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ABSTRACT 
 

The role of Nedd9 in HER2-driven breast cancer. 

Marc L. Purazo 

Tumor initiation is often driven by unrestricted proliferation. One such driver of proliferation 
is Human epidermal growth factor receptor 2 (HER2). HER2 is a receptor tyrosine kinase 
that is part of the epidermal growth factor receptor family (EFGR) that is commonly 
overexpressed in breast cancer. HER2 positive (+) breast cancers often respond to anti-
HER2 therapy, yet many patients eventually develop resistance. Multiple mechanisms 
contribute to resistance, including activation of HSP90, PI3K/Akt or Src that rely on adaptor 
molecules (GRB2, p130cas, NEDD9). Neural precursor cell expressed, developmentally 
downregulated protein 9 (NEDD9) is an adaptor protein that promotes integrin signaling. We 
found that higher expression of NEDD9 in HER2+ human breast cancer correlates with 
disease progression, reduced relapse free survival and resistance to anti-HER2 therapy. 
The central hypothesis is NEDD9 can play a role in mammary gland development, 
differentiation and proliferation of cells, and response to targeted therapy in HER2 driven 
breast cancer. To evaluate role of NEDD9 protein in physiologically relevant settings we 
generated a conditional transgenic mouse model, placing extra copy of human NEDD9 
cDNA under the control of cre recombinase. When crossed with mice expressing mammary 
gland-specific cre recombinase, NEDD9 overexpression promoted early occurrence of 
benign lesions such as mammary intraepithelial neoplasia (MIN) and ductal carcinoma in 
situ (DCIS). This phenotype was accelerated by co-expression of HER2 oncogene. The 
NEDD9 overexpressing mice showed altered development of the mammary gland, with 
more tertiary and terminal end buds (TEBs), that is indicative of NEDD9’s role in controlling 
proliferation. The increase in cell proliferation, was further supported by Ki67 staining. The 
lineage tracing analysis shows that NEDD9 specifically increased the number of luminal 
progenitor cells, as shown by dual Keratin 5/8 staining. Consistent with these studies, 
NEDD9 promoted the 2D and 3D cell proliferation of human MCF10A cells. Mechanistically, 
NEDD9 upregulation resulted in MAPK and AURKA activation inducing cell proliferation. 
The depletion of NEDD9 in HER2+ cancer cell lines increased their sensitivity to anti-HER2 
therapy. These findings support the role of NEDD9 in early stages of HER2-driven 
tumorigenesis, selectively impacting proliferation of luminal progenitor cells and lay 
foundation for potential use of NEDD9 expression in early diagnostics of HER2+ BCs and 
treatment. 
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Chapter 1 - Introduction 
 
1. Breast Cancer 
 
1.1 Breast Cancer Statistics and Staging: Incidence and mortality rates 
 

In 2023, approximately 297,790 women were projected to be diagnosed with 

invasive breast cancer, 55,720 DCIS  (ductal 

carcinoma in situ) will be diagnosed, and 

approximately 43,700 women are expected to die of 

breast cancer in the US [3, 4]. 83% of invasive breast 

cancers are diagnosed among women 50 years or 

older, and 91% of deaths occur at this age. It is 

important to note that the 5-year relative survival 

directly correlates with the stage in which the disease 

is diagnosed (Figure 1). Staging for treatment 

purposes is known as TNM Classification of 

Malignant Tumors [47]. TNM is globally recognized 

and stands for: T, the size of the primary tumor (T1-

T4); N describes the regional lymph node 

involvement; and M is for distant metastasis [48] 

(Figure 2). The localized disease is confined to the 

breast tissue; regional disease has spread to the 

lymph nodes; and finally, distant disease, in which 

cancer has spread to distant organs and tissues. As of 2021, the localized disease has 

5-year survival of 99%, regional disease – of 86%, and distant disease – of 29% [3] 

(Figure 1). These statistics highlight the importance of early cancer diagnostics and 

research on early, initiation stages of cancer.  

 

 

 

 
Figure 1. Five-Year Survival of 
HER2 Breast Cancer. Graph 
representing the five-year survival 
percentage of breast cancer patients 
shown as stage of disease. As the 
disease develops, the percentage of 
patients that will survive decreases. 
Black-localized disease, Red-regional 
invasion, Blue-distant metastases. 
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1.2 Breast Cancer Subtypes 
 

Breast cancer can also be classified based on the expression of receptors such as 

ER+ (estrogen receptor positive), PR+ (progesterone receptor positive), and HER2+ 

(human epidermal growth factor receptor 2) also known as avian erythroblastosis 

oncogene B (ERBB2). Recently, the molecular subtypes defined by gene expression 

profiles have been used along with receptors. The current subtypes include Luminal A, 

Luminal B, HER2-enriched, and Basal-like [5]. This classification is important because it 

directly impacts the treatment of cancer in the clinic. Luminal A encompasses ~40% of 

patients. It is characterized by high expression of estrogen (ER+) and progesterone (PR+) 

receptors, no overexpression of HER2 (HER2-), and slow proliferation [5]. The patients 

diagnosed with this subtype usually benefit from hormone therapy and chemotherapy[6]. 

 
Figure 2.  Breast Tumor Size Chart. Images depicting the breast tumor size chart. Images from 
T1-T4 represent the clinical staging of tumor progression. Created with BioRender.com 
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The luminal A subtype has the best prognosis, but recurrence is possible after a long 

disease-free interval (remission). Luminal B subtype includes ~20% of breast cancer 

patients with highly proliferative aggressive disease. The tumor cells of this subtype are 

ER+ and HER2 positive/negative and progesterone receptor positive/negative. Patients 

with the luminal B subtype benefit from chemotherapy, hormone therapy, and HER2-

targeted therapy. The HER2-enriched subtype accounts for up to ~10-15% of patients 

and is characterized by overexpression or amplification of the HER2 gene [5]. This is an 

aggressive subtype of breast cancer, but treatments have been developed over the past 

30 years to control and, in some cases, eradicate the disease. The HER2-targeted 

therapies will be covered in the next section. Finally, Basal-like or TNBC-Triple Negative 

breast cancer accounts for ~15-20% of breast cancer patients. The TNBC tumor cells do 

not express ER-/PR-/HER2- receptors [7, 8] (Figure 3).  

Additional molecular markers can distinguish aggressive cancer from indolent, 

such as Ki67, indicating how proliferative/fast growth the cells are.  All these molecular 

factors and staging taken together can indicate a better or worse prognosis.   

 

 
Figure 3. Subtypes of Breast Cancer: Breast cancer can be subtyped by molecular markers that 
place it in one of the categories: Luminal A, Luminal B, HER2+, or Triple-negative. Molecular subtyping 
is important for prognosis as well as treatment strategy as depicted in the figure. Created with 
BioRender.com 
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1.3 Breast Cancer treatment outcomes, predictive biomarkers (ROC) and survival 
analysis  
 
Breast cancer has numerous clinical trials that are actively being pursued to improve 

treatment of subtype-specific cancers with novel treatment regimens. Web based tools 

such as Kaplan-Meier Plotter (Kmplot, kmplot.com) and Receiver Operator 

Characteristics Plotter (ROC, rocplot.org) are able to facilitate the identification of 

predictive biomarkers as well as analysis of survival outcomes. Kmplot was developed in 

2010 using 22,277 genes in 30,000 microarray sample data and correlation with overall 

survival and relapse free survival.  The results produced are hazard ratios of Kalpan-

Meier survival plots showing how specific gene expression can affect the overall and/or 

relapse free survival. ROC is another online tool that is able through mathematical 

modeling to determine how the expression of specific gene or gene signature influences 

the response to current standard of care therapies. Additionally, it can determine if a gene 

is prognostic or predictive. The result of the analysis is shown as changes in pathological 

complete response (pCR), disease-free survival (DFS), relapse-free survival (RFS). As 

the criteria suggest, complete pathological response is indicative of disease being 

pathologically cured, disease-free survival means a period of time in which the disease is 

not detectable, relapse free survival reports time in which the patient’s disease has not 

reoccurred. These definitions rely on the criteria guidelines, for breast cancer this would 

be the Response Evaluation Criteria in Solid Tumors (RECIST). The most recent version 

of this would be RECIST 1.1. 

 

 

 

 

 

 

 

 

 



 5 

1.4 HER2+ Breast Cancer 
 

HER2+ Breast Cancer is characterized by the overexpression or amplifications of 

human epidermal growth factor receptor 2 [9]. As of 2021, localized HER2+ disease, 

which is confined to the breast tissue, has a 5-year survival of 97.3%, regional disease 

with lymph node positivity, – 82.8%, and distant disease with metastases to distant 

organs–  38.8%[5]. HER2 belongs to the epidermal growth factor receptor family (EGFR), 

composed of EGFR, HER2, HER3, and HER4 [9]. The EGFRs are receptor tyrosine 

kinases (RTKs) composed of three main structural components: extracellular (ligand-

binding, dimerization), 

transmembrane, and 

intracellular (kinase) 

domains [10] (Figure 4). 

The structure of individual 

domains differs between 

the family members and 

can directly impact the 

receptor dimerization and 

subsequent activation of 

downstream targets. The 

extracellular domain 

(ECD, ecto-domain) is 

composed of four sub-

domains (I, II, III, IV) [11-

14] (Figure 4). 

The activation of receptors is ligand dependent. Ectodomains I, III, and IV function to 

create a binding pocket for ligand dependent activation. This is unique to EGFR, HER3, 

and HER4 as they adopt open conformation upon ligand binding. This differs for HER2 in 

which the pocket is inaccessible as HER2 is already in the open conformation. The ligand-

bound receptors (EGFR, HER3, and HER4) can homodimerize via domain II. The 

dimerization allows the domain's orientation to transition from bent to straight (also called 

 
Figure 4. EGFR Receptor Structure Schematic showing structure of 
EGFR family of receptors. EGFR, Erbb3 and Erbb4 have similar 
conformations, however, Erbb2 has a different conformation due to the 
inability to bind ligands and is constitutively open for dimerization. 
Adapted from [2] Domains I, III, and IV have functions to create a 
binding pocket for ligands. Domain II is used for dimerization with other 
receptors. 
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closed vs. open). HER2 is a unique family member that lacks defined ligand and gets 

activates via heterodimerization with other ligand-bound family members as EGFR, 

HER3, and HER4 [15] (Figure 5).  EGFR (HER1), HER3 and HER4 are ligand-dependent 

RTKs that bind EGF (HER1), amphiregulin (Areg) (HER1), TGF-alpha (HER1), and 

neuregulins family of growth factors (HER3 and HER4) [16-20] (Figure 4). HER2 does not 

require a ligand for adapting active/open conformation but does require its dimerization 

partner to be ligand bound. HER2/HER3 dimerization is the most prevalent in cancer 

cells. This combination of HER receptors is mutually beneficial since HER3 lacks the 

kinase activity.  Due to HER2 being constitutively open its heterodimerization with ligand-

bound HER3 allows for ligand-dependent activation of kinase domain in HER2 and 

enables downstream signaling (Figure 5) [21]. Targeting of this complex will be discussed 

in a later section. Since HER2 appears to have a constitutively open conformation it was 

puzzling why it can’t form active homodimers [22, 23]. Based on the current structural 

analysis of HER2 and HER3 molecules it is suggested that structural differences may 

explain why HER2 poorly homodimerizes, specifically in Cho et. al., Garrett et. al, Franklin 

et al. and Alvarado et al.  [12-14, 23]. The structure-function studies of HER2 lay 

foundation for the development of anti-HER2 therapies leading to significant improvement 

in patient's survival. 

 
Figure 5. HER2 dimerization partners identified in cancer cells and downstream signaling. Schematic 
depicting activation of EGFR family of receptors and dimerization patterns. Post homo/hetero 
dimerization leading to downstream activation of MAPK as well as PI3K pathway kinases occur which 
result in changes in cellular processes such as survival, proliferation, and cell cycle progression.  
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Once heterodimerization event occurs, subsequent autophosphorylation at the 

intracellular tails occurs [9]. The phosphorylation is then recognized by adaptor proteins 

SHP2, GRB2 and kinases, which allow for propagation of the signal downstream to 

control proliferation, survival, differentiation, migration, apoptosis, and angiogenesis of 

cells through various pathways such as MAPK, AKT, JNK, PI3K [9, 24] (Figure 5).   

 

1.5 HER2+ Breast Cancer Monoclonal Antibody Targeted Therapy 
 

The treatment of HER2+ breast cancer has evolved over the past 20 years, 

bringing many highly effective targeted therapies into the clinic and improving patient 

outcomes (Figure 6). The invention of monoclonal antibody against HER2 – Trastuzumab  

(Herceptin) revolutionized the HER2+ breast cancer treatment.  

Trastuzumab was initially discovered in the 1990s by Dr. Axel Ullrich and Dr. H. 

Michael Shepard [25]. The FDA approved it in 1998.  Ullrich and Shepard's work 

expanded the earlier discovery of neu oncogene by Dr. Robert Weinberg [26]. The 

development of trastuzumab completely changed the landscape for breast cancer 

patients by cutting the recurrence rate in half and reducing mortality [27-29]. The 

trastuzumab-specific targeting of the HER2 receptor opened field to a new category of 

 
Figure 6. Timeline of HER2 targeted therapy. Over the past 20 years, multiple agents have been 
developed to aid in treatment of HER2 breast cancer. These targeted agents include trastuzumab, 
laptinib, pertuzumab, T-DM1, neratinib, pyrotinib, t-DXd, tucatinib, and margetuximab. The mechanisms 
of action as indicated in the figure. 
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cancer agents known as monoclonal antibodies. Trastuzumab binds to domain IV of the 

extracellular segment of HER2 [22]. Domain IV is 

instrumental to activation of HER2. The tumor 

inhibitory effect of trastuzumab is executed through 

antibody-dependent cellular cytotoxicity (ADCC)– 

trastuzumab can bind the HER2 receptors, and 

natural killer cells are able to recognize and target 

cancer cells via CD16 [30, 31] (Figure 7).  

In addition to trastuzumab, another 

monoclonal antibody- pertuzumab, was developed. 

It was fully approved by the FDA in 2012 and is 

indicated to be used in addition to trastuzumab for 

HER2-positive metastatic breast cancer [32]. The 

mechanism of action is known to be the prevention 

of dimerization of HER2/HER3. Pertuzumab 

binding to ectodomain II (dimerization domain) on 

the extracellular part of the HER2 receptor inhibits 

dimerization, activation, and downstream signaling 

through the MAPK and PI3K/Akt pathway [33, 34].  

 Another antibody, margetuximab was recently approved for use in metastatic 

HER2+ breast cancer patients [35]. Margetuximab was created by modification of 

trastuzumab to allow for more specific and robust binding to HER2 [36].  

 

1.6 HER2+ Breast Cancer Small Molecule Targeted Therapy 
 

In addition to monoclonal antibody treatment, small-molecule kinase inhibitors have been 

developed to target RTKs, including HER2. These are known as tyrosine kinase inhibitors 

(TKI). The first inhibitor that was developed was lapatinib. It was approved in 2007 by the 

Federal Drug Administration (FDA) for metastatic HER2+ breast cancers [37]. It is 

indication has since expanded and is used in many different disease stages of HER2 

breast cancer [38]. Lapatinib can inhibit HER2 and EGFR (dual reversible TKI) via binding 

 
Figure 7. Mechanisms of action of 
Trastuzumab. Trastuzumab blocks 
dimerization and enables ADCC through 
CD16-targeted tumor cell lysis. 
Trastuzumab can bind HER2 in the pocket 
of domain IV enabling recruitment of natural 
killer cells for targeted degradation.  
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to cytoplasmic ATP-binding site of HER2 kinase domain [39]. Inhibition by lapatinib 

primarily occurs through the prevention of phosphorylation of the intracellular regions [40]. 

This prevents downstream activation of the PI3K-AKT and MAPK pathways by disabling 

phosphorylation/activation of Raf, ERK, Ras, and other associated proteins [41, 42]. 

 Another small molecule that is the second-generation TKI is neratinib [43]. It was 

approved in 2017, as a fourth-line therapy for breast cancer [38]. Neratinib is an 

irreversible TKI that is known as a pan-RTK inhibitor. It can interact with several EGFR 

family members, including EFGR, HER2, and HER4. This interaction takes place in the 

kinase catalytic domain [44]. Similarly, to lapatinib, it inhibits downstream signaling 

(Figure 8). A third-line therapy for breast cancer is HER2 inhibitor – tucatinib [45]. It was 

approved in 2020 and is used in the metastatic setting. It's primary mechanism of action 

 
Figure 8. HER2 Targeted Therapy Schematic depicting how HER2 targeted agents are 
mechanistically able to inhibit HER2 and HER2 family members. Agents such as trastuzumab and 
pertuzumab are able to bind HER2 and aid in ADCC targeted degradation as well as prevent 
dimerization respectively. Small molecular agents such as lapatinib and neratinb are able to target 
different domains of HER2 and stop downstream phosphorylation events which prevent signaling.  
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is to bind to HER2 in the kinase domain amino acids  and prevent signaling to PI3K and 

downstream molecules [46].  

