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Abstract 

Inflammatory breast cancer (IBC) is an extremely rare but highly aggressive form 

of breast cancer characterized by the rapid development of therapeutic resistance 

leading to particularly poor survival. Our previous work focused on the elucidation of 

factors that mediate therapeutic resistance in IBC and identified increased expression of 

the anti-apoptotic protein, X-linked inhibitor of apoptosis protein (XIAP), to correlate 

with the development of resistance to chemotherapeutics. Although XIAP is classically 

thought of as an inhibitor of caspase activation, multiple studies have revealed that 

XIAP can also function as a signaling intermediate in numerous pathways. Based on 

preliminary evidence revealing high expression of XIAP in pre-treatment IBC cells 

rather than only subsequent to the development of resistance, we hypothesized that 

XIAP could play an important signaling role in IBC pathobiology outside of its heavily 

published apoptotic inhibition function. Further, based on our discovery of inhibition of 

chemotherapeutic efficacy, we postulated that XIAP overexpression might also play a 

role in resistance to other forms of therapy, such as immunotherapy. Finally, we posited 

that targeting of specific redox adaptive mechanisms, which are observed to be a 

significant barrier to successful treatment of IBC, could overcome therapeutic resistance 

and enhance the efficacy of chemo-, radio-, and immuno- therapies. To address these 

hypotheses our objectives were: 1. to determine a role for XIAP in IBC pathobiology and 
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to elucidate the upstream regulators and downstream effectors of XIAP; 2. to evaluate 

and describe a role for XIAP in the inhibition of immunotherapy; and 3. to develop and 

characterize novel redox modulatory strategies that target identified mechanisms to 

prevent or reverse therapeutic resistance.  

 Using various genomic and proteomic approaches, combined with 

analysis of cellular viability, proliferation, and growth parameters both in vitro and in 

vivo, we demonstrate that XIAP plays a central role in both IBC pathobiology in a 

manner mostly independent of its role as a caspase-binding protein. Modulation of XIAP 

expression in cells derived from patients prior to any therapeutic intervention 

significantly altered key aspects IBC biology including, but not limited to: IBC-specific 

gene signatures; the tumorigenic capacity of tumor cells; and the metastatic phenotype 

of IBC, all of which are revealed to functionally hinge on XIAP-mediated NFκB 

activation, a robust molecular determinant of IBC. Identification of the mechanism of 

XIAP-mediated NFκB activation led to the characterization of novel peptide-based 

antagonist which was further used to identify that increased NFκB activation was 

responsible for redox adaptation previously observed in therapy-resistant IBC cells. 

Lastly, we describe the targeting of this XIAP-NFκB-ROS axis using a novel redox 

modulatory strategy. Together, the data presented here characterize a novel and crucial 

role for XIAP both in therapeutic resistance and the pathobiology of IBC; these results 
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confirm our previous work in acquired therapeutic resistance and establish the 

feasibility of targeting XIAP-NFκB and the redox adaptive phenotype of IBC as a means 

to enhance survival of patients.  
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1. Introduction  

1.1 Introduction to Inflammatory Breast Cancer 

Inflammatory breast cancer (IBC) is a highly aggressive and, arguably the most 

lethal subtype, of breast cancer that was first described in 1924 by Lee and Tannenbaum 

(1). IBC has been shown to be distinct from other forms of locally advanced breast cancer 

(LABC) (2) and is relatively rare, accounting for only 1 to 5 percent of all cases 

diagnosed in the United States (3,4). Unlike other subtypes of breast cancer, the 

incidence of IBC in the United States seems to be increasing; however, this may be due 

to greater awareness in both patients and oncologists (4,5). IBC progresses extremely 

rapidly, with most patients being at Stage IIIb (chest wall/lymph node involvement) or 

Stage IV (distant metastasis) at the time of diagnosis (6,7). This initial high staging 

combined with late therapeutic intervention due to timing of diagnosis more often than 

not leads to poorer survival for patients with IBC. At the time of its description and the 

years following, IBC had a 5-year overall survival rate of less than 5% (median survival 

of 15 months), with local recurrence occurring in about half of patients (8,9). Due to the 

advent of multidisciplinary therapy modalities in the last 30 years, survival has 

increased with 5-yr rates being reported as high as 30% (10). Despite these progresses, 

the majority of patients experience recurrence and eventually succumb to the disease.  



 

2 

1.1.1 Clinical, pathological, and epidemiological features 

of IBC and patients 

One important distinction between IBC and other forms of LABC is that 

diagnosis is completely clinical and not based on any specific pathologic findings (6). 

