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ABSTRACT 

Metastatic breast cancer (MBC) has been the main cause of death in breast cancer patients, 

demonstrating a major public health burden. Estrogen receptor-alpha (ER; ESR1) is expressed in 

nearly 70% of breast tumors and has been a key target for endocrine therapy. Yet, 20-40% of 

patients eventually develop relapse. Invasive lobular breast cancer (ILC) is the second most 

common histological subtype of breast cancer, characterized by near universal expression of ER, 

and by frequent late recurrences. The goal of my studies was to identify genetic changes that might 

cause endocrine resistance and metastases, with emphasis on ILC. 

While many studies have identified ESR1 mutations in recurrent tumors, less is known 

about changes in ESR1 DNA copy number (CN) changes and their clinical relevance. First, 

sensitive nanoString-technology was used to comprehensively investigate the role of these 

alterations in MBC. Our analysis identified substantial rates of ESR1 gains and amplifications in 

MBC that were of metastatic-site tropism and showed significant association with poor overall 

survival. Additionally, mutually exclusive amplifications of CCND1 and deletions of CDKN1B 

and CDKN2A were identified, potentially defining a subset of patients with improved response to 

CDK4/6 inhibition. I also identified frequent ESR1 amplifications in ILC, and they were 

significantly enriched in tumors with recurrence and showed association with recurrence-free 

survival. CN analysis also discovered a unique group of tumors negative for HER2 by IHC 
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characterized by HER2 DNA amplifications, which correlated with high mRNA and protein 

expression, and enrichment of molecular HER2 signature. Lastly, in addition to 

clinicopathological evaluation, I utilized RNA-seq approach to understand transcriptomic changes 

involved in unique ILC metastasis to the ovaries. Our analyses revealed unique transcriptomic 

alterations in WNT, glutamate/calcium receptors, and MAPK/ERK pathways.  Analysis of 

clinically actionable genes identified MYCN as potential mediator of endocrine resistance. Using 

targeted sequencing, I further validated previously reported PIK3CA and FOXA1 mutations, and 

identified novel NCOR1 mutations enriched in the metastases. Collectively, these studies address 

distinct molecular changes involved in endocrine resistance and metastasis. Such findings are of 

public health significance, as they can serve as novel therapeutic targets for the leading cause of 

death in women. 
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1.0  INTRODUCTION 

Breast cancer can be characterized as abnormal proliferation of malignant cells in mammary 

epithelial tissue. Over the years, breast cancer research has evolved tremendously, giving new 

insights into the disease’s diagnosis, development, progression, metastasis, and treatment. Despite 

remarkable advances in our understanding of the disease in the last half century, it is still a major 

public health burden worldwide and poses significant challenge. 

1.1 HISTOLOGICAL SUBTYPES OF BREAST CANCER AND UNIQUE FEATURES 

OF INVASIVE LOBULAR CARCINOMA (ILC) 

Breast cancer is heterogeneous disease with numerous clinical behaviors. Breast tumors can be 

classified into multiple grades based on degree of differentiation and proliferative activity, which 

are usually used as markers for aggressiveness 1,2. On the other hand, these tumors can be 

categorized based on their cytological and morphological growth patterns into multiple 

histopathological types. Invasive breast cancer can be sub-classified into invasive ductal (IDC), 

lobular (ILC), ductal/lobular, mucinous (colloid), tubular, medullary, and papillary carcinomas. 

The two commonly seen subtypes are IDC and ILC, which represent 80% and 10-15% of invasive 

breast carcinomas, respectively 3–7. The growth pattern of ILC is usually characterized by small 

regular uniform round cells that infiltrate the stroma in single file cellular growth, while IDC tend 

to grow as clusters of cells together (Figure 1) 8–10. In general, ILC tumors are more often 
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mammaographically occult, estrogen receptor (ER) positive, and of lower proliferative capacity 

compared to IDC 11,12 (Table 1).  

 

Table 1: Unique characteristics of ILC and IDC  

 
 
 

Another hallmark of ILC growth features is E-cadherin inactivation in about 95% of the 

cases, which is considered a defining characteristic aid in the diagnosis of ILC 13–15. In a recent 

multidimensional work characterizing the molecular portrait of ILC, our group’s principal 

investigator and my mentor, Dr. Oesterreich along with the TCGA breast cancer ILC group have 

shown that about 63% of E-cadherin inactivation can be explained by missense and truncating 

mutations in the CDH1 gene (chromosome 16q22) which is usually accompanied by heterozygous 

loss the other allele (in 89% of the cases) 16. Other possible mechanisms for E-cadherin loss include 

transcriptional repression by epithelial to mesenchymal transition proteins, epigenetic silencing, 

and mutations in the CDH1 regulatory region, which require further elucidation 17. E-cadherin 

normally forms adherens junctions (AJ) intracellularly with actin cytoskeleton (group of catenins) 
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and intercellularly with E-cadherins on other cells (Figure 2) 18. The inactivation of E-cadherin in 

ILC results in the loss of catenins, where p120-catenin becomes up-regulated and re-localized to 

the cytoplasm 14,19–24.  

 

 

Figure 1: ILC vs IDC growth characteristics 
Left; Hematoxylin and Eosin (H&E) staining shows the single file growth patterns in ILC (top) vs IDC 
(bottom). Right; dual E-cadherin/p120 Immunohistochemistry (IHC) staining validates the loss of E-cad in 
ILC (top) vs IDC (bottom).    
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Figure 2: E-cadherin and formation of adherins junctions 
Schematic diagram of E-cadherin interactions with other E-cadherins (intercellularly) to form adherins 
junctions, and with actin cytoskeleton via catenins (intracellularly). 
 

Outside of the loss of E-cadherin and unique growth patterns, not much is known about 

distinguishing histological features between ILC and other subtypes such as IDC.  Given that 

clinical presentation of this breast cancer subtype is not frequently uncommon, finding additional 

subtype-specific markers is crucial for promoting diagnosis, treatment, and thus patient outcome.  

1.2 MOLECULAR SUBTYPES OF BREAST CANCER 

In addition to being clinically heterogeneous disease, breast cancer is complex disorder with very 

heterogeneous biology. One of the earliest observations that defined a large subset of breast tumors 

was the association with estrogen receptor [ER] expression as a distinct molecular feature 25. 

Subsequent studies showed growing evidence that ER is a putative mechanism for estrogen action, 

the link that eventually led to antiestrogen therapy as an option for treatment in the clinic 26–28. 
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With the observation that some tumors grow and spread rapidly while others do not, it has become 

obvious that the existence of other distinct molecular target (s) is potential. In mid-1980s, Slamon 

et al. discovered that the human epidermal growth factor receptor 2 (HER2) gene ERBB2 is highly 

expressed in 25-30% of breast cancers, linked to high rate of tumor growth, and poor overall patient 

survival 29,30.  

Extensive molecular breast cancer research and advances in molecular technologies 

allowed for better understanding of molecular subtypes of breast cancer. With the idea that 

phenotypic diversity in breast cancer can be associated with diversity in gene expression patterns, 

hierarchical clustering of gene expression microarray data was used to uncover similarities and 

differences between tumors 31. Besides the expected clusters for ER+ and HER2+ tumors, 

additional intrinsic clusters for luminal/ER+ and basal epithelial cells emerged. Further follow up 

by Sorlie et al. identified two subgroups within the luminal cluster to be luminal A and B which 

showed different clinical outcome 32. To develop a clinical test, further work has improved and 

standardized this classification using 50-gene set called PAM50 (Prediction Analysis of 

Microarray) 33. The intrinsic subtypes gene expression profiling has provided us with prognostic 

information beyond standard clinical assessment. For example, the 21-gene OncotypeDx assay™ 

can be used to predict recurrence of node-negative early-stage ER+ breast cancer 34,35. In addition 

to ER+, the 70-gene MammaPrint™ assay has shown prognostic significance in ER- node-

negative early-stage breast cancer 36,37. Recently, an FDA-approved PAM50-based test 

(Prosigna™) was developed to be used for defining a category of risk of recurrent metastasis 38.  

The current era of large scale genomics and big data has shown explosion of multi-

dimensional studies such as exome/whole genome sequencing, transcriptomics, and proteomics. 

This in turn allowed for further molecular characterization of breast cancer.  Multiple inter-
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institutional comprehensive and coordinated effort emerged to accelerate our understanding of the 

molecular basis of cancer, including The International Cancer Genome Consortium (ICGC), The 

Cancer Genome Atlas (TCGA), and the Molecular Taxonomy of Breast Cancer International 

Consortium (METABRIC) 39–41. These studies revealed frequent PIK3CA, TP53, and GATA3 

mutations in breast cancer patients (> 10%), and enrichment of specific mutations in GATA3, 

PIK3CA and MAP3K1 with the luminal A subtype suggesting new targets for response 

classification and therapy. 

It should be noted that most of these studies were focused mainly on primary tumors while 

patients usually struggle with metastasis. Metastatic breast cancer remains understudied and is of 

distinct molecular features compared to primary tumors. Building comprehensive molecular 

portraits of breast cancer metastasis to address clinical implications deserve further investigation.  

1.3 THERAPEUTIC STRATEGIES IN BREAST CANCER 

Breast cancer treatment can be divided into two main categories; local and systemic therapies. The 

local option usually involve surgery (lumpectomy or mastectomy) and can be followed by 

radiation therapy. Depending on the type of breast cancer, different systemic treatment options can 

be used including chemotherapy, endocrine therapy, and targeted therapy. 

1.3.1 Chemotherapy  

Although usually associated with high toxicity, chemotherapy is commonly the treatment option 

in cases which are both endocrine receptor-negative and HER2-negative 42. This type of treatment 
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can also extend to patients with node-positive cancer, larger tumors (>1 cm), or progressive disease 

43.  Anthracyclines (e.g. Doxorubicin and Epirubicin) and Taxanes (e.g. Docetaxel and Paclitaxel) 

are commonly accepted regimens in breast cancer, and many cases can be administered in 

combinations with other chemotherapeutic agents and /or endocrine/hormone therapy 43,44. The 

choice of chemotherapy combinations is variable between patients and depends on patient’s 

tolerance and response. However, a new strategy of response-guided treatment (where there is a 

switch to another chemotherapy in case of early resistance or increase in cycle number in case of 

early response) showed significantly improved disease-free survival (DFS) and overall survival 

(OS) 45. Of note, this was mainly observed in hormone receptor positive patients       

1.3.2 Endocrine (hormonal) therapy 

Estrogen receptor [ER-alpha] expression is a distinct and prevalent molecular feature in about 60-

70% of all breast cancers46,47. ER+ tumors utilize endogenous estrogen to activate ER-responsive 

genes and variety of signaling pathways involved in growth and survival 48. Therefore, blocking 

ER activation and/or exposure to estrogen represents an effective strategy in improving survival 

in patients with ER+ breast cancer. Several classes of endocrine therapy have evolved through the 

years and these mainly include Selective Estrogen Receptor Modulators (SERMs), Selective 

Estrogen Receptor Downregulators (SERDs), and Aromatase Inhibitors (AIs). The choice of 

treatment option usually depends on menopause status, tolerance, and stage of the disease. The 

first and most commonly used example of SERMs in clinics is Tamoxifen, which was discovered 

in the late 1960s 49,50. Tamoxifen is considered a ‘modulator’ because of its tissue specific activity. 

While it competes with estrogen in breast cancer cells, it can act as estrogen in other tissues, 

including bone (osteoporosis) and uterus (endometrial hyperplasia) 51,52. In contrast to Tamoxifen, 
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Fulvestrant, which was introduced to clinical practice in 2002 for advanced-stage breast cancer, is 

categorized as a SERD, and is anti-estrogenic in all tissues. It is usually a useful option in the 

treatment of advanced ER+ breast cancer that has progressed on SERMs. Unlike Tamoxifen, the 

binding affinity of Fulvestrant is 100 times stronger to ER and it induces rapid degradation of the 

receptor 53–55. Instead of modulating binding to ER, AIs class of treatment acts by reduction of 

estrogen production through inhibiting the activity of estrogen synthase, the aromatase enzyme 

responsible for androgens conversion into estrogen 56,57. The non-steroidal sub-class of AIs (e.g. 

Anastrozole and Letrozole) has reversible ability to inhibit aromatase, while steroidal AIs (e.g. 

Exemestane) bind to aromatase irreversibly. AIs are indicated only for premenopausal women 

where the main source of limited estrogen is not the ovaries. In premenopausal women, lower 

serum levels of estrogen lead to upregulation of aromatase enzymes in the ovaries as compensatory 

mechanism 58. However, AIs might be considered for premenopausal women after ovarian ablation 

either permanently by surgical removal (oophorectomy) or temporarily by using gonadotropin or 

luteinizing releasing hormone (GnRH or LHRH) analogs 59,60.  

Endocrine therapy has been one of the most successful forms of treatments in breast cancer 

and has led to substantial improvements in patients’ outcomes. However, tumors can acquire 

resistance over time, limiting the efficacy of endocrine therapy 61. The intrinsic resistance to 

endocrine therapy can be attributed to changes in the ER pathway, alterations in cell cycle and 

survival molecules, and activation of other escape pathways. The loss of ER expression and ESR1 

mutations are known mechanisms of anti-estrogen therapy resistance. ER expression is lost in 15-

20% of refractory tumors while the estimated rate of ESR1 mutations in advanced breast cancer is 

22% 62–66. ER co-regulators can also influence response to endocrine therapy. For example, it has 

been shown that overexpression of ER coactivator NCOA3 and downregulation of the corepressor 
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NCoR are associated with tamoxifen resistance 67,68. Another mechanism for endocrine resistance 

includes cell cycle molecules. Upregulation of positive cell cycles regulators (e.g. MYC, CCNE1, 

CCND1) results in therapy resistance by activation of cyclin-dependent kinases (CDKs) and 

inhibition of negative regulators p21, p27, and Rb  69–72. Alternatively, tumors can trigger 

activation of other pathways to circumvent the inhibitory effect of endocrine therapy. Growth 

factor pathways such as HER tyrosine kinase family, IGFIR, FGF, and Akt have been all 

implicated as ER-independent survival pathways 73–76. In addition, pathway activation through 

downstream targets, such as PI3K activating mutations or loss of PTEN tumor suppressor gene 

have been reported  77.  

1.3.3 Targeted therapy 

1.3.3.1 HER2 Targeted therapy 

Unlike chemotherapy, targeted therapy is very focused towards specific genes and proteins that 

contribute to cancer progression and survival. As mentioned earlier in this chapter, the human 

epidermal growth factor receptor 2 (HER2) is highly expressed in about 1 in 5 women with breast 

cancer, and associated with tumor aggressiveness and poor survival. HER2 belongs to the family 

of receptor tyrosine kinases, such as the epidermal growth factor receptor (EGFR), HER3, and 

HER4. In most cases, the signal is generated by ligand binding to one of the members and 

dimerization with HER2 to regulate cell behavior 78. The massive amplifications and 

overexpression of HER2 in breast tumors leads to chaotic constitutive signal activation to drive 

tumorigenesis 79. Discovery of the oncogenic role of HER2 in breast cancer has culminated in the 

development of the anti-HER2 antibody Trastuzumab for HER2+ tumors 80,81. The molecular 

mechanism of Trasstuzumab is very complicated but can be grouped into three parts; 1) As an 
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antibody, Trastuzumab targets and blocks HER2, which attracts the immune system to tumor cells 

for destruction by immune system antibody-dependent cellular cytotoxicity (ADCC) 82,83, 2) 

Binding of Trastuzumab to HER2 can recruit c-Cbl leading to HER2 ubiquitination 84, and 3) By 

interfering with HER2 dimerization, Trastuzumab inhibits the MAPK and PI3K/Akt pathways, 

leading to cell cycle arrest 85–87. The continuous interest in finding options for HER2 inhibition has 

led to the development of another humanized antibody, Pertuzumab. While Trastuzumab binds 

close to the transmembrane domain, Pertuzumab binds directly to the dimerization domain of 

HER2, showing efficacious inhibition 88. Unsurprisingly, dual HER2 blockade with both 

antibodies has been associated with prolonged both progression-free survival and overall survival 

89–91.  

