t",stringsAsFactors = F,header = T) 

  bin_size = data$Start[2] - data$Start[1] 

  data$End = data$Start + bin_size - 1  

  for(i in 1:nrow(data)){ 

    if(i!=nrow(data)){ 

      if(data$Chromosome[i] != data$Chromosome[i+1]){ 

        data$End[i] = NA 

      } 

    } 

  } 

  data$End[nrow(data)] = NA 

   

  data = data[data$Ratio != -1,] 

  data = data[,c("Chromosome", "Start","End","Ratio","MedianRatio", 

"CopyNumber")] 

  write.table(data, file = new_filename, quote=F,sep="\t",row.names = 

F,col.names=T) 

} 
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Additional File 4 (Supp File 2) from Chapter 5: 

sample ID Block Lesion type Sequencing method VBPCR (bp) 
Library final 

input(ng) 
Coverage (x) 

Fragment length 

(bp) 

Total reads 

(millions) 

P9 1A Pure benign pap TSP 300 100    

P13 1E Pure benign pap TSP 300 38.8    

P14 1A Pure benign pap,calc LCWGS 300 20 0.89 157 39.10 

P15 1A Pure benign LCWGS 300 13 1.37 113 61.10 

P17 1B Pure benign pap TSP 300 65.7    

P19 1A Pure benign pap TSP 300 38.4    

P21 1F Pure pap TSP 300 150    

P27 1A upgrade LCWGS 300 20 1.13 148 49.14 

P26 1A upgrade LCWGS 300 7 1.65 113 75.66 

S18 3I synchronous-pap LCWGS 300 20 1.86 162 81.21 

S18 3I synchronous-DCIS LCWGS 300 20 1.62 147 70.76 

S11 1B 
synchronous-atypia 

pap 
TSP 300 100    

S11 1B synchronous-DCIS TSP 300 100    

S11 1B 
synchronous-

mucinous 
LCWGS 300 20 1.16 138 50.31 

S13 1P 
synchronous-atypia 

pap 
TSP 300 100    

S13 1I synchronous-DCIS TSP 300 150    

S19 1D synchronous-pap TSP 400 100    

S19 1C synchronous-DCIS TSP 400 100    

S2 1B 
synchronous-

atypical pap 
LCWGS 200 20 1.32 74 68.20 

S2 1I synchronous-DCIS LCWGS 100 9 0.97 73 48.59 

S8 1C synchronous-pap LCWGS 200 20 1.65 87 78.03 

S8 1C synchronous-IDC LCWGS 200 20 1.38 99 61.91 

S5 1A synchronous-pap TSP 300 100    

S5 2A synchronous-DCIS TSP 200 100    

S12 3G synchronous-pap TSP 300 150    



Appendix B 

332 

sample ID Block Lesion type Sequencing method VBPCR (bp) 
Library final 

input(ng) 
Coverage (x) 

Fragment length 

(bp) 

Total reads 

(millions) 

S12 3E synchronous-DCIS LCWGS 300 20 1.21 144 52.78 

S7 1A synchronous-pap TSP 300 103.2    

S7 1A synchronous-DCIS TSP 300 150    

P18 1I Pure benign pap LCWGS 200 20 1.81 124 80.24 

S1 1E synchronous-Pap TSP 200 217    

S1 1E synchronous-DCIS TSP 200 318    

S15 1C synchronous-Pap LCWGS 200 25 1.58 105 70.34 

S15 1A synchronous-DCIS LCWGS 200 25 1.46 98 65.85 

S15 1A synchronous-IDC LCWGS 200 20 1.37 86 63.66 

P29 1A upgrade TSP 200 435    

P30 1A upgrade TSP 300 66    

P28 1A upgrade TSP 300 247    

S3 D synchronous-pap LC WGS N/A 10 1.52 126 68.22 

S3 D synchronous-DCIS LC WGS N/A 8 1.32 105 61.00 

S10 C synchronous-pap LC WGS N/A 10 1.27 142 55.15 

S10 C synchronous-DCIS LC WGS N/A 20 1.13 162 49.27 

P2 B Pure pap LCWGS N/A 5 1.8 130 82.25 

P5 C Pure pap LCWGS N/A 5 1.45 118 68.91 

P6 D Pure pap LCWGS N/A 5 1.12 109 70.58 

P8  Pure pap LCWGS N/A 5 0.75 79 40.26 

P25  Upgrade LCWGS 100 5 1.98 122 88.40 

S6 1A synch-pap LCWGS 300 5 1.07 138 46.60 

S6 1A synch-DCIS LCWGS 300 20 0.95 128 42.06 

S17 1H synch pap LCWGS 600 5 1.14 144 49.61 

S17 1H synch-DCIS LC WGS 600 5 2.1 161 92.96 

LC WGS: Low-coverage Whole Genome Sequencing; TSP: Targeted Gene Panel Sequencing ; VBPCR: van Beers PCR (quality of DNA).  
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