IBC often presents as redness or erythema of the breast, which although diffuse early on, 

can extend to cover the entire breast (11,12). This can be accompanied by swelling or 

edema, which mimics an inflammatory response and as such, IBC is often mistaken for 

relatively harmless conditions such as mastitis or dermatitis. Physicians should be 

aware, however, that the lack of fever and immune involvement normally associated 

with infection rule out these possibilities (13). Another problem with diagnosis is that 

unlike other forms of LABC, there is usually no large mass or tumor upon palpation, 

and only a small number of cases show a discrete mass upon mammography (14). One 

classic symptom that is distinctive to IBC is presentation with peau d’orange (orange 

peel) appearance to the skin. Dramatic changes in skin color from red to purple (similar 

to bruising), ulceration of nodules, and nipple retraction are other clinical symptoms 

that can arise (15). Every case of IBC, however, is different and with presentation unique 

to each patient, diagnosis of IBC is difficult.  

IBC tumor cells tend to present as clusters of tumor cells, termed tumor emboli, 

which have been shown to preferentially invade the dermal lymphatics (11). Blockage of 

the lymphatic system by these emboli underlies the significant edema that is a common 

clinical finding (12,13). Skin punch biopsies are the best procedure for analysis as it not 
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only captures breast tissue, but also the overlying skin. A vast majority of patients (55-

85%) show some lymph node involvement, however, confirmation of ductal 

involvement cannot always be done making pathological findings good tools, but not 

100% confirmatory.  

Epidemiological research into IBC has been poor compared to other forms of 

LABC. This is in part due to the rarity of the disease, which makes large prospective 

clinical trials near impossible, but also to no agreed upon case definition in clinical 

diagnostics. The majority of data, from retrospective studies however, has offered some 

information about diagnosis rates. The incidence of IBC in North African countries – 

Tunisia, Morocco, and Egypt specifically, is much higher than North America with 

reports between 10% and 15% (7,16). Within the United States there is also a significant 

disparity between ethnic groups. IBC has historically been diagnosed in African 

American women with a 50% higher incidence in this population, while Asian and 

Pacific Islander women have been observed to have the lowest risk (17). Median 

survival is lower in African American (AA) women (18), and although the age of 

diagnosis is significantly lower in all IBC patients (median 58 years vs median 68 years), 

AA women are diagnosed at even younger ages (17). Much like LABC, obesity has been 

shown to correlate with IBC incidence (19). One retrospective study at MD Anderson 

Cancer Center noted that over 50% of patients had a BMI over 30, while cohort analysis 

has shown that women with a BMI above 26 are at a greater risk (12).  
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1.1.2 Molecular features of IBC 

1.1.2.1 Incidence of molecular subtypes by genomic sequencing 
in IBC and non-IBC 

Similar to its distinct clinical and histopathological presentation, IBC has certain 

molecular features that distinguish it from non-IBC. Some of these features have been 

shown to be involved in disease pathobiology, and as such, represent potential 

therapeutic targets. A recent whole-genome study of 137 IBC and 252 non-IBC patients 

attempted to first determine if one of the molecular phenotypes associated with breast 

cancer [defined by the Perou laboratory at UNC-Chapel Hill (20)] were more prevalent 

as a means to define aggressiveness (21). Although the Luminal A subtype was revealed 

to be more prevalent in non-IBC, all others showed little to no variation in this study 

(Table 1.1).   

Table 1.1 Prevalence of molecular phenotypes by genome sequencing 

Phenotype IBC (%) Non-IBC (%) p-value 

Luminal A 26 (19%) 105 (42%) <0.001 

Luminal B 26 (19%) 49 (19%) 1.000 

Basal type 24 (17%) 31 (12%) 0.172 

Claudin-low 23 (17%) 32 (13%) 0.288 

Normal-like 8 (6%) 12 (5%) 0.638 
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1.1.2.2 Immunohistochemical findings  

Immunohistochemical (IHC) analysis of biopsy tissue has revealed more about 

clinically relevant genomic alterations than whole genome sequencing as shown in Table 

1.2. A recent study published late in 2015 confirmed used newer genomic technologies 

to confirm these data (22). Increased prevalence of the oncogenic drivers, epidermal 

growth factor receptor (EGFR/ErbB1) (23,24) and the related family member Her2/ErbB2 

(25,26) has been observed in IBC tissues. A large proportion of IBC tissues are also 

negative for expression of progesterone and estrogen receptors (PR and ER, 

respectively) (4,27,28) and show characteristics of high vascularization (29). 