 In addition to HER2-homing drugs (e.g. Trastuzumab), HER2 signaling can be inhibited 

using kinase inhibitors that compete with adenosine triphosphate (ATP) and inhibit its catalytic 

function 92. Examples of drugs from this class include the first tyrosine kinase inhibitor approved 

for HER2 Lapatinib, and the newer irreversible HER2 inhibitor Neratinib 93,94. In advanced breast 

cancer, Lapatinib has shown significant benefit after resistance to Trasuzumab, and the 

combination of both showed higher response rate 95,96. 

Trastuzumab has tremendously improved outcome in HER+ breast cancer patients. 

However, less than 35% of the patients respond initially, and about 70% of those who respond to 

treatment progress to metastasis, suggesting both inherited and acquired resistance 97. It has been 

proposed that the resistance to Trastuzumab can be due to HER2 structural mutations, alternative 

upregulation of other tyrosine kinase receptors, or alterations in HER2 downstream signaling. 

Some HER2 mutations can lead to proteolysis of its extracellular domain which inhibit binding to 

Trastuzumab. A well-known example of such process is the generation of truncated p95HER2 
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isoform with constitutively active kinase activity 98–100. Other studies suggested that ERBB2 L869R 

is functional mutation that leads to increased sensitivity to Neratinib, but upon progression tumors 

acquired ERBB2 T798I mutation that conferred resistance 101. similarly, ERBB2 L755S has shown 

to be a mechanism of induced acquired resistance to Lapatinib in cell lines models 102. Another 

mechanism for resistance to HER2 targeted therapy can be achieved by overexpression of other 

tyrosine kinase receptors. For example, overexpression of HER3 can overcome inhibition of HER2 

by Trastuzumab, which subsequently leads to PI3K downstream activation 103,104. Similar 

examples include insulin-like growth factor 1 receptor (IGF1R) and c-Met whose overexpression 

is involved in treatment-acquired resistance to Trastuzumab 105,106. The last proposed mechanism 

for HER2 therapy resistance involves alternative activation of downstream mediators. The most 

notable examples in this category are PTEN inactivation and/or PI3K/Akt activation. It has been 

reported that 36% of HER2+ primary breast tumors show loss of PTEN, which was associated 

with remarkable resistance to Trastuzumab 85. In addition, PI3KCA activating mutations were 

reported in 25% of patients resistant to Trastuzumab and were associated with shorter progression-

free survival 107,108.  

1.3.3.2 Other targeted therapies 

Over the last decade, our understanding of cancer cell progression has advanced, leading to 

identification of more targets for cancer therapy. Examples of such promising targets include 

CDK4/6 and PI3K/Akt/mTOR targeted therapies. 

 Estrogen can facilitate G1 to S cell cycle transition by activation of CCND1 dimerization 

with CDK4/CDK6 109–111. Amplifications of CCND1 and overexpression of CDK4/6 have been 

reported as frequent occurrences in breast cancer 112. In addition, CCND1 has been shown to 

upregulate estrogen regulated genes by activation of ER  as another survival mechanism in absence 
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of estrogen 113. Thus, dysregulation of this pathway has been reported to be implicated in breast 

cancer, representing unique opportunity for intervention. This has led to the development of 

Palbociclib, Ribociclib as potent CDK4/6 inhibitors. These inhibitors block the ability of CDK4/6 

to phosphorylate retinoblastoma (Rb), a necessary step for growth progression 114. Currently, these 

inhibitors are FDA-approved only for ER+ HER2- in combination with either AIs or Fulvestrant, 

and showed improved outcome versus endocrine therapy alone 115.  

 Being downstream mediators to HER2 and ER, PI3K/Akt/mTOR became principal targets 

for developing new breast cancer regimens. This pathway is altered in more than 70% of breast 

cancers, with the alterations mainly include PIK3CA and AKT mutations (which affects the 

downstream target mTOR), and PTEN loss 116–119. Multiple PI3K inhibitors have been developed 

but unfortunately discontinued due to poor toxicity. The mTOR inhibitor Everolimus has shown 

promising results in combination with AIs in ER+ HER2 postmenopausal women who didn’t 

benefit from AIs only 120. This class is relatively new and multiple drugs are being tested in early 

phase clinical trials targeting the PI3K/Akt/mTOR pathway hoping for better outcome. 

Breast cancer therapy has revolutionized in the last few decades. The breast cancer 

community around the world are working together find better ways for breast cancer prevention 

and treatment. For example, immunotherapy is emerging as a new therapeutic option, especially 

the use of PD-1 and PD-L1 inhibitors in triple negative breast cancer 121. Overall, the key will be 

defining the most responsive subset of patients, and predicting the most efficacious drug 

combinations.    
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1.4 BREAST CANCER METASTASIS 

Despite major advancements in early detection and treatment, nearly 30% of early-stage breast 

cancers develop recurrence eventually 122. Unfortunately, patients with metastatic breast cancer 

(MBC) generally have poor 5-year survival rate of about 25% 123,124. Almost all deaths from breast 

cancer do not result from tumors that are confined to the breast but rather from metastases. MBC 

remains challenging to treat, and most patients develop resistance to therapy eventually. This is 

largely due to the patient-specific tumor heterogeneity where cancer cells go through unique 

evolutionary processes to confer resistance. Our understanding of breast cancer metastasis is still 

not complete and needs to be extended to improve long-term control of the disease progression.   

Metastasis is a multi-step and complex biological process that allows for survival and 

spread advantages to cancer cells. One of the postulated theories for metastasis is called the ‘seed’ 

and ‘soil’ mechanism that was introduced by Stephen Paget in the 1980s 125. This means that 

successful growth of the cancer cell ‘seed’ depends on the compatibility with the secondary organ 

‘soil’. Successful metastasis comprises sequential molecular ‘cascade’ through which the primary 

tumor can spread to distant organs 126. The first step involves the development of new blood vessels 

to the growing tumor (angiogenesis) for oxygen and nutrients supply 127. The next step is the ability 

of tumor cells to escape tumor mass. In doing so, tumor cells undergo epithelial to mesenchymal 

transition (EMT) which allow them to diminish their cell to cell adhesion properties. This is usually 

mediated by molecules such as TGFß, MAPK, Wnt, Notch, Hedgehog, and the transcription 

factors Twist and Snail 128. Once escaped, these cells enter the bloodstream (intravasation) 

migrating toward distant target organs. The next obstacle is how to leave blood circulation and 

break the vascular walls (extravasation), and invade the target organ. It has been shown that in 

some organs (e.g. bone and liver) the microvessels walls are weak and highly permeable for cancer 
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cells 129. However, that is not the case in many other organs, where the endothelial lining is very 

tight and not permeable. Therefore, it has been established that tumor cells can form complexes 

with platelets and leucocytes, and interact with chemokines to facilitate metastasis to target organs 

130.  Once in a new target organ, mesenchymal to epithelial (MET) process take place, and the 

tumor cells must adapt to their new environment.  

Cancer cells exert many physiological changes on the colonized organ stroma, such as 

inflammation, immune response suppression, angiogenesis, and release of growth and survival 

factors 131. There is increasing evidence that these modifications occur prior to tumor seeding to 

the target organ, where in response to factors released by the primary tumor, bone marrow derived 

cells create adequate microenvironment in the target organ (pre-metastatic niche) 132. This seems 

to be supported by the ‘organotropism’ phenomenon frequently observed in breast cancer 

metastasis. For example, HER2+ tumors tend to preferentially form metastasis in the brain, where 

heregulin (HER2 ligand) is highly expressed 133. In addition, breast cancer tumors highly express 

the chemokine receptor 4(CXCR4), while its ligand is highly expressed in the most common 

metastatic sites lung, liver, and bone 134.   

One challenging aspect of cancer metastasis is the ‘tumor cell dormancy”, as evidenced by 

late relapses after years or even decades of surgical removal of tumor lesions. Some populations 

of tumor disseminated cells are with low proliferative and invasion capabilities and are unable to 

develop tumors. However, these cells remain viable and eventually they can develop tumors by 

interaction with surrounding microenvironment and acquisition of genetic modifications 135.  

Many mechanisms in the extremely complex process of breast cancer metastasis have been 

identified. However, many mechanisms still need to be elucidated, as MBC is a great clinical 

challenge to treat in oncology. It’s still unclear when and how metastatic cells appear within the 
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primary tumor. Also, with the field of liquid biopsy emerging, identifying circulating tumor cells 

with metastatic properties might provide effective way to predict metastasis at early stage, thus 

adaptation of novel therapeutic approaches.  

1.5 ESR1 AND BREAST CANCER 

The effect of estrogen is mediated in target tissue through binding with two members of nuclear 

receptor superfamily, estrogen receptor alpha (ERα) and beta (ERβ), encoded by ESR1 and ESR2 

genes, respectively 136,137. ERα is the predominant estrogen receptor in estrogen-induce breast 

cancer, thus it will be referred to as ER moving forward. Like other nuclear receptors, ER structure 

consist of A/B domain at the N-terminus with ligand-independent activation function (AF-1), 

DNA-binding domain (DBD, C domain), a hinge (D domain), followed by E/F domain at the C-

terminus, which encompasses ligand-dependent activation function (AF-2) and ligand-binding 

domain (LBD) (Figure 3) 138.   

 

Figure 3: Schematic representation of ESR1 genomic and functional structure 
The numbers represent amino acid sequence from N-terminus (left) to C-terminus (right). The region A/B 
contains the activation function 1 (AF-1) domain followed by DNA-binding domain (DBD) and a hinge in 
regions C and D, respectively. At the C-terminus, the region E/F contains the activation function 2 (AF-2) 
and ligand-binding (LBD) domains. 
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 Once activated by ligand (e.g. estrogen), ER can dimerize and interact with estrogen 

response elements (EREs) in the promoter of wide range target genes to initiate transcription, 

which is known as the ‘classic’ genomic nuclear pathway of ER 139–141. Alternatively, the estrogen-

bound ER can interact with other direct DNA-binding transcription factors (e.g. AP1, SP1, CREB, 

and STAT5), leading to activation of target genes through non-classical signaling 142,143. In 

addition, ER can elicit transcriptional activity in absence of ligand. Activation of receptor tyrosine 

kinases and growth factors (e.g. EGFR, HER2, IGF1R, and FGFR) in response to growth factors 

can activate ERK and PI3K/AKT, which can phosphorylate and activate ER 144.  

 It has been well established that activation of ER plays a key role in ER+ breast cancer 

initiation and progression. Nearly 70% of breast tumors express ER, and changes in its expression 

have been associated with clinical outcome 32. As discussed in previous sections, ER is the 

principal marker for targeted endocrine therapy in breast cancer. The majority of ER+ endocrine 

resistant tumors retain ER expression, suggesting involvement in therapy resistance 145. Many 

mechanisms of in ER activation have been elucidated and these include ESR1 activating mutations, 

increased promoter activity, gene amplifications, and loss of protein degradation. ESR1 gene 

mutations have been detected at low frequency in primary breast cancers 146–149. Subsequent 

studies on metastatic lesions showed substantial enrichment of ESR1 mutations (e.g. hotspot 

mutations Tyr537 and Asp538) in breast cancer metastasis (10-50%) in the LBD, suggesting  a 

mechanism of resistance to endocrine therapy 65,145,150–152. Unlike point mutations, the frequency 

of ESR1 copy number amplifications is very controversial in literature. Importantly, its frequency 

in metastatic breast cancer remain to be elucidated. This subject constitutes large component of 

this dissertation and will be discussed in detail in the subsequent chapters. 
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1.6 PUBLIC HEALTH SIGNIFICANCE 

According to the American Cancer Society, breast cancer alone is expected to account for 30% 

(266,120 cases) of all new cancer diagnoses in women in 2018 in US 153. Breast cancer is the 

leading cause of cancer death in women aged 20 to 59 years, and second leading after lung cancer 

in women aged 60 years or older 154. Despite major advances in breast cancer early detection and 

treatment, 20-45% of the patients relapse years or decades later 155. Although the 5-year survival  

(5YS) of women living with distant metastatic breast cancer (MBC) has improved from 18% 

(1992-1994) to 36% (2005-2012), it is still incomparable to the 5YS of localized disease (>95%) 

156,157. Currently, we lose 40,000 every year within the US alone due to late stage MBC, thus it is 

not considered curable disease. With MBC remains challenging to treat, clearly identification of 

pathways involved in metastatic spread and therapy resistance is essential. 

 One breast cancer subtype under the focus in this dissertation is invasive lobular carcinoma 

(ILC). ILC is considered the second most common breast cancer subtype, representing 5-15% of 

newly diagnosed breast cancers (25,000-30,000 new) 4,5. If considered alone ILC ranks as the 6th 

most common cancer in women 11. Given that the focus in breast cancer research has been on the 

invasive ductal carcinoma (IDC), the incidence of this subtype has been relatively constant in the 

last two decades. In contrast, ILC is an understudied subtype and has been showing significant 

increase in the number of cases 4. In women age ≥ 60, the percent increase in the rate of incidence 

in ILC was more than 2-fold greater than the increase in IDC from 1977-1980 to 1993-1995. In 

addition, despite ILC shows better prognostic and predictive markers (less proliferative and more 

ER positive), this subtype does not necessarily show better survival and outcome compared to IDC 

158,159. Better understanding of etiology and unique biology of the ILC subtype has become a 

necessity and deserve further investigation. Molecular characterization of ILC will aid in 
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identification of unique mechanisms involved in metastasis and endocrine therapy resistance, a 

key for finding therapeutic targets. 

1.7 HYPOTHESIS 

The use of endocrine therapy has substantially improved outcomes and quality of life in patients 

with breast cancer. However, its effectiveness is somewhat limited as about 20-40% of patients 

eventually develop relapse 160. Although ER is the major target for such therapy, the conflicting 

evidence about ESR1 amplifications and gains in literature leaves an unanswered question about 

the frequency and clinical significance of ESR1 amplifications in breast cancer. Moreover, these 

alterations remain to be characterized in the context of breast cancer metastasis. I hypothesize that 

ESR1 amplifications are involved in tumor progression and/or endocrine resistance in metastatic 

breast cancer. 

Despite expressing biomarkers predictive of good prognosis (e.g. being more often ER+), 

ILC patients do not have improved survival compared IDC 159,161. While more than 90% of ILC 

are ER+, a retrospective analysis from the Breast International Group (BIG) 1-98 trial suggests 

that subset of ILC patients does not benefits as much as IDC patients from tamoxifen treatment 

162. Previous characterization of endocrine response in ILC cell lines by our lab identified unique 

transcriptomic regulation in response to E2 163. In that study, the ILC cell line MDA-MB-134 

exhibited resistance to tamoxifen and partial growth induction in response to its metabolite 4-

hydroxytamoxefin (4-OHT). The results address the necessity of further understanding of 

endocrine resistance in ILC. In line with these findings, I hypothesize that ILC has distinctive copy 
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number profile of ESR1 and other genes that are involved in modulation of response to endocrine 

therapy. 

There is increasing evidence that, in addition to the metastasis to common sites, ILC can 

also spread to unique sites such as the urogenital and GI tracts compared to IDC 161,164–166. This 

indicates unique biological differences in between ILC and IDC that yet to be elucidated. With 

ILC being strongly influenced by hormones, I hypothesize that the unique ovary microenvironment 

(including high E2 levels) provides an attractive niche for the unique metastatic spread of ILC. 
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2.0  FREQUENT ESR1 AND CDK PATHWAY COPY NUMBER ALTERATIONS IN 

METASTATIC BREAST CANCERS 

2.1 INTRODUCTION 

Breast cancer is a genetic disease that is driven by accumulations of single nucleotide mutations 

and structural alterations 167. The latter include gene fusions, deletions, tandem duplications, and 

copy number (CN) amplifications such as ERBB2 (HER2), CCND1, and MYC. Over the years, 

there have been several studies showing varying levels of estrogen receptor (ERalpha) gene (ESR1) 

CN amplifications in breast cancer. In 2007, Holst et al identified ESR1 CN amplifications and 

gains in 20.6% and 15.3% of primary breast tumors respectively, using fluorescence in situ 

hybridization (FISH) 168. Subsequently, multiple groups reported ESR1 CN amplifications at much 

lower frequency (0-10%), using FISH and array comparative genomic hybridization (aCGH) 169–

174. Analysis of The Cancer Genome Atlas (TCGA) and Molecular Taxonomy of Breast Cancer 

International Consortium (METABRIC) datasets using cBioPortal 40,175,176 revealed that ESR1 CN 

amplifications are present in only 2.5% and 2.3% of breast cancer samples, respectively. More 

recently, Desmedt et al showed ESR1 CN gains and corresponding increased ESR1 mRNA levels 

in 25% of primary invasive lobular breast cancers (ILC)  177.  

