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Loss of E-cadherin Activates a Targetable IGF1R Pathway in Invasive Lobular Breast 

Carcinoma 

 
Ashuvinee Elangovan, PhD 

 
University of Pittsburgh, 2022 

 
 

Invasive Ductal Carcinoma (IDC) and Invasive Lobular Carcinoma (ILC) are two major 

subtypes of breast cancer with significant differences in their histological and molecular 

underpinnings. ILC has a unique hallmark of loss of E-cadherin (CDH1) in 90% of the cases, 

which we have previously demonstrated as a negative regulator of Insulin-like Growth Factor 1 

(IGF1) receptor, IGF1R through a comprehensive analysis of cell line models and tumor samples 

on TCGA. We propose that the loss of E-cadherin in ILC sensitizes cells to growth factor 

signaling and thus alters their susceptibility to growth factor signaling inhibition. We generated 

CDH1 knockout (KO) IDC cell lines to investigate the mechanism by which E-cadherin loss 

activates IGF pathway and its subsequent effectors while also assessing its targetability in 

patients. CDH1 KO cells exhibited anchorage independent growth in suspension culture and 

altered p120 catenin localization as seen in ILC cells. Through in vitro studies, we observed 

increased signaling sensitivity to IGF/ insulin ligands where the high activation levels are 

sustained for an extended duration in the KO cells. In addition, there was higher migratory 

potential in the CDH1 KO cells, which was further enhanced as a chemotactic response to IGF1 

or serum and as a haptotactic response to Collagen I. This phenotype was reversed with an 

IGF1R inhibitor to exhibit phenotype specificity. Despite no consistent differences in 

membranous IGF1R levels, higher ligand-receptor interaction was observed with E-cadherin 

loss. Our results currently demonstrate IGF1R’s increased availability for ligand binding which 

in turn allows for an enhanced signaling activation. As an extension to the pathway activation, 
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increased susceptibility to IGF1R, PI3K, AKT and MEK inhibitors was also observed in T47D 

CDH1 KO cells. With about 90% of ILC cases being ER+, we investigated and showed the 

additive effect of Fulvestrant with Akt inhibitors in KO cells. Although a clear susceptibility to 

Akt inhibitor was not seen in ILC patient-derived organoids (PDO), a favorable trend was 

observed when compared to IDC PDOs. Our findings elucidated IGF1 signaling repression by E-

cadherin in ILC, thus supporting the use of E-cadherin loss as a stratification method for 

improved targeted therapy approaches.  
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1.0 Introduction 

1.1 Breast Cancers 

1.1.1 Overview of breast cancer 

The latest cancer statistics estimates 290,560 new cases and 43,780 deaths in United 

States in 2022 due to breast cancer (1). In 2022, breast cancer is expected to be the most frequent 

cancer type in females for estimated new cases (31% of all cancers) and is estimated to be the 

second leading cause of cancer deaths in women (1). Due to its prevalence, breast cancer 

continues to be a well-studied cancer with significant advancements in therapeutic options. 

Female breast cancer rates have increased slightly by 0.5%/ year since the mid-2000s where 

obesity and declines in fertility rates are thought to play major roles (1, 2). The 5-year relative 

survival rate for all stages of breast cancer combined is at 90% for breast cancers in women, with 

mortality rate dropping by 42% since its peak in 1989 though the annual decline has reduced 

from 2-3% during the 1990-2000s to 1% from 2013 to 2019 potentially due to the continued 

increase in cases and a stagnant mammography awareness (1).   

 

Breast cancer arises from an uncontrolled growth of cells in the breast. This can be 

caused by multiple factors including genetics, lifestyle, and environment. A cancer is called in 

situ when tumor growth is limited to a region without spreading to nearby tissues. This is also 

typically called a Stage 0 breast cancer due to its noninvasive nature and is often considered to 

be precancerous (3). Patients detected with breast cancer at this stage have a survival rate of 
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around 98% after 10 years of follow-up care and a normal life expectancy (4). This highlights the 

importance of routine mammograms to allow early detection of breast cancer. An invasive or 

infiltrating carcinoma refers to cancers that have infiltrated into the surrounding breast tissue. 

This type of breast cancer can be further divided into the Non-Special Type (NST) or commonly 

known as invasive ductal carcinoma (IDC) and the invasive lobular carcinoma (ILC). Breast 

cancers vary largely based upon their molecular and histological subtypes that can affect the 

prognosis, disease progression and treatment options. Understanding each unique subtype of 

breast cancer is critical to allow for a comprehensive understanding of the tumor and better 

treatment of the disease. 

1.1.2 Molecular subtypes of breast cancer 

Breast cancer is a heterogeneous disease, with the four major intrinsic molecular subtypes 

being luminal A, luminal B, HER2-enriched (human epidermal growth factor receptor 2) and 

basal-like (5). Luminal tumors are the most common, representing about 60-70% of all tumors, 

with HER2-enriched at 12-20% and basal-like at approximately 15% of all breast cancers (6). 

Luminal tumors are so called due to the similarity of gene expression between these tumors and 

those of luminal epithelial cells in the breast (7).  The majority of luminal tumors express the 

estrogen receptor (ER) and the progesterone receptor (PR), which makes this their distinguishing 

characteristic (6). The luminal subgroup can be further divided into Luminal A and Luminal B, 

where the groups differ in several characteristics (7-10). Luminal A tumors are more common 

with a 40% incidence rates and luminal B at 20% of all breast cancers. Compared to luminal A 

tumors, luminal B tumors tend to have higher PR and HER2 expression, and higher Ki67 

staining, higher p53 mutation frequency and a higher histologic grade which results in a worse 
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prognosis (8, 11, 12). Luminal A tumors also tend to be well-differentiated while luminal B 

tumors are typically less well differentiated (13). Due to these differences, luminal B tumors 

have a shorter overall survival (OS) and disease-free survival (DFS) compared to luminal A, 

likely due to the higher proliferative index and aggressiveness (8, 9, 14). The different tumor 

subtypes can be profiled using gene expression profiling methods such as Oncotype Dx, 

Mammaprint, Endopredict and PAM50 to allow for a quick and accurate clinical decision (6, 

15). Given the ER+ nature of these luminal tumors, patients with luminal A and B breast cancer 

receive hormone therapy that inhibits ER activity in the form of Selective Estrogen Receptor 

Degraders (SERDs), Selective Estrogen Receptor Modulators (SERMs) or Aromatase Inhibitors 

(AI). SERDs such as fulvestrant cause degradation of ER while SERMs such as tamoxifen bind 

and block the activity of ER, both to inhibit ER activity (16). Meanwhile, aromatase inhibitors 

such as letrozole and anastrozole block the aromatase enzyme to reduce estrogen production in 

peripheral tissues for a suppressed ER activity (16). Patients with luminal breast cancers are at 

risk of relapse between 5-15 years (17) with common distant metastatic sites including bone, 

brain, liver, and lung (17, 18). 

 

The HER2-enriched (HER2+) subtype of breast cancer refers to tumors with 

overexpression of HER2 (ERBB2). This subtype often leads to an aggressive cancer and poorer 

OS and DFS (8, 12, 19). HER2+ tumors exhibit an overexpression of gene sets related to HER2 

signaling and thus is driven by HER2, which reduces the effectiveness of anti-estrogen therapy 

(7). However, therapies targeting HER2 have been very successful in patients with HER2 

positive tumors. Inhibitors such as lapatinib and neratinib and monoclonal antibodies such as 

trastuzumab and pertuzumab which target HER2 often lead to durable responses in these patients 
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(20-23). Unlike the luminal tumors, relapse in the HER2+ tumors tend to occur within the first 

five years (17, 24) with the most common distant metastatic sites being liver and brain (17, 18).  

 

Basal-like breast cancers are reported to have basal characteristics and thus express 

keratin 5, keratin 17, integrin-14, and laminin with an upregulation of proliferation related genes 

and a high frequency of p53 mutations (6, 7). Basal-like breast cancers do not express ER and 

tend to be large at the time of detection, high grade and aggressive (6-9, 12, 19). A predominant 

subtype within the basal-like subtype is triple negative breast cancer (TNBC), characterized by 

its ER-, PR-, HER2- nature (11, 12, 25-27). Histologically, TNBC is mostly a ductal carcinoma, 

with several other subtypes such as secretory and metaplastic carcinoma also present (13). There 

is a lack of targeted therapies for TNBC with the currently available best options being 

chemotherapy and, recently, immunotherapy. The aggressive nature of TNBCs with a high 

proliferative index does render them susceptible to chemotherapy although the prognosis for this 

subtype still remains poor (28). Risk of distant recurrence for basal-like breast cancer is 3 years 

after diagnosis with the common sites being brain, central nervous system, lung, and liver (6).  

 

Characterization of breast cancers based on their gene expression profiles has allowed a 

shift towards more accurate diagnosis and treatment while avoiding cytotoxic and aggressive 

treatments where possible which in turn improves both prognosis and quality of life for patients.  
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1.1.3 Histological subtypes of breast cancer 

The histological subtypes of breast cancer can be divided into 2 main groups – IDC and 

ILC as described previously. IDC accounts for about 80% of all breast cancers while ILC 

accounts for approximately 5-15% of cases (29, 30). These subtypes not only differ in terms of 

how the tumors look but also in terms of the molecular alterations, prognosis, and the 

clinicopathological aspects (30, 31). ILC tumors are largely characterized by their small cell 

morphology growing in a single file discohesive manner with stromal infiltration (30, 32-35) 

(Figure 1). This phenotype is primarily attributed to their loss of E-cadherin and can be observed 

through their deregulated cell-cell adhesion properties. Approximately 90% of ILC cases present 

with loss of E-cadherin due to genomic alteration, mostly seen as loss of heterozygosity and 

truncating frameshift mutations (30, 36-38). While loss of E-cadherin is a hallmark of ILC, it is 

important to appreciate that it is not the only difference between IDC and ILC. ILC tumors 

typically have good prognosis, with low to intermediate grade tumor, low Ki-67 expression and 

about 90% of cases are estrogen receptor positive (30) compared to 60-70% in IDC (31, 32, 39), 

which leads to this tumor type typically falling in the luminal A or B subtype (39). Although 

patients with ILC tend to have favorable outcomes in the early stages, these early benefits are 

often hampered by a higher risk for late recurrences with several longitudinal studies delineating 

poorer disease-free survival for ILC patients (30, 40-44).  
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Figure 1: H&E staining of ILC and IDC reveal their distinct histologies 

Single file cell growth of ILC versus bulky tumor growth of IDC is distinguishable via H&E staining of these tumors. 
Staining and imaging performed by Geoffrey Pecar, Lee/ Oesterreich laboratory, 2021. Magnification: 20X, scale bar: 
200µm. 

 

 

ILC tumors are more prone to spread to unique sites such as the gastrointestinal tract, 

peritoneum and ovaries, compared to IDC (30, 31). The single file growth pattern of ILC with 

stromal infiltration makes tumor detection on a mammogram more challenging and as such it is 

usually detected at a later stage than IDC (34). In addition to CDH1 mutations and differences in 

immune signatures (34), multiple other molecular alterations such as Akt activation, PTEN loss, 

and mutations in TBX3, FOXA1 and ERBB2 have been detected at higher levels in ILC than in 

IDC (31, 43, 45-48). Despite these documented differences, both ILC and IDC are currently 

treated similarly in the clinic. Given the high ER positivity in ILC, hormone therapy is the first 

line treatment option, with the BIG 1-98 trial (49) comparing efficacy of letrozole and tamoxifen, 

reporting that patients with ILC had an overall greater benefit with letrozole. As such, aromatase 

inhibitors are now recommended for patients with ILC (49), although it does not eradicate the 

possibilities of endocrine resistance which continues to be a therapeutic challenge.  

Complementary work from our group in ILC cell lines showed that tamoxifen had the potential 
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for driving proliferation in them with an agonistic effect, supporting the consideration of AIs or 

fulvestrant in ILC (50). Further efforts are needed to comprehensively characterize ILC as a 

unique subtype of breast cancer to identify targetable drivers of ILC as well as treatment 

biomarkers. 

1.2 Insulin-Like Growth Factor Pathway 

The insulin-like growth factor (IGF) signaling pathway plays a critical role in regulating 

cellular process such as proliferation, differentiation, apoptosis, survival, metabolism, and 

migration. These functions provide a critical system that regulates many other processes such as 

bone, muscle, and brain development in addition to overall organism growth. Primarily the IGF 

and insulin system comprises of three major ligands, IGF1, IGF2 and insulin as well as their 

cognate receptors, IGF1R, IGF2R and insulin receptor (IR) which they primarily bind to. 

Although at a lower affinity, ligands can bind to receptors other than their cognate receptors (51). 

These receptors are tetrameric proteins made of two ligand-binding extracellular α-subunits and 

two intracellular β-subunits which contain the tyrosine kinase signaling domains (52-54). Aside 

from the ligands and receptors, there are six ligand binding proteins, namely, IGFBP1 to 6 which 

also make up the pathway. About 99% of the IGF ligands in bloodstream and tissues are bound 

by one of these 6 IGFBPs, with equal or higher binding affinity compared to their receptors – 

thus they are a key mechanism of  regulating signaling activity, often acting to attenuate 

signaling activation by ligands (55). Each binding protein is unique in its features and roles 

where some have been found to execute IGF-independent functions while others stay as a storage 

of IGFs (55).  
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Binding of IGF1 or insulin to its receptor on the cell membrane elicits intracellular 

tyrosine kinase activation. The activated receptor then phosphorylates specific substrates such as 

insulin receptor substrate 1 (IRS1), IRS2 and Shc (51). The phosphorylated residues of IRS1, 

IRS2 and Shc can be recognized by adaptors that contain a Src homology 2 (SH2) domain, 

which includes Grb2 and the p85 subunit of phosphatidylinositol 3-kinase (PI3K). Associations 

with these regulatory substrates have been shown to stimulate two main downstream pathways, 

the MAPK cascade or the PI3K cascade (Figure 2). These pathways play major roles in many 

processes by regulating the downstream signaling events of several growth factor receptors (56). 

While there are clear similarities in the pathways elicited by IGF and insulin, the major role of 

each pathway varies. The IGF pathway is primarily critical for proliferation, development and 

survival functions while the insulin pathway is critical for metabolism related roles (51). While 

IGF1R can elicit a signaling response upon ligand stimulation, IGF2R is a non-signaling receptor 

known to act as a storage of IGF2 ligands to attenuate signaling (57, 58). IGF2R regulates the 

amount of circulating IGF2 by transporting the ligand into the cell and degrading it through the 

lysosomal degradation pathway (58, 59). IGF2, however, can bind to IGF1R and insulin 

receptors, albeit at much lower affinity, to elicit a response (57). Interestingly, the insulin 

receptor isoform A (IR-A) which is typically critical in prenatal growth and is upregulated in 

cancers, has a high affinity for IGF2 (60) and could also activate signaling, thus complicating the 

efforts of targeting this pathway for therapeutic purposes.  
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Figure 2: Simplified overview of the IGF signaling pathway 

Figure shows a simplified image of the various signaling cascades such as PI3K, MAPK and JAK/STAT that are 
activated following IGF or insulin binding to its cognate receptor. Figure was generated and modified from a template 
available on BioRender. 

 

1.2.1 IGF signaling in mammary development 

Activation of the IGF pathway through ligand stimulation is critical in normal mammary 

gland development and physiology (61). Pituitary gland secreted growth hormone (GH) induces 

IGF1 production by the liver and the subsequent endocrine IGF1 regulation of growth during 

puberty is well established (62). Additionally, there is also an abundance of local expression of 

IGF1 in tissues postnatally, prompting the comparison between serum and local IGF1 roles on 
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the peripheral tissues (63-66), where both autocrine and paracrine actions of IGF1 on 

surrounding tissues have been shown (63, 64, 66-70). The majority of epithelial cell growth in 

mammary gland development occurs postnatally in both rodents and humans (66), where ductal 

elongation and outgrowth of mammary glands are initiated at early puberty when there are high 

levels of ovarian hormones and GH. This development process can be seen through the 

appearance of terminal endbuds (TEBs) (66). The necessity of IGF1 for this development was 

further exhibited by IGF1 knockout mice which had reduced viability and an overall absence of 

TEB formation and ductal outgrowth in the mammary glands (71, 72).   

 

Complementary to IGF1 expression, IGF1R expression is also necessary for normal 

growth and mammary gland development, where a nonsense mutation of IGF1R results in 

perinatal lethality in mice (72, 73). A successful rescue experiment with IGF1R null epithelium 

transplanted into cleared WT mammary fat pads showed that IGF1R is also required for normal 

ductal outgrowth and TEB proliferation (74). In addition, overexpression of IGF1R was able to 

promote the development and cause hyperplasia and mammary tumors (75, 76). However, the 

endocrine versus autocrine/paracrine IGF1/ IGF1R signaling activation remains controversial. 

One study showed the presence of high IGF1 levels in the stromal compartment and strong 

IGF1R presence in the epithelium of rodent and human mammary glands, and thus concluded 

that the role of paracrine/autocrine signaling was necessary for mammary epithelial cell growth 

(66, 73).  Critically, a separate study from 2010 showed that both local and endocrine IGF1 have 

roles in the mammary gland development, and that enhanced circulating IGF1 level is able to 

accelerate mammary epithelial proliferation (77), which led to this being the currently accepted 

notion. 
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1.2.2 Role of IGF signaling in breast cancer 

A correlation between high plasma, circulating and serum IGF1 levels and breast cancer 

risk has been reported by several studies (78-81). In addition, high circulating IGF levels have 

also been correlated with poor prognosis in patients undergoing hormone therapy (82), where 

others have also cited high serum IGF1 correlation with increased mortality in patients with 

breast cancer (83). Owing to the many known downstream effects of the IGF pathway such as 

cell proliferation, migration, invasion and growth, countless pre-clinical studies have been 

conducted with cell line and mouse models to delineate the role of IGF1 in breast cancer. Studies 

using cell lines such as ER+ MCF7 and TNBC MDA-MB-231 depicted clear increases in cell 

growth, migration, and survival in response to IGF1 (84, 85) via Akt and MAPK pathways. 

Critically, a co-culture assay of MCF7 cells with differentiated or precursor adipocytes from 

obese volunteers showed two-fold higher release of IGF1 than that from lean individuals, which 

subsequently also led to higher proliferation of the MCF7 cells (85). This highlights the role of 

local IGF1 production that could increase breast cancer risk, with elevated risk for overweight 

individuals. In an in vivo model, constitutive IGF1 overexpressing MCF7 cells exhibited 

significantly higher tumor volumes compared to WT cells (86). The role of IGF1 and obesity in 

terms of breast cancer risk is well studied, where caloric restriction (CR) was shown to prevent 

mammary tumorigenesis in mice via a diminished IGF1/AKT/mTOR pathway (87, 88) and has 

also been shown to reduce metastatic burden (89, 90), with CR being suggested as a method to 

lower cancer risks (91).  

 

Given the organismal function of the IGF pathway, the pathway has also been studied for a 

potential function in breast cancer metastasis. Bone is among the common distant metastatic sites 
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in breast cancer and the role of IGF1 in osteoblast proliferation and differentiation is well 

described (92). The high IGF1 environment in the bone has been shown to potentially prime 

breast cancer cells to metastasize to bone (93). Indeed, an in vivo study showed that bone derived 

IGF1 is necessary for proliferation and bone localization of breast cancer cells through Akt 

activation and recruitment of NF-kB (94).  Finally, a discussion on breast cancer and IGF1 

would not be complete without the consideration of its crosstalk with the ER signaling. Breast 

cancer cells may exhibit varied responses to IGF1 depending on their ER status, where cells 

expressing both IGF1R and ER can exhibit additive growth effects from stimulation with both 

IGF1 and estradiol (E2) (95, 96). The ER is a transcription factor and numerous IGF signaling 

components are regulated by this pathway. Interestingly, a bidirectional regulation of ER by 

IGF1 has also been reported (88), driving the importance of combination therapies targeting both 

pathways. Aside from ER and IGF1 synergistic effects, upregulation of the IGF pathway has 

been reported in tumors exhibiting HER2 treatment resistance (97). The association between IGF 

signaling and HER2/ EGFR signaling is a topic of critical importance and has been well 

documented, indicating a potential crosstalk between IGF1 and HER2 via autocrine/ paracrine 

signaling (98, 99) which also proposes therapeutics that target both downstream activators for 

maximal signaling inhibition.  

1.2.3 Targeting IGF signaling in breast cancer 

Various therapeutic strategies targeting the IGF pathway have been developed and tested 

both pre-clinically and clinically, with early clinical trial data reported in 2006 (100). These 

therapies can be divided into three main categories: monoclonal anti-IGF1R antibodies, small 

molecule tyrosine kinase inhibitors (TKIs), and anti-IGF ligand antibodies. These categories of 
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therapies vary in their selectivity, toxicity, and efficacy (101-105). IGF1R targeted antibodies act 

by blocking ligand binding, inducing receptor internalization and its subsequent degradation 

(106-108). These antibodies can bind both IGF1R and insulin receptors, which unfortunately led 

to toxicities in patients due to insulin signaling inhibition. Therefore, new generations of 

antibodies such as MEDI-573 from AstraZeneca and Xentuzumab (BI836845) from Boehringer 

Ingelheim have been developed to bind and inhibit IGF ligands with the goal of avoiding effects 

on insulin signaling. These antibodies bind to IGF1 and IGF2, preventing them from binding to 

their receptor, thus inhibiting signaling via IGF1R and IR-A without affecting glucose 

metabolism (103, 105, 109). Despite encouraging preclinical data, a phase 2 randomized study 

for MEDI-573 in combination with an Aromatase Inhibitor (AI) versus AI alone in women with 

hormone sensitive, HER2-, metastatic breast cancer was discontinued upon completion due to 

lack of clinical response. Similarly, Xentuzumab showed preclinical antitumor efficacy in breast 

and prostate cancer (110-112) but this failed to translate to the clinic when tested in combination 

with everolimus or exemestane in a phase Ib/II study for metastatic breast cancer and failed to 

improve PFS in the overall population (113). However, upon subgroup analysis, a PFS benefit 

was observed specifically in patients without visceral metastases when treated with 

xentuzumab/everolimus/exemestane and it is now in a phase II XENERA™-1 trial 

(NCT03659136) (103). This is a welcoming result for ILC researchers as bone metastasis is 

more common in ILC than in IDC (35), potentially suggesting a role for this combination in 

patients with ILC. 

 

Small molecule TKI of IGF1R work by binding to and inhibiting the kinase domains of the 

targeted receptor. Examples of this class of compounds include Linsitinib (OSI-906), 
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BMS754807 and KW-2450. This class of inhibitors lack selectivity as the kinase domains of 

IGF1R and IR share 84% identity (103), and can thus inhibit both IGF1R and IR. Multiple 

studies demonstrated the successful inhibition of IGF1R/IR phosphorylation and AKT activation 

by these compounds which resulted in apoptosis, decreased cell proliferation, and tumor 

suppression in cell line and xenografts models (103, 114, 115). While there might have some 

benefits in targeting both pathways, glucose metabolism and toxicity was noticed in patients 

likely owing to the inhibitor activity on the IR (103, 116). As of now, these compounds have all 

been terminated from breast cancer trials (104, 105). Given that almost 80% of breast cancers are 

ER+, the crosstalk between IGF and ER has been evaluated as a combination strategy (117). 

Unfortunately, the majority of clinical trials addressing the combination of IGF1R and ER 

therapies have also not led to any improvement in clinical outcome (118).  