 

1.7 Breast Cancer Initiation and Pathology 
 

Breast cancer is a complex disease that arises from the uncontrolled growth of 

cells in the breast tissue. The initiation of breast cancer is caused by transformation 

events (genetic and epigenetic) within a cell or cell population leading to unlimited 

proliferation, replication, and immortalization. Tumor initiation is the result of a 

combination of genetic and environmental factors that lead to the accumulation of 

mutations and epigenetic changes in the breast epithelial cells. According to the article  

 

 

 
Figure 9. Stem Cell Differentiation and Duct Structure. Panel A depicts the differentiation patterns of 
stem cells. Bipotent stem (brown) cells first split into myoepithelial (light green) and luminal (light blue) 
progenitor cells, followed by terminal differentiation into myoepithelial cells (dark green), alveolar (grey) 
and ductal epithelial cells (dark blue). Panel B depicts the structure of the duct and lobule within the 
mammary gland. It is composed of primarily luminal and myoepithelial progenitor cells in the duct and 
terminal myoepithelial and luminal epithelial cells in the lobule. Adapted from [1] 
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"Breast Cancer: Origins and Evolution" published in the journal Cancer Cell tumor 

initiation can be initiated by the activation of oncogenes or the inactivation of tumor 

suppressor genes[1]. These genetic changes can alter the normal regulation of cell 

proliferation and lead to the development of hyperplasia leading into benign breast 

lesions, such as ductal carcinoma in situ (DCIS). This can further develop into invasive 

ductal carcinoma and can become metastatic. To understand how breast cancer 

develops, it is important to first review the normal organization and cellular content of the 

breast (Figure 9).  

 

The mammary gland duct is composed of the duct and the lobule.  The stem cells, 

progenitor cells and mature myoepithelial as well as epithelial cells are present in mature 

mammary gland. The duct structure is composed of myoepithelial cells on the outer wall 

surrounding luminal duct cells (Figure 9). Markers that are used to identify myoepithelial 

cells in human breast tissue include CK14, CD10, and Smooth Muscle Actin (SMA) [1].  

The lobule structure consists of myoepithelial and alveolar cells. Markers that are used to 

identify luminal cells include estrogen receptor (ER), progesterone receptor (PR), 

 
Figure 10. Cancer Progression Schematic outline of normal, in situ, invasive, and metastatic carcinoma 
progression. The normal duct with organized cell structures via disorganized hyperproliferation of luminal 
compartment leads to DCIS (ductal carcinoma in situ). DCIS is followed by the breakdown of myoepithelial 
layer of cells and basal membrane leads to IDC (invasive ductal carcinoma). Invasive stage includes the 
complete loss of structure and invasion into surrounding tissues. Finally metastatic stage is characterized 
by the movement of cancer cells from the tissue of origin to distant organs. Adapted from [1]. 
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cytokeratin CK8/18, MUC1 and CD24 [1].  Alveolar cells share a common precursor cell 

known as the luminal progenitor, and myoepithelial cells arise from myoepithelial 

progenitor cells. The hyperplasia (increased cell proliferation) of normal luminal cells in 

the duct leads to ductal carcinoma in situ (DCIS) as shown in Figure 10. This step is 

characterized by drastic increase in the number of cells and disorganization of the cell 

layers. The breaking down of the myoepithelial layer of cells and basal membrane is 

indicative of invasive ductal carcinoma (IDC). Once the cells begin to move from the 

tissues of origin to distant organs, this is considered metastatic cancer.  
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2. Human Epidermal Growth Factor Receptor 2 (HER2)  
2.1 HER2 Signaling Introduction. 
 
The HER2 protein is a 185 kDa transmembrane protein. It is expressed in normal 

epithelial cells at low levels and involved in regulation of cell proliferation [1]. It is an 

oncogene since overproduction of HER2 might lead to cell transformation. The HER2 

protein is encoded by the HER2 gene, which is localized on chromosome 17 (17q12–

21.32) [2]. The HER2-enriched breast cancer subtype is characterized by high expression 

of HER2 as documented by FISH (fluorescent in situ hybridization) with genomic probe 

and IHC (immunohistochemistry) that uses anti-HER2 antibody detection to quantify 

protein levels. The other genes of the 17q amplicon, including growth factor receptor 

bound protein 7 (GRB7), and luminal genes 

such as Estrogen Receptor 1 (ESR1) and 

Progesterone Receptor (PGR) [3] that 

might also contribute to the aggressive 

nature of HER2+ cancers. 

 

2.1.1 Mitogen-activated protein kinase 
(MAPK). 
 
MAPK signaling can be activated though 

HER2 signaling. EGF binding to EGFR 

promotes dimerization with HER2 and 

activation of the kinase domain. The 

phosphorylation of specific tyrosine 

residues in C-terminus of HER2 (Tyr1144, 

Tyr1201, Tyr1226/1227, or Tyr1253) leads 

to recruitment of GRB2 [1], p130CAS [2], 

and NEDD9[3] as well as SOS (GEF, 

guanine nucleotide exchange factor) which 

allow for recruitment of kinases such as 

SRC and FAK and activation of GTPase 

 
Figure 1. MAPK and PI3K-AKT signaling. 
HER2/EGFR activation through EGF binding 
leads to dimerization and subsequent 
phosphorylation. This allows for recruitment of 
adaptor proteins (GRB2), activation of RAS and 
downstream kinases RAF, ERK. PI3K-AKT 
signaling functions through recruitment of p85 
and p110 subunits of PI3K. PTEN is then able to 
interact with AKT through PDK1. AKT activation 
leads to increase in survival. 
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RAS [4] (Figure 1). That in turn facilitates activation of serine/threonine kinase RAF. RAF 

is then able to phosphorylate/activate extracellular signal-regulated kinase (ERK1 or 

ERK2). Active ERK1/2 can translocate to the nucleus and phosphorylates proteins such 

as ELK-1, SP-1a, and TIF-IA inducing cell proliferation. Clinical trials to target ERK1/2 are 

currently in progress using small molecular inhibitors, such as BVD-523, LY3214996 and 

antibodies targeting EGFR are highly efficacious due to ERK1/2 upregulation in cancer 

cells [5-7]. 

 

2.1.2 PI3K-AKT . 
 
The PI3K-AKT pathway (Figure 1) can be activated by (receptor pair – ligand) 

HER2/EGFR-Areg, EGF, and TGF-a,  or other dimers, such as HER2/HER3-neuregulins 

and HER2/HER4-neuregulins [8-12]. The binding of ligand and activation of the receptor, 

leads to the recruitment of Phosphatidylinositol 3-kinase (PI3K p85/110 heterodimer) to 

the kinase domain of the resulting in its activation. Active PI3K catalyzes the 

phosphorylation of PtdIns(4,5) P2(PIP2) to produce PtdIns(3,4,5) P3(PIP3). AKT and 

PDK1 kinases can bind to the lipid products of PI3K and localize to the cell membrane to 

activate cell growth and cell survival pathways. PTEN (Phosphatase and tensin 

homologue) regulates the pathway by dephosphorylating PIP3 to PIP2 and thus stops 

activation of AKT kinases. The PI3K/AKT signaling is tightly controlled as loss of PTEN 

can cause over-activation of AKT. AKT in turn phosphorylates number of substrates 

leading to activation of mTOR (mammalian target of rapamycin), GSK-3, the forkhead 

transcription factor Foxo-1 and CREB [13-15]. The loss of PTEN was identified through 

genetic screening in breast cancers patients and plays an important role in cancer 

progression and therapy resistance [16, 17]. The targeting of PI3K-AKT via drugs such 

as Parsaclisib and BYL719 in combination with HER2 targeted therapy (lapatinib, HER2 

antibody therapy) is currently explored in clinical trials (BYL719 + T-DM1 in HER2(+) for 

metastatic breast cancer patients who progress on Trastuzumab + Taxane 

(clinicaltrials.gov). 
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2.1.3 JAK/STAT. 
 
Janus kinase (JAK) is a non-receptor tyrosine kinase part of the JAK/STAT pathway. The 

JAK/STAT pathway is able to be activated through binding of cytokines to JAK receptor 

subsequent dimerization of JAK receptors, phosphorylation of its tyrosine residues and 

recruitment of STAT to JAK [18, 19]. The phosphorylated STAT dimer then can 

translocate to the nucleus to regulate target genes (Figure 2) [20-22]. The cross talk with 

HER2 comes from HER4 

dimerization with HER2 [23]. This 

triggers phosphorylation of SRC 

kinase that aids in translocation of 

dimerized STAT to the nucleus [24]. 

JAK/STAT pathway can control cell 

proliferation via transcription of c-

myc, cyclin D1, cyclin E1; survival 

via Bcl-xL, Mcl-1, Bcl-2, Pim-1 Pim-

2, and Survivin; migration via MMP-

2, as well as stemness genes - 

CD44, CD24, PROM1, NOTCH1, 

SOX2, etc., and epithelial- 

mesenchymal transition (EMT) [25-

27]. EMT is the biological process in 

which cells undergo genetic 

reprogramming leading to loss of 

cell polarity while gaining the ability 

to migrate [28]. In the context of 

HER2+ BC cells, activated STAT induces stem cell-like and EMT phenotype through 

increased expression of OCT4, SOX2, CD44, and SLUG. In vitro models of STAT 

activation cause increased formation of mammospheres suggesting a role of JAK/STAT 

signaling in regulation of breast cancer stemness [29].  In addition to increase in breast 

cancer stem cells, much focus has been placed on how EMT can cause resistance to 

trastuzumab as resistance rates are above 70% [30-32]. Based on its role in EMT and 

 
Figure 2. JAK/STAT pathway. Activation by binding of 
cytokines to the JAK receptor and dimerization. This 
allows for phosphorylation of STAT3 and STAT3/STAT3 
dimerization. STAT3 is then able to translocate to the 
nucleus and control transcription of proliferation, survival, 
and EMT targets.   
 



 19 

stemness understanding how JAK/STAT signaling gets activated might facilitate in 

diagnostic/treatment of reoccurrences and treatment resistance.  

 

2.2 GAPS in Knowledge about HER2 cancer. 
 
One of the gaps in our knowledge is prognostic biomarkers of tumor response to 

treatment. It is known that HER2+ breast cancers overexpress HER2 due to amplification 

and/or other mechanisms including protein stabilization, mutations, upregulation of 

transcription [33-35]. Therefore, the tumors should respond to HER2 targeted therapy as 

discussed in the previous section, however, the initial response rate to trastuzumab is 

only around 50% depending on disease stages, and the most of patients develop 

resistance [36]. The use of humanized monoclonal anti-HER2 antibodies, such as 

trastuzumab, has resulted in long-term (10 years) disease-free survival in about 80 

percent of patients with early-stage HER2-positive disease. However, about 20 percent 

of such patients are refractory to adjuvant trastuzumab-containing regimens, and patients 

develop tumor relapse within 10 years or less [37]. Another gap in knowledge is how 

tumors that test negative for HER2 (ex. estrogen receptor positive/HER2-negative), can 

later acquire HER2 positivity. Jordan et al explored this phenomena and pointed towards 

changes in cell signaling after therapy [38]. The authors examined 19 women with 

estrogen receptor positive/HER2-negative BC in which 84% acquired HER2+ circulating 

tumor cells. The authors state that the tumor cells are not addicted to HER2, however, 

are still more proliferative. Additionally, treatment with cytotoxic chemotherapy causes 

cells to shift toward HER2- phenotype.  

 

2.3 Mouse models of HER2+ mammary gland cancer. 
 
To investigate HER2 breast cancer in vivo, many different mouse models have been 

created enabling studies on the different stages of cancer progression. One of the most 

studied models is FVB/N-Tg (MMTVneu) where neu (rat Erbb2) is cloned under control 

of mouse mammary tumor virus (MMTV) promoter. This model was used first in 1988 

year to show that HER2 is an oncogene [39, 40].  MMTV-neu/HER was used to generate 

transgenic mice to study disease progression due to its long latency. The variants of 
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HER2 include wild type (unactivated) or mutant (MMTV/c-neu, which is activated rat c-

neu (Val664 to Glu665), and human ERBB2 [41]. The ERBB2 was either constitutively 

expressed like in case of MMTV promoter or induced using doxycycline [42]. A summary 

of the main mouse strains used in breast cancer research can be found in Table 1.  
 

TABLE 1 
Mouse Model Name Latency of 

tumors 
(weeks) 

Pathology Clinical 
Use 

References 

MMTV-neuNT 26 weeks Rapidly growing, 

invasive 

mammary 

tumors, 

metastatic 

Cancer 

Vaccine, 

Monoclonal 

antibody 

[41, 43, 44] 

MMTV-neu 29 weeks Focal 

adenocarcinoma, 

lung metastasis 

TKI [39, 40, 45-47] 

MMTV-NIC(neu-IRES-

Cre) 

21 weeks Aggressive 

mammary tumor 

PI3KI [48, 49] 

MMTV-HER2 28 weeks Adenocarcinoma 

and metastasis 

Monoclonal 

antibody 

[50] 

TetO-NeuNT 6 weeks Invasive 

carcinomas 

 [42] 

 

In the MMTV-neuNT (mutated constitutively active rat neu) model developed by Muller et 

al., [41] tumor growth is delayed with medium latency of 26 weeks until tumor growth is 

detectable. Nevertheless, all mice develop tumors that are very aggressive and 

metastatic. These characteristics makes the model commonly used for understanding 

how HER2 (rat neu) cancer initiates and progresses from benign to malignant stages. 

This model has been critical for developing monoclonal antibodies as well as cancer 

vaccines [43, 44]. Studies by Wang et al. used this mouse model to test Virus-like replicon 
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particles (VRP) of Venezuelan equine encephalitis virus with HER2 gene and the ability 

to inhibit tumor formation. The MMTV-neu (unactivated rat neu) model developed by Guy 

et al [45-47] was used in the designing of mouse anti-Erbb2 antibody - 7.16.4 that was 

instrumental in future development of humanized version - trastuzumab [51].  As well as 

understanding genetic and cellular heterogeneity that occur during disease progression. 

MMTV-NIC mice (neu-IRES-Cre) have previously been used to understand resistance 

mechanisms of RTK inhibitors [48, 49]. These mice express activated human ERBB2 

under control of the MMTV promoter. Although, histological evaluation shows 

adenocarcinomas similar to human luminal breast cancer. Additionally, this mouse forms 

very aggressive tumors that make it useful for understanding human breast cancer 

metastasis.  MMTV-HER2 mice were designed using human ERBB2 (HER2). This 

enabled researchers to better evaluate and develop targeted therapy for human HER2+ 

breast cancer [50]. Studies such as Finkle et al utilized this mouse model to understand 

mechanisms of trastuzumab’s action. The Whey Acidic Promoter-HER2 (WAP-HER2) 

mouse model was designed to allow for expression of HER2 during pregnancy and in 

lactating mammary gland cells, this allowed for expression of the gene to be conditionally 

expressed through mating of the mice. This differs from MMTV as MMTV can be activated 

without mating. Interestingly, these mice did not form tumors spontaneously, however, 

when tumor cells were injected in the mammary gland, they will form tumors. They were 

utilized to evaluate cancer vaccine development [52]. TetO-NeuNT model develop tumors 

6 weeks after induction using doxycycline [42]. This model was previously used to 

understand tumor progression and proved neu induced tumorigenesis is reversible. The 

dox withdrawal causes tumors to shrink, but after latency (remission) 27 days tumors 

growth back (reoccur) in HER2-independent manner similar to patient’s tumors post 

therapy [42]. This model thus can be used to study recurrence and dormancy/residual 

disease.  Additional studies have been completed to understand the global changes that 

occur in mouse models that have been developed [53, 54]. Rennhack et al. completed 

whole genome sequencing and transcriptome profiling on MMTV-Neu. The authors were 

able to show that MMTV-neu mouse model showed copy number alterations of Collagen 

Type 1 alpha 1 as well as chondroadherin and these are representative of 25% of HER2 

metastasis [54]. Thus, the MMTV-neu has some of the characteristics of human disease 
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which makes a good model for research.  Another study by Rennhack et al. has shown 

tumor mouse models show quite a bit of heterogeneity, while this introduces a new 

variable, it may be advantageous as human tumors are also heterogenous [54]. Taken 

together, these transgenic mice strains have given researchers the ability to study 

different stages of HER2 tumor development and aid in development of therapeutics. 
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3. NEDD9 Biology 
3.1 Introduction: NEDD9 Discovery.  
 

Neural precursor cell expressed, developmentally downregulated protein 9 

(NEDD9) is an adaptor protein that is part of the CAS (Crk-associated substrate) family 

of proteins. It was first discovered in 1992. Kumar et al. first described NEDD9 as part of 

the group of genes that were expressed in the brain tissue of embryonic (E10) mice but 

not adult mice [2]. Kumar et al. concluded (as the name suggests) the protein is 

upregulated during development but then down regulated in adult mice and plays a major 

role in development of the central nervous system. NEDD9 was also called HEF1/CasL. 

It was discovered in 1996 by Golemis group via yeast two-hybrid screen as a critical 

promoter of invasion and cell cycle control [3]. Later it was shown to be involved in 

numerous cellular functions, including migration, mitosis, differentiation, and apoptosis 

that influence cancer development [4]. The following functions had been reported for 

NEDD9: cancer, integrin signaling, interaction with Focal Adhesion Kinase (FAK), Src 

Kinase, Tumor Growth Factor-Beta (TGF-b), Abl, chemokine receptors and many others 

[5-7]. 

 

3.2 NEDD9 Structure and function in normal cells. 
 

NEDD9 is composed of 834 amino acids and has four distinct domains (Figure 1). 