There is less data about structural variants (especially gene fusions) in metastatic breast 

cancer (MBC). There have been reports showing gene arrangements, and ESR1, FOXA1, 

CYP19A1, and ERBB2 CN amplifications in endocrine resistant breast cancer 178–181. Li et al 150 

originally described an ESR1 fusion arising in a PDX model. We have recently identified nine 

additional ESR1 fusions in advanced disease. Importantly we were able to show protein expression 
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of the fusion for some cases 182. The junction between the N-terminal ESR1 gene, and the C-

terminal fusion partner was located between ESR1 exons 6 and 7. Gene fusion events are often 

associated with CN alterations adjacent to the fusion junction and imbalance in DNA CN of the 

exons around the break 183,184.  We therefore designed a novel copyshift algorithm that identifies 

CN imbalances, and applying this algorithm to ESR1, we identified frequent CN imbalances, 

significantly enriched in ER+ metastatic lesions compared to primary breast tumors 182. 

Despite overwhelming evidence for a critical role of ESR1 mutations and increasing 

evidence for ESR1 fusions in endocrine resistant breast cancer, a comprehensive study of ESR1 

CN variations in metastatic disease is lacking.  Here, I set out to characterize ESR1 copy number 

alterations in a set of well curated metastatic lesions, and in a subset of those, their patient-matched 

primary tumors.  I utilized a highly sensitive nanoString-based approach, resulting in high 

resolution data. In addition, I also studied CN alterations in 66 druggable candidate genes with 

known roles in breast cancer progression and metastasis.   

2.2 MATERIALS AND METHODS 

2.2.1 Sample collection 

141 formalin-fixed paraffin-embedded (FFPE) and frozen sections were obtained from eligible 

metastatic cases from the University of Pittsburgh School of Medicine (SOM) Health Sciences 

Tissue Bank (HSTB).  Collection and analysis of specimens were approved under the University 

of Pittsburgh IRB and Charite Universitätsmedizin Berlin guidelines. When available, patient-

matched primary tumors were included in the study (n=26).  Seven samples were excluded from 
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the study due to unknown ER status. In total, I had 134 samples from 100 patients that met the 

study criteria (82 ER+ and 52 ER-), including 26 primary tumors (15 ER+ and 11 ER-) and 108 

metastases (67 ER+ and 41 ER-).  In some cases, multiple primary tumors or metastases were from 

the same patient. More than 85% of the samples had tumor cellularity > 40%. Clinicopathological 

characteristics are provided in Data Supplement 1: Table S1.  Information on ER status, source of 

tissue, site of metastasis, histologic subtype were collected. 

2.2.2 Immunohistochemistry (IHC) 

Hematoxylin and eosin (H&E) and ERα staining procedures were performed at the Histology and 

Micro-imaging Core (HMC) facility at Magee-Women’s Research Institute (MWRI). ER IHC was 

performed using the mouse monoclonal antibody: Novacastra Leica, Catalog No: NCL-L-ER-

6F11. Analysis of histological classification was performed by two pathologists (Drs. Peter Lucas 

and Esther Elishaev) (Data Supplement 1: Table S1). 

2.2.3 DNA isolation 

DNA was isolated from 4-6 formalin-fixed paraffin-embedded (FFPE) macrodisected sections (10 

µm) per sample depending on tumor size and cellularity using the Qiagen AllPrep FFPE kit (cat# 

80234) as per manufacturer’s instructions. DNA from frozen samples was extracted using the 

Qiagen DNeasy kit (cat# 69506) according to the manufacturer’s instructions. All DNA 

quantifications were done using Qubit dsDNA HS/BR assay kits (ThermoFisher). 
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2.2.4 Control samples for nanoString and Digital droplet PCR (ddPCR) comparison 

I isolated DNA from MCF-7 long-term estrogen-deprived (LTED) cells, BT-474, and MCF10A 

cells for validation of CN calls. MCF-7 LTED cells have ESR1 amplifications 150, and BT-474 

cells have been described to have a heterozygous ESR1 deletion (Cancer Cell Line Encyclopedia 

(CCLE)) 185. MCF10A is a non-tumorigenic epithelial cell line with normal (2N) ESR1 CN 186.  

2.2.5 Digital droplet PCR (ddPCR) 

Primers and probes were designed and ordered through Integrated DNA Technologies (IDT) for 

ESR1 and Bio-Rad for two reference genes recommended by the manufacturer (EIF2C and 

AP3B1) (Table 9). 60 ng of control samples were processed for ddPCR analysis as previously 

described 187. Briefly, DNA samples were combined with primers, probes, and supermix, and then 

added to cartridge. Droplets were generated using Biorad QX100 Droplet Generator and 

transferred into a 96-well plate for PCR amplification, and a droplet reader (Biorad QX100 Droplet 

Reader) was used to count PCR+ve and PCR-ve droplets. Data were analyzed using QuantaSoftTM 

software (Bio-Rad) where target concentration was normalized to reference concentration and 

multiplied by the number of reference loci in the genome (ideally 2) to generate copy number calls. 

2.2.6 nanoString 

In collaboration with the manufacturer, I designed 100bp DNA hybridization probes for a total of 

67 genes (Data Supplement 1: Table S2), including ESR1 (n=10 probes) (Figure 24), and 66 genes 

known to be frequently altered in breast cancer (n=3 probes per gene).  For the latter, we queried  
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TCGA breast cancer dataset and previous breast cancer metastasis studies 152,188–190,  with a focus 

on potentially druggable genes as identified in drug gene interaction database (DGIdb) 191. 

Although there is a limitation in this approach by decreasing the chance of finding more novel 

alterations, it is still focused , well curated, and represent a comprehensive panel for potential 

cancer genes.  Processing of CN data was performed as per manufacturer recommendations. 

Briefly, DNA samples were fragmented at 37 ⁰C using Alu1 restriction enzyme, denatured at 95 

⁰C, and hybridized overnight with target probes. Post-hybridization sample processing was done 

using the automated nCounter Prep Station. Raw counts were then collected from the nCounter 

Digital Analyzer and transferred to the nSolverTM software (v 2.5) for data analysis 192. Raw counts 

were normalized to 10 invariant reference probes (count normalization) and to reference samples 

pools of normal breast FFPE (n=13) and frozen (n=4) DNA to generate CN calls (Data 

Supplement: Tables S2-S4). Average CN estimate value was calculated per gene based on all 

probes for that gene relative to the CN estimate in the normal sample pool. The 67 genes of the 

nanoString code set for comprehensive quality control assessment of copy number calls between 

FFPE and cell pellet DNA.  

2.2.7 Preparation and sequencing of RNA-seq libraries 

RNA sequencing data was available for a subset of 66 samples (46 ER+), and was used to associate 

correlation between ESR1 CN and mRNA expression. TruSeq RNA Access library preparation 

(illumina) and sequencing was performed at the sequencing core facility at Children’s Hospital of 

University of Pittsburgh Medical Center (UPMC) using the NextSeq500 platform that produced 

paired-end reads (2X75bp). Gene expression values for ESR1 were calculated using counts per 
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million normalized to trimmed-means of M-values (TMM-normalized CPM) using DESeq2 and 

edgeR packages in R 193,194.  

2.2.8 ESR1 validation datasets 

Patients data from the American Association for Cancer Research (AACR) GENIE and Memorial 

Sloan Kettering Cancer Center (MSKCC) was available through cBioPortal 195,196. Access to 

Foundation Medicine (FM) data was provided through collaboration with Drs. Ryan Hartmaier 

and Ethan Sokol. Statistical analyses with p value significance of 0.05 were performed in R and 

GraphPad. Figures were plotted using ggplot2. 

2.2.9 Statistical and bioinformatics analysis 

R environment was used for statistical computing and graphics 197. Oncoprints visualizing multiple 

genomic alterations were generated using ComplexHeatmap package 198. CN increase by 35% (CN 

≥2.7) and decrease by 50% (CN ≤ 1) were considered gains/amplifications and deletions, 

respectively. Copy number calls above ≥10 were considered high amplifications. For other genes 

in the panel, I used one copy number cutoff of ≥5 as amplification. Plots and heatmap of actual 

CN imbalance and shifts were generated using ggplot2 and heatmap.3 packages, respectively 

199,200. For CN imbalance, I reported only shifts of ≥ 30% difference in CN (ratio of ≥ 1.3) between 

ESR1 5’ and 3’ exons, which is similar to the 35% CN increase used to define gains.  Multiple 

correlations between the different ESR1 exons and mRNA expression were clustered by first 

principal component (FPC) scores. Spearman and Pearson correlations, Fisher’s exact, and 
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Wilcoxon rank sum tests were performed in R and GraphPad Prism with significance cutoff of 

0.05. 

2.3 RESULTS 

2.3.1 Sensitive and efficient measurement of DNA CN changes using nanoString 

technology 

First, I set out to determine, in our hands, which platform (ddPCR or nanoString) is best suited for 

quantifying CN alterations. I determined ESR1 CN status in MCF7-LTED, BT-474, and MCF10A 

cells by ddPCR, using EIF2C and AP3B1 reference probes. Our CN calls were consistent between 

the two probes for the ESR1 CN normal (MCF10A) and deletion (BT-474) models, but not MCF7-

LTED cells, that have a known ESR1 amplification (Figure 4A and Data Supplement: Table S5). 

These data suggested that use of two references probes was not sufficient for accurate measurement 

of CN. Next, ESR1 CN was measured using nanoString technology, where ten reference probes 

were included in the library. This analysis correctly identified CN in the three control cell lines. I 

then performed extensive quality control experiments to test sensitivity and reproducibility of the 

CN calls within and between the nanoString runs using DNA from fresh cell pellets and from 

processed FFPE sections.  There was a high correlation between DNA isolated from fresh and 

fixed samples (Figure 4B-C, and Data Supplement: Table S7; rho > 0.9, p < 2.2e-16) and excellent 

reproducibility between different nanoString runs using the same DNA (Figure 4D-E and Table 

S8; rho > 0.99, p < 2.2e-16). I therefore proceeded using nanoString technology for the 

characterization of CN alterations in a large set of well curated breast tumors. 
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Figure 4: nanoString and ddPCR CN analysis in control cell lines 
A. ddPCR ESR1 copy number analysis of MCF7-LTED, BT-474, and MCF10A cell lines that represent 
amplification, deletion, and normal copy number models, respectively.  The X-axis represents CN status for 
the ESR1 gene that was normalized separately using two reference genes normalizers (AP3B1 and EIF2C). 
The red bidirectional arrow indicates inconsistent ESR1 CN calls for MCF7 LTED. Error bars of the droplet 
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Poisson distribution for the 95% Confidence Interval are indicated for each data point. NTC; non-template 
control. B-C.  Comparison of nanoString CN calls from FFPE vs immediately processed high quality (HQ) 
samples of the same cell lines (top; BT474, bottom; MCF7LTED) showed very high correlation (Pearson’s 
rho > 0.9, p < 2.2e-16). Data points at extreme ends (i.e. very low or very high expressed genes, n=6) are not 
included in the graph for better visualization of data (addition/exclusion didn’t change rho value 
significantly). Plots of 61 genes and invariant controls shows highly correlated absolute CN calls for HQ and 
FFPE DNA of each cell line (top; BT474, bottom; MCF7LTED). Y-axis represent CN calls for each gene. 
D-E. MCF7LTED HQ and FFPE DNA was analyzed twice within the same run (D) and in two separate runs 
(E) to assess reproducibility. Reproducibility was very high within and between the runs (Pearson’s rho > 
0.99, p < 2.2e-16). 

 

2.3.2 Frequent ESR1 amplifications in metastatic breast cancer 

Our probe design targeted ESR1 untranslated exons (E1 and E2), promoter region, and coding 

exons (E3-E10) (Figure 24). ESR1 CN was measured in a total of 134 tumor samples, defining CN 

≥ 2.7 as gain, and CN ≥ 10 as amplification (Figure 5).  When averaging CN calls from all ESR1 

probes, I detected ESR1 amplifications in eleven (13.5%) out of 82 ER+ tumor samples (67 

metastases and 15 primary) (Figure 5A and Table 2).  Specifically, eight (9.8%) samples had CN 

gains and three (3.7%) samples had amplifications. There was a trend for enrichment of ESR1 

amplifications in metastatic samples (14.9%) compared to primary samples (6.6%).  Bone 

metastases showed significant enrichment for amplifications vs primary and ovaries (Figure 5B 

and Table 2; p <0.05). 

In ER- tumors (41 metastases and 11 primary), I did not detect any sample with 

amplification, and found only one primary tumor with a CN gain (Figure 5A and Table 10). ESR1 

amplifications were significantly enriched in ER+ vs ER- tumors (Table 3; p = 0.0192).  

Since our cohort included 13 ER+ patient-matched primary-metastatic tumor pairs, I was 

able to explore if any metastatic lesions demonstrated an increase in CN as compared to their 

matched primary lesions. Indeed, I observed this for one pair, where the ER+ primary tumor BP51 
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already had a gain in ESR1 (CN 3.9), and the patient-matched brain metastases BM51 showed high 

level amplifications (CN 10.9) (Figure 5C and Figure 26).  

We have recently described a novel algorithm that might aid in identification of gene 

fusions from hybrid capture NGS based on the frequent finding of DNA CN imbalance of the 

exons at a breakpoint associated with fusion 182. The high resolution of our approach allowed us 

to adapt this approach to determine ESR1 CN imbalance by calculating the ratio of CN of 5’ exons 

(3-6) to 3’ exons (7-10). Our analysis revealed that five out of 11 amplified samples (45.5%) 

exhibited ≥ 30% increase in CN (ratio of ≥ 1.3) in the 5` exons (Figure 5D and Table 12, p= 

0.0024), while there was no sample in which the CN of 3’ exons were increased relative to 5’ 

exons.  

In summary, I observed enrichment of ESR1 amplifications in ER+ and recurrent samples, 

with indications for metastatic site tropism. I also identified frequent 5’-3’ exonic imbalances 

indicating potential breakpoints in the ESR1 gene. 
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Figure 5: Frequent ESR1 amplifications in metastatic breast cancer 
A. Oncoprint visualization of ESR1 copy number alterations in ER+ (top) and ER- (bottom) samples. Levels 
of amplification and deletion are color coded. Each column represents a single sample (sample IDs labelled 
as: grey; primary tumor, black; metastasis). Each row indicates copy number call of the correspondent single 
exon probe. Untranslated exons (E1 and E2) are annotated with ‘*’ symbol. P; Promoter probe. ESR1_ave: 
average copy number call of all probes. B. Distribution of ESR1 copy number amplifications by site (primary, 
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brain, bone, GI, and ovaries as indicated by arrows) and ER status (color coded). Bone metastases showed 
significant enrichment for amplifications vs primary and ovaries (Fisher’s exact test, p <0.05). C. Single pair 
where the brain metastasis had higher level ESR1 amplifications compared to its primary tumor. D. Graphical 
representation (left; actual copy number) and heatmap (right; ratio) of 5’-3’ copy number imbalance among 
the ESR1 amplified samples. The dark red color indicates higher copy number amplification toward the 5’ 
side of ESR1 (Wilcoxon matched pairs signed-rank test p = 0.0024). 