 

Therapies targeting downstream activators in the IGF1 pathway such as PI3K/Akt/MAPK 

have been developed as these are the major signaling effectors (119). PI3K inhibitors such as 

LY294002 and Alpelisib, MAPK inhibitors such as U0126, AKT inhibitors such as MK2206 and 

AZD5363 and dual PI3K/mTOR inhibitors such as NVP-BEZ235 have been studied in pre-

clinical settings where the results have been favorable (120-127).  However, clinical trials with 

these agents have shown little activity, apart from the use of PI3K inhibitors in patients with 

PI3K/Akt pathway mutations which led to the 2019 approval of Piqray (Alpelisib) in 

combination with Fulvestrant for breast cancer with PIK3CA mutation.  
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1.2.4 Biomarker selection for targeted IGF therapies 

Following the need for better selection of patients for IGF targeted therapies, our lab 

performed a Reverse Phase Protein Array (RPPA) in 21 breast cancer cell lines of varying 

subtypes to identify possible biomarkers affecting IGF1 response (128). These cell lines were 

stimulated with 10nM of IGF1 or insulin for varying durations and were then subjected to RPPA 

analysis for 134 target proteins (MD Anderson Cancer Center RPPA Core Facility). All cell lines 

tested were responsive to IGF1 treatment and showed IGF1R/IR phosphorylation. Critically, 

only a few cell lines showed activated downstream Akt phosphorylation, in addition to the extent 

of activation being variable between these lines. Through lasso regression modeling of this data, 

E-cadherin was identified as a negative regulator of IGF1 and insulin signaling, with stronger 

effects observed for IGF1. These findings were additionally validated by E-cadherin knockdown 

in vitro, where the knockdown enhanced IGF1 signaling and sensitized CDH1 knockdown cells 

to IGF1R inhibition (128, 129). With the known regulation of IGF signaling by E-cadherin, and 

our interest in ILC, we compared IGF signaling levels between IDC and ILC tumor samples in 

The Cancer Genome Atlas (TCGA, GEO: GSE96058). We observed higher IGF1 mRNA and 

phospho-IGF1R/IR (pIGF1R/IR) levels in estrogen receptor positive (ER+) ILC compared to 

ER+ IDC (129). This finding was also replicated in a 2018 report from Patrick Derksen’s group 

with ILC cells identified as having an elevated growth factor signaling, presenting with high Akt 

activation (130). From a separate study, mesenchymal TNBC cell lines with E-cadherin loss 

were also shown to be more IGF1 responsive than E-cadherin expressing TNBC, and thus highly 

sensitive to dual IGF1R/IR TKI, BMS-754807 (131). Taken together, we have a strong basis for 

hypothesizing high IGF pathway activation in the absence of E-cadherin in patient samples and 
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cell line models, thus proposing the use of E-cadherin loss as a functional biomarker for IGF 

targeted therapies. 

 

Other groups have also searched for therapeutic vulnerabilities in E-cadherin null cells. A 

study by Bajrami et. al uncovered synthetic lethal phenotypes with inhibition of the ROS1 

tyrosine kinase in E-cadherin deficient cells (132) while another group showed that MCF10A 

CDH1 null cells showed increased susceptibility to RNAi mediated inhibition of several 

pathways, including the PI3K/AKT pathway, GPCRs, ion channels and proteasomal subunit 

proteins. These cells were also more sensitive to compounds that can disrupt the plasma 

membrane composition and trafficking, consistent with the role of E-cadherin in the adherens 

junction (133). Finally, a high throughput screen of almost 114,000 compounds was performed 

to identify targets causing synthetic lethality in E-cadherin null MCF10A cells, identifying 12 

novel compounds that preferentially harmed cells lacking E-cadherin (134). These recent studies 

highlight the increasing attention given to identify pathways that may be selectively targetable in 

E-cadherin deficient cells such as in ILC, thus accentuating the need for a comprehensive study 

on the efficacy of using loss of E-cadherin as a potential functional biomarker for targeted 

therapies. 

1.3 E-cadherin and breast cancer 

E-cadherin is a calcium-dependent cell-cell adhesion molecule known to have roles in 

epithelial cell behavior and the structural formation of adherens junction (135-137). It consists of 

an intracellular domain, a transmembrane domain and five cadherin repeats in the extracellular 
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domain. The extracellular domain interacts with that of another E-cadherin molecule on an 

adjacent cell to establish cell-cell adhesion while the intracellular carboxy-terminal domain binds 

to p120 and β-catenin for subsequent association with α-catenin. This intracellular complex 

interacts with actin filaments to maintain cell integrity. E-cadherin expression is typically 

observed in breast epithelial cells with temporary downregulation only observed in budding 

lobules invading the breast stroma (138). Intercellular interactions are important to allow for 

differentiation necessary during the development processes of the breast and for maintaining the 

integrity of the tissues following development. Mutation and loss of E-cadherin expression has 

been reported in ILC as discussed previously and in hereditary diffuse gastric carcinoma. 

Interestingly, germline CDH1 mutations in a single family have so far been associated with the 

development of metachronous diffuse gastric cancer and invasive lobular breast cancer (138, 

139). 

 

Due to its function in maintaining cell-cell adhesion, E-cadherin loss through epithelial-

mesenchymal transition (EMT), genetic deletion, loss of heterozygosity or epigenetic silencing is 

correlated with increased tumor invasion, increased tumor grade, metastasis, and a poor 

prognosis overall (137, 140-148). It is thought that by losing the adherens junction, tumor cells 

are free to migrate and metastasize to distant locations. Along those lines, exogenous expression 

of E-cadherin has also been shown to decrease growth of several breast cancer cell lines (142, 

149), further highlighting the importance of losing E-cadherin to promote tumor progression in 

some settings. Although historically the loss of E-cadherin expression in these special subtypes 

of cancers or other cancers as part of EMT has been noticed as a step in metastatic progression, 

recent reports have showed the importance of E-cadherin for metastasis (150, 151). Studies in 
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immortalized human breast epithelial cells showed that E-cadherin loss alone was sufficient to 

drive metastasis in an otherwise non-metastatic model by inducing EMT, rendering them anoikis 

resistant and increasing cellular motility and invasiveness (152). This role of E-cadherin was 

well agreed upon until a recent study with mouse mammary tumor organoids and xenografts 

showed the requirement for E-cadherin for metastasis (150) while another elucidated that it’s the 

functional state of E-cadherin that truly determines a tumor’s metastatic potential by using E-

cadherin activating monoclonal antibodies (151).   

 

Following the loss of E-cadherin, a re-localization of p120 to the cytoplasm is observed, 

with the release of β-catenin and α-catenin also to the cytoplasm. One might hypothesize that the 

release of β-catenin would stimulate Wnt signaling activation in E-cadherin null cells, however a 

decrease in both α and β-catenin have been reported in ILC (153, 154). In addition, several 

studies have reported that only non-canonical Wnt signaling activity is detectable in ILC cells, 

suggesting that effects of E-cadherin loss are largely independent of changes in canonical Wnt 

signaling (155, 156). Given the array of signaling differences between IDC and ILC (31, 34), it is 

critical to understand which mechanisms might be regulated specifically by the loss of E-

cadherin in ILC. Our lab as well as other groups have reported on the downregulation of E-

cadherin by growth factors to promote EMT (157). Although less extensive, there have been 

studies showing growth factor signaling regulation by E-cadherin (130, 140, 158-160) where 

multiple groups have shown that E-cadherin inhibits ligand-dependent activation of EGFR 

signaling.  
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1.4 Hypothesis 

Given the evidence of interaction between growth factor receptors and E-cadherin in the 

literature as well as our preliminary data, we hypothesize that E-cadherin is a negative regulator 

of IGF1R. Our work investigates the negative regulation of IGF1R by E-cadherin and tests 

whether loss of E-cadherin is a functional biomarker for patient selection in IGF1 signaling-

targeted therapy. The mechanism by which E-cadherin negatively regulates IGF1R is unknown 

and the effect of genetic loss of E-cadherin towards development and progression of ILC is also 

understudied. An understanding of how IGF1R is negatively regulated by E-cadherin is 

important to fully comprehend the mechanism and uncover additional potential therapeutic 

targets. In addition to breast cancers, there are other types of cancers such as hereditary diffuse 

gastric cancer (HDGC) that also presents with loss of E-cadherin. Our studies will benefit not 

only lobular breast cancer patients, but potentially also patients with HDGC. Our work will 

incorporate cell line models, patient derived organoids and mouse modeling to comprehensively 

address the questions proposed with a strong intent for translational relevance.  
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2.0 Elevated IGF and Akt Pathway Activation is Observed in ILC Tumors and Cell Lines 

2.1 Introduction 

Our lab previously performed a Reverse Phase Protein Array (RPPA) study to identify 

biomarkers for IGF1 response by comparing 21 breast cancer cell lines of varying subtypes 

(128). Cell lines were stimulated with 10nM IGF1 or insulin for varying durations and were then 

subjected to RPPA analysis for 134 target proteins. All cell lines were responsive to IGF1 

treatment as seen through phosphorylation of IGF1R/IR. However, only a few cell lines showed 

activated downstream Akt phosphorylation. Lasso regression modeling identified E-cadherin 

among the negative regulators of IGF1 and Insulin signaling. This study was validated with in 

vitro knockdown of E-cadherin and a western blot analysis for signaling activation.  

 

With the relationship between E-cadherin and IGF signaling discovered, our lab probed 

the TCGA dataset to learn more about how the loss of E-cadherin in ILC affects IGF signaling in 

ILC compared to IDC that retains E-cadherin expression. Higher IGF1 mRNA and phospho-

IGF1R/IR (pIGF1R/IR) levels were observed in estrogen receptor positive (ER+) ILC compared 

to ER+ IDC (129). Consistent with the increased IGF1 mRNA seen in ILC, a stronger positive 

correlation was observed between IGF1 mRNA and pIGF1R levels in ILC than in IDC, 

suggesting increased IGF1 signaling in the absence of E-cadherin. IGF1 mRNA levels that do 

not necessarily lead to IGF1R phosphorylation and pathway activation in IDC suggests the 

presence of a putative negative regulation mechanism in IDC that is potentially lost in ILC.  In a 

separate study, mesenchymal TNBC cell lines with E-cadherin loss were shown to be more IGF1 
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responsive than E-cadherin expressing TNBC, and thus highly sensitive to dual IGF1R/IR TKI, 

BMS-754807 (131). In addition, Dr Patrick Derksen’s group also identified ILC cells as having 

elevated growth factor signaling where they showed high Akt activation in ILC models (130). 

Taken together, our findings and related reports in the literature provide a strong basis for 

pursuing E-cadherin as a potential biomarker to stratify patients for anti-IGF1 therapies for a 

tailored targeted therapeutic intervention.   

 

In this chapter, we sought to validate our findings of elevated IGF signaling in ILC 

compared to IDC in The Sweden Cancerome Analysis Network - Breast (SCAN-B) comparing 

Luminal A IDC and ILC tumors (161). This dataset was curated from a consortium that was 

started in 2010 in a multicenter manner with an aim to analyze breast cancer tumors with NGS 

technologies to allow for better translational research. We also performed in vitro studies 

comparing IGF and EGF signaling activation in classic IDC and ILC cell lines which provided 

additional support for our hypothesis.  

2.2 Materials and methods 

2.2.1 In silico analysis 

Gene expression data from the Sweden Cancerome Analysis Network–Breast (SCAN‐B) 

study and The Cancer Genome Atlas (TCGA) were downloaded from Gene Expression 

Omnibus, accession GSE96058 (161) and GSE62944 (162) respectively. Differential gene 

expression between luminal A lobular (N = 157) and ductal (N = 307) breast cancer samples in 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE96058
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TCGA was performed using DESeq2 as described in (34). The differential expression analysis 

was corrected for tumor purity using a Consensus measurement of Tumor Purity as detailed in 

(34). For SCAN-B samples, differential gene expression between luminal A lobular (N = 265) 

and ductal (N = 1165) breast cancer samples was assessed using DESeq2. Tumor purity for 

SCAN-B samples was estimated using the R package ESTIMATE (163). FDR cut off of 0.05 

was used to identify significantly differentially expressed genes. Heatmap for genes of interest 

was created using the R package ComplexHeatmap. Gene set variation analysis (GSVA) was 

performed on log transformed gene FPKM matrices using the R package GSVA (164) with 

default settings including “Gaussian” for kernel selection. Gene sets of interest were obtained 

from MSigDB version 7.4. The GSVA enrichment scores were compared between luminal A 

lobular and ductal breast cancer samples using Mann-Whitney U test. Gene set enrichment 

analysis (GSEA version 4.1.0. Broad Institute) (165) was also conducted on normalized raw 

counts with default settings and gene sets of interest obtained from MSigDB. 

2.2.2 Cell culture 

Cell lines utilized in this study were obtained from ATCC: MCF7 (RRID: CVCL_0031), 

T47D (RRID: CVCL_0553), ZR75.1 (RRID: CVCL_0588), MDA-MB-134-VI (RRID: 

CVCL_0617), MDA-MB-231 (RRID: CVCL_0062) and Asterand for SUM44PE (RRID: 

CVCL_3424). Cell lines were maintained in 10% fetal bovine serum (FBS; Life Technologies) 

supplemented media (Thermo Fisher Scientific): MDA-MB-134 in 1:1 DMEM: L-15; MCF7 and 

MDA-MB-231 in DMEM; and T47D and ZR75.1 in RPMI. SUM44PE was maintained in 

DMEM/F12 with 2% charcoal stripped serum (CSS; Life Technologies) with additional 

supplements as previously described (34). Cell lines were cultured for less than 6 months at a 
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time, routinely tested to be Mycoplasma free and authenticated by the University of Arizona 

Genetics Core (Tucson, Arizona) by short tandem repeat DNA profiling. 

2.2.3 Immunoblotting 

Protein for immunoblotting experiments were harvested using RIPA buffer (50mM Tris 

pH 7.4, 150mM NaCl, 1mM EDTA, 0.5% Nonidet P-40, 0.5% NaDeoxycholate, 0.1% SDS) 

supplemented with 1x HALT protease and phosphatase cocktail (Thermo Fisher #78442), probe 

sonicated for 15 seconds (20% amplitude) and centrifuged at 14,000rpm at 4˚C for 15 minutes. 

Protein concentration was assessed using BCA assay (Thermo Fisher #23225) and 50ug of 

protein per sample was run on 10% SDS-PAGE gel, then transferred to PVDF membrane. 

Membrane blocking was performed with Intercept PBS blocking buffer (LiCOr #927-40000) for 

one hour at room temperature and probed with primary antibodies overnight at 4°C: pIGF1R/IR 

(Cell Signaling Technology #3024; RRID:AB_331253), IGF1R (Cell Signaling Technology 

#3027; RRID:AB_2122378), pAkt S473 (Cell Signaling Technology #4060; 

RRID:AB_2315049), Akt (Cell Signaling Technology #9272; RRID:AB_329827), InsR (Cell 

Signaling Technology #3025; RRID:AB_2280448), E-cadherin (BD Biosciences #610182; 

RRID:AB_397581), pEGFR Y1068 (Cell Signaling Technology #2234; RRID:AB_331701), 

EGFR (Cell Signaling Technology #4267; RRID:AB_2246311) and β-actin (Millipore Sigma 

#A5441, RRID:AB_ 476744). This was followed by 1 hour room temperature incubation with 

secondary antibodies (1:10,000; anti-mouse 680LT: LiCor #925-68020; anti-rabbit 800CW: 

LiCor #925-32211). Membranes were subsequently imaged on the LiCOr Odyssey CLx Imaging 

system, with band quantifications performed with built in software. 
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2.3 Results 

2.3.1 IGF pathway activity is enhanced in ILC 

To comprehensively understand differences in the IGF pathway between ILC and IDC, 

we analyzed the publicly available Sweden Cancerome Analysis Network–Breast (SCAN‐B) 

study. SCAN-B has three times as many breast cancer cases as TCGA. This analysis was 

performed in collaboration with a lab colleague, Dr Susrutha Puthanmadhomnarayan. The 

SCAN-B dataset allowed a direct comparison of growth factor signaling differences between 

luminal A IDC (n=1165) and luminal A ILC (n=265) tumors. Significantly higher IGF1 and 

IGF2 expression were observed in ILC tumors in addition to several other growth factor 

signaling related genes (Figure 3A). Downregulation of several IGF binding proteins which 

typically suppress the IGF pathway was also observed in ILC. We also analyzed luminal A 

lobular (N = 157) and ductal (N = 307) breast cancer samples in the TCGA dataset (GSE62944) 

where we observed upregulation of IGF1 in ILC compared to IDC however, IGF2 expression 

was lower in ILC. Interesting findings with several other growth factor receptors such as EGFR, 

FGFR4 and NGFR was also observed where they were all significantly upregulated in ILC 

tumors (Figure 3B). 

 

Analyzing the SCAN-B dataset further by gene set variation analysis (GSVA), we 

observed that IGF1/2 signaling activation was higher in ILC (p=0.005) (Figure 3C). To assess 

downstream activation, we probed the PI3K/Akt signaling pathway and observed that it was 

significantly higher in ILC by gene set enrichment analysis (GSEA) (Figure 3D, p=0.04) and by 

GSVA for signaling activation overall (Figure 3E, p=3.144-6) and specifically in cancer (Figure 
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3F, p=0.0002). Overall, analysis of the SCAN-B dataset here and TCGA dataset from our 

previous work supports our hypothesis of the IGF pathway being more highly activated in ILC 

relative to IDC tumors.  
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Figure 3: IGF pathway activity is enhanced in ILC tumors compared to IDC tumors 

Gene expression analysis of growth factor signaling related genes comparing Luminal A IDC and ILC with 
significantly different expression values displayed from the (A) SCAN-B dataset and (B) TCGA dataset. (C) GSVA 
analysis of Luminal A IDC and ILC samples for targets of IGF1 and IGF2 using respective signature sets from 
MSigDB with significantly higher pathway activation in ILC. (D) GSEA analysis for PI3K/Akt showing significantly 
higher pathway activation in ILC samples obtained from the SCAN-B dataset. (E, F) GSVA analysis of Luminal A 
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IDC and ILC samples using respective signature sets from MSigDB with significantly higher pathway activation in 
ILC. This analysis was performed by a lab colleague, Dr Susrutha Puthanmadhomnaraynan.  

 

2.3.2 IGF pathway activity is enhanced in ILC cell lines in vitro 

We investigated the differences in IGF pathway activity in IDC (MCF7, T47D, ZR75.1) 

and ILC (MDA-MB-134-VI, SUM44PE) cell lines. ILC cell lines showed higher pIGF1R/IR 

expression after IGF1 stimulation compared to the IDC cell lines, though the expression of total 

IGF1R/IR varied across cell models (Figure 4A). pAkt (S473) levels, as a measure of 

downstream pathway activation, did not always correlate with pIGF1R/IR levels. We observed 

Akt activation in the absence of ligands in T47D and ZR75.1 cells, while MCF7 cells 

demonstrated robust pAkt induction despite modest pIGF1R/IR levels. The presence of PIK3CA 

activating mutations in MCF7 and T47D (166-168), and PTEN loss in ZR75.1 cells (168) may be 

the potential reasoning as to why a baseline level activation is higher in these cell lines. To assess 

the effects of growth factors other than IGF1 and IGF2, we stimulated these cells with insulin 

and again observed that ILC cell lines demonstrated enhanced activation of pIGF1R/IR, although 

with this ligand ZR75.1 also showed robust activation (Figure 4B). To test whether there was a 

difference between ILC and IDC cell lines in response to ligands targeting other cell surface 

receptors that may be regulated by E-cadherin (158, 159, 169, 170), we assessed the effects of 

EGF stimulation in our panel of cell lines (Figure 4C). Very minimal EGFR activation could be 

detected in ILC cell lines suggesting cellular context specific changes in growth factor signaling 

activation. Overall, these data support an increased IGF pathway activity in ILC compared to 

IDC in our cell line models and support the patient tumor results presented in Chapter 2.3.1. 
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Figure 4: IGF pathway activity is enhanced in ILC cell lines in vitro 

MCF7, T47D, ZR75.1, MM134 and SUM44PE cells were serum starved overnight and stimulated with (A) IGF1 and 
IGF2 (B) Insulin (C) EGF (0-10nM) for 15 minutes at 37°C. Cells were harvested for Western blot to assess IGF1R/IR, 
EGFR and Akt signaling. For quantification, phosphorylated protein levels were normalized to corresponding total 
protein levels and loading controls, and then normalized to their respective vehicle controls. Ligand treated sample 
values were further normalized to respective cell line vehicle treated samples. Representative experiment shown for 
all, n=2 for each experiment. 
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2.4 Discussion 

In this chapter, we investigated the differences in IGF and Akt pathways between IDC 

and ILC patient tumor samples within the SCAN-B dataset. We report that both pathways 

assessed were indeed higher in ILC tumors, with higher expression of IGF1 and IGF2 ligands 

also evident in ILC compared to IDC. Aside from the ligands being expressed at a higher level, a 

signature of their target genes was also upregulated in ILC, further supporting pathway 

activation. In addition, the GSEA enrichment for PI3K and Akt signaling pathways strongly 

supports our future work to understand the role of E-cadherin in regulating the IGF/Akt axis and 

the potential of utilizing E-cadherin as a functional biomarker to support pathway targeting.  

 

In addition to these findings, we were also able to validate our SCAN-B results with the 

TCGA cohort (129) and published literature (31, 130), providing a strong foundation for our 

hypothesis. Comparison between IDC and ILC tumors with and without E-cadherin showed that 

the IGF/Akt axis is upregulated in the absence of E-cadherin. Further in vitro validation with a 

panel of cell line models demonstrated a pattern of higher IGF/Akt signaling in the ILC cell lines 

tested, albeit with cell specific differences. This aligns well with results obtained from Cdh1-/-; 

p53-/- derived mouse ILC cell lines from Dr Patrick Derksen’s group (130). Our effort to explore 

if this is a pan-growth factor effect by testing EGF signaling showed minimal activation in the 

ILC cell lines, suggesting that this phenotype may most robustly apply to IGF signaling. 

Although our findings from these experiments are not definitive, there certainly is a clear trend 

supporting our hypothesis. A major difference between the patient data and our in vitro results is 

the nature of the samples themselves. Our in vitro experiments were performed in a controlled 

manner with one concentration of each ligand tested, whereas the results from patient data such 
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as in the SCAN-B dataset is more representative of the tumor microenvironment. Our ability to 

obtain promising results with these models suggests the importance of this study. 

 

A wealth of literature supports growth factor signaling in breast cancer an attractive 

target for therapeutics. Many growth factor signaling pathways are continuously being probed 

(171, 172) in response to the vast numbers of inhibitors being developed (173). However, it has 

become evident that not all tumors are sensitive to the same treatments despite being similar in 

their subtypes, highlighting the need for personalized medicine approaches (174, 175). An 

example of this is the approval of Alpelisib (Piqray) in combination with Fulvestrant for patients 

with hormone receptor positive (HR+), HER2-, PIK3CA-mutated metastatic breast cancer (176). 

Breast cancers with a PIK3CA activation can be successfully treated with a targeted therapy if 

the activation is driven by a mutation (177), which significantly benefits patient prognosis. Our 

research suggests that tumors with loss of E-cadherin may respond favorably to IGF-targeted 

therapies and that E-cadherin loss may provide a biomarker with which to stratify patients for 

treatment with agents targeting this pathway. As discussed previously, clinical trials with IGF-

targeted therapies in an unstratified breast cancer patient population did not show clinical benefit. 

However, a small subset of patients did show benefit (178-180) although their specific disease 

characteristics were unfortunately not analyzed retrospectively. A recent study with an IGF 

ligand blocking antibody Xentuzumab (BI836845) reported clinical benefits in patients with non-

visceral metastasis (113) which could potentially allude to patients with ILC (35, 130), thus 

further supporting the need to treat the right patients with the right treatments.  
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Overall, in this chapter, we present evidence of comparatively higher IGF/Akt signaling 

in ILC compared to IDC tumor samples using SCAN-B data and sensitivity of cell lines in vitro. 

Given that the loss of E-cadherin is routinely assessed for ILC diagnosis, the growing evidence 

that we have on loss of E-cadherin correlating with activated growth factor signaling (31, 129, 

130) is extremely valuable towards utilizing it as a functional biomarker of response. 
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3.0 CDH1 Knockout (KO) IDC Isogenic Cell Lines as a Model to Study The Role of E-

Cadherin in Regulating IGF Signaling 

3.1 Introduction 

Cell lines are a simple yet valuable model for studying protein interactions and their 

effects on tumorigenesis. A good example of this is the distinct differences in sensitivity to IGF, 

insulin and EGF stimulation observed between IDC and ILC cell lines investigated in Chapter 2. 

