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CHAPTER I 

 

INTRODUCTION 

 

Breast cancer is not a single disease (brief overview) 

Breast cancer is a diverse collection of distinct neoplastic diseases that 

originate from luminal and adjacent myoepithelial cells lining the milk ducts. The 

heterogeneity of this disease was initially observed through histopathology and 

molecular pathology but the true extent of disease diversity became apparent 

through molecular stratification of breast tumors by gene expression profiling. 

Initially, invasive ductal carcinomas (IDC) were molecularly classified into five 

distinct subtypes: luminal A, luminal B, ERBB2, normal breast-like and basal-like. 

Furthermore, these molecular subtypes were associated with different prognostic 

outcomes with the basal-like subtype demonstrating the poorest overall outcome 

(Sorlie, et al, 2003) (Figure 1). In the clinical setting, based on 

immunohistochemical classification, these subtypes fall into two categories: 

estrogen receptor (ER)-positive (luminal A and B) and two derived from ER-

negative tumors (basal-like and ERBB2) (Sorlie, et al, 2001; Sorlie, et al, 2003). 

The overall frequency of these two categories of breast cancer subtypes in the 

population is 65-70% ER-positive and 30-35% ER-negative (Polyak & Metzger 

Filho, 2012).  

Even though it has been over a decade since Sorlie and colleagues 

initially demonstrated the molecular complexity of breast cancer, achieving  
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Figure 1. Breast cancer molecular classification and clinical implications. 
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Figure 1. Breast cancer molecular classification and clinical implications.  
Gene expression patterns of 85 experimental samples representing 78 
carcinomas, three benign tumors, and four normal tissues, analyzed by 
hierarchical clustering using the 476 cDNA intrinsic clone set. (A) The tumor 
specimens were divided into five (or six) subtypes based on differences in gene 
expression. The cluster dendrogram showing the five (six) subtypes of tumors 
are colored as: luminal subtype A, dark blue; luminal subtype B, yellow; luminal 
subtype C, light blue; normal breast-like, green; basal-like, red; and ERBB21, 
pink. (B) The full cluster diagram scaled down (the complete 456-clone cluster 
diagram is available as Figure 4). The colored bars on the right represent the 
inserts presented in C–G. (C) ERBB2 amplicon cluster. (D) Novel unknown 
cluster. (E) Basal epithelial cell-enriched cluster. (F) Normal breast-like cluster. 
(G) Luminal epithelial gene cluster containing ER. (H-I) Overall and relapse-free 
survival analysis of the 49 breast cancer patients, uniformly treated in a 
prospective study, based on different gene expression classification. (H) Overall 
survival and (I) relapse-free survival for the five expression-based tumor 
subtypes based on the classification presented in (A) (luminals B and C were 
considered one group). (Figure 1 and 3, Sorlie, PNAS, 2001)   
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appropriately aligned treatment to the disease subtype is still in progress. This is 

evident by the estimated 40,000 breast cancer deaths this year, ranking it as a 

second cause of cancer death in women (Society, 2014). This calls for further 

assessment of the treatment approaches currently used in clinical settings.  

The present standard-of-care treatment has been broken down based on 

the expression of the protein markers ER, progesterone (PR) and human 

epidermal growth factor receptor 2 (HER2). The ER-positive patients (Luminal 

A/B) undergo anti-estrogen therapy (ex. tamoxifen) (Group, 2011). The therapies 

for HER2-positive patients are based on combination of targeted drugs (ex. 

trastuzumab/Herceptin) and cytotoxic chemotherapy (Piccart-Gebhart, et al, 

2005). It is important to point out that since the introduction of the targeted 

therapy in HER2-positive patients there has been a dramatic improvement in 

long-term outcome. Unfortunately, unlike the three subtypes mentioned above, 

there are no targeted therapies for the basal-like breast cancers.  

The best definition for basal-like breast cancer is still a ‘black hole’ as 

there still is no consensus about how best to define a basal-like breast cancer 

(Bertucci, et al, 2008; Carey, et al, 2010; Kreike, et al, 2007; Lehmann & 

Pietenpol, 2014). Different immunohistochemical markers are used to identify this 

phenotype, but there is no universally acceptable criteria or set of markers in use 

to define this subtype of breast cancer (Abd El-Rehim, et al, 2004; Nielsen, et al, 

2004; van de Rijn, et al, 2002). It has been suggested that, until these criteria are 

developed, staining for ER, PR, and HER2 would correctly classify the majority of 

basal-like breast cancers. In fact, the basal-like category significantly, but not 
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completely, overlaps with triple-negative breast cancers (TNBC), that is, tumors 

that are negative for ER, PR and HER2. Using ER, PR, and HER2 status, 

analysis of large series of triple-negative breast cancers with long-term follow-up 

found that patients with the disease have an increased likelihood of distant 

metastasis and death compared to women with other types of breast cancer 

(Dent, et al, 2007). Despite differences in taxonomy, there is a consistent trend 

across all studies confirming the relatively poor prognosis of the triple negative or 

basal-like breast cancer subgroup (Abd El-Rehim, et al, 2005; Abd El-Rehim, et 

al, 2004; Jones, et al, 2004; Nielsen, et al, 2004; van de Rijn, et al, 2002). The 

lack of association between tumor size and lymph node positivity, the high rates 

of distal metastasis, and the relative rarity of local recurrence all suggest that 

patients with triple negative breast cancer have a tendency to develop visceral 

metastases early in the course of their disease. Chemotherapy is the main 

therapy for these women (Huober, et al, 2010; Liedtke, et al, 2008; Rouzier, et al, 

2005). There is a major need to better understand the molecular basis of triple 

negative breast cancer and to develop effective therapeutic options to target this 

aggressive type of breast cancer. Both are goals of the studies reported in this 

thesis. 

Triple Negative Breast Cancer 

TNBC characteristics: pathologic, clinical and molecular features 

In addition to molecular-profiling diversity, variation in histopathology types 

marks TNBC as a heterogeneous entity. The majority of TNBC fall under ductal 

histologic type (~88.7%), however other histologic types have been observed in 
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TNBC tumors thus highlighting further the heterogeneity of this disease. Among 

non-ductal histologic TNBC type, apocrine (~3.7%), lobular (~2.3%), adenoid 

cystic (~1.3%), metaplastic (~1.3%) (Montagna, et al, 2013) have been identified 

and these types of TNBC appear to have better prognosis (Montagna, et al, 

2013; Rakha, et al, 2007; Reis-Filho & Tutt, 2008; Weigelt, et al, 2008). 

Specifically, the absence of lymph node involvement has been demonstrated in 

all adenoid cystic, 60% of metaplastic, 55% of apocrine and 44% of lobular 

carcinoma (Montagna, et al, 2013).  

A main feature of TNBC is high frequency of p53 mutations (~54% of 

TNBC) (Polyak & Metzger Filho, 2012). Among others, pathologic features 

include elevated mitotic count, high apoptotic rate, lymphocyte infiltration and 

metaplasia (Rakha, et al, 2007). Furthermore, TNBC frequently express EGFR 

(HER1) and basal cytokeratins (predominantly, 5, 14 and 17) (Reis-Filho & Tutt, 

2008; Viale, et al, 2009). Compared to other tumor types, TNBC are less likely to 

express epithelial markers (e.g., E-cadherin) (Rakha, et al, 2007) while being 

more likely to express myoepithelial markers (e.g., p63, P-cadherin) (Matos, et al, 

2005). They also have high expression of cyclin E while low levels of cyclin D1 

(Bostrom, et al, 2009; Voduc, et al, 2008). It is important to note that a majority of 

these features are associate with poor prognosis in breast cancer (Bostrom, et al, 

2009; Shin, et al, 2008; Tsutsui, et al, 2002; van de Rijn, et al, 2002; Viale, et al, 

2009).  

          Epidemiologically, TNBC occurs more frequently in younger patients (<50 

years old) and generally have more aggressive characteristics (Bauer, et al, 
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2007). Dent and colleagues have shown that in a cohort of 1061 breast cancer 

(BC) patients, the TNBC group separated from rest of breast cancer with an 

increased risk of distant recurrence following diagnosis (Dent, et al, 2007). 

Furthermore, analysis of distant recurrence pattern indicated a highest 

recurrence for TNBC with 1-3 years after the initial diagnosis. In addition, the 

overall survival among TNBC patients was shorter in comparison to other BC 

subtypes (Dent, et al, 2007). Similar observations were presented in cohort of 

1100 BC patients, where three year overall survival was significantly lower in 

TNBC patients (Liedtke, et al, 2008).  

          An interesting population-based study indicated that in premenopausal 

African American women developing breast cancer, TNBC is more prevalent 

(39%) then in premenopausal women from other racial groups (Carey, et al, 

2006; Lund, et al, 2009). Studies further indicate that after adjusting for age and 

stage frequency of TNBC is 2-3 times greater in African American women (47% 

of their breast tumors) compared to European American (22% of their tumors) 

(Carey, et al, 2006; Lund, et al, 2009). African American women more likely to 

have higher grade tumors, generally larger in size, presented with higher mitotic 

activity. In addition some of the characteristics in these tumors include 

expression of genes related to cell cycle and apoptosis (ex. p53, p16, cyclin E, 

cyclin D, Bcl-2 etc.) (Lund, et al, 2009). Additionally, Bauer and colleagues have 

emphasized in their population-based study that in addition to race/ethnicity, 

younger age was found to be an important risk factor in TNBC (Bauer, et al, 

2007). Other risk factors that have been correlated with predisposition to 
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developing TNBC, independent of race status, include young age at first birth, 

usage of oral contraceptive (especially in women ≤45 years of age) (Dolle, et al, 

2009), and obesity (if premenopausal) (Kwan, et al, 2009; Millikan, et al, 2008). 

Although multiple studies link the African American women to higher 

predisposition to TNBC, we need to keep in mind that besides genetic/molecular 

differences, other factors such as socioeconomic status of the patient, could be 

contributing to these observations.  

Molecular subtypes of TNBC and their clinical relevance 

The severity of TNBC disease has raised the need for further 

understanding and alternative drug treatment approach. Since TNBC lacks well-

defined molecular targets, integrative and comprehensive genomics and 

molecular analyses of TNBC were required to understand the complexity of the 

disease as well as to allow identification of uniform subsets and driver pathways 

that can then be therapeutically targeted.  

Lehmann and colleagues compiled an extensive number of TNBC gene 

expression (GE) profiles and initiated molecular subtyping of the disease 

(Lehmann, et al, 2011). This led to novel discovery of six distinct TNBC subtypes, 

shedding light on complexity and heterogeneity of this disease and unique 

biology within each subtype (Figure 2). The identified subtypes consisted of two 

basal-like TNBC subtypes (BL1 and BL2); two mesenchymal subtypes (M and 

MSL); an immunomodulatory (IM) type; and a luminal subtype driven by 

androgen signaling (LAR). BL1 subtype was enriched for cell division and DNA  
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Figure 2. Triple negative breast cancer subtypes 
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Figure 2. Triple negative breast cancer subtypes 
GE patterns within TNBC subtypes are reproducible. Heat maps showing the 
relative GE (log2, –3 to 3) of the top differentially expressed genes (P < 0.05) in 
each subtype in the training set (left) and the same differentially expressed genes 
used to predict the best-fit TNBC subtype of the validation set (right). 
Overlapping gene ontology (GO) terms for top canonical pathways in both the 
training and validation sets as determined by GSE-A are shown to the right of the 
heat maps. (Figure 3, Lehmann, JCI, 2011)  
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damage response pathway components while BL2 was had high expression of 

growth factor signaling (EGF, IGF1R, WNT/β-catenin) and TP63. M/MSL 

subtypes were represented with genes involved in epithelial to mesenchymal 

transition (EMT), motility, extracellular matrix (ECM) and cell differentiation 

pathways. Unlike M, MSL subtype was enriched for genes associated with cell 

‘stemness’ while decreased expression of proliferation genes (Lehmann, et al, 

2011).  

 Furthermore, the differential GE was used to define 25 TNBC cell line 

models representative of these subtypes (Lehmann, et al, 2011). Predicted driver 

signaling pathways were pharmacologically targeted in these preclinical models 

as proof of concept that analysis of distinct GE signatures can inform therapy 

selection. In this case it was demonstrated that representative BL1 and BL2 

subtype cell lines significantly respond to cisplatin. The mesenchymal subtype 

cell lines had the greatest sensitivity to phosphatidylinositol 3-kinase (PI3K) 

inhibitor while luminal AR were more responsive to anti-androgen therapy 

(bicalutamide) (Figure 3). 

TNBC were classically considered as synonymous of the basal-like breast 

cancer molecular subtype portrayed by Perou and colleagues (Perou, et al, 

2000). However, only 80% of TNBC present with basal-like molecular 

characteristics according to gene-expression profiling (Bertucci, et al, 2008), so 

TNBC and the basal-like breast cancer should be considered as distinct 

categories with incomplete overlap (Bastien, et al, 2012; Rakha & Ellis, 2009; 
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Tan, et al, 2008). The main overlap includes high frequency of p53 mutation, lack 

of ER/PR and HER2 expression as well as being more likely to be high-grade 

tumors. The part that makes them distinct has been recently demonstrated using 

a GE comparison between prediction analysis microarray 50 genes (PAM50) and 

TNBC subtype signature applied to 374 TNBC patients identified from 14 

independent datasets (n=2441 samples) (Lehmann & Pietenpol, 2014). The 

result indicated that based on PAM50 the majority of the TNBC samples, when 

normalized within 2441 cohort of all breast cancers, were classified as basal-like 

(81%), as expected based on the previous studies, while the remaining subtypes 

were HER2 (10%), normal-like (5%), luminal B (3%), and luminal A (1%) (Figure 

4) (Lehmann & Pietenpol, 2014). However, when 374 TNBC samples were 

removed from the 2441 cohort and normalized independently, then analyzed 

using PAM50 the results shift across the subtypes with basal-like still being the 

dominant one (52%), HER2 (8%), and increase in normal-like (9%), luminal B 

(19%) and luminal A (12%). These results indicate that it is easy to misclassify 

TNBC samples, as it is highly dependent on the normalization approach driven 

by the sample size. This study has further analyzed TNBC subtypes (BL1, BL2, 

IM, M, MSL and LAR) using PAM50. Basal like subtypes (BL1, BL2), 

immunomodulatory (IM) and mesenchymal (M) were primarily represented as 

basal-like ranging from 85% to 99%. In contrast, MSL and LAR were represented 

with ~50% and ~2% basal-like, respectively. The LAR subtype was heavily 

enriched with HER2 subtype (74%) based on PAM50, which is counterintuitive, 

as these are TNBC patients. Ongoing emerging preclinical and clinical data  
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Figure 3.   Drug treatments of TNBC subtyped cells 

Part 1. 

Part 2. 

!!

!!

Lehmann, JCI, 2011 



 
 

38 

 
 
 
 
 
 
 
Figure 3. Drug treatments of TNBC subtypes.  
Part 1. Basal-like TNBC subtypes have differential sensitivity to DNA-damaging 
agents. IC50 values for TNBC cell lines treated with PARP inhibitors (A) 
veliparib, (C) olaparib, or (E) cisplatin for 72 hours. Error bars reflect SEM for 3 
independent experiments. Black horizontal lines above various bars in the plots 
indicate cell lines that failed to achieve an IC50 at the highest dose of veliparib 
(30 µM), olaparib (100 µM), or cisplatin (30 µM). Cell lines that carry BRCA1 or 
BRCA2 mutations (pink) are displayed below the graph. Dot plot shows the log 
distribution of drug sensitivity to PARP inhibitors (B) veliparib, (D) olaparib, or (F) 
cisplatin in the basal-like subtypes (BL = BL1 + BL2), the mesenchymal-like 
subtypes (ML = M + MSL), and the LAR subtype. Black horizontal bars in the dot 
plot indicate the mean IC50 for each of the subtypes. *Statistically significant 
differences in IC50 values of BL compared with ML (P = 0.017) and LAR (P = 
0.032), as determined by Mann-Whitney U test. Part 2. Differential sensitivity of 
the LAR TNBC subtype to AR and Hsp90 inhibitors. IC50 values for each TNBC 
cell line after treatment with (A) bicalutamide or (C) the Hsp90 inhibitor 17-DMAG 
for 72 hours. Black bar above bicalutamide indicates cell lines that failed to 
achieve an IC50. Heat map displays relative AR expression (log2) across TNBC 
cell lines. Dot plot shows log distribution of drug sensitivity to (B) bicalutamide or 
(D) 17-DMAG in the basal-like (BL = BL1 + BL2), mesenchymal-like (ML = M + 
MSL), and LAR subtypes. Black horizontal bars in the dot plot indicate the mean 
IC50 for each of the subtypes. *Statistically significant differences in IC50 values 
of LAR versus BL (P = 0.007) or ML (P = 0.038) after bicalutamide and LAR 
versus BL and ML (P = 0.05) after 17-DMAG treatments, as determined by 
Mann-Whitney U test. (Figures 4, 5, Lehmann, JCI, 2011) 
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Figure 4. TNBC subtype comparison with intrinsic PAM50 subtyping. 
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Figure 4. TNBC subtype comparison with intrinsic PAM50 subtyping. 
Relationship between molecular TNBC subtypes and the intrinsic breast cancer 
subtypes. (A) Using a bimodal filter on ER, PR and HER2 expression, 374 TNBC 
samples were extracted from 2441 breast cancer gene expression microarray 
profiles originating from 14 datasets (GSE1456, GSE1561, GSE2034, GSE2109, 
GSE2990, GSE2603, GSE5327, GSE5460, GSE5847, GSE7390, GSE11121, 
GSE12276, GSE18864 and GSE20194). The TNBC samples were either 
normalized with all samples (left dendrogram branch), followed by PAM50 
prediction for intrinsic breast subtypes, or normalized alone (right dendrogram 
branch), followed by prediction with PAM50 (left) or TNBCtype (right). Doughnut 
pie charts display the relative distribution of the same 374 TNBC samples 
analysed using the indicated subtype tools. (B) Pie charts represent analysis of 
the indicated TNBC subytpes using the PAM50 intrinsic subtype tool. Pie charts 
display the TNBCtype composition of either (C) basal-like or non basal-like TNBC 
or (D) low-claudin versus high-claudin TNBC. BL1, basal-like 1; BL2, basal-like 2; 
IM, immunomodulatory; M, mesenchymal; MSL, mesenchymal stem-like; LAR, 
luminal AR. (Figure 1, Lehmann, 2014, J Pathol)  
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suggest that the androgen receptor may serve as a therapeutic target in LAR 

TNBC subtype (Lehmann, et al, 2011). Although this is currently an active areas 

of investigation it does beg the question regarding current aligning of treatments 

with the breast diseases and why we might not have success in treating TNBC 

compared to rest of breast cancers types.  

Although Lehmann and colleagues have demonstrated that TNBC is 

heterogeneous and as such can be classified into 6 groups with distinct 

molecular signatures, the clinical application of this finding was still needed. The 

first steps were performed by Chen and colleagues in which they developed a 

web-based subtyping tool (TNBCtype) that determines TNBC molecular subtype 

using Lehmann’s gene expression meta data thus independent of platform 

(Chen, et al, 2012). The TNBCtype tool displays for each candidate TNBC 

sample a prediction of a subtype, which is based on correlation coefficient, and 

the permutation p-value. The overall purpose of TNBCtype tool was to subtypes 

for new TNBC samples and as such used as a potential way to facilitate 

diagnostics thus help tailor treatments for TNBC (Chen, et al, 2012). This idea of 

distinguishing TNBC types and aligning it with an appropriate targeted therapy 

based on gene expression signature was recently translated to a clinical 

relevancy by Masuda and colleagues (Masuda, et al, 2013). They have 

revalidated Lehmann and colleagues results by performing analysis of an 

independent cohort of TNBC consisted of 130 cases treated with neoadjuvant 

Adriamycin/Cytoxan/Taxol–containing chemotherapy (Masuda, et al, 2013). 

Although the overall pathologic complete remission (pCR) rate was 28%, 
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subtype-specific responses differed substantially with the BL1 subtype having 

highest pCR rate (52%) while the BL2, LAR, and MSL subtypes had the lowest 

response (0%, 10%, and 23%, respectively). Additionally, TNBC subtype was 

shown to be an independent predictor of pCR status (p= 0.022) by a likelihood 

ratio test.  

Masuda’s findings were further confirmed using 163 primary cases in The 

Cancer Genome Atlas (TCGA) that were defined as TNBC (Mayer, et al, 2014). 

These TCGA TNBC tumors were subtyped using the TNBCtype tool described 

above. The conclusions of this follow up study were that there was a very similar 

distribution of subtypes and subtype-specific differences in survival as reported 

by Masuda and colleagues.  

It is becoming evident that TNBC cannot be treated in similar fashion as 

the rest of breast cancers. A specific alignment of TNBC patient subtype to the 

treatment appears to be warranted, based on the recent findings of heterogeneity 

(Shah, et al, 2012) and classification of TNBC (Lehmann, et al, 2011; Lehmann & 

Pietenpol, 2014) as well as its clinical relevance (Masuda, et al, 2013). Recently 

TNBC subtype specific therapies were proposed (Davis, et al, 2014) based on 

Lehmann’s cell culture data and knowledge of key pathways ‘drivers’ in each 

subtype (Table 1). Overall the field is becoming more aware of the complexity of  

TNBC. Even though treatment according to the molecular TNBC subtypes has 

not been evaluated in a clinical setting, the emerging findings suggest a potential 

for translation to clinical setting.  
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Table 1. Proposed TNBC subtype specific therapies  

  Table 1 Davis, Ther Adv Med Oncol 2014, Vol. 6(3) 88–100 
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Current standard of care for TNBC and new therapeutic strategies 

Treatment of patients with TNBC has been challenging due to the 

heterogeneity of the disease and the absence of well-defined molecular targets 

agreeable to therapeutic intervention (Carey, et al, 2007; Pegram, et al, 1998; 

Wiggans, et al, 1979). The current standard of care treatment is based mainly on 

chemotherapy, however ongoing trials are exploring alternative avenues 

including variety of combination therapies targeting specific receptors/pathways 

some of which are described below.  

Chemotherapy 

Currently, the cytotoxic chemotherapy is the standard of care treatment for 

TNBC patients, despite the promise of targeted therapies as demonstrated by 

Lehmann and colleague (Lehmann, et al, 2011). Current best chemotherapy 

regimen for early breast cancer based on anthracyclines and taxanes. Studies 

have shown that anthracycline-based chemotherapy of TNBC patients results in 

23% increase in disease-free survival (DSF) (Di Leo, et al, 2010). Furthermore, in 

a separate neoadjuvant study, basal-like patients treated with paclitaxel-CAF 

[cyclophosphamide, doxorubicin (adriamycin), fluorouracil] chemotherapy were 

associated with increased likelihood of pathologic complete response (pCR) 

(Rouzier, et al, 2005). Similarly, in a neoadjuvant setting consisting of a large 

cohort of 1118 patients (MD Anderson Cancer Center) treated with 

chemotherapy (anthracyclines-based regimen) achieved a pCR of 22% (or 28% 

with addition of taxane) in TNBC patients in comparison to 11% pCR in non-

TNBC patients (Liedtke, et al, 2008). In a GeparTrio study consisting of taxane-
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anthracyclin (TAC: docetaxel, doxorubicin, cyclophosphamide) chemotherapy, 

the higher pCR rates were in TNBC (38.9%) compared to non-TNBC (15.2%) 

(Huober, et al, 2010). In general, based on the results of clinical trials, non-

metastatic TNBC treated with neoadjuvant chemotherapy appear to have better 

response compared to non-TNBC. This is paradoxical as the overall prognosis 

for TNBC patients is poorer compared to non-TNBC patients. This was 

demonstrated in the 1118 cohort where TNBC patients despite having higher 

pCR (22%, 28%) compared to non-TNBC (11%); only had 74% survival (3 years) 

compared to 89% survival in non-TNBC patients (Liedtke, et al, 2008). Thus even 

though a fraction of TNBC patients do respond favorably to chemotherapy the 

side effects toxicities are significant, but most importantly ultimately even the 

pCR patients eventually relapse. Overall, the standard of care revolving around 

anthracycline/taxane-based regimen might not be the most appropriate option for 

TNBC as it benefits a small percentage and it does not guarantee an absence of 

relapse.  

Chemotherapies are likely to preferentially benefit a fraction of TNBC 

patients because of rapid proliferation rates as well as the intrinsic genomic 

instability of TNBC cells dictated by deficiency in DNA repair (Graeser, et al, 

2010). However, the observed high frequency of BRCA1 mutation in TNBC 

(Gonzalez-Angulo, et al, 2011; Turner, et al, 2010) has stimulated the idea to use 

platinum-based chemotherapy (cisplatin, carboplatin) more routinely in TNBC 

patients. Considering that BRCA1 and BRCA2 are crucial in regulating DNA 

double-strand break repair by mediating homologous recombination (HR) and 
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thus maintaining DNA stability (McCabe, et al, 2006), it has been hypothesized 

that mutations in these genes would lead to higher sensitivity to platinum agents 

as these cause to DNA cross-link strand breaks. The idea that TNBC would be 

sensitive to platinum salts was suggested by a cisplatin-based TNBC study 

(Garber trial) where overall efficacy in neoadjuvant setting was 22% and pCR 

was associated with both mutation of and low expression of BRCA (Silver, et al, 

2010). Further studies demonstrated an 83% pCR rates in women with BRCA1-

positive breast cancers after neoadjuvant chemotherapy with single-agent 

cisplatin (Byrski, et al, 2010). Additional evidence for efficacy of platinum agents, 

this time addition of carboplatin to TNBC patients (N= 315) from GeparSixto trial 

(GBG 66) resulted in an increase of the pCR rate from 37.9% to 58.7% (Von 

Minckwitz, et al, 2013). By contrast, the addition of carboplatin did not improve 

pCR in the GEICAM 2006-03 phase II randomized trial (Alba, et al, 2012). This 

raises a couple of points, first that carboplatin might not be as effective as 

cisplatin but also that platinum-based regimen is affected by the rich molecular 

diversity of TNBC (similar to what we see in anthracyclin/taxane treatments). 

Considering that the heterogeneity of TNBC poses problems to current 

treatments, it is critical to identify predictive biomarkers to inform a better 

selection of more precise therapies for patients. Investigation of new therapeutic 

approaches based on the genetic and biological underpinnings of TNBC 

subtypes is of a great need (Mayer, et al, 2014). 
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Targeted therapy 

Targeting genomic instability (DNA repair mechanisms and PARP inhibitors) 

As mentioned above, BRCA mutations are frequent in TNBC patients 

(Foulkes, et al, 2003) while the TNBC patients without BRCA mutation still exhibit 

defects that are associated with BRCA related functions (Turner, et al, 2004). 

Through homologous recombination, BRCA genes are involved in repair of 

double-stranded breaks. Thus, in tumors with BRCA mutation, inhibiting 

additional pathways of DNA repair could lead to cell death. Considering that 

BRCA-deficient tumors rely on poly-AD-ribose polymerase (PARP) to mediate 

DNA repair it was a logical step to pursue PARP inhibitors as a new target in 

TNBC. Since PARP enzymes are critical for appropriate processing and repair of 

DNA breaks (Johnson, et al, 2011), PARP inhibition resulted in high antitumor 

activity (Farmer, et al, 2005; Fong, et al, 2009; Lord, et al, 2006; Tutt & Ashworth, 

2008; Tutt, et al, 2010) due to unrepaired single-strand breaks that degenerate to 

double-strand breaks. Similar to platinum compounds, PARP inhibition (iniparib) 

has shown an impressive clinical response (Telli ML, et al, 2011) especially in 

patients with BRCA1-mutations where disease-free and overall survival 

significantly improved (from 32% to 52%) when combined with carboplatin and 

gemcitabine (O'Shaughnessy, et al, 2011a). However, other TNBC patients that 

appeared to have a BRCA-deficient phenotype have not responded as expected 

to PARP inhibition (olaparib) (Gelmon, et al, 2011). Further more, a large 

multicenter phase III trial evaluating addition of iniparib to carboplatin and 

gemcitabine failed to meet its specified endpoints goals for progression-fee and 

overall survival. Although the trial failed its specified statistical criteria did not 
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show a signal of efficacy to determine its mechanism of action, thus there may be 

TNBC patients that could be sensitive (O'Shaughnessy, et al, 2011b). In addition 

to iniparib and olaparib, other studies have evaluated valiparib and have 

demonstrated promising results in metastatic breast cancers of any type with 

BRCA-mutation (Fong, et al, 2009) (Somlo, et al, 2013). Overall, these mixed 

results speak again to the biological, genetic and biochemical diversity of TNBC, 

which has not been addressed in trials to date.  