 

 

Table 2: ESR1 copy number alterations by site in ER+ samples 

 

 

Table 3: ESR1 copy number alterations by ER status 

 



  32 

2.3.3 Correlation of ESR1 CN with ER mRNA and protein expression 

To determine whether ESR1 CN gains and amplifications were correlated with ER mRNA 

expressions, I utilized expression data from our RNAseq analysis.  As expected, I observed higher 

ESR1 mRNA expression in samples with ESR1 gains/amplifications (Figure 6A), although this 

association did not reach statistical significance, likely due to the limited number of samples in the 

CN gains/amplification group for which RNAseq data was available (n=3). There was however a 

correlation between CN and expression with the group of ESR1 amplified samples (Figure 25). 

The first translated ESR1 exon E3 was most predictive for mRNA expression (Figure 6B and Data 

Supplement: Table S9; rho=0.34, p= 0.0219).  

Subsequently, I evaluated the effect of ESR1 amplifications on ER protein expression. IHC 

staining for ER (3 amplified vs 3 normal) revealed very strong and homogeneous ER expression 

in the amplified samples (Figure 6C).  Some samples showed high ER protein expression despite 

normal CN (Figure 27), which is likely the result of either sub-threshold amplifications or 

transcriptional/posttranscriptional regulation of ER expression. 
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Figure 6: Correlation of ESR1 copy number with mRNA expression and immunohistochemistry 
(IHC) 
A. Box plot comparison of ESR1 mRNA expression between normal vs gain/amplification groups (Wilcoxon 
rank-sum test, p=0.233). Y-axis: TMM-normalized log2 of count per million (CPM). B. Correlation matrix 
plot of ESR1 copy number calls by different exons and mRNA expression. Multiple correlations were 
clustered by first principal component (FPC) scores. Bigger and darker blue circles represent higher 
correlation. Red outline represents significant p-value for correlation with mRNA expression (p < 0.05). C. 
IHC staining of ESR1 amplified (top row) and normal samples (bottom row). Correspondent ESR1 DNA 
copy number calls are indicated below each image. 
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2.3.4 Validation of ESR1 CN amplifications enrichment in additional cohorts 

Driven by the enrichment of ESR1 CN amplifications in our metastatic cohort, I sought to validate 

these findings in three additional datasets (AACR_GENIE, MSKCC, and FM) that used NGS 

approaches 201–204. Our analysis revealed significant enrichment for ESR1 amplifications in 

metastatic samples versus primary tumors (Figure 7A). The frequency of the amplifications in the 

metastatic cohorts were 1.65% (n=27/1637)), 2.28% (n=19/835), and 1.84% (n=122/6629) in 

AACR_GENIE, MSKCC, and FM respectively. On note, these alterations are probably 

underestimated given that I did not limit the study to ER+ tumors due to lack of ER status 

iformation in the AACR_GENIE and MSKCC. Indeed, correction of FM for ER status increased 

the frequency to 3.71%. Furthermore, analysis of survival data from MSKCC showed significantly 

worse overall survival (OS) even after performing metastasis-only analysis (p value <0.05, Figure 

7B). 
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Figure 7: Metastasis enrichment for ESR1 amplifications in validation datasets 
A. Barplot for the percentage of ESR1 amplifications in three different genomic datasets (FM was also plotted 
by ER+ only). Sample sites are color coded (grey, primary; red, metastasis). Actual counts for amplified 
samples are indicated on the top of each bar, with p values for metastatic enrichment. AACR, American 
Association for Cancer Research; MSKCC, Memorial Sloan Kettering Cancer Center; FM, Foundation 
Medicine. MSKCC is also a major contributor to the AACR_GENIE dataset.  B. Kaplan-Meier curves for 
MSKCC survival data grouped by ESR1 CN status (red, amplified; blue, not amplified) for both primary and 
metastatic (left) and metastatic cases only (right). 
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2.3.5 CN alterations of known and potential breast cancer driver genes other than ESR1 

In addition to ESR1, I extended our CN analysis to 66 genes with described roles in breast cancer 

progression and metastasis.  The genes with most frequent CN amplifications are shown in Table 

4 and Figure 28. The most amplified genes were ERBB2 and GRB7 (35%), showing amplifications 

of 44% and 21% in brain and bone metastases, respectively. Previous studies have reported co-

amplifications of ERBB2 and GRB7 on amplicon 17q12 205–207.  This was confirmed by our eSNP-

karyotyping analysis using RNAseq data from a subset of our samples that predicts the 

amplification to cover a broader region rather than being limited to a focal event (Figure 29). 

The analysis of CN alterations also revealed numerous deletions. The most frequently 

deleted gene was TP53 (10%) and this loss was mainly observed in brain metastases (15.4%) 

(Table 4 Figure 28).  Metastases site-unique or enriched CN alterations were seen for a number of 

genes, including higher rates of FADD amplifications (17%) in bone metastasis compared to other 

metastatic sites, and higher rates of PTK2 and PKIA amplifications (~10-20%) in brain and GI 

metastases. Additionally, comparison of ER+ vs ER- brain metastases showed significant 

enrichment of FGFR1 amplifications in the ER+ group (Figure 30; p= 0.0221). The comparative 

analysis between ER+ and ER- tumors was only possible in the brain metastases cohort where I 

had balanced distribution of ER+ vs ER- tumors.   

Multiple co-occurrence analysis identified multiple gene combinations that are enriched in 

ER+ tumors (Figure 8A, top panel; p < 0.05). For example, I confirmed previously reported co-

amplifications of genes (CCND1, CTTN, FADD, PAK1, AAMDC, and FGF19) at the 11q13 

amplicon 208–213 , of MYC (8q24) and ERBB2 (17q12)  214–216, and of NCOA3 (20q13) and MDM2 

(12q15) 217 (Figure 8B).  I also observed co-amplification of MDM2 and ERBB3 (12q13), which 

had not been previously described. Further investigation of this co-amplification in TCGA dataset 
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suggested that these amplifications originate from two separate amplicons (Figure 31). Finally, 

there was an enrichment of MYC (45%) and CCND1 (36%) in tumors with ESR1 amplifications 

(Figure 8C; p < 0.05). I identified only one event of co-occurrence in ER- tumors, involving CN 

amplifications of ERBB2 and GRB7 at the 17q12 amplicon (Figure 8A; bottom panel). 

Among the most frequent recurrent deletions, I identified mutually exclusive deletions of 

CDKN2A, CDKN2B, and CDKN1B with amplifications of CCND1 and CDK4/6 (Figure 8D; p < 

0.0001). Expression analysis from RNAseq data showed significant correlation with these CN 

alterations (Figure 8D). 
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Table 4: Most frequent copy number alterations by site 
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Figure 8: Co-occurrence and mutual exclusivity of CN alterations in metastatic breast cancer 
A. Tile plots of ER+ (top) and ER- (bottom) samples for copy number amplifications co-occurrences.  Gene 
pairs with significant co-occurrence are colored in red and marked with ‘*’ in the plot (Multiple Fisher’s 
exact test with FDR adjusted p <0.05). B. Circos plot for genomic co-occurrence events. Circular tracks from 
outside to inside: genome positions by chromosomes (black lines are cytobands); Inside arcs connects genes 
with co-occurrence (red; inter-chromosomal, blue; intra-chromosomal). C. Oncoprint shows enrichment of 
MYC (45%) and CCND1 (36%) amplifications in tumors with ESR1 amplifications (Fisher's exact test; MYC 
p= 0.0083, CCND1, p= 0.0365). D. Top: Oncoprint of samples with CN alterations in the CDKs pathway 
and its inhibitors. Amplifications of the activators CCND1 and CDK4/6 of the pathway were mutually 
exclusive to the deletions of the inhibitory members CDKN1B, CDKN2A, and CDKN2B (Fisher’s exact test 
p < 0.0001). Bottom: RNAseq data for a subset of samples (n=46) shows significant correlation of mRNA 
expression with copy number status for genes of interest (p indicated for Wilcoxon rank-sum test). 

2.4 DISCUSSION 

Breast cancer is increasingly being recognized as a disease of structural aberrations, in addition to 

well described single base pair mutations. The majority of CN studies have been performed in 

primary tumors, at least in part due to difficulties in accessing metastatic tissue. However, this has 

become easier due to the realization of gene expression changes in treatment targets, such as ER 

and HER2, and thus increasing biopsy rates of metastases by clinicians.  There have been some 

conflicting reports on frequencies of ESR1 amplification, ranging from 0 to 30% 169–174. CN has 

been explored using FISH, aCGH, and qPCR, and the NGS is currently evolving as promising 

approach. Due to the potential clinical relevance of this question, I sat out to use a sensitive and 

specific nanoString methodology to measure ESR1 CN in a unique cohort of metastatic, and when 

available patient-matched primary tissues.   

In total, I detected gains or amplifications of the ESR1 gene in 14% of ER+ breast tumors.  

Given the sensitivity and specificity of our method, and careful sampling of tumors with cellularity 

of at least 40%, I am confident that this is a representative number for ER+ tumors.  Previously 

reported wide ranges in detected CN alterations are due, at least in part, to the use of technologies 

with limited sensitivities and specificity such as aCGH, FISH, and qPCR. Our study clearly shows 
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PCR approaches using a limited number of reference genes need to be interpreted with caution.  

Additional reasons for variability include tumor cellularity and threshold for calling gain and 

amplification, as previously discussed 218. 

I observed significant enrichment of ESR1 gains and amplification in the ER+ metastatic 

lesions, compared to the primary tumors, and I was able to validate this finding three independent 

datasets.  In one out of 15 ER+ paired samples, ESR1 CN increased from 3.9 in the primary tumor 

to 10.9 in the patient-matched brain metastasis.  This enrichment suggest for selection of the CN 

increase under endocrine treatment, similar to what has been described for the ESR1 mutations 

152,188, and  HER2 amplifications in brain metastases recently described by us 181.  Although 

somewhat limited by small numbers, I did observe a trend towards a correlation between ESR1 

amplifications and ESR1 mRNA and protein expression, a finding that has previously been 

reported by others 168,219.  Also, the significant enrichment of ESR1 CN gains and amplification in 

bone metastases, an environment that is known to support hormone-dependent tumors, provides 

further evidence for functionality of these CN changes.  However, there are reports in which ESR1 

amplification do not correlate with expression level 171,218,220, and ESR1 amplifications have been 

previously detected in ER- tumors with poor prognosis 221.  Of note, in our study, I only observed 

an ESR1 gain (CN= 2.7) in one ER- sample.  Additional studies are necessary to decipher the 

functional consequences of low level ESR1 amplifications. 

We 182 and others150 have recently identified ESR1 gene fusions in MBC, with the fusions 

generally maintaining DNA binding and the N-terminal transcriptional activation domains, but 

deleting the ligand-binding domain.  We recently described a copyshift algorithm that determines 

imbalance in DNA CN of exons that are 5’ or 3’ to the break 182.  The high resolution of our assay 

design allowed us to detect CN imbalances at the exon level, and I found that five out of 11 
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amplified samples (45.5%) showed at least 30% increase in CN at the 5` side of ESR1.  The lack 

of RNAseq data for four out of these five cases didn’t allow us to characterize the fusions 

extensively. However, these imbalances are indicative of genetic rearrangements, therefor our 

future studies will test whether these tumors harbor ESR1 fusion genes, and if so, which ones might 

be non-functional vs drivers of endocrine resistance. 

The clinical relevance of ESR1 CN is unclear at this point in time.  ESR1 amplifications 

have been associated with improved 168,218,219 as well as worse outcome 222 in patients treated with 

endocrine therapy. In endocrine resistant cell line models 223 and in a patient-derived xenografts 

(PDX) model 150 with ESR1 amplifications,  estradiol treatment resulted in tumor regression. We 

recently described a metastatic breast cancer case with ESR1 amplifications that showed sustained 

partial response to high dose estradiol treatment as measured by CA 27-29 level and by decrease 

in liver metastasis burden 224. These findings might deserve further exploration in a clinical trial 

setting including prospective measurement of ESR1 CN. 

Analysis of 66 other - mainly druggable - genes revealed frequent ERBB2 and GRB7 

amplifications in different metastatic sites, with an enrichment in brain metastases. These results 

support the increasingly growing need of testing for HER2 in metastatic settings 225,226. 

Amplifications of genes at the 11q13 locus has been reported in in about 15% of primary breast 

cancer cases, and is associated with poor prognosis 208–213. In our analysis, amplifications of 

multiple genes at this locus (CCND1, CTTN, FADD, PAK1, AAMDC, and FGF19) were also 

frequent in multiple metastatic sites. Intriguingly, I observed co-amplification of ERBB3 and 

MDM2, which has not been previously described.  Given prior evidence for functional interaction 

between ERBB3 signaling and MDM2 complex formation, co-amplification might be selected for 

in some tumors.  Similar to ESR1, some amplifications also showed organ tropism. For example, 
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brain and GI metastases showed higher PTK2 and PKIA amplifications (~10-20%), while FADD 

amplifications were more frequent in bone metastases (17%). In our patient-matched samples, 

most of the CN alterations were maintained in the pairs except for two pairs where there was slight 

increase in CN for PKIA, PTK2, and FGFR4 in the metastases (Figure 32). Moreover, FGFR1 

amplifications were more enriched in ER+ vs ER- brain metastases. 

Cyclin-dependent kinases (CDKs), which control transitions through the different stages 

of cell cycle, have been considered as promising targets for cancer therapy. 

Amplifications/overexpression of CCND1 (CDK4/6 activator) and loss of  CDKN2A (p16, 

CDK4/6 inhibitor) have been described in primary breast cancer patients 111,227–232 . Preclinical and 

in vitro data across multiple cancers support that loss of CDK4/6 inhibitory members may serve 

as biomarkers for CDK4/6 inhibition sensitivity 114,233–237. On the other hand, clinical evidence in 

breast cancer trials performed thus far showed that CCND1 amplifications or p16 loss were 

unlikely to predict treatment benefit 238. However, these trials assessing p16 as a biomarker were 

earlier phase with small sample size, and didn’t show if concurrent alterations in other genes 

existed, which can alter response to therapy. In our analysis, 32 out of 108 metastases (29%) 

showed aberrations in the CDKs pathway in general and 24 samples (22%) had alterations in the 

CCND1-CDK4/6 axis specifically. Among those, deletions of the CDK4/6 inhibitors CDKN2A/B 

were significantly mutually exclusive to CCND1 amplifications, and correlated with mRNA 

expression, suggesting functional consequences for the alterations. Those deletions were 

maintained in the paired metastases, which supports the concept of using CDK4/6 inhibitors in 

metastatic settings as previously done. Moreover, it is important to note that these deletions also 

occur in ER- tumors (some of them might also have HER2 amplifications). Most clinical trials 

have been conducted in patients with ER+/HER2- breast cancer. Our data suggests that testing of 
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CDK4/6 inhibitors in other subgroups (e.g. ER-) deserve further investigation. Collectively, these 

data define a subset of metastatic tumors that can be more sensitive to CDK4/6 inhibition therapy. 
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3.0  ENRICHMENT OF ESR1 COPY NUMBER AMPLIFICATIONS IN ENDOCRINE 

RESISTANT INVASIVE LOBULAR CARCINOMA 

3.1 INTRODUCTION 

As discussed in Chapter 1, ILC is a different histological disease than IDC. Despite clinical and 

pathological differences, ILC patients are treated as those with IDC, due to the lack of knowledge 

of targetable pathways underlying the observed differences. Several studies have dedicated efforts 

to mutational and copy number characterization of breast cancer 239. However, ILC was clearly 

underrepresented, which limits our understanding of the genomic alterations that drive this unique 

subtype of breast cancer. Growing evidence suggests that ILC is enriched for mutations targeting 

PTEN, TBX3 and FOXA1, in addition to the best known ILC genetic hallmark CDH1 16. 

Concurrent Loss of PTEN and AKT phosphorylation have also been noted as driving pathways. In 

addition, ERBB2 and ERBB3 mutations have been reported in about 3-5% of ILC patients, 

suggesting a role of the human epidermal growth factor in driving ILC progression 177.  