The domains include Src homology 3 (SH3-10-65aa) domain, substrate domain (SD-90-

350aa long), serine rich (350-650aa) domain, and focal adhesion targeting (FAT-650-

834aa) domain [8]. The SH3 domain interacts with focal adhesion kinase (FAT) [3]. The 

SD domain is composed of multiple tyrosine sites which allow for phosphorylation by SRC 

and SRC family kinases including LCK and FYN [9]. Additionally, mitotic Aurora Kinase 

A (AURKA) binds to SD-domain and can phosphorylate at serine 296 [10, 11]. These 

phosphorylation sites (specifically at S296-AURKA, Y397-FAK, Tyr785-Src) allow for 

multiple protein complexes docking and signal transduction. NEDD9 considered one of 
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the key signaling hubs for integrin, RTK and chemokine signaling. The FAT domain 

scaffolds protein-protein interactions at the focal adhesions (FAs- protein complex 

connecting the cytoskeleton to the ECM, ex. vinculin connected to actin inside the cell 

and connected to integrins). Recruitment of NEDD9 during integrin activation allows for 

NEDD9 phosphorylation by SRC and FAK [12], followed by vinculin and paxillin 

engagement and adhesion assembly/disassembly cycle enabling cell migration [8].  

The localization of NEDD9 protein changes in response to phosphorylation status. 

During interphase NEDD9’s expression is low and localized at the focal adhesions. 

However, the amount of NEDD9 increases and its localization changes during S phase. 

NEDD9 is localized at the centrosome at S and G2/M where it binds to and activates 

mitotic kinase Aurora A (AURKA), that is critical for cell division. Once the cell enters 

mitosis, NEDD9 migrates along the mitotic spindle and facilitates midbody formation and 

cell separation during cytokinesis [13]. During G0/G1 subpopulation of NEDD9 localized 

 
Figure 1. NEDD9 Structure. Schematic outline of NEDD9 structure, phosphorylation and protein 
interactions involved in major receptor-based signaling pathways. TCR- T-cell receptor, BCR- B-cell 
receptor, RTK-receptor tyrosine kinase, ABL-Abl Tyosine Kinase, AURKA-Aurora A kinase, FAK-Focal 
Adhesion Kinase, NSP- novel SH2-containing protein, SHC- SH2-containing sequence, SD-Substrate 
domain, SH3-SRC homology domain, SR-serine rich domain, FAT-Focal Adhesion Targeting domain, 
Y-Tyrosine amino acid. 
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at the centrosome (mother centriole) where it can activate local pool of AURKA during 

growth factor stimulation leading to cilium disassembly to initiate cell division [10, 14].  

 

3.3 The NEDD9 Functions 
 

3.3.1 The role of NEDD9 in Focal adhesion and actin dynamics.  
 

The integrin signaling is one of the well-established examples of NEDD9 activity 

[15]. Integrin signaling plays a major role in the cell adhesion, motility, and survival. 

Integrins are transmembrane receptor proteins which upon ligands such as: collagen, 

laminin, fibronectin, vitronectin binding to allow for heterodimerization to form active 

receptor Figure 2A [16]. The integrin family consists of the 18 alpha subunits and 8 beta 

subunits that can combine to 

make 24 different integrins 

leading to activation of 

downstream signaling [17, 18]. 

There are presently 17 integrin 

pairs that have been connected 

to cancer [19]. b1 and b3 

integrins are known to be 

expressed in epithelial tissue 

specifically [20]. NEDD9 has 

been shown to interact with 

integrin b3 specifically at 

Tyr785 in the cytoplasmic tail 

and can also bind to b1 [5, 9].  

After dimerization, leading to 

change in conformation of 

cytoplasmic tails adaptor 

proteins such as 

NEDD9/p130Cas or SHC2 will be able to bind and assist with recruitment of kinases such 

 
Figure 2. Integrin Activation Schematic of NEDD9 
involvement in integrin signaling. Integrin b3 activation recruits 
FAK and SRC to the cytoplasmic tails and is mediated by 
NEDD9 triggering changes in cytoskeleton dynamics and 
adhesion. Activation of Integrin b1 causes recruitment of Crk 
and C3G to the cytoplasmic tails and signaling mediated by 
NEDD9. This allows for T-cell activation in T-lymphocytes to 
enable lymphocyte migration and maturation. 
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as FAK [21] . In this complex NEDD9 facilitates FAK autophosphorylation at Y397 

resulting in activation of downstream signaling and phosphorylation of SRC at Tyr785 [5]. 

It was shown that FAK and SRC also can phosphorylate NEDD9. Suppression of FAK or 

SRC tyrosine phosphorylation suppresses phosphorylation of NEDD9 which suggests a 

positive feedback loop. Studies by Zhong et al have shown that lack of Nedd9 in mouse 

embryonic fibroblasts (MEFS) have increased disassembly of focal adhesions. 

Additionally, rates of migration are decreased in MEFS that lack NEDD9. These changes 

were shown to be attributed to inhibited b1 integrin activation [15].  Overall, these data 

suggest NEDD9 to play an integral role in the stabilization of focal adhesions as well as 

cellular interaction with the ECM.  
Additionally NEDD9 interacts with actin regulator – cortactin [22]. Cortactin is able 

to aid the Arp2/3 complex assembly and actin branching, thus influencing actin dynamics 

within lamellipodia and in the invadopodium used by cancer cells to degrade matrix and 

invade surrounding tissue [23]. During cell adhesion, NEDD9/cortactin is able to become 

tyrosine phosphorylated [24]. This occurs in parallel to phosphorylation of FAK. The 

complex of Integrin/NEDD9/FAK leads to activation of adhesion adaptor -paxillin through 

phosphorylation at Y189 leading to stabilization of focal adhesions which allows for 

heightened binding to the extra-cellular matrix (ECM) and aids in cells migration [12, 15].  

Additional studies by Dai et al. have highlighted NEDD9’s invasion ability. The authors 

show that NEDD9 is able to able to alter acinar formation as well as show that these 

structures can be invasive [25].  

Based on its critical role in adhesion dynamics NEDD9 is involved in immune 

cells maturation and migration [9, 26, 27] (Figure 2B). The role of NEDD9 in T 

lymphocytes has also been explored through activation of TCR (T-cell receptor) and b1 

integrin signaling leading to phosphorylation of NEDD9 and recruitment of SRC kinase 

family proteins. Additionally, in B cells, NEDD9 can be phosphorylated as part of B cell 

signaling cascade (BCR, B-cell Receptor). This allow for immune cell migration and 

maturation [26].  
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3.3.2. The Role of NEDD9 in proliferation (AURKA and MAPK signaling).  
 

During interphase NEDD9 is expressed at low levels and primarily localized in the 

cytoplasm. Evidence suggests that phosphorylated form of NEDD9 (p115) accumulates 

at the centrosome and strongly associates with transition to G2-M phase of cell cycle [3] 

(Figure 3). The NEDD9 protein levels and its phosphorylation is tightly regulated during 

cell cycle. The NEDD9 is degraded via proteasomal degradation by APC/C complex [28, 

29]. The proteasomal degradation can be trigged by a variety of factors including 

transformation growth factor receptor beta (TGFb) signaling [30]. One of NEDD9 key 

interaction partners is mitotic kinase Aurora Kinase A (AURKA) [10, 11, 14]. It has been 

shown that NEDD9 binds to AURKA facilitating its activation and stability that is needed 

for mitotic entry. AURKA is tightly regulated before/during/after mitosis by way of -

phosphorylation as well as proteasomal degradation [31]. NEDD9 phosphorylation of 

S296 by AURKA results in reduction in the interaction, which is theorized to allow NEDD9 
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to relocate away from the centrosomes. Inversely, NEDD9 is required for AURKA’s 

autophosphorylation at T288 and kinase activity [10]. Following completion of mitosis, 

NEDD9 is able to aid in the degradation of AURKA kinase [32].  Therefore, a negative 

feedback loop exists in which NEDD9 and AURKA regulation is managed between the 

proteins through phosphorylation and degradation (Figure 3) [10]. AURKA can localize in 

both the cytoplasm as well as in the nucleus, while NEDD9 primarily is localized in the 

cytoplasm [33]. The activation of AURKA by NEDD9 links not only entry to mitosis but 

also cilia disassembly that is required to physically free centrosome from plasma 

membrane and enable bipolar spindle formation in ciliated cells [14]. It was shown NEDD9 

co-localizes with AURKA at the basal body (mother centriole) where it gets activated by 

the growth factors and phosphorylate number of targets regulating microtubule 

disassembly including HDAC6, KIF2A and PDGF thus promoting cilium disassembly 

during the beginning of the S- phase of cell cycle [14, 34]. 

 
Figure 3. NEDD9 and the Cell Cycle Schematic outline of NEDD9 localization during the cell cycle. 
NEDD9 levels increase during the S-phase due to inactivation of APC/C and phosphorylation 
resulting in centrosome accumulation and cilium disassembly. During the M-phase NEDD9 binds to 
AURKA at the centrosome to aid in its activation facilitating mitotic spindle assembly.  
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3.3.3. The role of NEDD9 in stem cell biology and EMT. 
 

NEDD9 has been shown to influence stem cell biology. Recent studies have 

suggested that NEDD9 is able to aid in differentiation of stem cells. Little et al showed 

tumors failed to form in MMTV-neu spontaneous mammary tumor model upon knock out 

of NEDD9 [35]. The authors concluded that while NEDD9-dependent signaling was 

decreased (FAK, SRC, and other associated kinases), the most interesting finding was 

that NEDD9 knockout decreased number of luminal progenitor cells. This suggests 

NEDD9 can influence the known mammary stem cell differential pattern (Figure 4). In our 

current work (described in Chapter 2) we showed that NEDD9 overexpression correlates 

with the increase in number of luminal progenitor cells in a spontaneous breast tumor 

model. This suggests that NEDD9 can alter the stem cell differentiation pathway at the 

earliest stages. Thus, influencing the pool of the cells that is considered as a source of 

HER2-enriched breast cancer subtype [35]. This notion is further supported by the 

increase in cells that express both luminal (Keratin 8) and basal/myoepithelial (Keratin 5) 

markers. In human cancers NEDD9 has been shown to regulate and is a marker of 

 
Figure 4. Mammary Gland Progenitor Differentiation. Schematic outline of stem cell differentiation into 
luminal and myoepithelial progenitors. Final differentiation patterns show mature ductal and alveolar cells 
as well as myoepithelial. It is hypnotized that NEDD9 is able to intervene during the transition from stem 
cell to progenitor, thus able to control the number of mature luminal cells. Adapted from [1] 
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epithelial mesenchymal transition (EMT), that is often associated with stemness potential. 

Specifically, Kong et. al was able to show that overexpression of NEDD9 in TNBCs was 

able to cause activation of ERK signaling as well as increase of EMT-transcription factors 

such as Snail and Slug. Moreover, authors show that NEDD9 might interact with TFs on 

the E-cadherin promoter suggesting its involvement in regulation of transcription [36].   

 

3.4 NEDD9 expression in various cancers.  
 

NEDD9 has been found to be elevated in multiple cancers including: colon [4, 37-

39], breast [32, 33, 39-43], brain [34, 44-46], pancreatic [47], ovarian [39, 48], gastric [49], 

and prostate [50, 51]. Studies that have examined NEDD9 in colon cancer have found 

that elevated levels of NEDD9 increased along with tumor grade. Studies by Li et al. 

showed that high expression of NEDD9 correlated with poor outcomes in colon cancer 

patients [38]. Furthermore, cell line studies have shown increased cell proliferation, 

colony formation as well as migration and invasion [4]. These outcomes are in agreement 

with previously outlined functions of NEDD9 in regulation of adhesion and cytoskeleton 

dynamics and cell cycle.  

Previous studies in glioblastoma and other brain cancers have shown an increase 

in integrin and migration of glioblastoma cells that is associated with FAK. Natarajan et 

al. found increase in FAK phosphorylation was associated with NEDD9 [34]. Importantly, 

inhibition of NEDD9 via siRNA inhibited invasion of glioblastoma cells. Similar to colon 

cancer studies by Xue et al. demonstrated that elevated levels of NEDD9 correlate with 

clinical staging of pancreatic ductal adenocarcinoma (PDA) [52].  

Report examining NEDD9 in ovarian cancer have shown increased levels that 

correlate with clinical stage [39]. Furthermore, studies by Gabbasov et al. have shown 

that genetic deletion of NEDD9 reduced expression of Src, STAT, E-cadherin, and 

AURKA leading to reduced tumor burden. Gene expression showed that tumors that had 

elevated expression of NEDD9 expressed more mesenchymal “stem-like” phenotype 

[53]. Additional studies examining NEDD9 upregulation in tumors reported high levels of 

LKB1 and AMPK[54].  
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In vivo evaluation of NEDD9 depletion in non-small cell lung cancer uncovered 

reduced activation of Src and Akt which suggest a decrease in cellular proliferation. 

Studies examining PC-3 prostate cancer cells have shown a correlation between NEDD9 

expression and signaling molecules associated with EMT. Additionally, PC-3 cells 

overexpressing NEDD9 showed increased invasion. Expression of NEDD9 seems show 

similar phenotypes in multiple cancers. 

 

3.5 NEDD9 expression and drug response.  
 

NEDD9 has been linked to response to anti-cancer therapies in multiple studies 

including: TNBC, gastrointestinal cancer, and HER2 breast cancers [32, 35, 49]. Studies 

examining drug resistance in gastric cancer uncovered overexpression of NEDD9 after 

prolonged exposure to imatinib. Furthermore, this finding correlated with increased 

expression of phosphorylated Src, total Src, phosphorylated FAK and total FAK [49]. 

Studies by Ice et al. show that depletion of NEDD9 using siRNA was able to sensitize 

TNBC to AURKA inhibitor, alisertib. Sensitization was attributed to a reduction in AURKA 

protein stability in upon NEDD9 depletion. Additional studies by Little et al. report that 

NEDD9 knock out in HER2-driven mouse models, sensitizes tumors to FAK and Src 

inhibitors [35]. Additional studies by Thao et al. showed a correlation between NEDD9 

overexpression and response to RTK inhibition. The NEDD9 overexpressing cells 

showed resistance to imatinib, an inhibitor to KIT. Our studies in HER2-driven BCs 

investigated correlation between overexpression of NEDD9 and sensitivity to anti-HER2 

drugs. Using ROCplot.org database and analysis tools, we show that NEDD9 expression 

correlates with response to HER2 targeted therapy. The shRNA targeting of NEDD9 

sensitized HER2 cell lines to lapatinib (RTK inhibitor) treatment, thus targeting NEDD9 

might be advantageous therapeutic strategy in multiple cancer types. 

 

3.6 NEDD9 in breast cancer. 
 

Specifically in breast cancer, NEDD9 is found to be elevated in several subtypes 

including, TNBC [32, 36] and HER2-like [35]. The elevated expression has been 
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correlated with poor prognosis and treatment outcomes [38, 55]. Inhibition of NEDD9 in 

breast cancer has been shown to restrict migration, invasion, and proliferation of tumor 

cells [25]. In TNBC it has been correlated with poor prognosis. Additionally, expression of 

NEDD9 has been shown to be elevated in TNBC cell lines such as MDA-MB-231, T47D, 

MDA-MB-435, and HCC1937. This overexpression has been linked to increase invasion, 

migration, and proliferation through expression of FAK and Src. NEDD9 expression in 

TNBC has been linked to increased invasion through regulation of endosome recycling 

of MMP14 (MT1-MMP) [56]. Regulation of invasion is not only controlled through MMP14 

activity but has also been shown to be regulated through use of miR-107 [36]. Further 

studies in TNBC cell lines have demonstrated increased migration during hypoxia. This 

was accompanied by increased levels of SOX2, NEDD9, and HIF-1a [57]. Furthermore, 

overexpression of NEDD9 in normal-like cells MCF10A have been shown to induce EMT 

as well as induce EMT transcription factors. Mice deficient in NEDD9 showed increase in 

tumor latency and decreased ability for migration and invasion as well [42].  HER2 

overexpression mice in which NEDD9 has been genetically deleted fail to form 

spontaneous tumors  [35]. Overall, NEDD9 overexpression in BC has been linked to poor 

outcomes and connection with tumorigenic activity.  

 

3.7 NEDD9 role in pathobiology of breast cancer: mammary gland transgenic 
models. 
 

Groups that study NEDD9 have developed various mouse models to understand 

it’s function in breast cancer. Izumchenko et al. developed a MMTV-PyVmT (polyoma 

virus middle T antigen) mouse model with deleted NEDD9 in the whole body. The MMTV-

PyVmT spontaneously form highly aggressive metastatic tumors in approximately 5 

weeks [58]. Mice with deletion of NEDD9 showed increased latency and decreased 

growth rate [42]. These effects were accompanied by decreased FAK, AKT, SRC, and 

ERK1/2 signaling. Cell lines isolated from these tumors proved to be more aggressive 

when orthotopically grafted compared to cells from wild type tumors. The authors 

suggested this could be due to a compensation mechanisms. Another study by Little et 

al. used the MMTV-neu mouse model as described in Chapter 2 [59]. MMTV-neu is a 
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mouse model of HER2 (rat)-driven breast cancer and spontaneously develops tumors in 

26-29 weeks. Little et al. deleted NEDD9 in the whole body of the mouse and monitored 

for any changes. Similar to, Izumchenko et al study, the mice that lacked NEDD9 had 

increased latency and decreased tumor growth rate [35]. This was accompanied by 

changes in signaling molecules, FAK, SRC, ATK, and ERK1/2.  Our group developed a 

mouse model with conditional NEDD9 overexpression enabling induced tissue specific 

expression. When crossed with MMTV-Cre (mammary gland specific expression of cre 

recombinase), NEDD9 overexpressing mice in mammary gland show increase 

morphological changes including branching morphogenesis and terminal end buds 

(TEBs) expansion. Furthermore, these changes were accompanied by increased in 

luminal progenitor and mature luminal epithelial cells. In summary, these studies suggest 

that NEDD9 plays a vital role in tumor initiation and progression.  