Targeting the adaptive cellular state (PI3K/AKT/mTOR pathways) 

The phosphatidylinositol 3 kinase (PI3K), V-Akt-murine thymoma viral 

oncogene homolg 1 (AKT) and mammalian repressor of rapamycin (mTOR) 

pathway is a known oncogenic driver in human cancer and it can regulate cell 

proliferation, apoptosis and migration among others (Bader, et al, 2005). 

Activation of PI3K can be triggered via growth factor receptor pathways or 

integrin-mediate pathways, and once PI3K is active it leads to downstream 

signaling which result in AKT activation, and ultimately activation of mTOR 

(Vivanco & Sawyers, 2002). Mutations in PI3K pathway are commonly found in 

both ER/PR/HER2 positive as well as TNBC cancers (PIK3CA 10.2%) (Baselga, 

2011; Lopez-Knowles, et al, 2010; Marty, et al, 2008). PIK3CA mutations have 

also been observed in metaplastic breast carcinomas (47%), which as described 

above, is an infrequent and very aggressive TNBC subtype (Hennessy, et al, 

2009). It is also interesting to note that studies have demonstrated an association 

between upregulation of PI3K/AKT pathway and PTEN (a tumour suppressor and 

negative regulator of the PI3K pathway) loss, which occurs in ~30% of TNBC and 
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is associated with poorer overall survival (Adamo, et al, 2011; Korse, et al, 2012).  

The PI3K/AKT/mTOR pathway is becoming a promising therapeutic target 

in TNBC, as indicated by emerging preclinical finding and ongoing clinical trials. 

Preclinical in vitro and in vivo studies suggested combining PI3K inhibitors with 

PARP. For example, in an in vitro study, administration of PARP inhibitor and 

PI3K combination was more efficacious, as they significantly decreased cell 

growth, then when applied individually to breast cancer cells (Kimbung, et al, 

2012). Furthermore, in BRCA1 deficient breast cancer mouse model, treatment 

with a combination of PI3K (BKM120) and PARP inhibitors (olaparib) resulted in 

a significant decrease in tumor growth, suggesting a synergistic effect is more 

favorable then mono-therapy approach.  

Overall, data suggest that targeting the PI3K pathway could be clinically 

relevant in TNBC. In addition, although there are no published results to date, the 

ongoing mTOR clinical trials will further elucidate the role of everolimus and other 

mTOR inhibitors (ex. temsirolimus) in neoadjuvant setting.  

Targeting growth factor receptors 

EGFR: Based on multiple reports, the expression of epidermal growth 

factor receptor (EGFR) in the TNBC is not uncommon as it can found in 45%-

70% of TNBC (Nielsen, et al, 2004). This finding has made EGFR an attractive 

target for therapy. Multiple trials have attempted various drug combination 

approaches, to test the efficacy of EGFR inhibitors. It is not a surprise that once 

again we will be witnessing mixed results as far as the current progress in 
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treating TNBC patients with EGFR drugs.  

In the Translational Breast Cancer Consortium (TBCRC 001) randomized 

phase II study, when cetuximab, anti-EGFR monoclonal antibody, was used 

alone it was less effective (6% response rate); however it did improve efficacy, 

although still low, when used in combination with carboplatin (17% response 

rate) (Carey, et al, 2012). Furthermore, in US Oncology 225200 Trial, adding 

cetuximab to carboplatin and irinotecan increased the response rate from 30% to 

49%, however it did not improve progression-free survival (O’Shaughnessy, et al, 

2007). Modest benefits of addition of cetuximab to cisplatin was observed in the 

largest EGFR trial, BALI-1, which evaluated 173 TNBC patients. The results of 

the trial indicated improvement in progression–free survival, however no change 

in response rate or overall survival was achieved (Baselga, et al, 2013). Besides 

cetuximab, tyrosine kinase inhibitors (TKIs) targeting EGFR were tested, such as 

erlotinib, lapatinib and gefitinib in addition to the standard chemotherapy 

regimens (Bernsdorf, et al, 2011; Finn, et al, 2009a; Finn, et al, 2009b; Sharma, 

et al, 2010) and these once again yielded modest results.  

Overall it would appear, based on the results of multiple trials across 

multiple EGFR inhibitors, that only small subset of TNBC patients do respond to 

EGFR therapy. The inconsistency in the results would indicate that there should 

be a better selection process of TNBC patients that should receive the EGFR 

inhibitors.  

FGFR: Fibroblast growth factor receptor (FGFR) plays role in regulation of 
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cell survival, proliferation, differentiation, and migration (Haugsten, et al, 2010). In 

approximately 10-13% of breast cancers (9% TNBC) FGFR1 amplification has 

been observed while in only 1-2% of breast cancer (2-4% TNBC) FGFR2 is 

found amplified; and both are associated to poor outcome (Courjal, et al, 1997; 

Gelsi-Boyer, et al, 2005). Currently, FGFRs are being exploited therapeutically 

with specific FGFR inhibitors that show activity in preclinical models and patients 

with breast cancer (Andre, et al, 2013; Gozgit, et al, 2012; Shiang, et al, 2010). In 

vitro testing of Pan-FGFR TKIs was shown to reduce cell growth in breast cancer 

cells that had activated FGFR signaling, but the same drugs had little to no effect 

on cells without the activated pathway (Gozgit, et al, 2012; Shiang, et al, 2010). 

Clinical trials with FGFR inhibitors are currently ongoing, however Andre and 

colleagues have reported their finding for the phase II trial of dovitinib, a first 

generation multi-tyrosine kinase inhibitor that targets FGFR1, FGFR2 and 

FGFR3 in patients with metastatic breast cancer (n= 81) prescreened for FGFR1 

amplification (Andre, et al, 2013). Their results indicated that the ER+ patients 

who did not have FGFR1 amplification did not respond compared to the ER+ 

patients with the FGFR1 amplification (Andre, et al, 2013). Thus, dovitinib is 

showing better activity in breast cancers with FGFRs amplified. Targeting FGFRs 

is still an under explored area however initial results look promising and could 

potentially be applicable targeting approach for TNBC patients as they too 

present with FGFR amplification (9-13%).  

VEGFR: Vascular endothelial growth factor receptor (VEGFR) plays an 

important role in angiogenesis and as such it has been an attractive therapeutic 
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target in cancers. Similarly to EGFR trials, targeting VEGFR alone has shown a 

limited activity as demonstrated in Phase II sunitinib trial of pre-treated metastatic 

patients where overall response was 11% however it is interesting to note that 

TNBCs had higher response in this cohort (15%) (Burstein, et al, 2008). 

Furthermore, additional studies have shown increase in overall outcome when 

treated with sorafenib in combination with chemotherapy (Gomez, et al, 2010; 

Hudis, et al, 2011). The SOLTI-0701 trial focused on an analysis of TNBC 

patients (N = 53) and have shown an improvement in median progression-free 

survival when sorafenib added to capecitabine (Baselga, et al, 2009). Contrary to 

these findings, a phase III adjuvant therapy in triple negative breast cancer 

(BEATRICE) trial in which bevacizumab was added to the standard adjuvant 

chemotherapy demonstrated no significant improvement in progression-free 

survival (Cameron, et al, 2013). 

The TGF-β superfamily and signaling in cancer 

Transforming growth factor beta (TGF-β) related cytokines have effects on 

numerous cellular processes (during normal development and carcinogenesis) 

among which are cell proliferation, differentiation, morphogenesis, tissue 

homeostasis and regeneration, apoptosis, cytoskeletal organization, migration, 

and adhesion. The signal transduction process for TGF-β is fairly complex and 

highly dependent on the cellular context (e.g. cell type, microenvironment, 

epigenetic landscape). The signaling process has been studied for over two 

decades and, for the most part, it is firmly in hand. However, the promiscuity of 

the TGF-β pathway dictated by the cellular context is not very well understood. 
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The paradoxical idea that TGF-β can act as both suppressor and promoter is 

very intriguing and is of current interest in the TGF-β field, driven by the need to 

further understand its capabilities and behavior.  

Signaling by TGF-β superfamily members 

TGF-β superfamily includes close to 40 ligands in mammals (among which 

there are three TGF-β isoforms, 10 bone morphogenetic proteins/BMPs, four 

activin β-chains, one nodal and 11 growth/differentiation factors/GDFs); similar 

orthologs are found in other species (e.g. Drosophila, Xenopus, C. elegans) 

(Figure 5) (Schmierer & Hill, 2007). The receptors for TGF-β superfamily can be 

broken down into two groups; type I and type II receptors, which are encoded by 

seven and five genes in the human genome, respectively (Schmierer & Hill, 

2007). Furthermore these receptors, for the most part, are comprised of diverse 

cysteine-rich extracellular domain, a single-pass transmembrane domain, and 

serine/threonine kinase domain (a feature unique to this family) (Shi & 

Massague, 2003).  

The mechanism of signaling for TGF-β ligands is similar among all the 

ligands, as they all require two types of serine/threonine kinase receptors (type II 

and type I) to signal downstream. Some ligands have lower affinity thus require 

assistance from co-receptors in order to bind at optimal level (Schmierer & Hill, 

2007). Among this large family of ligands are three TGF-β isoforms: TGF-β1, 

TGF-β2 and TGF-β3.  
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Figure 5. TGF-β superfamily: ligands, receptors and smads. 
Phylogenetic trees141 derived from protein alignments of the core components 
of TGFβ signalling pathways in humans and Drosophila melanogaster. Human 
proteins are shown in black and D. melanogaster proteins are in grey. Protein 
symbols are given with alternative names in parentheses. For the ligands, the 
putative, mature, fully processed forms were used to construct the tree. ACVR, 
activin receptor; ALK, activin receptor-like kinase; AMH, anti-Muellerian hormone; 
AMHR2, AMH receptor-2; BMP, bone morphogenetic protein; BMPR, BMP 
receptor; GDF, growth and differentiation factor; I-SMAD, inhibitory SMAD; R-
SMAD, receptor-regulated SMAD; TGF, transforming growth factor; TGFBR, 
TGFβ receptor. (Figure 1, Schmierer, Nature 2007)  

Figure 5.   TGF-β superfamily: ligands, receptors and smads 

!!

Schmierer, Nature, 2007 
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Each one of these ligands is encoded by separate gene (Derynck, et al, 

1988; ten Dijke, et al, 1988) synthesized as precursor polypeptide, which is 

processed into an inactive (latent) form composed of latency associated peptide 

(LAP) bound through disulfide bonds to latent TGF-β binding protein (LTBP) 

(Munger, et al, 1997). Latent TGF-β is then secreted and accumulates within the 

extracellular matrix, and until activated (LAP dissociates from mature TGF-β) 

they are unable to bind to receptors (Stover, et al, 2007). Once activated, the 

TGF-β ligands TGF-β1, TGF-β2 and TGF-β3 can interact with the transforming 

growth factor receptors - type II (TGFBR2/TβRII), type I (TGFBR1/TβRI or ALK5), 

and type III (betaglycan/TGFBR3/TβRIII) (Bierie & Moses, 2006b; Derynck & 

Zhang, 2003; Siegel, et al, 2003). The TGF-β1 and TGF-β3 ligands can interact 

with TβRII directly due to their high affinity for this receptor while TGF-β2 binding 

requires the presence of TβRIII in order for high affinity binding to TβRII to occur 

(López-Casillas, et al, 1994; Lopez-Casillas, et al, 1993). TβRII is a 

serine/threonine kinase receptor that is constitutively active through 

autophosphorylation. Once bound to TGF-β ligands, TβRII is able to recruit and 

transphosphorylate TβRI at several serine/threonine residues in juxtamembrane 

domain rich in glycine and serine residues (GS domain; conserved in type I 

receptors) (Feng & Derynck, 2005).  

The transactivation of GS domain of TβRI enables recruitment of the 

receptor regulated SMADs (R-SMADs: SMAD2, SMAD3) promoting downstream 

Smad-dependent (canonical pathway) and Smad-independent signaling (non-

canonical pathway) (Brown, et al, 2007; Siegel, et al, 2003). In the classic 
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canonical smad-dependent signaling cascade, TβRI phosphorylates Smad2 and 

Smad3 on two serine residues leading to their activation which results in their 

release and subsequent heteromeric complex formation with the common 

mediator Smad (Co-Smad), Smad4 (Shi & Massague, 2003).  

The active heteromeric R-Smad/Smad4 complex is able to bind DNA in 

the nucleus along with other transcription factors, co-activators and co-

repressors where they are directly involved in regulating transcription of target 

genes (among which are genes associated with TGF-β mediated cell cycle 

arrest), both positively and negatively (Brown, et al, 2007; Siegel, et al, 2003). In 

addition to signaling through activated Smad complexes, TGF-β is able to 

regulate cell behavior though Smad-independent signaling cascades. The major 

Smad-independent networks that have been directly associated with TGF-β 

signaling are known to include genes involved in regulation of migration and 

invasion (ex. RhoA, Cdc42, Rac1), polarity protein which leads to disassembly of 

tight junctions (Par6) thus important in TGF-β-mediated epithelial to 

mesenchymal transition (EMT) (Ozdamar, et al, 2005), and many other genes 

(e.g. Ras, PI3K, PP2A, MEKK1, TAB1/TAK1, Daxx) (Bierie & Moses, 2006b; 

Derynck & Zhang, 2003; Siegel, et al, 2003) (Figure 6). Finally, it is important to 

note that TGF-β response of each of these pathways, both Smad dependent and 

independent, is determined by level of receptor expression and net activation for 

each pathway present at the time of stimulation (Moses & Barcellos-Hoff, 2011).  
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Figure 6. Simplified overview of TGF-β signaling pathway 
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Eventually, the termination of TGF-β signaling is thought to be mediated by 

another group of Smads known as inhibitory Smads (I-Smads: Smad 6 and 

Smad 7) (Itoh & ten Dijke, 2007).  

TGF-β signaling pathways are powerful regulators of cancer initiation and 

progression through tumor cell autonomous and non-autonomous signaling 

(Bierie & Moses, 2006a; Bierie & Moses, 2006b; Bierie, et al, 2008; Roberts & 

Wakefield, 2003). Initially thought of as a tumor suppressor and then as a 

mediator of tumor progression, TGF-β signaling demonstrates important 

functions in regulating cancer.  

The regulation of normal and carcinoma associated epithelial cell behavior 

was first described almost three decades ago (Shipley, et al, 1986; Tucker, et al, 

1984). Subsequently, a large number of studies have been able to demonstrate a 

diverse range of tumor cell autonomous and tumor cell independent mechanisms 

for the regulation of carcinoma initiation and progression by TGF-β both in vitro 

and in vivo. Within normal epithelium TGF-β is known to induce arrest of the cell 

cycle, and during early tumor progression it is thought that this regulation is a 

major contribution to carcinoma cell autonomous TGF-β mediated tumor 

suppression (Bierie & Moses, 2006a; Siegel, et al, 2003). While In later stages of 

tumor progression, TGF-β signaling is thought to increase tumor progression 

(Akhurst & Derynck, 2001; Bierie & Moses, 2006b; Cui, et al, 1996). TGF-β 

stimulation in some normal and carcinoma associated epithelial cell populations 

is also known to induce EMT, which may promote enhanced carcinoma cell 

migration and invasion (Brown, et al, 2004; Cui, et al, 1996; Miettinen, et al, 
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1994). Combined, these observations suggested that TGF-β has a dual function 

both as an epithelial cell autonomous tumor suppressor or tumor promoter 

depending on the cell type and context of stimulation.  

Genetically engineered mouse models of breast cancer provide support 

that epithelial TGF-β signaling has a tumor suppressive role during early stage of 

tumorigenesis (Massague, 2008) while enhancing late tumor progression through 

increasing of carcinoma cell invasion and metastasis (Oft, et al, 1998; Oft, et al, 

1996). Conditional deletion of TβRII in epithelial cells in vivo resulted in increased 

lobular-alveolar cell proliferation/hyperplasia (Chytil, et al, 2002; Forrester, et al, 

2005). When the floxed Tgfbr2 mouse was crossed with MMTV-Cre, it was 

shown that TGF-β signaling suppressed hyperplastic growth of mammary 

lobular-alveolar units and had a role in promoting mammary epithelial cell 

survival. Notably, when TβRII was deleted in the MMTV-PyVmT mouse model, a 

decrease in the tumor latency as well as a dramatic increase in lung metastases 

was observed (Forrester, et al, 2005). Furthermore, the decreased expression of 

TβRII in human breast cancers has been shown to be associated with increased 

breast cancer progression (Gobbi, et al, 1999). Even though it has been 

established that TGF-β signaling is context dependent, it is surprising that to date 

we know little about the role of TGF-β in progression across different molecular 

subtypes of breast cancer. A recent study by Lehmann and colleagues has 

demonstrated that among the top differentially expressed pathways that define 

mesenchymal and mesenchymal-stem like subtype of triple negative breast 

cancer are pathways is TGF-β pathway along with pathways/processed that are 
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TGF-β-mediated such as ECM receptor interaction, focal adhesion, cell motility, 

cell differentiation, and integrin pathways (Lehmann, et al, 2011).  

TβRIII - the ‘orphan’ of the TGF-β superfamily 

There has been significant focus on TβRI and TβRII due to their receptor-

kinase activity; however, research on TβRIII has lagged due to its lack of intrinsic 

enzymatic activity. TGFBR3/TβRIII (also known as betaglycan) is a 

transmembrane proteoglycan with a large extracellular domain (766AA) and very 

short cytoplasmic domain (42AA). The core of TβRIII protein has a predicted 

molecular weight of around 100kDa, but can also range in sizes between 180-

400kDa due to glycosaminoglycan post-translational modifications (López-

Casillas, et al, 1994; Wang, et al, 1991).  

TβRIII can be found as membrane bound and soluable protein. The 

extracellular domain is the source of the soluable form of TβRIII (sTβRIII). It is 

secreted into extracellular environment due to presence of proteolytic cleavage 

site in the extracellular domain (adjacent to transmembrane domain), thus TβRIII 

can be detected in the serum and extracellular matrix (Andres, et al, 1991; 

Andres, et al, 1989; Lopez-Casillas, et al, 1991). The short cytoplasmic domain 

lacks enzymatic activity and it is not essential for arbitrating ligand presentation. 

However studies have shown that TβRIII’s cytoplasmic domain can play a role in 

regulating TGF-β signaling (Blobe, et al, 2001a; Blobe, et al, 2001b; Lee, et al, 

2010; López-Casillas, et al, 1994; You, et al, 2007) since it can bind to 

cytoplasmic domain of TβRII leading to formation of an active TβRII-TβRI 
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signaling complex. The cytoplasmic domain of TβRIII interacts with β-arrestin2 

and GAIP interacting protein C-terminus (GIPC) (Blobe, et al, 2001a; Chen, et al, 

2003). The interaction of TβRIII with β-arrestin2 has been shown to down-

regulate TGF-β signaling (Chen, et al, 2003), while interaction with GIPC leads to 

stabilization of TβRIII at the cell surface and enhancement of TGF-β signaling 

(Blobe, et al, 2001a). 

TβRIII is the most abundantly expressed TGF-β superfamily receptor with 

twenty-times more receptors per cell membrane then TβRI or TβRII (Cheifetz, et 

al, 1986; Massague, 1985; Massague & Like, 1985; Wang, et al, 1991). This 

protein is best characterized as a TGF-β superfamily co-receptor due to its ability 

to present TGF-β ligand to TβRII. Recent studies implicate TβRII as playing an 

essential role in heart and whole organism development (Blobe, et al, 2001b; 

Chen, et al, 2003). Deletion of exon 2 of Tgfbr3 resulted in embryonic lethality in 

murine system. TβRIII null mouse embryos demonstrated increased apoptosis in 

the liver and defects in development of heart ventricles leading ultimately to the 

lethality of the embryo (Stenvers, et al, 2003). Embryonic lethality due to defects 

in heart development was also observed in TβRIII mouse model with exon 3 

deletion (Compton, et al, 2007). The phenotype in this model demonstrates 

defects in coronary vasculogenesis as well as shape irregularities and size 

reduction of coronary vessels. Embryos also exhibited abnormal epicardium 

(Compton, et al, 2007). Both of these TβRIII knockout mouse models 

demonstrate that TβRIII is required for the normal somatic development, 

especially in the case of cardiac development and is thus it is essential for 
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viability. 

As previously mentioned TGF-β is a critical regulator of growth and 

development of normal mammary gland but also is involved in human breast 

cancer. Recently studies have demonstrated a frequent loss of TβRIII in human 

breast cancers (Dong, et al, 2007). The loss of TβRIII expression was correlated 

to progression from pre-invasive to invasive state of breast cancer. In addition, 

restoring expression of TβRIII in breast cancer cell line led to decrease of tumor 

invasiveness in vitro and tumor invasion and metastasis in vivo (Dong, et al, 

2007). 

To this date the functional context of TβRIII remains controversial in breast 

cancer. Some reports demonstrate a tumor suppressive function of TβRIII (Dong, 

et al, 2007), while other reports indicate a tumor-promoting role (Criswell, et al, 

2008). This project will challenge the current paradigms not only in the field of 

TβRIII but also in the TGF-β and the TGF-β superfamily. 

Targeting TGF-β signaling 

Currently there are three strategic approaches to therapeutic targeting of 

TGF-β signaling. The first approach revolves around targeting ligands using 

small molecules to prevent TGF-β synthesis on mRNA level. Second approach 

entails inhibition of receptor-ligand interaction using a ‘ligand trap’ (e.g. 

monoclonal antibodies, soluble receptors). The third approach is involves usage 

of small molecule receptor kinase inhibitors to prevent TGF-β signal transduction 

(Padua & Massague, 2009).  
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Each one of these therapeutic approaches has representative drugs, 

which are currently either in pre-clinical or early stages of clinical testing for 

different types of cancers (e.g., glioblastoma, pancreatic, lung, breast etc.) 

(Lampropoulos, et al, 2012; Muraoka, et al, 2002; Nam, et al, 2008; Oettle, et al, 

2012; Rowland-Goldsmith, et al, 2002; Yang, et al, 2002). An antisense RNA 

molecule, AP12009 (Trabedersen, Pharma), has shown promising results in 

Phase I/II study in patients with high-grade glioma overexpressing TGF-β2 (Hau, 

et al, 2007; Schlingensiepen, et al, 2011). Other pre-clinical studies are being 

done in prostate, non-small lung cancer and melanoma using AP11014 and 

AP15012 antisense molecules (Lampropoulos, et al, 2012).  

‘Ligand traps’ is another approach for controlling excess of TGF-β 

production and these include monoclonal neutralizing antibodies such as 1D11 

(binds TGF-β1, 2 and 3) (Nam, et al, 2008); soluable TGF-β receptors such as 

TβRII and TβRIII (Meulmeester & Ten Dijke, 2011) and TGF-β receptors 

antibodies such as anti-TβRI monoclonal antibody (Goff, et al, 2012). A third 

approach, the signal transduction blockage, can be broken down into two 

strategies. The first strategy involves usage of receptor kinase inhibitors, while 

the second revolves around targeting TGF-β signaling components (e.g., Smads) 

using aptamers (peptides that specifically binding to a targeted molecule) 

(Connolly, et al, 2012). Although, there are currently three major therapeutic 

designs targeting TGF-β, there is still more evaluations to be done. Overall, the 

complexity of TGF-β dictated by the dual role in cancer creates roadblocks to 

successful therapeutics, thus further studies of contextual-dependence of TGF-β 
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are necessary.  

Role of tumor microenvironment in breast cancer 

 
Importance of stroma in normal mammary gland development and tumor 

progression 

The focus of studies of breast development and cancer has been on the 

epithelial cell component of the mammary gland. Recently, rather than being 

considered simply as structural support, stromal components have been 

recognized as an important regulator of epithelial cell behavior (Mueller & 

Fusenig, 2004; Wiseman & Werb, 2002). The composition of the stroma 

associated with the normal mammary gland is greatly different than the tumor 

stroma. In the case of the normal gland, there is little connective tissue, which is 

mainly concentrated around the ducts. In addition, the stromal compartment of 

the normal mammary gland is mainly composed of adipose tissue. The 

microenvironment of the normal gland sends out positional cues to the mammary 

epithelial cells, which allow for the orientation of epithelial cells into regular 

structures. In the cancerous gland, this process is interrupted (Bissell, et al, 

2002). Mammary stroma is a structurally complex and heterogeneous tissue with 

numerous components: fibroblasts, adipocytes, extracellular matrix, basement 

membrane, blood vessels and inflammatory cells. These components are 

essential for normal mammary gland development (Djonov, et al, 2001; Gouon-

Evans, et al, 2000; Kuperwasser, et al, 2004) and during tumor formation and 

progression each of these components can be exploited allowing the epithelial 
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cell invasion into the surrounding stroma (Iyengar, et al, 2003; Pollard, 2004; 

Shekhar, et al, 2001).  

Unlike scarce connective tissue in the normal breast stroma, the tumor 

stroma contains abundant connective tissue. The high levels of connective tissue 

are associated with increased secretion of growth factors that can affect the 

behavior of epithelial cells both mechanically due to stromal stiffness (Paszek, et 

al, 2005) and biochemically due to altered signaling (Wiseman & Werb, 2002). 

Among previously mentioned stromal components, lying embedded within the 

matrix are spindle shaped cells known as fibroblasts. These cells are responsible 

for connective tissue production, due to their ability to secrete extracellular matrix 

components and growth factors. They can also regulate wound healing, 

differentiation and morphogenesis of epithelial cells. It has been shown that 

fibroblasts play an important role in tumor progression such as their ability to 

form a dense microenvironment due to collagen secretion (Weaver & Werb, 

2007). Fibroblasts are important in maintaining the composition of the 

extracellular matrix by secreting collagen types I, III and V, fibronectin and matrix 

metalloproteinases (Lu, et al, 2012). In addition, these cells are also involved in 

basement membrane formation due to their ability to secrete laminin and type IV 

collagen (Kalluri & Zeisberg, 2006). The presence of a dense collagenous stroma 

containing fibroblasts is observed in breast carcinomas and is thought to 

contribute to tumor progression. This phenomenon of secretion of large amounts 

of collagen and other extracellular matrix proteins is known as a desmoplastic 

response (Shao, et al, 2000). 
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Desmoplasmic response-derived changes in the extracellular matrix promote 

alterations in breast density, which have been recognized as a high risk factor for 

developing breast cancer (Walker, 2001).  

In addition to their role in the maintenance of the extracellular matrix, 

fibroblasts are vital for the differentiation and homeostasis of many epithelial 

tissues (Kalluri & Zeisberg, 2006; Shannon & Hyatt, 2004). Recent studies 

demonstrate the importance of fibroblasts in normal mammary gland 

development but also in tumorigenesis. Stromal-epithelial interactions in the 

mouse mammary gland have been studied using a widely applied technique 

called the mammary fat pad clearing transplantation system. With this technique 

the undeveloped gland is removed from the fat pad prior to puberty. Removal of 

the epithelial glandular component leaves a fat pad “cleared” after which 

mammary epithelial cells can be grafted in and grown to form a functional 

mammary gland (Deome, et al, 1959). This system has been exploited by 

developing a mouse model in which both the stromal and epithelial components 

of the reconstructed mammary gland are of human origin (Kuperwasser, et al, 

2004). Kupperwasser and colleagues have demonstrated that by co-injecting 

immortalized human breast fibroblasts with mixture of primary human mammary 

epithelial cells, stroma can be humanized and as a result the cells grew to form 

functional ductal and lobuloalveolar structures. This suggests the importance of 

fibroblasts for mammary epithelial growth and invasion in both development and 

tumorigenesis (Kuperwasser, et al, 2004). Stroma can modify the tumor cells’ 

ability to recognize or respond to autocrine and paracrine signals. Thus, the 
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surrounding microenvironment can have an effect on tumor progression. 