ESR1 gene mutations have been detected at low frequency in primary breast cancers 146–

149. Although ER has been the principal marker for targeted endocrine therapy in breast cancer, 

copy number alterations of ESR1 have been understudied, especially in metastatic settings and in 

unique primary tumor subtypes such as ILC. Comprehensive portrayal of these alterations in 

metastatic samples has been analyzed and discussed in depth in the previous chapter. This chapter 

characterize ESR1 copy number (CN) alterations and their clinical relevance in primary ILC. It 

also explores copy number changes among other candidate driver genes potentially involved in 

endocrine resistance. 
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3.2 MATERIALS AND METHODS 

3.2.1 Sample acquisition 

Formalin-fixed paraffin-embedded (FFPE) sections were obtain from 71 primary ILC cases 

(including 18 with recurrences) diagnosed between 1990 and 2011 through University of 

Pittsburgh Health Sciences Tissue Bank (HSTB). The study was reviewed and approved 

Institutional Review Board (IRB) at the University of Pittsburgh. All samples were ER+ and 

diagnosed as primary invasive lobular carcinoma. Samples with synchronous bilateral and/or 

metastatic breast cancer at the time of diagnosis were excluded. In addition, patients with a history 

of non-breast malignancy within 5 years prior to ILC were excluded. 

3.2.2 DNA isolation 

4-6 FFPE sections were utilized for DNA isolation. Guided by H&E slides, those sections were 

macrodisected to enrich for tumor region and keep cellularity more than 40%. DNA isolations 

were performed using either Qiagen AllPrep FFPE kit (cat# 80234) or the QIAamp DNA FFPE 

kit (cat#56404) as per manufacturer’s instructions. Isolated DNA was quantified using the 

ThermoFisher Qubit dsDNA HS/BR kits. 150ng DNA was used in subsequent nanoString analysis.  

3.2.3 nanoString copy number analysis 

A target panel of 206 hybridization probes covering 67 genes including ESR1 were used in this 

analysis. An average of 3 probes per gene were used, except for ESR1 where I used 10 probes 
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covering promoter, coding and non-coding exons. Detailed description of this approach has been 

described in depth in Chapter 2 (section 2.2.6). Raw counts were normalized to 10 invariant 

reference probes and to reference sample pool of 13 normal breast FFPE samples, using the 

nSolverTM software. Average CN estimate value was calculated per gene based on all probes for 

that gene relative to the CN estimate in the normal sample pool. Detailed copy number calls for all 

genes and samples are illustrated in Data Supplement 2: Table S1. 

3.2.4 ESR1 mRNA expression and H-scores 

ESR1 mRNA expression data was available through previous nanoString expression study by 

Sikora et al, that comprised 695 genes. Raw counts were normalized to multiple housekeeping 

genes (ACTB, RPLP0, GAPDH, and GUSB) using the nSolverTM software. ER histology scores 

(H-scores) were obtained through curation of patients’ clinical data from cancer registry. 

3.2.5 Survival analysis 

Recurrence free survival (RFS) data was available for 68 out of the 71 collected samples, and was 

considered the primary end-point (median follow-up of 15.9 years). RFS was measured as the time 

between date of diagnosis and date of local, regional, or distant recurrence. Samples were grouped 

based on ESR1 amplified vs unamplified groups. Log-rank test was implemented to assess 

significant differences in RFS between the two groups. 



  48 

3.2.6 HER2 and Ecad/p120 immunohistochemistry 

To validate ERBB2 amplifications findings, 5-um FFPE sections were subject to HER2 and dual 

Ecad/p120 staining. The staining was performed at the Histology and Micro-imaging Core (HMC) 

facility at Magee-Women’s Research Institute (MWRI) using standard methods. The Ecad/p120 

mouse antibodies used were Ventana cat.no: 790-4497 and BD Biosciences cat.no: 610134, 

respectively. The HER2 antibody was rabbit monoclonal, Ventana, REF #790-2991.  

3.2.7 Independent validation of HER2 amplifications and mRNA expression in TCGA 

data 

Datasets of HER2 mRNA expression (n=804) and Reverse phase protein array of 804 and 654 

TCGA primary breast tumors were downloaded through cBio portal (Data Supplement 2: Table 

S2) 175. Both data were correlated with GISTIC HER2 copy number and IHC calls forming 6 

groups per dataset (HER2/AMP, HER2-/AMP, HER2+/Gain, HER2-, HER2+/Diploid, and 

HER2+/Del). The GISTIC algorithm groups copy number status into four levels with -2 as deep 

loss, -1= shallow loss, 0=diploid, 1= gain, and 2= high-level amplification. In addition, these 

groups were investigated for enrichment of HER2 PAM50 subtype calls generated from RNA-seq 

data using the genefu package (Data Supplement 2: Table S3) 240.  

3.2.8 Statistical and bioinformatics analysis 

ComplexHeatmap R package was used to generate oncoprints for copy number alterations 198. Chi 

square test with p value significance cutoff of 0.05 was used to test the enrichment of ESR1 
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amplifications in samples with recurrence. Wilcoxon rank sum test was performed for boxplots 

comparisons with p value significance cutoff of 0.05. CN increase by 35% (CN ≥2.7) and decrease 

by 50% (CN ≤ 1) were considered gains/amplifications and deletions, respectively. Copy number 

calls above ≥10 were considered high amplifications. Giving lower resolution for copy number 

amplifications of genes other than ESR1, I used one copy number cutoff of ≥5 as amplification. 

3.3 RESULTS 

3.3.1 Frequent ESR1 amplifications in ILC 

For high resolution of copy number detection, ESR1 was targeted with 10 probes covering non-

coding exons, promoter, and coding exons. I measured ESR1 CN alterations in 71 primary ILC 

samples, and reported the average copy number call of all probes. About 24% (n= 17) of primary 

ILC samples showed gains and amplifications. Particularly, ten samples (14%) had copy number 

gains, while seven samples (10%) showed high amplifications (Figure 9A). There were no ESR1 

deletions in any of the samples.  
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Figure 9: Frequent ESR1 gains and amplifications in endocrine resistant ILC 
A. Oncoprint visualization of ESR1 copy number alterations in primary ILC samples. Levels of amplification 
and deletion are color coded. Each column represents a single sample. Each row indicates copy number call 
of the correspondent single exon probe. Samples with recurrence are annotated with ‘*’ red symbol. P; 
Promoter probe. ESR1_ave: average copy number call of all probes. B. Frequency of ESR1 copy number 
amplifications for the non-recurrent (NR) and recurrent groups (Chi-square test 0.0427). 

 

 Since 18 out the 71 primary ILCs showed either local (n=6) or distant (n=12) recurrence, I 

was able to test if the ESR1 amplifications are enriched in patients with recurrence. 39% (n=7) of 

the group with recurrence showed amplifications while only 19% (n=10) of non-recurrent group 

presented with amplifications (Figure 9B, p value= 0.0427). Overall, the results demonstrate 

frequent ESR1 amplifications in primary ILC especially in samples with recurrence, suggesting a 

role in endocrine resistance.   
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3.3.2 Association of ESR1 amplifications with clinical outcome 

Given that I detected significant enrichment of ESR1 amplifications in patients with recurrence 

(Chapter 2), I wanted to see if those patients confer worse clinical outcome. Recurrence-free 

survival (RFS) data was available for 68 out of the 71 patients. As expected, the patients with copy 

number amplifications conferred worse RFS outcomes, although didn’t reach statistical 

significance (Figure 10A, p value= 0.2). This likely due to the limited number of samples in this 

analysis, especially in the amplifications group.   

3.3.3 Correlation of ESR1 CNAs with mRNA expression and H-score 

Giving that copy number amplifications might potentially have an impact on gene expression, I 

tested if the ESR1 amplifications are correlated with higher mRNA expression. nanoString 

expression data from previous study (Tasdemir, Sikora et al, manuscript in preparation) was 

available for all samples. Indeed, patients with ESR1 amplifications showed significantly higher 

mRNA expression compared to the group without amplifications (Figure 10B, p value= 0.001).  

Next, I sought to assess if ESR1 amplifications are also associated with higher protein 

expression. ER histological scores (H-scores) was available for a subset of 53 samples. Although 

H-scores were slight higher in the group with amplifications, the association did not reach 

statistical significance (Figure 10B). Of note, the median H-score for all 53 samples was 244, 

suggesting involvement of other mechanisms in regulation of ER protein expression. 
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Figure 10: correlation of ESR1 amplifications with RNA and protein expression, and clinical 
outcome 
A. Kaplan–Meier curves of recurrence-free survival (RFS) analysis for the ESR1 amplified (red) vs 
unamplified (blue) groups (p value indicated for log-rank test). B. Box plot comparison of ESR1 mRNA (left) 
and protein (right) expression between normal vs gain/amplification groups (Wilcoxon rank-sum test). 

3.3.4 CN alterations of other breast cancer driver genes 

Our probe design was extended to include additional 66 genes that are previously reported in breast 

cancer progression (Data Supplement 2: Table S1). The most frequently altered genes are 



  53 

illustrated in Figure 11A. Most amplified genes included CCND1(32%), ERBB2 (18%), MDM4 

(17%), and MYC (17%). mRNA expression was strongly correlated with these amplifications 

except for MYC (Figure 11B).  

Analysis of copy number alterations revealed infrequent deletions (Figure 34). The most 

frequently deleted gene was NCOR2 in about 7% (n=5) of samples. All patients with this deletion 

were not recurrent, which align with the previously reported role as independent indicator of poor 

outcome 241.   

 
Figure 11: Most frequently amplified genes in primary ILC samples 
A. Oncoprint visualization of copy number amplifications by genes (rows) and samples (columns). 
Frequencies of the amplifications are indicated to the left side of each row. Top and right-side bars 
show counts for alteration events within a sample and by gene, respectively. B. Correlation of most 
frequently amplified genes in the ILC cohort. Correlation of most frequently amplified genes in the 
ILC cohort. Y-axis: nanoString mRNA expression (log2).  
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Unexpectedly, the frequency of ERBB2 amplifications was higher than previously 

reported, suggesting a novel underestimated role of the ERBB pathway in ILC progression. 

Captivated by this finding, I did HER2 IHC staining for six samples to evaluate protein expression. 

Interestingly, these samples showed small subpopulations of HER+ cells. I further stained these 

samples with Ecad/p120 to confirm that these are epithelial cells. Indeed, the staining of these 

markers overlapped perfectly (Figures 12 and 32). Of note, these tumors would have been called 

HER2- clinically. 

 

Figure 12: IHC validation for HER2 amplified ILC samples 
Staining characterization of two ILC cases with Ecad/p120 (top panel) and HER2 (bottom panel) 
immunohistochemistry. Two fields per sample are shown. 
 

3.3.5 Validation of underrepresented HER2 amplifications in TCGA dataset 

Intrigued by the HER2 findings, I sought to investigate further how common patients with ERBB2 

amplifications can be HER2- by IHC using TCGA data. Surprisingly, about 25% (n=26) of the 

ERBB2 amplified samples were not identified as HER2+ by IHC (Figure 13A). Correlation with 

RNA-seq and RPPA data showed higher mRNA and protein expression for this group (IHC HER2- 
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but ERBB2 amplified) compared to samples without amplifications (Figure 13B). I further 

interrogated the RNA-seq data to assess the possibility of molecular enrichment for the HER+ 

PAM50 subtype. Our analysis revealed that the HER+ signature is enriched in about 15% of the 

HER2-/AMP group (Figure 13C). As expected, the HER2+/AMP group showed the highest 

enrichment (41%) while the HER2 unamplified groups didn’t show any enrichment.  

In summary, these results propose a subset of HER+ tumors with functional expression that 

are usually missed by conventional techniques.  

 
Figure 13: validation of unique HER2 amplifications in TCGA dataset 
A. Distribution of HER2 IHC scores (color coded) grouped by DNA copy number status in TCGA breast 
cancer samples. The group with interest (IHC-/AMP+) is highlighted with red square. B. Correlation of each 
HER2 IHC/copy number group with mRNA (left) and protein (right) expression, from RNA-seq and RPPA 
data, respectively. C. PAM50 molecular predictions (RNA-seq data) for each HER2 IHC/copy number 
group. Each PAM50 subtype is color coded and the percentages for enrichments are indicated. Additional 
details are illustrated in Data Supplement 2.  
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3.4 DISCUSSION 

ILC is a unique disease associated with some unique pathological, clinical, and molecular features 

compared to IDC. Although it represents a significant proportion of breast cancer patients, there 

is no special treatment recommendations for this subtype. The molecular characterization of ILC 

has been increasing in the last few years, with the goal to identify unique pathways that could drive 

development of new therapeutic interventions for patients with ILC. These analyses suggested that 

although there is big overlap with IDC at the molecular level, ILC has fairly a different mutational 

and genomic landscape than that of IDC, as evidenced by high prevalence of alterations in the 

PI3K pathway and unique FOXA1 mutations 16,177. 

Although ESR1 has been an excellent endocrine therapeutic target for decades, there is no 

clear agreement on the clinical relevance of copy number (CN) changes associated with expression 

of this gene, and with response to endocrine treatment. Factors such as sample processing, tumor 

heterogeneity, and sensitivity of the technology used have contributed to inconsistency in the 

frequency of ESR1 amplifications reported in literature. In addition, most of the previous CN 

studies were performed on primary tumors that are enriched for the IDC subtype. As a result, 

characterization of CN changes in unique subtypes such us ILC has been understudied.  

Our CN characterization of ILC revealed frequent ESR1 amplifications in about one-fourth 

of the cases (24%). As expected, these amplifications were associated with significantly higher 

mRNA expression. More importantly, ESR1 amplifications were significantly enriched in samples 

from patients with tumor recurrences, and showed strong trend towards association with worse 

recurrent-free survival, supporting the association with worse overall survival discussed in Chapter 

2. Of note, our findings are in agreement with the recently reported ESR1 amplifications in 25% 

of ILC, association with mRNA expression, and enrichment in aggressive ILC tumors 177. In that 
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study, the alterations were significantly enriched in ILC vs IDC, suggesting a unique role in 

modulating response to E2 and endocrine therapy. Collectively, these findings support further 

clinical investigation in the context of endocrine therapy, such as increased sensitivity to estradiol 

therapy described by us and others 224,242.  

In addition to ESR1, our analysis validated previously reported ILC amplifications in 11q13 

(CCND1, 32%) and 8q24 (MYC, 17%) 16,177,243. Furthermore, I observed frequent ERBB2 and 

MDM4 amplifications in 18% and 17% of the cases, respectively. To our knowledge, these 

represent novel findings and have not been reported with such high frequencies. Interestingly, our 

IHC evaluation of 6 samples (clinically HER2-) with ERBB2 amplifications revealed small 

subpopulations with HER2+ staining. 

Determination of the best biomarker for response to HER2 directed therapy is a 

controversial topic that continues to evolve. For example, although a sub-analysis of IHC HER2- 

cases in the NSABP B31 trial showed benefit to HER2 treatment, there was no benefit for this 

group in the more recent comprehensive NSABP B47 trial that ruled out samples with DNA 

amplifications 244,245.  IHC evaluation of HER2 became routinely in use by the late 1990s and its 

scoring method kept evolving since then 246. Although it is considered a good predictive marker, 

IHC alone does not address the benefit of HER2 treatment in HER2 IHC- patients but with ERBB2 

amplifications, as they will be called HER-. Thus, ILC alone might not be enough to identify HER+ 

samples. Indeed, it has been shown that patients with ERBB2 amplifications, despite being IHC-, 

had worse overall survival compared to IHC- patients without amplifications 247. Our analysis of 

TCGA data showed frequent occurrences of HER2 IHC- but ERBB2 amplified cases, representing 

25% of all amplified cases. This subgroup clearly showed higher mRNA and protein expressions 

compared to the groups without amplifications. In addition, the same group showed molecular 
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enrichment for the HER2 PAM50 predictions compared to the unamplified groups. It is possible 

that factors such as sample processing, poor fixation, variation in antigen retrieval techniques, 

antibody sensitivity and specificity, and variation in scoring methods can contribute to weak or 

false negative HER2 signals 248. Our results support further exploration for the benefit of HER2 

therapy in this subgroup. 
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4.0  COMPREHENSIVE MOLECULAR AND CLINICOPATHLOGICAL 

LANDSCAPE OF UNIQUE INVASIVE LOBULAR CARCINOMA METASTSIS TO 

THE OVARIES 

4.1 INTRODUCTION 

Invasive lobular carcinoma (ILC) is the second most common breast cancer histological subtype, 

accounting for approximately 10-15% of the cases 4,5. Although it accounts for 10% of breast 

cancer, ILC incidence is twice that of invasive cervical cancer and equivalent to that of ovarian 

cancer 249. Both ILC and invasive ductal carcinoma (the more common histological subtype) can 

metastasize to common sites, such as liver, bone, lung, and brain. In 1984, however, Harris et al 

suggested that ILC behaves differently from IDC with regard to metastatic spread 164. In their 

observation, it was clear that ILC tend to metastasize more frequently to the gastrointestinal tract, 

peritoneum, and urogenital organs (e.g. ovaries). Although these differences well indicate 

important biological differences between the two subtypes, these findings were not investigated 

further until two decades later. In 2004, Arpino et al undertook comprehensive metastasis and 

clinical outcome comparison of around 4000 ILC and 45,000 IDC patients with median follow-up 

period of 87 months 161. In their analysis, ILC was three times more likely to spread to ovaries, 

peritoneum, and gastrointestinal system (6.7% vs 1.8% in IDC). Subsequently, two more studies 

by Ferlicot et al and He et al validated and confirmed these findings, supporting a different 

molecular biology of ILC 165,166. Moreover, our analysis of Magee-Women’s Hospital (MWH) of 

UPMC registries from 1994-2014 revealed significant ILC metastasis to ovaries when compared 

to IDC (Table 5). These findings, in addition to accessibility to tissue materials through The Health 
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Science Tissue Bank (HSTB) at UPMC, have motivated us to investigate and characterize further 

the unique pattern of ILC metastasis to the ovaries. 