 
3.8 GAPS in Knowledge about NEDD9 
 

While much is known about NEDD9, there are several gaps in knowledge to be 

explored. One gap in knowledge is the mechanism by which NEDD9 contributes to cancer 

initiation and early stages of disease progression. Since NEDD9 expression is tightly 

controlled during cell cycle it is reasonable to hypothesize that disruption of the cell cycle 

regulators and ubiquitin-dependent degradation machinery might be the cause of NEDD9 

upregulation that in turn can upregulate AURKA and fuel upregulation of proliferation. 

Nevertheless, little is known about NEDD9 degradation in cancer cells and the role of 

ubiquitin–proteasome system (UPS). Better understanding of this pathway might enable 

a novel NEDD9-targeting approaches. 

Recently Deneka et al. showed that deletion of NEDD9 in non-small cell lung 

cancer (NSCLC) lead to larger tumors with increased growth rates [54]. NEDD9 

expressed in this context stopped progression of lesions by disabling autophagy. We 

observed an opposite phenotype in mice that overexpress NEDD9 within breast cancer 

model, suggesting that NEDD9 in mammary gland might play a different role. 

Alternatively, it is possible that by disabling autophagy an additional pressure was applied 

leading to selection of more aggressive phenotype in the context of NEDD9 deletion.  
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In our study we noticed that not all early lesions progress to tumor formation 

suggesting that depending on the context NEDD9 may play a role of tumor suppressor. 

This will be a novel activity for NEDD9 and requires further exploration.    

 It was shown that inhibition of NEDD9 has decreased metastasis in multiple types 

of cancer. However, the exact mechanisms by which NEDD9 disables metastasis is 

currently unknown. Few mechanisms have been proposed such as regulation of stem 

cell/progenitors or directly influencing EMT. One previous study has shown that NEDD9 

can regulate metastasis and invasion through multiple pathways including miR-107,  

however, much work is still needs to be done [60]. 

 It was also shown that there is a notable decrease in NEDD9 expression in 

metastases when compared to primary tumors, along with studies showing increase in 

metastatic fitness upon depletion of NEDD9 in cancer cells, thus indicating a potentially 

alternative function of NEDD9 in primary tumors vs metastases. Further studies on 

molecular mechanisms driving these differences are needed especially if NEDD9 

inhibitors will be developed in near future and might be efficacious on some stages of 

cancer treatment. Increased expression of NEDD9 and implications in breast cancer and 

other various cancers indicate a need for inhibitors of NEDD9. As mentioned earlier, 

expression of NEDD9 is low in non-cancerous tissue as compared to cancerous [32], this 

would make targeting of NEDD9 advantageous.  

 Lastly, it was previously shown that NEDD9 has been associated with treatment 

outcomes, however, the mechanism by which this occurs is unclear. A recent study 

involving acute myeloid leukemia (AML) patients suggested that overexpression of 

NEDD9 is associated with global transcriptomic changes  (822 mRNA, 31 microRNA, and 

381 miRNA) leading to limited response to treatment [61]. This finding is interesting as 

previous studies on NEDD9 in intermediate-risk AML indicated good prognosis [62]. The 

key difference between the two studies was the age of the patients. The intermediate-risk 

study patients were 65 years or less. This might suggest age related genetic 

abnormalities along with overexpression of NEDD9 may be indicative of poor prognosis.  

Overall, there are still gaps in knowledge about NEDD9 that need to be addressed.   
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Simple Summary 
 
Neural precursor cell expressed, developmentally downregulated protein 9 (NEDD9) is 

an adaptor protein that promotes integrin/ RTK signaling. The overexpression of NEDD9 

in HER2+ breast cancer correlates with reduced relapse-free survival. We generated a 

conditional transgenic mouse model of NEDD9 overexpression. When crossed with 

MMTV-Cre+ mice, NEDD9 upregulation led to mammary intraepithelial neoplasia (MIN) 

at an early age, and this phenotype was further exacerbated by Erbb2/(neu) oncogene. 

NEDD9 overexpression induces expansion of the mammary epithelial tree, with increased 

tertiary and terminal-end buds (TEBs). The expression of NEDD9 increased the number 

of luminal epithelial cells, as shown by Keratin 8/Keratin 5 and Ki67 staining. Consistent 

with these studies, NEDD9 promoted the 2D proliferation and 3D mammary acini 

formation by normal human MCF10A cells. These findings support the role of NEDD9 in 

the early stages of HER2+ cancer, selectively impacting the proliferation of luminal 

epithelial cells, hence setting permissive conditions for tumorigenesis. 
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Abstract 
 
The HER2 overexpression occurs in 10–20% of breast cancer patients. HER2+ tumors 

are characterized by increase in Ki67, early relapse and increased metastasis. There is 

little known about factors influencing early stages of HER2- tumorigenesis and diagnostic 

markers. Previously, it was shown that deletion of NEDD9 in mouse models of HER2 

cancer interferes with tumor growth, but the role of NEDD9 upregulation is currently 

unexplored. We report that NEDD9 is overexpressed in a significant subset of HER2+ 

breast cancers and correlates with limited response to anti-HER2 therapy. To investigate 

the mechanisms through which NEDD9 influences HER2-dependent tumorigenesis, we 

generated MMTV-Cre-NEDD9 transgenic mice. The analysis of mammary glands shows 

extensive ductal epithelium hyperplasia, increased branching, and terminal end bud 

expansion. The addition of oncogene Erbb2 (neu) leads to development of early 

hyperplastic benign lesions earlier (~16 weeks) with a significantly shorter latency than 

the control mice.  Similarly, NEDD9 upregulation in MCF10A-derived acini leads to 

hyperplasia like DCIS. This phenotype is associated with activation of ERK1/2 and 

AURKA kinases leading to an increased proliferation of luminal cells. These findings 

indicate that NEDD9 is setting permissive conditions for HER2-induced tumorigenesis, 

thus identifying this protein as a potential diagnostic marker for early detection. 
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Introduction  
 

The HER2 (Human Epidermal Growth Factor Receptor 2) amplification or 

overexpression occurs in 10–20% of breast carcinomas [1, 2]. A high level of Ki67 

expression, early relapse rate, and increased metastasis characterize HER2-positive (+) 

tumors [3]. The localized HER2+disease, confined to the breast tissue, has a 5-year 

survival of 97.3%, while regional disease with lymph node positivity is 82.8%, and stage 

IV disease with metastases to distant organs is 38.8% [2]. This statistic highlights the 

importance of studies addressing the disease's initiation to improve early detection and, 

thus, survival.   

Many advances have been made in treating HER2-positive breast cancer since 

the introduction of targeted monoclonal antibody therapies [4]. These include 

trastuzumab, pertuzumab-antibody-based therapies, and lapatinib, neratinib, and 

pyrotinib - the kinase inhibitors. However, many patients become resistant to treatment 

and relapse [5, 6]. Identifying novel therapeutic targets is critical to combat the resistance 

and improve outcomes. HER2 (also known as v-erbb2 avian erythroblastic leukemia viral 

oncogene homolog 2 (Erbb2), and neu) normally functions as a receptor tyrosine kinase 

(RTK) that can be activated by dimerization with other EGFR family members. 

Phosphorylation of the intracellular domain at (Tyr1144, Tyr1201, Tyr1226/1227, or 

Tyr1253) enables signaling through MAPK, AKT, and JNK resulting in increased 

proliferation and survival [1, 3]. Minimal increases in levels of HER2 allow for altered 

growth of mammary glands [4], setting the stage for early breast lesions leading to ductal 

carcinoma in situ (DCIS) [5, 6]. Disease progression correlates with increased HER2 

expression. Mouse models have been developed to analyze mammary gland 

transformation using rodent neu protein [7]. MMTV-neu mouse model expressing an 

unactivated form of rat Erbb2 gene (homolog of HER2) similar to human cancers 

characterized by long latency (29-48 weeks). This model allows for the analysis of early 

transformation events [8], starting from hyperplasia/dysplasia and moving toward 

adenocarcinoma [9]. Long latency indicates additional events are required to enable 

transformation since unactivated Erbb2 is primarily found in monomeric/inactive form [10]. 

Little is known about early cooperating events in HER2-amplified tumors. The mutations 

in the p53 tumor suppressor, upregulation of heterodimerization partners such as HER3 
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and EGFR, and activation of downstream targets, such as Src kinase, were often found 

in HER2+ breast cancer patients and promoted tumorigenesis [11]. NEDD9 (Neural 

Precursor Cell Expressed Developmentally Down-regulated 9) is an adaptor protein 

highly expressed in epithelial cells and is critical for the activation of multiple kinases, 

including Src[12], FAK[13], AURKA[14], and integrins [8]. NEDD9, also known as Cas-L 

or HEF1, is a member of the CAS (Crk-Associated substrate) family of adaptor/scaffold 

proteins that function in cell signaling [9]. Other CAS proteins, such as p130Cas, are also 

expressed in HER2+ breast cancer [15]. As shown by whole-body gene knockout, 

endogenous NEDD9 is required for tumor growth in MMTV-neu transgenic mice [16]. 

NEDD9 is involved in cell division, migration, and invasion regulation, identifying this Cas-

L family member as a potential cooperating oncogene in HER2-driven carcinogenesis 

[17-20]. However, specific processes affected by NEDD9 during the early stages 

preceding transformation are currently not well defined. Here we report that increased 

NEDD9 expression tightly correlates with the expression of HER2 protein in breast cancer 

patient biopsies and decreased anti-HER2 therapy response. Additionally, tissue 

microarray-based survival analysis shows that high expression of NEDD9 correlates with 

poorer overall survival. The conditional knock-in mouse model of NEDD9 in the mammary 

gland is characterized by mammary epithelial hyperplasia and promotes the early onset 

of Erbb2/Neu-driven tumorigenesis. Mechanistically, NEDD9 upregulation led to 

increased branching morphogenesis and expansion of luminal epithelial cells. In HER2+ 

human breast cancer cell lines, NEDD9 was upregulated compared to control and 

correlates with proliferation. The upregulation of NEDD9 also correlates with limited 

response to anti-HER2-targeted therapies, suggesting its involvement in sustainable 

downstream signaling. Our findings suggest that NEDD9 plays a crucial role in HER2+ 

breast cancer initiation, progression, and drug response; thus, targeting NEDD9 might 

provide new treatment strategies for BC patients and expose new vulnerabilities that 

would improve patient survival.   
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Materials and Methods 
 
Generation of conditional NEDD9 knock IN (Floxed-STOP-NEDD9) transgenic strain 
and locus insertion. The targeting vector was utilized for homologous recombination at 

the Rosa26 locus of the murine genome. The cDNA of human NEDD9 (OriGene 

Technologies, Inc., Rockville, MD, USA) was cloned under CAAG ubiquitously expressed 

promoter (CMV immediate early enhancer/ chicken b-actin promoter fusion), separated 

by a stop cassette that is flanked by LoxP Cre recombinase recognition sites. GenOway, 

Inc., France, performed vector design, mouse embryo injection, and transplantation into 

a C57BL/6 background. This PCR is performed using a reverse primer (GX6044: 

5’GCAGTGAGAAGAGTACCACCATGAGTCC3’) hybridizing in an exogenous sequence 

added just upstream of the CAGG promoter and a forward primer (GX6043: 

5’AAGACGAAAAGGGCAAGCATCTTCC3’) hybridizing upstream of the targeting vector 

homology sequence (Figure 2B). Because of its localization, this primer set allows 

unequivocal and specific detection of the Rosa26 Knock-in locus. Once homozygous 

floxed NEDD9 knock-in mice were generated, the transgenic line was cryopreserved and 

stored at the Jackson Laboratory, Bar Harbor, ME, USA. Due to the significant impact of 

genetic background on tumorigenesis, the NEDD9 transgene was transferred to the 

FVB/J background using speed congenic technology executed by Charles Rivers 

Laboratories (Wilmington, MA, USA) and WVU Transgenic Animal Facility. The 

successful transfer of NEDD9 transgene was confirmed by PCR analysis, as outlined.   
 
Generation of FVB/J-MMTV-Cre-NEDD9+/+ mice for mammary gland-specific 
upregulation of NEDD9.The FVB/J-Floxed-STOP-NEDD9fx/fx mice were crossed with 

FVB/J-MMTV-Cre mice expressing Cre recombinase under the mouse mammary tumor 

virus (MMTV) promoter, specific for mammary gland epithelium. This line was obtained 

via a gracious gift from Dr. J Michael Ruppert (West Virginia University, Morgantown, 

USA) [21]. The resultant offspring were genotyped using a set of designed primers to 

detect wild-type, recombined, and Cre-induced (Stop-cassette excised) NEDD9 cDNA. 

Homozygous FVB/J-MMTV-Cre-NEDD9+/+ mice were used to analyze normal mammary 

gland development and for other crosses with mammary tumor models. The upregulation 
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of NEDD9 in the mammary epithelium was confirmed by western blot analysis and 

immunohistochemistry. 
 
PCR screening strategy for the genotyping of the homozygous NEDD9fx/fx knock-
in mice. The homozygous animals were identified using a PCR specific to the wild-type 

Rosa26 allele. The primer pair 027-ROSA-GX2942 / 028-ROSA-GX2943 has been 

designed and validated by GenOway for the specific detection of the wild-type allele, 

producing 304bp product. The forward primer 027-ROSA-GX2942 (5’CAATACC 

TTTCTGGGAGTTCTCTGC3’) hybridizes within the 5’ homology arm. The reverse primer 

028-ROSA-GX2943 (5’CTGCATAAAACCCCAGATGACTACC3’) is located within the 

Rosa26 locus in a region, which is deleted in knock-in mice, and thus, no PCR product is 

produced. PCR screening strategy for the genotyping of the induced NEDD9 knock-in line 

(with removed transcription stop cassette). Mouse DNA was isolated from 0.3-0.5cm tail 

fragment using the PrepEase Genomic DNA Isolation Kit (Affymetrix Inc., Cleveland, OH, 

USA) as per manufactures instructions. This PCR was performed using 61976cre-PUG1 

(5’CTGCTCTATGACGGTCAGGATGTCTCC3’) and 61977cre-PUG1 (5’GGGCAACGT 

GCTGGTTATTGTGC3’) primers enabling the detection of the Cre-mediated excised 

Rosa26 Knock-in allele. The primer 61977cre-PUG1 is located within the NEDD9 

transgene. The primer 61976cre-PUG1 hybridizes within the CAAG promoter. The Cre-

excised recombined allele produced 296 bp product, while the non-excised recombined 

allele produced 3314 bp. 

 
PCR screening strategy for the genotyping of the homozygous NEDD9/Cre/Erbb2 
mice.  
The FVB/J-MMTV-Cre-NEDD9+/+ mice were crossed with FVB/J-MMTV-Erbb2/neu 

mouse model for mammary tumors in humans purchased from The Jackson Laboratory 

(Cat#002376), Bar Harbor, ME, USA. This strain expresses unactivated wild-type cDNA 

of rat Erbb2 (neu). The resultant strain expressing all three transgenes: Cre, NEDD9, and 

Erbb2 (neu), was confirmed by PCR analysis using target-specific primers as outlined 

above. The triple transgene female mice, along with controls: MMTV-Cre, MMTV-Cre-

NEDD9+/+, and MMTV-neu, were used in studies outlined here. Mice were genotyped 

using the following primers: human NEDD9 cDNA: 5’TCCCAGAGTGTGCCGAGGAA3’, 
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5’GGGCCTTTTGCTGATGAGGG3’; ROSA: 5’CAATACCTTTCTGGGAGTTCTCTGC3’, 

5’CTGCATAAAACCCCAGATGACTACC3’; Erbb2: 5’CGGAACCCACATCAGGCC3’, 

5’TTTCCTGCAGCAGCCTACGC3’; Cre: 5’GGTTCTGATCTGAGCTCTGAGTG3’, 

5’CATCACTCGTTGCATCGACCG3’ using PCR RANGER mix (Meridian BioScience 

Inc., Memphis, TN, USA) resulted in the following band sizes, an indication of the 

presence of the NEDD9 (knock-in) 553bp (base pairs), ROSA (wild type) 304bp, Cre 

900bp, Erbb2 600bp. 

 
Generation of Mouse Embryonic Fibroblasts with NEDD9 knock-in. Mouse 

embryonic fibroblasts (MEFs) were generated from embryos harvested at day 12-14 

(E12-14) as previously described [22, 23]. Tissue was minced using #10 scalpel blades 

and incubated for 15 minutes in 0.25% Trypsin-EDTA at 37°C. Full medium, Dulbecco’s 

modified Eagle’s (DMEM) medium supplemented with 15% fetal bovine serum (FBS) and 

antibiotic-antimycotic was added to neutralize the trypsin. Cells were pelleted by 

centrifugation, resuspended in a complete medium, plated, and passaged. All cell culture 

reagents were purchased from ThermoFisher Scientific, Waltham, MA, USA. Cells were 

cryopreserved for later use. As per manufacturer instructions, MEF cells were infected 

with adenovirus expressing GFP-tagged Cre-recombinase (green fluorescent protein) 

and Ad-Cre-GFP (Vector Biolabs, Malvern, PA, USA). Control and Ad-Cre-GFP positive 

cells 72h post-infection were lysed and probed by western for NEDD9 and GAPDH 

protein levels as previously described [24].  
 