Alteration in stromal composition as a risk factor in breast cancer 

Stromal cells have a substantial influence on the behavior of epithelial cells in 

the mammary gland. It has been shown that alterations in stromal characteristics 

can physically affect the nearby epithelial cells. Weaver and collegues have 

demonstrated that if mammary epithelial acini are cultured under different 

collagen concentrations they exhibit alterations in acini morphology as well as 

localization of signaling molecules (Paszek, et al, 2005). Their results illustrate 

that an increase in the stiffness induces an increase in cell growth, disrupts 

lumen formation by altering adhesion proteins and cellular polarity. This 

illustrates that tumor stroma stiffness can have mechanical influence on tumor 

cell behavior.  

This is not the only example of negative influence of stiff stroma, based on the 

American Cancer Society Surveillance Research, breast density is found among 

top relative risk factors for developing breast cancer (Society, 2009). An 

interesting study performed by Boyd and colleagues has illustrated different 

categories of breast density in cancer free patients ranging from a low (0%) to 

high (50% to 75%) percentage (Boyd, et al, 2005). The study associated these 

breast density percentages with collagen levels and showed that increased 

breast density correlates with an increase of collagen. They further demonstrated 

that with an increase of breast density there is a decrease of fat levels and an 

increase of collagen levels in the breast (Figure 7). In addition, females with 

higher levels of breast density were at higher risk for developing breast cancer  
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Figure 7. Relationship between mammographic density and histological 
features of breast parenchyma.  
Part1. Categories of percentage mammographic density estimated by 
radiologists A=0. B=10%. C=25%. D=50%. E=75%. F=75%. Reproduced with 
permission from ref 8. (Figure 2: Boyd et al. N Engl J Med 2002; 347: 886–94) 
Part 2. Column bar graph representing relationship between mammographic 
density and histological features of breast parenchyma was graphed based on 
the Table 6, Boyd et al, J Nat Can Inst; Vol. 84, No. 15, August 5, 1992.  
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Part 1 

Part 2 

Boyd, The Lancet, 2005  
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(Boyd, et al, 1992). 

Another study has looked at ratios of previously mentioned stromal 

components to tumor in breast cancer patients. The focus of their study was to 

determine how the stromal characteristics affect patient outcome. Their goal was 

to evaluate the prognostic value of stroma to tumor ratio in breast cancer 

patients. The experimental approach consisted of analyzing a cohort of about 

600 patients using visual estimation performed by a trained pathologist (Kruijf, et 

al, 2010). Based on their analysis they grouped patients into two groups: (i) 

stroma rich and (ii) stroma poor (Figure 8). Stroma rich patient samples consisted 

of more than 50% of intra-tumor stroma while patients with less than 50% of 

intra-tumor stroma were quantified as stroma poor patients. This study 

demonstrated that the tumor to stroma ratio in the primary tumor is a prognostic 

factor in early breast cancer patients due to the fact that stroma rich tumor 

patients had a shorter overall survival and worse relapse free period in 

comparison to stroma poor breast cancer patients (Figure 8C) (Kruijf, et al, 

2010). 

 
Stromal gene expression profiles can predict outcome 

Molecularly based classification of breast cancer performed by Perou and 

colleagues of whole tumor tissues, demonstrating the heterogeneity within breast 

cancer has been demonstrated over a decade ago (Perou, et al, 2000). 

Furthermore Sorlie and colleagues have aligned these breast cancer subtypes to 

the clinical outcomes, demonstrating that some of the subtypes performed bett 
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  Figure 8. Stromal stiffness and poorer patients prognosis. 
 
 
 
 
 

Figure 8.   Stromal stiffness and poorer patients prognosis 
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Part 1. Stromal stiffness and tumor progression!

Paszek, Cancer Cell 2005  

Kaplan–Meier graph for tumor–stroma 
ratio for the total patient population.  
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 Part 2.  Poorer prognosis for stroma-rich breast cancer patients  
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Figure 8. Stromal stiffness and poorer patients prognosis.  
Part 1. Stromal stiffness and tumor progression A: Top right: phase images and 
H&E-stained tissue showing typical morphology of a mammary gland duct in a 
compliant gland (167 Pa), compared with MEC colonies grown in BM/COL I gels 
of increasing stiffness (170–1200 Pa). Bottom: confocal immunofluorescence (IF) 
images of tissue section of a mammary duct and cryosections of MEC colonies 
grown as above, stained for β-catenin (green), α6 or β4 integrin (red), and nuclei 
(blue). B: Colony size of MECs grown as described in A. ***p % 0.001. (Figure 1, 
Paszek, Weaver Cancer Cell 2005) Part 2. Poorer prognosis for stroma-rich 
breast cancer patients (A, B) Haematoxylin and eosin (H and E)-stained 4-lm 
paraffin sections of primary breast tumors; 1009 magnification (109 objective). A: 
Tumor–stroma ratio estimated as 80%: stroma-rich. B: Tumor– stroma ratio 
estimated as 20%: stroma-poor. C: Kaplan–Meier graphs for tumor–stroma ratio 
for the total patient population. Patients with stroma-rich tumors show a 
significant worse relapse-free period (a) and overall survival (b) compared to 
patients with stroma-poor tumors (Figures 1, 2, Kruijf, Bre Can Res Treat 2010) 
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than others (Sorlie, et al, 2001). About a decade later, Finak and colleagues have 

taken a further step and performed laser capture microdissection allowing them 

to specifically isolate tumor-adjacent stroma. The findings were exciting as this 

was a first demonstration that the molecular profiling of tumor stroma alone can 

be aligned to the patient outcomes (Figure 9) (Finak, et al, 2008). As this is still a 

fairly new discovery the efforts in this field are still under development and 

require major depth. The main point is that this study contributes to the current 

awareness that tumor stroma does have affect on disease outcome.  

This insight is essential for the development of new therapeutic strategies, 

or improvement of the current ones. Furthermore, stroma might be able to be 

used as a diagnostic tool for predicting the aggressiveness of breast cancer. As 

previously stated changes in the stroma are predictive of patient survival, as 

demonstrated by Boyd and colleagues who linked the stromal biology to the 

tumor progression. Furthermore, pathways associated with remodeling of matrix 

within the stroma (e.g., MMPs, extracellular matrix) lead to worse prognosis and 

could be possibly used to explain reduced survival (Finak, et al, 2008; Kruijf, et 

al, 2010).  

Together, stromal studies are on the rise with experimental and clinical 

evidence that points to the role of the stroma in tumor progression, underscoring 

the need for further studies in order to develop even more robust biomarkers. 

The challenge for moving forward is to assay these biomarkers and to find ways 

to utilize these biomarkers to assist clinical side. 
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Figure 9. Stromal molecular profiling predicts outcomes. 
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Finak, Nature Med, 2008 
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Figure 9. Stromal molecular profiling predicts outcomes. 

Class distinction of tumor stroma. (a) Hierarchical clustering of tumor stroma 
samples with the 163 genes differentially expressed between clusters 1, 2 and 3 
of Figure 1b. Gene clusters are labeled with significance from bootstrap analysis, 
and color bars represent the three gene clusters described in the text. Heat map 
colors represent meancentered fold change expression in log-space. (b) Kaplan-
Meier curves for each of the three clusters. (c) Expanded view of the genes 
expressed predominantly in samples of the pooroutcome cluster. (d) Genes 
expressed predominantly in samples of the mixed-outcome cluster. (e) Genes 
expressed predominantly in samples of the good-outcome cluster. *, member of 
the SDPP gene set. (Figure 2, Finak et al, Nature 2008) 
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Summary 

Treatment of patients with TNBC has been challenging due to the 

heterogeneity of the disease and the absence of well-defined molecular targets 

agreeable to therapeutic intervention (Carey, et al, 2007; Pegram, et al, 1998; 

Wiggans, et al, 1979). As previously mentioned, TNBCs frequently affected 

younger patient population (Dent, et al, 2007) and clinically these tumors are 

generally larger in size, higher in grade, with lymph node involvement at 

diagnosis biologically more aggressive (Haffty, et al, 2006). Overall women with 

metastatic TNBC survive three to five years (~30%) and despite aggressive 

chemotherapy the majority die of their disease (Haffty, et al, 2006). This presents 

an opportunity to further understand TNBC so that we can improve and/or 

discover better treatment methods, especially because there are currently no 

effective targeted therapies. As the field is becoming more aware of the 

complexity of TNBC, demonstrated by the molecular profiling identifying subtypes 

with unique biological drivers within TNBC, it became evident that better 

understanding of these drivers and how to effectively target them was needed.  

In order to contribute to the efforts of TNBC field this thesis is comprised 

of three approaches dedicated to deciphering this highly heterogeneous disease. 

The first approach was to further investigate the role of one of these newly 

defined TNBC’s biological drivers – the TGF-β pathway. This pathway was 

demonstrated to be one of the upregulated drivers in mesenchymal (M) and 

mesenchymal-stem like (MSL) TNBC subtypes. Considering that TGF-β pathway 

can promote tumorigenesis and metastasis it was natural to pursue this pathway 
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and evaluate its role in TNBC. The second approach in this thesis was to 

determine if we can predict response to drug treatment based on genomic 

signatures of TNBC tumors. In this case we have utilized the TNBC clinical trial 

whose focus was to explore the pathologic complete response rate for each 

individual treatment arm (cisplatin ± everolimus/mTOR inhibitor). Finally, using 

the laser capture microdissection approach I was successful in not only 

collecting tumor but also its adjacent stroma. The goal was to look into the role 

of tumor microenvironment in TNBC in regard to the clinical response and 

decipher whether stroma aligns to the TNBC tumor subtypes and has unique 

driver pathways that might be contributing to the stroma state, thus feeding into 

the aggressiveness of the tumor.  

The cumulative results of this thesis provide insight into the TGF-β 

signaling axis within the TNBC MSL subtype implicating its prognostic and 

therapeutic utility in TNBC. It also indicates that within the clinical trial TNBC 

patients with MSL/M genomic signatures fall into the non-responder categories 

thus reinforcing the need for better-targeted therapy for this subtype, making 

TGF-β signaling axis more attractive candidate for targeted therapy. In addition, 

we have shown that expression profiling of tumor stroma can also predict the 

response of TNBC patients to chemotherapy. The combination of these intriguing 

results helps identify new pieces for the TNBC puzzle, thus helping us make one 

step forward to better managing this disease. 
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CHAPTER II 

 

MATERIALS AND METHODS 

 

Cell culture and treatments 

SUM159 cells (Asterand) were maintained in Dulbecco’s Modified Eagle 

Medium: Nutrient Mixture F12 (DMEM-F12, GIBCO) supplemented with 5% FBS 

(GIBCO) and 0.5µg/ml hydrocortisone. MDA-MB-231 and MDA-MB-157 (ATCC) 

were maintained in Dulbecco’s Modified Eagle Medium (DMEM, GIBCO) 

supplemented with 10% FBS. Stable TβRIII-KD SUM159 cell lines were 

generated by lentiviral infection with virus carrying four independent shRNA 

clones (sequence-verified shRNA, pLKO.1-puro), [Sigma-Aldrich, Mission shRNA 

library #SHCLNG-NM_003243: clone#TRCN0000033433 (TβRIII-KD), 

clone#TRCN0000359000 (TβRIII-KD2), clone#TRCN0000359001 (TβRIII-KD3), 

and clone# TRCN0000359081 (TβRIII-KD4)](Jovanovic B & HL.) followed by 

puromycin selection (Invitrogen-Life Technology, Inc). MDA-MB-231 and MDA-

MB-157 were stably infected with clone# TRCN0000033433. Integrin-α2 was 

stably knocked down in TβRIII-KD MSL cells using lentiviral particles carrying 

shRNA to integrin-α2 (α2-KD) (Sigma-Aldrich, Mission shRNA validated library, 

#SHCLNG-NM_002203, clone#TRCN0000308081).  

Cisplatin (APP Biopharmaceuticals, Schaumburg, IL) was used at 25 mM, 

paclitaxel (Sigma) was used at 100 nM, and RAD001 (everolimus, Novartis, 

Basel, Switzerland) was used at 20 nM. For cell death experiment doxorubicin 
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was used at 1 and 3 µM while Taxol was used at 1, 5 and 10nM. For these 

experiments cells were plate at 50% confluence, than at 70-80% confluency they 

treated for 48hrs.  

Cell proliferation assays  

Cell counts: Cells were plated into 6-well plates at density of 1.25 x 105 

cells/well. The following day cells were treated with 1 ng/ml TGF-β1 (R&D 

Systems, #102-B1) and TGF-β2 (R&D Systems, #102-B2). After 72 h treatment 

with TGF-β, viable cells were counted.  

3H-Thymidine incorporation assay: 2.5 × 104 cells were plated in a 24-well 

dish and allowed to grow overnight. The next day the medium was aspirated and 

replaced with complete medium containing +/- TGF-β1 or TGF-β2 (1ng/ml). The 

cells were then subjected to [3H] thymidine incorporation assay as previously 

described (Bierie, et al, 2009). 

Overview of clinical trial design (VICC BRE0904).  

            In 2009 we activated a randomized two-arm neoadjuvant phase II trial of 

cisplatin (25 mg/m2 IV week) + paclitaxel (80 mg/m2 IV week) ± RAD001 (5mg 

PO daily) in patients with stage II and III triple negative with triple negative locally 

advanced breast cancer (Figure 25 in Chapter IV). The primary objective of the 

trial was to determine the pathologic complete response (pCR). Additional aims 

were to determine the efficacy and safety of the drug combinations in each 

treatment group, evaluate therapy-mediated changes in correlative molecular 

markers (i.e. examine changes in proliferation, the p53/p63/p73 signaling axis 
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and mTOR signaling pathways) and determine the ability of GE signatures to 

predict patient response. The trial was randomized 2:1 with Arm 1 patients 

treated with RAD001+ cisplatin for one week followed by addition of paclitaxel to 

the combination for additional 11 weeks. Arm 2 was set up in same manner with 

exception of RAD001 being replaced with a placebo. In addition, ultrasound 

guided core biopsies for molecular markers and correlative studies were 

collected. First at the time of diagnosis (baseline/pre-treatment biopsy) and two 

additional collections, biopsy 1 (BP1) prior to addition of paclitaxel to the cisplatin 

± RAD001 treatment combinations, and at time of surgery (Post) (Figure 25 in 

Chapter IV). 

Three-dimensional culture assay 

The wells in 48 well plates were coated with 50 µl of growth factor reduced 

BD Matrigel (BD Biosciences #356231) and allowed to polymerize at 37°C for 15 

min. 5 x 105 cells were resuspended in 200 µl of growth factor reduced BD 

Matrigel and plated onto the Matigel-coated wells. Plates were incubated for 30 

min after which 1 ml of media was added to the top of the matrigel. Media was 

replenished every 48 h. Images were taken at day six. Quantification of the 

images was performed using Fiji Software. 

Flow cytometry  

Cells were detached using Accutase (Life Technologies), pelleted, washed 

and counted. One million cells were incubated with TβRIII antibody (Cell 

Signaling, #5544) for 30min, washed, and then incubated at 4oC with Alexa Fluor 

488 conjugated secondary antibody (Life Techologies, #A11034) for 30min. One 
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million cells were labeled with fluorescence-conjugated integrin-α2 antibody 

(BioLegend, #314308) for 30 min at 4oC. Cells were washed three times then 

analyzed on a FACSCalibur flow cytometer (Beston Dickinson) using CellQuest 

Pro software. Data were analyzed with FlowJo software (Tree Star).  

Immunoblotting 

Standard protein preparation and electrophoresis procedures were used 

as described (Bierie, et al, 2008). Western membranes were blocked in 5% milk 

and incubated with primary antibody overnight. The antibody list with 

concentrations and the catalog numbers are available in supplemental methods 

(Table 2).  

Immunohistochemistry  

Formalin fixed paraffin embedded tissues from BRE0904 trial have been 

sectioned and processed for immunohistochemistry by Violeta Sanchez from Dr. 

Melinda Sanders’ group. Antibodies used for results in Chapter IV are outlined 

with their known conditions (Table 2). Dr. Sanders and her fellows Maria Gabriela 

Kuba and Valeria Estrada have performed all the IHC scorings.  

Laser capture microdissection and expression analysis 

Laser Capture Microdissection (LCM) was performed on 5 µm frozen 

breast core tumor biopsies sections on an Arcturus PixCell IIe microscope at the 

Vanderbilt Translational Pathology Shared Resource. LCM-captured RNA was 

isolated using an RNAqueous-Micro kit (Ambion) and validated for array quality 

(Vanderbilt Genome Sciences Resource). Subsequent cDNA synthesis and  
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amplification was completed by VANTAGE. Reactions were run in 96 well format 

with 10ng of Total RNA used per reaction in the NUGEN FFPE Kit (Cat#3400-60, 

Lot#1009255-C). The reactions were run through First Strand and Second Strand 

synthesis, followed by 2 rounds of SPIA amplification to generate cDNA. The 

cDNA was frozen overnight at -20C and cleaned up the next day.  

The ss cDNA targets were quantitated on the Nanodrop. Overall the yields were 

robust, with an average yield of 10.2ug providing enough amplified product for 

hybridization to the Hu Gene 1.0ST array. 

Luciferase reporter assay 

Cells were seeded at a density of 2 X 104 cells/well in 12-well tissue 

culture plates. The following day, cells were transiently transfected using 

Transfectin lipid reagent following the manufacturer’s protocol (Bio-Rad #170-

3351). Cells were transfected with 1.5 µg 3TP-Lux (Wrana, et al, 1992) or 

CAGA(9)-Luc (Kusanagi, et al, 2000) pRL-CMV-renilla (Promega #E2261) was 

co-transfected and used as an internal control to correct for transfection 

efficiency. Eighteen hours after transfection, cells were treated with 1 ng/ml TGF-

β1 or TGFβ-2 (R&D Systems, #102-B1 and #102-B2, respectively). Twenty-four 

hours after TGF-β treatment, cells were harvested and assayed for promoter 

specific luciferase activity using a Dual-Luciferase Reported Assay System 

(Promega #E1910) according to the manufacturer’s protocol. Luciferase activity 

was measured using a BD/Pharmigen Monolight 3010 luminometer. 
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Microarray Gene Expression Analysis  

Public database analysis: Human tissue and cell line microarray datasets 

were analyzed using GeneSpring GX 12.0 microarray analysis software (Agilent). 

Previously published TNBC gene expression profiles (n=587 patients) (Lehmann, 

et al, 2011) consisting of publically available microarray data sets (the GEO 

registration numbers are referenced in Additional File 1) were obtained and 

processed as previously described and were in compliance with ethical 

requirements (Lehmann, et al, 2011). Comparisons between expression of 

TGFBR3 and ITGA2 for different TNBC subtypes were performed in R 3.0.1 (R 

Core Team, 2013) using the t test function for paired two-tail Student t-tests and 

graphically represented using ggplot2 (Wickham, 2009).  

In vitro 3D culture analysis: RNA was extracted from SUM159 3D culture 

samples was hybridized to the human gene 1.0ST array, scanned with Affymetrix 

using AGCC v. 3.2.4 and then analyzed in R 3.0.1 using the oligo package. 

Samples were normalized with the RMA algorithm, genes were annotated with 

the pd.hugene.1.0.st.v1 package, and differential gene expression analysis was 

conducted using the limma package. The 3D culture microarray data discussed 

in this publication have been deposited in NCBI's Gene Expression Omnibus 

(Edgar, et al, 2002) and are accessible through GEO Series accession number 

GSE54756 (Jovanovic B & HL.). 

Microarray Gene Expression GEO registration numbers  

 Breast Cancer GE data sets used to derive TNBC training and validation 

sets: GSE-3494, GSE-7904, GSE-2109, GSE-7390, E-TABM-158, GSE-2034, 
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GSE-2990, GSE-1456, GSE-22513, GSE-28821, GSE-28796, GSE-11121, 

GSE-2603, MDA133, GSE-5364, GSE-1561, GSE-5327, GSE-5847, GSE-

12276, GSE-16446, GSE-18864, GSE-19615, GSE-20194. (Lehmann BD, Bauer 

JA, Chen X, Sanders ME, Chakravarthy AB, Shyr Y, Pietenpol JA: Identification 

of human triple-negative breast cancer subtypes and preclinical models for 

selection of targeted therapies. The Journal of clinical investigation 2011, 

121(7):2750-2767.) 

Migration and Invasion Assays 

Magnetic attachable stencils (MAtS) migration assays: This migration 

method serves as a more reproducible alternative to the scratch assay. The use 

of magnetic force to attach stencil to the multi-well plates is a new strategy that 

creates defined and reproducible cell-free voids for quantitation of cell migration 

and has been well characterized and described by Ashby et. al. (Ashby, et al, 

2012). MAtS were attached to the surfaces of each well of 12-well plate by 

placing a platform with magnets underneath and in direct contact with the 12-well 

plate. Cells were then plated in triplicate at 7.5 x 105 cells per well around the 

MAtS in serum-free media. The next day the MAtS were removed and cells were 

treated with 1 ng/ml TGF-β1 (R&D Systems, #102-B1) and 1 ng/ml TGF-β2 (R&D 

Systems, #102-B2). Gap closure was quantified (Tscratch software) at both 0 

and 24 h and percent of closure determined with the following equation; (percent 

of closure) = average of ([gap area: 0hr] – [gap area: 24h])/[gap area: 0hr] using 

images from 12 different microscopic fields per well (4X magnification).  
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Transwell assays: Migrations (Costar, #3422) were conducted by plating 

2.5 x 104 cells in the top of the transwell and media with 10% FBS in the bottom 

of the well to act as a chemoattractant. Cells were fixed in 4% paraformaldehyde 

and stained with 4', 6-diamidino-2-phenylindole (DAPI). Quantification was 

performed by taking pictures of multiple regions of the membrane after which 

cells’ nuclei were counted using Metamorph software. The same migration assay 

was used to measure blocked integrin-α2 function. The TβRIII-KD cells were 

incubated for 30 minutes with integrin-α2 blocking antibody (Abcam, #ab24697) 

washed two times with PBS and plated in the top of the transwell. Invasion 

assays were conducted by plating 5 x 105 cells in serum-free media in the upper 

chamber, pre-coated with growth factor reduced Matrigel. In the bottom chamber 

DMEM with 10% FBS was used as a chemoattractant (Bioscience, #354483). 

Cells that had invaded through the Matrigel were fixed in 4% paraformaldehyde 

and stained using DAPI. Quantification of cells that invaded into the Matrigel was 

performed using the same protocol as described for the transwell assays. 

Xenograft tumor studies  

One milllion cells embeded in collagen were implanted into the number 

four gland of six to eight week female athymic nude- Foxn1nu/nu mice (purchased 

from Harlan Sprague- Dawley, Inc., Indianapolis, IN). Mice were monitored 

weekly for tumor growth. Tumor measurements were performed once a week for 

five weeks after palpable tumors formed. Tumor volume was measured at the 

indicated times with calipers, and tumor volumes were calculated as width2 x 
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length/2. All mouse experiments have been approved by the Vanderbilt 

University Institutional Animal Care and Use Committee (IACUC). 

RNA preparation and quantitative PCR 

RNA was isolated and purified using an RNeasy Mini Kit and an RNase-

Free DNase Set (Qiagen). A total of 750 µg of RNA was used to synthesize 

cDNA using Superscript III reverse transcriptase as described by the 

manufacturer (Invitrogen). Bio-Rad iCycler and CFX96 machines were used for 

qPCR employing Power SYBR Green (Applied Biosystems) or SsoAdvanced 

SYBR Green Supermix (Bio-Rad), respectively. Ct values were normalized to 

GAPDH for statistical analyses. Primer sequences are available in supplemental 

methods (Table 3).  

Statistical Analysis 

All data were analyzed using unpaired two-tailed Student t test (GraphPad 

Prism 5). Error bars show mean ± SEM. A two-sided P value less than 0.05 were 

considered significantly different.  
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Table 3. Primer sequences.  

  

Gene Sequence 
hTGFBR3 forward TGGGGTCTCCAGACTGTTTTT
hTGFBR3 reverse CTGCTCCATACTCTTTTCGGG
hPAI-1 forward GACATCCTGGAACTGCCCTA
hPAI-1 reverse GGTCATGTTGCCTTTCCAAGT
hSMAD7 forward CCAACTGCAGACTGTCCAGA
hSMAD7 reverse CAGGCTCCAGAAGAAGTTGG
hITGA2   forward CCTACAATGTTGGTCTCCCAGA
hITGA2   reverse AGTAACCAGTTGCCTTTTGGATT

The following primer sequences (5’ to 3’) were used:
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CHAPTER III 

TGF-β RECEPTOR TYPE III IS A TUMOR PROMOTER IN MESENCHYMAL-
STEM LIKE TRIPLE NEGATIVE BREAST CANCER 

 

Abstract 

There is a major need to better understand the molecular bases of triple 

negative breast cancer (TNBC) in order to develop more effective therapeutic 

strategies. Using gene expression data from 587 TNBC patients we previously 

identified six subtypes of the disease, among which a Mesenchymal-Stem Like 

(MSL) subtype. The MSL subtype has significantly higher expression of the 

transforming growth factor beta (TGF-β) pathway-associated genes relative to 

other subtypes, including the TGF-β receptor type III (TβRIII). We hypothesize 

that TβRIII is tumor promoter in mesenchymal-stem like TNBC cells.  

Representative MSL cell lines SUM159, MDA-MB-231 and MDA-MB-157 

were used to study the roles of TβRIII in the MSL subtype. We stably expressed 

short hairpin RNAs specific to TβRIII (TβRIII-KD). These cells were then used for 

xenograft tumor studies in vivo; and migration, invasion, proliferation and three 

dimensional culture studies in vitro. Furthermore, we utilized human gene 

expression datasets to examine TβRIII expression patterns across all TNBC 

subtypes.  

TβRIII was the most differentially expressed TGF-β signaling gene in the 

MSL subtype. Silencing TβRIII expression in MSL cell lines significantly 
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decreased cell motility and invasion. In addition, when TβRIII-KD cells were 

grown in a three dimensional (3D) culture system or nude mice, there was a loss 

of invasive protrusions and a significant decrease in xenograft tumor growth, 

respectively. In pursuit of the mechanistic underpinnings for the observed TβRIII-

dependent phenotypes, we discovered that integrin-α2 was expressed at higher 

levels in MSL cells after TβRIII-KD. Stable knockdown of integrin-α2 in TβRIII-KD 

MSL cells rescued the ability of the MSL cells to migrate and invade at the same 

level as MSL control cells.  

We have found that TβRIII is required for migration and invasion in vitro 

and xenograft growth in vivo. We also show that TβRIII-KD elevates expression 

of integrin-α2, which is required for the reduced migration and invasion, as 

determined by siRNA knockdown studies of both TβRIII and integrin-α2. Overall, 

our results indicate a potential mechanism by which TβRIII modulates integrin-α2 

expression to effect MSL cell migration, invasion, and tumorigenicity.  
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Introduction 

The term “triple negative breast cancer” (TNBC) is used to classify the 

10%-20% of all breast cancers that lack estrogen receptor (ER) and 

progesterone receptor (PR) expression as well as amplification of the human 

epidermal growth factor receptor 2 (HER2) (Lehmann & Pietenpol, 2014) . 