While making direct comparisons between IDC and ILC cell lines may provide crucial 

information on the role of E-cadherin, it is imperative to consider the genomic, epigenomic and 

proteomic differences between these cell lines. While IDC has been studied in detail, fewer 

investigations on ILC has led to very few models being available for research. For example, only 

three ILC cell lines are in the Cancer Cell Line Encyclopedia (CCLE) database while over 30 

breast ductal carcinoma cell lines are available (181). Each cell line is derived from patients and 

tumors with very different backgrounds, varying therapeutic interventions, and disease 

progression. The presence of wide heterogeneity between cell lines despite being from the same 

subtype, in addition to the small number of cell lines available, may lead to challenges with data 

consistency. Furthermore, it is also important to note that while loss of E-cadherin is one of the 

major differences between IDC and ILC, it is not the only point of differentiation between them. 

Therefore, making direct comparisons between ILC and IDC cell lines and concluding that the 

effects are due solely to E-cadherin would be implausible, thus, requiring more and better models 

to investigate our hypothesis that E-cadherin regulates the IGF pathway in ILC. 
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To establish models to study where phenotypes can be directly ascribed to the role of E-

cadherin, we generated isogenic CDH1 knockout IDC cell lines. These models allow us to 

specifically study the role of E-cadherin in regulating the IGF pathway without cell line 

backgrounds and other potential genetic alterations compromising our interpretation of the data. 

The CRISPR/Cas9 system has opened a wide array of new approaches for molecular studies 

(182, 183). Using the CRISPR/ Cas9 system, we performed CDH1 knockout in three commonly 

studied ER+ IDC cell lines. Previously, several groups including Dr Patrick Derksen’s and Dr 

Christopher Lord’s have also generated MCF7 CDH1 KO cell lines, by utilizing the 

CRISPR/Cas9 system to unravel an autocrine activation of growth factor signaling (130) and a 

synthetic lethality of CDH1 KO with ROS1 inhibition (132). To orthogonally study the role of E-

cadherin, Laura Savariau, a graduate student, and colleague in the Lee/Oesterreich lab generated 

ILC cell lines overexpressing a Doxycycline inducible E-cadherin, and I have used these 

additional models to perform crucial validation experiments.  

 

This chapter explores the process of generating CDH1 knockout cell line models and 

characterizes their morphology, growth, and culture phenotypes.  
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3.2 Materials and methods 

3.2.1 Cell culture 

Cell lines utilized in this chapter were obtained from ATCC: MCF7 (RRID: CVCL_0031), 

T47D (RRID: CVCL_0553) and ZR75.1 (RRID: CVCL_0588). Cell lines were maintained in 10% 

fetal bovine serum (FBS; Life Technologies) supplemented media (Thermo Fisher Scientific): 

MCF7 in DMEM; and T47D and ZR75.1 in RPMI. Cell lines were cultured for less than 6 months 

at a time, routinely tested to be Mycoplasma free and authenticated by the University of Arizona 

Genetics Core (Tucson, Arizona) by short tandem repeat DNA profiling. 

3.2.2 CDH1 knockout cell line generation  

CRISPR mediated knockout of CDH1 in MCF7 and T47D cells was performed by 

utilizing the Gene Knockout Kit (V1) from Synthego (Redwood City, California) as previously 

described (184, 185). Single cell clones generated were continually cultured in 50% of 0.4µm 

filtered conditioned media to support viability. The parental cell line was used a comparator for 

MCF7 and T47D, referred as wildtype (WT). Sanger sequencing for CDH1 (F: 

AGGAGACTGAAAGGGAACGGTG, R: GTGCCCTCAACCTCCTCTTCTT) was performed 

to confirm the presence of an indel. For ZR75.1, a lentiviral doxycycline inducible Cas9 was 

utilized (pLV[Exp]-Bsd-TRE3G>hCas9). In addition, an adenoviral vector harboring either short 

guide RNA (sgRNA) for CDH1 (pAV[2gRNA]-EGFP:P2A:Puro-U6>gRNA CDH1 exon11-

U6>gRNA CDH1 exon5) or a non-targeting control (NTC) sequence (pAV[2gRNA]-

EGFP:P2A:Puro-U6>NTCguide1-U6>NTCguide2) was utilized. All three plasmids were 
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generated by VectorBuilder. A total of 3 rounds of infection and Puromycin selection was 

performed before single cell sorting of the ZR75.1 cells. The ZR75.1 CDH1 KO and NTC cells 

were generated by Dr Jagmohan Hooda, a senior research scientist in our group. 8 clones from 

each KO and NTC cells were isolated by single cell cloning and combined to generate a pool for 

subsequent experiments. 

3.2.3 Immunoblotting 

Protein for immunoblotting experiments were harvested using RIPA buffer (50mM Tris 

pH 7.4, 150mM NaCl, 1mM EDTA, 0.5% Nonidet P-40, 0.5% NaDeoxycholate, 0.1% SDS) 

supplemented with 1x HALT protease and phosphatase cocktail (Thermo Fisher #78442), probe 

sonicated for 15 seconds (20% amplitude) and centrifuged at 14,000rpm at 4˚C for 15 minutes. 

Protein concentration was assessed using BCA assay (Thermo Fisher #23225) and 50ug of 

protein per sample was run on 10% SDS-PAGE gel, then transferred to PVDF membrane. 

Membrane blocking was performed with Intercept PBS blocking buffer (LiCOr #927-40000) for 

one hour at room temperature and probed with primary antibodies overnight at 4°C: E-cadherin 

(BD Biosciences #610182; RRID:AB_397581), β-catenin (BD Biosciences #610154; 

RRID:AB_397555), p120 catenin (BD Biosciences; #610134; RRID:AB_397537), non-phospho 

β-catenin (Cell Signaling Technology #1980; RRID:AB_2650576) and β-actin (Millipore Sigma 

#A5441, RRID:AB_ 476744). This was followed by 1 hour room temperature incubation with 

secondary antibodies (1:10,000; anti-mouse 680LT: LiCor #925-68020; anti-rabbit 800CW: 

LiCor #925-32211). Membranes were subsequently imaged on the LiCOr Odyssey CLx Imaging 

system, with band quantifications performed with the built-in software. 
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3.2.4 qRT-PCR for CDH1 

RNA extraction was performed using RNeasy mini kit (Qiagen #74106) and the RNA 

quality and amount quantified on NanoDrop. Reverse transcription to cDNA was performed with 

PrimeScript™ RT Master Mix (Takara Bio #RR036B). RT-PCR was then performed with 

SsoAdvanced Universal SYBR (Bio-Rad #1726275) with CDH1 primers (F: 

GAACAGCACGTACACAGCCCT, R: GCAGAAGTGTCCCTGTTCCAG). Results were 

normalized to reads from housekeeping gene RPLPO. Statistical differences evaluated using a 

paired t-test. 

3.2.5 Immunofluorescence 

Cells were plated at a density of 100,000-200,000 cells/well on glass coverslips (Fisher 

#12-545-80P) in 24-well plates, fixed on ice in ice cold methanol for 30 minutes and blocked 

with buffer (0.3% Triton X-100, 5% BSA, 1X DPBS) for 1 hour at room temperature. Primary 

antibody incubation was performed overnight at 4°C: E-cadherin (Cell Signaling Technology; 

#3195; RRID: AB_2291471; 1:100) and p120 catenin (BD Biosciences; #610134; RRID: 

AB_397537; 1:100). Secondary antibody incubation was done for 1 hour at room temperature 

followed by Hoechst 33342 (Thermo Scientific #62249; 1:10000) staining. Coverslips were 

mounted with Aqua-Poly/Mount (Polysciences #18606-20) and images were taken on a Nikon 

A1 confocal microscope with a 60X objective.  
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3.2.6 2D and ULA cell growth assay 

Cells were plated in 100µL of respective media with 10% FBS at 5,000 cells/well in 2D 

and ULA (Corning #3474) 96-well plates. Plates were collected at days 0, 2, 4, 6 and 8 and 

measured by CellTiter-Glo (Promega #PR-G7573) following the manufacturer’s protocol. Cell 

viability values were analyzed following blank cell deductions and normalization to vehicle 

readings. Statistical differences were evaluated using 2way-ANOVA (p<0.05). 

3.2.7 FACS for anoikis resistance 

Cells were stained with APC-Annexin V (BD Biosciences #550474) and Propidium 

Iodide (BD Biosciences #556463) in 1X Annexin binding buffer (BD Biosciences #556454) for 

15 minutes at room temperature. Samples were analyzed on an LSR II Flow cytometer (BD 

Biosciences) and processed using BD FACSDiva and FlowJo software (BD Biosciences) as 

previously described (184). Live cell percentages in 2D conditions for each cell line was used to 

normalize the live cell percentages in ULA conditions. Statistical differences were tested using a 

two-way ANOVA. 

3.2.8 Bulk RNA sequencing sample preparation 

MCF7 and T47D, parental and CDH1 KO cells were plated at 500,000 cells/ well in a full 

6-well plate each in their respective full serum media. RNA extraction was performed with 

Qiagen RNeasy (#75162) by combining 2 wells into one sample, thus obtaining 3 biological 

replicates/ cell line. All samples were subjected to a qRT-PCR for CDH1 as a quality control 
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measure. Upon confirmation, all samples were sent to the UPMC Genome Center to conduct a 

paired end sequencing with a sequencing depth of 25-33 million reads. 

3.2.9 Bulk RNA sequencing analysis MCF7 and T47D parental and CDH1 KO cell lines 

RNA expression quantification and gene-level summarization were performed using 

Salmon v1.1.0 (186) with index generated from GRCh38 Ensemble and tximport v1.16.1 (187), 

respectively. Resulting expression estimates were summarized to gene-level by tximport. 

Principal component analysis was generated using the rlog function from the R package DESeq2 

v1.30.0 (188) and the first 2 PCs were plotted using ggplots. DESeq2 was used for differential 

expression analysis of E-cadherin KO vs Parent cells. Significantly expressed genes (DEGs) 

were defined as those with absolute log2 fold change ≥ 1 and adjusted p-value of < 0.05 for 

MCF7 (515 genes) and absolute log2 fold change ≥ 1.5 and adjusted p-value of < 0.05 for T47D 

(787 genes). Top 20 genes were plotted using Complex Heatmap v2.7.8.1000. Using the 

significant DEGs, Genes Set Enrichment Analysis (GSEA) was performed using gseGO function 

from the clusterProflier package v3.16.1. GSEA results were plotted with dotplot on R. 
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3.3 Results 

3.3.1 CDH1 KO IDC cell lines demonstrated altered morphology and re-localized p120 

catenin 

To generate CDH1 knockout (KO) cell lines, we utilized the Synthego Gene Knockout 

Kit (V1) as detailed in the Materials and Method section and as previously described (184, 185). 

Single clones were plated in 96-well plates via flow sorting to ensure selection of individual cell 

clones with complete gene knockout. Upon clonal outgrowth, and confirmation of KO by 

immunoblots and Sanger sequencing for CDH1, 8 clones from each cell line (MCF7 and T47D) 

were combined at equal frequency. A few passages of cell culture were performed before a final 

round of confirmation with immunoblotting and Sanger sequencing was performed. Parental 

MCF7 and T47D cell lines of the same passage numbers were utilized as the comparators and 

were annotated MCF7 WT and T47D WT. For ZR75.1, Jagmohan Hooda, PhD in the lab used a 

separate method with a Doxycycline inducible Cas9 and an adenoviral delivery of sgRNA was 

performed to obtain the CDH1 KO cells. A lentiviral plasmid system was used to express Dox-

inducible Cas9. This model was first tested for efficiency of Cas9 expression with Dox treatment 

before 3 rounds of adenoviral CDH1 targeting sgRNA or a non-targeting control (NTC) sgRNA 

were infected. Following clone outgrowth, cells were selected as before, and 8 clones pooled for 

further experimentation. The NTC sgRNA infected cells were also selected in the same way and 

were annotated ZR75.1 WT.  ZR75.1 CDH1 KO and NTC cells. 

 

Both MCF7 and T47D CDH1 KO cells exhibited complete loss of E-cadherin expression 

(Figure 5A, B) as ascertained via immunoblotting and qRT-PCR. ZR75.1 CDH1 KO cells, 
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however, did not exhibit complete gene deletion with about 40% of the protein expression 

remaining. We hypothesize that the CDH1 amplification in ZR75.1 is a potential reason for this 

challenge in obtaining a complete gene knockout model (189). Despite the incomplete deletion, 

ZR75.1 CDH1 KO cells are still a valuable model for understanding the role of E-cadherin in 

regulating the IGF axis and were utilized for critical experiments in this project.  

 

Following the generation of these cell line models, I assessed the similarity of CDH1 KO 

IDC cell lines to ILC cell lines. In 2D culture, MCF7 and T47D KO cells demonstrate varied 

morphology compared to their WT cells (Figure 5C). KO cells were more distant from their 

neighboring cells, with less cell-cell interaction and less cell-plate attachment. In ultra-low 

attachment (ULA) where cells grow in suspension, both KO cells formed more loose structures 

with individual cell perimeters still being visible while the WT cells formed tight clusters. 

Meanwhile, in the ZR75.1 cell pair, no major differences were observed between the WT and 

KO cells in either growth conditions. This might be due to the incomplete CDH1 deletion, thus 

masking any potential changes that may occur with a CDH1 KO.  
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Figure 5: CDH1 KO IDC cell lines demonstrate altered morphology and re-localization of p120 catenin 

(A) Western blotting and (B) qRT-PCR confirms reduction of E-cadherin in CDH1 KO MCF7, T47D and ZR75.1 
CRISPR cell lines compared to wildtype (WT) parental cells. Statistical differences evaluated using paired t-test 
(*p<0.05). Representative experiment shown, n=2 (each with two biological and 3 technical replicates). (C) 
Representative brightfield images (10X magnification) of WT and CDH1 KO cell line models plated in 2D and ULA 
plates. (D) E-cadherin (red) and p120 catenin (green) staining of WT and CDH1 KO cells confirms CDH1 loss and 
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p120 re-localization in CDH1 KO cell models by confocal microscopy (60X objective). Inset in the ZR75.1 CDH1 
KO panel shows a zoomed in image. Scale bar: 50µm. Representative experiment shown for all, n=2-3 for each 
experiment. ZR75.1 CDH1 KO and NTC cells were generated by Dr Jagmohan Hooda. 

 

 

We next assessed CDH1 deletion via immunofluorescence to observe if there was any 

remaining expression and to also evaluate the potential changes to the cells’ adherens junction. 

While no membranous E-cadherin staining was observed in MCF7 and T47D KO cells, some 

puncta staining was observed (Figure 5D). This is similar to the puncta-like E-cadherin staining 

in ILC cells we have seen previously (129, 154). Membranous E-cadherin staining was observed 

in ZR75.1 KO, although at lower intensity than the WT cells. To visualize the adherens junction 

formation, we stained for p120 catenin and observed its re-localization to the cytoplasm 

following CDH1 deletion, where p120 catenin is retained on the membrane by E-cadherin, and 

its loss leads to p120 re-localization and the loss of an intact adherens junction.  

3.3.2  β-catenin expression is reduced following CDH1 knockout 

In addition to retaining p120 catenin on the membrane, E-cadherin is also known to retain 

β-catenin on the membrane. The release of β-catenin from the cell membrane could result in its 

free availability in the cytoplasm, which could in turn lead to either its proteasomal degradation 

or its accumulation resulting in subsequent activation of Wnt signaling (190). As our goal to 

delete CDH1 was to assess its effects specifically on IGF signaling and not to have this 

phenotype be affected by potential changes to β-catenin signaling, we sought to investigate if the 

β-catenin expression is affected. As seen in ILC cells, E-cadherin knockout in MCF7 and T47D 

led to reduced β-catenin expression (Figure 6). Using a GSK inhibitor, CHIR-99021 
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(Selleckchem #S2924), we confirmed that β-catenin in CDH1 KO cells is indeed targeted for 

proteasomal degradation (Figure 6), thus ruling out increased β-catenin activity in the absence of 

E-cadherin in our KO models.  

 

 

Figure 6: β-catenin signaling is not affected by CDH1 knockout 

MCF7 and T47D, WT and CDH1 KO cells were treated with GSK-3 inhibitor, CHIR 99021 for 24 hours and harvested 
for Western blotting. Total and active β-catenin protein levels were assessed. Representative experiment shown, n=2. 

 

3.3.3  CDH1 KO cells exhibit enhanced growth in ULA and are anoikis resistant 

To assess if the changes in the KO cell morphology bring about any changes to their 

growth in 2D and ULA settings, I set up a 6 to 8-day growth assay in which cells were grown in 

their respective media in 96-well plates. As shown in Figure 7A, there were no significant 

changes in 2D growth between WT and KO cells of all three cell lines. However, there was 

significantly increased growth in MCF7 and T47D KO cells in the ULA plates (MCF7 p<0.05; 

T47D p<0.001), suggesting that cells without E-cadherin grow better in a suspension setting or 

vice versa where cells expressing E-cadherin are not able to grow as well in suspension. Our 

group has previously investigated this in transient models (184), with these KO models 
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confirming our previous findings. The ZR75.1 models did not show any differences in ULA 

growth, again potentially due to the incomplete gene deletion masking any effects.  

 

With the difference between WT and KO cells growth in ULA now known, we further 

assessed differences in anoikis resistance in the KO cells and/or anchorage independent growth 

in the KO cells. WT and KO cells were grown in 2D or ULA plates for 3 days and subjected to 

an apoptosis assay via flow cytometry (Figure 7B). Cell growth in the 2D setting was similar 

between WT and KO cells and this percentage of live cells was used to normalize their ULA 

growth. A higher percentage of Annexin V-stained apoptotic cells were observed in the T47D 

WT cells, suggesting an anoikis resistance phenotype of the T47D KO cells (p<0.05) in 

suspension. However, no significant differences were observed between the MCF7 WT and KO 

cells despite exhibiting differences in ULA growth. It is important to note that MCF7 cells are 

deficient in caspase 3 (191, 192) and thus additional steps are needed to comprehensively 

address the apoptosis in this cell line. 



 45 

 

Figure 7: CDH1 KO cells exhibit enhanced growth in ULA and display anoikis resistance 

(A) MCF7, T47D, ZR75.1 WT and CDH1 KO cells were plated at 5000 cells/ well in 2D and ULA 96-well plates in 
their respective full serum media. Cell viability was quantified on days 0-8 with CellTiter-Glo assay and data was 
normalized to day 0 quantification. Statistical differences were evaluated using two-way ANOVA (*p<0.05, 
**p<0.01, representative experiment shown, n=3 (each with six biological replicates)). (B) MCF7 and T47D WT and 
CDH1 KO cells were grown in 2D and ULA plates for 3 days and stained with Annexin V and propidium iodide to 
measure live and apoptotic cells, respectively. Live cell percentage in 2D for each cell line was used to normalize the 
live cell percentages in ULA plates. Representative experiment shown; n=3 (each with three biological replicates). 
Statistical differences were evaluated using two-way ANOVA (*p<0.05). 

 

3.3.4 RNA sequencing reveals variations between WT and KO cells, with related pathway 

differences 

To assess differences between our WT and KO cell lines we performed bulk RNA 

sequencing on the MCF7 and T47D cell line pairs. The analysis of RNA sequencing was 

performed by a lab colleague, Laura Savariau. Principal Component Analysis (PCA) of the WT 
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cell line compared to its CDH1 KO cell line showed a 70% variance between the MCF7 cells 

and an 85% variance between the T47D cell pairs (Figure 8A), highlighting the major changes to 

the cell lines following CDH1 deletion.  To understand the gene expression changes between the 

cell lines, DESeq2 analysis was performed to identify significantly differentially expressed genes 

between MCF7 cells (absolute log2 fold change ≥ 1 and adjusted p-value of < 0.05) and T47D 

cells (absolute log2 fold change ≥ 1.5 and adjusted p-value of < 0.05 for). A total of 515 genes 

and 787 genes were uncovered for MCF7 and T47D respectively. Figures 8C and D list the top 

20 most significant differentially expressed genes for each cell line pair.  

 

As expected, CDH1 was listed in the top 20 DEGs for both cell lines (Figure 8C, D). 

Interesting genes from the MCF7 cells include upregulation of IGFBP5 and BAMBI, and 

downregulation of PKIB and KRT81 in the KO cells. Insulin-like growth factor-binding protein 5 

(IGFBP5) is known to have antiproliferative effects (193) due to its role as an IGF binding 

protein. BMP And Activin Membrane Bound Inhibitor (BAMBI)’s involvement in breast cancer 

as a tumor suppressor is being considered (194), although it is not well studied. Downregulation 

of Keratin 81 (KRT81) and cAMP-dependent Protein Kinase Inhibitor Beta (PKIB) in the MCF7 

KO cells was observed among other genes and there are studies in breast cancer showing the 

potential role of these genes in the disease via regulating Akt activity (195).  
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Figure 8: RNA sequencing uncovers large variance between WT and KO cells, with related pathway 
differences 

PCA plot comparing (A) MCF7 WT and CDH1 KO cells and (B) T47D WT and CDH1 KO cells. Top 20 differentially 
expressed genes from DESeq2 analysis between (C) MCF7 cells (absolute log2 fold change ≥1 and adjusted p-value 
of <0.05) and (D) T47D cells (absolute log2 fold change ≥1.5 and adjusted p-value of <0.05 for). Gene Set Enrichment 
Analysis based on the differentially expressed genes between (E) MCF7 cells and (F) T47D cells. Analysis was 
performed by Laura Savariau. 
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In T47D cells, Polo-like Kinase 2 (PLK2) was among the downregulated genes following 

CDH1 deletion. Discovery of PLK2 downregulation in T47D KO cells is exciting and requires 

further investigation, especially given its tumor suppressor function towards mTOR signaling 

(196) which could go hand in hand with understanding the PI3K pathway activation in KO cells. 

Among upregulated genes in CDH1 KO cells, the Gap Junction protein alpha 1 gene (GJA1) is 

present. As its name suggest, GJA1 forms gap junction transmembrane channels for adjacent cell 

communications. Given the deletion of E-cadherin in the KO cells, this upregulation of a gap 

junction protein potentially suggests an increase in gap junctions in cells lacking adherens 

junctions. GJA1 expression has been reported to be breast cancer subtype dependent (197) with a 

potential for its loss during metastasis (198). 

 

Using the significant DEGs, a Genes Set Enrichment Analysis (GSEA) was performed. 

The topmost differentially regulated pathways in KO cells compared to WT cells were included 

in this analysis (Figure 8E, F). We identified several related pathways, such as growth factor 

receptor binding (suppressed in KO), PDGF signaling pathway (suppressed in KO), homophilic 

cell adhesion via plasma membrane adhesion molecules (suppressed in KO) and positive 

regulation of receptor signaling pathway via STAT (activated in KO) in the MCF7 cells. While 

these are interesting findings, some of the pathways that we expected to be activated were 

suppressed, requiring further analysis and experimentation to understand. In T47D cells, we 

identified kinase regulator activity (suppressed in KO), response to external stimulus (activated 

in KO) and signaling receptor binding (activated in KO). These results go hand in hand with the 

data to be discussed in the following chapter of this thesis. A suppression in the kinase regulator 

activity and an activated signaling receptor binding suggests a potential method for how deletion 
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of CDH1 in the KO cells allows them to have a hyperactivated growth factor signaling as will be 

discussed later. 

3.4 Discussion 

In this chapter, we explored the generation and use of CDH1 knockout cell line models to 

study the role of E-cadherin. Using the Synthego Gene Knockout Kit and the dox-inducible Cas9 

with adenoviral delivery of sgRNA for CDH1 proved successful with 60-95% gene knockout 

efficiency. Unfortunately, we did not obtain a complete gene knockout in the ZR75.1 cells, 

which may be due to its copy number amplification of CDH1 (167, 199) which is not present in 

MCF7 and T47D cells. Regardless, the 60% reduction in E-cadherin expression led us to 

continue utilizing ZR75.1 CDH1 KO cells as a model while keeping the remaining expression in 

consideration.  