 

Table 5: Breast cancer metastasis to the ovaries and peritoneum (MWH database from 1990-2014). 

 

4.2 MATERIALS AND METHODS 

4.2.1 Collection of clinical samples 

Collection of 41 samples (13 primary, 28 metastases, 6 normal breast, 4 normal ovaries) was 

performed in collaboration with Health Sciences Tissue Bank (HSTB) at the pathology department 

at MWH under Institutional Review Board (IRB) guidelines. 14 ovarian metastases were matched 

with their 13 primary tumors (two metastases shared the same primary), while 14 samples were 

unmatched (“orphan” samples). Clincopathological features of the patients/tumors are illustrated 

in Table 13 and Data Supplement 3: Table S1. In addition, 6 normal breast and 4 normal ovarian 

samples were collected for comparison and quality control in the subsequent analyses. Analysis of 

histological classification was performed by two pathologists (PL and EE). 
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4.2.2 FFPE processing and nucleic acid isolations 

Overview of the workflow of formalin-fixed paraffin-embedded (FFPE) sample processing is 

illustrated in Figure 35. RNA and DNA were isolated from 3-6 FFPE macrodisected sections per 

sample depending on tumor size and cellularity using the Qiagen AllPrep FFPE kit as per 

manufacturer’s instructions. RNA and DNA concentrations were determined with the Qubit 3.0 

Fluorometer (ThermoFisher Scientific). RNA fragment sizes distributions (DV200 metrics) was 

obtained utilizing either the Agilent 2100 Bioanalyzer or the Agilent 4200 TapeStation. 

Distribution of the samples based on nucleic acid yields and tumor cellularity is shown in Figure 

36 and Table 14, respectively.   

4.2.3 In vitro migration assay to the ovaries 

Collection of mice ovaries from FVB/N mice strain (10 weeks of age) was performed in 

collaboration with Tanya Minteer, Susan Farabaugh PhD, and Rebecca Watters PhD from the Lee 

and Oesterreich groups. Cell lines were subject to overnight serum starvation prior to running the 

assay. 500 μL of media containing 10% fetal bovine serum or desired attractant (e.g. minced 

ovaries) were added to the lower well of the migration plate. 300 μL of the cell suspension solution 

(150,000-300,000 cells in serum-free media) were added to the inside of each insert. Cells were 

incubated at 37Cº with 5% CO2 for 72 hours. Inserts were then washed 2X with PBS, air dried, 

and stained with 400 μL 0.1% crystal violet for 15min at RT. Inserts were washed 3X with water, 

dried on bench, and destained using 300 μL 10% acetic acid for 10min. In the final step, 200 μL 

of the stained cells were transferred to 96-well plate and read in spectrophotometer at 590nm. 

Workflow of the migration assay is illustrated in Figure 37. 
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4.2.4 Immunohistochemistry (IHC) 

Samples were subject hematoxylin and eosin (H&E), Ecad/p-120, and ER staining to confirm the 

characteristic growth patterns of the ILC and IDC subtypes. The staining was performed at the 

Histology and Micro-imaging Core (HMC) facility at Magee-Women’s Research Institute 

(MWRI) using standard methods. Dual Ecad/p120 mouse antibodies used were Ventana cat.no: 

790-4497 and BD Biosciences cat.no: 610134, respectively. ER IHC was performed using the 

mouse monoclonal antibody: Novacastra Leica, cat.no: NCL-L-ER-6F11. Characteristic growth 

and staining patterns for each subtype were evaluated by two pathologists (PL and EE).  

4.2.5 Exome-capture library preparation and RNA sequencing 

Library preparation using TruSeq RNA Access library preparation (Illumina) and sequencing was 

done at the Genomic Core Facility at Children’s Hospital of UPMC. RNA samples were 

sonication-fragmented, followed by cDNA synthesis, adapters ligation, and PCR amplification. 

Lastly, biotinylated probes were hybridized to the target regions (exome), followed by capture step 

using streptavidin beads, then elution of the beads. NextSeq500 platform was used to produce 

2X75bp paired-end reads with target reads of 40-50 million. General overview of subsequent 

RNA-seq analyses workflow is described in Figure 38. 

4.2.6 Processing of raw data, gene expression quantification, and normalization 

Gene transcripts quantification from RNA-seq data was performed from FASTQ files using the 

quasi-mapping-based mode of Salmon v0.8.2 and Ensembl GRCh38 v82 transcripts annotation 
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GTF file 250. Gene counts from Salmon were then converted to counts per million normalized using 

trimmed-means of M-values (TMM-normalized CPM) with edgeR package 194. Log2 transformed 

CPM were used for plotting in subsequent analyses. To produce binary alignment map (BAM) 

files, two-pass STAR v2.4 package was used in Linux-based environment 251. FASTQ reads were 

aligned to the genome using locally generated genome indexes produce by the same package. 

Detailed RNA-seq information about read counts and mapping rates are available in Data 

Supplement 3: Table S2.  

4.2.7 Quality assessment of RNA sequencing data, principal component analysis, and 

molecular validation of paired samples 

Quality control assessment of RNA-seq data was performed using QoRTs v1.1.8 package using 

gene mapping rates and reads as inputs 252. Detailed RNA-seq QC metrics such as base-quality 

score, clipping rate, gene-body coverage are illustrated in Figure 39 and Data Supplement 3: Table 

S2. To broadly explore transcriptomic difference between the samples, principal component 

analysis (PCA) was performed using the top 5000 most variable genes defined by interquartile 

range (IQR) in R environment (Figure 40) 197. Outlier samples were excluded from further 

differential expression analysis. Paired samples were molecularly validated from RNA-seq data 

using the tumorMatch custom algorithm developed by Priedigkeit et al then plotted using corrplot 

package in R (Figure 41) 253,254. 
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4.2.8 Intrinsic PAM50 molecular subtyping analysis 

Log2 TMM-normalized CPM values were used for PAM50 predictions using the genefu package 

in R 240. Giving the sensitivity of this algorithm to ER status (test-set bias), a cohort of 20 balanced 

ER+ and ER- samples as primary cohort, then query samples of unknown molecular subtype were 

added. Each sample was tested 20 times and the mode was used as the final discrete PAM50 

subtype. The average probability of all 20 testes was used as the final probability score. 

Visualization of the resulted PAM50 calls and scores was performed using the ggplot2 package in 

R.  

4.2.9 Differential gene expression analysis 

Gene counts produced by Salmon were used as input for differential expression analysis between 

the primary and metastatic samples, using the DESeq2 package 193. The analysis was done twice 

using both the paired (for matched primary-metastasis) and unpaired mode (for all samples) of the 

package. Then, each analysis was compared to differentially expressed genes between normal 

ovaries vs primary tumors to correct for noise by site-specific genes (Figure 42). Genes with log2 

fold change below 0.5 in each comparison were considered potential ovary-specific and were 

excluded. I used a cutoff of 2-fold change and adjusted p-value <0.05 for genes to be significantly 

up or down regulated (Data Supplement 3: Table S3). A heatmap of hierarchical clustering of the 

differentially expressed genes was generated using the heatmap.3 function 

(https://github.com/obigriffith/biostar-tutorials/blob/master/Heatmaps/heatmap.3.R). Distance 

measurements of 1- Pearson correlation and the ‘average’ clustering agglomeration method were 

also implemented. 

https://github.com/obigriffith/biostar-tutorials/blob/master/Heatmaps/heatmap.3.R)
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4.2.10 ConsensusPathDB (CPDB) pathway analysis 

Gene set pathway over-representation analysis was performed in CPDB using interactions of 32 

databases 255. Enriched pathway-based sets parameters included a minimum of two input genes 

and hypergeometric p-value cutoff of 0.01 for the overlap of each predefined pathway set with the 

input gene list. Significantly upregulated pathways were plotted using the ggplot2 package in R 

199.  

4.2.11 Analysis of clinically actionable transcriptomic alterations 

Data set of 399 clinically actionable genes was obtained from the Drug-Gene Interaction Database 

(DGIdb) 191,256. Only genes with CPM value above one in at least two samples were included. In 

addition, genes due to site-specific contamination were excluded by comparison to highly 

expressed genes in normal ovaries vs primary tumors. As a result, 73 genes made it to the final 

analysis (Data Supplement 3: Table S4). Only genes with at least 4-fold change difference between 

paired metastasis vs its primary tumor were reported. Genes with changes in at least two pairs were 

plotted using the oncoprint function in ComplexHeatmap package  198.  

4.2.12 MYCN survival analysis 

MYCN gene expression and disease-specific survival (DSS) were obtained from the Molecular 

Taxonomy of Breast Cancer International Consortium (METABRIC) through Synapse software 

platform (syn1688369; Sage Bionetworks, Seattle, WA, USA). ER+ Patients were classified base 

on MYCN expression as upper quartile (>q3) vs lower quartile (<q3) groups. Additional analysis 
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of ILC-only and IDC-only cohorts was also performed. Data acquisition, analysis, and 

visualization was completed in collaboration with Kevin Levine. 

4.2.13 MammaSeq DNA Library Preparation and Ion Torrent Sequencing 

Targeted sequencing was performed using the MammaSeqTM panel (Thermo Fisher Scientific) 

which comprises 78 genes, with 688 amplicons targeting 1398 mutations (Data Supplement 3: 

Table S5) (Smith et al, manuscript under review). 25-100 ng DNA was used per each amplicon 

pool for library preparation of FFPE samples.  Library preparation was performed using the Ion 

AmpliSeq™ Library Kit 2.0 and Ion Xpress™ Barcode Adapters. Sequencing templates were 

prepared and enriched with Ion PI™ Hi-Q™ OT2 200 Kit on the Ion OneTouch 2 System. 

Sequencing was performed on the Ion Proton using the Ion PI™ Hi-Q™ Sequencing 200 Kit and 

Ion PI™ Chip Kit v3. FFPE DNA samples were sequenced into separate PI chips (60 million 

reads) at 1600x empirical depth. 

4.2.14 Single nucleotide variant analysis 

Raw fastq files were aligned to the hg19 reference genome using CLC Genomics Workbench 11 

(https://www.qiagenbioinformatics.com/) to generate VCF files using the specified parameters: 

minimum coverage= 10, minimum variant read count= 2, min allele frequency= 5%, base quality 

filter (central =20, neighbor=15, neighborhood radius=5), remove pyro-error variants (yes, length= 

3, frequency= 0.8), minimum base quality= 20, minimum F/R strand bias= 0.02. Further variants 

annotation was performed using the Cravat CHASM-v4.3 tool 257. Removal of germline and 

common SNPs (ExAC, common dbSNP, and 100Genomes, and synonymous variants using CLC 

https://www.qiagenbioinformatics.com/)
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Genomics Workbench 11 (https://www.qiagenbioinformatics.com/) 258–260. Additional data 

filtering, organization, and visualization was generated in R environment using Maftools and 

ComplexHeatmap packages 198,261.   

4.3 RESULTS 

4.3.1 Clinicopathological characterization of primary tumors and ovarian metastasis 

An overview of the number of clinical samples stratified by subtype and site is illustrated in Table 

15. Ecad/p120 IHC staining confirmed the loss of E-cadherin in the ILC subtype and it was 

maintained in the metastatic samples (Figure 14). Interestingly, clinicopathological analysis of 12 

matched primary-metastasis pairs revealed median age at diagnosis of 40.5 years, which was also 

confirmed by enrichment of premenopausal status in 75% of the patients (Table 6). Comparison 

with independent cohorts of patients with brain (n=21) and bone (n=11) metastases showed 

significantly younger age at the diagnosis in the ovarian cohort (Data Supplement 3: Tables S6-7, 

p <0.05).   

 ER and PR were frequently expressed in 83% and 75% of the ovarian metastatic patients 

respectively, while HER2 was expressed in only one metastatic sample (8%). As expected, E-cad 

was lost in all ILC samples but expressed in all IDCs. Most the patients (66%) were with 

pathological stage II disease. The median survival post metastasis (SPM) and overall survival (OS) 

were 29 and 86 months, respectively. Additional clinical characteristics by patient are explained 

more in depth in Table 13 and Data Supplement 3: Table S1. 

 

https://www.qiagenbioinformatics.com/)


  68 

 

 

Figure 14: Immunohistochemical characterization of the ovarian metastases 
H&E, dual Ecad/p-120, and ER staining for 9 cases (3 for each breast cancer subtype) are shown. ILC 
metastases maintain the E-cadherin loss and therefore infiltrate the breast stroma in single files. E-cadherin 
loss triggers relocalization of p-120 to the cytoplasm (pink color). IDC express E-cadherin and tend to form 
glandular structures. 
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Table 6: Clinicopathological features of the ovarian metastatic samples 
 

 
Abbreviations: ILC, invasive lobular carcinoma; IDC, invasive ductal carcinoma; ER, estrogen receptor; PR, 
progesterone receptor; HER2, human epidermal growth factor receptor 2; E-cad, ecadherin; Dx, diagnosis; 
Adj Tx, adjuvant therapy; DFS, disease-free survival; MFS, metastasis-free survival; SPM, survival post 
metastasis; OS, overall survival. 
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4.3.2 In vitro mimicry of ILC metastasis to the ovaries 

Mimicking ILC metastasis to the ovaries, I tested migration of the ILC cell lines MDA-MB-134 

and SUM44PE to mice ovaries using Boyden chamber transwell approach. The ovaries used were 

from 10-week old mice, imitating the enrichment of premenopausal status in patients with 

metastasis to the ovaries. Interestingly, the results showed significant or trend of migration of the 

ILC cell lines MDA-MB-134 and SUM44PE toward the ovaries, respectively, while the IDC cell 

line MCF7 did not show that phenotype (Figure 15). This migration was also higher than the 

migration to FBS which was used as positive control. 