  

Table 1.2 Prevalence of immunohistochemical findings in IBC and non-IBC 

Phenotype IBC (%) Non-IBC (%) Reference 

EGFR positive 30 18 (23,24) 

Her2 amplified 36-42 17 (25,26) 

ER/PR positive 59 69 (4,27) 

Triple negative 29 10-20 (30-32) 

Highly vascular 51 14 (29) 
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1.1.2.3 EGFR/HER2 oncogenic signaling  

EGFR/ErbB1 is a transmembrane receptor tyrosine kinase that is overexpressed 

in over 25% of IBC cases (33) and shows a strong prognostic significance correlating with 

increased recurrence and poor 5-year survival rate (24). EGFR stimulates multiple 

signaling networks including the mitogen-activated protein kinase (MAPK), 

phosphatidylinositol 3-kinase (PI3K/Akt), and phospholipase C γ (PLC-γ) pathways 

which all promote proliferation, progression, and invasion and metastasis (34,35). ErbB2, 

also known as Her2, is another member of the EGFR family that also mediates through 

the same signaling pathways and also protein kinase C (PKC) and signal transducer and 

activator of transcription (STAT) pathways (36). Her2 has been shown to be amplified in 

upwards of 30% of IBC tissues (25), but there is conflicting evidence on whether this 

indicates a poorer or better prognosis. Inappropriate activation of either family member, 

by both paracrine and autocrine signaling, results in uncontrolled cell growth and 

resistance to apoptosis by therapeutics, playing a role in both tumorigenesis and 

progression.  

1.1.2.4 Hormone receptor status  

Multiple studies have shown low levels of ER and PR expression in IBC tissues. 

These tissues are largely of the basal subtype (37), and although genomic studies reveal 

no differences at the transcriptome level, one study found that basal-type comprises 34% 
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of IBC cases compared to only 16% non-IBC by IHC (38). These tumors are most 

commonly triple negative (TN), based on the absence of ER, PR, and Her2, and as such 

fewer therapies are available as no targeted agents can be used (39-41). TN status in 

tumors is associated with increased risk of recurrence (38.6% vs. 22.6% non-TN) and 

metastasis (56.7% vs. 28.8 non-TN), which leads to poor overall survival (42.7% vs. 54-

74% non-TN) compared to patients positive for some combination of ER, PR, and Her2 

(31). 

1.1.2.5 Overexpression of eIF4G1  

1.1.2.5.1 Tumor emboli formation  

Eukaryotic translation initiation factor eIF4G1 is a component of the eIF4F 

complex, which is involved in recognition of capped messenger RNAs (mRNAs), 

unwinding of secondary structure, and recruitment of ribosomes to RNAs for translation 

(42). Further work showed that eIF4G1 actually preferentially promotes the cap-

independent translation of internal ribosomal entry site (IRES)-containing mRNAs (43). 

These sites, contained in the 5’ UTR of mRNAs, allow for translation initiation in the 

middle of RNAs and can increase the rate of protein production even under times of 

stress, when cap-dependent translation is abrogated (44,45). The study that first 

identified eIF4G1 overexpression also revealed its contributions to the pathogenic 

properties of IBC through demonstrating that knockdown of eIF4G1 significantly 

inhibits the formation of IBC-specific tumor emboli (46).  This inhibition was shown to 

be due to a decrease in E-cadherin protein expression, which promotes tumor emboli 
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formation through tumor cell-to-cell interactions rather than tumor-stroma interactions 

(47). E-cadherin mRNA does not contain an IRES, however, p120 catenin does (48) and 

p120 translation is significantly inhibited in eIF4G1 knockdown cells. p120 is a protein 

responsible for anchoring E-cadherin at the plasma membrane and regulating its 

expression (49,50). These changes in E-cadherin and p120 caused a significant decrease 

in the ability of IBC cells to grow in two in vivo models: one mouse and one chicken 

allantoic membrane (CAM). 