 

Genetic deletion of E-cadherin in IDC cells caused them to have a reduced cell-cell 

attachment and morphology transformation into looser cell clusters in suspension. This was 

evident in two of our three models and is a well characterized phenotype of ILC cell lines (154, 

200-202). As the generation of CDH1 KO cells was to replicate ILC cell lines but with isogenic 

models, the similarities found between IDC CDH1 KO and ILC cell lines with respect to 

morphology and suspension growth were promising. In addition, re-localization of p120 catenin 

to the cell cytoplasm was also an encouraging result as it is a classic presentation of ILC (154, 

203). Interestingly, E-cadherin loss was also associated with enhanced anchorage independence 

and anoikis resistance, all of which are features observed in ILC tumors and cell lines (154, 184, 
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204). The first step in metastasis is the detachment of cells from the ECM that previously 

supported the primary tumor. Following detachment, the tumor cells need to survive being 

unattached to a support system before being able to metastasize (205-207). This is when these 

cells are typically rounded up due to the absence of attachment and are exposed to a wide variety 

of chemical and mechanical stimuli that could lead to cell cycle arrest and anoikis (206). 

However, being able to survive after detachment is a major malignant characteristic which 

includes phenotypes such as anoikis resistance and anchorage independence (205-207). These 

phenotypes are often brought about by the upregulation of survival signaling such as mitogenic 

pathways and growth factor signaling or an adaptation to the new environment via EMT or by 

integrin switching (205). The presence of anchorage independence and anoikis resistance in our 

CDH1 KO cells compared to their parental cell lines are certainly supportive of their increased 

similarity to that of ILC cell’s tumorigenic properties. However, it is important to note that the 

survival changes were mainly observed in only one or two of the three cell lines, highlighting the 

cell line-dependent effects of E-cadherin loss potentially due to their background or adaptive 

mechanism differences. 

 

Finally, our RNA sequencing analysis helped shed light on transcriptomic difference 

between the cell lines. Based on our previous single cell RNAseq study, we have observed 

significant differences between cell lines, where distinct cell lines were indeed more different to 

one another than the WT cells are to their KO cells (185). Knockout of CDH1 also led to the WT 

and KO cells being distinctly different as seen here and in our recent study using single cell 

RNAseq (185). However, contrary to our expectations we did not discover new targets that were 

commonly significantly different between both MCF7 and T47D parental and KO cells. We did 
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identify several genes with interesting differences such as PKIB, BAMBI and IGFBP5 in MCF7 

cells although their expression profile did not necessarily correlate with the phenotypes 

observed. There have been contradicting reports on IGFBP5’s roles where it has been shown to 

have no effect on IGF-driven proliferation (208) and may influence extrinsic apoptotic pathways 

(209). Changes to the IGFBP5 expression is interesting but does not correlate with the signaling 

hyperactivation to be discussed in Chapter 4.  BMP And Activin Membrane Bound Inhibitor 

(BAMBI) is being studied, as a breast cancer suppressor gene (194) with high levels detected in 

colorectal cancer as an inhibitor of TGF-β signaling (210). Meanwhile, downregulation of 

Keratin 81 (KRT81) and cAMP-dependent Protein Kinase Inhibitor Beta (PKIB) in the MCF7 

KO cells was observed among other genes. Studies in breast cancer have shown a strong positive 

correlation between PKIB and pAkt (195), with a strong correlation also seen with TNBC. This 

correlation, although exciting, does not relate to the pAkt activation to be discussed in Chapter 4 

as we observe a downregulation of PKIB in the KO cells. 

 

Discovery of PLK2 downregulation in T47D KO cells requires further investigation, 

especially given its tumor suppressor function towards mTOR signaling (196). PLK2 has been 

shown to promote chemoresistance in colorectal cancer (211), has a tumor suppressor function in 

regards to mTOR signaling (196) where its loss in Glioblastoma Multiforme (GBM) has been 

reported to activate Notch signaling (212). While we are unsure of the function of PLK2 in the 

KO cells, this is certainly an interesting finding for future experimentations. Interestingly, the 

upregulation of GJA1 in T47D CDH1 KO cells potentially explains an alternative cell-cell 

communication mechanism that may be activated to compensate for the loss of adherens junction 

when CDH1 is knocked out. GJA1 has been shown to be upregulated by E2 and an increased 
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GJA1 activity decreased breast cancer cell proliferation with increased sensitivity to tamoxifen, 

thus being correlated with favorable prognosis (213). The potential role of GJA1 in T47D CDH1 

KO cells could be a very interesting avenue to explore although the caveat of this being present 

in only one of two KO cell lines exists. Another interesting finding of CXCR4 (C-X-C Motif 

Chemokine Receptor 4) upregulation in T47D CDH1 KO cells, where this chemokine has been 

reported to regulate cellular processes such as proliferation and migration in breast cancer (214). 

They are mostly expressed on the cell surface of most leukocytes, including B cells, monocytes 

and T lymphocytes (215), thus raising a strong need to further explore this, especially given the 

higher immune response pathway enrichment observed in ILC over IDC (34). 

 

Overall, we have now generated and characterized three isogenic CDH1 KO cell line 

models both phenotypically and transcriptionally. Referring back to our hypothesis of loss of E-

cadherin activating the IGF pathway, we will next investigate the changes in the IGF pathway 

sensitivity in these cell lines.  
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4.0 CDH1 KO Renders Cells More Sensitive to IGF Signaling 

4.1 Introduction 

The Insulin-like growth factor 1 (IGF1) pathway is known to have a critical role in breast 

cancer progression (117, 122, 216-218). IGF1 is imperative both in mammary gland 

development and in preventing apoptosis during post-lactation involution (219). Further to its 

role in mammary gland development, IGF1 can also promote cell proliferation and anti-apoptosis 

through several pathways including PI3K/Akt, MAPK and JAK/STAT (117, 216-218, 220). 

Binding of IGF1 to its receptor (IGF1R) or the insulin receptor (IR) triggers the receptors’ 

autophosphorylation and activation of the PI3K/AKT and RAF/MAPK pathways, among others 

(117, 216-218, 220, 221). The activation of these two pathways is mediated by insulin receptor 

substrate 1 (IRS-1), which has been reported to be overexpressed in breast tumors (216). Due to 

high levels of circulating IGF1 reported in breast cancer patients with poor prognosis (222), it is 

critical to understand the dysregulation of this pathway in the disease and to develop a strategy to 

reduce pathway activity.  

 

Our group recently reported E-cadherin as a modulator of IGF1 signaling and a potential 

biomarker of inhibitor response (128, 129). Treatment of IDC and ILC cell lines with IGF1 and 

insulin coupled with a lasso regression model uncovered negative regulation by E-cadherin on 

IGF1-induced Akt activation. Loss of E-cadherin being a pathognomonic feature of ILC led us to 

study how E-cadherin regulates growth factor signaling in IDC and how that regulation is 

affected when it is lost in ILC. Transient E-cadherin knockdown in IDC cell lines sensitized 
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them to IGF1 signaling and to IGF1R inhibition (128, 129). We further reported that ILC tumors 

have higher IGF1/2 expression and pIGF1R/IR activation compared to IDC tumors (129, 130).  

 

In this chapter, we expand our earlier observations by experimenting on our CDH1 

knockout IDC cell lines to elucidate the effects of E-cadherin deletion on IGF pathway activation 

in an isogenic system. Given previous evidence for E-cadherin regulation of other growth factor 

pathways (130, 158), we also extended our studies to additional growth factor signaling 

pathways. IGF1 has also been implicated in promoting cell survival, migration, and invasion in 

vitro (88, 223, 224), thus piquing our interest to investigate how hypersensitivity of our CDH1 

KO cells to IGF1 pathway activation can affect additional tumorigenic phenotypes of IDC cells, 

and thus necessitate a rationale for IGF-targeted therapies in ILC. Our findings in this chapter 

provide insights into better understanding the effects of deleting E-cadherin in IDC cells and how 

in turn this affects downstream signaling and other tumorigenic properties of these cells. 
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4.2 Materials and methods 

4.2.1 Cell culture 

Cell lines utilized in this study were obtained from ATCC: MCF7 (RRID: CVCL_0031), 

T47D (RRID: CVCL_0553), ZR75.1 (RRID: CVCL_0588), MDA-MB-134-VI (RRID: 

CVCL_0617), MDA-MB-231 (RRID: CVCL_0062) and Asterand for SUM44PE (RRID: 

CVCL_3424). BCK4 cells were obtained as a gift from Dr Britta Jacobsen, developed as detailed 

(225). Cell lines were maintained in 10% fetal bovine serum (FBS; Life Technologies) 

supplemented media (Thermo Fisher Scientific): MDA-MB-134 in 1:1 DMEM: L-15; MCF7 and 

MDA-MB-231 in DMEM; T47D and ZR75.1 in RPMI and BCK4 in MEM with nonessential 

amino acids (Life Technologies) and insulin (Sigma-Aldrich). SUM44PE was maintained in 

DMEM/F12 with 2% charcoal stripped serum (CSS; Life Technologies) with additional 

supplements as previously described (34). For CDH1 overexpression in ILC cell lines, 

Doxycycline inducible p20-EV (EV) and p20-CDH1 (CDH1) plasmids were utilized. These cell 

lines were generated by Laura Savariau, a graduate student in the Lee/Oesterreich lab. Cell lines 

were cultured for less than 6 months at a time, routinely tested to be Mycoplasma free and 

authenticated by the University of Arizona Genetics Core (Tucson, Arizona) by short tandem 

repeat DNA profiling. 

4.2.2 IGF, EGF and FGF signaling assays 

Cells were plated in 6-well plates and serum starved overnight in 0.5% FBS media upon 

reaching 75% confluency. IGF1 (GroPep CU100) and EGF (Thermo Scientific #PHG0311) 
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stimulations at 0, 0.5, 1, 5 or 10nM and IGF2 (GroPep #FU100)/insulin (Sigma #I2643-250MG) 

stimulations were performed at 0, 5 or 10nM final concentrations. Meanwhile, FGF cocktail 

stimulations were performed with FGF19, 21, 23 at 50ng/mL and FGF1, 2, 4, 6, 8 and 17 at 

20ng/mL with Heparin supplementation at 1µg/mL for high concentrations and the respective 

concentrations halved for low concentrations. All stimulations were performed for 15 minutes at 

37°C before harvesting for immunoblotting. 

4.2.3 Immunoblotting 

Protein for immunoblotting experiments were harvested using RIPA buffer (50mM Tris 

pH 7.4, 150mM NaCl, 1mM EDTA, 0.5% Nonidet P-40, 0.5% NaDeoxycholate, 0.1% SDS) 

supplemented with 1x HALT protease and phosphatase cocktail (Thermo Fisher #78442), probe 

sonicated for 15 seconds (20% amplitude) and centrifuged at 14,000rpm at 4˚C for 15 minutes. 

Protein concentration was assessed using BCA assay (Thermo Fisher #23225) and 50ug of 

protein per sample was run on 10% SDS-PAGE gel, then transferred to PVDF membrane. 

Membrane blocking was performed with Intercept PBS blocking buffer (LiCOr #927-40000) for 

one hour at room temperature and probed with primary antibodies overnight at 4°C: pIGF1R/IR 

(Cell Signaling Technology #3024; RRID:AB_331253), IGF1R (Cell Signaling Technology 

#3027; RRID:AB_2122378), pAkt S473 (Cell Signaling Technology #4060; 

RRID:AB_2315049), Akt (Cell Signaling Technology #9272; RRID:AB_329827), InsR (Cell 

Signaling Technology #3025; RRID:AB_2280448), E-cadherin (BD Biosciences #610182; 

RRID:AB_397581), β-catenin (BD Biosciences #610154; RRID:AB_397555), p120 catenin (BD 

Biosciences; #610134; RRID:AB_397537), pEGFR Y1068 (Cell Signaling Technology #2234; 

RRID:AB_331701), EGFR (Cell Signaling Technology #4267; RRID:AB_2246311), α-Biotin 
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(Cell Signaling Technology #5597; RRID:AB_10828011), non-phospho β-catenin (Cell 

Signaling Technology #1980; RRID:AB_2650576), pFGFR4 Y642 (Signalway  #11836), 

FGFR4 (Cell Signaling Technology #8562; RRID:AB_10891199), pFRS2 Y196 (Cell Signaling 

Technology #3864; RRID:AB_2106222), pSTAT3 Y705 (Cell Signaling Technology #9131; 

RRID:AB_331586),  p-p44/42 MAPK (Cell Signaling Technology #4377; RRID:AB_331775) 

and β-actin (Millipore Sigma #A5441, RRID:AB_ 476744). This was followed by 1 hour room 

temperature incubation with secondary antibodies (1:10,000; anti-mouse 680LT: LiCor #925-

68020; anti-rabbit 800CW: LiCor #925-32211). Membranes were subsequently imaged on the 

LiCOr Odyssey CLx Imaging system, with band quantifications performed with built in 

software. 

4.2.4 Colony formation assay 

Cells were plated at a density of 2000 cells/well in 6-well plates (Fisher #08-772-1B) in 

either full serum (10% FBS) or low serum (0.5% FBS) with 5nM IGF1 (GroPep Bioreagents 

#AQU001) supplemented media. Cells were monitored every few days and media refreshed 

every 4 days. Cells plated in full serum media were fixed with 100% methanol on ice and stained 

with 0.5% Crystal Violet (Sigma-Aldrich #C0775) in 40% methanol after 14 days while cells 

grown in low serum + 5nM IGF1 were stained after 21-28 days. Wells were imaged on an 

Olympus SZX16 dissecting microscope and de-stained with 10% acetic acid in water and 

quantified by spectrophotometry at 560nm. Statistical differences were tested using two-way 

ANOVA. 
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4.2.5 Haptotaxis, migration and invasion assays  

For haptotaxis experiments, the QCM Haptotaxis Cell Migration Assay Collagen I (EMD 

Millipore #ECM582) kit was used as previously described (154). Cells were plated at a density 

of 300,000 cells/well in 300µL serum free media in the top chamber; all bottom chambers were 

also filled with serum free media. For Transwell migration assays, transparent 24 well PET 

membranes of 8µm pore size (Fisher Scientific # 08-771-21) were used. For Collagen I invasion 

assays, QCM Collagen Cell Invasion Assay (EMD Millipore #ECM551) was used according to 

manufacturer’s protocol. For both assays, cells were plated at a density of 300,000 cells/well in 

300µL 0.5% FBS media in the top chamber; all bottom chambers were filled with 0.5% FBS 

media +/- 5nM IGF1 (GroPep Bioreagents # AQU100) or full serum (10%) media. In all three 

assays, cells were incubated at 37°C for 72 hours. Excess cells were removed from the top 

chambers using cotton swabs and inserts were stained with Crystal Violet (Sigma-Aldrich 

#C0775) before being imaged on an Olympus SZX16 dissecting microscope and quantified with 

ImageJ software. Quantifications were normalized to low serum WT samples and p-values 

calculated with one-way ANOVA.  

4.3 Results 

4.3.1 CDH1 KO cells are hypersensitive to IGF1, IGF2 and Insulin stimulation 

As per the findings from Chapter 2, we first assessed if our CDH1 KO cells exhibited 

increased sensitivity towards IGF stimulation. MCF7, T47D and ZR75.1 WT and CDH1 KO 



 59 

cells were serum starved with serum free media overnight upon achieving 70-80% confluency. 

Cells were then stimulated with 0, 0.5, 1, 5 or 10nM of IGF1 for 15 minutes at 37°C before being 

harvested for Western blot. To assess IGF1R activation, I blotted for phospho-IGF1R/IR and a 

direct downstream activator pAkt S473. All three cell lines showed a hypersensitivity to IGF1 

stimulation as shown by the pIGF1R bands and its normalization to their respective total IGF1R 

band levels (Figure 9A). Higher phospho/total IGR1R levels were observed in all cell lines. This 

enhanced signaling response was especially apparent at 5nM IGF1 where the largest differential 

of activation could be appreciated between WT and KO cells in all models (2.7-fold, 1.3-fold and 

1.5-fold higher in MCF7, T47D and ZR75.1 KO cells respectively compared to their parental 

cells). Similar findings were also obtained from the pAkt levels for MCF7 and T47D cells while 

ZR75.1 cells showed high pAkt throughout all IGF1 doses, suggesting a high background 

activity, potentially due to its PTEN loss (1.08-fold, 1.6-fold and 0.9-fold higher in MCF7, T47D 

and ZR75.1 KO cells respectively at 5nM IGF1 compared to their parental cells). Since the IGF 

axis can also be activated by IGF2 and insulin, we tested these ligands and observed mixed 

results. MCF7 and ZR75.1 KO cells showed higher pIGF1R with both IGF2 and insulin while 

T47D KO cells showed no differences (Figure 9B, C). All three cell lines showed mixed results 

in terms of Akt activation with no clear higher activation observed in KO cells, overall 

suggesting an inconsistency in the models and their response to different ligands. 
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Figure 9: CDH1 KO cells are hypersensitive to IGF1, IGF2 and Insulin stimulation 

MCF7, T47D, ZR75.1 WT and CDH1 KO cells were serum starved overnight and stimulated with (A) IGF1, (B) IGF2 
or (C) Insulin (0-10nM) for 15 minutes at 37°C. Cells were harvested for Western blot to assess IGF1R/IR and Akt 
signaling. For quantification, phosphorylated protein levels were normalized to corresponding total protein levels and 
loading controls. Ligand treated sample values were further normalized to respective cell line vehicle treated samples. 
Representative experiment shown for all, n=2-3 for each experiment. 
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To better delineate the effects of CDH1 loss on IGF pathway activation, we also 

examined ligand sensitivity on ILC cell lines with a dox-inducible CDH1 overexpression, 

generated by Laura Savariau in our lab. Identical IGF1 stimulation signaling experiments were 

performed in BCK4, MM134 and SUM44 empty vector (EV) or CDH1 overexpressing cells 

after a 24-hour 1µg/mL Doxycycline treatment. We hypothesized we would observe a decrease 

in IGF sensitivity with CDH1 overexpression (OE) and this was the case with pIGF1R in BCK4 

at 5nM IGF1 and SUM44 at 1nM IGF1 (Figure 10). However, no changes were observed at 5nM 

IGF1 in SUM44 and MM134 cells (Figure 10). Surprisingly, 1nM IGF1 treatment in MM134 

cells led to higher activation in CDH1 OE cells, which was against out hypothesis. While we 

noted the consistency in pIGF1R results between IDC CDH1 KO and ILC CDH1 OE cells albeit 

not in all cell lines tested, this was not accompanied by a decrease in pAkt as per our 

expectations, potentially due to other activation by other signaling pathways. Given the 

sensitivity to growth factor signaling seen thus far, we were interested to see if this phenotype 

was limited to the IGF axis or was extensive to other growth factors as well.  
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Figure 10: ILC CDH1 overexpressing cells exhibit reduced IGF1 sensitivity 

BCK4, SUM44PE and MM134 p20-EV and p20-CDH1 cells were treated with 1µg/mL doxycycline to induce CDH1 
expression for 24 hours and serum starved overnight. Cells were then stimulated with 0-10nM IGF1 for 15 minutes at 
37°C. Cells were harvested for Western blot to assess IGF1R/IR and Akt signaling. Representative experiment shown 
for all, n=2-3 for each experiment. These cell lines were generated by Laura Savariau, a graduate student in the 
Lee/Oesterreich lab. 

 

4.3.2 CDH1 KO cells do not exhibit increased sensitivity to EGF and FGF stimulations 

To assess loss of E-cadherin’s potential effect on other growth factor receptors, we 

performed EGF and FGF stimulation experiments in the same manner as the IGF experiments. 

Treatments of EGF (0, 0.5, 1, 5 and 10nM) on MCF7 and T47D WT and KO cells did not show 

any significant differences in the response, suggesting that loss of CDH1 may not have a broad 

effect of signaling via multiple growth factor receptors (Figure 11A). Next, we specifically 

examined the effects of E-cadherin deletion on FGFR activity given recent studies on the role of 

FGFR4 as a driver of endocrine resistance (226), particularly in ILC (227). Cells were stimulated 

with a cocktail of FGF ligands (FGF 1, 2, 4, 6, 8, 17, 19, 21 and 23) resulting in strong 

enhancement in both raw and normalized pFGFR4 levels in both MCF7 and T47D CDH1 KO 

cells, despite decreased total FGFR4 levels in the CDH1 KO cells (Figure 11B). Surprisingly, 
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while pFGFR4 was elevated in CDH1 KO cells, downstream activators did not display a 

difference between WT and CDH1 KO cells. While a pan-growth factor effect of CDH1 loss is 

intriguing, these experiments have suggested a more focused effect on the IGF pathway and led 

us to focus most closely on this pathway in subsequent experiments.  
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Figure 11: Pan growth factor sensitivity was not observed with EGF and FGF stimulations 

MCF7 and T47D WT and CDH1 KO cells were serum starved overnight and stimulated with (A) EGF or (B) cocktail 
of FGF ligands (10-50ng/mL, detailed in the Methods section) for 15 minutes at 37°C. Cells were harvested for 
Western blot to assess downstream signaling. For quantification, phosphorylated protein levels were normalized to 
corresponding total protein levels and loading controls. Ligand treated sample values were further normalized to 
respective cell line vehicle treated samples. Representative experiment shown for all, n=2-3 for each experiment. 
Representative experiment shown for all, n=2-3 for each experiment). 
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4.3.3 IGF1 stimulation of CDH1 KO cells results in robust signaling elevation over time  

Following the hypersensitivity towards IGF1 observed earlier, we assessed if CDH1 KO 

cells also have sustained high levels of activation over a 6-hour time course. Cells were treated 

with 10nM IGF1 for varying durations: 0, 15, 30, 60, 120, 240 or 360 minutes and harvested to 

immunoblot for IGF1 pathway activation. As seen in Figure 12A, MCF7 and T47D KO cells not 

only showed hypersensitivity as seen previously, but also showed hyperactivation for the 

duration of pathway activity, which did not differ between the WT and KO cells in terms of both 

pIGF1R and pAkt. For example, a 60-minute stimulation with IGF1 led to a 2.2-fold and a 1.89-

fold increase in pIGF1R in MCF7 and T47D CDH1 KO respectively compared to their WT cells. 

This was strongly followed by pAkt as well. Evidently, T47D has shorter IGF pathway activity 

post stimulation (peaking around 120 minutes), while MCF7 remains high until around 240 

minutes. ZR75.1 KO cells were challenging to blot, and it remains unclear as to whether they 

also have a hyperactive signaling axis following stimulation (Figure 12B). Given our strong 

findings for high IGF1 induced signaling in MCF7 and T47D KO cells, we next assessed if the 

pathway hyperactivation led to unique phenotypes in those cell lines.  
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Figure 12: CDH1 KO cells show high activity of IGF signaling over a time course assay 

(A) MCF7, T47D (B) ZR75.1 WT and CDH1 KO cells were serum starved overnight and stimulated with 10nM IGF1 
for a time course from 0-6 hours to assess the duration of signaling activity between WT and CDH1 KO cells. Cells 
were harvested for Western blot to assess IGF1R/IR and Akt signaling. For quantification, phosphorylated protein 
levels were normalized to corresponding total protein levels and loading controls. Ligand treated sample values were 
further normalized to respective cell line vehicle treated samples. Representative experiment shown for all, n=2-3 for 
each experiment. 

 

4.3.4 CDH1 KO cells displayed enhanced colony formation in low density assays 

To explore changes in cell survival following CDH1 deletion, we performed colony 

formation assays by plating cells at a low density in either full serum media (10% FBS) or low 
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serum (0.5% FBS) media containing 5nM IGF1 in 2D plates. Media was refreshed every 6 days 

until wells were ready to be stained after 2 weeks (full serum) and 3 weeks (low serum). T47D 

KO cells showed increased clonogenic survival in both conditions (Figure 13). ZR75.1 KO cells 

also demonstrated increased colonies in full serum compared to WT, but with no colonies 

observed in low serum conditions. MCF7 CDH1 KO cells showed no clear differences in full 

serum quantifications, however, they formed a greater number of smaller colonies than the WT 

cells, which was also the case in low serum conditions. These results suggest that CDH1 KO 

cells have an enhanced ability to for colonies under the conditions tested compared to WT cells.  