Disease heterogeneity and the absence of well-defined molecular targets have 

made treatment of TNBC challenging. There is a major need to better understand 

the molecular basis of this type of breast cancer in order to develop effective 

therapeutic strategies (Lehmann & Pietenpol, 2014). In a previous study, we 

performed gene expression (GE) analyses and identified six distinct molecular 

TNBC subtypes with unique biological drivers (Lehmann, et al, 2011) including 

one that was enriched for mesenchymal-associated genes termed mesenchymal-

stem like (MSL). The MSL subtype is characterized by increased expression of 

genes related to TGF-β signaling as well as pathways that play roles in 

extracellular matrix (ECM), focal adhesion, cell motility and cell differentiation 

(Lehmann, et al, 2011). Of note, TβRIII (gene symbol: TGFBR3) was among the 

differentially expressed TGF-β signaling components in the MSL subtype.  

TGF-β signaling pathway has been implicated in cancer initiation and 

progression through tumor cell autonomous and non-autonomous signaling 

(Bierie, et al, 2008; Roberts & Wakefield, 2003). Initially identified as a tumor 

suppressor and then as a mediator of tumor progression, TGF-β signaling 

demonstrates diverse capabilities in cancer. The TGF-β pathway suppresses 

tumor growth through regulation of epithelial and stromal cell signaling (Bierie & 
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Moses, 2006b). Dysfunction of the pathway leads to carcinoma progression and 

metastasis (Roberts & Wakefield, 2003). While there has been significant focus 

on TGF-β receptor type I (TβRI) and TGF-β receptor type II (TβRII), research on 

TGF-β receptor type III (TβRIII) has lagged. Prior studies have demonstrated that 

TβRIII can regulate TGF-β signaling either via delivering TGF-β2 ligand to TβRII 

(Blobe, et al, 2001a; Blobe, et al, 2001b; Lee, et al, 2010; López-Casillas, et al, 

1994) or by binding to cytoplasmic domain of TβRII, forming an active TβRI-TβRII 

signaling complex (Cheifetz, et al, 1986; Massague, 1985; Massague & Like, 

1985; Wang, et al, 1991). Currently, analysis of gene expression data sets 

generated from multiple cancer types indicates that TβRIII expression is 

decreased in higher-grade cancers (Copland, et al, 2003; Gordon, et al, 2008; 

Hempel, et al, 2007; Turley, et al, 2007). However, the role of TβRIII is 

controversial in breast cancer, since it has been reported that TβRIII can act as 

either a tumor suppressor or promoter in this cancer (Criswell, et al, 2008; Dong, 

et al, 2007).  

In the current study, we focused our investigations on the functional role of 

TβRIII in the mesenchymal-like (MSL) subtype of TNBC. We used a loss-of-

function approach in representative MSL cell lines to demonstrate that TβRIII is 

required for maintenance of tumorigenicity in MSL TNBC cell lines and that 

regulation of integrin-α2 (gene symbol: ITGA2) expression is mechanistically 

involved in the observed phenotypes. This study demonstrates that TβRIII 

promotes the in vivo growth of a subset of TNBC and provides pre-clinical 
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rationale for consideration of TβRIII as a potential target for further discovery 

efforts.  

Results 

Human mesenchymal-stem like triple negative breast tumors and 

representative cell lines have increased TβRIII expression. 

Using a gene expression data set generated from 587 TNBC tumors, we 

examined the relative mRNA levels of TGF-β receptors and ligands across 

subtypes of TNBC. We observed elevated expression of TGFBR3 in basal-like1 

(BL1), mesenchymal (M) and mesenchymal-stem like (MSL) tumors (Figure 

10A). The highest relative level of TGFBR3 expression was in the MSL subtype 

(Figure 10B). Average probe intensities for the TGF- β receptors I and II as well 

as TGF- β ligands 1 and 3 were also elevated in MSL subtype in comparison to 

the rest of the TNBC subtypes (Figure 11). Analysis of The Cancer Genome 

Atlas (TCGA) TNBC data demonstrates a similar pattern of TGFBR3 expression 

across TNBC subtypes with the highest levels observed in the MSL subtype 

(Figure 12). Similarly, analysis of TGFBR3 gene expression across a panel of 

TNBC cell lines, representative of the various subtypes, demonstrates that the M 

and MSL subtypes have relatively higher levels of TGFBR3 mRNA (Figure 10C-

D). These findings were validated by qPCR (Figure 10E) and immunoblot 

analyses for TβRIII protein levels (Figure 10F). Although the TNBC mesenchymal 

(M) subtype cell lines also showed increased levels of TβRIII expression, we 

focused our studies of this receptor on the MSL subtype as expression is more 

consistent with human datasets (Figure 10A-B).   
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 Figure 10. TGFBR3 gene expression levels are elevated in mesenchymal-
stem like (MSL) subtype of TNBC.  
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Figure 10. TGFBR3 gene expression levels are elevated in mesenchymal-
stem like (MSL) subtype of TNBC.  
A, Heat map representation of gene expression for 587 TNBC tumors for each 
TGF-β ligand and receptor. B, quantification of average TGFBR3 gene 
expression across TNBC tumor subtypes, average based on individual TNBC 
tumor probe intensity values (**P = 0.004; ***P < 0.0003 for a two-tail Student t-
test). C, heat map of TGFBR3 mRNA expression in TNBC representative cell 
lines. D, quantification of TGFBR3 gene expression across representative TNBC 
cell lines (** P = 0.004; for a two-tail Student t-test, ns = not significant). E, qRT-
PCR analysis of TGFBR3 average mRNA expression (2-

ΔΔ
Ct) (Livak & Schmittgen, 

2001) from representative TNBC cell lines; graph bars represent the mean of 3 
replicates with SEM error bars. F, immunoblot analysis of TβRIII protein 
expression in TNBC representative cell lines, results representative of two 
independent experiments. 
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Figure 11. Average probe intensities for TGF-β receptors and ligands 
across 587 TNBC patients.  
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Figure 11. Average probe intensities for TGF-β receptors and ligands 
across 587 TNBC patients.  
A-B, quantification of average TGFBR1 and TGFBR2 mRNA expression across 
TNBC tumor subtypes. C-E, quantification of average TGFB1, TGFB2 and 
TGFB3 mRNA expression across TNBC tumor subtypes. Bar graph represents 
averages based on individual TNBC tumor probe intensity values. P values are 
outlined in the graph and were generated using a two-tail Student t-test. 
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Figure 12. TGFBR3 expression across TNBC subtypes in the Cancer 
Genome Atlas (TCGA). 
TGFBR3 transcript quantification from RNA-seq TCGA data demonstrating log2 
TGFBR3 levels (RSEM) across each TNBC subtype. 

 

  

●

●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●
●●

●

●

●

●
●

●

●●

●

●

●

●
●

●

●
●

●

●

●

●
●

●

●●

●
●

●

●●
●●

●
●

●
●●●●
●

●●●
●
●

●
●

●

●

●

●
●

●

●

●

●
●

●

●

●●
●●●

●
●
●

●

●

●

●

●

●

●

●

●
●

●●

●

●●

●

●

●

●
●●

●
●

●●

●
●

●

6

8

10

12

UNS BL1 BL2 IM M MSL LAR
TNBC Subtype

log
2 T

GF
BR

3 E
xp

re
ss

ion
 (R

SE
M)

TNBC Subtype
●

●

●

●

●

●

●

UNS
BL1
BL2
IM
M
MSL
LAR

TCGA 109 TNBC − RSEM Genes Normalized

Lo
g2

 T
G
FB
R
3 

ex
pr

es
si

on
 (R

S
E

M
) 

TNBC subtypes 

UNS BL1 BL2 IM M MSL LAR 



 
 

98 

Knockdown of TβRIII in MSL TNBC cells leads to decreased tumorigenicity 

in vivo.  

In order to determine the significance of the TβRIII expression in MSL 

TNBC cell behavior, we knocked down TβRIII in MSL cells and performed 

orthotopic xenograft tumor studies. We used a panel of four shRNA expression 

vectors to optimize TβRIII knockdown, as validated by immunoblot and flow 

cytometry analyses (Figure 13A-C). We utilized immunocompromised nude mice 

to establish orthotopic xenograft tumors from cell lines representing MSL subtype 

of TNBC with and without TβRIII knockdown. Initially we tested SUM159 cells 

with two shRNA expression vectors (TβRIII-KD and TβRIII-KD4) to eliminate off 

target effects of the shRNA (Figure 14). After establishing that both expression 

vectors resulted in a similar phenotype, we used a single shRNA (TβRIII-KD) in 

all subsequent experiments across three MSL cell lines. Knockdown of TβRIII in 

the SUM159 and MDA-MB-231 MSL cell lines significantly decreased xenograft 

tumor growth (Figure 13D-E). MDA-MB-157 showed inconsistent results (Figure 

15A) and after further investigation we discovered that the TβRIII-KD tumors 

expressed TβRIII (Figure 15B). Thus, either there was a selection against the 

knockdown in vivo and thus the tumor cells expressed TβRIII or there was a 

small subpopulation of MDA-MB-157 cells at the start of the experiment that 

retained expression and seeded the tumor growth. Regardless, both 

explanations provide further evidence for the tumor-promoting effect of TβRIII.   
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Figure 13. Stable knockdown of TβRIII in MSL TNBC cells reduces 
xenograft tumor growth.  
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Figure 13. Stable knockdown of TβRIII in MSL TNBC cells reduces 
xenograft tumor growth.  
A, immunoblot analysis of TβRIII protein expression in lysates harvested from 
SUM159 cells stably expressing control and four different TβRIII shRNA vectors 
(TβRIII-KD, KD2-4). B, flow cytometry analysis of TβRIII protein levels in 
SUM159 controls, TβRIII-KD and TβRIII-KD4. C, immunoblot analysis of TβRIII 
protein expression in lysates harvested from MDA-MB-231 and MDA-MB-157 
cells stably expressing control and TβRIII-KD. D-E, tumors in nude mice were 
palpable 3 weeks post implantation of MSL cell line (D, SUM159 and E, MDA-
MB-231). Serial tumor volumes (mm3) were measured weekly for 5 weeks post 
palpation for both controls and TβRIII-KD. Each data bar represents the mean 
tumor volume of 10 tumors; error bar represents SEM (**P ≤ 0.005, ***P < 0.0001 
for a two-tail Student t-test). 
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Figure 14. Knockdown of TβRIII with two independent shRNA vectors 
decreases tumor volume of SUM159 xenografts.  
TβRIII-KD and TβRIII-KD4 vectors were used to stably knockdown TβRIII in 
SUM159 cells. Cells were then implanted orthotopically into nude mice. Tumors 
were palpable 3 weeks post implantation of SUM159 cell line with two 
independent TβRIII knockdown vectors. Serial tumor volumes (mm3) were 
measured weekly for 5 weeks post palpation for both controls and TβRIII-KDs. 
Each data bar represents the mean tumor volume of 8 tumors; error bar 
represents SEM.  
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Figure 15. MDA-MB-157 expresses TβRIII after implanted in vivo thus does 
not exhibit significant change in tumor growth.  
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Figure 15. MDA-MB-157 expresses TβRIII after implanted in vivo thus does 
not exhibit significant change in tumor growth.  
A, Tumors in nude mice were palpable 2 weeks post implantation of MDA-MB-
157 MSL cell line. Serial tumor volumes (mm3) were measured weekly for 5 
weeks post palpation for both controls and TβRIII-KD. Each data bar represents 
the mean tumor volume of 10 tumors; error bar represents SEM (P = ns, not 
significant). B, qRT-PCR comparison of TGFBR3 expression of RNA isolated 
from MDA-MB-157 cells before implantation (in vitro mRNA) and RNA isolated 
from tumors generated by MDA-MB-157 implantation (in vivo mRNA) (ns= not 
significant, **P =0.002 and ***P <0.0001 for a two-tail Student t-test). 
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Knockdown of TβRIII in MSL cell lines does not affect cell proliferation or 

viability.  

Since TβRIII-KD markedly decreased the tumorigenic potential of 

mesenchymal TNBC cells, we further explored whether this was due to a 

proliferation defect. TβRIII can bind to all TGF-β ligands but with highest affinity 

for TGF-β2 (Andres, et al, 1991; Andres, et al, 1989), therefore cells were treated 

with TGF-β2 in addition to TGF-β1. Both controls and TβRIII-KD MSL cell lines 

responded similarly to the ligands (Figure 16A-B). TβRIII-KD did not alter the 

proliferation rates of MSL cell lines (SUM159, MDA-MB-231, and MDA-MB-157) 

by live cell counts (Figure 16A) or 3H-thymidine incorporation assay (Figure 16B). 

Consistent with an intact TGF-beta signaling pathway (22,23) we have observed 

an increase in phospho-SMAD2 following ligand treatment (Figure 17). In order 

to examine cell viability and determine whether knockdown of TβRIII influenced 

apoptosis, we analyzed cleaved-caspase 3 and cleaved-PARP and we did not 

detect any difference between control and TβRIII-KD MSL cells (Figure 16C).  

Knockdown of TβRIII in MSL cells impairs motility, invasion and the ability 

to form invasive protrusions in 3D cultures.  

Using a validated method (please see methods section for details) for 

measurement of cell migration (Ashby, et al, 2012), we found that TβRIII-KD   
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Figure 16. TβRIII-KD in MSL cell lines does not affect cell proliferation. 
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Figure 16. TβRIII-KD in MSL cell lines does not affect cell proliferation.  
A, Live cell count proliferation assay for SUM159, MDA-MB-231 and MDA-MB-
157 controls versus TβRIII-KD 72hrs post treatment with TGF-β1 and TGF-β2 
ligands; graph bars represent the mean of 6 replicates with SEM error bars (ns = 
not significant; *P < 0.01, ***P ≤ 0.0005 for a two-tail Student t-test). B, thymidine 
incorporation proliferation assay for SUM159, MDA-MB-231 and MDA-MB-157 
controls versus TβRIII-KD in presence or absence of TGF-β1 and TGF-β2 
ligands; graph bars represent the mean of 6 replicates with SEM error bars (***P 
≤ 0.0004 for a two-tail Student t-test). C, immunoblot analysis of cleaved-caspase 
3 and PARP protein expression using lysates harvested from SUM159, MDA-
MB-231 and MDA-MB-157 stably expressing control and TβRIII-KD. Results are 
representative of three independent experiments.  
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Figure 17. p-SMAD2 and TβRII levels indicate that TGF-β signaling is intact 
in TβRIII controls and TβRIII-KD MSL lines.  
Immunoblot analysis for phospho-SMAD2, SMAD2 and TβRII using protein 
harvested from SUM159, MDA-MB-231 and MDA-MB-157 cells with TβRIII-KD in 
presence or absence of TGF-β1 and TGF-β2 ligands.  
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significantly decreased the migration of SUM159, MDA-MB-231 and MDA-MB-

157 cells (Figure 18A-C). Treatment with TGF-β ligands had no effect on 

migration. In order to determine the invasive properties of MSL lines we analyzed 

their ability to migrate through a barrier using an invasion transwell assay. TβRIII-

KD impaired the ability of the MSL cell lines to invade through Matrigel pre-

coated transwells and the addition of TGF-β ligands had little effect on invasion in 

either controls or knockdowns (Figure 18D-F). Next, we examined the effect of 

TβRIII-KD on the ability of MSL cells to form colonies in 3D Matrigel culture. After 

five days in culture, SUM159 cells with TβRIII-KD had smooth edges around cell 

spheres while control cells had multiple protrusions invading into the surrounding 

matrix (Figure 18G). These results were quantified by calculations of the 

perimeter, which show a, significant difference between controls and TβRIII-KD 

(Figure 18H). Overall, the data above indicate that TβRIII modulates migration 

and invasion, independent of TGF-β stimulation, in MSL cells. To further 

investigate TGF-β pathway signaling in the MSL lines we examined both 

canonical (SMAD-dependent) and non-canonical (SMAD-independent) signaling 

pathways (Derynck & Zhang, 2003). We used standard CAGA-luc (Figure 19A) 

and 3TP-lux (Figure 19C) reporter assays for measurement of TGF-β activity 

(Kusanagi, et al, 2000; Wrana, et al, 1992). Assays were performed either in 

presence of TGF-β1 or TGF-β2 ligands and compared to untreated controls 

(Andres, et al, 1989; Lopez-Casillas, et al, 1991). In addition, we performed 

qPCR analysis for SMAD7 (Figure 19B) and PAI-1 (Figure 19D) gene expression 

as readout for downstream targets for canonical and non-canonical TGF-β  
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Figure 18. Phenotypic effect of TβRIII knockdown in MSL cells.  
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Figure 18. Phenotypic effect of TβRIII knockdown in MSL cells.  
A-C, Cells were plated around magnetic stencils. After cells had adhered the 
magnetic stencils were removed and migration assay was monitored for 24hrs. 
Bar graphs represent percentages of closure for each MSL cell line with TβRIII-
KD in comparison to control with or without TGF-β1 and TGF-β2 treatment; graph 
bars represent the mean of 3 replicates with SEM error bars (**P = 0.001, ***P < 
0.0001 for a two-tail Student t-test). D-F, number of MSL cells that invaded 
through Matrigel pre-coated transwells with or without 24hr pre-treatment of cells 
with TGF-β1 and TGF-β2 ligands (***P < 0.0001 for a two-tail Student t-test). G, 
Representative 10x images of SUM159 controls versus TβRIII-KD cells 
embedded in 3D matrigel culture. Scale bar: 300µm. H, quantification of SUM159 
3D Matrigel culture; bar graph represent tumor-sphere perimeter derived from 
mean of 3 replicates with SEM error bars (*P = 0.029 for a two-tail Student t-test).   
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Figure 19. TGF-β signaling appears to remain functional in TβRIII-KD MSL 
cell lines.  
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Figure 19. TGF-β signaling appears to remain functional in TβRIII-KD MSL 
cell lines.  
A, Controls and TβRIII-KD MSL cells were co-transfected with CAGA-Luc and 
pRL-CMV renilla (used as internal control to correct for transfection efficiency). 
Eighteen hours post transfection cells were treated for 24hrs with 1ng/ml of TGF-
β1 and TGF-β2. Cells were then collected and tested for promoter specific 
luciferase activity using a dual-luciferase reporter assay system was. Bar graph 
data represents mean of 4 replicates with SEM error bars (**P≤ 0.009 for a two-
tail Student t-test). B, qRT-PCR analysis for SMAD7 mRNA expression from 
TβRIII-KD MSL cells; graph bars represent the mean of 3 replicates with SEM 
error bars (*P ≤ 0.03, **P≤ 0.009) for a two-tail Student t-test) C, controls and 
TβRIII-KD MSL cells were co-transfected with 3TP-lux and pRL-CMV renilla 
(used as internal control to correct for transfection efficiency). 18hrs post 
transfection cells were treated for 24hrs with 1ng/ml of TGF-β1 and TGF-β2. 
Cells were then collected and tested for promoter specific luciferase activity using 
a dual-luciferase reporter assay system was. Bar graph data represents mean of 
4 replicates with SEM error bars (*P ≤ 0.03 for a two-tail Student t-test). D, qRT-
PCR analysis for PAI-1 mRNA expression from TβRIII-KD MSL cells; graph bars 
represent the mean of 3 replicates with SEM error bars (*P ≤ 0.03 for a two-tail 
Student t-test).  
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activity, respectively (Keeton, et al, 1991; Shimanuki, et al, 2007). The results of 

both assays indicate that knockdown of TβRIII does not modulate either arm of 

TGF-β signaling pathway. Thus, MSL lines with TβRIII knockdown have resulting 

phenotypic changes without concomitant changes in the TGF-β signaling 

pathways measured. Considering these results and knowing that TβRIII can also 

bind to BMPs (bone morphogenetic proteins) (Kirkbride, et al, 2008), we treated 

the engineered MSL cell lines with BMP4. We did not observe significant 

changes in Smad1/5/8 phosphorylation in TβRIII-KD versus control MSL cells 

(data not shown). The results suggest that TβRIII modulates the tumorigenic 

potential of MSL TNBC cells through other signaling pathways. 

Knockdown of TβRIII is associated with increased expression of integrin-α2 

in MSL TNBC cells.  

To determine which genes and/or signaling pathways are significantly altered in 

MSL cells after TβRIII knockdown; we performed gene expression microarray 

analyses on SUM159 cells grown in 3D cultures. The integrin signaling pathway, 

along with other cell adhesion pathways, were among the most significant 

pathways differentially expressed in TβRIII-KD MSL cells relative to control 

cultures (Table 4). Analysis of individual genes of the integrin pathway revealed 

that integrin-α2 (ITGA2) was a top gene that was significantly increased upon 

TβRIII knockdown (Table 5). In vitro qRT-PCR analysis indicate a statistically 

significant (above 2-fold) upregulation of integrin-α2 in the TβRIII-KD MSL cells   
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Table 4. Integrin pathway is among significantly changed signaling 
pathways in SUM159 TβRIII-KD 3D culture system.  
Genes were considered differentially expressed and included for pathway 
analysis if they met a cutoff of |log2FC|>0.5 and FDR adjusted P value<0.05. 
Pathway analysis was performed by querying against the C2 Canonical 
Pathways in the Molecular Signature Database (MSigDB).  

   

Gene Set Name
# Genes 
in Gene 
Set (K)

# Genes in 
Overlap 

(k)
p-value

REACTOME_CELL_JUNCTION_ORGANIZATION 78 8 7.67E-07
REACTOME_CELL_CELL_COMMUNICATION 120 9 2.24E-06
PID_INTEGRIN1_PATHWAY 66 7 3.03E-06
KEGG_CELL_ADHESION_MOLECULES_CAMS 134 8 4.31E-05
PID_INTEGRIN3_PATHWAY 43 5 5.20E-05
KEGG_FOCAL_ADHESION 201 9 1.35E-04
REACTOME_CELL_CELL_JUNCTION_ORGANIZATION 56 5 1.87E-04
PID_AVB3_INTEGRIN_PATHWAY 75 5 7.29E-04
REACTOME_INTEGRIN_CELL_SURFACE_INTERACTIONS 79 5 9.23E-04
KEGG_ECM_RECEPTOR_INTERACTION 84 5 1.22E-03
REACTOME_EXTRACELLULAR_MATRIX_ORGANIZATION 87 5 1.42E-03
REACTOME_ADHERENS_JUNCTIONS_INTERACTIONS 27 3 2.05E-03

Genemania 
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Table 5. Integrin family members in SUM159 cells with TβRIII-KD grown in 
three-dimensional cultures.  
Table represents list of integrin family genes from microarray analysis. Genes are 
ordered based on adjusted P values (low to high). ITGA2 was the top integrin 
gene with lowest p value (P= 0.00310994) 

    

Gene symbol Adj.  P value 

ITGA2 0.00310994
ITGB2 0.00858093
ITGA6 0.07342169
ITGB5 0.18804443
ITGB1 0.2823499
ITGA8 0.35612028
ITGA3 0.39006295
ITGA4 0.49020532
ITGB7 0.50179171
ITGA10 0.50579062
ITGB4 0.56483922
ITGA11 0.65315048
ITGB3 0.69170401
ITGB6 0.70117658
ITGA7 0.74009154
ITGAV 0.78396341
ITGA5 0.78412514
ITGB8 0.94109833
ITGA9 0.95105451
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Figure 20. TβRIII-KD modulates expression of integrin-α2 (ITGA2) in MSL 
cells.  
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Figure 20. TβRIII-KD modulates expression of integrin-α2 (ITGA2) in MSL 
cells.  
A, heatmap representing levels of ITGA2 between control and shTGFBR3. B-D, 
qRT-PCR analysis for ITGA2 mRNA expression from MSL TNBC cell lines with 
TβRIII-KD; graph bars represent the mean of 3 replicates with SEM error bars 
(**P = 0.003, ***P ≤ 0.0007 for a two-tail Student t-test). E-G, flow cytometry 
analysis for integrin-α2 in controls and TβRIII-KD MSL; arrow pointing to the right 
shows a shift towards an increase in protein levels of integrin-α2 in TβRIII-KD 
MSL cell lines. 
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(Figure 20B-D). The upregulation of integrin-α2 was further validated by flow 

analysis across all MSL cell lines studied (Figure 20E-G). 

TβRIII modulation of integrin-α2 expression is required for the migratory 

and invasive MSL cell line phenotypes.  

Using a clinically relevant, spontaneous mouse model of breast cancer 

progression and metastasis, Ramirez et al. demonstrated that integrin-α2β1 acts 

as a tumor suppressor; and α2-null cells were more motile and invasive 

(Ramirez, et al, 2011). The in vivo and in vitro findings were further correlated 

with analysis of microarray gene expression datasets of human breast and 

prostate cancers, which showed a correlation between decreased expression of 

ITGA2 and poor prognosis (Ramirez, et al, 2011). Considering this role of 

integrin-α2 in breast cancer, we hypothesized that the decrease in migration and 

invasion upon TβRIII-KD in MSL cells could be rescued by concomitant 

knockdown of integrin-α2. To test our hypothesis, we stably knocked down 

integrin-α2 (α2-KD) in the MSL TβRIII-KD cells and performed migration and 

invasion assays (Figure 21A-B, Figure 22A-B). Knockdown of integrin-α2 was 

sufficient to reverse the migration (Figure 21C, Figure 22C) and invasion (Figure 

21E, Figure 22D) phenotype of MSL cells with TβRIII-KD to those of control cells. 

In addition, using an integrin-α2 neutralizing antibody we rescued the migratory 

phenotype (Figure 21D) in a manner similar to that observed after α2-KD in 

TβRIII-KD cells. Knelson and colleagues showed that knockdown of TβRIII leads 

to diminished FGF2-mediated ERK phosphorylation (Knelson, et al, 2013).   
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Figure 21. Knockdown of integrin- α2 in TβRIII-KD MSL cells reverses 
migratory and invasive TβRIII-KD phenotypes.  
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Figure 21. Knockdown of integrin- α2 in TβRIII-KD MSL cells reverses 
migratory and invasive TβRIII-KD phenotypes.  
A, qRT-PCR analysis for ITGA2 mRNA expression before and after stable 
knockdown of integrin-α2 (α2-KD) in SUM159 cells with TβRIII-KD; graph bars 
represent the mean of 3 replicates with SEM error bars (***P < 0.0001 for a two-
tail Student t-test). B, Flow cytometry analysis of α2-KD; arrow pointing to the left 
shows a shift towards a decrease in protein amount of integrin-α2 in TβRIII-KD 
SUM159 cell lines after α2-KD. C, transwell migration assay representing number 
of cells migrated through transwell upon α2-KD in TβRIII-KD SUM159 cell line 
(ns= not significant, ***P < 0.0001 for a two-tail Student t-test); bar graph 
represents a mean of 3 replicates with SEM error bars. D, transwell migration 
assay representing number of cells migrated upon treatment of TβRIII-KD 
SUM159 cell line with anti-α2 blocking antibody (ns= not significant, *P = 0.011, 
***P < 0.0001 for a two-tail Student t-test). E, transwell invasion assays with 
inserts pre-coated with Matrigel allowing for testing the number of cells that can 
invade upon α2-KD in TβRIII-KD SUM159 cells (ns= not significant, ***P < 
0.0001 for a two-tail Student t-test). F, immunoblot analysis for phospho-ERK 
using protein harvested from SUM159 cells with TβRIII-KD and TβRIII-KD /α2-
KD.  
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Figure 22. Knockdown of integrin-α2 in TβRIII-KD MSL cells reverses 
migratory and invasive TβRIII-KD phenotypes 
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Figure 22. Knockdown of integrin- α2 in TβRIII-KD MSL cells reverses 
migratory and invasive TβRIII-KD phenotypes.  
A, qRT-PCR analysis for ITGA2 mRNA expression before and after stable 
knockdown of integrin-α2 (α2-KD) in MDA-MB-231 and MDA-MB-157 cells with 
TβRIII-KD; graph bars represent the mean of 3 replicates with SEM error bars 
(**P ≤ 0.002, *** P ≤ 0.0007 for a two-tail Student t-test). B, Flow cytometry 
analysis of α2-KD; arrow pointing to the left shows a shift towards a decrease in 
protein amount of integrin-α2 in MDA-MB-231 and MDA-MB-157 cells with 
TβRIII-KD after α2-KD. C, transwell migration assay representing number of cells 
migrated through transwell upon α2-KD in TβRIII-KD MDA-MB-231 and MDA-
MB-157 cell lines (ns= not significant, *** P < 0.0007 for a two-tail Student t-test); 
bar graph represents a mean of 3 replicates with SEM error bars. D, transwell 
invasion assays with inserts pre-coated with Matrigel allowing for testing the 
number of cells that can invade upon α2-KD in TβRIII-KD MDA-MB-231 and 
MDA-MB-157 cells (ns= not significant, *** P < 0.0007 for a two-tail Student t-
test). F, immunoblot analysis for phospho-ERK using protein harvested from 
MDA-MB-231 and MDA-MB-157 with TβRIII-KD and TβRIII-KD /α2-KD.  
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Consistent with this previous study, after knockdown of TβRIII in the MSL cells, 

the phospho-ERK levels decreased and were restored in the cells after 

simultaneous integrin-α2 and TβRIII knockdown (Figure 21F and, Figure 22E).  