 

Figure 15: Migration of breast cancer cell lines to mice ovaries 
Migration behavior of ILC cell lines (MDA-MB-134 and SUM44PE), IDC cell lines (MCF7), and the 
positive control MDA-MB-231 cell lines toward different chemoattractants (color coded). The Y-axis 
represents relative migration to migration media-only condition. The experiment was repeated 3 times but is 
not representative of all of them. This is because factors such as incubation time, use of fresh ovaries, and 
mice/age were changed each time to optimize the assay. 
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4.3.3 Intrinsic PAM50 molecular subtyping of the primary-metastasis matched pairs 

Given potential shifts in the PAM50 classification between the primary tumors and their matched 

metastases during tumor progression, I wanted to explore such differences. 10 out of 13 (77%) 

pairs maintained similar identical subtype (Figure 16). Of these, nine (90%) pairs were LumA, 

while only one pair was with the Her2 subtype. Out of the three pairs with shifts, one pair switched 

from LumA to LumB, one from Basal to Normal, and one from LumB to LumA. However, a closer 

look at the probability scores within these pairs showed a noteworthy shared proportion of an 

identical subtype. 
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Figure 16: PAM50 predictions in primary-matched ovarian metastatic pairs 
PAM50 intrinsic molecular subtype calls from RNA-seq data of primary-matched ovarian metastases. Each 
molecular subtype is color coded. Probabilities for each subtype (column) are indicated for each sample 
(row). Definitive calls are listed in the right side of the figure. Sample pairs are separated by grey horizontal 
lines.   
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4.3.4 Differentially expressed genes and enriched pathways 

To determine induced or downregulated genes in the metastases compared to primary tumors, I 

used a novel approach that takes into account paired status as well as potential impurity by site-

specific genes (Figure 42). Our analysis revealed 235 differentially expressed genes with FDR-

adjusted p value < 0.05 and fold-change ≥ 2 (Data Supplement 3: Table S3). Clustering by this 

gene list (71 with increased and 164 with decreased expression in metastasis) and separation 

between the primary and metastasis groups is illustrated in Figure 17A. The same list was also 

subject to pathway analysis using the ConsensusPathDB (CPDB) tool. Most notable upregulated 

pathways included WNT, metabotropic glutamate, and MAPK/ERK pathways (Figure 17B and 

Data Supplement 3: Table S8). These pathways appeared to be driven mainly by the calcium-

sensing receptor (CASR) gene, Glutamate receptor metabotropic 7 and 8 (GRM7 and GRM8), and 

Wnt Family Member 5A (WNT5A). Expression analysis comparisons of these genes in 3 

independent cohorts (brain, bone, and GI metastases) suggested that these changes are ovarian-

metastasis-specific (Figure 18). Given that there is some literature evidence that suggest CASR is 

involved in WNT5A upregulation, I carried out multiple correlation testing of these two genes and 

other candidates. Indeed, in addition to being highly correlated together, the expression of the two 

was highly correlated with the expression of GRM7, GRM8, and the potential downstream effector 

of WNTA5A, β-catenin (CTNNB1) (Figures 19, 42, and Data Supplement 3: Table S10). On the 

other hand, the most notably downregulated pathways were generally driven by the Interleukin 

family member 6 (IL6) gene (Data Supplement 3: Table S9). 
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Figure 17: Differentially expressed genes and enriched pathways in the ovarian metastases 
A. Unsupervised clustering heatmap of primary and ovarian metastases using the 235 differentially expressed 
genes. Site (primary/met) and histological subtypes (ILC, IDC, or mixed) are color coded for each sample 
(column). B. Significantly upregulated pathways in the ovarian metastases. Corrected p value (q value) is 
indicated for each pathway. The vertical dashed red line represents a q value cutoff of 0.05.  
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Figure 18: Comparison of the ovarian met upregulated genes among other metastatic cohorts 
Expression analysis comparison of key genes (top upregulated pathways) in ovarian metastases with three 
independent cohorts (bone, brain, and GI). Top panel; expression status for each gene in each site cohort in 
addition to primary tumors (breast). Bottom panel; Fold-change increase in primary-matched metastases in 
each cohort (brain=22, bone=11, ovary=13, GI=7).  
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Figure 19: Multiple correlation testing between the upregulated genes in ovarian metastasis 
Correlation of key genes involved in the ovarian metastasis upregulated pathways with CASR and WNT5A 
expression. Pearson’s r and adjusted p values are indicated at the bottom of each plot.  

4.3.5 Clinically actionable changes in ovarian metastases 

Since metastasis can evolve and harbor distinct genetic alteration beyond its primary tumor, I 

sought to investigate the possibility of finding clinically informative alterations that are metastasis-

enriched. Our analysis of 13 matched primary-metastatic pairs revealed enrichments of FGFR4 

and MYCN gains in 77% and 46% of the pairs, respectively (Figure 20 and Data Supplement 3: 

Table S4). To the contrary, the most notable expression losses included SOX10, IGF2, and PDCD1 

in 62%, 54%, and 54% of the tumors, respectively.  
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Figure 20: Changes in clinically actionable genes in ovarian met pairs 
Recurrent expression gains (red; left) and losses (blue; right) ranked by frequency for primary-matched 
ovarian metastases. Top bars show counts for alteration events in each sample (column). Expression 
alterations with fold-change ≥ 4 are reported. Only genes with changes in at least two pairs (15%) are plotted. 
 

Giving that FGFR4 has been already a major focus in ILC research in our lab (a thesis 

research project of another student), I decided to investigate further MYCN as novel target for ILC 

progression and metastasis. Analysis of the TCGA and METABRIC breast cancer datasets showed 

significant expression of MYCN in ILC vs IDC (p values= 0.01 and 1e-04, respectively), and this 

enrichment was even further increased when the analysis was restricted to LumA-tumors (p value= 

4.4e-06 and 8.6e-06, respectively) (Figure 21A). In addition, patients with higher MYCN 

expression showed worse disease-specific survival, and the association was more pronounced in 

ILC patients (Figure 21B). Interestingly, our ILC long-term estrogen-deprived (LTED) cell lines 
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models 262 showed higher expression of MYCN compared to their parental cell lines, further 

supporting a role in endocrine resistance (Figure 21C).   

 

Figure 21: Characterization of MYCN in clinical and cell lines datasets 
A. Comparison of MYCN mRNA expression for ILC versus IDC tumors in METABRIC and TCGA datasets.  
B. METABRIC Disease-specific survival (DSS) data for patients with high MYCN expression (upper 
quartile) vs patients with lower expression. Three Kaplan-Meier plots are shown for all ER+, ILC/ER+, and 
IDC/ER+ cases, respectively. P values indicated for log-rank test. C. Comparison of MYCN expression in 
long-term estrogen deprived ILC cell lines (MDA-MB-134 and SUM44PE) versus their parental (y-axis: 
fold-change vs parental). D. comparison of MYCN mRNA expression in three independent metastatic cohorts. 
Left; log2 fold-change vs matched primary. Right; overall expression. 
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4.3.6  MammaSeqTM targeted sequencing analysis 

We recently developed an Ion Torrent NGS targeted panel comprised of 78 genes with 688 

amplicons targeting 1398 mutations known to have role in cancer progression and endocrine 

resistance. Our preliminary analysis of 35 tumors (10 primary and 25 metastases) revealed frequent 

mutations in CDH1 (43%), PIK3CA (40%), and FOXA1 (29%) (Figure 22A and Data Supplement 

3: Table s11). The most recurrent mutations were the previously reported hotspot mutations 

PIK3CA E545K (17%) and H107R (17%), corresponding to the helical and kinase domains, 

respectively (Figure 22B-C). All FOXA1 mutations seem to cluster mainly in and around the fork-

head DNA binding domain, as previously reported for ILC (Figure 22C). Comparison of primary 

vs metastatic tumors revealed enrichment for novel NCOR1 mutations in the ovarian metastatic 

cohort (28% vs 0% in unpaired, and 40% vs 0% in paired analyses) (Tables 7-8). Further 

characterization of CDH1 mutations in the paired samples showed limited maintenance of the same 

mutation in primary tumors and their matched metastases. A few maintained mutations were 

observed in two out of nine pairs (22%), and additional validation with ddPCR in one pair showed 

substantial drop in allele frequency (AF) from 28% in primary tumor to below 5% in metastasis 

(Figure 23). 
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Figure 22: Recurrently mutated genes from MammaSeq analysis 
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A. Oncoprint visualization of most frequently mutated genes in 35 samples (10 primary and 25 ovarian 
metastases). Columns are clustered by tumor site (dark green = primary, dark red= metastasis). Type of 
mutation and tumor subtypes are color coded. B. Top: barplot of most recurrent mutations (green= missense, 
red= non-sense). x-axis represents the number of altered samples. Bottom: multiple boxplots for mutations 
with highest variant allele frequency (VAF) from the bottom all the way up. C. Lollipop plots of the major 
domains and protein sequence of CDH1, PIK3CA, and FOXA1. Red and green circles represent non-sense 
and missense mutations, respectively. The length of vertical lines correlates with the frequency of respective 
mutation as indicated in the y-axis.     
 

 

Table 7: Comparison of most frequently mutated genes in primary vs metastatic samples (unpaired 
analysis) 
 

  All primary (n=10)   All Mets (n=25) 
Gene samples mutated %  samples mutated % 
CDH1 6 60  9 36 

PIK3CA 6 60  8 32 
FOXA1 4 40  6 24 
TP53 2 20  6 24 

NCOR1 0 0   7 28 
 

Table 8: Comparison of most frequently mutated genes in primary vs metastatic samples (paired 
analysis) 
 

  Paired primary (n=9)   Paired Mets (n=10) 
Gene samples mutated %  samples mutated % 
CDH1 6 66.7  4 40 

PIK3CA 5 55.6  3 30 
FOXA1 4 44.4  3 30 
TP53 1 11.1  1 10 

NCOR1 0 0.0   4 40 
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Figure 23: Limited conservation of identical CDH1 mutation in a subset of the primary-matched 
ovarian metastases 
Top: maintenance of the same CDH1 mutation in two pairs (Pair1: purple, Pair2: gold). Sample site and 
histological subtype are color coded. Bottom: scatter plots from ddPCR validation of CDH1 R74* mutation 
in Pair1 shows substantial drop of AF in the metastatic samples. Green and blue dots represent droplets with 
wildtype and mutant genotypes, as indicated in the x- and y- axes, respectively. Black dots indicate droplets 
without DNA. 
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4.4 DISCUSSION 

Metastatic breast cancer (MBC) has been the main cause of death in breast cancer patients, 

demonstrating a huge public health burden. With increasing accessibility to metastatic lesions, it 

has become obvious that MBC is different disease than the primary tumor. In addition, the 

observation that different breast cancer subtypes can metastasize to unique sites became more 

observable. Such unique spread could be due to early primary tumor alterations associated with 

late events, and/or distant site-specific favorable microenvironment for metastasis. 

 The unique biology of ILC is potentially an important factor to its unique metastatic spread 

to the ovary and GI system. There is convincing evidence that ILC is the most strongly subtype 

influenced by menopausal hormones, as indicated by increased risk with exposure to hormone 

therapy 263,264. In addition, although it has been shown that ILC is associated with older patient age 

compared to IDC, age at diagnosis has not been explored within the context of unique metastasis 

158,159,265. Clinicopathological analysis of our ovarian metastasis cohort revealed a median initial 

age at the diagnosis with primary tumor of 40.5 years which is much younger than reported for 

ILC patients overall. Furthermore, comparison with two independent metastatic cohorts showed 

significantly younger median age at diagnosis with primary tumor versus bone (54 years) and brain 

(53 years) metastases. 

 There is little evidence that the loss of E-cadherin, which is the hallmark of ILC subtype, 

is associated with incidence of metastasis to the ovaries 266. However, although that about 95% of 

ILC cases show E-cadherin loss, and less than 5% exhibit ovarian metastasis, it is very unlikely 

that E-cadherin is the main driver for such metastasis 16,161. More evidence suggests that unless 

coupled with other alterations (e.g. PTEN or P53 loss), E-cadherin inactivation alone is insufficient 

for tumor formation 267–269. Our immunohistochemistry characterization of the ovarian metastases 
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showed maintained E-cadherin loss and expression for the ILC and IDC subtypes respectively. 

This supports the notion that E-cadherin loss is involved in identity of the ILC subtype, rather than 

being involved in the unique metastasis to the ovaries. 

 Successful molecular interaction between tumor cells and microenvironment is essential to 

facilitate metastatic spread. As rich endogenous source for hormones (e.g. estrogen), ovaries may 

create a plausible microenvironment for ILC to metastasize (which seems to be more hormone-

driven compared to IDC).  Although will need functional validations, our RNA-seq analysis 

suggests increased calcium signaling in the ovarian metastases, a novel finding that seem to be 

mainly driven by the calcium-sensing receptor (CASR). Additional analysis of clinically actionable 

changes showed enrichment for N-myc proto-oncogene (MYCN) overexpression, another novel 

finding that has not been explored in breast cancer metastasis. 

 CASR activation/inactivation has been to linked to multiple genetic disorders outside of 

cancer. Inactivating mutations cause familial hypocalciuric hypercalcemia (FHH) which can be 

more severe if mutations were present in homozygous form 270,271. On the other hand, activating 

mutations have shown to cause autosomal dominant hypocalcemia and Bartter’s syndrome type V 

272.  

Unlike normal cells, in breast cancer cells, CASR seem to increase PTHrP secretion due to 

a switch to its G-protein preference, which in turn increases calcium availability for proliferation 

and migration 273,274. There is increasing evidence that CASR signaling pathway may contribute to 

survival and proliferation of breast cancer cells in high-calcium microenvironment such as bone 

273. High extracellular calcium is one of the most important factors involved in this process. Indeed, 

calcium extracellular stimulation of CASR in the bone-preferring MDA-MB-231 cell lines 

significantly promoted migration, which was reverted by CASR siRNA knockdown 275. Of note, 
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the migratory effect was partly through the ERK/MAPK pathway which also upregulated in our 

ovarian metastasis cohort. Moreover, CASR activation in response to calcium has been shown to 

upregulate WNT5A, which in turn stimulate proliferation in an autocrine manner through β-catenin 

276. The high correlation between these three molecules in our study is consistent with these 

findings. Overall, these discoveries warrant further functional validations, as this pathway might 

serve as novel therapeutic strategy for breast cancer metastasis to the ovaries. 

 N-myc (MYCN) is a central transcription factor involved in many vital cellular process 

such as cell growth and proliferation.  MYCN deregulation is well-established in many tumors such 

as neuroblastoma, medulloblastoma, and rhabdomyosarcoma 277. Genomic amplifications of 

MYCN is the most consistent genetic aberration in neuroblastoma, detected in about 20% of cases, 

and associated with poor outcome 278. The role of MYCN in breast cancer progression and 

metastasis remain to be explored, although there is limited evidence that it might be associated 

with clinical outcome of the patients 279. Our study showed enrichment for MYCN upregulation in 

the ovarian metastasis, in addition to our endocrine-resistant ILC cell line models. Analysis of the 

METABRIC and TCGA data showed significantly higher expression of MYCN in ILC vs IDC 

patients. Moreover, patients with higher expression of MYCN were associated with disease-

specific survival (DSS). Collectively, these data suggest a central role for MYCN in ILC 

progression and metastasis.  

 Our targeted sequencing characterization validated the unique mutational landscape of 

ILC. In addition to the expected high frequency of CDH1 mutations, there was high relevance of 

PIK3CA mutations in our cohort, similar to what have been reported previously 16,177. The PIK3CA 

E545K and H107R were the most recurrent mutations in this gene. Of note, these mutations have 

shown the ability to form tumors in mice by activation of PI3K signaling and resistance to 
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chemotherapy 280–282. I also identified frequent mutations in FOXA1 which is involved in genomic 

action of ER. Clustering in the DNA binding domain, these mutations have potential impact of ER 

signaling, as FOXA1 has a key role in the transcription factor complex required for transcription 

of ESR1 regulated genes 283. Indeed, it has been shown that such mutations are associated with 

higher FOXA1 and ESR1 activity, and lower methylation rates 16. Our analysis also identified novel 

enrichment of NCOR1 mutations in metastatic lesions. NCOR1 is known as a co-repressor that 

modulate the activation of ER target genes 284. Previous studies showed that reduced NCOR1 

expression is correlated with acquired tamoxifen resistance in breast cancer mouse models, 

associated with shorter relapse-free and overall survival in breast cancer 68,284. These findings 

support functional consequences in NCOR1 mutations and deletions (Chapter 3) and their 

influence in endocrine resistance. 
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5.0  CONCLUSION 

Breast cancer is a major public health burden accounting for 30% of all new cancer diagnoses 153. 