Quantification of Branching Density in Mammary Gland Whole-Mounts.  The fifth 

inguinal mammary gland was removed from the mouse, according to [25], and placed on 

a positively charged slide (StatLab, McKinney, TX, USA). Subsequently fixed in Carnoy’s 

solution (Fisher Scientific, Pittsburgh, PA, USA) overnight and stained in a Carmine 

solution prepared as previously described. Following staining, tissue was dehydrated with 

increasing ethanol, 70-100% - 15 minutes each. To clear tissue was placed in xylene for 

12-72 hours. Once the tissue became transparent, it was mounted using Permount 

Mounting Medium (Fisher Scientific, Pittsburgh, PA, USA). Images were captured using 

an Olympus VS120 Slide Scanner microscope (Olympus Lifescience, Center Valley, PA, 

USA) with 10X U Plan S Apo/0.75 NA objective. Quantification of mammary gland 
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branching, and terminal end buds was conducted as previously described [25] using five 

mice per genotype and five randomly selected standard size fields of view per mouse. 
 
Cell Culture, Plasmids, and other Reagents.  Cell lines BT-474, SK-BR-3, AU565, and 

MCF10A were purchased from and authenticated by American Type Culture Collection 

(Manassas, VA, USA) and cultured based on the manufacturer’s recommendations. 

JIMT-1 was purchased and authenticated by Addexbio (San Diego, CA, USA). JIMT-1-

Br3 was generously provided by Dr. Paul Lockman (West Virginia University School of 

Pharmacy, WV, USA) [26]. MCF10A-HER2-WT and MCF10A-Empty control was 

generously provided by Dr. Yehenew Agazie (Department of Biochemistry, West Virginia 

University School of Medicine, WV, USA) was grown in medium as previously described 

[27]. The cell lines have been authenticated every 10-20 passages and only low passage 

cells (2-6) were used for experiments. Cell medium, supplements including Horse serum, 

EGF, penicillin and streptomycin, antibiotic/antimycotic, TrypLE, trypsin were purchased 

from ThermoFisher Scientific, Waltham, MA, USA, FBS (fetal bovine serum) was 

purchased from VWR (Radnor, PA, USA), insulin, cholera toxin, hydrocortisone (Sigma-

Aldrich, St. Louis, MO, USA). 
 
Lentivirus constructs, Cell Infection and Transfection Reagents. The cDNA for 

mouse NEDD9 (OriGene Technologies, Inc., Rockville, MD, USA) was subcloned 

(XhoI/EcoRI) into pLUTz (tet-inducible) lentivirus vectors [28], gift from Dr. A. Ivanov, 

West Virginia University School of Medicine, WV, USA) to produce pLUTz-ms-NEDD9. 

The construct was transfected into Lenti-X™ 293T cells (Takara Bio, San Jose, CA, USA) 

based on the manufacturer’s recommendations using Turbofect transfection reagent 

(ThermoFisher Scientific, Waltham, MA, USA). The lentivirus particles were prepared for 

infection using established protocols [29]; concentrated using ultracentrifugation and 

100ul (~10^8 MOI) added to 50% confluent cells twice a day for 3 days with polybrene 5-

10ug/ml (Sigma-Aldrich, St. Louis, MO, USA). Infected cells were subjected to zeocin 

(InvivoGen US, San Diego, CA, USA) selection (200ug/ml) for 2 weeks with medium 

changed every three days. 
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Tumor Tissue Micro Array (TMA) and Patient Data. The Cancer Genome Atlas (TCGA, 

https://www.cancer.gov) breast cancer data and Kaplan-Meier Plotter 

(https://kmplot.com) web-based tools were used to evaluate genomic DNA and RNA-seq 

expression of NEDD9 in HER2+ breast cancer as previously described [30, 31]. High-

density breast cancer tissue microarrays BR2082 and BR1008 were used in this study. 

Diagnostics, stage and HER2 positivity scoring data provided in the Supplementary Table 

S1. The biopsies were collected with full donor consent by US Biomax Inc./TissueArray 

Derwood, MD, USA. The samples in the TMA were selected to represent two groups: 1. 

non-malignant (NM) biopsies that include normal tissue from healthy donors, normal 

adjacent to the tumor tissue, hyperplasia, and benign lesions; 2. Malignant HER2+ 

biopsies included carcinomas, invasive ductal carcinomas, and lymph node metastases. 

In total, 90 samples were analyzed including: 6-normal breast tissue, 10- normal adjacent 

to tumor tissue, 16-hyperplasia lesions, 8-benign lesions, 36 malignant tumor samples, 

and 14 lymph node metastases. 
 
Immunohistochemistry and Scoring Procedures Immunohistochemistry (IHC) was 

done according to the manufacturer's recommendations (US Biomax Inc. Derwood, MD, 

USA) using previously validated an-ti-NEDD9 antibodies (clone 2G9) [33] and HER2. 

Manual scoring of staining intensity [negative (0), weak (1+), moderate (2+), or strong 

(3+)], as well as location and cell types was completed by an independent pathologist 

from US Biomax, Inc. Each core was scanned by the Aperio Scanning System (Leica 

Biosystems Deer Park, IL, USA) as previously described [24]. The total number of positive 

cells and the intensity of NEDD9 staining were computed by Aperio Image Scope10.1 

software based on the digital images taken (x20) from each core and normalized to the 

background control and normal adjacent tissue. 
 
Fluorescent immunohistochemistry and Hematoxylin & Eosin (H&E) staining. 
Briefly, deparaffinization and rehydration of 5um sections were performed as follows: 1) 

three incubations for 3 minutes in xylene, 2) three incubations for 2 minutes in 100% 

ethanol, 3) 2 min each in 95, 80, and 70% ethanol 4) 5 minutes in 1x TBS (Tris-Buffered 

Saline). All chemicals, BSA and buffers were purchased from Fisher Scientific, Pittsburgh, 

PA, USA. Antigen retrieval was performed using citrate buffer, pH 8.0 at 98C, for 20 
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minutes as previously reported [32]. Sections were subsequently blocked using 5% 

Bovine Serum Albumin (BSA), 1xTBS solution. Sections were stained with an-ti-Ki67-

AlexaFluro-555 conjugated antibody (BD Biosciences, Franklin Lakes, NJ, USA), anti-

cytokeratin 8 [33] (1:100 dilution, TROMA-I was deposited to the DSHB (Develop-mental 

Studies Hybridoma Bank) by Drs. Brulet, P. & Kemler, R.), and anti-cytokeratin5 

(Poly19055, BioLegend San Diego, CA, USA) antibodies, dilution 1:500, overnight 

incubation as previously reported [34]. Secondary antibodies diluted, 1:10000, included 

AlexaFluor-488, 555, and 647 (ThermoFisher Scientific, Waltham, MA, USA). The 

sections were mounted with ProLong Gold DAPI-containing media (ThermoFisher 

Scientific, Waltham, MA, USA). Images were captured using an Olympus VS120 Slide 

Scanner microscope with 10X U Plan S Apo/0.75 NA objective (Olympus Lifescience, 

Center Valley, PA, USA).  
 

For H&E staining slides post deparaffinization and rehydration were incubated with 

Hematoxylin (Fisher Scientific, Pittsburgh, PA, USA) for 45 seconds, rinsed with water for 

30 seconds, followed by Eosin for 1 minute, rinsed and dehydrated in 95% ethanol, 

followed by three incubations for 1 minute in 100% ethanol and three incubations for 1 

minute in xylene. Slides were mounted using Richard-Allan Scientific Mounting Medium 

(ThermoFisher Scientific, Waltham, MA, USA). Samples were evaluated by an 

experienced, blinded to identity of slides pathologist. 

 
Histopathology Evaluation and Grading. Histopathology assessments were done by a 

board-certified veterinary anatomic pathologist (MJH) blinded to the identity of the 

samples. Hematoxylin and eosin-stained slides were used to assess the mouse 

mammary glands (4th inguinal gland was used) for MIN, DCIS, and mammary tumors 

(adenoma, carcinoma). The slides were digitally scanned at 40X magnification using an 

Aperio slide scanner and the total number of lesions were counted per mammary gland. 

A total of 32 slides from 16-week-old females with four genotypes (Cre, Cre-NEDD9, Cre-

neu, Cre-neu-NEDD9) were evaluated. The average area per slide was 100-120mm2. 

Low-grade MIN lesions were characterized by glands lined by 1-2 layers of atypical 

epithelial cells with enlarged nuclei, clumped chromatin, variable nuclear size and shape, 
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and an increased mitotic rate. High-grade MIN lesions were typified by loss of lumens 

and thickening of the epithelium by multiple layers of disorganized epithelial cells with 

increased pleomorphism. Ductal proliferative lesions (DCIS) were observed as marked 

expansion and filling of mammary ducts with a monomorphic population of epithelial cells, 

causing marked enlargement of the gland, without invasion of the adjacent basement 

membrane, or formation of a palpable mass. DCIS lesions can be considered high-grade 

MIN lesions [35, 36]. 
 
Western blotting. Western blotting was performed using standard procedures [24]. 

Primary antibodies used were anti-NEDD9 (2G9), -phospho-ERK1/2(D13.14.4E), -

ERK1/2(137F5), -phospho-Aurora Kinase A(D13A11), -HER2 (29D8), -phospho-Src 

(100F9), FAK (D2R2E) (Cell Signaling Technology, Danvers, MA USA), anti-phospho-

FAK (Tyr397) (ThermoFisher Scientific, Waltham, MA, USA), anti-Src (GD11) (Sigma-

Aldrich, St. Louis, MO, USA), anti-Aurora Kinase A (BD Biosciences, Franklin Lakes, NJ, 

USA). The dilution was based on manufacturer’s recommendation. Secondary anti-

mouse and anti-rabbit Horseradish peroxidase (HRP)-conjugated antibodies (Jackson 

ImmunoResearch Laboratories, Inc. West Grove, PA) were diluted 1:10,000 followed by 

chemiluminescence-based detection with Luminata Forte Western HRP substrate 

(Sigma-Aldrich, St. Louis, MO, USA) and were quantified using ImageJ software (ImageJ 

– National Institute of Health, https://imagej.nih.gov). 
 
MTT-based Proliferation and Viability Assay. Cell Proliferation and IC50 values were 

assessed via MTT (ThermoFisher Scientific, Waltham, MA, USA) [3-(4, 5-dimethylthiazol-

2-yl)-2, 5-diphenyl tetrazolium bromide] assay. Briefly, 1 x 105 cells/well were plated in a 

96-well plate. At 24-, 48-, 72-, and 96-hour time points, 10uL of MTT (5mg/mL) was added 

to each well, incubated at 37C for 4 hours, then dimethyl sulfoxide (DMSO)was added, 

and absorbance was measured using Cy-tation5 imaging system (Agilent Technologies, 

Santa Clara, CA, USA) at 540nm. The results were reported as a fold of change over 

control at each time point. 
 
Drug Treatment and Viability Assay. Cells were plated at 2.5x103, 5.0x103, 10x103 

density per 96-well plate in triplicates. For each cell line, two different shRNA targeting 
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NEDD9 (ThermoFisher Scientific, Waltham, MA, USA) and scramble shRNA non-

targeting control were used as previously described [39]. Cells were treated with various 

concentrations of lapatinib (ThermoFisher Scientific, Waltham, MA, USA) for 48 hours. 

CyQUANT Cell Proliferation Assay (ThermoFisher Scientific, Waltham, MA, USA) was 

utilized per the manufacturer’s protocol to quantify the number of viable cells per well 

using Biotek Cytation Plate Reader (Agilent Technologies, Santa Clara, CA, USA) 

excitation/emission 480nm/520nm. Percent viability was calculated by setting the control 

cell line to 100%. One-way ANOVA was used to calculate statistical significance in two 

independent experiments with three technical replicas. 
 
Acini Formation, Imaging and Quantification Procedures. The Acini/Morphogenesis 

assay was performed as previously described [37]. Briefly, 105 cells/ml cells were 

resuspended in DMEM/F12 medium, supplemented with 2% horse serum, 10 μg/ml 

insulin, 1 ng/ml cholera toxin, 100 μg/ml hydrocortisone, 1x antibiotic-antimycotic. Eight-

well cell culture chamber slides (ThermoFisher Scientific, Waltham, MA, USA, USA) were 

coated with 45ul of Matrigel (ThermoFisher Scientific, Waltham, MA, USA, USA) per well. 

The cells were mixed 1:1 with DMEM/F12 medium containing 4% Matrigel and was added 

to Matrigel-coated slide. The medium was replaced every 3-4 days. The acini formation 

was documented daily via microscopy total of 10-14 days. The images from five randomly 

selected fields of view of standard size were collected with 10X U Plan S Apo/0.75 NA 

objective using Echo Rebel microscope (Discover Echo, San Diego, CA, USA). After 14 

days acini were fixed, and immunofluorescent analysis was conducted as previously 

described [39]. Briefly, acini were fixed using 3% paraformaldehyde for 20 minutes 

followed by washing with 1x PBS (Phosphate Buffered Saline). Permeabilization using 

1xPBS containing 0.5% Triton X-100 for 10 minutes at 4C. Rinsed three times using 

1xPBS/Glycine for 10 minutes each. Acini were mounted with ProLong Gold DAPI-

containing media (ThermoFisher Scientific, Waltham, MA, USA, USA). A total of 10 fields 

with acini per condition were imaged using Ti2Nikon Spinning Disk Confocal microscope 

(Nikon Instruments Inc. Melville, NY, USA) equipped with CSU-W1 Yokogawa spinning 

head (Yokogawa America, Sugar Land, TX, USA) ; z-stack of images taken at 10um per 

step up to 200um total were processed using NIS software and 3D projection images 
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quantified. The total number of cells per acini was quantified using DAPI. Bright-field 

images were used to measure size/diameter of the acini. The 50 acini total per cell line in 

10 randomly selected fields of view of standard size were quantified in three independent 

experiments. 
 
Kaplan–Meier Analysis and drug response evaluation using ROCplotter. Kaplan–

Meier (KM) analysis to evaluate the prognostic value of NEDD9 in breast cancer was 

done using publicly available microarray database from breast cancer patients as outlined 

at https://kmplot.com/analysis/index.php?p=service&cancer=breast. The relapse-free 

survival (RFS) was calculated in a cohort of HER2-positive (n=1273, HER2+ status - 

array). All patients treated and untreated were included. The ROC Plotter is the first online 

transcriptome-based validation tool for predictive biomarkers of therapy response 

(https://www.rocplot.org/) [38]. Most patients in the pCR (complete pathological response) 

and RFS cohorts have received chemotherapy. The neoadjuvant or adjuvant settings for 

chemotherapy were not defined. The small patient cohort used in our analysis was treated 

with lapatinib (n= 65) and trastuzumab (n= 186). Patients included in RFS ROC plots 

received anti-HER2 therapy in adjuvant settings. The following analysis parameters were 

used: Gene-NEDD9 (JetSet best probe set (202149_at), Gene-ERBB2 (JetSet best probe 

set (216836_s_at). The HER2+ patients treated with any anti-HER2 therapy were split by 

the auto-select best cutoff, unless indicated otherwise in the text. The data were censored 

at the threshold; the redundant samples were removed. The biased arrays were removed; 

The p-value was calculated using the log-rank test and plotted in R. The specific 

parameters used outlined in Supplementary Figure 2. 
 
Statistical analysis. Statistical comparisons were made using a two-tailed Student’s t-

test, or one-way or two-way analysis of variance (ANOVA) when more than two samples 

were compared. P ≤ 0.05 was considered to be significant (*). Experimental values were 

reported as the means with ±S.E.M (standard error of the mean), p values were reported 

as adjusted, and statistical significance calculations were made using Prism9 software 

(GraphPad Software, Inc., San Diego, CA, USA). All experimental data sets reported here 

were collected from multiple independent experiments with multiple technical and 

biological replicas. 
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Results 
 
NEDD9 expression correlates with Her2+ disease progression and treatment 
outcomes.  
 