Relationship between gene expression of TβRIII and integrin-α2 in TNBC 

patient dataset.  

To further investigate the association between TβRIII (TGFBR3) and 

integrin-α2 (ITGA2) in TNBC, we used the TNBC patient dataset described in 

Figure 1A (Lehmann, et al, 2011) to analyze the relationship between TGFBR3 

and ITGA2 gene expression. Our results indicate an inverse correlation between 

ITGA2 and TGFBR3 expression across TNBC subtypes. In particular, we see the 

strongest inverse correlation in TNBC subtypes with either high TGFBR3 

expression (MSL; P= 5.274e-06); or low TGFBR3 expression (Basal-like 2; with 

P= 5.16e-07 and Luminal AR (LAR); with P= 1.759e-07) (Figure 23A-B). The 

clinical association between ITGA2 and TGFBR3 expression is relevant as it 

further links the impact of the interplay between TGF-β and integrin pathways in 

TNBC.  

Discussion 

Currently, the functional role of TβRIII is controversial in breast cancer. 

Some reports suggest a tumor suppressive function of TβRIII (Dong, et al, 2007),   
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Figure 23. TNBC patient dataset shows that expression of TGFBR3 is 
inversely correlated with expression of ITGA2.  
A, Heat map representation of TGFBR3 and ITGA2 gene expression for 587 
TNBC tumors for each TGFBR3 and ITGA2. B, quantification of gene expression 
for TGFBR3 (solid circles) and ITGA2 (empty circles) across TNBC tumor 
subtypes using log2 probe intensity values. The whiskers of the boxplot extend to 
the highest value that is within 1.5 interquartile range. P values were generated 
by performing a paired two-tail Student t-test.  
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while other reports indicate a tumor-promoting role (Criswell, et al, 2008; Jelinek, 

et al, 2003; Liu, et al, 2003; Woszczyk, et al, 2004). Through genomic expression 

(GE) analysis of 587 TNBC patients, we demonstrated that the TGFBR3 is 

expressed at higher level and most consistently in MSL subtype of TNBC. 

Furthermore, we have identified MSL cell line models that express high levels 

TGFBR3. To better understand the molecular basis of TGFBR3 GE we used 

representative MSL cell lines and a TβRIII loss-of-function approach. The data 

presented herein supports our hypothesis of an oncogenic role for TβRIII in MSL 

subtype of TNBC. Biologically, knockdown of TβRIII in TNBC MSL cell lines 

resulted in decreased motility and invasion, a lack of invasive protrusion in 3D 

culture in vitro, and a significant decrease in tumor growth in xenograft mouse 

model. The observed migratory and invasive cell line phenotypes were further 

associated with modulation of the integrin- α2 pathway.  

Previously, the loss of TβRIII expression was correlated to progression 

from a pre-invasive to an invasive state of breast cancer (Dong, et al, 2007). In 

addition, restoring expression of TβRIII in a breast cancer cell line led to a 

decrease of tumor invasiveness in vitro and tumor invasion and metastasis in 

vivo (Dong, et al, 2007). Other studies have demonstrated a frequent loss of 

TβRIII in human cancers (Copland, et al, 2003; Gordon, et al, 2008; Hempel, et 

al, 2008; Hempel, et al, 2007; Turley, et al, 2007). However, these studies lacked 

genomic analysis of tumors, thus their difference in conclusion can be due to the 

difference in their study models. Taking into account the dependency of TGFβ 

signaling on the context (Massagué, 2012) as well as the heterogeneity of breast 
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cancers, especially TNBC (Lehmann, et al, 2011; Lehmann & Pietenpol, 2014), 

we took a more focused approach to study the role of TβRIII in breast cancer 

progression. Since it has been previously established that TβRIII can modulate 

TGF-β signaling (Andres, et al, 1992; Bernabeu, et al, 2009; Esparza-Lopez, et 

al, 2001; López-Casillas, et al, 1994; Lopez-Casillas, et al, 1993), it is not 

surprising that TβRIII has been shown to have both pro- and anti-tumorigenic 

effects in breast cancer. Our study shows that knockdown of TβRIII in MSL cells 

appears not to alter the cells’ ability to respond to TGF-β either through the 

canonical and non-canonical arms of the pathway, or the BMP pathway. Rather, 

we observed that loss of TβRIII results in a decrease in cell motility and invasion. 

To further investigate potential mechanisms by which TβRIII regulates these cell 

functions, we performed gene expression analysis on cells after TβRIII 

knockdown. We found that the expression of genes involved in integrin signaling 

and cell-ECM interactions were significantly differentially regulated after TβRIII 

knockdown.  

Previous work has shown that inhibition of integrins can reverse the 

transformed state of breast cancer cells and that α2β1 integrin can play a role in 

cancer progression (Zutter, et al, 1990). A more recent study demonstrated that 

α2β1 integrin acts as a metastasis suppressor in breast cancer, where migratory 

and invasive abilities of tumor cells are enhanced after loss of α2β1 integrin 

expression (Ramirez, et al, 2011). This supports our finding wherein a decrease 

in the migratory and invasive phenotype, upon TβRIII knockdown, was linked to 

increased integrin- α2 expression levels. The precise mechanistic link between 
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TβRIII and integrin- α2 expression levels is unknown. The only other association 

between integrins and TβRIII was reported in MCF10A breast epithelial cells 

where TβRIII was shown to regulate integrin- α5 localization (Mythreye, et al, 

2013).  

Knockdown of integrin- α2 in TβRIII-KD MSL TNBC cells reverses the loss 

of motility and invasion that occurs upon TβRIII knockdown alone. One 

explanation for the observed rescue of migratory and invasive phenotype is 

through the regulation of ERK phosphorylation possibly mediated by integrin- α2. 

As shown in Figures 12 and 13, upon knockdown of TβRIII we observed a 

decrease of phospho-ERK simultaneous with an increase in integrin- α2. 

Furthermore, upon knockdown of integrin- α2 in TβRIII-KD cells we see and 

increase in phopho-ERK suggesting that integrin- α2 is suppressing ERK activity. 

This is in agreement with other studies that have shown that integrins can 

regulate ERK activity (Chen, et al, 1996; Miyamoto, et al, 1996; Renshaw, et al, 

1999). In addition, studies have demonstrated that continuous ERK activity can 

regulate invasion and migration by regulating transcription of genes or directly 

regulating enzymes necessary for cell movement (Glading, et al, 2001; Huang, et 

al, 2004).  

Therefore the increase in phospho-ERK seen upon integrin- α2 

knockdown could be an explanation for increase in mobility of our TβRIII-KD 

cells. Our data show a correlation between TβRIII’s modulation of migration and 

invasion and the reduction of phospho-ERK levels possibly mediated by integrin- 
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α2. Further studies will be required to elucidate the precise mechanistic 

relationship between TβRIII and integrin- α2. 

Conclusions 

In summary, our studies using MSL TNBC models demonstrate that TβRIII 

is an oncogenic driver of migration and invasion in vitro as well as tumor growth 

in vivo. Further mechanistic characterization of MSL TNBC would provide 

insights on how to use of this protein and/or signaling pathway as a biomarker or 

to provide insights to new targets for therapy. Considering the limitations of in 

vitro studies it is necessary to develop a mouse TβRIII breast cancer model to 

further elucidate the role of this molecule. Such a model would provide more 

accurate observations for studying the role of TβRIII in the tumor 

microenvironment. The results of this study provide mechanistic insight into the 

role of TβRIII in TNBC and highlight an association between TβRIII and integrin- 

α2 expression and regulation of cell motility, invasion, and tumorigenicity. In 

addition, this study provides pre-clinical rationale for consideration of TβRIII as a 

potential target for further discovery efforts.  
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CHAPTER IV 

 

GENE EXPRESSION PROFILES OF TRIPLE NEGATIVE BREAST CANCER 
EPITHELIAL AND STROMAL CELLS ARE PREDICTIVE OF TREATMENT 

RESPONSE 

 

Abstract 

In this study we compared responses of triple negative breast cancer 

(TNBC) patients to addition of mTOR inhibitor RAD001 (everolimus) to cisplatin 

and cisplatin+paclitaxel. The purposes of this study were to evaluate if the 

combined use of drugs (RAD001, cisplatin, and paclitaxel) would have 

synergistic effects and promote apoptosis, enhanced upon inhibition of mTOR 

with RAD001; and to identify biomarkers of drug sensitivity that will provide 

insight to novel combination therapies for the different subtypes of TNBC. 

145 TNBC patients with clinical stage II/III were randomized 2:1 into two 

arms. Arm 1 consisted of RAD001 (5 mg daily for 12 weeks)+ cisplatin (25 mg/m2 

q week for 12 weeks) + paclitaxel (80 mg/m2 q week for 11 weeks) while Arm 2 

consisted of placebo (5 mg daily for 12 weeks)+ cisplatin (25 mg/m2 q week for 

12 weeks) + paclitaxel (80 mg/m2 q week for 11 weeks) until definitive surgery. 

Biopsy specimens were obtained at baseline (pre), at day 5 of cycle 1 (bp1) and 

at surgery (post). Primary endpoint was pathological complete response (pCR). 

The study design provided 90% power to detect a difference in pCR rate of 35% 

vs. 20% with a two-sided significance level equal to 0.1 (type I error) for each 

arm.  
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The overall pathologic clinical response data indicate that out of 145 

patients, 52 patients (36%) had pathologic complete response (pCR); 26 patients 

(18%) had partial-pCR (Near-pCR); 53 patients (36%) did not respond to 

treatment and 14 patients (10%) were not evaluable (due to disease progression, 

toxicity or withdrawal). Furthermore, Arms 1 and 2 demonstrated no statistically 

significant difference in pathologic clinical responses. However, based on clinical 

patient evaluation addition of RAD001 to the combination of cisplatin and 

paclitaxel was associated with higher toxicities demonstrated by elevation of 

transaminase, neutropenia, thrombocytopenia, mucositis and rash. Analysis of 

Ki67 indicates that an increase of ki67 positive cells was associated with 

increased pCR rate. Furthermore, tumors with androgen receptor expression 

were highly associated with NO-pCR patients. Our preliminary genomic results 

indicate that there is differential gene expression (GE) in both tumor epithelial as 

well as stromal cells in pretreatment biopsies of pCR versus NO-pCR patients. 

Patients with higher expression of proliferation genes such as MKI67, KIFCI, 

AURKB, E2F3, and DNA damage response genes TP53BP2, CHEK1, RPA1, 

BLM were more responsive to treatment compared to non-responders. 

Furthermore, responders were more likely to have basal-like subtype while non-

responders mesenchymal and luminal-AR (LAR) subtypes.  

To our knowledge, this is the largest randomized neoadjuvant study in 

TNBC with an mTOR pathway inhibitor. Results suggest the combination of 

paclitaxel and cisplatin is well tolerated and active in TNBC. The addition of 

RAD001 did not improve pCR or clinical response rates and was associate with 
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more adverse events. A molecular signature of baseline (pre) biopsies predicts 

clinical response and TNBC subtypes seem to correlate with the response as 

well.  

Introduction 

The clinical term, triple negative breast cancer (TNBC), is a diagnosis of 

exclusion as it is based on lack of protein expression of estrogen receptor (ER), 

progesterone receptor, and amplification of the human epidermal growth factor 

receptor 2 (HER2) (Dent, et al, 2007; Society, 2014). TNBC comprise 10%-20% 

of all breast cancers and is biologically more aggressive than ER+ disease, with 

higher rates of relapse in the early stage and decreased overall survival in the 

metastatic setting (Haffty, et al, 2006; Morris, et al, 2007). TNBC heterogeneity, 

that likely contributes to variable clinical outcomes, and the absence of well-

defined molecular targets makes current state of treatment for TNBC limited to 

poorly efficient cytotoxic chemotherapy and short disease-free survival (Di Leo, 

et al, 2010). Thus, there is a need to decipher the molecular basis of TNBC as 

well as develop effective targeted therapy.  

The p53 family of transcription factors, p53, p63, and p73, are key 

regulators of tumor suppressor signaling pathways in breast cancer (Kaufmann, 

et al, 2003). The p53 tumor suppressor is mutated in ~30% of breast cancers 

(Borresen-Dale, 2003; Fisher, et al, 1997), but incidence of p53 mutation is 

higher in aggressive (ER)-negative breast cancers (Bear, et al, 2003) and is 

strongly associated with the 'basal-like' group (Bear, et al, 2003; Smith, et al, 

2002; Sorlie, et al, 2001). Furthermore, the p53 mutation status as well as 
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expression of the p63 and p73 might modulate gene expression patterns in 

TNBC.  

The p63 and p73 proteins are important regulators of development and 

tumorigenesis. Studies have shown that the p63 isoform expressed in breast 

tumors (ΔNp63α) can suppress transcriptional activity (Barbieri, et al, 2005; 

Barbieri & Pietenpol, 2006; Barbieri, et al, 2006; Westfall, et al, 2003). Further, in 

a fraction of basal-like tumors, p63 is coordinately expressed with p73 and may 

antagonize p73-mediated apoptosis (Yang, et al, 1999). Together, these studies 

suggest that the p63/p73 signaling axis could potentially be molecular target for 

the treatment of triple negative tumors.  

Targetable properties of p63/p73 has been previously reported. The study 

has shown that a p63-dependent tumor survivor pathway directly mediated 

cisplatin sensitivity in triple-negative tumors (Leong, et al, 2007). Specifically, 

breast tumor cells co-expressing ΔNp63 and TAp73 were more sensitive to 

cisplatin, however this behavior was not observed when cells were treated with 

common chemotherapeutic agents used for breast cancer treatment (Leong, et 

al, 2007; Silver, et al, 2010). These results suggest a novel mechanism for 

cisplatin sensitivity in triple-negative cancers (Leong, et al, 2007). To further 

corroborate these findings, a separate group (Rocca, et al, 2007) conducted a 

retrospective analysis of core biopsies of breast cancer patients treated with 

neoadjuvant chemotherapy, and showed that regimens including cisplatin yielded 

a significantly higher rate of pCR in p63-positive tumors.  
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Mammalian repressor of rapamycin (mTOR) pathway is a known 

oncogenic driver in human cancer and it can regulate multiple cell processes 

including cell proliferation and apoptosis (Bader, et al, 2005). Using a gene 

expression–based chemical genomics approach, Rosenbluth and collegues have 

identified a class of drugs (mTOR inhibitors) that modulated p73 activity 

(Rosenbluth, et al, 2008). The in vitro TNBC cell line data (Pietenpol lab, Figure 

24 unpublished) have further confirmed that mTOR inhibitor (RAD001) and 

additional drugs (cisplatin, paclitaxel) could elevate p73 and decrease p63.  

In summary, based on previous findings that mTOR inhibitors can activate 

p73 (Rosenbluth, et al, 2008); mTOR inhibitors can enhance chemosensitivity of 

cancer cells to carboplatin (Mondesire, et al, 2004), cisplatin (Mabuchi, et al, 

2007), and paclitaxel (Mondesire, et al, 2004), three agents that have been 

shown to activate p73 (Gong, et al, 1999; Lin, et al, 2004); and based on studies 

showing that paclitaxel can inhibit p63 expression (Westfall, et al, 2005), we 

hypothesized that combined use of an mTOR inhibitor, an alkylating agent, and 

paclitaxel would have synergistic effects in triple negative breast cancer. 

Considering all the preclinical data on mTOR inhibitors, knowing the efficacy of 

paclitaxel and cisplatin as neoadjuvant treatments for triple negative breast 

cancers, and discovering that these three agents in combination can 

synergistically regulate the p63/p73 signaling axis and apoptosis in breast 

epithelial cells, we proposed a randomized Phase II clinical trial to study the 

activity of cisplatin and paclitaxel ± RAD001 (everolimus) in patients with triple 

negative breast cancer. Furthermore, our overall purpose is to identify  
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Figure 24. Drug modulation of mTOR activity and p63/p73 signaling TNBC 
cells.  
MDA-MB-231 and HCC-1937 cell lines were treated with RAD001 (20nM), 
cisplatin (CDDP, 25µM), or paclitaxel (Tax, 100nM) alone or with the indicated 
combinations. Protein lysates were harvested at 24hr and western analysis 
performed for p63, p73, pS6, Puma, PARP, caspase-3, and actin. Maria Pino 
and Lucy Tang performed cell treatment and western analysis. This unpublished 
figure was adapted from Jennifer Rosenbluth.  

Cell$treatment$and$Western$analysis$were$performed$by$Maria$Pino$and$Lucy$Tang.$
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biomarkers of drug sensitivity that will provide insight to novel combination 

therapies for the different subtypes of TNBC. 

Results 

Overview of clinical trial design (VICC BRE0904).  

In 2009 we activated a randomized two-arm neoadjuvant phase II trial of 

cisplatin (25 mg/m2 IV week) + paclitaxel (80 mg/m2 IV week) ± RAD001 (5mg 

PO daily) in patients with stage II and III triple negative with triple negative locally 

advanced breast cancer (Figure 25). The primary objective of the trial was to 

determine the pathologic complete response (pCR). Additional aims were to 

determine the efficacy and safety of the drug combinations in each treatment 

group, evaluate therapy-mediated changes in correlative molecular markers (i.e. 

examine changes in proliferation, the p53/p63/p73 signaling axis and mTOR 

signaling pathways) and determine the ability of GE signatures to predict patient 

response. The trial was randomized 2:1 with Arm 1 patients treated with 

RAD001+ cisplatin for one week followed by addition of paclitaxel to the 

combination for additional 11 weeks. Arm 2 was set up in same manner with 

exception of RAD001 being replaced with a placebo. In addition, ultrasound 

guided core biopsies for molecular markers and correlative studies were 

collected. First at the time of diagnosis (baseline/pre-treatment biopsy) and two 

additional collections, biopsy 1 (BP1) prior to addition of paclitaxel to the cisplatin 

± RAD001 treatment combinations, and at time of surgery (Post) (Figure 25).  

  



 
 

136 

 
 

 

 

 

 
 
Figure 25. Schematic of randomized neoadjuvant phase II trial of cisplatin + 
paclitaxel ± RAD001 in patients with stage II and III triple negative breast 
cancers.  
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Figure 25. Schematic of randomized neoadjuvant phase II trial of cisplatin + 
paclitaxel ± RAD001 in patients with stage II and III triple negative breast 
cancers.  
This is a randomized phase II neoadjuvant study of cisplatin (platinol), paclitaxel 
(taxol) with or without RAD001 (everolimus, an mTOR inhibitor). Patients that fit 
the eligibility criteria were randomly assigned to each arm of the trial in a 2:1 
ratio. Arm 1 has a sample size of 96 and Arm 2 has a sample size of 49. A 
baseline (pre-treatment) and two research biopsies (biopsy 1 and post-treatment) 
were be collected from each patient accrued. Drug treatment consisted of 
cisplatin (25 mg/m2 IV weekly for 12 weeks)± RAD001 (5 mg PO daily for 12 
weeks) + paclitaxel (80 mg/m2 IV weekly for 11 weeks). The diagram outlines 
each arm of treatment. Patients that had near-pCR (tumor size criteria<0.5cm) or 
no-pCR (tumor size criteria>0.5cm) had undergone surgery at the end of the trial 
at which point post-treatment tissue was collected. Patients with no residual 
tumor (tumor size= 0cm) and no lymph node involvement were considered 
pathologic complete responders (pCR).  
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RAD001 did not improve clinical response rate but caused slightly higher 

adverse events.  

The baseline of patients’ and their tumor characteristics between arms 

were similar with median age 52 (ranging between 28 – 81yrs), median breast 

tumor size of 2 cm (ranging between 0.1 – 7.6 cm). Overall, 72% of tumors were 

histologic grade III, and 70% of patients had clinical stage III disease (data not 

shown). The trial has accrued 145 patients, with 131 patients having completed 

the trial; 52 patients have had pCR (36%) and 26 had near-pCR (<0.5 cm 

residual disease). 53 patients (36%) had no response (>0.5 cm residual disease) 

and 14 patients (10%) did not complete treatment due to progression of disease, 

withdrawal or toxicity (Figure 26A). The clinical response data suggest that 

neoadjuvant cisplatin and/or cisplatin ± RAD001 followed by paclitaxel is effective 

in TNBC. Similar rates of pCR and clinical response were observed in both arms 

indicating that addition of RAD001 did not improve the clinical response rate 

(Figure 26B). The lack of change in response rate between the arms was also 

evident by ultrasound evaluation (Figure 26C).  

Evaluation of side effects indicated that addition of RAD001 to the 

combination of paclitaxel and cisplatin was associated with slight increase in 

adverse events, while the paclitaxel and cisplatin combination was better 

tolerated, with lower incidence of mild to moderate (grade 1 and 2) 

thrombocytopenia, rash, mucositis, transaminase elevation and low incidence of 

severe (grade 3 and 4) neutropenia (Table 6).  
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Figure 26. Pathologic clinical response analysis for the TNBC patients 
accrued to BRE0904 trial.  
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Figure 26. Pathologic clinical response analysis for the TNBC patients 
accrued to BRE0904 trial.  
The degree of tumor response to neoadjuvant cisplatin, paclitaxel, and the 
mTOR inhibitor everolimus (RAD001) versus cisplatin and paclitaxel therapy was 
determined in evaluable patients with triple negative breast tumors. A, pie 
diagram representing the percentages of response with 36% pCR; 18% near-
pCR; 36% no-pCR and 10% non-evaluable patients (patients off-study, due to 
toxicities, withdrawal or death). B, stacked column bar graph (for pCR, near-pCR, 
no-pCR and non-evaluable patients) represents evaluation of clinical response 
within individual arm of treatment. Arm 1 consists of patients treated with 
RAD001, cisplatin and paclitaxel while Arm 2 represents patients treated with 
placebo, cisplatin and paclitaxel. No statistical significant differences were found. 
C, column bar graph for evaluation of tumor response to treatment (plac versus 
rad) as measured by ultrasound prior to definitive surgery. Ultrasound responses 
are broken down into five categories complete response (CR), partial-response 
(PR), stable disease (SD), progression of disease (PD) and non-evaluable (NE). 
No statistical significant differences were observed.  
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 Table 6. Clinical patient evaluation of side effects 

  

Based on clinical patient evaluation:  
•  addition of everolimus to the combination of paclitaxel 

and cisplatin was associated with slightly higher 
adverse events (* grade 3 and 4) 

•  paclitaxel and cisplatin combination was well tolerated 
overall, with low incidence of neuropathy or neutropenic 
fever  

EVEROLIMUS PLACIBO
Anemia 65 77
Neutropenia 52 38
Thrombocytopenia 40 9
Fatigue 64 75
Rash 49 29
Mucositis 39 20
Nausea 60 66
Diarrhea 32 29
Dyspepsia 30 35
Hypercholesterolemia 9 7
Hyperglycemia 51 42
Transaminase elevation 63 18
Pneumonitis 1 -

Most common adverse events (%) 

*"

* Grade 3 and 4 
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Molecular analysis of biopsies for markers of clinical response. 

 Molecular analysis of biopsy material was performed to assess therapy-

mediated changes in proliferation, mitosis, phospho-S6 ribosomal protein (pS6) 

levels, as well as levels and phosphorylation status of p53, p63, and p73. Based 

on preclinical data (data not shown), we anticipated a decrease in cell 

proliferation, an increase in mitotic index, a decrease in pS6 and p63 levels and 

an elevation in p73 activity, after cisplatin, RAD001, and paclitaxel treatment.  

Ki67 indicates higher cell proliferation in responders versus non-
responders.  

Proliferation rates were estimated by measuring Ki67 expression levels. 

The levels of expression were based on the percentage of tumor cell nuclei 

positively stained for Ki67 using immunohistochemistry (IHC). Although Ki67 

staining is not currently standardized as a prognostic marker for routine clinical 

use partially due to mixed results for the ability of Ki67 to differentiate between a 

good or poor outcome (Stuart-Harris, et al, 2008), recent study suggests that 

higher ki67 expression levels prior to neoadjuvant chemotherapy was 

significantly correlated with higher path CR (Kwan, et al, 2014; Nishimura, et al, 

2010). BRE0904 Ki67 analysis of both arms of patients with available cores, 

demonstrate statistically significant difference in pre-treatment Ki67 between 

pCR and no-pCR patients, with pCR patients having higher percent of Ki67 

expression (Figure 27A). Interestingly, near-pCR patients also show statistically 

higher Ki67 when compared to no-pCR patients (Figure 27B). The preclinical 

tumor studies in which cisplatin, paclitaxel, and RAD001 were used as single  



 
 

143 

 
 

Figure 27. IHC protein expression analysis of Ki67 across evaluable 
BRE0904 TNBC patients. 
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Figure 27. IHC protein expression analysis of Ki67 across evaluable 
BRE0904 TNBC patients.  
A, summary of average percent of ki67 positive cells for 94 patient with evaluable 
biopsies, across arm 1 (cisplatin+placebo; N=14 pCR, N=5 near-pCR and N=13 
no-pCR patients), arm 2 (cisplatin+ rad001; N=27 pCR, N=11 near-pCR and 
N=24 no-pCR patients) and both arms (arms 1+2; N= 41 pCR, N=16 near-pCR 
and N=37 no-pCR patients ). B, bar graph for percent of Ki67 positive cells in 
pre-treatment, biopsy 1 and post-treatment biopsies in pCR, near-pCR and no-
pCR patients (trial arms combined). Each data bar represents the mean percent 
of Ki67 positive cells of 41 pre-treatment and biopsy 1 pCR patients, 16 pre-
treatment, biopsy 1 and post-treatment near-pCR patients and 37 pre-treatment, 
biopsy 1 and post-treatment no-pCR patients; error bar represents SEM (ns = not 
significant, *P < 0.01 for a two-tail Student t-test). C, bar graph for percent of 
Ki67 positive cells in pre-treatment, biopsy 1 and post-treatment biopsies in pCR, 
near-pCR and no-pCR patients; Arm 1 (RAD) versus Arm 2 (placebo). Each data 
bar represents the mean percent of ki67 positive cells of pCR patients’ pre-
treatment and biopsy 1 (N=14 plac and N=27 RAD), near-pCR patients’ pre-
treatment, biopsy 1 and post-treatment (N= 5 plac and N=11 RAD) no-pCR pre-
treatment, biopsy 1 and post-treatment (N= 13 plac and N=24 RAD); error bar 
represents SEM (ns = not significant for a two-tail Student t-test). 
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agents, demonstrated significant reduction in Ki67, and although we do not have 

statistical difference upon treatment there still a consistent decrease in Ki67 in 

both arms of treatment (cisplatin, paclitaxel ± RAD001) (Figure 27C).  