1.1.2.5.2 Protection from hypoxia 

Hypoxia, specifically as it pertains to cancer, is defined as the situation when 

cancer cells are deprived of molecular oxygen (51). IBC tumor emboli, because of their 

structure, are inherently in a state of constant hypoxia and must overcome this lack of 

oxygen in order to survive (52). One feature of hypoxia beyond the canonical activation 

of hypoxia-inducible factor 1 (HIF-1) and activator protein 1 (AP-1), both of which are 

high in IBC tissue (53), is the inhibition of cap-dependent translation (54). This inhibition 

elicits an eIF4G1 and eIF4E binding protein 1 (4E-BP1)-dependent switch to cap-

independent, IRES-mediated translation. Along with increasing p120 translation, they 

note that eIF4G1 drives the translation of vascular endothelial growth factor (VEGF), 

another IRES containing mRNA (52). VEGF, as a key regulator of the process of 

angiogenesis, enhances tumor vascularity and is able to protect these emboli and cells 

from the effects of hypoxia (55). This correlates strongly with the observation that IBC 

patient tissues show increased vascular density compared to non-IBC (29) and multiple 
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studies, both at the RNA and protein levels, that show increased expression of 

angiogenic factors such as basic fibroblast growth factor (bFGF), VEGF receptors 

VEGFR2 and VEGFR3, and VEGF-A, -C, and –D (56).     

1.1.2.6 Lymphangiogenesis and vasculogenesis  

 Expression of certain subunits of the VEGF family leads to another process 

known as lymphangiogenesis (57). This refers to the branching, remodeling, and growth 

of lymphatic vessels from pre-existing ones and has been observed in both human 

tumors and animal models of IBC (58). This is in contrast to previously hypothesized 

models where tumor emboli escaped into already formed lymph vessels, however, work 

revealing increased lymphangiogenesis genes and higher fractions of proliferating 

endothelial cells in IBC patient tissue (59), is consistent with this metastatic behavior. 

Another process used to increase oxygen and nutrient flow is vascular mimicry, 

or vasculogenesis, which allows tumors to form vessel-like structures without 

endothelial cells (60). Although animal studies hint at this possibility for disease biology 

(61), this has not been studied in patient populations to determine translation to clinic.  

1.1.2.7 Hyperactivation of the NFκB pathway  

Although in vitro and in vivo studies have determined that certain genes, 

including E-cadherin, MUC1 (Mucin 1), RhoC (discussed in detail in Section 1.1.2.8.1), and 

LIBC (lost in breast cancer), have a role to play in IBC pathogenesis, none of these 

alterations are specific to the IBC-specific phenotype. With the advent of DNA 
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microarray technology, whole genome approaches can be used to identify specific 

molecular signatures that underlie diseases. While this has been exhaustively 

undertaken in non-IBC, only a handful of studies have done this with IBC and 

strikingly, they all land on the same pathway: the transcription factor, NFκB.  

NFκB, or nuclear factor kappa-light-chain-enhancer of B cells, is a complex 

comprised of multiple subunits that all lead to control of transcription of nuclear DNA, 

activating pathways that in normal cells drives cytokine production and cell survival. In 

many cancers, NFκB is deregulated and constitutively active, activating proliferative 

gene networks and expression of proteins that enhance survival. The first such study in 

IBC utilized 81 patients (37 IBC, 44 non-IBC) and identified a 109-gene set that 

discriminated IBC from non-IBC (62). This gene set had a prediction accuracy of 85%, 

lending evidence to its overall robustness. Some of these genes were NFκB-related, 

associated with signal transduction, motility, and angiogenesis. A second study the 

following year used a smaller number of patients (16 IBC, 18 stage-matched non-IBC) 

and identified a 50-gene set that had an 88% prediction accuracy in a validation set (63). 

These genes were largely characterized by NFκB target genes and a follow up study 

confirmed this by real-time RT-PCR of genes and immunohistochemistry of the 

transcription factors themselves in patient tissue (64). Lerebours et. al. continued this 

and again confirmed increased NFκB activation, after careful extraction of a set of only 
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60 major NFκB genes, but also used this gene signature to show its power to 

discriminate cases based on prognosis (65).  

1.1.2.8 Hyperactivation of the MAPK pathway 

As previously mentioned, IBC is characterized by activation and overexpression 

of the ErbB family members EGFR and HER2. Both of these membrane-bound receptors 

converge on the activation of the MAPK pathway (66), which has been shown to drive 

proliferation, migration, angiogenesis, chromatin remodeling and transcription, and cell 

survival. The MAPK pathway is deregulated in multiple types of cancer (67) and has 

been heavily studied with a multitude of inhibitors available in clinic (68). In IBC 

particularly, MAPK activation has been linked to two other molecular pathways shown 

to be specific to IBC and dubbed “molecular determinants”. 