 

Figure 13: Altered cell survival phenotypes are observed in CDH1 KO cells 

MCF7, T47D and ZR75.1 WT and CDH1 KO cells were plated at 2,000 cells/well in full serum and low serum 
supplemented with 5nM IGF1 media and stained with 0.5% Crystal Violet after two to three weeks. Representative 
images are shown. Plates were de-stained with 10% acetic acid, absorbance quantified and graphed after normalization 
to WT cells of corresponding conditions. Statistical differences were evaluated using two-way ANOVA (*p<0.05, 
**p<0.01, ***p<0.001, representative experiment shown, n=3 (each with three biological replicates)). 
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4.3.5 CDH1 KO cells exhibit migration towards IGF1 and serum  

Given the hypersensitivity towards IGF stimulation, we next explored migration of these 

cells towards serum and IGF1. MCF7, T47D, ZR75.1 WT and CDH1 KO cells were subjected to 

Transwell migration assays with chemotactic low serum (0.5% FBS) media +/- 5nM IGF1 or full 

serum (10% FBS) media. All cells were plated in inserts with low serum media containing no 

IGF1. Over 72 hours, all three CDH1 KO cell models showed higher migration towards serum 

compared to WT cells (Fig 14A, B); p<0.05, p<0.0001 and p<0.05 for MCF7 KO, T47D KO and 

ZR75.1 KO respectively. Interestingly, consistent with the IGF1-sensitive nature of these KO 

cell lines, MCF7 and T47D KO cells also showed significantly higher migration towards IGF1; 

p<0.05 and p<0.0001 for MCF7 KO and T47D KO respectively. In addition, higher migration of 

T47D KO cells without the presence of any chemotactic gradient (p<0.0001) also highlights the 

migratory phenotype driven by the independent loss of E-cadherin in this model which were not 

observed in the remaining two models. To confirm the higher migration towards IGF1, we added 

an IGF1R inhibitor, BMS-754807 into the Transwell inserts with the cells in a dose response 

manner and observed a stepwise decrease in percentage of cells migrated towards IGF1 (Figure 

14C-E) in both MCF7 and T47D CDH1 KO cell lines; p<0.0001 and p<0.001 for MCF7 KO and 

T47D KO respectively compared to vehicle treated wells. 
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Figure 14: CDH1 KO cells migrate towards IGF1 and serum 

Respective cells were plated at 300,000 cells/ insert in 24-well Transwell inserts in low serum media. (A) 
Representative images and (B) quantification of Crystal Violet-stained Transwell inserts from migration assays 



 70 

towards the indicated attractants after 72 hours are shown. (C) Representative images and (D, E) quantification of 
Crystal Violet-stained Transwell inserts from migration assays towards the indicated attractants after 72 hours with 
treatemets of BMS-754807 shown. Graphs show representative data normalized to low serum WT cell samples from 
two to three independent experiments (n=2-3 biological replicates). p-values from one-way ANOVA statistical testing. 
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.  

 

4.3.6 CDH1 KO cells migrate towards collagen and exhibit collagen invasion 

We next investigated if deletion of CDH1 in IDC cell lines confers haptotactic migration 

towards the extracellular matrix (ECM), a phenotype that is observed in ILC cell lines (154). We 

noticed a significantly higher migration towards Collagen I in MCF7 KO (p<0.05) and T47D KO 

cells (p<0.0001) (Fig 15A) compared to their respective WT cells. Although multiple studies 

have reported on E-cadherin loss promoting cell migration and invasion (137, 152, 228); 

conflicting studies on the requirement of E-cadherin for metastasis have also been reported 

(150). Following our observation of haptotactic migration towards Collagen I and migration 

towards IGF1 and serum, we hypothesized that CDH1 KO cells may also be able to invade 

through Collagen I (154) towards a gradient of IGF1 and serum. No Collagen I invasion was 

observed with the MCF7 and ZR75.1 cells (Appendix A, Figure 32). However, T47D KO cells 

showed a strong Collagen I invasion towards serum (Figure 15B); p<0.01 compared to parental 

cells, which was not observed when low serum plus IGF1 was used as an attractant. It is 

important to note that neither of these three cell lines are invasive by nature and the invasive 

phenotypes observed in T47D KO cells is promising and requires greater investigation in the 

context of tumor invasion. 
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Figure 15: CDH1 KO cells migrate towards collagen and exhibit collagen invasion 

Respective cells lines were plated at 300,000 cells/ well in indicated inserts in serum free media. (A) Representative 
images and quantification of Crystal Violet-stained Collagen I coated inserts from haptotaxis assays after 72 hours. 
Migrated cell colonies were quantified with ImageJ and plotted. (B) Representative images and quantification of 
Crystal Violet-stained Collagen I inserts from invasion assays towards the indicated attractants after 72 hours. Graphs 
show representative data normalized to low serum WT cell samples from two to three independent experiments (N=2 
biological replicates). p-values from one-way ANOVA statistical testing. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p 
≤0.0001.  

4.4 Discussion 

In this chapter we delineated the signaling effects of CDH1 knockout on MCF7, T47D 

and ZR75.1 cells. All three KO cell lines exhibited hypersensitivity to IGF stimulation, with 

some increased sensitivity also shown towards IGF2 and insulin. Interestingly, this does not 

appear to be a pan-growth factor phenotype, with no differences observed following EGF 
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stimulation. However, MCF7 and T47D KO cells lines were more sensitive to cocktail of FGF 

ligand stimulation although no variations in downstream effects were observed. While Akt 

activation has been seen previously with CDH1 KO cells (130), the IGF and FGF sensitivity is a 

novel finding from our work. An effort to corroborate this with ILC CDH1 overexpression cell 

lines showed that two out of the three cell lines moderately reduced their ligand sensitivity with 

CDH1 restoration. Overall, we conclude that E-cadherin loss sensitizes cells to IGF stimulation. 

 

Looking further into their stimulation effects, the signaling activation stayed at a high 

level for as long as the pathway remained active, thus suggesting that not only KO cells are 

sensitized to IGF, but the strong pathway activation is sustained. This discovery strongly 

supports our hypothesis and led to additional phenotypes being tested to better understand the 

effects of IGF pathway activation. The sustained activity of IGF/Akt axis is an interesting topic 

and has been investigated by multiple groups. A study by Teresa Wood and group using the 

central glial (CG)-4 cell line showed that internalization of IGF1R following IGF1 stimulation is 

necessary for sustained Akt signaling, where the inhibition of IGF1R endocytosis reduced Akt 

phosphorylation (229). They also reported that de novo synthesis of IGF1R is not required for 

sustained Akt phosphorylation, placing the sustained signaling role on IGF1R recycling. This 

strongly agrees with a 2005 statement by Renato Baserga: “An antibody against the IGF-IR, to 

be effective, has to inhibit the binding of both IGF1 and IGF-2, induce the downregulation of the 

receptor, and have little or no effect on the IR signaling” (230). Interestingly, a study by Shin-

Ichiro Takahashi’s group showed that IGF1R internalization led to a transient Akt activation 

over a sustained activation when IGF1R is retained on the surface by IRS in HEK293-T cells 

(231). Their model presents IRS1 with an AP2 binding site to engage and act as an endocytic 
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regulator to prevent Clathrin and AP2 interaction and the subsequent IGF1R endocytosis. The 

depletion of IRS1 led to a short term IGF1R membrane retention and hence, a transient Akt 

activation. These conflicting studies were performed in different cell line backgrounds but 

nonetheless are interesting topics for future studies to understand how membrane receptors 

recycling affects sustained signaling, especially the IGF1R. There have been studies on receptors 

such as EGFR signaling from the endosomes, eliciting distinct responses which would be an 

interesting avenue to explore with IGF1R to completely understand the role of IGFR endocytosis 

on its downstream signaling activation in the context of breast cancer and to investigate if E-

cadherin has a regulatory role in the process (232). Our time course IGF1 signaling assay with 

WT and KO cells was designed to assess whether there could be signaling duration differences 

them due to E-cadherin deletion. However, due to the large range of timepoints tested and the 

long durations between each time point, a clear result could not be made. A future experiment is 

to identify any potential differences between the cell lines and also assess the role of IRS1 in 

them as referenced above (231). Attempts at addressing the IGF1R internalization rate 

differences between WT and KO will be discussed in Chapter 5. Our survival clonogenic assays 

showed that overall, the CDH1 KO cells had a better survival phenotype and coupled with the 

anoikis resistance phenotype discussed in Chapter 3 reinforces the tumorigenic phenotypes 

supported by loss of E-cadherin in IDC cells. This also highlights the role of growth factor 

signaling pathways being activated in the absence of E-cadherin that could lead to cell survival 

(133, 233), further supporting the critical need for our study.  

 

Due to the role of E-cadherin in maintaining cell-cell adhesion, its loss through EMT or 

genetic deletion is often thought to correlate with increased tumor invasion and metastasis (234, 
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235). Studies have outlined the disruption of cell-cell contacts following E-cadherin loss during 

the induction of EMT to allow anoikis resistance and promote tumor invasiveness by activating 

multiple transcriptional changes to subsequently support metastasis (152). Other studies, 

however, have suggested a requirement for E-cadherin in metastasis (150), wherein many 

metastases still express E-cadherin and a complete EMT is not necessary for metastasis to occur 

(151). Here we show that CDH1 KO cells demonstrated increased migration towards Collagen I 

(8). The CDH1 KO cells also showed an enhanced migration towards serum and IGF1, with 

T47D CDH1 KO cells showing increased migration even in the absence of a chemoattractant. 

T47D CDH1 KO also showed invasion through Collagen I, providing additional in vitro 

evidence supporting that the loss of E-cadherin may enhance metastatic phenotypes. The in vitro 

nature of these findings, however, is a limitation and in vivo experimentation is needed to better 

understand the role of E-cadherin in metastasis and validate if this is mediated by IGF signaling. 
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5.0 Loss of CDH1 Renders IGF1R More Available for Ligand Binding And Hyperactivates 

Downstream Signaling  

5.1 Introduction 

In previous chapters, we have delineated that the loss of E-cadherin in ILC gives rise to 

hyperactive IGF signaling as seen via patient tumor samples and cell lines in vitro. This is further 

supported by our previous works as referenced previously (128, 129). Using CDH1 KO cells in 

Chapter 4, we showed that deletion of CDH1 in IDC cell lines was sufficient to hypersensitize 

these cells to stimulation by IGF1 as well as IGF2 and insulin. Our findings are also supported 

by that of others including an increase in Akt activation in mouse cell line with E-cadherin loss 

(130). Interestingly, however, little is understood about the mechanism of how loss of E-cadherin 

allows for hyperactivity of IGF1R and its downstream activator, Akt. This chapter will address 

our efforts in investigating the interaction between E-cadherin and IGF1R at cell-cell contacts 

and how this could lead to regulation of IGF1 signaling. 

 

In our previous work using IDC cells with CDH1 knockdown (129), control cells 

exhibited co-localization of E-cadherin with IGF1R at cell-cell boundaries. Interestingly, we also 

noted that IGF1R localization in the presence of E-cadherin was limited to only cell-cell 

junctions and not present at the membrane where there was no adjacent cell (129). However, 

knockdown of E-cadherin resulted in IGF1R being re-localized around the entire cell membrane, 

including areas without cell-cell junctions, thus leading us to hypothesize that the loss of E-

cadherin causes re-localization of IGF1R, likely altering downstream signaling. We hypothesized 
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that E-cadherin represses IGF1R at cell-cell junctions and limits its ability to bind IGF ligands 

and thus regulates the extent of signaling activation (158). In addition, another possibility 

underlying the altered IGF1R activity was related to the duration IGF1R spends on the 

membrane. While it is common for membrane proteins to be internalized following activation, it 

is also common for E-cadherin - being a dynamic cell-cell adhesion and actin cytoskeleton 

regulating protein - to be endocytosed and recycled (234, 236). Due to the co-localization of E-

cadherin and IGF1R seen previously (237), we hypothesized that IGF1R might be endocytosed 

with E-cadherin in IDC cells, maintaining a lower number of receptors on the membrane 

compared to ILC cells, resulting in lower pathway activation. Given the well-known role of 

growth factors in tumor progression, multiple efforts have been taken to understand the method 

of IGF1R internalization (238-240). Conflicting literature is available on whether it is the 

membrane localized IGF1R or its endocytosed version that allows for sustained downstream 

signaling (229, 231).  

 

In this chapter, I describe the use of our isogenic cell line models to delineate the 

mechanism by which the loss of E-cadherin affects IGF signaling, understand if IGF1R’s 

presence of the membrane is affected by E-cadherin loss and finally, if trafficking of IGF1R has 

a role in this process. I also investigated the interaction between IGF1R and E-cadherin and if 

this could play a major role in the process. 
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5.2 Materials and methods 

5.2.1 Cell culture 

Cell lines utilized in this study were obtained from ATCC: MCF7 (RRID: CVCL_0031), 

T47D (RRID: CVCL_0553), ZR75.1 (RRID: CVCL_0588), MDA-MB-134-VI (RRID: 

CVCL_0617), MDA-MB-231 (RRID: CVCL_0062) and Asterand for SUM44PE (RRID: 

CVCL_3424). Cell lines were maintained in 10% fetal bovine serum (FBS; Life Technologies) 

supplemented media (Thermo Fisher Scientific): MDA-MB-134 in 1:1 DMEM: L-15; MCF7 and 

MDA-MB-231 in DMEM; and T47D and ZR75.1 in RPMI. SUM44PE was maintained in 

DMEM/F12 with 2% charcoal stripped serum (CSS; Life Technologies) with additional 

supplements as previously described (34). Cell lines were cultured for less than 6 months at a 

time, routinely tested to be Mycoplasma free and authenticated by the University of Arizona 

Genetics Core (Tucson, Arizona) by short tandem repeat DNA profiling. 

5.2.2 Cell fractionation assay to compare receptor expression levels 

Cell fractionation was performed using a kit (Cell Signaling Technology #9038) and 

following the manufacturers protocol. Respective controls for membrane, cytosolic and nuclear 

fractions were utilized as directed in the manufacturer’s protocol. Fractions were compared via 

immunoblotting and quantified on the LiCOr Odyssey CLx Imaging system.  
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5.2.3 Immunoblotting 

Protein for immunoblotting experiments were harvested using RIPA buffer (50mM Tris 

pH 7.4, 150mM NaCl, 1mM EDTA, 0.5% Nonidet P-40, 0.5% NaDeoxycholate, 0.1% SDS) 

supplemented with 1x HALT protease and phosphatase cocktail (Thermo Fisher #78442), probe 

sonicated for 15 seconds (20% amplitude) and centrifuged at 14,000rpm at 4˚C for 15 minutes. 

Protein concentration was assessed using BCA assay (Thermo Fisher #23225) and 50ug of 

protein per sample was run on 10% SDS-PAGE gel, then transferred to PVDF membrane. 

Membrane blocking was performed with Intercept PBS blocking buffer (LiCOr #927-40000) for 

one hour at room temperature and probed with primary antibodies overnight at 4°C: IGF1R (Cell 

Signaling Technology #3027; RRID:AB_2122378), E-cadherin (BD Biosciences #610182; 

RRID:AB_397581),  p120 catenin (BD Biosciences; #610134; RRID:AB_397537), α-Biotin 

(Cell Signaling Technology #5597; RRID:AB_10828011 and β-actin (Millipore Sigma #A5441, 

RRID:AB_ 476744). This was followed by 1 hour room temperature incubation with secondary 

antibodies (1:10,000; anti-mouse 680LT: LiCor #925-68020; anti-rabbit 800CW: LiCor #925-

32211). Membranes were subsequently imaged on the LiCOr Odyssey CLx Imaging system, 

with band quantifications performed with built in software. 

5.2.4 qRT-PCR for IGF1R 

RNA extraction was performed using RNeasy mini kit (Qiagen #74106) and the RNA 

quality and amount quantified on NanoDrop. Reverse transcription to cDNA was performed with 

PrimeScript™ RT Master Mix (Takara Bio #RR036B). RT-PCR was then performed with 

SsoAdvanced Universal SYBR (Bio-Rad #1726275) with IGF1R primers (F: 
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AGTTATCTCCGGTCTCTGAGG, R: TCTGTGGACGAACTTATTGGC). Results were 

normalized to reads from housekeeping gene RPLPO. Statistical differences evaluated using a 

paired t-test. 

5.2.5 Receptor availability assay 

Cells were seeded in 6cm plates (Fisher #08-772-E), and serum starved overnight after 

achieving a 70-80% confluency. Cells were then stimulated with biotinylated IGF1 (GroPep 

#AQU100) for 15 minutes at 4°C to reduce receptor internalization. Following PBS washes on 

ice, cells were treated with 2mM BS3 crosslinker (Thermo Scientific #21580) reconstituted in 

PBS (pH 8.0) with 6mM KCl and 10mM EGTA for 1 hour at 4°C with occasional rocking. BS3 

quenching was performed with 10mM Glycine for 15 minutes and cells were harvested for 

subsequent immunoblotting (158). 

5.2.6 Co-Immunoprecipitation 

Co-IP was performed with E-cadherin (BD Biosciences #610182; RRID: AB 397581) 

and IGF1R (Cell Signaling Technology #3027; RRID: AB_2122378) antibodies. Cells were 

lysed in 20 mM Tris-HCl pH 7.4 with 1% NP-40, 137 mM NaCl and 5 mM EDTA with fresh 

protease and phosphatase inhibitors (1:100) and quantified using Pierce BCA Protein Assay Kit 

(Thermo Scientific #23225). Additional optimization steps also included n-Octylglucoside 

(Cayman Chemical Company #14327). 1mg protein from each sample was pre-cleared in 20uL 

of Pierce™ Protein G Agarose beads (Thermo Fisher Scientific #20398) and incubated in either 

3µg of E-cadherin, IGF1R or IgG antibodies (Normal mouse IgG; Millipore #12-371; RRID: 
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AB_145840 and Normal rabbit IgG; Millipore #12-370; RRID: AB_145841) overnight at 4°C 

with rotation. One 4-hour incubation was performed the next day with 45uL of Pierce™ Protein 

G Agarose beads at 4°C with rotation. Protein was eluted with Laemmli buffer and analyzed by 

immunoblotting. 

5.2.7 Immunofluorescence to assess E-cadherin and IGF1R localization 

Cells were plated at a density of 100,000-200,000 cells/well on glass coverslips (Fisher 

#12-545-80P) in 24-well plates, fixed on ice in ice cold methanol for 30 minutes and blocked in 

blocking buffer (0.3% Triton X-100, 5% BSA, 1X DPBS) for 1 hour at room temperature. 

Primary antibody incubation was performed overnight at 4°C: IGF1R β-subunit (Cell Signaling 

Technology #3027; RRID: AB_2122378; 1:100), EpCAM (Cell Signaling Technology; #2929; 

RRID: AB_2098657; 1:100) and E-cadherin (Cell Signaling Technology; #3195; RRID: 

AB_2291471;1:100). Secondary antibody incubation was done for 1 hour at room temperature 

followed by Hoechst 33342 (Thermo Scientific #62249; 1:10000) staining. Coverslips were 

mounted with Aqua-Poly/Mount (Polysciences #18606-20) and images were taken on a Nikon 

A1 confocal microscope with a 60X objective. To assess changes in IGF1R presence on the 

membrane following E-cadherin deletion, EpCAM was used as a membrane control, where the 

presence of IGF1R co-localization with EpCAM was quantified as membrane localization. 

5.2.8 Surface biotinylation assay 

Cells were seeded in 6cm plates (Fisher #08-772-E), and serum starved overnight after 

achieving a 70-80% confluency. Cells were then treated with 10nM IGF1 (GroPep #AQU100) 
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and incubated at 37°C for varying durations (0-240 minutes) to allow receptor internalization. At 

respective time points, cells were washed with cold PBS and labeled with 0.5mg/mL EZ-Link™ 

Sulfo-NHS-Biotin (ThermoFisher Scientific #21217) for 30 minutes at 4°C. Biotinylation was 

quenched with 15mM Glycine and cells lysed for protein harvest. Following BCA assay, 400ug 

of protein was used for overnight incubation with Pierce Streptavidin Agarose (ThermoFisher 

Scientific #20353). After elution, 25uL of protein for each sample was analyzed by 

immunoblotting for IGF1R and E-cadherin. Following PBS washes on ice, cells were treated 

with 2mM BS3 crosslinker (Thermo Scientific #21580) reconstituted in PBS (pH 8.0) with 

6mM KCl and 10mM EGTA for 1 hour at 4°C with occasional rocking. BS3 quenching was 

performed with 10mM Glycine for 15 minutes and cells were harvested for subsequent 

immunoblotting (158). 

5.3 Results 

5.3.1 T47D CDH1 KO cells express higher IGF1R levels compared to WT cells 

To understand the mechanism(s) by which loss of E-cadherin leads to higher IGF1 

sensitivity, we compared the levels of IGF1R following CDH1 knockout. Using a cell 

fractionation assay kit, I noted minimal differences between the MCF7 and ZR75.1 WT and KO 

cells (Figure 16A). Higher IGF1R expression was observed in both whole cell and membrane 

fractions of the T47D KO cells compared to WT cells. The elevated total levels were 

orthogonally validated via a qRT-PCR for IGF1R where we observed similar results. As seen 

with the cell fractionation assay, no differences were observed between the MCF7 and ZR75.1 
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cells, although the difference between ZR75.1 WT and KO cells was statistically significant via 

qRT-PCR (p=0.025) (Figure 16B). While higher IGF1R expression could explain the ligand 

hypersensitivity we observed in Chapters 3 and 4 for T47D, it does not provide the whole story 

as IGF1R levels were unchanged in MCF7 and ZR75.1 KO cells.  

 

 

Figure 16: T47D CDH1 KO cells express higher IGF1R levels 

(A) Cell fractionation assay was performed on MCF7, T47D and ZR75.1 WT and CDH1 KO cells to assess whole 
cell and membrane IGF1R expression levels. IGF1R bands were quantified and normalized to membrane control, 
AIF1. (B) qRT-PCR of IGF1R for the cell line models studied. Fold change in expression were calculated by 
normalizing delta Ct values to the respective WT values. Statistical differences were evaluated using unpaired t-test 
(p=0.0105 for T47D cell pair and p=0.0246 for ZR75.1 cell pair). Representative experiment shown, n=2 experiments 
with 2 biological and 3 technical repeats for each cell line. 

5.3.2 CDH1 KO cells exhibit higher IGF1 receptor availability for ligand binding 

We next explored the possibility that IGF1 receptors are more available for ligand 

binding when E-cadherin is lost, thus allowing ligand hypersensitivity. Cells were serum-starved 

overnight and stimulated with 0, 5 or 10nM biotinylated IGF1 the next morning for 15 minutes at 

4°C to decelerate receptor internalization. Cells were then treated with a crosslinker (BS3) to 

crosslink IGF1 to its receptor and immunoblotted for α-biotin and IGF1R. MCF7, T47D and 

ZR74.1 KO cells showed a 2.1-fold, 4-fold and 1.7-fold higher ligand-receptor complex 

respectively when compared to their corresponding WT cell line controls (Figure 17). This result 
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was stronger in the T47D CDH1 KO cells, likely due to the higher baseline IGF1R expression in 

these cells. To corroborate these findings in our ILC CDH1 OE cell lines, we performed similar 

experiments but observed unexpected results. While we expected to notice a decrease in ligand-

receptor complex in the CDH1 OE cells, we observed a higher fraction of the complex in them 

(Appendix B, Figure 33). We hypothesize that this might be due to a hyperactive adherens 

junction in the cells following E-cadherin overexpression which could have led to a larger E-

cadherin-IGF1R complex being crosslinked and detected. Overall, this led us to conclude that 

although IGF1R levels were mostly unchanged in KO cells, the receptors were more available to 

bind ligands and elicit a signaling response. This hypothesis suggests a repressive nature of E-

cadherin on IGF1R.  