Evaluation of mTOR activity by pS6 expression levels indicates robust 
expression of pS6 but no change in RAD001 arm. 

Considering that we were evaluating efficacy of RAD001 inhibition of 

mTOR, we performed IHC analysis of phospho-S6, a marker of drug activity, on 

all available biopsy material (pre, bp1 and post-treatment). Previously, it has 

been shown that detection of the phospho-S6 (Ser-235/236) in human tumor 

tissue is robust and that drug-induced decreases are readily detectable in human 

tumor specimens (Choe, et al, 2003; Wang, et al, 2006). Thus, it would be 

anticipated that decreases in phospho-S6 would be detected in sensitive tumors 

in ARM1 patients (RAD001) of the trial. Based on the trial design, the most 

robust change in phospho-S6 would be expected in bp1 biopsy material (3-5 

days of cisplatin + RAD001 versus cisplatin+placibo arm) from RAD001 sensitive 

patients. Phospho-S6 analysis revealed, as anticipated, robust baseline 

expression of pS6 across all TNBC patients (Figure 28A and B). When 

comparing baseline and bp1 biopsies in Arm 1 (RAD001) no statistically different 

changes were observed although there was a slightly less pS6 in pCR and near-

pCR patients while no change in no-pCR patients. Interestingly, there was 

significant difference in pS6 in post-treatment biopsies (paclitaxel added) in both 

Arms 1 and 2 in near and no-pCR patients. Although a significant decrease was 

not observed across every post-treatment biopsy, the decrease in pS6 trend was 

consistent across all post-treatments. Overall, these results suggest that addition  
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Figure 28. IHC protein expression analysis of pS6 across evaluable     
BRE0904 TNBC patients  
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Figure 28. IHC protein expression analysis of pS6 across evaluable 
BRE0904 TNBC patients. 
A, summary of H-scores for pS6 positive cells for 101 patient with evaluable 
biopsies, across arm 1 (cisplatin+placebo; N=14 pCR, N=7 near-pCR and N=7 
no-pCR patients), arm 2 (cisplatin+ rad001; N= 26 pCR, N=12 near-pCR and 
N=7 no-pCR patients) and both arms (arms 1+2; N= 40 pCR, N=19 near-pCR 
and N=42 no-pCR patients). B, bar graph for average pS6 H-scores in pre-
treatment, biopsy 1 and post-treatment biopsies in pCR, near-pCR and no-pCR 
patients (trial arms combined). Each data bar represents the mean pS6 H-score 
of 40 pre-treatment and biopsy 1 pCR patients, 19 pre-treatment, biopsy 1 and 
post-treatment near-pCR patients and 42 pre-treatment, biopsy 1 and post-
treatment no-pCR patients; error bar represents SEM (*P < 0.01, **P < 0.001 for 
a two-tail Student t-test). C, bar graph for average pS6 H-scores in pre-treatment, 
biopsy 1 and post-treatment biopsies in pCR, near-pCR and no-pCR patients; 
Arm 1 (RAD) versus Arm 2 (placebo). Each data bar represents the mean pS6 H-
score of pCR patients’ pre-treatment and biopsy 1 (N=14 plac and N=26 RAD), 
near-pCR patients’ pre-treatment, biopsy 1 and post-treatment (N= 7 plac and 
N=12 RAD) no-pCR pre-treatment, biopsy 1 and post-treatment (N= 7 plac and 
N=35 RAD); error bar represents SEM (ns = not significant, *P < 0.01, **P < 
0.001 for a two-tail Student t-test). 
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of paclitaxel might have an effect on pS6 levels (Figure 28C). Further 

assessments would be required to evaluate this observation, especially as the 

result contradict the in vitro results in human cell lines.  

Assessment of the expression of p53 expression reveals no difference 
between responders and non-responders.  

The percent of p53 positive cells was evaluated across the trial and 

analyses were performed to determine how p53 expression correlated with the 

overall clinical response as well as individual treatment arm (Figure 29). The data 

suggested that there was no statistically significant difference between pCR and 

near-pCR or no-pCR patients. However, as it would be expected, there was 

robust expression of p53 across the trial (Figure 29A and B). The presence of a 

strong IHC signal for p53 has been previously correlated with the presence of 

mutant p53, and considering high p53 mutation rate in breast cancer as well as 

its strong association with TNBC (Borresen-Dale, 2003; Sorlie, et al, 2001) our 

data indicating the higher number of patients (60-100% range of p53 positive 

cells) (Figure 29 B and C) goes along with previous findings. Although, at this 

point we do not have data that would verify mutation status in the patients with 

high p53, our prediction would be that a significant percentage of these patients 

would have p53 mutant tumors. As far as correlation of p53 IHC signal between 

the two arms of the trial there is no significant difference (Figure 29C). Although, 

the p53 results only confirmed what was already known and thus did not reveal 

anything novel it was important to establish the status of p53 so that it can be 

correlated to p63 and p73 expression status in the tumors. 
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Figure 29. IHC protein expression analysis of p53 across evaluable 
BRE0904 TNBC patients. 
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Figure 29. IHC protein expression analysis of p53 across evaluable 
BRE0904 TNBC patients.  
A, summary of average percent of p53 positive nuclei for 95 patient with 
evaluable biopsies, across arm 1 (cisplatin+placebo; N=13 pCR, N=7 near-pCR 
and N=14 no-pCR patients), arm 2 (cisplatin+ rad001; N=26 pCR, N=11 near-
pCR and N=24 no-pCR patients) and both arms (arms 1+2; N= 39 pCR, N=18 
near-pCR and N=38 no-pCR patients). B, bar graph and vertical scatter plot for 
percent of p53 positive nuclei in pre-treatment, biopsy 1 and post-treatment 
biopsies in pCR, near-pCR and no-pCR patients (trial arms combined). Each 
data bar represents the mean percent of p53 positive cells of 39 pre-treatment 
and biopsy 1 pCR patients, 18 pre-treatment, biopsy 1 and post-treatment near-
pCR patients and 38 pre-treatment, biopsy 1 and post-treatment no-pCR 
patients; error bar represents SEM (ns = not significant, for a two-tail Student t-
test). C, column bar graph and vertical scatter plot for percent of p53 positive 
nuclei in pre-treatment, biopsy 1 and post-treatment biopsies in pCR, near-pCR 
and no-pCR patients; Arm 1 (RAD) versus Arm 2 (placebo). Each data bar 
represents the mean percent of p53 positive nuclei of pCR patients’ pre-
treatment and biopsy 1 (N=13 plac and N=26 RAD), near-pCR patients’ pre-
treatment, biopsy 1 and post-treatment (N= 7 plac and N=11 RAD) no-pCR pre-
treatment, biopsy 1 and post-treatment (N= 14 plac and N=24 RAD); error bar 
represents SEM (ns = not significant for a two-tail Student t-test). 

  



 
 

151 

p63 and p73 expression levels are highest in patients with pathologic 
complete response  

In our preclinical data we demonstrated that p63 levels are decreased in 

cells (HCC-1937) that expressed the protein upon single treatment with RAD001 

and cisplatin or with RAD001/cisplatin combination (Figure 24). In this study, for 

p63 and p73 we assessed levels of the prominent isoforms, ΔNp63α and TAp73 

that have been observed in triple negative breast cancer cells (Leong, et al, 

2007). The IHC results summary for p63 indicates low robust differences in 

staining across both arms of trial (Figure 30A).  Based on what was detected by 

IHC, the data indicated that baseline tissues (pre-treatment) of pCR patients 

have higher levels of p63, although not statistically significant when compared to 

near and no-pCR pre-treatment tissues (Figure 30B). Interestingly, there was a 

significant decrease of p63 in pCR patients upon treatment with 

RAD001/cisplatin (Figure 30C), which is what we expected based on our pre-

clinical data (Figure 24).  

Although we would also expect to see decrease of p63 upon treatment 

with cisplatin alone (Figure 24), this was not the case. Previously it has been 

shown that mTOR is a regulator of p73 (Rosenbluth, et al, 2008). We found that 

RAD001 and cisplatin could elevate p73 levels when used as single agents or in 

combination, but the combination yielded more apoptosis (Figure 24). The p73 

IHC summary (Figure 31A) indicates overall higher levels of expression than 

what we have seen for p63 (Figure 30A). 
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Figure 30. IHC protein expression analysis of p63 across evaluable 
BRE0904 TNBC patients. 
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Figure 30. IHC protein expression analysis of p63 across evaluable 
BRE0904 TNBC patients. 
A, summary of average percent of p63 positive cells for 101 patient with 
evaluable biopsies, across arm 1 (cisplatin+placebo; N=14 pCR, N=7 near-pCR 
and N=15 no-pCR patients), arm 2 (cisplatin+ rad001; N=27 pCR, N=12 near-
pCR and N=25 no-pCR patients) and both arms (arms 1+2; N= 41 pCR, N=19 
near-pCR and N=41 no-pCR patients). B, bar graph for percent of p63 positive 
cells in pre-treatment, biopsy 1 and post-treatment biopsies in pCR, near-pCR 
and no-pCR patients (trial arms combined). Each data bar represents the mean 
percent of p63 positive cells of 41 pre-treatment and biopsy 1 pCR patients, 19 
pre-treatment, biopsy 1 and post-treatment near-pCR patients and 41 pre-
treatment, biopsy 1 and post-treatment no-pCR patients; error bar represents 
SEM (unless indicated p value is not significant, *P < 0.01 for a two-tail Student t-
test). C, bar graph for percent of p63 positive cells in pre-treatment, biopsy 1 and 
post-treatment biopsies in pCR, near-pCR and no-pCR patients; Arm 1 (RAD) 
versus Arm 2 (placebo). Each data bar represents the mean percent of p63 
positive cells of pCR patients’ pre-treatment and biopsy 1 (N=14 plac and N=27 
RAD), near-pCR patients’ pre-treatment, biopsy 1 and post-treatment (N= 7 plac 
and N=12 RAD) no-pCR pre-treatment, biopsy 1 and post-treatment (N= 16 plac 
and N=25 RAD); error bar represents SEM (unless indicated p value is not 
significant, *P < 0.01 for a two-tail Student t-test). 
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An important observation was that baseline p73 expression was significantly 

higher in pCR compared to the no-pCR patients (Figure 31B). Although we would 

expect to see further increase in p73 upon treatment with RAD001, cisplatin, or 

the combination, based on our preclinical data, no statistically significant 

difference was observed (Figure 31C). However, we are seeing a trend of higher 

expression of p73 in bp1 tissues (cisplatin±RAD001 treatment) (Figure 31C). We 

would also expect to see similar trend of increased p73 expression upon addition 

of paclitaxel to cisplatin±RAD001 but that was not consistent across the 

evaluable post-treatment tissues (Figure 31C).   

Androgen receptor analysis reveals significantly higher expression of AR 
in non-responders and no change to any treatments used.  

GE analyses of 587 TNBC patients had led our group to identify six distinct 

molecular TNBC subtypes with unique drivers, one of which was androgen 

receptor (AR) within luminal AR TNBC subtype (LAR) comprising 9-10% of 

TNBC (Lehmann, et al, 2011). Considering that LAR subtype was correlated with 

poorer response in patients and LAR cell lines were not as responsive to cisplatin 

(as basal-like TNBC subtype) we decided to perform AR analysis in our trial. The 

results indicated that out of 119 patients with available AR score in pre-treatment 

tissues 13 patients (~14%) had high expression of AR ranging from 45%-99% AR 

positive nuclei (data not shown). The AR summary of IHC result indicates low 

expression in both trial arms in patients with pCR and near-pCR, while higher 

expression in no-pCR patients. (Figure 32A).   
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Figure 31. IHC protein expression analysis of p73 across evaluable 
BRE0904 TNBC patients.  
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Figure 31. IHC protein expression analysis of p73 across evaluable 
BRE0904 TNBC patients.  
A, summary of average percent of p73 positive cells for 96 patient with evaluable 
biopsies, across arm 1 (cisplatin+placebo; N=13 pCR, N=6 near-pCR and N=12 
no-pCR patients), arm 2 (cisplatin+ rad001; N=29 pCR, N=14 near-pCR and 
N=22 no-pCR patients) and both arms (arms 1+2; N= 42 pCR, N=20 near-pCR 
and N=34 no-pCR patients). B, bar graph for percent of p73 positive cells in pre-
treatment, biopsy 1 and post-treatment biopsies in pCR, near-pCR and no-pCR 
patients (trial arms combined). Each data bar represents the mean percent of 
p73 positive cells of 42 pre-treatment and biopsy 1 pCR patients, 20 pre-
treatment, biopsy 1 and post-treatment near-pCR patients and 34 pre-treatment, 
biopsy 1 and post-treatment no-pCR patients; error bar represents SEM (unless 
indicated p value is not significant, *P < 0.01 for a two-tail Student t-test). C, bar 
graph for percent of p73 positive cells in pre-treatment, biopsy 1 and post-
treatment biopsies in pCR, near-pCR and no-pCR patients; Arm 1 (RAD) versus 
Arm 2 (placebo). Each data bar represents the mean percent of p73 positive cells 
of pCR patients’ pre-treatment and biopsy 1 (N=13 plac and N=29 RAD), near-
pCR patients’ pre-treatment, biopsy 1 and post-treatment (N= 6 plac and N=14 
RAD) no-pCR pre-treatment, biopsy 1 and post-treatment (N= 12 plac and N=22 
RAD); error bar represents SEM (unless indicated p value is not significant, for a 
two-tail Student t-test). 
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Figure 32. IHC protein expression analysis of AR across evaluable 
BRE0904 TNBC patients.  
 
   

AR Summary

Treatment Arm Response (#)
pCR PRE BP1 POST

ARM 1: cis+plac 13 6 4 0
ARM 2: cis+rad 26 5 3 0
ARMs 1+2 39 5 3 0

Near-pCR PRE BP1 POST
ARM 1: cis+plac 7 0 2 0
ARM 2: cis+rad 12 2 1 0
ARMs 1+2 19 1 1 0

NO-pCR PRE BP1 POST
ARM 1: cis+plac 16 30 32 26
ARM 2: cis+rad 24 18 16 11
ARMs 1+2 40 23 22 17

Average AR % pos nuclei

0

10

20

30

40

50
AR positive cells (PLAC vs RAD) 

pCR Near-pCR NO-pCR
PLAC RAD PLAC RAD PLAC RAD

Pre 
Bp1 
Post 

Pe
rc

en
t p

os
iti

ve
 c

el
ls

ns

0

10

20

30

AR positive cells - (ARMs 1 and 2)

pCR Near-pCR NO-pCR

PRE
BP1
POST

Pe
rc

en
t p

os
iti

ve
 c

el
ls ns

** *

Heterogeneity of AR expression (high vs. low clonality) 

(A) 

(B) (C) 

(D) 



 
 

158 

 
 
 
 
 
 
 

 
Figure 32. IHC protein expression analysis of AR across evaluable 
BRE0904 TNBC patients.  
A, summary of average percent of AR positive cells for 98 patient with evaluable 
biopsies, across arm 1 (cisplatin+placebo; N=13 pCR, N=7 near-pCR and N=16 
no-pCR patients), arm 2 (cisplatin+ rad001; N=26 pCR, N=12 near-pCR and 
N=24 no-pCR patients) and both arms (arms 1+2; N= 39 pCR, N=19 near-pCR 
and N=40 no-pCR patients). B, bar graph for percent of AR positive cells in pre-
treatment, biopsy 1 and post-treatment biopsies in pCR, near-pCR and no-pCR 
patients (trial arms combined). Each data bar represents the mean percent of AR 
positive cells of 39 pre-treatment and biopsy 1 pCR patients, 19 pre-treatment, 
biopsy 1 and post-treatment near-pCR patients and 40 pre-treatment, biopsy 1 
and post-treatment no-pCR patients; error bar represents SEM (unless indicated 
p value is not significant (ns), *P < 0.01, **P < 0.001 for a two-tail Student t-test). 
C, bar graph for percent of AR positive cells in pre-treatment, biopsy 1 and post-
treatment biopsies in pCR, near-pCR and no-pCR patients; Arm 1 (RAD) versus 
Arm 2 (placebo). Each data bar represents the mean percent of AR positive cells 
of pCR patients’ pre-treatment and biopsy 1 (N=13 plac and N=26 RAD), near-
pCR patients’ pre-treatment, biopsy 1 and post-treatment (N= 7 plac and N= 12 
RAD) no-pCR pre-treatment, biopsy 1 and post-treatment (N= 16 plac and N= 24 
RAD); error bar represents SEM (unless indicated p value is not significant, for a 
two-tail Student t-test). D, representative IHC images of heterogeneous AR 
expression. 
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The addition of the drug in either arm makes no difference and does not alter AR 

expression (Figure 32C). Another interesting observation we made was the 

presence of heterogeneous expression of AR (Figure 32D). This observation is 

interesting as the molecular heterogeneity of TNBC at the time of diagnosis may 

have implications for approaches to the biology of primary tumors by considering 

low versus high clonality.  

Gene expression profiling of pre-treatment tumor biopsies can predict 
response to treatment.  

The power of gene signatures has already been extensively proven in 

breast cancer (Lehmann, et al, 2011; Perou, et al, 2000; Sorlie, et al, 2001; 

Sorlie, et al, 2003; van 't Veer, et al, 2003; van 't Veer, et al, 2002; van de Vijver, 

et al, 2002). The molecular markers described above provide insight and 

correlative information that can be linked to tumor response. Considering that the 

result of the trial are negative as the addition of RAD001 did not the improve the 

overall responsiveness, we performed a microarray-based GE analysis as this 

approach was more likely to provide better insight to the status of signaling 

pathways that could serve as predictors of drug sensitivity or tumor response.  

In order to determine whether differential GE would correlate and predict 

clinical response we performed microarray analysis on laser-capture 

microdissected (LCM) tumor cells from the baseline (pre-treatment) biopsies 

(N=12 patients). In addition to performing differential GE analysis we also 

performed in sillico prediction of TNBC subtypes for these patients to determine if 
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their TNBC subtype would correlate with clinical response. The preliminary 

results indicated that LCM tumors from responders had significantly different GE 

patterns when compared to non-responders (Figure 33). Specifically, there were 

370 differentially expressed genes, with 208 genes significantly down-regulated 

and 162 genes significantly up-regulated in non-responders. Gene set 

enrichment analysis showed no overlap for genes up-regulated in non-

responders; while genes down-regulated in non-responders were involved in cell 

cycle, chromosome maintenance and transcription (Figure 33).  

In addition, the responding tumors had elevated expression of proliferation 

markers (e.g., KIFCI, MKI67, AURKB) and DDR signaling genes (e.g., CHEK1, 

TP53BP2, RPA1) (Table 7), and were consistent with their basal-like TNBC 

subtype. The non-responders were more likely to be mesenchymal or LAR TNBC 

subtype, which was consistent with what we were expecting based on our 

previous findings (Lehmann, et al, 2011) (Figure 33). Since we already had 

evaluated ki67 expression by IHC (Figure 26), we aligned the Ki67 IHC values 

with the Ki67 mRNA values from patients on which we had performed microarray 

analysis and prediction of TNBC subtype. The results indicated significantly 

decreased Ki67 IHC levels in mesenchymal-like TNBC and LAR (non-responder 

patients), however due to low number of LAR patients Ki67 decrease was not 

statistically significant (Figure 34). 
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Figure 33. Microarray based gene expression analysis of pre-treatment 
LCM tumors.  
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Figure 33. Microarray based gene expression analysis of pre-treatment 
LCM tumors.  
A, heatmap of hierarchical combined clustering of LCM pre-treatment tumor 
tissues (N=12 patients) representing responders (pCR+ near-pCR) and non-
responders (no-pCR). Heatmap represents N=370 differentially expressed 
genes, with fold change>1.5 and p value <0.05. Blue color indicates genes with 
decreased expression and red color indicated genes with increased expression. 
A web-based prediction tool was used for making TNBC calls for patients with 
microarray data. The predicted TNBC subtypes (based on correlation 
coefficients, and the permutation p-value) are displayed for basal-like, 
immunomodulatory (IM), mesenchymal-like and luminal androgen receptor (LAR) 
below the heatmap. There were 208 down-regulated and 162 up-regulated genes 
in non-responders. GSEA analysis shows no overlap for up-regulated genes. 
Overlaps were present in down-regulated genes as outlined.  
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Table 7. Anticipated proliferative (KIFC1, MKI67 and AURKB) and DNA 
damage genes (TP53BP2, CHEK1, RPA1) were significantly decreased on 
mRNA level in non-responders (proof-of-concept). 

   

Gene symbol Transcript ID p value Regulation 

KIFC1 8179564 0.0046 down 

MKI67 7937020 0.0283 down 

AURKB 8012403 0.0043 down 

CHEK1 7945014 0.0453 down 

TP53BP2 7924526 0.0400 down 

RPA1 8003679 0.0003 down 

*"
""
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Figure 34. Ki67 IHC based expression levels in pre-treatment biopsies 
across TNBC patients with predicted subtypes. 
Basal-like (BL); immunomodulatory (IM), mesenchymal-like (M) and luminal 
androgen receptor (LAR)); error bar represents SEM (unless indicated p value is 
not significant (ns), *P < 0.01 for a two-tail Student t-test. 
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In addition to Ki67, we also compared how our LAR predicted TNBC subtypes 

matched to AR IHC analysis. As expected we see that all the LAR subtyped 

TNBC patients have high levels of AR by IHC (Figure 35A), and that LAR patient 

are significantly associated with poor clinical response (Figure 35B).  

As this study is still in progress, further analyses and a larger cohort will 

be required to make further conclusions. We plan on continuing and completing 

GE analyses using RNA-seq for analysis of gene expression changes but also 

determining mutation status in responders versus non-responders (including 

residual disease of non-responders). We anticipate identifying biomarkers of drug 

sensitivity. 
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Figure 35. Protein expression of AR in TNBC predicted subtype and 
correlation to response. 
A, column bar graph representing percent of AR IHC based expression levels in 
pre-treatment biopsies across TNBC patients with predicted subtypes; error bar 
represents SEM (unless indicated p value is not significant (ns) for a two-tail 
Student t-test). B, column bar graph for percent of AR positive cells in pre-
treatment biopsies from pCR and no-pCR TNBC patients with predicted 
subtypes; error bar represents SEM (unless indicated p value is not significant 
(ns) for a two-tail Student t-test). 
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Differential gene expression analysis of tumor stroma is predictive of 
clinical response.  

To further decipher the contribution of tumor adjacent stroma to the 

biology of TNBC and clinical response to treatments, we performed GE analysis 

in the same manner as described above this time on matched pre-treatment LCM 

tumor stroma. Our goal was to evaluate whether GE analysis of stromal 

cellscould be predictive of clinical response. Prior to differential gene expression 

analysis we performed unsupervised principal component analysis (PCA) to 

demonstrate that we indeed had a clean separation of the tumor and adjacent 

stroma by LCM (Figure 36). After we established that tumor-stroma separation 

was adequate we performed statistical analysis for differentially expressed genes 

then applied these gene to determine if we would observe separation between 

responding and non-responding patients. Results of our analysis indicated that 

stroma had larger set of statistically significant differentially expressed genes 

(N=679). The distribution of number of genes that were significantly down-

regulated or up-regulated was similar with 335 down-regulated and 344 up-

regulated genes in the non-responders compared to responders (Figure 37). 

Similarly to the tumor we noticed changes in cell proliferation and DNA-damage 

genes. Patients with higher expression of proliferation genes such as MKI67, 

KIFC1, AURKB, E2F3, and DNA damage response genes TP53BP2, CHEK1, 

RPA1, BLM were more responsive to treatment compared to non-responders 

(data not shown). Unlike tumor GSEA, stromal gene set enrichment analysis has 

further demonstrated changes in genes related to regulation of metabolic  
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Figure 36. Principal component analysis on LCM tumors and matched 
stroma. 
Shapes by tissue type are as follows: gray triangles represent LCM tumors and 
gray squares represent adjacent LCM stroma from individual TNBC patients 
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Figure 37. Microarray based gene expression analysis of pre-treatment 
LCM stroma.  
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BIOPOLYMER_METABOLIC_PROCESS 1684 44 2.09E-15
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Figure 37. Microarray based gene expression analysis of pre-treatment 
LCM stroma.  
Heatmap of hierarchical combined clustering of LCM pre-treatment stroma 
tissues (N= 7 patients) representing responders (pCR+ near-pCR) and non-
responders (no-pCR). Heatmap represents N=679 differentially expressed 
genes, with fold change>1.5 and p value <0.05. Blue color indicates genes with 
decreased expression and red color indicated genes with increased expression. 
Gene set enrichment analysis for genes significantly up-regulated (N=344) or 
down-regulated (N=335) in non-responders are outlined in the figure.  
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processes, oxidation and response to stress (e.g. change of cell activity in terms 

of movement, secretion, enzyme production) (Figure 37).  

To further evaluate the ability of stromal signature to predict patient 

response additional analyses have been performed between the tumor and 

stroma. To determine possible relation between tumor gene set and stromal 

gene set of differential genes, we used the list differential genes from tumor- 

specific (N= 329) and from stroma-specific (N= 660) analysis to create a Venn 

diagram (Figure 38). The results indicate that there was a very small overlap 

between tumor-specific and stromal-specific differential genes (N=64), thus the 

number of unique genes was large within both tumor (N= 265) and stroma (N= 

596). Furthermore, when each subset of the Venn diagram was analyzed using 

gene set enrichment analysis (Table 8) we see that stromal unique differential 

genes were linked once again to metabolic process and proliferation, while in 

tumor gene set enrichment analysis indicated changes in regulation of 

transcription, meiosis. The genes that were common between tumor and stroma 

were linked to cell cycle (Table 8).  

Since the gene enrichment analysis for the genes upregulated in the 

tumors from the non-responders did not yield an overlap (Figure 33), we 

performed further analysis in an attempt to evaluate the connectivity between 

these genes. Using an online software (genemania), we queried all the genes 

and found a small subset of genes that had been previously shown to physically 

interact (Figure 39).   
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Figure 38. Clinical response GE prediction signatures from tumor and 
stroma. 
Venn diagram represents overlap of differentially expressed genes (DEG) from 
tumors (N=329) and stroma (N=660). Green area of venn diagram represents 
genes unique to tumor (N=265), red area of venn diagram represent genes 
unique to stroma (N= 660) and the yellow area represents common genes 
between tumor and stroma (N=64).   

Venn diagram of differential GE signatures 

!!

*differen(ally,expressed,genes,

265 596 64 

Tumor&& Stroma&
329 660 *DEG: 



 
 

173 

Table 8. Gene set enrichment analysis for genes unique to tumor, stroma, 
and genes common to both. 