1.1.2.8.1 RhoC GTPase 

The first study linked MAPK activation to RhoC induced motility, invasion, and 

angiogenesis (69). RhoC is a small signaling GTPase that is associated with metastasis 

and tumor malignancy (70,71). van Golen et. al. found that RhoC was overexpressed in 

90% of IBC patient tissues compared to only 30% for non-IBC (72). Further work went on 

to show that not only does knockdown of RhoC limit IBC aggressiveness, but also that 

overexpression in human mammary epithelial cells (HMECs) could recapitulate the IBC 

phenotype including tumor formation in mice (73). In an effort to target this pathway 

farnesyl transferase inhibitors (FTIs), which had been shown to modulate growth and 

motility in Ras-driven cancers (74), were tested. The authors found that treatment of 
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SUM149 IBC cells and HMEC-RhoC transfectants with an FTI could significantly reduce 

cell growth, migration, and invasion (75). Mechanistically, they revealed that although 

RhoC levels were not decreased, FTI treatment increased RhoB levels suggesting that 

RhoB plays a role in FTI-mediated reversion of the RhoC-driven phenotype.  This 

pointed to the possibility of using FTIs clinically, which is discussed later in Section 

1.1.3.2.  

1.1.2.8.2 NFκB activation and ER negativity 

The second study linked EGFR/Her2 overexpression, commonly associated with 

IBC, to NFκB and estrogen receptor status (26). They utilized a MAPK signature, which 

was derived in MCF7 breast cancer cells with overexpressed EGFR/Her2 and is 

composed of 223 genes (76), to test its correlation with the NFκB phenotype. They also 

tested its correlation to ER status, as it has previously been shown that IBC is 

particularly prone to ER negativity and studies have correlated NFκB to this as a 

possible crosstalk pathway (77,78). Expectedly, the genes in this set correlated with other 

previously identified MAPK genes, but they also showed strong significance to the 

Notch, Wnt, VEGF, and Toll-like receptor pathways. Next, they correlated this to ER 

status, and showed that the signature had great predictive power, performing at 88% in 

identifying ER status. Finally, using IHC they revealed that the majority of tumors with 

transcriptionally active NFκB dimers also had strong staining for EGFR/HER2 (p<0.004), 

which also correlated with ER negativity (p=0.031). This study was suggestive of an 
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interaction between MAPK and NFκB, however, no conclusive mechanistic relationship 

had been defined until new data presented in Chapter 3 of this dissertation.   

1.1.2.9 Apoptotic dysregulation 

Evasion of apoptosis, or programmed cell death, is a feature of every cancer cell 

that continually grows and as such was included as a hallmark of cancer by Hanahan 

and Weinberg (79). This commonly occurs through changes in the machinery that drives 

apoptosis, be they pro- or anti- apoptotic. Comparison of IBC and non-IBC cell samples 

have revealed that IBC has a greater ability to sustain insults that would normally cause 

apoptosis; this will be discussed in greater detail in Section 1.2.2.1. 

1.1.3 Current treatment options for IBC 

1.1.3.1 Standard of care: multimodal therapy 

Since the first complete description of IBC in 1924 (1), and with the help of 

knowledge derived from non-IBC and other cancers, there have been steady advances in 

improving patient prognosis. Survival has improved from a 5% 5-year overall survival 

to what is now considered top survival at 40% 3yr OS, which is abysmal compared to a 

greater than 85% 3yr OS in non-IBC (5). Trimodal therapy, as it’s used today in clinic, 

consists of neoadjuvant chemotherapy, in IBC this includes taxanes and anthracyclines, 

and for patients where indicated targeted therapies, followed by surgery, and radiation 

(80,81). Additional chemotherapy, in the form of either systemic or targeted therapies, 

may be given after radiation.  
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Taxanes are a class of diterpene molecules originally isolated from the plants of 

the genus Taxus (82). Taxanes stabilizes GDP-bound tubulin during the formation of 

microtubules, which inhibits the catalytic lengthening of microtubules. This leads to a 

block in cell division, making taxanes mitotic inhibitors (83). Paclitaxel and docetaxel are 

the two commonly used members of the taxane family (84), while a third member, 

cabazitaxel, was FDA-approved in 2010 for prostate cancer (85). The anthracyclines have 

four mechanisms of action including: 1) inhibition of topoisomerase II activity (86), 2) 

inhibition of DNA/RNA synthesis by intercalating between base pairs (87), 3) inducing 

the production of cell-damaging free radicals (88), and 4) induction of histone eviction 

(89). Daunorubicin, doxorubicin, epirubicin, idarubicin, mitaxantrone, and valrubicin 

are all FDA-approved and used in the treatment of multiple forms of cancer, as they are 

touted as the most effective anticancer treatments ever developed (90). Common drug 

combinations include doxorubicin/cyclophosphamide (AC) followed by taxane, 

docetaxel/cyclophosphamide (TC), and docetaxel/doxorubicin/cyclophosphamide 

(TAC), however doctors may prescribe other combinations and include other approved 

drugs as they see fit (91).  