 

 

Figure 17: CDH1 KO cells exhibit higher IGF1 receptor availability for ligand binding 

MCF7, T47D and ZR75.1 WT and CDH1 KO cells were stimulated with biotinylated IGF1 (0-10nM) for 15 minutes 
and crosslinked to assess ligand-receptor complex levels between WT and CDH1 KO cells. α-biotin bands were 
quantified and normalized to loading control, β-actin. Representative experiment shown, n=3 for each experiment. 

 



 84 

5.3.3 CDH1 KO did not lead to changes in IGF1R re-localization on the membrane 

We explored the potential for a physical interaction between IGF1R and E-cadherin on 

the cell membrane which could potentially physically and spatially prevent ligands from binding 

IGF1R. An immunoprecipitation performed for both IGF1R and E-cadherin in T47D cells did 

not reveal co-IP of either protein despite IP of the respective proteins and multiple attempts to 

optimize conditions (Figure 18A). Crosslinking attempts and lysis buffer optimizations with n-

Octylglucoside were performed to stabilize any potential interaction between E-cadherin and 

IGF1R. However, no interactions were observed in any of these attempts. We next performed 

immunofluorescence to assess the localization of IGF1R and E-cadherin on the membrane and 

were able to observe colocalization of E-cadherin and IGF1R (Figure 18B). However, it is 

challenging to assess whether there is a physical interaction between E-cadherin and IGF1R 

based on the co-localization alone, given the difficulties faced with co-immunoprecipitation 

experiments. Importantly, our lab has previously shown co-localization between IGF1R and E-

cadherin via Proximity Ligation Assay (PLA) (129), indicating the potential for their interaction, 

which could be repressive in nature based on the results presented here.  Through these confocal 

images, we noticed a differential expression of IGF1R on the membrane of T47D WT versus KO 

cells which led us to probe whether KO cells have a re-localization of IGF1R on the membrane. 

To assess this, we stained for IGF1R and EpCAM and quantified the co-localization of IGF1R 

with EpCAM to compare levels of membrane localized IGF1R between WT and KO cells. 

However, no significant differences in membranous IGF1R localization were observed between 

the WT and KO cells (Figure 19). Our results suggest that although some IGF1R expression 

differences are noticed in the T47D KO cells, the overall lack of significant differences in Figure 
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19 suggests that increased receptor availability to bind ligand likely led to the observed elevated 

signaling induction upon ligand binding. 

 

Figure 18: Co-localization of E-cadherin and IGF1R was oberved although no interaction was detected via 
co-IP 

(A) Immunoprecipitation of IGF1R and E-cadherin in T47D cells was assessed for a co-IP of the other protein, with 
p120 catenin assessed as a known interactor of E-cadherin. (B) Cell lines were dual stained for E-cadherin (green) and 
IGF1R (red) and imaged by confocal microscopy at a 60X objective. Scale bar: 50µm. Representative experiment 
shown for all, n=2-3 for each experiment. 
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Figure 19: No re-localization of IGF1R observed following CDH1 knockout 

Cell lines were dual stained for EpCAM (green) and IGF1R (red) and imaged by confocal microscopy at a 60X 
objective. Scale bar: 50µm. 12 images for each cell line were quantified and graphed. Using EpCAM as a membrane 
control, the presence of IGF1R co-localization with EpCAM was quantified as membrane localization. Representative 
experiment shown for all, n=2 experiments. 

 

5.3.4 IGF1R recycling is unchanged between WT and CDH1 KO cells 

In a final attempt to better understand the mechanism of IGF signaling regulation by E-

cadherin, we hypothesized that the proximity of E-cadherin to IGF1R on the cell membrane 

might alter its endocytosis and thus affect the signaling response. To assess this, we subjected 

cells to surface biotinylation and tracked the levels of IGF1R on the membrane over a time 

course of 0 to 240 minutes post IGF1 stimulation. We observed a more rapid internalization, and 

slower return of IGF1R to the membrane, following IGF1 stimulation in the KO cells (Figure 

20A, B). The slower return to the membrane over a 4-hour period also suggests the presence of 

endocytic signaling of IGF1R in the KO cells which further maintains the activity of signaling 
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(Chapter 4). This potentially indicates the internalization of a larger fraction of IGF1R in the KO 

cells given there are more of the ligand bound IGF1 receptors (previous experiment, Figure 17) 

than in WT cells. While the slower return to the membrane in KO cells was overall consistent, 

there were large variations between repeats, thus requiring final confirmations before a 

conclusion can be made. These are still preliminary experiments, and more work is needed to 

fully comprehend the role of E-cadherin in affecting receptor endocytosis and regulating IGF 

signaling.  

 

 

Figure 20: No clear differences in IGF1R recycling are observed between WT and CDH1 KO cells 

(A) MCF7 and (B) T47D WT and CDH1 KO cells were serum starved overnight and treated with 10nM IGF1 over a 
time course assay. Cells were labeled with EZ-Link™ Sulfo-NHS-Biotin and pulled down with Pierce Streptavidin 
Agarose. Eluted protein was immunoblotted for IGF1R and E-cadherin. Graphs show representative bands quantified 
using the LiCOr system, representative experiment shown, n=2. 
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5.4 Discussion 

In this chapter, we explored the potential for a physical interaction between E-cadherin 

and IGF1R which could lead to the signaling regulation observed thus far. Several studies have 

attributed spatial accessibility of IGF1R for ligand binding as a limiting factor in IGF1R 

signaling activation (158, 237). Consistent with these reports, we showed that loss of E-cadherin 

in our KO cells conferred increased IGF ligand binding by IGF1R, and subsequent pathway 

activation as shown in Chapter 4.  Based on qRT-PCR and cell fractionation assays, we learned 

that this increased ligand-receptor binding is not solely due to IGF1R upregulation as two of the 

three cell lines show unchanged IGF1R expression. With the current findings, we can conclude 

that, when present, E-cadherin spatially represses IGF1R from being able to freely associate with 

and bind to IGF1 to elicit a signaling response. This agrees with the available literature on the 

topic where E-cadherin has been observed to form a large complex with IGF1R, IRS1 and SHC, 

which could thus affect the signaling activation levels due to spatial constrictions (237). 

 

Despite previous reports on E-cadherin repressing growth factor receptors (129, 158, 

237) and its co-localization with EGFR (158) and IGF1R (237), we were unable to find an 

association in our models by co-IP despite numerous attempts, suggesting that this might not be 

how E-cadherin  affects IGF1R ligand binding. However, further experimentation with 

additional optimization could potentially be performed to confirm or refute a physical interaction 

between the proteins. Our inability to show direct interactions between E-cadherin and IGF1R 

does not sufficiently preclude their association via other substrates such as IRS1 as has been 

shown before (237) and hence does not refute our hypothesis. This indirect association might be 

sufficient to alter IGF1R’s ability to bind its ligands efficiently and thus affect signaling levels as 
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seen in Chapter 4. It should be noted that we were previously able to note co-localization in a 

PLA assay (129). The formation of a ternary complex involving E-cadherin, growth factor 

receptors and integrins is an ongoing topic of investigation thought to affect cell mobility (241), 

which could additionally complicate immunoprecipitation by increasing the complex size and the 

proximity between E-cadherin and IGF1R. Similar interactions have been reported for E-

cadherin and EGFR (158, 242), although we did not observe an increased sensitivity to the EGF 

ligand in our CDH1 KO cell lines.  

 

Evidence of downregulation of E-cadherin by growth factors promoting EMT has been 

reported previously (157, 237); while there is also evidence of growth factor signaling regulation 

by E-cadherin (158), suggesting that a bidirectional feedback loop may exist. These studies were 

initially almost exclusively performed in the context of EGFR where multiple groups have 

shown that E-cadherin inhibits ligand-dependent activation of EGFR signaling (140, 158, 160). 

However, a recent study by Teo and colleagues supports our findings by reporting on ILC cell 

lines generated from a p53-deficient metastatic mouse model exhibiting PI3K/AKT pathway 

activation and enhanced sensitivity to pathway inhibition (130). Critically, a compelling study 

also showed the upregulation of cell-cell adhesion in IGF1R overexpressing MCF7 cells, which 

was subsequently reduced using E-cadherin blocking antibodies (237). This suggests the 

importance of addressing the bidirectional regulation that we have not yet addressed as part of 

this study.  

 

Our T47D CDH1 KO cells’ E-cadherin/IGF1R immunofluorescence results also brought 

about new questions regarding a potential IGF1R re-localization following E-cadherin knockout. 
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Further imaging using EpCAM as a control membrane marker and quantification for its co-

localization with IGF1R did not show any differences between WT and KO cell lines although 

some significant results were obtained in our previous CDH1 knockdown models (129), 

suggesting discrepant results between stable knockout and transient knockdown cell line models. 

Additional attempts to understand if IGF1R endocytosis is affected by E-cadherin presence/ 

absence via surface biotinylation assays were inconclusive. Studies investigating IGF1R 

endocytosis and periods of sustained Akt signaling have been reported and are contradictory, 

with some studies supporting the requirement for IGF1R to be endocytosed for sustained 

signaling (229) and the opposite with other studies reporting on the need for IGF1R to remain on 

the membrane for continuous Akt activation (231). Critically, the role of E-cadherin in the 

process is still unknown. Overall, we have been able to delineate that E-cadherin loss allows 

IGF1R to be more available for ligand binding with the underlying mechanism yet to be 

discovered. 
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6.0 Targeting IGF Pathway Hyperactivity in CDH1 Knockout Cells 

6.1 Introduction 

Given the well-known role of IGFs in mammary gland development and breast cancer 

progression, many pre-clinical studies and clinical trials have been conducted using IGF1R 

inhibitors. These inhibitors include humanized monoclonal antibodies that bind and subsequently 

downregulate the receptor and small molecule tyrosine kinase inhibitors to inhibit pathway 

activation and signaling (53, 104, 221, 243-245). Unfortunately, these trials ended with little to 

no response in the patient populations studied and there are currently no FDA approved agents 

directly targeting IGF1R (178-180). Several potential explanations for lack of efficacy of these 

agents include a compensatory mechanism of IR hyperactivation during IGF1R inhibition, and 

dual inhibition of IGF1R and IR causing hyperinsulinemia and other adverse effects (246-249). 

Although the inhibitors tested showed some response in small subsets of patients, the inability of 

a larger populations of patients to respond caused the trials to fail overall, often without in-depth 

analysis on those cases which did respond. Our studies were fueled by the desire to identify 

possible biomarkers of sensitivity and response to IGF1R-targeted agents. In this chapter we 

explore if loss of E-cadherin can be used to better select and stratify patients for IGF targeted 

therapies and enhance patient response. Further categorization of patients in clinical trials based 

on their tumors’ specific histologic and molecular subtype may allow for a better targeting of the 

IGF1 pathway.  
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This chapter will address the potential of exploiting loss of E-cadherin in ILC as a 

biomarker to stratify patients for IGF1/IGF1R targeted therapies by comparing IDC parental and 

CDH1 KO cell lines. Due to over 90% of ILC being ER+, Selective Estrogen Receptor 

Degraders (SERDs) are a common therapeutic option for patents with ILC. However, endocrine 

resistance develops in about 30% of patients who receive hormone therapy (250), thus 

highlighting the imperative need to develop alternative therapies. As shown in previous chapters, 

>90% of patients with ILC have a loss of E-cadherin in the tumors and enhanced IGF1 signaling 

suggesting that the IGF1 pathway may be a good therapeutic target. Our previous work with 

CDH1 knockdown IDC cells line and an IGF1R small molecule tyrosine kinase inhibitor BMS-

754807 showed that MCF7 siCDH1 cells were more sensitive to BMS-754807 when grown in 

ultralow attachment conditions than parental control cells (129). These studies were performed in 

transient knock-down models, and the next challenge was to examine whether similar results 

could be obtained with our stable CDH1 KO isogenic cell lines. We also performed preliminary 

studies with BMS-754807 and Fulvestrant in an ILC cell line, SUM44PE and showed significant 

synergism with the combination therapy (129), thus highlighting the need to investigate this 

further. 

 

This chapter will explore the potential role of utilizing E-cadherin as a functional 

biomarker of response for IGF and Akt targeted therapies in patients whose tumors have a loss of 

E-cadherin. We specifically assess inhibitors targeting IGF1R and its downstream activators, 

PI3K, Akt and MEK to analyze the sensitivity of these models to the pathway inhibitors 

following loss of E-cadherin.  
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6.2 Materials and methods 

6.2.1 Cell culture 

Cell lines utilized in this study were obtained from ATCC: MCF7 (RRID: CVCL_0031), 

T47D (RRID: CVCL_0553) and ZR75.1 (RRID: CVCL_0588). Cell lines were maintained in 10% 

fetal bovine serum (FBS; Life Technologies) supplemented media (Thermo Fisher Scientific): 

MCF7 in DMEM; and T47D and ZR75.1 in RPMI. Cell lines were cultured for less than 6 months 

at a time, routinely tested to be Mycoplasma free and authenticated by the University of Arizona 

Genetics Core (Tucson, Arizona) by short tandem repeat DNA profiling. 

6.2.2 Dose Response assays 

Cells were plated in 50µL of media at 9,000 cells/well in 2D and ULA (Corning #3474) 

96-well plates. Treatments were added 24 hours post seeding in an additional 50µL of respective 

media. IGF1R inhibitors BMS-754807 (Selleckchem #S1124) and OSI-906 (Selleckchem 

#S1091), PI3K inhibitor Alpelisib (Selleckchem #S2814), Akt inhibitor MK-2206 (Selleckchem 

#S1078), MEK inhibitor U0126 (Selleckchem #S1102) and Fulvestrant (Selleckchem #S1191) 

were dissolved in DMSO with a final ≤0.5% DMSO concentration in treatments. Plates were 

collected at day 6 and measured by CellTiter-Glo (Promega #PR-G7573) following the 

manufacturer’s protocol. Cell viability values were analyzed following blank cell deductions and 

normalization to vehicle readings. IC50 values for viability were calculated by nonlinear 

regression and statistical differences evaluated using sum-of-squares Global f-test (p<0.05). 

Synergy was assessed using SynergyFinder (251). 
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6.2.3 Immunoblotting 

Protein for immunoblotting experiments were harvested using RIPA buffer (50mM Tris 

pH 7.4, 150mM NaCl, 1mM EDTA, 0.5% Nonidet P-40, 0.5% NaDeoxycholate, 0.1% SDS) 

supplemented with 1x HALT protease and phosphatase cocktail (Thermo Fisher #78442), probe 

sonicated for 15 seconds (20% amplitude) and centrifuged at 14,000rpm at 4˚C for 15 minutes. 

Protein concentration was assessed using BCA assay (Thermo Fisher #23225) and 50ug of protein 

per sample was run on 10% SDS-PAGE gel, then transferred to PVDF membrane. Membrane 

blocking was performed with Intercept PBS blocking buffer (LiCOr #927-40000) for one hour at 

room temperature and probed with primary antibodies overnight at 4°C: pIGF1R/IR (Cell 

Signaling Technology #3024; RRID:AB_331253), IGF1R (Cell Signaling Technology #3027; 

RRID:AB_2122378), pAkt S473 (Cell Signaling Technology #4060; RRID:AB_2315049), Akt 

(Cell Signaling Technology #9272; RRID:AB_329827), InsR (Cell Signaling Technology #3025; 

RRID:AB_2280448), E-cadherin (BD Biosciences #610182; RRID:AB_397581) and β-actin 

(Millipore Sigma #A5441, RRID:AB_ 476744). This was followed by 1 hour room temperature 

incubation with secondary antibodies (1:10,000; anti-mouse 680LT: LiCor #925-68020; anti-

rabbit 800CW: LiCor #925-32211). Membranes were subsequently imaged on the LiCOr Odyssey 

CLx Imaging system, with band quantifications performed with built in software. 

6.2.4 Patient derived breast organoid culture and dose response assays 

IDC organoids (IPM-BO-56 and 102) and ILC organoids (IPM-BO-30, 41, 46, 77 and 114) 

were established by the Institute for Precision Medicine (Pittsburgh, PA) and maintained in media 

as detailed in (252) with 1nM β-estradiol (Sigma-Aldrich #E8875) supplementation. For dose 
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response assays, organoids were dissociated to single cell suspension with Trypsin and plated in 

50µL of organoid media at 3,000 or 5,000 cells/well in 96-well round bottom plates (Falcon 

#353227) depending on the growth rate. Akt inhibitor MK2206 (Selleckchem #S1078; dissolved 

in DMSO) treatments were added 24 hours post seeding in an additional 50µL of organoid media. 

Organoids were monitored every day to ensure vehicle treated wells were growing well and 

remained at an appropriate density. Media was refreshed on day 6 and plates collected on day 12 

with cell viability quantified by CellTiter-Glo 3D (Promega #G9681). Dose response assay 

analysis was performed as described above. 

6.3 Results 

6.3.1 T47D CDH1 KO cells are sensitive to IGF1R, PI3K and Akt inhibitors 

Motivated by the increased sensitivity of CDH1 KO cells to IGF ligands and the potential 

for clinical translation, we sought to determine if these cells were also sensitive to IGF1R 

inhibitors. MCF7, T47D and ZR75.1 parental and CDH1 KO cells were utilized for an 8-point 

dose response curve with IGF1R inhibitors BMS754807 and OSI906. Responses to the drug 

concentrations were normalized to vehicle treated wells with the IC50 values compared between 

parental and CDH1 KO cells for statistical significance. To validate that the inhibitors were 

indeed effective in suppressing signaling, we exposed cells to a dose response of BMS754807 

and MK2206 and performed immunoblotting by probing for IGF1R and Akt activation. Both 

MCF7 and ZR75.1 CDH1 KO cells did not show any significant difference in sensitivity to 

IGF1R inhibitors when compared to their corresponding WT cells (Figure 21A-C). However, 
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BMS754807 treatment did inhibit IGF1R and Akt signaling in these cell lines, albeit at a lower 

efficacy in CDH1 KO cells, potentially owing to their increased ligand sensitivity (Figure 21D).  

Only T47D CDH1 KO cells were more sensitive to the tested IGF1R inhibitors, BMS-754807 

(p<0.0001) and OSI-906 (p=0.003) compared to WT cells (Figure 21 D-G).  

 

Given the higher incidence of PIK3CA hotspot mutations and occurrence of PTEN loss in 

ILC (31, 45, 253), we examined if the loss of E-cadherin in these IDC cell lines also sensitizes 

them to PI3K and Akt inhibitors, Alpelisib and MK-2206, respectively. As with the IGF1R 

inhibitors, only T47D CDH1 KO cells showed increased sensitivity to MK2206 (p<0.0001) and 

an overall increased sensitivity trend to Alpelisib upon averaging statistical analysis of repeated 

experiments (Figure 22A-D). No statistically significant differences in drug sensitivity were 

observed between MCF7 and ZR75.1 parental and their respective CDH1 KO cell lines (Figure 

22 D-G). All inhibitor testing were performed in 2D and ULA plates, with no significant 

differences observed between the conditions. Panels shown in the figures are from experiments 

done in 2D plates. 
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Figure 21: T47D CDH1 KO cells express susceptibility to IGF1R Akt inhibitors 

IDC parental and CDH1 KO cells were seeded in 96-well 2D plates and treated with IGF1R inhibitors (OSI-906 or 
BMS-754807) for 6 days. MCF7 conditions in the panels as follows: (A) BMS-754807; (B) OSI-906 and (C) ZR75.1 
with  BMS754807. T47D conditions in the panels as follows: (D) BMS-754807; (E) OSI-906. CellTiter Glo assay 
was used to assess cell viability (relative luminescence) and data was normalized to vehicle treated control. (F) 
Summary of IC50 from 3 separate experiments, each with six biological replicates. Data was normalized to vehicle 
treated control. IC50 values for viability were calculated by nonlinear regression and statistical differences evaluated 
using sum-of-squares Global f-test (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; representative experiment 
shown; n=3 (each with six biological replicates)). (G) MCF7 and T47D WT and CDH1 KO cells were treated with 
BMS754807 in increasing doses to assess signaling inhibition of the compounds used for cell viability assays. For 
quantification, phosphorylated protein levels were normalized to corresponding total protein levels and loading 
controls. Inhibitor treated sample values were further normalized to respective cell line vehicle treated samples. 
Representative experiment shown, n=2 for each experiment). 
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Figure 22: T47D CDH1 KO cells express susceptibility to PI3K and Akt inhibitors 

IDC parental and CDH1 KO cells were seeded in 96-well 2D plates and treated with PI3K inhibitor (Alpelisib) or Akt 
inhibitor (MK2206) for 6 days. T47D conditions in the panels as follows: (A) MK2206; (B) Alpelisib. CellTiter Glo 
assay was used to assess cell viability (relative luminescence) and data was normalized to vehicle treated control. (C) 
Summary of IC50 from 3 separate experiments, each with six biological replicates. (D) MCF7 and T47D WT and 
CDH1 KO cells were treated with MK2206 in increasing doses to assess signaling inhibition of the compounds used 
for cell viability assays. For quantification, phosphorylated protein levels were normalized to corresponding total 
protein levels and loading controls. Inhibitor treated sample values were further normalized to respective cell line 
vehicle treated samples. Representative experiment shown, n=2 for each experiment). MCF7 conditions in the panels 
as follows: (E) MK2206; (F) Alpelisib. ZR75.1 conditions in panel (G) for MK2206. CellTiter Glo assay was used to 
assess cell viability (relative luminescence) and data was normalized to vehicle treated control. Data was normalized 
to vehicle treated control. IC50 values for viability were calculated by nonlinear regression and statistical differences 
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evaluated using sum-of-squares Global f-test (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; representative 
experiment shown; n=3 (each with six biological replicates)). 

 

6.3.2 MCF7 and T47D CDH1 KO cells exhibit sensitivity to a combination of MEK and 

IGF1R inhibitors 

Next, we assessed if the lack of change in sensitivity to IGF1R and Akt inhibitors in the 

MCF7 CDH1 KO cells might be explained by activation of alternative pathways. A recent study 

in colon cancer showed that BMS754807 treatment led to a hyperactive MEK signaling (254), 

which led us to perform a combination treatment of BMS-754807 with a MEK inhibitor, U0126. 

We observed a strong additive effect where both MCF7 and T47D CDH1 KO cells were more 

sensitive than their corresponding WT cells (Figure 23A, C). While this was an expected result 

in the T47D cells, it is interesting to note the additive effect in the MCF7 CDH1 KO cells as this 

suggests the activation of alternative pathways following IGF1R, PI3K and Akt independent 

inhibitions. To understand if this was a synergistic relationship between IGF1R and MEK 

inhibitors, we utilized the SynergyFinder platform (251), with the ZIP method as an output 

(Figure 23B, D). Zip scores of less than -10 signifies that the interaction between two drugs is 

likely to be antagonistic, scores between -10 to 10 refers to an additive interaction while a ZIP 

score larger than 10 suggest the interaction is likely to be synergistic (251). In MCF7 and T47D 

WT and CDH1 KO cells, synergy scores were between -9.717 to 10.995, which validates an 

additive but not a synergistic drug combination effect. Thus, this combination could be further 

studied as a potential therapeutic approach in tumors lacking E-cadherin. This is especially 

important given the high levels of resistance observed with single agent tyrosine kinase 

inhibitors and the need for combination therapies to offer higher therapeutic efficacy (255, 256).  
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Figure 23: MCF7 and T47D CDH1 KO cells exhibit sensitivity to a combination of MEK and IGF1R 
inhibitors 

 
(A, B) MCF7 and (C, D) T47D WT and CDH1 KO cells were seeded in 96-well 2D plates and treated a combination 
of MEK inhibitor (U0126) and BMS-754807 for 6 days. CellTiter Glo assay was used to assess cell viability (relative 
luminescence) and data was normalized to vehicle treated control. IC50 values for viability were calculated by 
nonlinear regression and statistical differences evaluated using sum-of-squares Global f-test (*p ≤ 0.05; **p ≤ 0.01; 
***p ≤ 0.001; ****p ≤ 0.0001; representative experiment shown; n=3 (each with three biological replicates)). ZIP 
synergy score output for (B) MCF7 and (D) T47D.  