 
  

Gene Set Name
# Genes 
in Gene 
Set (K)

# Genes 
in Overlap 

(k)
p-value

NUCLEOBASENUCLEOSIDENUCLEOTIDE_AND_NUCLEIC_ACID_METABOLIC_PROCESS 1244 48 2.31E(13
DNA_METABOLIC_PROCESS 257 22 3.09E(13
CYTOPLASM 2131 64 1.62E(12
BIOPOLYMER_METABOLIC_PROCESS 1684 54 9.25E(12
INTRACELLULAR_ORGANELLE_PART 1192 44 1.03E(11
ORGANELLE_PART 1197 44 1.19E(11
CELL_CYCLE_GO 315 21 1.20E(10
CELL_PROLIFERATION_GO_ 513 25 1.53E(09
REACTOME_IMMUNE_SYSTEM 933 33 1.21E(08
INTRACELLULAR_NON_MEMBRANE_BOUND_ORGANELLE 631 26 2.25E(08

Gene Set Name
# Genes 
in Gene 
Set (K)

# Genes 
in Overlap 

(k)
p-value

CYTOPLASM 2131 35 4.15E-10
NUCLEUS 1430 28 6.28E-10
REACTOME_CELL_CYCLE 421 13 2.08E-07
REACTOME_RNA_POL_I_TRANSCRIPTION 89 7 3.10E-07
REACTOME_MEIOSIS 116 7 1.88E-06
REACTOME_RNA_POL_I_RNA_POL_III_AND_MITOCHONDRIAL_TRANSCRIPTION 122 7 2.63E-06
REACTOME_AMYLOIDS 83 6 3.64E-06
NEGATIVE_REGULATION_OF_CELLULAR_PROCESS 646 14 4.62E-06
NEGATIVE_REGULATION_OF_BIOLOGICAL_PROCESS 677 14 7.83E-06

Gene Set Name
# Genes 
in Gene 
Set (K)

# Genes 
in Overlap 

(k)
p-value

REACTOME_CELL_CYCLE 421 9 2.99E-09
INTRACELLULAR_NON_MEMBRANE_BOUND_ORGANELLE 631 10 6.40E-09
NON_MEMBRANE_BOUND_ORGANELLE 631 10 6.40E-09
INTRACELLULAR_ORGANELLE_PART 1192 12 2.61E-08
ORGANELLE_PART 1197 12 2.73E-08
CELL_CYCLE_PROCESS 193 6 1.71E-07
CYTOSKELETON 367 7 4.15E-07
CYTOSKELETAL_PART 235 6 5.44E-07
MITOTIC_CELL_CYCLE 153 5 1.52E-06
REACTOME_MITOTIC_M_M_G1_PHASES 172 5 2.70E-06

Genes unique to stroma (N=596) 

Genes unique to Tumor (N=265) 

Common genes between tumor and stroma  (N=64) 

!!
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Figure 39. Evaluation of the genes up-regulated in the LCM tumors of non-
responders. 
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Figure 39. Evaluation of the genes up-regulated in the LCM tumors of non-
responders. 
162 upregulated genes in non-responders were queried using online software 
GeneMANIA. Red lines connecting queried genes represent known physical 
interaction. Round black circles represent genes queried (N=162) while gray 
circles represent software-based predicted interaction genes. Gene set 
enrichment analysis has been performed for genes with physical interaction. 
Results are outlined in the figure. 
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Using this subset of genes we performed gene set enrichment analysis, which 

demonstrated that these genes were involved in WNT non-canonical pathway 

(Figure 39), which is an interesting finding since Lehmann and colleagues have 

shown that WNT upregulation was present in TNBC subtypes correlated to 

poorer prognosis (Lehmann, et al, 2011).  

In addition to performing analysis on dissected tumor and adjacent 

stroma, we have also done analysis for whole tissue (tumor and stroma not 

separated). Using a smaller sample size of responders (N=3) and non- 

responders (N=3) we performed RNA-seq analysis of pre-treatment whole 

tissues. The results yielded a list of significantly differentially expressed genes 

(N=228) between responders and non-responders. Similar to our tumor and 

stroma analysis steps, we did gene set enrichment analysis on RNA-seq derived 

genes. As anticipate, these results revealed some overlap with GSEA analysis 

from tumor and stroma. Interestingly, the ranking favors some of the stromal 

specific GSEA (Table 9).  

Discussion 

In this study, we evaluated the therapeutic efficacy of each individual 

treatment arm of the neoadjuvant cisplatin + paclitaxel±RAD001 combination in 

patients with triple-negative locally advanced breast cancer. Additionally, we 

assessed the safety profile of neoadjuvant cisplatin + paclitaxel ± RAD001 

combination, tumor response to treatment as measured by ultrasound (US) prior 

to definitive surgery. We also analyzed therapy-mediated changes of proliferation 

(ki67), mTOR inhibition evaluated by pS6, and status of p53, p63 and p73.  
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Table 9. GSEA analysis for significant differentially expressed genes 
between responders vs. non-responders (RNA-seq on whole tissues) 

   

Rank Gene Set Name # Genes in Gene 
Set (K)

# Genes in 
Overlap (k) p-value

1 SIGNAL_TRANSDUCTION 1634 27 1.54E-08
2 OXIDOREDUCTASE_ACTIVITY 289 11 1.42E-07
3 RESPONSE_TO_EXTERNAL_STIMULUS 312 11 3.04E-07
4 OXIDOREDUCTASE_ACTIVITY_GO_0016616 58 6 3.23E-07
5 CELL_SURFACE_RECEPTOR_LINKED_SIGNAL_TRANSDUCTION_GO_0007166 641 15 4.34E-07
6 OXIDOREDUCTASE_ACTIVITY_ACTING_ON_CH_OH_GROUP_OF_DONORS 64 6 5.85E-07
7 SKELETAL_DEVELOPMENT 103 7 6.02E-07
8 KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450 70 6 9.99E-07
9 ICOSANOID_METABOLIC_PROCESS 17 4 1.06E-06
10 EXTRACELLULAR_REGION 447 12 1.56E-06
11 ANATOMICAL_STRUCTURE_DEVELOPMENT 1013 18 1.62E-06
12 RECEPTOR_BINDING 377 11 1.93E-06
13 MEMBRANE 1994 26 2.61E-06
14 MULTICELLULAR_ORGANISMAL_DEVELOPMENT 1049 18 2.63E-06
15 RESPONSE_TO_CHEMICAL_STIMULUS 314 10 2.63E-06
16 MEMBRANE_PART 1670 23 4.25E-06
17 REGULATION_OF_APOPTOSIS 341 10 5.45E-06
18 REGULATION_OF_PROGRAMMED_CELL_DEATH 342 10 5.59E-06
19 RESPONSE_TO_STRESS 508 12 5.76E-06
20 KEGG_STEROID_HORMONE_BIOSYNTHESIS 55 5 6.15E-06
21 APOPTOSIS_GO 431 11 6.90E-06
22 PROGRAMMED_CELL_DEATH 432 11 7.05E-06
23 NEGATIVE_REGULATION_OF_APOPTOSIS 150 7 7.43E-06
24 NEGATIVE_REGULATION_OF_PROGRAMMED_CELL_DEATH 151 7 7.76E-06
25 REGULATION_OF_DEVELOPMENTAL_PROCESS 440 11 8.37E-06
26 NEGATIVE_REGULATION_OF_CELLULAR_PROCESS 646 13 1.30E-05
27 SYSTEM_DEVELOPMENT 861 15 1.54E-05
28 ANTI_APOPTOSIS 118 6 2.08E-05
29 NEGATIVE_REGULATION_OF_BIOLOGICAL_PROCESS 677 13 2.12E-05
30 CARBOXYLIC_ACID_METABOLIC_PROCESS 178 7 2.25E-05
31 KEGG_DRUG_METABOLISM_CYTOCHROME_P450 72 5 2.32E-05
32 CELL_FRACTION 493 11 2.39E-05
33 ORGANIC_ACID_METABOLIC_PROCESS 180 7 2.42E-05
34 LIPID_METABOLIC_PROCESS 325 9 2.53E-05
35 REACTOME_GPCR_LIGAND_BINDING 408 10 2.56E-05
36 REACTOME_PEPTIDE_LIGAND_BINDING_RECEPTORS 188 7 3.20E-05
37 RESPONSE_TO_WOUNDING 190 7 3.42E-05
38 CELL_PROLIFERATION_GO_0008283 513 11 3.43E-05
39 EXTRACELLULAR_REGION_PART 338 9 3.44E-05
40 NEGATIVE_REGULATION_OF_DEVELOPMENTAL_PROCESS 197 7 4.31E-05
41 CHEMOKINE_ACTIVITY 42 4 4.54E-05
42 KEGG_TYROSINE_METABOLISM 42 4 4.54E-05
43 CHEMOKINE_RECEPTOR_BINDING 43 4 4.98E-05
44 MONOCARBOXYLIC_ACID_METABOLIC_PROCESS 88 5 6.11E-05
45 WNT_SIGNALING 89 5 6.45E-05
46 INTRINSIC_TO_MEMBRANE 1348 18 7.28E-05
47 BEHAVIOR 153 6 8.91E-05
48 ORGAN_DEVELOPMENT 571 11 8.91E-05
49 CELL_DEVELOPMENT 577 11 9.77E-05
50 REACTOME_CLASS_A1_RHODOPSIN_LIKE_RECEPTORS 305 8 1.04E-04

!!
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Furthermore, we analyzed the genomics data sets generated from pre-treatment 

biopsies, for prediction of response gene signatures. Overall, the study has met 

the primary endpoint with a pCR rate of 36%. However, based on the evaluation 

of clinical and correlative molecular results the addition of RAD001 to the 

combination of cisplatin and paclitaxel did not improve pCR clinical response 

rates. Furthermore, RAD001 was associated with slightly more adverse events 

while cisplatin and paclitaxel combination was well tolerated.  

Although ki67 is not currently a marker for routine clinical diagnostic use, 

studies do show it to have a potential for distinguishing good and poor outcome 

in breast cancer (Inwald, et al, 2013; Urruticoechea, et al, 2005). In our study the 

correlation of molecular markers Ki67 to response demonstrated significant 

decreased in non-responders compared to responders, evident by both IHC as 

well as microarray analyses. This suggests that Ki67 might be a useful as a 

predictor of response in TNBC. In addition, Ki67 was higher in the basal like 

while lower in mesenchymal and luminal-AR TNBC subtypes, which is what we 

would expect knowing that basal-like TNBC subtypes are usually associated with 

better response (Lehmann, et al, 2011).  

Our initial hypotheses for the trial (based of the preclinical evidence 

described in introduction above) was that the combined use of drugs that can 

target the p63/p73 signaling axis at multiple points with RAD001 (mTOR 

inhibitor), cisplatin, and paclitaxel would have synergistic effects and promote 

apoptosis. Since our clinical response data between the two arms of trial 

demonstrated no significant difference, meaning that addition of RAD001 did 
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improve response, we evaluated levels of phospho-S6 (the downstream target of 

RAD001). If the RAD001 did target mTOR efficiently we would expect to see a 

decrease in phospho-S6, which was not the case in our data. This would indicate 

that dosage of RAD001 was not high enough to achieve adequate mTOR 

inhibition. The ability to identify and determine the critical pathways that impact 

responsiveness to RAD001 may be crucial for future development of this agent 

as a therapy with efficacy in a population of breast cancer patients with poor 

outcome. However, we do need to consider that the higher percent of adverse 

events was associated with RAD001, making it difficult to make dosage 

adjustments in treatment regimen.  

Triple negative tumors will have differential gene expression patterns 

depending on p53 mutational status and expression of the two other p53 family 

members, p63 and p73. In a fraction of basal-like tumors, p63 is coordinately 

expressed with p73 and may antagonize p73-mediated apoptosis (Leong, et al, 

2007). Additionally, the combined use of drugs that can target the p63/p73 

signaling axis at multiple points may have synergistic activity. In the remaining 

fraction of triple negative tumors that lack p63 expression, but express p73, other 

pathways are selected that modulate p73 apoptotic activity and promote tumor 

cell survival. Thus we proposed that in tumors with intact p63/p73 signaling axis 

the treatment with cisplatin, paclitaxel±RAD001 would promote a higher pCR. 

Our IHC results indicate that on average the p53, p63 and p73 were expressed in 

TNBC patients, with p63 having the least robustness. Neither p53 nor p63 

showed significant aptitude to predict the clinical response while p73 was 
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significantly higher in pCR patient. Even though we would expect an induction of 

p73 post mTOR inhibition (Rosenbluth, et al, 2008) we do not see significant 

change post treatment, which is not surprising considering that mTOR might not 

have been inhibited adequately in our trial.  

We have shown that TNBC can be molecularly subtyped into six subtypes 

among which LAR TNBC is associated with poorer outcome. This would indicate 

that the treatment used might not have been appropriate for these patients, 

which we were able to demonstrate in vitro (Lehmann, et al, 2011). Interestingly, 

based on the AR expression by IHC we do see a significant associate of AR high 

levels with poorer outcome indicating that once again we are using a wrong type 

of therapy for this TNBC subtype.  

In addition to identification of subtypes of TNBC we took further step in 

deciphering the contribution of the tumor and its adjacent stroma to the response 

to drug treatments. Our specific question was if we can we identify a pre-

treatment gene signature that would predict response. Our goal was to determine 

if we could predict patients clinical response based on analysis of both tumor and 

stroma prior to treatment. Although not extensive (as it is still work in progress) 

our results indicate that both tumors and stroma in responders have significantly 

different gene expression patterns in comparison to non-responders. 

Interestingly, patients with basal-like subtype TNBC were more likely to achieve a 

pCR from the paclitaxel/ cisplatin combination; whereas the ones with 

mesenchymal or LAR subtypes were not. 
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Based on the impact of our subtyping and identification of molecular 

drivers of TNBC subtypes as well as taking into a context the impact of tumor 

microenvironment, there is a possibility that we will uncover novel combination 

therapies for the various subtypes of TNBC disease. Moreover, a better 

understanding of pathway alterations that lead to drug resistance as well as the 

development of new biomarkers will aid in more precise alignment of patients for 

current and future therapies. Discovering the molecular pathways that mediate 

intrinsic resistance to targeted therapy will provide predictive biomarkers that 

allow for better patient selection for first line therapy. Equally significant, the 

identification of mechanisms of acquired resistance after first line therapy will 

enable discovery of novel agents that overcome these resistance mechanisms. 

Improving the efficacy of targeted therapies in the future will require expanding 

our understanding of resistance mechanisms as well as the ability to take into 

consideration the cross-talk between tumor and adjacent stroma. 
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CHAPTER V 

 

GENE EXPRESSION PROFILING OF LASER CAPTURE MICRODISSECTED 
TUMOR AND STROMA 

 

Abstract 

The TGF- β pathway plays a major role in tumor suppression through 

regulation of epithelial and stromal cell signaling. Dysfunction of the pathway can 

lead to carcinoma progression and metastasis. To gain insight into the role of the 

TGF-β pathway signaling in breast cancer, we have performed laser capture 

microdissection (LCM) on tissues from 45 breast cancer patients and control 

reduction mammoplasty samples from 10 patients. We microdissected tumor 

cells and tumor stroma and isolated high quality RNA. A large microarray screen 

was performed on both tumor and adjacent stroma from all 45 patients and 10 

controls. Our data demonstrated that we are able to get a clean separation of 

tumor and its adjacent stroma. A major finding was that the expression of the 

TGF-β receptor type III (TβRIII) is greatly decreased in both peri-tumoral stroma 

compared to control breast tissue. Among all the TGF-β pathway related genes 

TβRIII demonstrated the most consistent change. In order to verify these results, 

we have performed quantitative real-time PCR analysis on LCM samples for 

TβRIII. These results supported our microarray data by demonstrating a 44-fold 

decrease in TβRIII in tumor stroma in comparison to control tissue. After further 

investigation using publicly available microarray datasets, we have confirmed 

that TβRIII levels did indeed decrease in the tumor stroma in the reported human 
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patients. In addition, immune-histochemistry performed on 37 patients’ tissues 

demonstrated that there is again significant decrease of protein expression levels 

of TβRIII. Finally, after linking this data to clinical outcome in publicly available 

microarray datasets, we have determined that lower TβRIII expression level is 

correlated to poorer clinical outcome. Based on these findings, we are interested 

in validating the prognostic and functional contribution of TβRIII to breast cancer.  

Introduction 

It is currently accepted that tumor progression depends not only on the 

intrinsic malignancy of the tumor cell but also on the surrounding 

microenvironment composed of stromal cells. Using a cohort of 600 patients, 

Kruijf and colleagues have evaluated the prognostic values of carcinoma stroma 

in breast cancer. They have demonstrated that tumor-stroma ratio in the primary 

tumor is a prognostic factor in early breast cancer patients (Kruijf, et al, 2010). 

The stroma-rich tumor patients had a shorter overall survival in comparison to 

stroma-poor breast cancer patients (Kruijf, et al, 2010).  

Although there have been many advances in early detection, diagnosis 

and treatment of breast cancer, metastatic breast cancer remains a problem. 

Human breast cancer is a diverse group of diseases. Previous molecular profiling 

of whole tumor tissues has identified five major breast cancer phenotypes: 

luminal A, luminal B, Her2-like, Normal breast-like and Basal-like (Perou, et al, 

2000). Furthermore these breast cancer phenotypes correlate to the patient 

survival with the luminal B subtype demonstrating the poorest overall outcome 

(Sorlie, et al, 2001) however stromal molecular differences within these have not 
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been addressed.  

Progress on the stromal molecular profiling is ongoing, but its depth is 

lagging behind the molecular profiling of the tumor epithelium. Almost a decade 

after tumor molecular profiling Finak and colleagues have demonstrated that 

stromal signatures are important to pursue. Their molecular profiling of tumor 

stroma has revealed three subtypes of tumor stroma classified as: mixed 

outcome, good outcome and poor outcome (Finak, et al, 2008). This was based 

on a correlation between the overall patient outcome and stromal gene 

expression. Overall, this study contributes to the current awareness that tumor 

stroma does have effect on disease outcome and that a better understanding of 

the stromal gene expression changes could potentially offer new targets for 

therapy to prevent and suppress breast cancer progression.  

Over the course of the past several years, it has become apparent that 

stromal cells adjacent to normal or transformed epithelium can significantly 

regulate the initiation and progression of cancer in vivo. Our attention has been 

focused on understanding tumor microenvironment in the context of TGF-β 

signaling. Using primarily mouse models we have shown that loss of TGF-β 

signaling in stromal fibroblasts can lead to tumorigenesis of the adjacent 

epithelial cells (Bhowmick, et al, 2004a) as well as promote carcinoma growth 

and invasion due to increased secretion of chemokines (Cheng, et al, 2005; 

Cheng, et al, 2007). As far as the human disease progression it has been 

previously shown that during the advanced stages of human cancer progression 

TGFBR2 is lost in the epithelial carcinoma cells (Gobbi, et al, 2000).  
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Considering that it has not been established what effect stromal gene 

expression changes have on the tumor progression it is necessary to further our 

understanding of stroma. Stromal-epithelial interactions offer new targets for 

adjuvant therapy to prevent and suppress human breast cancer progression. 

Current strategies to treat human breast cancer are predominantly focused on 

targeting the carcinoma cell population specifically, however there are a 

significant number of patients that will develop distant metastases even though 

standard therapies are applied. 

Results 

Laser capture microdissection (LCM) of human mammary periductal and 

peritumoral stromal cells.  

Considering that the TGF-β signaling has not been intensively studied in 

human stroma we have decided to collect tumor and tumor stroma using frozen 

tumor cores from breast cancer patients (Figure 40). In addition, as our control 

we performed LCM on human breast reduction mammoplasty, collecting 

epithelial cells and peri-ductal fibroblasts (Figure 40A-D). Our goal for LCM was 

to enrich fibroblast collection by avoiding obvious immune cells and blood 

vessels. Pictures were taken before and after LCM to document the tissue 

captured and the cell type (Figure 40D and H). RNA was obtained from the 

captured stromal and tumor cells, and has proved to be of high quality (Figure 

40I). Currently we have collected forty-five breast tissues and eleven controls 

(Figure 40J) and performed analysis on twenty-two breast cancer patients and 

eight controls.  
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Figure 40. Laser capture microdissection (LCM) of human mammary 
periductal and peritumoral stromal cells and experimental approach. 
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Figure 40. Laser capture microdissection (LCM) of human mammary 
periductal and peritumoral stromal cells and experimental approach. 
(A) H&E stained frozen section of reduction mammoplasty specimen. Note 
stromal cells (*) flanking ductal epithelial cells. (B) Unstained frozen section as 
seen in the LCM microscope before capture. Stromal cells (*) are easily 
distinguished from the ductal epithelial cells. (C) Frozen section after capture 
showing absence of stromal cells (*). (D) Captured tissue on LCM cap. Note grey 
areas outside the black line (arrows) are light refraction artifact. (*) captured 
stromal tissue. (E-H) Human invasive ductal adenocarcinoma fibroblasts were 
microdissected and the images shown are similar to that described for the control 
tissue in A-D. (I) 100 ng of RNA was obtained from the captured stromal cells, 
which proved to be of high quality with a 28s/18s rRNA ratio of 1.6 and lack of 
significant degradation. Subsequent amplification of 10 ng using NuGen 
protocols was successful providing ample material for DNA microarray analysis. 
(J) experimental approach. 
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Hierarchical clustering demonstrates distinct separation between controls 

tumor stroma and tumor.  

Based on gene expression controls segregate into completely different 

group (with exception of one outlier) (Figure 41). A distinct separation was also 

evident from analysis of a larger cohort of patients in which comparisons were 

made between tumor stroma and controls as well as tumor and control epithelial 

cells (Figure 42). Furthermore, we narrowed down our analysis by performing 

supervised hierarchical clustering to determine genes that are statistically 

different between tumor stroma and tumor. The results show a statistically 

significant change in 177 transcripts (with multiple testing corrected p-value< 

0.05 and fold change > 2) (Figure 43).  

In silico analysis of TGF-β pathway related genes reveals TGFBR3 to be 

significantly changed in tumor stroma.  

Since our primary focus is TGF-β signaling, we have narrowed down the 

genes and looked at the ones directly related to TGF-β signaling pathway. 

Decrease of TGFBR3 expression in tumor stroma was the most consistent 

change among all the TGF-β pathway related genes. The TGFBR3 levels were 

decreased in tumor stroma in 75% patients while expression was intact across all 

the controls (Figure 44). To verify our microarray results we used publically 

available stromal datasets as represented in Table 10. Note there are only limited 

stromal gene expression datasets available.  
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Figure 41. Unsupervised hierarchical clustering: control versus tumor 
stroma versus tumor.  
Unsupervised hierarchical clustering was performed on 29,000 genes without 
any filters. LCM based microarray data demonstrate that control stroma 
separates well from the tumor stroma (with exception of one outlier). 
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Figure 42. Supervised hierarchical clustering- comparisons to control 
tissues.  
Control stroma versus tumor stroma demonstrated 824 differentially expressed 
genes while control epithelium versus tumor demonstrated 4659 differentially 
expressed genes with multiple testing corrected p-value< 0.05; fold change > 2. 
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Figure 43. Supervised hierarchical clustering- tumor stroma to tumor. 
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Figure 43. Supervised hierarchical clustering- tumor stroma to tumor. 
Supervised hierarchical clustering was used for determining genes that are 
statistically different between tumor stroma and tumor. 177 transcripts with 
multiple testing corrected p-value< 0.05; fold change > 2. 
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Figure 44. TGF-β pathway related genes.  
Microarray analyses indicate loss of TGFBR3 (*) in the tumor stroma in 
comparison to the control stroma. The TGFBR3 gene expression levels in 
patients’ tissues were increased in all control stroma and decreased in 78% of 
tumor stroma.  
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Table 10. TGFBR3 levels based on published studies involving stromal 
microarray analyses.  

   

Study& Descrip.on& Result& GSE& Source&&
Ma et. al. 

Breast Cancer Res 2009 
Stroma from 14 normal vs 9 
invasive breast carcinoma 

-8.72 fold 
(p=0.003) 

GSE14548 NextBio 

Casey et. al.                       
Breast Cancer Res Treat 2009 

Stroma from 5 normal vs. 28 
invasive breast carcinoma 

-2.69 fold 
(p=0.003) 

GSE10797 NextBio 

Finak et. al. 
Nature Medicine 2008 

Stroma from 6 normal vs. 53 
invasive breast carcinoma 

-3.23 fold 
(p=0.0001) 

GSE9014 Oncomine 

Karnoub et. al. 
Nature 2007 

Stroma from 15 normal vs. 7 
invasive breast carcinoma 

-4.34 fold 
(p=0.0001) 

GSE8977 NextBio 



 
 

195 

Analyses of these stromal datasets suggest once again a significant decrease in 

TGFBR3 levels in the human breast stroma, thus confirming our microarray 

findings. It is important to note that these studies have not specifically looked at 

TGFBR3 expression changes. Figure 45 is a visual representation demonstrating 

a significant loss of TGFBR3 in the invasive breast carcinoma stroma compared 

to the control stroma (Finak, et al, 2008; Karnoub, et al, 2007). Interestingly, 

based on analysis of the Ma et. al. dataset it appears that this decrease in 

TGFBR3 occurs gradually during breast cancer progression as demonstrated by 

the control stroma, ductal carcinoma in situ (DCIS) and invasive ductal 

carcinoma (IDC) (Figure 45B) (Ma, et al, 2009). 

Validations of the microarray findings in the stromal tissues and cell lines 

confirm a significant decrease of TGFBR3 both at mRNA and protein levels.  

Furthermore, quantitative real-time PCR validated our TGFBR3 microarray 

findings by demonstrating a significant 44-fold decrease of TGFBR3 in tumor 

stroma (Figure 46A). Immunohistochemistry (IHC) for TβRIII performed on 

tissues from thirty-seven breast cancer patients show similar expression patterns 

to our microarray data expression. IHC staining intensity scores (assigned by 

pathologist) indicate a lower expression level of TβRIII in the human breast tumor 

stroma (Figure 46B). Interestingly, the in vitro cell line data consisted of cancer-

associated fibroblasts (CAFs) and normal-associated fibroblasts (NAFs) 

demonstrate a decrease of TGFBR3 in CAFs at both mRNA (Figure 47A) and 

protein levels (Figure 47B). 
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Figure 45. TGFBR3 levels of expression in publicly available microarray 
datasets.  
(A) Oncomine transcriptome profiles, yield results demonstrating a significant 
decrease in TGFBR3 levels in the human breast tumor stroma. (C) Furthermore, 
Ma et al data set consisting of stroma derived from normal, ductal carcinoma in 
situ (DCIS) and invasive ductal carcinoma (IDC) shows gradual decrease of 
TGFBR3 from normal to IDC state. Note that these studies have not looked at 
TGFBR3.  
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Figure 45.  TGFBR3 expression analysis in publically available stromal datasets
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Figure 46. Validations by qRT-PCR and IHC. 
A, qRT-PCR analysis of TGFBR3 average mRNA expression (2-ΔΔCT) from 
human cDNA acquired by LCM; graph bars represent the mean of 3 replicates 
with SEM error bars. On average there is 44-fold decrease of TGFBR3 in tumor 
stroma in comparison to control stroma (***P<0.0001; for a one-way ANOVA). B, 
IHC results for TβRIII protein levels across 37 breast cancer patients. 
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Figure 47. In vitro validation of TβRIII protein/RNA levels in human breast 
cancer fibroblast. 
A, qRT-PCR analysis of TGFBR3 average mRNA expression (2-ΔΔCT) from 
human cDNA from cancer associated fibroblasts (CAFs) and normal associate 
fibroblasts (NAFs); graph bars represent the mean of 3 replicates with SEM error 
bars (***P<0.0001; for a one-way ANOVA). B, immunoblot analysis of TβRIII 
protein expression in CAFs and NAFs. 
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Validations of the microarray findings in tumor stroma.  

Survival as a function of TGFBR3 in whole tissues.  

Kaplan-Mayer analysis for patient clinical outcome indicates a correlation 

of survival with TGFBR3 loss. This analysis suggests that patients with low 

mRNA expression levels of TGFBR3 are linked to poorer survival (Figure 48). 

Differences in expression of genes encoding proteins important in TGF-β 

regulated chemokines.  

In addition to analyzing pivotal genes within TGF-β pathway, we also 

looked at the chemokine genes, which we have previously linked to TGF-β using 

mouse model. We have shown that TGF-β can regulate fibroblast-derived 

chemokines that can act directly upon the adjacent tumor/epithelium to contribute 

to carcinoma progression and metastasis (Cheng, et al, 2005; Cheng, et al, 

2007). Interestingly, in Table 11 we demonstrate that the expression of many, 

including CCL2 (MCP-1) from our previous findings, chemokines are increased in 

the carcinoma stroma. However, this is the result of only one comparison and 

many other patient samples must be examined before firm conclusions can be 

properly derived.  
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Figure 48. Percent survival as a function of TGFBR3 in whole tumor tissue. 
Based on Kaplan Mayer analysis of whole tumor patients with low TGFBR3 
expression levels (black) are linked to poorer survival compared to patients with 
high TGFBR3 expression (red) (p<0.01). 
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Table 11. Differences in expression of genes encoding proteins important 
in TGF-β regulated chemokines. 