Similarly, 30% of early-stage breast cancer patients develop recurrence eventually 122. Our 

understanding of breast cancer has evolved in the last decade and taught us that primary tumor and 

metastasis are not the same disease. Cancer is a smart disease that keep changing its genetic 

makeup through evolution to gain spread and survival advantages. Metastatic breast cancer 

remains challenging to treat, and is usually the main cause of death from breast cancer. This is 

partly due to the way we treat primary tumor and metastasis, considering them similar diseases. 

Instead, tracking evolution of resistant metastatic subclones can aid in better adaptation of targeted 

treatment strategy with likely reduced toxicity.  

The multiple works presented in this dissertation use state of the art next generation 

molecular technologies to address distinct molecular changes in endocrine-resistant metastatic 

breast cancer. In addition, I extend my analysis to unique breast cancer subtypes such as ILC and 

explore transcriptomic changes involved in its unique metastasis.  

Our first work in Chapter 2 represents the most detailed examination of ESR1 CN analysis 

in metastatic breast cancer to date. I detected substantial rates of ESR1 CN amplifications and 

gains, as well as CN shifts (imbalance between 5’ and 3’ CN). 11/82 (14%) ER+ tumors showed 

ESR1 CN increases with three (4%) CN amplifications, and eight (10%) gains, with a significant 

enrichment in metastatic samples, and with metastatic site tropism. In contrast, I did not detect any 

ESR1 CN amplifications, and only one gain, in ER- tumors. I identified ESR1 copyshift in five out 

of the 11 amplified samples. I was able to validate the enrichment of ESR1 amplifications in 

metastasis in three independent datasets and show significant association with worse overall 
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survival. Other frequently amplified genes were ERBB2 and GRB7, while the most frequently 

deleted gene was TP53. I also observed co-amplification of MDM2 and ERBB3, which had not 

been previously reported.  Site-enriched amplifications included FADD in bone metastases, and 

PTK2 and PKIA in brain and GI metastases. Amplifications of the CDK pathway activators 

CCND1 and CDK4/6 were mutually exclusive with deletions of the inhibitory members CDKN2A, 

CDKN2B, and CDKN1B. 

Our findings suggest that, in addition to ESR1 mutations, ESR1 amplifications and exon 

imbalances represent frequent events in endocrine resistant breast cancer that can be of site-tropism 

nature. Such instances can be optimally suited for diagnostic and/or therapeutic utility in breast 

cancer. Our analysis also defines a subset of metastatic patients that can be more responsive to 

selective CDK4/6 inhibition therapy. Comprehensive profiling of metastatic lesions is warranted, 

as it has clinical implications on patients with copy number alteration. 

In the next Chapter, I further characterize distinct CN changes in the understudied breast 

cancer subtype ILC, and their clinical relevance. I detected ESR1 gains and amplifications in 17/71 

(24%) of primary ILC tumors, with 10 gains (14%) and 7 amplifications (10%). I also observed 

significant enrichment of ESR1 amplifications in patients with recurrence (39%) versus those 

without recurrence (19%). As expected, the patients with CN amplifications conferred strong trend 

towards worse recurrence-free survival. Analysis of other cancer driver genes revealed frequent 

amplifications, including CCND1(32%), ERBB2 (18%), MDM4 (17%), and MYC (17%) which 

mostly correlated with mRNA expression. The high frequency of ERBB2 amplifications was 

unexpected given it has not been reported in ILC previously. Interestingly, HER2 IHC staining 

revealed small pockets of HER+ subpoulations. Our further investigation in TCGA breast cancer 

dataset showed that 25% of the cases with ERBB2 amplifications could not be identified as HER2+ 
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by IHC. Although they were HER2 IHC-, these cases exhibited both higher mRNA and protein 

expression than the cases without amplifications. Furthermore, the same group was also associated 

with enrichment of the molecular HER+ PAM50 signature, as evidenced by interrogation of RNA-

seq data. 

In summary, our results demonstrate frequent ESR1 CN amplifications in primary ILC, 

especially in samples with recurrence, suggesting a role in endocrine resistance. Our findings also 

propose a unique HER2 group of negative IHC score but with DNA amplifications. The high 

correlation with mRNA and protein expression demands further investigation of benefit from 

HER2 therapy in this group.   

In Chapter 3, in addition to clinical characterization, I perform exome-captured RNA-seq 

to understand the transcriptomic changes involved in the unique ILC metastasis to the ovaries. Our 

clinicopathological evaluation of 12 primary-matched ovarian pairs interestingly exhibited 

younger median age at diagnosis of 40.5 years. Comparison with two independent metastatic 

cohorts of bone (n=11, 54 years) and brain (n=21, 53 years) showed younger age at diagnosis in 

the ovarian metastasis cohort. Our Ecad/p120 IHC staining confirmed the loss of E-cadherin in the 

ILC subtype and it was maintained in the metastatic samples, supporting its importance for identity 

of the ILC subtype. Using RNA-seq data, our bioinformatics approach assessed how frequent the 

ovarian metastases can switch from one molecular subtype to another compared to their primary 

tumors. 10 out of 13 (77%) pairs maintained similar identical subtype. Of these, nine (90%) pairs 

were LumA, while only one pair was with the Her2 subtype. Although three pairs showed shifts, 

they still maintained a noteworthy shared proportion of an identical subtype with their matched 

primary. Next, our differential expression and pathway analyses revealed unique transcriptomic 

alterations in the pathways of WNT, glutamate and calcium receptors, and MAPK/ERK. These 
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changes seem to be mainly driven by CASR, WNT5A, GRM7, and GRM8. Expression analysis 

comparisons of these genes in three independent metastatic cohorts (brain, bone, and GI) suggested 

that these changes are ovarian-metastasis-specific. The high correlation between CASR and 

WNT5A suggests a cross-talk between them. In fact, CASR activation in response to calcium has 

been shown to upregulate WNT5A, which in turn stimulate proliferation in an autocrine manner. 

In the last part of this chapter, our analysis of clinically actionable genes identified distinct 

expression gains and losses that are enriched in the ovarian metastasis cohort. The most prominent 

gains were FGFR4 and MYCN in 77% and 46% of the pairs, respectively. On the other hand, the 

most notable expression losses included SOX10, IGF2, and PDCD1 in 62%, 54%, and 54% of the 

patients, respectively. FGFR4 has been a main focus in our lab and there is increasing supporting 

evidence of its role in ILC progression. MYCN upregulation represents a novel target for ILC 

progression and metastasis. Our analysis of LTED ILC cell lines models showed increased 

expression of MYCN compared to parental cell lines. Validation analyses in TCGA and 

METABRIC datasets revealed significantly higher MYCN expression of MYCN in ILC vs IDC 

patients and association with worse disease-specific survival (DSS). Using targetd Ion Torrent 

approach (MammaSeqTM), I further validated the enrichment of PIK3CA and FOXA1 mutations 

reported previously. In addition, I identified novel mutations in the ER co-repressor NCOR1 that 

was enriched in metastatic lesions. 

Overall, I identify novel findings and targets that potentially play central role in the unique 

metastasis of ILC to the ovaries, which can be utilized to serve as novel therapeutic options. Our 

ongoing research is focused on in-vitro and in-vivo validations to comprehensively evaluate further 

the impact of these alteration on metastatic breast cancer.  
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APPENDIX A: SUPPLEMENTARY FIGURES 
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Figure 24: Genomic organization of ESR1 nanoString probes 
Genomic coordinates for nanoString probes comprehensively covering ESR1 exons are highlighted in red. Different ESR1 isoforms (RefSeq genes) are 
listed in blue for comparison. Exons are represented by blocks connected by horizontal lines representing introns. Thinner blocks represent untranslated 
regions (UTRs).
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Figure 25: Correlation of ESR1 amplification with mRNA expression 
The data shows dose-dependent correlation between copy number (nanoString) and expression (RNAseq) 
for 3 amplified samples. 
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Figure 26: ESR1 copy number status in ER+ primary-metastasis pairs 
Each pair is plotted separately. Y-axis: CN= copy number call. Different colors represent different sites. 
Br=brain pair; ova= ovarian pair; gi= gi pair. Pair Br51 showed a clear increase in ESR1 copy number for the 
brain metastasis. 
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Figure 27: ER IHC for non-amplified samples 
IHC staining of ESR1 non-amplified samples shows strong protein expression. Correspondent ESR1 DNA 
copy number calls are indicated below each image. 
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Figure 28: Oncoprint visualization of copy number alterations in clinical samples 
Copy number alterations by genes (rows) and samples (columns) show amplifications (top in red) and deletions 
(bottom in blue) frequency. Top and right-side bars show counts for alteration events within a sample and by gene, 
respectively.  
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Figure 29: eSNP-Karyotyping analysis of ERBB2 amplified samples 
Shown are moving median plots for 6 paired tumors (4 ERBB2 amplified + two unamplified). Color bars represent 
FDR-corrected p-value. Positions with p < 0.01 are marked by black line. Highlighted in red is the ERBB2 region 
in chromosome 17. The left side of the figure shows the copy number calls by nanoString analysis.   
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Figure 30: Oncoprint visualization of copy number alterations in ER+ vs ER+ brain metastases 
Copy number alterations by genes (rows) and samples (columns) show amplifications frequencies in ER+ 
(top) and ER- (bottom) samples. Top and right side bars show counts for alteration events within a sample 
and by gene, respectively. ER+ tumors showed enrichment for FGFR1 amplifications (Fisher’s exact test p= 
0.0221). 
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Figure 31: Investigation of MDM2 and ERBB3 amplifications in the TCGA breast dataset. 
IGV  genomic visualization for MDM2 (far right) and ERBB3 (far left) and the region in between. Each line 
represents one sample. Intense red or blue color indicate high amplification or deletion, respectively. The 
clustering of amplifications in MDM2 but not in ERBB3 region suggests separate amplification amplicons. 
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Figure 32: Oncoprint visualization of copy number alterations in paired primary-met samples 
Copy number alterations by genes (rows) and samples (columns) show amplifications (amplifications) and deletions 
frequencies (bottom) in paired-samples (columns organized by pairs). Top and right-side bars in each plot show 
counts for alteration events within a sample and by gene, respectively. Pair BP-BM29 showed increase in PKIA and 
PTK CN, while pair BP-BM68 showed increase in FGFR4 CN. 
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Figure 33: IHC validation of HER2 amplified primary ILC samples 
Characterization of four additional ILC primary tumors n Ecad/p120 (top panel) and HER2 (bottom panel) 
immunohistochemistry. Two fields per sample are shown. 
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Figure 34: Most frequently deleted genes in primary ILC tumors 
Copy number deletions by genes (rows) and samples (columns). Top and right side bars show counts for alteration 
events within a sample and by gene, respectively. 
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Figure 35: Workflow of formalin-fixed paraffin-embedded (FFPE) processing 
Samples were subject to nucleic acid isolation, hematoxylin and eosin (H&E) and Ecad/p-120 staining to 
confirm the characteristic growth patterns of the ILC subtype.  
 

 
 
 
 
 
 



  104 

 
 

 
Figure 36: Distribution of the samples with different yields per nucleic acid type 
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Figure 37: workflow of migration assay 
Cell lines are overnight serum starved prior to running the assay. Desired attractant (e.g. ovaries or FBS) are 
added to the lower well of the migration plate. Cell suspension is added to the inside of each insert and 
incubated at 37Cº with 5% CO2 for 72 hours. Inserts are then washed with PBS, air dried, and stained with 
0.1% crystal violet, then destained with 10% acetic acid. In the final step stained cells are read in 
spectrophotometer at 590nm. Bottom part of the figure shows results of MDA-MB-231 cells where more 
cells are migrated toward the FBS attractant. 
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Figure 38: General overview of RNA-seq analyses workflow 
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Figure 39: QoRTs QC metrics 
Multiple RA-seq quality metrics for primary and ovarian metastases including base phred scores, clipping 
rates, gene assignment diversity, insert size, gene-body coverage, mapping rates, GC content, and 
strandedness. Each sample is color coded differently.  
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Figure 40: principal component analysis of the primary and ovarian metastasis cohort 
Clustering of primary and ovarian metastases along with normal breast and ovary samples by principal 
component analysis (PCA) using top 5000 most variable genes (interquartile ranges method). Site source for 
samples are color coded while histological subtypes have different shapes. 
 



  109 

 

Figure 41: Molecular validation of the matched primary-met pairing status 
Correlation plot for proportion of shared variants values in paired samples. Larger and darker circles indicate 
higher correlation. Paired samples share similar labelling color.   
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Figure 42: Novel workflow to identify metastasis candidate genes 
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Figure 43: Enrichment of CTNNB1 and WNT5A expression in the ovarian metastatic cohorts 
Paired spaghetti plots to visualize the change of gene expression between primary (left) and its matched 
ovarian metastasis (right). Sample histological subtypes are color-coded and ER status denoted by line type. 
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APPENDIX B: SUPPLEMENTARY TABLES 

 

 

Table 9: Primers/probes design for ddPCR (ESR1, EIF2C, AP3P1) 

 

 

 

 

Table 10: ESR1 copy number alterations by ER status 

Site N n (%) 
AMP Gain Total 

Primary 11 0.00 1 (9.1) 1 (9.1) 
Brain 31 0.00 0.00 0.00 
Bone 6 0.00 0.00 0.00 
Ovaries 1 0.00 0.00 0.00 
GI 3 0.00 0.00 0.00 
Total 52 0.00 1.92 1.92 

     
N= number of samples included in the cohort; n and (%)= count and percentage of samples with 
alterations for the indicated site, respectively. 
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Table 11: Multiple Fisher exact comparisons for ESR1 amplifications 

comparison P-value (ER+ only) 

primary vs brain 1.0000 

primary vs bone 0.0463 

primary vs ovaries 0.4054 

primary vs GI 0.5000 

brain vs bone 0.0548 

brain vs ovaries 0.2326 

brain vs GI 0.5453 

bone vs ovaries 0.0017 

bone vs GI 0.6214 

ovaries vs GI 0.2143 

 

 

Table 12: ESR1 5`-3` copy number imbalance 

ID ave_Ex3toEx6 ave_Ex7toEx10 5/3_ratio shift 

BP51 4.440 3.407 1.303 yes 

BM51 11.888 10.173 1.168 no 

BM57 8.490 8.343 1.018 no 

B-BM10 4.530 2.813 1.610 yes 

B-BM12 12.250 4.540 2.698 yes 

B-BM13 57.740 16.393 3.522 yes 

B-BM19 105.380 34.003 3.099 yes 

B-BM20 4.238 3.660 1.158 no 

B-BM28 3.658 3.273 1.117 no 

B-BM32 2.470 2.637 0.937 no 

GM4B 2.948 2.797 1.054 no 

     
 ratio≥1.3    
 Wilcoxon matched-pairs signed rank test (p-value)= 0.0024 
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Table 13: Detailed clinical characteristics of the ovarian metastatic cohort. 
 

Abbreviations: ILC, invasive lobular carcinoma; IDC, invasive ductal carcinoma; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal 
growth factor receptor 2; Dx, diagnosis; Adj Tx, adjuvant therapy; MFS, metastasis-free survival 
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Table 14: Tumor cellularity for each sample stratified by type, site, and subtype. 
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Table 15: Overview of clinical samples stratified by site and subtype 
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APPENDIX C: DATA SUPPLEMENTS 

Data Supplement 1: FREQUENT ESR1 AND CDK PATHWAY COPY NUMBER 

ALTERATIONS IN METASTATIC BREAST CANCERS 

(see supplemental file Data Supplement 1) 

Data Supplement 2: ENRICHMENT OF ESR1 COPY NUMBER AMPLIFICATIONS IN 

ENDOCRINE RESISTANT INVASIVE LOBULAR CARCINOMA 

(see supplemental file Data Supplement 2)  

Data Supplement 3: COMPREHENSIVE MOLECULAR AND CLINICOPATHLOGICAL 

LANDSCAPE OF UNIQUE INVASIVE LOBULAR CARCINOMA METASTSIS TO THE 

OVARIES 

(see supplemental file Data Supplement 3) 

https://d-scholarship.pitt.edu/33914/1/Data_Supplement_1.xlsx
https://d-scholarship.pitt.edu/33914/1/Data_Supplement_2.xlsx
https://d-scholarship.pitt.edu/33914/1/Data_Supplement_3.xlsx
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