NEDD9 expression was previously documented to correlate with poor prognosis 

in triple-negative breast cancers [24, 30]. However, the impact of NEDD9 expression on 

HER2+ breast cancers (BCs) is currently unknown. The breast cancer tissue microarrays 

(TMAs) with breast patient biopsies were analyzed for NEDD9 expression using a 

validated antibody to address this gap. The results of quantitative immunohistochemistry 

staining were then correlated with the pathological stage of the disease and the HER2+ 

score (0+, 1+, 2+, 3+) assigned by a pathologist (Figure 1A-D). When compared to a 

nonmalignant (NM) tissue that includes normal, normal adjacent tissue (NAT), 

hyperplasia and benign disease expression of NEDD9 increased from non-malignant to 

invasive ductal carcinoma (IDC) and metastatic lesions (lymph node-Met/LN; Figure 1A-

B). Moreover, analysis of NEDD9 expression in non-malignant group shows significant 

increase in NEDD9 expression in benign and hyperplastic lesions when compared to NAT 

and normal tissue (Figure 1C; Supplementary Figure 1A) indicative of positive correlation 

between disease progression and NEDD9 expression at earlier stages. The difference in 

NEDD9 expression between patient cohorts with assigned HER2 pathological score 1+, 

2+, or 3+ was non-significant (Figure 1D). The clinical relevance of these findings is 

supported by the in-silico analysis of publicly available microarray data from TCGA 

(Kaplan-Meier Plotter) [32, 40]. The results show a strong correlation between NEDD9 

mRNA and relapse-free survival (RFS) in HER2+ breast cancers (BCs). In HER2+ 

tumors, higher expression of NEDD9 correlates with lower RFS (Figure 1E; HR=1.29, 

p=0.02). The RFS analysis of ERBB2 shows similar findings (Figure 1 E). Higher 

expression of ERBB2 was associated with worsen RFS (HR=1.31, p=0.04). Contrary to 

the findings in HER2+ and TN BCs (HR-1.39, p=0.0048) the RFS of estrogen receptor 

positive (ER+) BCs shows positive correlation between increased NEDD9 expression and 

relapse free survival (HR=0.73, p=0.00014, Supplementary Figure 1B) indicative of 

different NEDD9 signaling. Overall, this data suggests that NEDD9 is elevated at the 

protein and RNA levels in HER2+ breast cancers and that increased levels of NEDD9 

correlate with lower RFS in the HER2+ subset of BC patients, but not in ER+ BCs. 
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 In agreement with low RFS, the NEDD9-high patients also demonstrate lower 

response rates to anti-HER2 therapy in HER2+ breast cancer patients (Figure 1E-F, 

https://www.rocplot.org) as documented by lower pCR (pathological Complete Response) 

and RFS 5-year survival post treatment.  The area under the curve (any anti-HER2 

therapy, AUC (Area Under Curve) =0.612, p= 0.0067; and AUC=0.719, p= 0.004) criteria 

shows significant influence of NEDD9 expression on pCR and relapse-free 5-year 

survival. The graphs show better treatment outcomes when using anti-HER2 therapies in 

NEDD9-low patients. This trend remains true in HER2 breast cancers classified based on 

molecular subtype as defined by St. Gallen criteria [41]. Moreover, based on ROC plotter 

analysis NEDD9 outperforms HER2/ERBB2 (probe#216836) in predicting anti-HER2 

therapy response and survival post therapy in HER2+BCs (any anti-HER2 therapy, pCR 

AUC=0.539, p= 0.2 ns non-significant; RFS AUC=0.658, p= 0.031). Trastuzumab was the 

only treatment with all breast cancer patients included independently of HER2 status that 

provided better correlation with HER2 expression (pCR AUC=0.629, p= 0.00084). There 

was no correlation between NEDD9 expression and Chemotherapy treatment 

(Supplementary Figure 2A). But we found that NEDD9 expression in HER2+ BCs (but not 

HER2-negative BCs), is highly predictive of treatment outcomes in patients treated with 

FEC chemotherapy (Fluorouracil, Epirubacine, Cyclophosphamide; AUC=0.75, 

p=6.2x10^-11; Supplementary Figure 2B). The NEDD9 expression does not influence 

RFS (AUC=0.51, p=0.35; Supplementary Figure 2D) or pCR response to endocrine 

therapy in ER+ breast cancers (AUC=0.505, p=0.47; Supplementary Figure 2C-D). Thus, 

understanding the role NEDD9 plays in HER2-driven BCs is critical for identifying patients 

with a higher risk of relapse and drug resistance.   

 
Generation of conditional NEDD9 knock-in (KI) transgenic mouse model. 
 

Previously it was shown that deletion of NEDD9 via gene knock-out (KO) in mice 

overexpressing wild-type (unactivated) Erbb2 (neu) leads to a drastic decrease in HER2-

driven tumorigenesis with only 10-15% of mice being able to form tumors in their lifetime. 

Note that this tumor incidence (~13.9%) corresponds to naturally occurring spontaneous 

mammary gland tumors documented in this strain [10], suggesting that NEDD9 is critical 

for the oncogenic activity of HER2 and without it no tumors above naturally set 
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background can arise. To determine the role of NEDD9 in HER2-induced tumorigenesis, 

we generated a NEDD9 overexpression transgenic mouse model to mimic pathological 

conditions observed in human HER2+ BCs.  

The targeting vector containing a cDNA sequence for human NEDD9 under the 

CAG promoter (hybrid promoter consisting of the cytomegalovirus (CMV) enhancer fused 

to the chicken beta-actin promoter) was utilized for homologous recombination at the 

Rosa26 locus of the murine genome. The promoter was followed by a stop cassette 

flanked by LoxP Cre recombinase recognition sites. This design allows inducible, 

tissue/cell type-specific expression of an extra copy of NEDD9 (Figure 2A). The vector 

design and C57BL/6 mouse embryo injection/transplantation were carried out in 

collaboration with GenOway (France). The PCR screening for homologous recombination 

at the 5’ end of the targeting vector was performed using a set of designated primers as 

outlined in materials and methods. The conditional (floxed, fx) NEDD9 transgene was 

next transferred into the FVB background using speed congenic services provided by 

Charles Rivers Laboratories (USA). The resultant homozygous strain FVB/J-LoxP-STOP-

LoxP-NEDD9, called NEDD9fx/fx, was confirmed by PCR (Figure 2B) and Southern 

blotting. To test the effectiveness of the transgenic construct, mouse embryonic 

fibroblasts (MEFs) were isolated from NEDD9fx/fx E14 embryos. The MEFs were infected 

with pre-packaged adenovirus expressing Cre recombinase fused with GFP (green 

fluorescent protein, Ad-Cre-GFP). The western blot analysis of control (GFP only) and 

Cre-GFP infected cells for NEDD9 shows upregulation of its expression, thus confirming 

the functionality of inserted whole-body transgene upon Cre expression (Figure 2C). 

 

Production and analysis of mammary gland-specific expression of NEDD9.   
 

To assess the specific role of NEDD9 overexpression in mammary tumorigenesis 

and mammary gland development, we crossed the NEDD9fx/fx mice with a strain 

expressing Cre recombinase under the control of the mouse mammary tumor virus 

promoter, MMTV-Cre [21]. The offspring were genotyped using a set of primers described 

in the material and methods. The resulting mice overexpress NEDD9 protein in the 

mammary gland epithelial cells. Homozygous MMTV-Cre-NEDD9+/+ mice and 

appropriate controls (MMTV-Cre and NEDD9fx/fx) were used to analyze mammary gland 
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development and crossed with mammary tumor models. The upregulation of NEDD9 in 

the mammary epithelium was confirmed by western blot and immunocytochemistry 

analysis (Figure 2F). Mice overexpressing NEDD9 in mammary epithelium develop 

normally and produce/nurse healthy offspring. In conclusion, we developed a mouse 

model of conditional NEDD9 expression that can be successfully used to upregulate 

NEDD9 in a tissue-specific manner to enable further evaluation of NEDD9 function in vivo 

under normal and pathological conditions. 

 
NEDD9 overexpression alters mammary gland architecture by increasing 
mammary gland budding and branching morphogenesis and cooperates with 
HER2.  
 

Previously it was shown that whole-body NEDD9 knock-out did not affect 

mammary gland development [16], while the impact of overexpression is currently 

unknown. To address this gap in our knowledge, we compared mammary gland 

architecture between MMTV-Cre and MMTV-Cre-NEDD9+/+ mature nulliparous mice. 

The whole mammary gland mounts were prepared from 16 weeks old female mice (Figure 

3A-B). We found that upon NEDD9 overexpression, the buds-to-branch ratio increased. 

There were no significant differences between the groups in the secondary and tertiary 

branches (Figure 3C), while more terminal end buds (TEBs) were observed in NEDD9 

overexpressing glands compared to MMTV-Cre (Figure 3D). The changes in the branch-

to-bud ratio are indicative of increased invasion and/or proliferation during mammary 

gland development. Thus, overexpression of NEDD9 in normal mammary epithelium 

might lead to early hyperplasia. 

 
Cooperation between NEDD9 and HER2 promotes mammary gland branching 
morphogenesis. 
 

The MMTV-Cre-NEDD9+/+ and MMTV-Cre mice were further crossed with the 

MMTV-Erbb2/neu (JAX Strain #002376) model to assess the impact of NEDD9 

upregulation on oncogene-driven carcinogenesis. The MMTV-neu model develops 

physiologically relevant, spontaneous mammary tumors [10]. Similarly, to many human 

HER2+ breast cancers, it overexpresses the wild-type form of Erbb2, which develops 

slowly, starting from foci of hyperplastic, dysplastic mammary epithelium and progressing 
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to aggressive metastatic carcinoma [39].  The first lesions appear at 4-6 months, with a 

median incidence of 205 days. Both virgin and non-virgin female mice develop tumors. 

The MMTV-Cre-Erbb2 and MMTV-Cre-Erbb2-NEDD9+/+ mice were successfully 

produced, and nulliparous females were examined for mammary gland development and 

early precancerous\benign lesions at ~16 weeks of age. This time point was selected 

based on early preneoplastic lesions detected in Cre-NEDD9+/+ female mice (Figure 3A-

D) and previously published reports on MMTV-Erbb2/neu mice [40]. We found that mice 

ex-pressing MMTV-Cre-Erbb2-NEDD9+/+ had more tertiary branches and TEBs when 

compared to MMTV-Cre-Erbb2/neu mice (Figure 3E-H). 

 
 
NEDD9 overexpression is associated with mammary intra-epithelia neoplasia.  
 

In agreement with TEBs expansion, the analysis of mammary glands showed a 

significant increase in the number of mice with mammary intra-epithelial neoplasia (MIN) 

lesions associated with NEDD9 overexpression (Figure 4A-B, Table 1). The MIN was 

observed at age ~16 weeks and characterized by glands lined by 1-2 layers of atypical 

epithelial cells with variable nuclear size and shape. The loss of a noticeable lumen and 

thickening of the epithelium by multiple layers of disorganized cells with increased 

pleomorphism and mitotic rate, consistent with high-grade MIN lesions (Figure 4A). Since 

mammary intraepithelial neoplasia, including DCIS, is associated with an increased risk 

of breast cancer [32], these results suggest that NEDD9 upregulation might pre-dispose 

to neoplastic transformation. Similarly, the MIN lesions were found at higher frequency in 

triple transgene mice with NEDD9 than Erbb2 alone (Figure 4B, Table 1). These findings 

suggest that overexpression of NEDD9 increases the frequency of preneoplastic events 

in the Erbb2 model. Thus, cooperation between NEDD9 and HER2 promotes the early 

initiation of tumorigenesis. 

 
NEDD9 overexpression causes hyperproliferation of luminal cells.  
 
The terminal end buds are responsible for the production of mature luminal and 

myoepithelial cells leading to ductal tree formation [41, 42]. To determine if TEB 

expansion and development of the MIN lesions is due to increased proliferation, the 
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immunohistochemistry with Ki67 antibody was performed (Figure 5A). The upregulation 

of NEDD9 in the mammary gland led to an increased number of Ki67-positive cells in 

ducts normalized to the total number of cells (Figure 5A-B). The Ki67 positivity correlates 

with increased expression of NEDD9 and HER2 in these cells suggesting cooperation 

(Figure 5A). Next, the immunofluorescent staining with antibodies against known markers 

of luminal epithelial (cytokeratin 8) and basal myoepithelial (cytokeratin 5) cells was 

conducted (Figure 5C). The NEDD9 overexpressing mice had a significantly increased 

number of luminal epithelial cells (Figure 5D, top). No significant differences in 

myoepithelial cells (Figure 5D, bottom) were observed. These data agree with a 

previously published report documenting a reduction in luminal progenitors and mature 

cells in NEDD9 knock-out mice [16]. Overall, these results suggest NEDD9 plays a crucial 

role in luminal cell proliferation and expansion of the ductal compartment, which is a 

primary source of human cancer. 

 
NEDD9 is overexpressed in human HER2+ breast cancer cell lines. 
 

Similarly, to TMA findings (Figure 1), NEDD9 protein was increased in a panel of 

HER2+ breast cancer cell lines (BT-474, SK-BR-3, JIMT1, and JIMT1-Br3) when 

compared to non-transformed MCF10A cells (Figure 6A-B). Next, we tested the impact 

of NEDD9 expression on sensitivity to lapatinib, standard of care HER2-targeting drug. 

The HER2+ breast cancer cell lines that have been previously reported as sensitive 

(SKBR-3, AU565) or resistant to lapatinib (JIMT-1) [43] were used. In agreement with 

ROC data (Figure 1E), depletion of NEDD9 by shRNAs (Figure 6C) in resistant cells - 

JIMT1 improved response to lapatinib. Similarly, a decrease in NEDD9 led to increased 

sensitivity to lapatinib in AU549 and BT474 cells (Figure 6D), suggesting that the 

combination of anti-HER2 therapies with NEDD9 depletion might lead to improved 

outcomes. 

 
NEDD9 overexpression in normal mammary epithelial cells causes increased 
proliferation.  
 

To evaluate our findings on NEDD9-driven MIN/DCIS increase in the human 

model, we overexpressed NEDD9 in human mammary epithelial cells - MCF10A, alone 
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or in combination with HER2 or empty vector controls (Figure 7A). We found that MCF10A 

cells overexpressing NEDD9 significantly increased proliferation in a 2D assay after 72h, 

suggesting NEDD9-driven release from contact inhibition that normally restrains 

proliferation (Figure 7B). The cells grown in a 3D Matrigel matrix form duct-like structures 

(acini), polarized spheroids that consist of a single layer and have a hollow center. It was 

previously shown that upon HER2 upregulation/activation, the acini enlarge via excessive 

proliferation, loss of apical polarity, and lack apoptosis [40]. A similar phenomenon was 

observed in MCF10A cells that overexpress exogenous NEDD9 alone (Figure 7C-D), 

confirming the critical role of NEDD9 in the regulation of proliferation in non-transformed 

cells. There was no significant additive effect in acini growth in combination of NEDD9 

with HER2 since additional changes required to enable HER2 receptor engagement [8]. 

The experimental window of 10-14 days used for acini formation is insufficient to allow for 

such changes to happen in comparison to mice studies. It was shown that NEDD9 

interacts with and activates the mitotic kinase AURKA [32]. Hence, we analyzed the 

activation of AURKA in our experimental model. The level of active, phosphorylated 

AURKA, was significantly increased upon NEDD9 overexpression. Interestingly, 

overexpression of HER2 stabilized total AURKA but did not increase its activity. The 

phosphorylation of ERK1/2 was also significantly increased (Figure 7E) upon 

overexpression of NEDD9 indicative of MAPK signaling activation. The SRC and FAK – 

classical targets of HER2 downstream signal transduction were not significantly affected 

in MCF10A-NEDD9 cells compared to control (Figure 7F), suggesting non-canonical 

AURKA-driven activation of proliferation in human cells with upregulated NEDD9. 

 
 
Discussion 
 
HER2-positive breast cancer subtype shows a high expression of the HER2 kinase and 

is associated with proliferation-related genes characterized by high K67/mitotic index and 

aggressive growth [44]. HER2 signaling function is enabled via ligand-bound 

heterodimerization with HER3 or EGFR [45] that leads to phosphorylation and docking of 

multiple signaling adaptor molecules, thus activating several downstream pathways 

including proliferation (ERK1/2), invasion (FAK/Src) and survival (AKT) [46]. A few 
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adaptor molecules were documented to be key signaling hubs in HER2 oncogenic 

activity, including Grb2 [47], p130Cas [15], and NEDD9 [16]. The knockout of murine 

Nedd9 led to a reduction in luminal progenitors, HER2 signaling, and tumor growth[16] . 

While deletion of NEDD9 is not observed in human breast cancers, the upregulation of 

NEDD9 has been linked to tumor progression and metastasis in various cancers, 

including breast, liver, colon, pancreatic, ovarian, lung, and brain [18-20, 48, 49]. 

However, the impact of the upregulation of NEDD9 on HER2+ breast cancers has not 

been explored. Here, we report that NEDD9 protein (Tissue MicroArray (TMA), Figure 

1A-C, Figure 6A-C) and mRNA (TCGA, Figure 1D) expression is elevated in HER2+ 

human breast cancer patient biopsies and established cell lines. TMA analysis was 

conducted to evaluate NEDD9 expression in HER2+ breast cancers (BCs) with variable 

HER2 expression (score) and compare it with non-malignant stages and metastatic 

lesions. It is well established that NEDD9 expression correlates with the onset of EMT 

and increased migration/invasion and metastasis [24, 48]. Our group has previously 

reported the expression of NEDD9 in triple-negative breast cancers (TNBCs). Other 

groups have reported on the NEDD9 in ER+ breast cancers. While little is known about 

the role, NEDD9 plays in HER2+ BCs and the early stages of tumorigenesis. The analysis 

of NEDD9 expression across non-malignant groups shows a significant increase in 

NEDD9 levels as early as hyperplasia and benign lesions supporting our conclusions. 

The NEDD9 upregulation correlates with disease progression, HER2 expression, low 

anti-HER2 therapy response, and Relapse Free Survival (RFS). Further clinical research 

is needed utilizing benign biopsies to evaluate NEDD9 as a potential biomarker of disease 

progression in clinical settings, to enable early diagnostics and identification of patients 

at high risk for cancer at early stage. 

To determine the impact of NEDD9 on HER2 carcinogenesis and disease progression, 

we generated a mouse model overexpressing NEDD9 specifically within the mouse 

mammary gland. We analyzed the effect of NEDD9 upregulation in MMTV-neu (rodent 

homolog of HER2, unactivated). The MMTV-neu mice form tumors spontaneously at ~29-

48 weeks [40]. The long latency is thought to be due to the need for additional mutations 

to enable transformation, including p53, which is often observed in HER2+ breast cancers 

[50]. The upregulation of NEDD9 resulted in higher rates and earlier formation of 
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preneoplastic, benign lesions, such as mammary intraepithelial neoplasia (MIN) and 

DCIS. These findings suggest that the upregulation of NEDD9 might play a key role in the 

transition from normal to preneoplastic and neoplastic lesions [42].  