 
 
 
 
 
 

Affymetrix ID Fold Change Gene Symbol

Upregulated C-C motif chemokines
206407_s_at 2.7 CCL13
216714_at 2.21 CCL13
207900_at 4.61 CCL17
209924_at 10.51 CCL18
32128_at 9.22 CCL18
216598_s_at 2.28 CCL2
205114_s_at 3.09 CCL3
204103_at 3.48 CCL4
1405_i_at 17.71 CCL5
204655_at 11.66 CCL5
1555759_a_at 5.33 CCL5

Upregulated C-C motif chemokine receptors
205098_at 4.46 CCR1
205099_s_at 3.4 CCR1
206983_at 30.38 CCR6
206377_at 3.38 CCR7

Upregulated C-X-C motif chemokines
204533_at 74.36 CXCL10
210163_at 37.95 CXCL11
211122_s_at 37.76 CXCL11
237038_at 7.05 CXCL14
223454_at 2.34 CXCL16
203915_at 63.08 CXCL9

Upregulated C-X-C motif chemokines receptors
207681_at 11.9 CXCR3
211919_s_at 2.07 CXCR4
206974_at 5.86 CXCR6
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Table 11. Differences in expression of genes encoding proteins important 
in TGF-β regulated chemokines. 
Represents DNA microarray comparing human reduction mammoplasty 
periductal stroma and tumor stroma. RNA isolated from LCM material as 
described in Figure 40 was subjected to microarray analysis. Differences in 
expression of genes encoding proteins important in TGF-β signaling and 
chemokines. 
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Discussion 

Loss of TGF-β signaling in stromal fibroblasts can initiate and promote 

carcinoma progression in adjacent epithelium. In our recent studies related to 

TGF-β signaling, it has become clear that stromal fibroblasts have the ability to 

suppress or initiate carcinomas in adjacent normal epithelium (Bhowmick, et al, 

2004a; Bhowmick, et al, 2004b). Further, we have found that within an initiated 

tumor microenvironment, TGF-β signaling in stromal fibroblasts can have a 

profound influence upon tumor progression. The kidney capsule xenograft and 

genetic studies in mice have been able to provide useful information regarding 

stromal epithelial interactions that regulate adjacent carcinoma initiation and 

progression. In the mammary gland, it has now been shown that human 

mammary fibroblasts have the capacity to suppress tumorigenesis of adjacent 

epithelium (Kuperwasser, et al, 2004). Together the results, obtained through 

modified stromal TGF-β signaling in mice with those obtained using human 

fibroblast and epithelial cell recombination, suggest that stromal-epithelial 

interactions can have a significant impact on the regulation of adjacent 

carcinoma initiation and progression in vivo. 

Considering that our focus was to gain a better insight into TGF-β pathway 

we chose to do laser capture microdissection (LCM) of tumor stroma followed by 

DNA microarray. The performed microarray analysis of tumor stroma, led us to a 

provocative finding that the expression of TGFBR3 was markedly decreased in 

tumor stroma compared with control. This gene demonstrated the most 

consistent change among all the TGF-β pathway genes. To verify these results, 
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we have performed quantitative real-time PCR analysis on LCM samples for 

TGFBR3. These results have confirmed our microarray data by demonstrating a 

44-fold decrease in TGFBR3 in tumor stroma. The immunohistochemistry that 

have been performed demonstrates that there is a decrease of protein 

expression levels of TβRIII. After linking this data to clinical outcome in publicly 

available microarray data sets, we have determined that there is correlation 

between TGFBR3 expression levels and patient outcome. Specifically, the loss of 

TGFBR3 is linked to poor outcome.  

To date the functional context of TGFBR3 remains controversial in breast 

cancer, where studies report both tumor suppressive and tumor-promoting 

functions (Criswell, et al, 2008; Dong, et al, 2007). Currently there are no reports 

demonstrating the role of TGFBR3 in the tumor microenvironment, despite the 

possibility that TGFBR3 controversy in breast cancer might be influenced by 

tumor microenvironment. Microarray data generated through laser-capture 

microdissection of human breast cancers and control breast tissue followed by 

DNA microarray show that the most consistent change in TGF-β pathway protein 

expression is a marked reduction in expression of the TGFBR3 in stromal cells. 

Since inactivating mutations in the gene encoding TGFBR3 have not been 

reported, we suspect reduced expression through epigenetic mechanisms that 

could be reversible.  

We expect our study will shed light on the role of TGFBR3 in the tumor 

microenvironment and perhaps resolve the current controversy of TGFBR3’s role 

in the tumor. Addressing the function of TGFBR3 in the tumor microenvironment 
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could help us determine if the current data on TGFBR3 in tumor is actually 

context dependent, meaning that the behavior of the tumor cell is 

modified/regulated by the extracellular TGFBR3. 

Future direction 

Despite the fact that TGFBR3 is important for delivering TGF-β ligands to 

TβRII and initiation of TGF-β signaling, this molecule is still very little studied in 

an understudied component of the tumor microenvironment and deserves 

attention. TGFBR3 has the potential to be new key player in the tumor 

microenvironment thus characterization of TGFBR3’s physiological function in 

tumor-stroma interaction, and its relationship to other key tumor-stroma 

molecular mediators, is an essential direction for providing an insight into tumor 

microenvironment and determining novel options for early diagnosis and 

anticancer therapy. In addition to our focus on TGFBR3, our patient breast 

cancer gene-expression profiling of tumor and adjacent tumor stroma can 

provide information, which could enhance the prediction of clinical outcome in 

comparison to current approaches performed in pathology. The patient 

microarray datasets will enable us to determine gene signatures which could 

then be translated and used for development of tests that could serve as a guide 

for more informed clinical decision-making. We are in need of new strategies that 

we can use either as a preventive measure or a treatment of metastatic disease. 

Stromal-epithelial interactions offer new targets for adjuvant therapy to prevent 

and suppress human breast cancer progression. Current strategies to treat 

human breast cancer are predominantly focused on targeting the carcinoma cell 
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population specifically, however there are a significant number of patients that 

will develop distant metastases even though standard therapies are applied. At 

present, the five-year survival rate for breast cancer is low when distant 

metastases are detected at the time of primary tumor diagnosis, and it is likely 

that conventional therapy in addition to targeting adjacent supporting cell 

populations would improve long-term survival within this patient population.  

Completion of this project will augment our basic understanding of 

mechanisms of cancer progression and metastasis. Importance of stromal 

contribution to breast cancer initiation and progression and in understanding 

mechanisms for devising therapeutic strategies – will be necessary to target both 

the cancer cells and the microenvironment for effective treatment of metastatic 

disease.  
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CHAPTER VI 

 

SUMMARY AND FUTURE DIRECTIONS 

 

Treatment of patients with TNBC has been challenging due to the 

heterogeneity of the disease and the absence of well-defined molecular targets 

for efficient therapeutic intervention (Carey, et al, 2007; Pegram, et al, 1998; 

Wiggans, et al, 1979). As previously mentioned, TNBCs constitute 10%-20% of 

all breast cancers that frequently affect younger patients (Dent, et al, 2007) with 

tumors are generally larger in size, higher grade, with lymph node involvement at 

diagnosis thus biologically more aggressive (Cheang, et al, 2008; Dent, et al, 

2007; Haffty, et al, 2006; Kreike, et al, 2007; Rakha, et al, 2007; Tan, et al, 2008; 

Viale, et al, 2009). In general, TNBC patients are associated with a higher 

recurrence rate after diagnosis, a shorter disease-free interval, rapid progression 

from distant recurrence and shorter overall survival regardless of stage at 

diagnosis (Abd El-Rehim, et al, 2005; Abd El-Rehim, et al, 2004; Carey, et al, 

2006; Jones, et al, 2004; Lund, et al, 2009; Nguyen, et al, 2008; Nielsen, et al, 

2004; van de Rijn, et al, 2002). This calls for further assessment of the treatment 

approaches currently used in clinical settings. There is a major need for 

deciphering the biology of TNBC, evaluating the driving pathways and 

determining new therapeutic options for TNBC patients. 

Although there are common features that define TNBC (described in 

Chapter I) there is significant diversity within these tumors potentially creating 
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barriers to effective treatments. The genomic diversity of TNBC has been 

demonstrated by the Pietenpol laboratory where they confirmed the 

heterogeneity within TNBC by demonstrating distinct TNBC subtypes with unique 

molecular driver pathways. In addition, their in vitro cell line validation 

demonstrated that these subtypes responded differently to currently used 

therapies (Lehmann, et al, 2011). This means that current ‘single disease’ 

approach of treatment of primary TNBC tumors needs major improvement.  

TNBC has worst overall survival compared to other breast cancers, mainly 

due to lack of targeted therapy but also driven by the biology of the disease. In 

addition, considering the emerging data that reveals the complexity and diversity 

of the TNBC (Shah, et al, 2012), it is evident that TNBC field requires further 

analysis of their important drivers and their mechanisms within the TNBC 

subtypes. Thus, my dissertation research presented herein has primarily focused 

on deciphering the role for TGF-β signaling in TNBC in vivo and in vitro 

(Jovanovic, et al, 2014a) as the TGF-β signaling was among top drivers, present 

in one-third of TNBC defined subtypes (Lehmann, et al, 2011). Considering the 

severity of TNBC disease as well as the previously established roles of TGF-β 

signaling in cancer initiation and progression through tumor cell autonomous and 

non-autonomous signaling, we hypothesized that TGF-β signaling acted as a 

tumor promoter in TNBC.  

Chapter III presents the results that have led to an unanticipated discovery 

of the role of a gene member of TGF-β superfamily, TGFBR3, in a subset of 

TNBC (Figure 49). 
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Figure 49.   Chapter III model based on the acquired in vitro and in vivo 
results in MSL TNBC cells.  
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This discovery was surprising to us as within TGF-β field, the main focus of 

interest has been on TβRI and TβRII (due to their receptor-kinase activity); while 

research on TβRIII has lagged as has not been as extensively studied (due to its 

lack of intrinsic enzymatic activity). Furthermore, the limited publications on 

TβRIII have indicated a controversial role for TβRIII, demonstrating both tumor 

suppressive as well tumor promoting activities. This triggered our interest in 

determining whether known TGF-β context dependency applied to TβRIII and if 

defining this context (e.g. breast cancer type) would further elucidate role of 

TβRIII and potentially contribute to resolving the controversy.  

The published results of Chapter III represent the first comprehensive report of 

the role of TβRIII in TNBC (Jovanovic, et al, 2014b). The results have led to the 

identification of robust expression of TβRIII within mesenchymal (M) and 

mesenchymal-stem like (MSL), the TNBC subtypes noted to have poorer 

response among the TNBC subtypes. Notably, the results demonstrate that the 

manipulation of TβRIII in representative MSL cell lines leads to decreased tumor 

growth in vivo and also decrease in motility and invasion in vitro (Figure 49), 

mechanisms that contribute to cancer progression. Further, upon knockdown of 

TβRIII in MSL, a global gene expression profile revealed integrin pathways to be 

among the top pathways altered. Interestingly, from the standpoint of TGF-β field, 

all the observed phenotypes resulting from knockdown of TβRIII appeared to be 

independent of TGF-β and this is additionally supported by data derived from 

using a TβRIII high expressing TNBC cell line with abrogated TGF-β signaling 
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(Figure 50, Figure 51). This indicated that TβRIII was responsible for the 

observed migration and invasion phenotypes and in case of this study it was 

interacting with integrin signaling via ITGA2. The ability of TβRIII to regulate 

invasion via Par6/Smurf1/RhoA pathway (ligand-dependent) has been previously 

shown in mouse Tgfbr3 −/− epicaridial cells (Sánchez & Barnett, 2012). 

Interestingly, this study did not show any effect on migration. In addition, a 

separate study has demonstrated that in ovarian cancer cells TβRIII can regulate 

migration via Cdc42 while no effect on invasion was observed (Mythreye & 

Blobe, 2009). We are the first to report that TβRIII affected both migration and 

invasion via a single pathway, integrins, specifically through regulation of ITGA2 

(Jovanovic, et al, 2014a). Together, these studies have made a significant step 

forward with regard to our understanding of the role of TβRIII within the TNBC. 

Putting our findings in context of the previous literature reviewed in the 

introduction chapter, our results show that TβRIII acts as a tumor promoter as it 

helps with promoting tumor growth, migration and invasion.  

The TCGA based survival data from breast cancer patients (N=971 

patients) indicate that increased expression levels of TGFBR3 significantly 

correlates with poorer survival (Figure 52), indicating that TβRIII might be a 

valuable prognostic marker. Furthermore, considering the current need to identify 

and evaluate the potential therapeutic targets in TNBC, a future direction should 

include assessing targeting of TβRIII.  
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Figure 50. Abrogated TGF-β signaling in CAL120 TNBC cell line. 
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Figure 50. Abrogated TGF-β signaling in CAL120 TNBC cell line  
A, Immunoblot analysis for phospho-SMAD2, TβRII and actin using protein 
harvested from CAL120 cells ± TGFBR3 in presence or absence of TGF-β1 
ligand. B, controls and TβRIII-KD CAL120 cells were co-transfected with CAGA-
Luc and pRL-CMV renilla (used as internal control to correct for transfection 
efficiency). Eighteen hours post transfection cells were treated for 24hrs with 
1ng/ml of TGF-β1 and TGF-β2. Cells were then collected and tested for promoter 
specific luciferase activity using a dual-luciferase reporter assay system was. Bar 
graph data represents mean of 4 replicates with SEM error bars (ns = not 
significant; for a two-tail Student t-test). C, controls and TβRIII-KD CAL120 cells 
were co-transfected with 3TP-lux and pRL-CMV renilla (used as internal control 
to correct for transfection efficiency). 18hrs post transfection cells were treated 
for 24hrs with 1ng/ml of TGF-β1 and TGF-β2. Cells were then collected and 
tested for promoter specific luciferase activity using a dual-luciferase reporter 
assay system was. Bar graph data represents mean of 4 replicates with SEM 
error bars (ns = not significant; for a two-tail Student t-test). D, Live cell count 
proliferation assay for CAL120 controls versus TβRIII-KD 72hrs post treatment 
with TGF-β1 and TGF-β2 ligands; graph bars represent the mean of 6 replicates 
with SEM error bars (ns = not significant; for a two-tail Student t-test). E, 
thymidine incorporation proliferation assay for CAL120 controls versus TβRIII-KD 
in presence or absence of TGF-β1 and TGF-β2 ligands; graph bars represent the 
mean of 6 replicates with SEM error bars (ns = not significant; for a two-tail 
Student t-test). 
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Figure 51. TβRIII functions independently of TGF-β signaling. 
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Figure 51. TβRIII functions independently of TGF-β signaling  
A, immunoblot analysis of TβRIII protein expression in lysates harvested from 
SUM159 and CAL120 cells stably expressing control and TβRIII shRNA vector 
(TβRIII-KD). B, SUM159 and CAL120 cells were plated around magnetic 
stencils. After cells had adhered the magnetic stencils were removed and 
migration assay was monitored for 24hrs. Bar graphs represent percentages of 
closure for each cell line with TβRIII-KD in comparison to control; graph bars 
represent the mean of 3 replicates with SEM error bars (**P = 0.001, ***P < 
0.0001 for a two-tail Student t-test). C, cell suspension assay where 12 well 
plates were layered with agarose gel to prevent cell adhesion.  SUM159 and 
CAL120 cells were then plated on top of agarose gel.  Representative 10x 
images of controls and TβRIII-KD were taken 48hr post cell plating.   
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Figure 52. High expression of TGFBR3 is associated with poorer survival in 
TCGA breast cancer cohort 
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Figure 52. High expression of TGFBR3 is associated with poorer survival in 
TCGA breast cancer cohort.  
A, Survival plot analysis for 971 Cancer Genome Atlas breast cancer patients 
with low (red line), medium (green line) and high TGFBR3 expression levels 
(blue line) demonstrating trend of poorer survival in breast cancer patients with 
high TGFBR3 expression (blue line). B, Cox regression model analysis for 971 
Cancer Genome Atlas breast cancer patients adjusted for age, tumor stage and 
TNBC status.  Log hazard increases with higher TGFBR3 expression levels (***P 
= 0.0001) 

 

  



 
 

218 

There is clear evidence and commonly held acceptance in favor of the 

addition of taxanes in the neoadjuvant setting for triple negative disease (Bear, et 

al, 2006) (Smith, et al, 2002) (Chakravarthy, et al, 2006). Interestingly, we now 

have preclinical evidence that doxorubicin and taxol treatment of MSL cells 

lacking TβRIII result in higher sensitivity, thus more cell death (Figure 53). 

Further studies would need to be performed in the future to follow up on this 

intriguing finding.  However, the current data would indicate that combination 

therapy consisting of targeting TβRIII alongside with chemotherapy treatment 

might be beneficial for the MSL TNBC subset.  This is an exciting idea as  

Chapter IV data (Figure 33) suggests that within the TNBC clinical trial, patients 

with mesenchymal-like genomic signatures fall into the non-responder 

categories.  This reinforces the need for better-targeted therapy for this subtype, 

making TGF-β signaling axis more attractive candidate for targeted therapy. 

Women with metastatic TNBC survive three to five years (~30%) and 

despite aggressive chemotherapy the majority die of their disease (Bostrom, et 

al, 2009; Shin, et al, 2008; Tsutsui, et al, 2002; van de Rijn, et al, 2002; Viale, et 

al, 2009). Thus understanding the metastatic potential of TNBC is essential. 

Although we do not have data for TβRIII effects on metastasis, based on the 

migration and invasion data we can speculate that TβRIII could promote 

metastasis. This would require additional experiments involving a prolonged 

duration of the in vivo xenograft experiments.  
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Figure 53. TβRIII-KD TNBC cells are more sensitive to chemotherapy 
treatments 
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Figure 53. TβRIII-KD TNBC cells are more sensitive to chemotherapy 
treatments   
Controls and TβRIII-KDs MDA-MB-231, MDA-MB-157 and SUM159 MSL cell 
lines were treated at 70-80% confluency with individual chemotherapeutic drugs 
doxorubicin (1 and 3 µM) and paclitaxel (taxol, 1nM, 5nM and 10nM). Protein 
lysates were harvested at 48hr and immunoblot analysis performed for caspase-
3, and actin.  Results are representative of two independent experiments.   
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The majority of studies on breast development and cancer have focused 

on the epithelial cell component of the mammary gland. However, growing 

evidence shows that stromal components play an important role in modulating 

epithelial cell behavior (Bhowmick & Moses, 2005; Conklin & Keely, 2012). 

Recent studies indicate that the tumor microenvironment can modify a tumor 

cell’s ability to recognize or respond to autocrine and paracrine signals. Thus, the 

surrounding microenvironment can have profound effects on tumor progression.  

Currently, the study presented in Chapter V has not been completed, 

however interesting observations were made thus far among which we have 

observed that stromal gene expression has dramatically changed between 

controls and tumor-stroma indicating distinct gene expression based separation. 

However, at the present time, we do not have a full analysis of these changes. 

Thus future evaluations of genes and main pathways that are different between 

these two groups will be needed. At the moment we have only performed 

analyses for the TGF-β pathway. 

Previously in our laboratory we have shown that abrogation of TGF-β 

signaling in stromal fibroblasts promotes tumorigenesis in adjacent epithelia 

(Bhowmick, et al, 2004a) increases production of chemokines, and thus 

promotes carcinoma growth and invasion (Cheng, et al, 2005; Cheng, et al, 

2007). Little is known about the effect of stromal gene expression changes on the 

epithelial tumor progression in humans. Thus understanding the stromal gene 

expression changes could potentially help in finding new drug targets. Our goal 
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was to perform analysis of tumor stroma and determine if alteration of TGF-β 

signaling in fibroblasts contributes to progression of human breast cancer.  

Our gene expression data, generated from tumor stromal cells collected 

by laser capture microdissection have provided some insight into TGF-β 

signaling. A loss of TGFBR3 gene expression in peri-tumoral versus control 

stroma was the most consistent change among all the TGF-β pathway genes. 

Both qRT-PCR and immunohistochemistry validated our TGFBR3 microarray 

findings, demonstrating a 44-fold decrease of TGFBR3 expression in peri-

tumoral stroma. Publicly available microarray datasets have further supported 

our observation of loss of TGFBR3 in breast cancer stroma. Although this study 

has not been completed, interesting observations were made thus far and based 

on these preliminary findings, our future research goal is to determine the 

functional contribution of TβRIII in breast cancer stroma and evaluate its potential 

prognostic significance. To date TβRIII has been studied only in epithelial normal 

and cancer cells while currently nothing is known about the role of TGFBR3 in 

the tumor microenvironment. Based on our preliminary data, our future direction 

we will be to determine the functional contribution of TβRIII to the breast tumor 

microenvironment. We will examine TβRIII signaling in the context of tumor-

stroma (fibroblast) interactions and how TβRIII loss leads to tumor proliferation, 

motility, invasion and metastasis. We hypothesize that attenuation of TβRIII in 

human breast stroma leads to tumor progression through the alteration of 

paracrine signaling. Specifically, based on the data from Chapter III indicating 

that knockdown of TβRIII leads to increase in integrin-α2, it would be interesting 
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to evaluate integrin pathway within the stroma and determine if there is a similar 

relationship with TβRIII as what we see in the tumor.  Investigating the function of 

TβRIII is vital to further our understanding of breast tumorigenesis. TβRIII is 

understudied and deserves attention considering that it might be a key player in 

the tumor microenvironment and a potential therapeutic target.  

I anticipate that future direction for this part of thesis project will shed light 

on the role of TβRIII and the tumor microenvironment. Addressing the function of 

TβRIII in the tumor microenvironment could help us determine if the current data 

on TβRIII expression in tumors is actually context-dependent, meaning that in 

addition to the type of breast cancer we should consider that the behavior of the 

tumor cell is modified/regulated by stromal expression changes of TβRIII. This 

project will test the current paradigms not only in the field of TβRIII but also in the 

TGF-β and the TGF-β superfamily signaling pathways. Addressing the role of 

TβRIII is critical for further removing the barriers and moving forward the field of 

TGF-β in the tumor microenvironment. In summary, TβRIII has the potential to be 

a key player in the tumor microenvironment. Characterization of TβRIII’s 

physiological function in tumor-stroma interactions, and its relationship to other 

key tumor-stromal molecular mediators, is an essential direction for providing an 

insight into the tumor microenvironment and determining novel options for 

diagnosis and cancer therapy. Understanding the contribution of stromal 

signaling to breast cancer initiation and progression will be necessary to target 
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both the cancer cells and the tumor microenvironment for effective treatment of 

this disease.  

In addition to studying the role of TβRIII in tumor microenvironment a more 

comprehensive analysis will be performed on LCM tumor and its adjacent 

stroma. Considering that we currently have LCM data on both TNBC and non-

TNBC patients it would be interesting to see whether tumor stroma separates 

according to its breast cancer type. The patient microarray gene expression data 

sets will enable us to determine gene signatures that may be translated in future 

studies and used for development of tests that could serve as a guide for more 

informed clinical decision-making. It is obvious that we are in need of new 

strategies that we can use either as a preventive measure or as a treatment of 

metastatic disease. Understanding the contribution of stromal signaling to breast 

cancer initiation and progression will be necessary to target both the cancer cells 

and the microenvironment for effective treatment of this disease.  

The third part of this thesis was to determine if we can predict response to 

drug treatment based on genomic signatures of TNBC tumors. In this case we 

have utilized the recently completed a five year long TNBC clinical trial whose 

focus was to explore the pathologic complete response rate to 

cisplatin+paclitaxel ± RAD001 (mTOR inhibitor). The results of the trial were 

negative due to suboptimal dose of RAD001, however after exploring the 

genomic gene expression signatures, the major finding was the ability to 

predict clinical response. Furthermore, pathways that were significantly 

changed between responders and non-responders revolved around cell 
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cycle/proliferation and DNA damage response. Interesting, but not surprising, 

based on a previous study defining the diversity by TNBC subtype and 

differential in vitro drug response (Lehmann, et al, 2011), after making TNBC 

subtype calls we see that responders were more likely to align with basal-like 

subtypes while non-responders with mesenchymal-like and Luminal AR 

subtypes. This once again indicated to us the need for better alignment of 

treatment to TNBC. In addition to looking into genomics of TNBC epithelia, 

considering that we were also interested in role of tumor microenvironment, we 

performed genomic analysis on the matching tumor stroma. The result 

indicated that stroma was also able to segregate responders from non-

responders thus predict response.  

As this project is still ongoing, and considering that we do not have 

extensive numbers of TNBC patients with genomic data, it is still early to make 

solid conclusions. However, the genomic results thus far look very promising and 

will be further analyzed. Considering our finding presented in Chapter III 

revealing the importance of TGF-β signaling, specifically TβRIII, one of the follow 

up analysis should be further evaluation of this pathway/gene within the 

mesenchymal-like TNBC, which aligned with non-responders in our preliminary 

genomic analysis of the trial. Preliminary analysis of LCM tumors indicate that 

TGFBR3 is increased in mesenchymal-like subtyped TNBCs from the trial (data 

not shown), however due to small number of mesenchymal-like patients 

evaluated statistical analysis are currently underpowered, thus proper 

conclusions cannot be made.  
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As this trial provides access to a cohort of 145 patients out of which 36% 

are patients with or without pathologic complete response, in the near future we 

will be performing RNA-seq analysis to evaluate inherent as well as acquired 

mutations within the residual disease tumor specimens. Furthermore, this clinical 

dataset will be beneficial for refining and validating gene signatures for TNBC 

subtyping. Follow up on discovered pathways would need to be performed via 

multistep validations (qRT-PCR, IHC, in vitro and in vivo drug tests on our TNBC 

subtyped cell lines). Overall, we would anticipate discovering novel subtype 

specific combination therapies for TNBC as well as gain better insight of pathway 

alterations that potentially lead to resistance, especially in the near-pCR patients. 

The overarching goal is to determine the more precise alignment of TNBC 

patients for future therapies.  

In summary, this thesis is comprised of three parts dedicated to 

deciphering this highly heterogeneous disease, TNBC. The first approach was to 

further investigate the role of one of these newly defined TNBC’s biological 

drivers – the TGF-β pathway. This pathway was demonstrated to be one of the 

upregulated drivers in mesenchymal (M) and mesenchymal-stem like (MSL) 

TNBC subtypes. Considering that TGF-β pathways can promote tumorigenesis 

and metastasis it was natural to pursue this pathway and evaluate its role in 

TNBC. The second approach in this thesis was to determine if we can predict 

response to drug treatment based on genomic signatures of TNBC tumors. In 

this case we have utilized the TNBC clinical trial whose focus was to explore the 

pathologic complete response rate for each individual treatment arm (cisplatin 
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± everolimus/mTOR inhibitor). Finally, using laser capture microdissection 

approach I was successful in not only collecting tumor epithelia but also its 

adjacent stroma. The goal was to look into the role of tumor microenvironment 

in TNBC in regard to the clinical response and decipher whether stroma aligns 

to the TNBC tumor subtypes and has unique driver pathways that might be 

contributing to the stroma state, thus feed into the aggressiveness of the 

tumor.  

The cumulative results of this thesis provide insight into the TGF-β 

signaling axis within the TNBC MSL subtype implicating its prognostic and 

therapeutic utility in TNBC. It also indicates that within the clinical trial TNBC 

patients with MSL/M genomic signatures fall into the non-responder categories 

thus reinforcing the need for better-targeted therapy for this subtype, making 

TGF-β signaling axis more attractive candidate for targeted therapy. In addition to 

the ability of tumor epithelia genomic profile to predict response, we show that 

stroma can also predict the response of TNBC patients to chemotherapy. 

Combining these intriguing results helps identify new pieces for the TNBC 

puzzle, thus helping us make one step forward to better managing this disease. 
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