6.3.3 T47D CDH1 KO cells exhibit sensitivity to a combination of Akt inhibitor and 

Fulvestrant 

Over 90% of ILC are estrogen receptor (ER) positive (50). Results from multiple clinical 

trials have indicated that patients with ILC have a poorer prognosis than those with IDC, with 
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more frequent late recurrences (19,23,24). This finding highlights the need to improve treatment 

options available to patients with ILC based on the unique features of their disease, by 

introducing combination therapies that specifically target a patient’s unique tumor characteristics 

for better therapeutic efficacy (257-259). Therefore, we evaluated the efficacy of combining 

MK2206, an Akt inhibitor with good activity in T47D KO cells, with endocrine therapy, the 

SERD Fulvestrant. We observed a higher susceptibility in the T47D CDH1 KO cells (Figure 

24A), supporting the notion of targeting the IGF pathway concurrently with targeting ER. The 

combination of these therapies also resulted in an additive effect (ZIP scores of 0.09 and 1.754 

respectively), with the strongest additive effect seen in KO cells (Figure 24B). These results 

support the study of combinatory therapies in pre-clinical studies to better target the activation of 

the IGF pathway following E-cadherin loss.  
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Figure 24: T47D CDH1 KO cells exhibit sensitivity to a combination of Akt inhibitor and Fulvestrant 

(A) T47D WT and CDH1 KO cells were seeded in 96-well 2D plates and treated a combination of Akt inhibitor 
(MK2206) and Fulvestrant for 6 days. CellTiter Glo assay was used to assess cell viability (relative luminescence) 
and data was normalized to vehicle treated control. IC50 values for viability were calculated by nonlinear regression 
and statistical differences evaluated using sum-of-squares Global f-test (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p 
≤ 0.0001; representative experiment shown; n=3 (each with three biological replicates)). (B) ZIP synergy score output 
for T47D.  
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6.3.4 ILC patient derived organoids exhibit patterns of higher susceptibility to the Akt 

inhibitor, MK2206 

Finally, to analyze pathway inhibition in a more physiologically relevant model, we 

utilized ILC and IDC patient-derived organoids (PDO) to compare Akt inhibition sensitivity. Our 

close association with the Institute for Precision Medicine (University of Pittsburgh and UPMC) 

allowed access to a steadily growing bank of breast cancer PDOs using culture conditions 

adapted from the Clevers group (252). This initiative is successfully executed by Daniel D. 

Brown, PhD in association with a group of surgeons at the Magee Womens Hospital, led by 

Priscilla F. McAuliffe MD, PhD. This resource is extremely valuable in allowing for a direct 

hypothesis testing with patient derived samples. I treated 2 IDC and 5 ILC breast PDOs (imaged 

in Figure 25 A, B) with an 8-point dose response assay for MK2206 at 6 replicates per dose and 

refreshed media on day 6 with assay completion on day 12. Organoid viability was measured 

using CellTiter-Glo 3D and normalized to vehicle controls.  As with our cell line results, no 

significant IDC versus ILC differences in sensitivity was observed, however, ILC organoids 

demonstrated a trend towards increased sensitivity to treatment (Figure 26 and Appendix C, 

Figure 34). We observed differences in growth kinetics and drug sensitivity of the individual 

PDO, likely reflecting inter-tumor heterogeneity seen in patients. Further work should include 

increasing the number of PDOs studied and assessing if there is a clinically meaningful 

difference between the ILC and IDC sensitivities to IGF1R inhibitors in vitro. 
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Figure 25: IDC and ILC Patient Derived Organoids exhibit altered morphology 

Five ILC (A) and two IDC (B) patient derived breast organoids established by Dr Daniel D. Brown through the 
Institute for Precision Medicine were utilized in this drug response study. Grape-like morphology of ILC organoids 
can be observed in (A) while IDC organoids form tighter clusters (B). Images taken with brightfield microscope at 
4X, scale bar: 200µm.  
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Figure 26: ILC organoids exhibit patterns of higher susceptibility to Akt inhibitor MK2206 

Patient derived IDC and ILC organoids were treated with Akt inhibitor (MK2206) for 12 days and viability assessed 
with CellTiter Glo 3D (relative luminescence). Data from vehicle and wells treated with 250nM MK2206 are shown. 
Data was normalized to vehicle treated control. IC50 values for viability were calculated by nonlinear regression and 
statistical differences evaluated using sum-of-squares Global f-test (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 
0.0001; representative experiment shown; n=1 (each with six biological replicates)). 

6.4 Discussion 

In this chapter, we investigated the potential of utilizing E-cadherin as a functional 

biomarker of as a suitable population of breast cancers for IGF-targeted therapies. Although 

inhibitors of IGF1R have not been approved for clinic use, inhibitors of downstream activators 

such as PI3K, Akt and MEK have been successfully developed and clinically approved. With 

comprehensive studies, these compounds can be used in tumors with mutations leading to 

PIK3CA activation and PTEN loss such as in ILC (4), and maybe more so important given the 
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high IGF pathway activation found in the SCAN-B dataset (Chapter 2) and in CDH1 knockout 

cells (Chapter 4).  

 

We reported increased sensitivity to IGF1R/PI3K/Akt and MEK inhibitors in T47D 

CDH1 KO cells and a trend towards increased sensitivity to an Akt inhibitor in ILC PDOs 

compared to IDC PDOs. Given the genetic landscape of MCF7, T47D and ZR75.1 cells, these 

models are primed for hyperactive Akt signaling, which we have observed to be further 

enhanced by loss of E-cadherin. The PIK3CA helical domain mutation in MCF7 cells (E545K) is 

reported to have a more aggressive phenotype over the kinase domain mutation in T47D 

(H1047R) (260), which may explain the absence of additional sensitivity in MCF7 CDH1 KO 

cells to compounds tested since the PIK3CA mutation may effectively mask any potential effect 

of E-cadherin loss. With the possibility of IGF1R inhibitor efficacy being reduced by hyperactive 

downstream pathways such as MEK as seen in colon carcinoma (254) and the possibilities of 

downstream activation inhibition being overhauled by hyperactive receptor tyrosine kinases 

(261), we tested and observed an additive effect of treating cells with an IGF1R inhibitor in 

combination with a MEK inhibitor.  

Although not robust, the increased sensitivity to IGF1R/PI3K/Akt inhibitors seen in 

CDH1 KO cells is promising and supports our hypothesis. A 2018 study by Bajrami et al 

performed a synthetic lethality study on CDH1 deficient cells by knocking out CDH1 in MCF7 

cells (132). They proceeded with two parallel synthetic lethality tests, a drug sensitivity screen 

targeting 80 small molecule inhibitors and a siRNA sensitivity screen targeting over 1000 genes 

where a shortlist of genes was obtained. A critical finding from this study was the discovery of 

CDH1 synthetic lethality with ROS Proto-Oncogene 1 (ROS1), a receptor tyrosine kinase 
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implicated in multiple signaling pathways including MAPK and PI3K/Akt. Further 

experimentation revealed effective cell viability reduction with Foretinib and Crizotinib 

treatments in vitro and in vivo which led to two clinical trials currently underway 

(NCT03620643 with crizotinib and NCT04551495 with Entrectinib). The success of such 

discoveries being translated into the clinic is a promising precedent for our current studies. In 

addition, synthetic lethality targets of E-cadherin are an attractive topic with multiple studies 

having been reported recently with vesicle trafficking, plasma membrane organization and 

dynamics being among the new discoveries (133, 134, 262). 

 

Additive effects of combining Akt inhibitors with Fulvestrant was also found to be 

beneficial in E-cadherin deficient cells, providing novel therapeutic benefits which require 

further exploration in vivo. With over 90% of ILC being ER+, SERDs and SERMs are a 

mainstay therapeutic option for patients with ILC. However, endocrine resistance eventually 

occurs in about 30% of cases (250) highlighting the need for combination treatments, such as the 

combination of hormone therapy with IGF-targeted therapy for patients with ILC. Our previous 

investigation with the ILC cell line SUM44PE showed a synergistic effect between BMS-754807 

and Fulvestrant, further supporting the potential of this combination therapy (129).  This is 

especially important given endocrine resistance and the need for additional therapies for 

combination treatments. Better understanding of a patient’s unique disease features will allow us 

to inhibit multiple targets and prevent resistance, especially given that tumor heterogeneity has 

been associated with poor outcome and decreased response to treatments (263, 264). Short term 

adaptations to single agent therapies such as PI3K inhibitor in PIK3CA-mutant ER+ breast 

cancer has been seen via increased ER activity which can limit the antitumor activity of the 
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inhibitor and render it inefficient (265). Such situations can be prevented by comprehensively 

characterizing patient tumors and their drivers to map out a personalized and efficacious 

treatment plan. Acquired resistance to single agents such as TKI inhibitors are also well 

characterized where additional downstream inhibitors will be a great addition to therapies for a 

better clinical outcome (256, 265, 266).  

 

Finally, the use of PDO to compare IDC and ILC provided a valuable model to test our 

hypothesis. This model allowed us to compare therapeutic benefit of Akt inhibitor MK2206 in 

IDC and ILC tumors in a primary patient-derived setting. Multiple studies are currently 

underway in PDO to examine response to therapy with the goal of identifying precision medicine 

approaches to maximize clinical outcomes (267-269).  Although a clear conclusion could not be 

made from our PDO experiments given the limitations of the model such as limited PDO lines 

tested and their intrinsic variations, we did find a pattern of increased susceptibility to Akt 

inhibition in the ILC PDO. The growing collection of PDOs at the Institute for Precision 

Medicine will be extremely valuable in helping us validate our hypothesis in additional PDO 

lines.  

Through our cell line and PDO models, we were able to show a context and background 

dependent response to IGF pathway inhibitors. Although not definitive, we have observed a 

strong trend of increased sensitivity in ILC and CDH1 KO cells line towards these inhibitors 

tested. This is a very promising result supporting our hypothesis of utilizing CDH1 loss as a 

functional biomarker of response for targeting the IGF pathway. The power of these studies 

could be increased by testing the efficacy of inhibitors targeting the IGF pathway in additional 

cell line models and organoids in vitro as well as in vivo to investigate the potential of efficiently 
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exploiting E-cadherin as a biomarker of therapeutic response. A valuable retrospective study 

could also be done by analyzing the subset of patients who have responded well to IGF therapies 

over the years of clinical trials to learn whether they have alterations in the CDH1 gene. 
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7.0 Assessing E-Cadherin Regulation of IGF Signaling in Murine Model with Mammary 

Gland-Specific CDH1 Deletion 

7.1 Introduction 

With IGF1 sensitivity and susceptibility to IGF and Akt inhibitors observed in cell lines 

and PDO models, we sought to validate our findings in a murine model to confirm that loss of E-

cadherin can alter signaling response to IGF1. E-cadherin is a critical protein wherein its deletion 

at the organismal level is not feasible (270). Therefore, several systems for conditional deletion 

of E-cadherin in the mammary gland have been established as a means of studying the role of E-

cadherin in mammary development and breast cancer. In hormone-inducible MMTV-Cre; Cdh1 

flox females, E-cadherin deletion was observed in the differentiating alveolar epithelial cells of 

the mammary gland. Although the Cdh1 deleted mammary gland developed normally up to mid-

pregnancy, it showed altered morphology around birth of offspring, reduced milk production and 

subsequently these females failed to nurse their litters (271). Analysis of these Cdh1 deleted 

mammary glands also showed increased apoptosis levels, resembling that of involuted mammary 

glands (271), thus highlighting the importance of E-cadherin in mammary gland development. 

This study was initially performed to assess the possibility of obtaining mammary tumors 

through Cdh1 deletion only, however, no tumors were observed. Although this would have been 

a good model for us to assess the role of E-cadherin in regulating IGF signaling, the MMTV-Cre 

model has been shown to also drive Cdh1 deletion is other epithelial cells in other tissues such as 

salivary glands, kidneys, and lung (271). 
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Knowing the inability of MMTV-Cre; Cdh1 flox mice model to generate mammary 

tumors, Patrick Derksen and Jos Jonkers developed a model where the Cre recombinase was 

driven by Keratin 14 (K14) promoter (272). The K14 promoter drives Cre expression in several 

epithelial tissues including the mammary epithelium and skin. Critically, this study did not 

observe any abnormal mammary glands in virgin, pregnant and parous mice with all females still 

being able to nurse their pups. However, with the addition of Trp53 deletion to this model, the 

group was able to observe invasive and metastatic mammary tumors, with resemblance to human 

ILC (272). The same group further refined their mechanism of E-cadherin deletion and 

introduced the WAP-Cre system (273) to specifically delete E-cadherin only in the mammary 

gland and prevent skin tumors they had observed with the K14-Cre model (274). Whey acidic 

protein (WAP) is expressed in the luminal cells in the mammary gland and is critical in pregnant 

and lactating mammary epithelial cells. Although efficient Cre recombinase activity was detected 

in the mammary gland, they did not observe any morphological abnormalities in the mammary 

gland of virgin, pregnant or parous females (274). However, these females did show reduced 

milk production and were not able to nurse their litters as well as the WT females. Importantly, 

no tumors were detected until a Trp53 deletion was introduced as in the previous study, where 

pleiomorphic ILC-like tumors were observed. This study hypothesized the high apoptotic 

process seen in the previous study  as a potential explanation as to why no tumors were observed 

with Cdh1 deletion alone (271).  

 

This chapter will explore our work on utilizing the WAP-Cre; Cdh1 flox system discussed 

above to conditionally delete Cdh1 in the mammary gland to assess signaling sensitivity to IGF1. 

With the potential of apoptosis playing a major role following Cdh1 deletion, we harvested 
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tissues at early lactation to avoid additional complexities. This work was done in collaboration 

with several lab colleagues: Dr Jagmohan Hooda, Dr Zheqi Li, Christy Smolak, Yang Wu, Beth 

Knapick and Jian Chen.  

7.2 Materials and methods 

7.2.1 Mouse colony 

All animals in this cohort were housed at the animal facility in the Magee Womens 

Research Institute. All experiments were approved under protocols 20016647 and 20016546 by 

our local Institutional Animal Care and Use Committee (IACUC). The WAPCre cohort were 

B6129-Tg (WAP-Cre)11738Mam/J, stock number 003552 from JAX. The Cdh1 flox animals 

were B6.129-Cdh1tm2Kem/J, stock number 005319 from JAX. Weekly cage changes and daily 

food/ water checks were performed by animal facility staff. Cage and colony maintenance were 

performed as specified in the respective IACUC protocol. Breeding was done in monogamous 

pairs or in harem groups of 1 male with 2 females. Litters were weaned on day 21 as per our 

protocol and tail tipped for genotyping. Daily checks were performed to affirm health and 

monitor pregnancy status of study animals. Mice colony maintenance was performed by Christy 

Smolak and Dr Jagmohan Hooda. 
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7.2.2 PCR for genotyping 

DNA extraction was performed using tail snips with Qiagen DNeasy Blood and Tissue 

kit (#69504). For genotyping, tail DNA were subjected to PCRs using GoTaq Master Mix 

(#M7122) and the following primers. WAP primers; F: TAGAGCTGTGCCAGCCTCTTC and 

R: GTGAAACAGCATTGCTGTCACTT. Internal control primer set; F: 

CAAATGTTGCTTGTCTGGTG and R: GTCAGTCGAGTGCACAGTTT.  IMR primers for 

Cdh1 flox detection; F: GGGTCTCACCGTAGTCCTCA and R: 

GATCTTTGGGAGAGCAGTCG. Genotyping efforts were done with Christy Smolak, Beth 

Knapick and Jian Chen.  

7.2.3 LR3-IGF1 tail vein injections 

Mice were restrained and their tail warmed with a heat lamp to get a clear view of the tail 

vein. The tail vein region was sterilized with alcohol swabs before being injected with 25µg 

LR3-IGF1 (GroPep # BU100) in 100uL PBS + 10mg/mL BSA, or 100uL PBS + 10mg/mL BSA, 

administered with a 26-gauge needle. Mice were placed in a cage for 9.5 minutes, then moved 

into an isoflurane induction chamber for 30 seconds and euthanized by cervical dislocation at 10 

minutes post injection. Dissections were started immediately. All mammary glands, two liver 

lobes and kidneys were harvested and either flash frozen in cryovials, placed in FFPE cassette 

for fixation, or frozen in OCT compound. Mammary gland 4 from one side of each mouse was 

fixed on a slide for whole mount fixation and imaging with carmine alum staining. All tail vein 

injections were performed by Dr Jagmohan Hooda. 
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7.2.4 Immunohistochemistry for E-cadherin and H&E 

Tissue samples in formalin fixed paraffin embedded (FFPE) cassettes were fixed in 10% 

neutral buffered formalin (Sigma Aldrich #F554-4L) overnight and switched into 70% ethanol 

until embedded by the Pitt Biospecimen Core (PBC) at Hillman Cancer Center. Embedded 

samples were cut at 4µm sections and used for H&E staining by PBC, and 5 unstained sections 

were obtained for IHC in the lab. Standard IHC protocol for E-cadherin was performed with the 

Cell Signaling antibody (CST #3195), 1:100 dilution. Slides were mounted with Permount 

(Fisher Scientific #SP15100), left to cure overnight at room temperature and imaged at 20X and 

40X magnifications on a brightfield microscope. 

7.2.5 Mammary gland whole mounts 

Mammary gland whole mounts were performed as detailed here (275-278). Briefly, 

dissected mammary gland was spread on a glass slide and fixed in Carnoy's fixative at 4°C 

overnight. Tissues were rehydrated the following day and stained in carmine alum at 4°C for 2 

nights. Slides were dehydrated and cleared in Xylene until fat is sufficiently cleared from the 

glands. Overnight incubation in methyl salicylate was performed before being mounted with 

Permount and imaged at 20X and 40X magnification. At the time of this preparation, the whole 

mounts were not sufficiently cleared and hence, we were not able to capture representative 

images. 
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7.2.6 Immunoblotting 

Protein for immunoblotting experiments were harvested using RIPA buffer (Cell 

Signaling Technology #9806) supplemented with 1x HALT protease and phosphatase cocktail 

(Thermo Fisher #78442). Tissue samples were homogenized using a handheld homogenizer 

(Fisher Scientific) in RIPA buffer and probe sonicated for 15 seconds (20% amplitude). Samples 

were centrifuged at 14,000rpm at 4˚C for 15 minutes. Protein concentration was assessed using 

BCA assay (Thermo Fisher #23225) and 100ug of protein per sample was run on 10% SDS-

PAGE gel, then transferred to PVDF membrane. Membrane blocking was performed with 

Intercept PBS blocking buffer (LiCOr #927-40000) for one hour at room temperature and probed 

with primary antibodies overnight at 4°C: pIGF1R/IR (Cell Signaling Technology #3024; 

RRID:AB_331253), IGF1R (Cell Signaling Technology #3027; RRID:AB_2122378), pAkt S473 

(Cell Signaling Technology #4060; RRID:AB_2315049), Akt (Cell Signaling Technology 

#9272; RRID:AB_329827), E-cadherin (BD Biosciences #610182; RRID:AB_397581) and β-

actin (Millipore Sigma #A5441, RRID:AB_ 476744). This was followed by 1 hour room 

temperature incubation with secondary antibodies (1:10,000; anti-mouse 680LT: LiCor #925-

68020; anti-rabbit 800CW: LiCor #925-32211). Membranes were subsequently imaged on the 

LiCOr Odyssey CLx Imaging system. 
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7.3 Results 

7.3.1 Generation of WAP+; Cdh1fl/fl mouse cohort 

The objective of this section of the project was to establish a mouse model that has 

mammary gland specific deletion of Cdh1 which will allow us to perform IGF1 injection and 

assess the differences in mammary gland IGF signaling between Cdh1 WT and null females. To 

this end, we purchased a WAP-Cre mouse cohort and a Cdh1 flox mice cohort from JAX. Upon 

receipt and mouse facility quarantine completion, these animals were genotyped for confirmation 

of WAP-Cre. The presence of the WAP driven recombinase returns a 497bp band and in the 

absence of the recombinase, no bands are present. This necessitated inclusion of an internal 

control primer set, with a 200bp PCR product that confirms PCR success. The binary results 

from these WAP set of primers also highlights the lack of a way to distinguish between a 

homozygous WAP-Cre positive versus a heterozygous WAP-Cre positive animal. For the Cdh1 

flox animals, a primer set from JAX (called IMR primers) were used to return a 310bp band for a 

flox allele and 243bp band for a WT allele, which allows the distinction between homozygous 

WT, heterozygous and homozygous flox animals.  

 

Upon genotype confirmation, we backcrossed these animals from their C57BL/6 

background to FVB/N background. Both cohorts were based on a C57BL/6 background, and we 

wanted to establish this cohort of animals in the FVB/N background given the known lower 

penetrance of mammary tumors in the C57BL/6 background (279, 280). As the Cdh1 flox cohort 

in the lab had already gone through multiple backcrosses into the FVB/N background at this 

point, it was ready to be utilized for this new cohort establishment. The WAP-Cre cohort, 
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meanwhile, was new and had to be put through 2 rounds of backcrossing breeding with unedited 

FVB/N mice, also purchased from JAX. WAPCre+ animals were selected to then go through the 

third round of breeding with FVB/N Cdh1 flox animals to begin establishing the WAPCre+; 

Cdh1fl/fl cohort of animals (Fig 27). This round of breeding produced either WAP-; Cdh1wt/fl 

animals or WAP+; Cdh1wt/fl animals. By this stage, all offspring had white coats and we deemed 

the backcross as sufficient. The next rounds of breeding were performed to obtain offspring in 

the following genotypes: WAP+; Cdh1wt/wt, WAP+; Cdh1wt/fl and WAP+; Cdh1fl/fl. Females of these 

genotypes were then utilized for the upcoming IGF1 injection experiments.  

 

 

Figure 27: WAPCre and Cdh1 flox breeding strategy 

Hemizygous WAPCre+ animals after 2 rounds of backcrossing and Cdh1fl/fl animals were bred as a final round of 
backcrossing into the FVB/N background and to obtain litters with both transgenes. With this strategy, we had a 
minimum of 50% success rate with getting WAPCre+; Cdh1wt/fl animals to be used for the next round breeding.  

 

The WAP promoter is highly active during pregnancy and lactation, with its activity 

declining post weaning (271, 273, 281-284). To activate WAP driven Cre recombinase, we took 

mice through pregnancy. To ensure Cdh1 recombination and deletion, we performed 2 rounds of 

breeding of WAP+; Cdh1wt/wt and WAP+; Cdh1fl/fl females with males of any genotype as the 



 118 

offspring were not necessary at this step of the experiment. The females were left with their 

respective male partners until they were confirmed to be pregnant with their second round of 

litters. The first set of offspring were weaned at 21 days which allowed the females to nurse them 

full term while with the second set of offspring, litters were sacrificed on day 7 and parent 

females injected with IGF1 and harvested shortly after. Of note, unexpectedly based on prior 

literature, our cohort of WAP+; Cdh1fl/fl females were able to nurse their litters just as well as the 

WAP+; Cdh1wt/wt females. The seven-day time point was chosen to ensure maximal WAPCre 

expression while the female was still nursing and to avoid any potential complications of the 

apoptotic process during mammary gland involution in the late lactation period. Following IGF1 

injection and tissue harvest, H&E staining, whole mount carmine staining, immunoblots and E-

cadherin immunohistochemistry was performed. Unfortunately, at the time of this thesis writing, 

the whole mounts were not ready for imaging and were thus not included. 

 

7.3.2 WAPCre+; Cdh1wt/wt and WAPCre+; Cdh1fl/fl mice mammary glands appeared similar 

by H&E 

Following cohort establishment, we performed IGF1 injections in both WAP+; Cdh1wt/wt 

and WAP+; Cdh1fl/fl females. PBS or 25µg of LR3-IGF1 was injected in a 100uL volume via tail 

vein injection. Six animals for each genotype were injected, three with PBS and three with IGF1. 