To understand better the effects of NEDD9 overexpression within the MMTV-neu 

mouse model, we evaluated the mouse mammary gland for changes, specifically at the 

morphological and cellular levels. NEDD9 overexpression was able to increase the 

number of tertiary branches as well as terminal end buds which suggested NEDD9 plays 

a role in proliferation. The expansion of the ductal tree and proliferation at the leading 

edge of the terminal end buds point to changes in mammary gland development. [60]. 

We found that the proliferation of luminal (cytokeratin 8+) cells was increased while the 

number of myoepithelial cells (Keratin 5+) was not significantly affected. The was 

significant increase in double positive K5+/K8+ cells. The normal breast tissue contains 

subpopulations of mammary stem cells (MaSC) and progenitors. The origin of different 

BC tumor subtypes often correlates with one of the subgroups. The basal-like and HER2+ 

BCs resemble the luminal progenitor cells. These cells are often dual-positive 

KRT5+/KRT8+ and found in the luminal layer of the duct [51]. In agreement with our 

findings in NEDD9 transgenic mice, the HER2-enriched cell lines BT474 and SKBR3 

showed expression of both keratin 5 and 8 [51]. The increase in double-positive luminal 

cells supports the conclusion that NEDD9 overexpression increases the pool of cells 

considered a cell of origin for transformation in the HER2+ subtype. The knockout of 

murine Nedd9 in the MMTV-neu model was shown to reduce the number of luminal 

progenitors [16] but did not affect mammary gland architecture. In agreement with earlier 

findings, the overexpression of NEDD9 led to the expansion of luminal cells.  

The increase in stem-like population, in combination with increased proliferation, 

might explain the increase in the incidence of benign lesions upon NEDD9 

overexpression. NEDD9 promotes stemness across various cancers[16, 52, 53]. Cancer 

stem/initiating cells were found in the patient's biopsies and significantly influenced the 

risk of relapse [54, 55]. In this context, NEDD9-dependent increases in initiation and RFS 

might be connected. Similarly, the role of NEDD9 in EMT previously documented by 

multiple reports links it the resistance to the therapies. Though no NEDD9-targeting drugs 
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are currently available, the inhibitors for some of its downstream effectors, like AURKA 

and FAK are available and shown to be effective [56, 57]. 

To evaluate our findings in the context of human cancer, we analyzed the 

expression of NEDD9 in multiple HER2+ human breast cell lines. The protein expression 

of HER2 shows some variability among cell lines, with the lowest expression in JIMT1, 

HER2-therapy drug-resistant cells. Similarly, four of the five HER2+ cell lines had in-

creased expression of NEDD9 protein when compared to non-transformed MCF10A cells. 

Although AU565 and SK-BR-3 are isogenic cell lines isolated from the same patient and 

have a similar mutation landscape like p53 mutant (p53 R175H), they vary in 

HER2/NEDD9 levels and differ in downstream signaling. Unlike SK-BR-3, AU565 is 

poorly responsive to EGF and has higher HER3 expression that might enable direct 

MAPK/AKT activation without NEDD9 [58]. To further explore the effect of NEDD9 

upregulation on non-transformed breast epithelial cells, we overexpressed both proteins 

in MCF10A cells. The parental cell line has low levels of NEDD9 and HER2. The 2D 

proliferation assay shows an increase in proliferation upon overexpression of NEDD9 

alone or in combination with HER2. Similarly, the MCF10A-NEDD9 and MCF10A-

NEDD9-HER2 cells, when grown in 3D Matrigel matrix, formed significantly larger acini 

as documented by increased diameter and number of cells. NEDD9 cells have enhanced 

ability to continue proliferation even if confluence is achieved. Mechanisms such as 

contact inhibition as restriction of proliferation does not occur and NEDD9 is able to 

overcome such limitations. Taken together, our results suggest that NEDD9 might serve 

as a predictive biomarker of preneoplastic, an early stage in HER2-driven carcinogenesis.  

Recent studies confirm that HER2 molecular subtype yields the best clinical and 

therapeutic response by anti-HER2 therapies, Resistance to anti-HER2 therapies has 

been studied at great length. Some factors of resistance currently are: 1) changes in the 

binding sites or to tyrosine kinase receptor domain, 2) overexpression of HER2 receptor, 

3) dimerization with other receptors for activity, 4) alternate activation of downstream 

signaling pathways [59]. Increased NEDD9 expression correlates with non-responders. 

The Area Under Curve (AUC) findings across different BC subtypes (Figure 1, 

Supplementary Figure 2) indicates that NEDD9 is a strong prognostic biomarker of anti-

HER2 and FEC therapy response in HER2+ BC patients. The AUC data show no 



 67 

correlation between NEDD9 expression and response to tamoxifen in ER+ BCs [58]. 

Furthermore, elevated expression of NEDD9 also serves as a key indicator of relapse 

free survival (RFS), thus, can be used as a marker of possible disease reoccurrence. 

 
 
Conclusions 
 
A few adaptor molecules were reported to be critical downstream effectors of the HER2 

oncogene. In this study, we outline the key role of the Cas-family scaffolding protein - 

NEDD9 in the initiation and progression of HER2-driven tumors. NEDD9 is elevated in 

HER2+ cancers and correlates with resistance to anti-HER2 therapy and low Relapse 

Free Survival (RFS) rates post-treatment. The NEDD9 induces higher rates and earlier 

formation of preneoplastic, benign lesions, such as mammary intraepithelial neoplasia 

(MIN) and DCIS. In our study, we found that overexpression of NEDD9 correlates with 

expansion of luminal cells and a significant increase in the luminal pro-genitors 

characterized by dual K5+/K8+ staining. The increase in proliferation correlates with 

increased activity of MAPK and AURKA proliferation pathways. Thus, depletion of NEDD9 

protein might provide significant benefits in treating therapy resistant HER2+ breast 

cancers. The expression of NEDD9 might serve as a prognostic marker for therapy 

response. 
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Figure Legends 
 
Figure 1. NEDD9 is Overexpressed in HER2+ Breast Cancers and correlates with 
disease progression, poor survival and therapy response. (A). Representative 

images of immunohistochemical staining of tissue microarray (TMA, n=90 including 40 

non-malignant (NM): 6-normal; 10-normal adjacent to tumor tissue-NAT, 16-hyperplasia 

& 8-benign) with anti-NEDD9 and -HER2 antibodies, developed with DAB-(brown), 

hematoxylin-nuclei (blue); HER2+ invasive ductal carcinoma (IDC, n=36), metastatic 

invasive ductal carcinoma-lymph nodes (Mets-LN, n=14). Scale bar-300um. The de-

identified tumor biopsy information is shown in Suppl. Table S1. (B). Quantification of 

intensity of DAB staining and positivity (percentage of cells stained positively in the same 

core stained by anti-HER2 or -NEDD9) by automated AperioScope imaging tool as in (A); 

Patient stratified based on diagnosis (B)  NM-40, IDC-36, Mets/LN-14;  (C) Non 

Maliganant cases were further stratified: 16-Normal/NAT, 16-hyperplasia, 8-benign; or 

(D) based on HER2+ pathological score: NM-40 (0+), 1+(14), 2+(6), 3+(30). One-way 

ANOVA with Dunnett's multiple comparisons test, p-values as indicated in figure panel. 

(D) Kaplan–Meier patient survival plots were generated by the Kaplan–Meier Plotter 

(http://www.kmplot.com) to determine the effect of NEDD9 or HER2 expression 

(microarray data Affy ID: 202149_at) on the relapse free survival (RFS) of 882 patients 

with HER2+ (array) breast cancer. Difference between expression levels shown by 

hazard ratio and p-values provided in each Kaplan-Meier plot. Hazard Ratios and p-value 

as indicated in figure panel (E). pROC assessment of anti-HER2 therapy response and 

NEDD9 expression levels in HER2+ breast cancer patients (HER2-array) Input settings 

for response – pathological complete response, HER2 status – positive, Treatment – anti-

HER2 Therapy. Responders N=80, Non-responders=77. AUC=0.612, p=6.7x10-3. pROC 

assessment of anti-HER2 therapy response and NEDD9 expression levels in HER2+ 

breast cancer patients (HER2-array) Input settings for response – relapse-free survival at 

5 years, HER2 status – positive, Treatment – anti-HER2 Therapy. Responders N=26, 

Non-responders=18. AUC=0.719, p=4.0x10-3. pROC as-sessment of anti-HER2 therapy 

response and Erbb2 expression levels in HER2+ breast cancer pa-tients (HER2-array) 

Input settings for response –pathological complete response, HER2 status – positive, 

Treatment – anti-HER2 Therapy. Responders N=80, Non-responders=77. AUC=0.539, 
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p=0.2. pROC assessment of anti-HER2 therapy response and Erbb2 expression levels 

in HER2+ breast cancer patients (HER2-array) Input settings for response – relapse-free 

survival at 5 years, HER2 status – positive, Treatment – anti-HER2 Therapy. Responders 

N=26, Non-responders=18. AUC=0.658, p=3.1x10-2. 

 

Figure 2. Design and expression of Cre inducible NEDD9 knock-in mouse model. 
(A). De-sign of Cre recombinase-inducible NEDD9 cDNA knock-in vector for homologous 

recombination at the Rosa26 locus (top). In the presence of Cre recombinase the STOP 

cassette is resected out of the genome due to flanking LoxP sites (middle) resulting in 

CAAG promoter driven NEDD9 ex-pression (bottom). (B). Genotyping results in triplicate 

indicating the presence of either the heterozygote (fx/wt) (M1-3), homozygous (fx/fx) (M4-

6) or wild type Rosa26 loci (wt/wt) (M7-9). (C) Schematic outline of adenovirus Cre 

delivery into mouse embryonic fibroblasts (MEFs) isolated from NEDD9fx/fx mice (n=3). 

MEFs were incubated with GFP (-) or adenoviral GFP-Cre (+) virus particles. Western 

blot analysis of MEF’s lysates with anti-NEDD9, -GAPDH is a loading control. (D) Mating 

scheme of mice used in study. (E) Representative genotyping results of mice (gen-otypes 

as indicated in D) using genomic DNA and target-specific primers, showing presences of 

Rosa 26 loci (WT), NEDD9 (N9), Cre Recombinase (Cre), Erbb2 (neu). (F) Western blot 

analysis of lysates prepared from mammary gland tissue of MMTV-Cre-control or MMTV-

Cre-NEDD9 mice (as in E, n=3) with anti-NEDD9, -GAPDH is a loading control. 

 

Figure 3. NEDD9 overexpression alters mammary gland architecture. (A-B). 

Representative images of mammary gland whole mounts prepared from MMTV-Cre and 

MMTV-Cre-NEDD9. scale bar-500um, Inset – 400x, S – Secondary Branch, T – Tertiary 

Branch, TEB – Terminal End Bud.  (C). Quantification of secondary and tertiary branches 

(fields of view= 5, n=5 per geno-type). (D) Quantification of terminal end buds (TEBs) 

(fields of view= 5, n=5 per genotype). non-parametric student t-test, ±S.E.M, ns- not 

significant, TEBs -  p<0.0001. (E-F) Representative images of mammary gland whole 

mounts prepared from MMTV-Cre-Erbb2 and MMTV-Cre-Erbb2-NEDD9 mice, scale bar-

500um. Inset – 400x, S – Secondary Branch, T – Ter-tiary Branch, TEB – Terminal End 

Bud). (G). Quantification of secondary and tertiary branches and (H). terminal end buds 
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(TEBs) (fields of view= 5, n=5 per genotype). Non-parametric student t-test, ±S.E.M, ns- 

not significant, p<0.0001 for tertiary branches and TEBs. 

 

Figure 4. NEDD9 overexpression is associated with mammary intra-epithelia 
neoplasia. (A). Representative images of mouse mammary glands were stained with 

hematoxylin and eosin (H&E), genotypes as indicated in the figure. Scale bar – 20um, 

Insets - 200x. A total of 40 slides from 16-week-old nulliparous female mice with four 

genotypes were quantified. The average area per slide was 100-120mm2. MIN was 

determined by lesions characterized by glands lined by 1-2 layers of atypical epithelial 

cells with enlarged nuclei, clumped chromatin, variable nuclear size and shape, and an 

increased mitotic rate. (B). Quantification of mice with MIN per group (n=10/genotype). 

White-no MIN detected, MIN+ positive (colored). Fisher’s exact test, p*=0.0137, number 

reported in Table 1. 

 

Figure 5. NEDD9 overexpression increases proliferation of luminal cells. (A). 

Representative mammary glands images (3D confocal projections, cropped from whole 

mammary gland scanned) from n=3-6 mice per genotypes as indicated in figure, 

Fluorescent-IHC staining with anti-Ki67 (red) and DAPI - nuclei (blue), scale bar-5um. (B). 

Quantification of number of positive cells/duct normalized to area (n=5 ducts/mouse, n=5 

per genotype). Data presented as mean ±S.E.M. p-value indicated in figure panels. One-

way ANOVA, Tukey’s multiple comparisons: Cre vs. Cre-Erbb2 is non-significant (ns); 

Cre vs. Cre-NEDD9 is **p=0.009; Cre vs. Cre-Erbb2-NEDD9 is ***p<0.0001. Cre-Erbb2 

vs. Cre-NEDD9 is *p=0.0002, or vs. Cre-Erbb2-NEDD9 is ***p <0.0001.  Cre-NEDD9 vs. 

Cre-Erbb2-NEDD9 is *p=0.05.  (C) Representative mammary glands images, 

Fluorescent-IHC staining with anti-Erbb2 (green), anti-NEDD9 (red) and DAPI - nuclei 

(blue), scale bar-5um. (D). Quantification of median relative units of intensity of Erbb2 

(left) and NEDD9 (right) as in panel C, normalized to area (n=5 ducts/mouse, n=3 per 

genotype). Data presented as mean ±S.E.M. p-value indicated in figure panels. One-way 

ANOVA, Tukey’s multiple comparisons of Erbb2 expression (left): Cre vs. Cre-NEDD9 is 

non-significant (ns); Cre vs. Cre-Erbb2 is *p=0.001; Cre vs. Cre-Erbb2-NEDD9 is 

***p=0.0003. One-way ANOVA, Tukey’s multiple comparisons of NEDD9 expression 
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(right): Cre vs. Cre-Erbb2 is (ns; Cre vs. Cre-NEDD9 is *p=0.02; Cre vs. Cre-Erbb2-

NEDD9 is ***p=0.0025. (E). Representative mammary glands images (3D confocal 

projections, cropped from whole mammary gland scanned) from n=3-6 mice per 

genotypes as indicated in figure, Fluorescent-IHC staining with anti-cytokeratin 8 (green) 

or cytokeratin 5 (red) and DAPI - nuclei (blue), scale bar-5um. (F). Quantification of the 

number of luminal (K8+), basal (K5+) and double positive (K5+/K8+) cells/duct normalized 

to area/mammary gland ducts (n=5 ducts/mouse, n=5 per genotype). One-way ANOVA, 

Tukey’s multiple comparisons ±S.E.M. p-value indicated in figure panels. ns - not 

significant. Cre vs. Cre-Erbb2-NEDD9 is *p=0.01; Cre-NEDD9 vs. Cre-Erbb2 is *p=0.02 

or vs. Cre-Erbb2 is*** p<0.0001; for K5+/K8+ Cre vs. Cre-Erbb2-NEDD9 is p<0.0001; 

Cre-NEDD9 vs. Cre-Erbb2-NEDD9 is p=0.001. 

 

Figure 6. NEDD9 is overexpressed in Human HER2+ Breast Cells and supports 
resistance to lapatinib. (A). Western blot (WB) analysis of MCF10A, BT-474, SK-BR-3, 

AU565, JIMT-1 and JIMT-1-Br3 (brain metastases subline of JIMT1) using anti-NEDD9, 

-HER2 and -GAPDH as loading control. (B). WB-based quantification of NEDD9 (green) 

and HER2 (red) protein expression in cell lines as in A, n=3 independent experiments. 

Parson correlation coefficient r=0.972, with exception of JIMT1 where expression of 

NEDD9 and HER2 do not correlate. (C). Western blot analysis of lysates of AU565, JIMT1 

and BT474 cells treated with scramble (-) non-targeting control or two different shRNAs 

against NEDD9 (shNEDD9) using anti-NEDD9 and -GAPDH as loading control treated. 

(D). Cell viability assessment using Cyquant dye with different concentrations of lapatinib 

as indicated in the figure. Two-way ANOVA, Tukey’s multiple comparison +/- SEM.  

AU565, JIMT1, BT474 *p<0.0001 (DMSO vs. shNEDD-1 or -2);. 