Ten minutes after injections, animals were sacrificed and their mammary glands, kidneys and 

two lobes of liver harvested for downstream experimentation. The mammary gland tissues were 

either fixed for FFPE, fixed for whole mounting or flash frozen for protein/ DNA extraction. 

With the FFPE blocks, 4µm sections were cut and subjected to H&E staining to compare the 
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mammary gland structure of WAP+; Cdh1wt/wt females to the WAP+; Cdh1fl/fl females. As seen in 

Figure 28A-B, we were not able to detect any significant differences in mammary gland 

development between the two cohorts. We expected to see an effect of Cdh1 loss in the 

mammary gland structure. With no differences observed, we proceeded to validate our model 

system and find out if there was indeed a Cdh1 deletion as expected. To that end, we performed 

an E-cadherin IHC on the mammary gland FFPE sections from the same females. 
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Figure 28: No significant differences observed between WAPCre+; Cdh1wt/wt and WAPCre+; Cdh1fl/fl mice 

mammary glands 

WAPCre+; Cdh1wt/wt and WAPCre+; Cdh1fl/fl mice were injected with 100µL PBS or 100µL of 0.25µg/µL LR3-IGF1 
and tissues harvested after 10 minutes for flash freezing or fixation. (A) WAPCre+; Cdh1wt/wt mammary gland tissues 
and (B) WAPCre+; Cdh1fl/fl mammary gland tissues were fixed in 10% formalin, sectioned and processed for H&E 
staining as shown. Images shown were taken at 10X; scale bar: 100µm. Mouse ear tag numbers for identification are 
indicated in black font in bottom middle corner. 
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7.3.3 E-cadherin expression was observed in WAPCre+; Cdh1fl/fl animals 

As seen in Figure 29A and B, E-cadherin IHC confirmed the presence of E-cadherin 

expression in both WAP+; Cdh1wt/wt and WAP+; Cdh1fl/fl cohorts. With these females having gone 

through 2 rounds of pregnancy - 1 full round of lactation for 21 days until weaning and the 

second litter weaned and sacrificed on day 7, we expected that we sacrificed the females at the 

height of their WAPCre expression which theoretically would elicit maximal Cdh1 

recombination, leading to its deletion. Unfortunately, we did not observe any loss of expression 

in the six WAP+; Cdh1fl/fl females harvested. The lobular structures of the mammary glands can 

be clearly observed due to these harvests being done on day 7 post parturition as these females 

were still nursing. As the first step of this experiment was to delete Cdh1 and to follow that up 

with an IGF1 stimulation step, the failure of the first step negated any subsequent step of 

understanding the role of E-cadherin in regulating IGF1 signaling in mice mammary glands.  In 

addition to E-cadherin expression still being present in these WAP+; Cdh1fl/fl animals, it is also 

crucial to appreciate its expression of the cell membrane; still localized at its usual position 

despite the attempt to delete it.  

 

With these results, it became apparent that we were unable to obtain our mouse model of 

interest and will be looking into alternatives and potential interpretations of this result in the 

Discussion section. As a final step, we wanted to next perform a second confirmation of E-

cadherin expression via immunoblotting and investigate whether the IGF1 injection was 

effective and whether a subsequent signaling activation occurred to validate our technique for 

future experiments.  
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Figure 29: E-cadherin expression is present in WAPCre+; Cdh1fl/fl animals 

WAPCre+; Cdh1wt/wt and WAPCre+; Cdh1fl/fl mice were injected with 100µL PBS or 100µL of 0.25µg/µL LR3-IGF1 
and tissues harvested after 10 minutes for flash freezing or fixation. (A) WAPCre+; Cdh1wt/wt mammary gland tissues 
and (B) WAPCre+; Cdh1fl/fl mammary gland tissues were fixed in 10% formalin and sectioned for an E-cadherin 
immunohistochemistry as shown. Images shown were taken at 40X; scale bar: 10µm. Mouse ear tag numbers for 
identification are indicated in black font in bottom middle corner. 
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7.3.4 Tail vein LR3-IGF1 injection activated IGF pathway in the mammary gland 

We performed an immunoblot to assess E-cadherin expression as well as IGF1 signaling 

through IGF1R and Akt phosphorylation. Figure 30A shows a strong signaling in the mammary 

glands of mice injected with 25µg IGF1 compared to PBS-injected mice. As expected, based 

upon our staining data, E-cadherin expression was still present in the WAP+; Cdh1fl/fl animals, 

and hence no conclusion can be made regarding the IGF signaling activation differences between 

the WAP+; Cdh1wt/wt and WAP+; Cdh1fl/fl animals. As negative controls, we blotted for the same 

proteins in the liver samples (Figure 30B) and noticed no IGF1R activation as expected. 

However, pAkt was present across samples, potentially exhibiting the background signaling 

levels in these animals. 

 

Overall, the tail vein injection technique and tissue harvesting process proved to be 

successful and can be repeated for future experiments when we have the right mouse model. Our 

lab is currently considering the possibilities of establishing a new cohort of animals with 

validated success for Cdh1 deletion (to be discussed in the discussion section), which can then be 

used for this assay.  
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Figure 30: Tail vein IGF1 injection elicits IGF activation in the mammary gland 

WAPCre+; Cdh1wt/wt and WAPCre+; Cdh1fl/fl mice were injected with 100µL PBS or 100µL of 0.25µg/µL LR3-IGF1 
and tissues harvested after 10 minutes for flash freezing or fixation. (A) Mammary gland tissues and (B) liver were 
lysed in RIPA buffer and blotted for IGF signaling activation. Tail vein injections were performed by Dr Jagmohan 
Hooda. 
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7.3.5 Cre Reporter assay in mammary glands showed efficient RFP to GFP switch after 

pregnancy 

Upon confirmation of no change in E-cadherin expression, we investigated whether the 

WAP promoter driven Cre recombinase was efficient. To this end, we utilized the Cre reporter 

strain from JAX, B6.129(Cg)-Gt (ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J, stock number 007676. 

This mouse strain expresses membrane-Tomato fluorescence in all tissues which are switched to 

membrane-Green fluorescence upon Cre-driven recombination. This mouse model when bred 

with our WAPCre mice allows us to assess whether our WAPCre mouse model is efficient at 

driving Cre recombinase following WAP promoter activation to recombine the Cdh1 loxP sites in 

the mammary glands. These mice were also backcrossed twice as our other mouse models, put 

through 1, 2 or 3 rounds of pregnancies with the animals sacrificed and tissues harvested on day 

7 post parturition of the respective set of litters. 

 

As seen in Figure 31A and B, mammary glands and livers from all animals were RFP 

positive. A patchy red to green fluorescence switch was seen specifically in the mammary glands 

with an increase in rounds of pregnancy. Thus, we can conclude that the WAP driven Cre in our 

mouse model is efficient at driving recombination. In addition, a tissue specificity to the 

mammary gland was also confirmed. Critically, when comparing between mammary glands from 

mice after 1, 2, and 3 pregnancy rounds, it is evident that one round of pregnancy did not activate 

sufficient Cre recombinase to drive the RFP to GFP switch. However, no significant differences 

were observed between 2 and 3 rounds of pregnancy, thus confirming that 2 rounds of pregnancy 

should have been sufficient to drive Cre activation in our Cdh1fl/fl model. This shows that our 

previous experiment with 2 rounds of pregnancies should have been successful based on the Cre 
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activation, however, no Cdh1 deletion was observed, thus suggesting that the challenge might lie 

within the Cdh1 loxP sites or with an apoptotic induction following E-cadherin deletion as 

discussed in the introduction section of this chapter. 

 

 

 

Figure 31: Cre Reporter assay in mammary glands shows efficient RFP to GFP switch with pregnancy 

WAPCre+; Cre Reporter+ mice were sacrificed on day 7 post birth after their assigned rounds of pregnancies (A) 
Mammary gland tissues and (B) liver tissues were harvested and imaged for brightfield, GFP and RFP. Images shown 
were taken at 1X. Mouse ear tag numbers for identification are indicated in white font in the bottom right corner. 
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7.4 Discussion 

Through this WAP+; Cdh1fl/fl mouse cohort, we were unable to obtain animals with 

conditional mammary gland Cdh1 deletion so that we could assess the impact of Cdh1 on IGF1 

signaling sensitivity. No abnormalities were detected in mammary gland development as shown 

by H&E staining and E-cadherin expression was still observed in the WAP+; Cdh1fl/fl females 

even after 2 rounds of pregnancy. However, the IGF1 tail vein injection proved to be successful 

with strong pathway activation observed in the mammary gland tissues. To interpret these 

results, we probed the WAPCre system to assess whether the Cre recombinase activity was 

efficient and noted that our cohort of WAPCre animals were able to activate the RFP to GFP 

switch in Cre reporter animals by the second round of pregnancy with no appreciable increase 

observed after a third round of pregnancy. Thus, we are not yet able to clearly pinpoint the issue 

the model that led to the apparent failure of E-cadherin deletion.  

 

We hypothesized that E-cadherin deletion may have caused apoptosis (271) resulting in a 

lack of detecting E-cadherin null cells by IHC and Western blotting. Further analysis of the 

literature support mass apoptosis during the involution process (282-285), however, the H&E 

images of our cohort of WAP+; Cdh1fl/fl does not support the presence of regions of apoptotic 

cells. Further analysis and experiments will be needed to assess if the loss of E-cadherin does 

indeed cause loss of mammary epithelial cells. Another potential issue could have been the 

integrity of the loxP sites, which could be reassessed to confirm the potential of a successful 

recombination event. In addition, our Cdh1 flox cohort was backcrossed into the FVB/N 

background over 6 years ago and has been in the colony since then where genomic or 

epigenomic drift in genotype could have occurred, thus potentially affecting the Cdh1 flox site.  
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Finally, given the successful characterization of mammary tumors in mouse models with 

WAP+; Cdh1fl/fl coupled with Trp53 or Pten deletion (274, 286), one method of possibly 

circumventing the potential challenge of apoptosis of recombined cells would be to utilize these 

models since they may allow rescue of E-cadherin null cells and survival since they are now also 

expressing a tumor suppressor. The major challenge with this type of mouse model would be to 

eliminate the background of PI3K signaling being activated by PTEN deletion which could mask 

the effects brought about by E-cadherin deletion and IGF sensitivity, however, the Trp53 

deletion model may be beneficial for our purposes. Future work could assess the potential of 

utilizing these mouse models while also confirming the role of apoptosis in the cohort discussed 

here. 
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8.0 Conclusions 

This study set out to understand the role of E-cadherin in regulating the IGF pathway in 

breast cancer. To understand this, we generated isogenic CDH1 knockout models using three 

IDC cell lines where the deletion of E-cadherin caused reduced cell-cell attachment and 

morphology transformation into looser cell clusters in suspension. Furthermore, we found that E-

cadherin loss was associated with enhanced anchorage independence and anoikis resistance, all 

of which are features observed in ILC. Interestingly, these KO cells also had higher survival in 

clonogenic assays compared to their parental cells, overall exhibiting enhanced tumorigenic 

properties compared to WT cells in part possibly due to the potential role of growth factor 

signaling pathways being more highly activated in the absence of E-cadherin (133, 233, 242). In 

addition, the CDH1 KO cells also exhibited higher cell migration and invasion in the majority of 

our models, again highlighting the prominent role of E-cadherin in controlling metastatic 

phenotypes. Due to E-cadherin’s role in maintaining cell-cell adhesion, its loss is often correlated 

with tumor invasion and metastasis (140, 287) although there have been contradicting studies 

with some groups reporting on the requirement for E-cadherin in metastasis (150). In Chapter 4 

of this thesis, we showed that CDH1 KO cells demonstrate increased migration towards Collagen 

I, a phenotype also observed in ILC cells (154). CDH1 KO cells also showed an enhanced 

migration towards serum and IGF1, with T47D CDH1 KO cells showing increased migration 

even in the absence of a chemoattractant. T47D CDH1 KO also showed invasion through 

Collagen I, providing additional in vitro evidence supporting that the loss of E-cadherin may 

enhance metastatic phenotypes. While the in vitro nature of these findings is a limitation, these 

are encouraging data which should be validated with in vivo experimentation to delineate the role 
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of E-cadherin in metastasis and validate its effect on IGF signaling. Anoikis resistance 

phenotypes observed in Chapter 3 coupled with migratory phenotypes seen in Chapter 4 strongly 

supports metastatic progression upon E-cadherin loss (152). However, it will be critical to 

delineate the mechanism of how growth factor signaling enables CDH1 KO cells to become 

more migratory. In the T47D CDH1 KO cells, it was evident that they had increased chemotactic 

migration towards IGF1 and serum, however, additional experimentation is needed to assess the 

effect of IGF signaling on migration with evaluations such as wound-scratch assays. 

 

A major finding from our study is the observation of CDH1 KO cells’ increased 

sensitivity to IGF1, IGF2 and insulin signaling. While this was apparent in short 15 minute-

stimulations, longer time course assays with IGF1 also showed that the high activation levels 

persisted for the extent of signaling duration (as shown in Chapter 4). While we anticipated that 

this might be a pan-growth factor effect, it was evident that this was an IGF-specific phenotype, 

at least compared to the two other pathways probed (EGF and FGF). Although FGFR4 activation 

was higher in the CDH1 KO cells, this was without significant downstream signaling activation. 

Through the studies performed in Chapter 5, we were able to attribute this increased signaling 

sensitivity to an increased receptor availability for ligand binding. Several studies have attributed 

spatial accessibility of IGF1R for ligand binding as a limiting factor in signaling activation (158, 

237), and consistent with this notion, we found that loss of E-cadherin confers increased IGF 

ligand binding by IGF1R, and subsequent pathway activation. It will be important to confirm this 

finding with orthogonal approaches. Separate studies regarding IGF1R splice variants and 

receptor uncoupling during activation should also be performed to better understand the 

regulation of IGF signaling by E-cadherin. Although there have been reports on E-cadherin 
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repressing growth factor receptors (129, 158, 237) and co-localization (129, 237), we were 

unable to find a physical association between E-cadherin and IGF1R by co-IP despite numerous 

attempts. Ternary complexes involving E-cadherin, IGF1R and integrins are thought to affect 

cell mobility (241), and could possibly complicate co-immunoprecipitation. Interaction between 

E-cadherin and EGFR through co-IP has been reported, although we did not observe an 

increased sensitivity to the EGF ligand in our CDH1 KO cell lines (158). Studies on E-cadherin 

and growth factor receptors were initially almost exclusively performed in the context of EGFR 

where multiple groups had shown that E-cadherin inhibits ligand-dependent activation of EGFR 

signaling (140, 158, 160), supporting our findings. A recent study by Teo and colleagues further 

supports our findings by reporting on ILC cell lines generated from a p53-deficient metastatic 

mouse model exhibiting enhanced PI3K/AKT pathway activation and sensitivity to pathway 

inhibition, which encourages future in vivo experimentation of these phenotypes (130).  

 

Importantly, our study uncovered a context dependent increase in sensitivity to IGF1R, 

PI3K, Akt and MEK inhibitors in our CDH1 KO models. This contributes to an increasing body 

of work delineating ILC as a unique breast cancer subtype, suggesting a potential for targeted 

therapeutic approaches towards the IGF1R/PI3K/Akt axis owing to the diagnostic loss of E-

cadherin in this histological subtype. Of note, it is necessary to consider the inconsistencies 

observed in our models where the MCF7, T47D and ZR75.1 CDH1 KO cells did not always 

agree on all assays performed. While ZR75.1 CDH1 KO did not have a complete CDH1 

knockout which could affect the experimental results, the inconsistencies between MCF7 and 

T47D CDH1 KO cells may be attributed to their genetic background differences. This highlights 

the importance of utilizing larger number of cell line models to obtain more robust conclusions. 
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Inhibitors of downstream activators such as PI3K, Akt and MEK have successfully been 

developed and are FDA approved. This is critical in malignancy with a high percentage of 

mutations leading to PIK3CA activation and PTEN loss such as in ILC (31), and even more 

important given the high IGF/Akt pathway activation found in the SCAN-B dataset (Chapter 2). 

Other studies with CRISPR MCF7 CDH1 KO cells lines have shown that loss of E-cadherin 

leads to dependency upon ROS1 and enhanced sensitivity to crizotinib (288) for which a clinical 

trial is currently underway. We report increased sensitivity to IGF1R/PI3K/Akt and MEK 

inhibitors in T47D CDH1 KO cells and an increased trend in sensitivity to an Akt inhibitor in 

ILC PDOs compared to IDC PDOs. Given the genetic landscape of MCF7, T47D and ZR75.1 

cells, these models are primed for hyperactive Akt signaling, which we have shown to be further 

enhanced by loss of E-cadherin. The helical domain mutation in MCF7 cells (E545K) is reported 

to have a more aggressive phenotype over the kinase domain mutation in T47D (H1047R) (260), 

which may explain the absence of additional sensitivity in MCF7 CDH1 KO cells to compounds 

tested since the PIK3CA mutation may effectively mask any potential effect from E-cadherin 

loss. With the possibility of IGF1R inhibitor efficacy being reduced by hyperactive downstream 

pathways such as MEK as seen in colon carcinoma (254) and by hyperactive receptor tyrosine 

kinases (261), we observed an additive effect of treating cells with an IGF1R inhibitor in 

combination with a MEK inhibitor. Due to over 90% of ILC being ER+ (39, 289-291) and 

endocrine therapy being an effective treatment option, it was important to assess the combination 

effects of MEK inhibition with endocrine therapy. This is especially important since about 30-

40% of ILC tumors become endocrine resistant after years of endocrine therapy (250), thus 

needing additional therapeutic options. Additive effects of combining Akt inhibitors with 

Fulvestrant was found to be beneficial in E-cadherin deficient cells, supporting combination 
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therapies which require further exploration through patient derived organoids and animal 

experiments. Future studies will need to test the efficacy of inhibitors targeting the IGF pathway 

comparing cells +/- CDH1 in vivo and investigate the potential of efficiently exploiting E-

cadherin as a biomarker of therapeutic response. 

 

Finally, we attempted to establish a mouse cohort of mammary gland specific CDH1 

deletion to better understand the role of E-cadherin in IGF signaling regulation, however, we 

were unsuccessful. While the WAP driven Cre recombinase was effective, no CDH1 

recombination and deletion was observed, and thus we were not able to study effects of E-

cadherin expression on IGF signaling activation levels. We hypothesized that the apoptosis in E-

cadherin null cells seen previously (281) could be a potential reason for why we were unable to 

detect any E-cadherin null cell in IHC, although further experimentation is necessary to detect 

apoptotic cells in the mammary glands. We propose the potential of utilizing the WAP+; 

CDH1fl/fl Trp53-/-,  WAP+; CDH1fl/fl; Pten-/- or WAP+; CDH1 fl/fl; Pik3camut mouse cohort as a 

method of overriding the possible E-cadherin deletion-driven apoptosis as Tp53/Pten deletion or 

Pik3ca mutation may allow E-cadherin null cells to survive, given the successful mammary 

tumor progression previously observed in this model (274, 286). The major challenge with this 

mouse model would be eliminating the background of PI3K signaling being activated by Pten 

deletion or Pik3ca mutation which could mask the effects brought about by E-cadherin deletion 

when we determine IGF sensitivity. However, the Trp53 deletion model may not have such 

effects. It will also be crucial to confirm the role of apoptosis in the WAP+; CDH1fl/fl cohort to 

validate our findings. 
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In summary, this project addressed the role of E-cadherin in regulating IGF signaling 

activation, controlling metastatic phenotypes, and identifying the use of specific inhibitors that 

can efficiently target elevated IGF1 signaling activation. We discussed novel findings of 

increased receptor availability for ligand binding due to loss of E-cadherin and increased 

susceptibility to IGF1R/PI3K/Akt and MEK inhibitors upon CDH1 deletion. These results add to 

a growing body of evidence suggesting that loss of CDH1 may represent a biomarker of response 

to IGF pathway inhibitors and further asserts the need for investigation into the clinical 

translation of these findings. While the in vitro nature of our studies in a small panel of cell lines 

is a limitation, we were able to strongly delineate the cellular- and context-dependent functions 

of E-cadherin in IGF driven tumor phenotypes. Our findings require translation into in vivo 

models with the goal of validating E-cadherin loss as a functional biomarker of response for IGF 

pathway inhibitors in breast cancer as well as the utilization of E-cadherin expression as a vital 

patient stratification tool in clinical trials.  
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Appendix A  

Chapter 4 Supplementary Figures 

 

 

 

Figure 32: MCF7 and ZR75.1 WT and KO cells do not invade Collagen I 

MCF7 and ZR75.1 WT and CDH1 KO cells were plated at 300,000 cells/ well in collagen I inserts in 24-well plates. 
Representative images of crystal violet-stained collagen I inserts from invasion assays towards the indicated attractants 
after 72 hours are shown. Representative experiment shown, n=2. 
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Appendix B  

Chapter 5 Supplementary Figures 

 

 

 

Figure 33: ILC CDH1 OE cells demonstrate higher IGF1 receptor availability for ligand binding 

MM134 and SUM44 p20-EV and p20-CDH1 cells were stimulated with biotinylated IGF1 (0-10nM) for 15 minutes 
and crosslinked to assess ligand-receptor complex levels between WT and CDH1 KO cells. α-biotin bands show the 
amount of IGF1 bound IGF1R expression levels in respective samples. Representative experiment shown, n=3 for 
each experiment. 
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Appendix C  

Chapter 6 Supplementary Figures 

 

 

 

Figure 34: IDC and ILC breast PDOs exhibit variability in response to Akt inibitor MK2206 

Patient derived IDC and ILC organoids were treated with Akt inhibitor (MK2206) for 12 days and viability assessed 
with CellTiter Glo 3D (relative luminescence), and data was normalized to vehicle treated control. IC50 values for 
viability were calculated by nonlinear regression and statistical differences evaluated using sum-of-squares Global f-
test (p < 0.05; representative experiment shown; n=3 (each with six biological replicates)). 
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Appendix D  

Table 1: Antibodies Used in IB, IF and IHC Experiments 
Compilation of all antibodies used in this thesis project. 

Protein Company Catalog Number Host Species Dilution 
β-Actin Sigma A5441 Mouse 1:10000 

AKT Cell Signaling 9272 Mouse 1:1000 
pAKTS473 Cell Signaling 4060 Rabbit 1:1000 

E-cadherin BD Biosciences 610182 Mouse 1:1000 
E-cadherin Cell Signaling 3195 Rabbit 1:100 

pIGF1R/ InsR Cell Signaling 3024 Rabbit 1:500 
pEGFR Tyr1068 Cell Signaling 2234 Rabbit 1:1000 

IGFR Cell Signaling 3027 Rabbit 1:1000 
InsR Cell Signaling 3025 Rabbit 1:1000 

EGFR Cell Signaling 4267 Rabbit 1:1000 
IRS1 Cell Signaling 2390 Rabbit 1:1000 

B-catenin BD Biosciences 610154 Mouse 1:1000 
p120 BD Biosciences 610134 Mouse 1:200 

a-Biotin Cell Signaling 5597S Rabbit 1:1000 
Non-phospho B-
catenin (Ser45) Cell Signaling 19807T Rabbit 1:1000 

pFGFR4 Y642 Signalway Antibody 11836 Rabbit 1:1000 
FGFR4 Cell Signaling 8562 Rabbit 1:1000 

pFRS2 Tyr196 Cell Signaling 3864 Rabbit 1:1000 
pSTAT3 Tyr705 Cell Signaling 9131 Rabbit 1:1000 
P-p44/42 MAPK Cell Signaling 4377 Rabbit 1:1000 

EpCAM Cell Signaling 2929 Mouse 1:100 
Anti-Mouse 

AlexaFluor488 
Invitrogen A11017 Mouse 1:200 

Anti-Rabbit 
AlexaFluor488 

Invitrogen A21206 Rabbit 1:200 

Anti-Rabbit 
AlexaFluor647 

Invitrogen A27040 Rabbit 1:200 
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