 

Figure 7. NEDD9 expression increases proliferation through alteration of Aurora A 
Kinase expression. (A). Western blot analysis of MCF10A cells overexpressing NEDD9, 

HER2 or both with anti-NEDD9, -HER2, -pERK1/2, -ERK1/2 and -GAPDH as a loading 

control. n=3 independent experiments. (B). MTT proliferation assay using cells as in 7A 

measured at 24, 48, 72, and 96 hours. Two-way ANOVA +/- SEM, Tukey’s multiple 

comparisons; vector vs. NEDD9 or HER2+NEDD9 *p<0.001 at 96h; vector vs. HER2 is 
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ns.  (C). Representative brightfield images of mammary acini using cells as in (A), inset 

nuclei (blue) – DAPI (3D confocal projections every 10um total of 200um), scale bar – 

20um. (D). Quantification of number of cells per acini using confocal imaging (n=50 acini 

total/cell line) in 3 independent experiments. One-way ANOVA +/- SEM. Tukey’s multiple 

pairwise comparisons: vector vs. NEDD9 or HER2+NEDD9 – *p<0.001; HER2 vs NEDD9 

or HER2+NEDD9 – *p<0.001. (E). Western blot analysis of MCF10A cells as in (A) with 

anti- pAURKA, -AURKA, -GAPDH is loading control. (F). Western blot analysis of 

MCF10A cells with anti-pFAK, -FAK, -pSrc, -Src, and GAPDH is loading control. 
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Table 1. Analysis of Mammary Intraepithelial Neoplasia (MIN) in mice. 

Genotype MIN+, N (%) MIN-, N(%) 
MMTV-Cre 1 (10%) 9 (90%) 

MMTV-Cre-Erbb2 3 (30%) 7 (70%) 

MMTV-Cre-NEDD9 5 (50%) 5 (50%) 

MMTV-Cre-Erbb2-NEDD9 8 (80%) 2 (20%) 
1 MIN+ mammary intraepithelial neoplasia positive, or – negative mice. N=10 per each genotype. 
Fisher’s Exact test statistics p*= 0.0137 
 



 83 

 



 84 

 

A B

C

MCF10A
BT474

SK-BR3
AU565

JIMT1
JIMT1-Br

115

80

115

80

200

115

40

30

40

30

NEDD9

NEDD9

AU565              JIMT1                  BT474                      

HER2

GAPDH

NEDD9 HER2

GAPDH

shNEDD9:    -      +      +      -       +      +         -        +       +

Figure 6. Purazo et al.,

D

*
* *

*
*

*

*
*



 85 

 

200

150
200

150
65

50
65

50

40

30

50

40

A C

D

50

40

40

30

115

80

200

115

40

30

40

50

40

50

AURKA

pAURKA pFAK

GAPDH

HER2:    -      +       -       +       

HER2:    -       +       -        +       HER2:    -     +     -      +       

NEDD9:    -      -       +       +       

NEDD9:    -       -        +       +       NEDD9:    -      -     +     +       

NEDD9

HER2

GAPDH

MCF10A

2D Proliferation

pERK1/2

ERK1/2

E F

B

*p<0.001

Cre HER2

NEDD9 HER2-NEDD9

p<0.001 * *

FAK

pSRC

SRC

GAPDH



 86 

Supplementary Figures and Figure Legends 
 

 
 
 
 
 



 87 

 
 



 88 

Supplementary Table 1 
A
ge 

S
ex Organ Pathology diagnosis 

Gra
de ER PR HE

R2 Type 

44 F Breast Fibroadenoma - 
2+,3
0% 

3+,7
0% 0 benign 

27 F Breast Fibroadenoma - 
1+,5
% 

1+,3
% 0 benign 

23 F Breast Fibroadenoma - 
3+,8
0% 

3+,3
0% 0 benign 

19 F Breast Fibroadenoma - 
3+,9
5% 

3+,9
0% 0 benign 

23 F Breast Fibroadenoma - 
3+,9
5% 

3+,9
5% 0 benign 

25 F Breast Fibroadenoma - 
3+,9
5% 

3+,9
5% 0 benign 

23 F Breast Fibroadenoma -     0 benign 
42 F Breast Fibroadenoma -     0 benign 

48 F Breast Mild hyperplasia of breast duct - 
2+,4
0% 

1+,3
% 0 hyperp

lasia 

41 F Breast Adenosis with hyperplasia of duct - + + 0 hyperp
lasia 

40 F Breast Atypical hyperplasia in duct  2 
3+,9
5% 

3+,9
5% 0 hyperp

lasia 

76 F Breast Hyperplasia  - ++ + 0 hyperp
lasia 

37 F Breast 
Adenosis with mild hyperplasia of 
duct - 

3+,9
0% 

3+,6
0% 0 hyperp

lasia 

45 F Breast 
Adenosis with mild hyperplasia of 
duct - 

3+,9
0% 

3+,9
0% 0 hyperp

lasia 

40 F Breast Cyclomastopathy - + + 0 hyperp
lasia 

43 F Breast Adenosis with hyperplasia of duct -     0 hyperp
lasia 

34 F Breast Mild hyperplasia of breast duct -     0 hyperp
lasia 

70 F Breast Hyperplasia  -     0 hyperp
lasia 

32 F Breast Hyperplasia  -     0 hyperp
lasia 

48 F Breast Hyperplasia  -     0 hyperp
lasia 

45 F Breast 
Atypical hyperplasia of duct (grade 
II-III) -     0 hyperp

lasia 

22 F Breast Cyclomastopathy -     0 hyperp
lasia 

28 F Breast Cyclomastopathy  -     0 hyperp
lasia 
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35 F Breast Hyperplasia  - +   0 hyperp
lasia 

31 F Breast 
Cancer adjacent normal breast 
tissue (cyclomastopathy) - - - 0 NAT 

53 F Breast 
Cancer adjacent normal breast 
tissue - -   0 NAT 

35 F Breast 
Cancer adjacent normal breast 
tissue - 

3+,8
0% 

3+,6
0% 0 NAT 

61 F Breast 
Cancer adjacent normal breast 
tissue -     0 NAT 

45 F Breast 
Cancer adjacent normal breast 
tissue -     0 NAT 

36 F Breast 
Cancer adjacent normal breast 
tissue  -     0 NAT 

44 F Breast 
Cancer adjacent normal breast 
tissue  -     0 NAT 

33 F Breast 
Cancer adjacent normal breast 
tissue  -     0 NAT 

58 F Breast 
Cancer adjacent normal breast 
tissue  -     0 NAT 

46 F Breast 
Cancer adjacent normal breast 
tissue - 

2+,3
0% 1+ 0 NAT 

15 F Breast Normal breast tissue -     0 normal 
21 F Breast Normal breast tissue  -     0 normal 
21 F Breast Normal breast tissue -     0 normal 
35 F Breast Normal breast tissue -     0 normal 
19 F Breast Normal breast tissue  -     0 normal 
27 F Breast Normal breast tissue  -     0 normal 

44 F Breast Invasive ductal carcinoma  1 
3+,9
5% 

2+,90
% 1+ malign

ant 

50 F Breast Invasive ductal carcinoma 2 0 0 1+ malign
ant 

48 F Breast Invasive ductal carcinoma 2 
1+,6
0% 

2+,90
% 1+ malign

ant 

62 F Breast Invasive ductal carcinoma 2 0 0 1+ malign
ant 

68 F Breast Invasive ductal carcinoma 2 
3+,9
5% 

3+,90
% 1+ malign

ant 

44 F Breast Invasive ductal carcinoma 2 
2+,9
0% 

2+,70
% 1+ malign

ant 

54 F Breast Invasive ductal carcinoma 2 
3+,90
% 

2+,1
0% 1+ malign

ant 

55 F Breast Invasive ductal carcinoma 2 
3+,95
% 

1+,5
% 1+ malign

ant 

43 F Breast Invasive ductal carcinoma 2 
3+,95
% 

3+,10
0% 1+ malign

ant 
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62 F Breast Invasive ductal carcinoma 2 ++ ++ 1+ malign
ant 

45 F Breast Invasive ductal carcinoma 2 
3+,9
5% 

2+,5
0% 1+ malign

ant 

55 F Breast Invasive ductal carcinoma 2 0 0 1+ malign
ant 

69 F Breast Invasive ductal carcinoma - 
2+,5
0% 0 1+ malign

ant 

70 F Breast Invasive ductal carcinoma - 
1+,4
0% 0 1+ malign

ant 

71 F Breast Invasive ductal carcinoma 2 
3+,1
00% 0 2+ malign

ant 

38 F Breast Invasive ductal carcinoma 2 ++ - 2+ malign
ant 

41 F Breast Invasive ductal carcinoma 2 ++ + 2+ malign
ant 

32 F Breast Invasive ductal carcinoma 2 
3+,9
5% 

3+,9
0% 2+ malign

ant 

63 F Breast Invasive ductal carcinoma 2 
3+,9
5% 

3+,7
0% 2+ malign

ant 

59 F Breast Invasive ductal carcinoma - 
3+,8
0% 

3+,8
0% 2+ malign

ant 

65 F Breast Invasive ductal carcinoma 2 
2+,8
0% 

3+,8
0% 3+ malign

ant 

54 F Breast Invasive ductal carcinoma 2 
3+,9
5% 

3+,3
0% 3+ malign

ant 

50 F Breast Invasive ductal carcinoma  - 0 0 3+ malign
ant 

35 F Breast Invasive ductal carcinoma 2 
2+,7
0% 

2+,4
0% 3+ malign

ant 

29 F Breast Invasive ductal carcinoma 2 0 0 3+ malign
ant 

28 F Breast Invasive ductal carcinoma 2 0 0 3+ malign
ant 

55 F Breast Invasive ductal carcinoma 2 
2+,4
0% 0 3+ malign

ant 

52 F Breast Invasive ductal carcinoma 2 
3+,1
00% 

1+,3
% 3+ malign

ant 

38 F Breast Invasive ductal carcinoma 2 0 3+,5
% 3+ malign

ant 

49 F Breast Invasive ductal carcinoma  - - - 3+ malign
ant 

46 F Breast Invasive ductal carcinoma 2 0 0 3+ malign
ant 

29 F Breast Invasive ductal carcinoma 2 - - 3+ malign
ant 
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51 F Breast Invasive ductal carcinoma 3 0 0 3+ malign
ant 

62 F Breast Invasive ductal carcinoma 2 0 0 3+ malign
ant 

53 F Breast Invasive ductal carcinoma 2 0 0 3+ malign
ant 

52 F Breast Invasive ductal carcinoma - - - 3+ malign
ant 

40 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma 2 0 0 3+ metast

asis 

48 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma  - 

1+,3
% 

3+,8
0% 3+ metast

asis 

56 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma 2 0 0 3+ metast

asis 

49 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma 2 0 0 3+ metast

asis 

66 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma 2 

3+,1
00% 

2+,6
0% 3+ metast

asis 

53 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma 2 0 0 3+ metast

asis 

52 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma  2 

3+,1
00% 

1+,3
% 3+ metast

asis 

52 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma 2 

2+,5
% 0 3+ metast

asis 

28 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma 3 0 0 3+ metast

asis 

42 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma 2 0 0 3+ metast

asis 

80 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma 2 - 0 3+ metast

asis 

59 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma 2 

3+,4
0% 0 3+ metast

asis 

60 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma 2 0 0 3+ metast

asis 

28 F 
Lymph 
node 

Metastatic invasive ductal 
carcinoma  2 0 0 3+ metast

asis 
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Supplementary Western Blots 
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Figure 7A Supplementary 
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Chapter 3: Discussion and Future Directions 
 
General Discussion 
 

As mentioned in Chapter 1, breast cancer continues to be an issue even though 

many advancements have been made in the past 30 years. Specifically, it is important to 

detect and stop the disease from becoming regional or metastatic as 5-year survival rates 

decrease significantly. Treatment for HER2-positive breast cancer has been improving 

since the 1990s with the introduction of trastuzumab [1]. Previous literature presented in 

Chapter 1, provides evidence that HER2-positive tumors can arise from changes in stem 

cell differentiation [2]. NEDD9 has been implicated in various other cancers and cellular 

functions including migration, invasion, and proliferation [2-18]. NEDD9 has been shown 

to interact with various kinases such as FAK and SRC to allow for changes in cellular 

cytoskeleton dynamics [15]. Further research has concluded that NEDD9 is able to impact 

cellular proliferation through ERK1/2 as well as PI3K signaling [19]. Furthermore, previous 

research has shown that lack of proteins that mediates HER2-driven signaling such as 

p130cas and NEDD9 are able to influence the formation of spontaneous tumors [2, 20]. 

However, all of the studies to date have focused on NEDD9’s role in HER2 breast cancer 

by using mouse or cell line models that have depletion or deletion of NEDD9.  

In Chapter 2, our research has shown that NEDD9 is upregulated in HER2 positive 

breast cancers. Furthermore, we show that NEDD9 expression correlates with HER2 

protein expression (Chapter 2, Figure 1A-D, Suppl. Fig 1). When examining predicted 

drug response and relapse free survival, we uncovered that NEDD9 overexpression 

predicted a much worse outcome in terms of both therapy response as well as the 

possibility of relapse (Chapter 2, Figure 1F-G Suppl. Fig2).  

We created a mouse model with overexpression of NEDD9 to better understand 

its role in the mammary gland biology and tumorigenesis. This was done by expressing 

cDNA of human NEDD9 fx/fx under control of CAG promoter. This allowed for tissues 

specific expression of NEDD9 by crossing with mice which express Cre recombinase in 

the mouse mammary gland (Chapter 2, Figure 2A-F). It was previously shown that whole 

body NEDD9 knock out did not affect mammary gland development. To understand how 

NEDD9 overexpression influences mammary tumorigenesis and mammary gland 
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development, we compared mammary gland whole mounts from mice that only 

expressed MMTV-Cre as well as MMTV-Cre-NEDD9. We found that mice that 

overexpressed NEDD9 showed increases in bud to branch ratio and while no difference 

was found in the secondary and tertiary branches (Chapter 2, Figure 3A-D). Furthermore, 

when MMTV-Cre-NEDD9 mice were compared to mice that expressed MMTV-Cre-

Erbb2-NEDD9 mice, we found increases in the number of tertiary branches and well as 

terminal end buds (Chapter 2, Figure 3E-H).  

To understand now NEDD9 overexpression might be affect mammary gland 

pathology, we stained mammary gland tissues with hematoxylin and eosin. We found that 

mice that overexpress NEDD9 show an increase in mammary intra-epithelial neoplasia 

(MIN) at 16 weeks of age (Chapter 2, Figure 4A-B, Table 1) indicative of dysregulation of 

mammary gland cell proliferation.  

To examine the effects of NEDD9 overexpression we evaluated the mouse 

mammary gland for changes at the cellular level. HER2 tumors are known to have 

increased expression of Ki67 (proliferation marker) [21]. We found that mice that express 

NEDD9 or NEDD9 and HER2 have significantly increased expression of Ki67 as 

compared to control or HER2 only (Chapter 2, Figure 5A-B) groups. Importantly, we show 

that in mice that expressed both NEDD9 and HER2 there was an increase in keratin 8+ 

(K8) luminal cells, however, the number of keratin 5+ (K5) myoepithelial cells were not 

affected (Chapter 2, Figure 5C-D). The number of cells that express both K8 and K5 were 

also increased (Chapter 2, Figure 5E-F).  

Similarly, to Figure 1 findings, the analysis of HER2+ human breast cancer cell 

lines for expression of both HER2 and NEDD9 shows significant correlation. We found 

that BT-474, SK-BR-3, JIMT-1 and JIMT-1-Br3 all expressed increased levels of NEDD9 

as compared to MCF10A cells (Chapter 2, Figure 6A). In testing cells lines for sensitivity 

to HER2+ therapy lapatinib, we found that NEDD9 depletion by shRNA was able to 

increase sensitivity in SK-BR-3, JIMT-1, BT-474 and AU565 (Chapter 2, Figure 6D). This 

suggests, as previously shown with ROC data in Figure 1, NEDD9 depletion is 

advantageous as it sensitizes resistant cells to HER2 therapy.  

To better understand how NEDD9 and HER2 function together, we utilized 

MCF10A normal cells and overexpressed NEDD9 and HER2. We discovered that cells 
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that overexpressed NEDD9 or HER2 and NEDD9/HER2 have increased proliferation in 

after 72 hours (Chapter 2, Figure 7B). This suggests overexpression of NEDD9 was able 

to overcome contact inhibition. MCF10A cells plated in 3D Matrigel matrix will form duct-

like structures (acini), polarized spheroids, of a single layer [22]. Previous research has 

shown HER2 overexpression in MCF10A cells causes enlargement of acini and loss of 

polarization [23]. The addition of NEDD9 allow for expansion of acini alone and in 

combination with HER2, however, this was not an additive effect (Chapter 2, Figure 7D). 

Previously NEDD9 has been shown to interact and activate mitotic kinase AURKA. 

Similarly, to previous reports, AURKA expression and activity was increased in HER2+ 

cells with upregulation of NEDD9. Interestingly we show that HER2 alone was able to 

stabilize total AURKA (Chapter 2, Figure 7E) but did not increase its activity. Furthermore, 

clinical targets of HER2, such as FAK and Src were not affected by NEDD9 

overexpression (Chapter 2, Figure 7F). Overall, this suggests that non-canonical AURKA 

kinase driven activation of proliferation takes place upon NEDD9 upregulation in HER2+ 

cells.  

 
Future Directions 
 

Due to the interesting finding of NEDD9 function in HER2-driven breast cancer, 

further work is needed to understand how NEDD9 is able to influence tumor metastasis 

within the HER2 subtype. Additional research is also needed to understand molecular 

mechanisms of NEDD9 degradation and its role in sensitizing therapy-resistant cancers. 

We show both through modeling and experiments that NEDD9 depletion is able to 

sensitize cells to anti-cancer agent. The question becomes what global genomic changes 

are occurring that allow for this sensitivity to be restored. This knowledge would aid in the 

ability to development new anti-NEDD9 agents. This is important as there are no NEDD9 

inhibitors currently available.  
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