Although surgery is commonly performed after neoadjuvant chemotherapy, 

mastectomy alone offers no prognostic benefit to IBC patients (92). This is most likely 

due to the fact that even prior to chemotherapy, in part due to the aggressive nature of 

IBC, cancer cells have most likely already begun to metastasize. In IBC, mastectomies are 
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commonly performed with axillary lymph node dissection (7); however, without 

complete resection prognosis does not change. Because of this, in some patients, surgery 

is skipped in order to move onto radiation therapy or clinical trials for alternative 

therapies that may actually enhance prognosis and survival (93).  

Radiation therapy in IBC is usually targeted to the breast and internal mammary 

regions, the chest wall, and any undissected lymph nodes (axillary, infraclavicular, and 

supraclavicular) (12,13,94). This large coverage area is necessary to target any partially 

invaded or invaded tumor emboli in the surrounding area. Treatment regimens differ 

drastically between hospitals and centers and as such review of the literature as to the 

benefits of radiotherapy can be unclear. A recent review, however, cited 5 yr. 

locoregional control rates from anywhere between 73% to 92%, which is still lower than 

the 97% rate for non-IBC (95).  

1.1.3.2 Targeted therapies 

Targeted therapies are any class of compounds that are directed toward a 

particular molecular aspect that is either cancer cell-specific or increased in cancer cells. 

This is advantageous compared to the systemic chemotherapies described above as they 

usually result in lower toxicity and enhanced efficacy against the tumor. Multiple 

targeted therapies have been developed for clinical use and some have been 

incorporated into treatment regimens for IBC.  



 

16 

Trastuzumab (Herceptin ™) is a monoclonal antibody that as mentioned earlier 

is commonly given in combination with neoadjuvant systemic chemotherapy (96). As 

trastuzumab targets ErbB2/Her2, it is only prescribed to patients that are denoted as 

Her2 positive by immunohistochemistry which accounts for upwards of 30% of IBC 

patients (25). Trastuzumab binds to domain IV of the extracellular region of Her2 

inhibiting downstream signaling through the PI3K/Akt and MAPK pathways (97,98). 

Trastuzumab treatment has been shown to induce G1 phase cell cycle arrest though 

induction of the cyclin-dependent kinase (CDK) inhibitor p27, inhibit angiogenesis, and 

induce apoptosis in cells (99,100). Trastuzumab also functions to mediate immune-

mediated cell death in a process known as antibody-dependent cellular cytotoxicity 

(ADCC) (101), which will be discussed in further detail in Section 1.1.3.3.2. Addition of 

this Her2-targeting therapy can significantly enhance pathological complete response 

(pCR) in patients with one study showing an increased pCR of 55% compared to only 

20% for standard-of-care (102). The true efficacy of trastuzumab is somewhat hard to 

determine, however, because in multiple studies patients not receiving trastuzumab are 

switched to this arm mid-study if their cancer progresses. Resistance to trastuzumab, 

even in patients who initially respond well, usually occurs within one year (103,104). 

Trastuzumab’s efficacy in targeting is so great that a second-generation drug, called 

trastuzumab emtansine (T-DM1 or Kadcyla ™) was developed for patients who failed 

front-line antibody therapy. T-DM1 is an antibody-drug conjugate (ADC) linking 
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trastuzumab to DM1, a potent antineoplastic agent that disrupts microtubules (105). 

Much like the monoclonal antibody alone, T-DM1 has shown great clinical efficacy in 

breast cancer when compared to standard-care therapies, and even to other Her2-

targeted agents (106).  

EGFR is a related family member to Her2 that is also overexpressed in IBC and 

multiple other cancer types. Monoclonal antibodies that mimic the effects described 

above for trastuzumab have been developed and are in use for other forms of cancer but 

have not been approved for IBC. Lapatinib (Tykerb ™) is a dual tyrosine kinase inhibitor 

that blocks signaling downstream of both EGFR and Her2, by binding to the ATP pocket 

of the intracellular domains of these receptors preventing phosphorylation and 

activation (107,108). Multiple other mechanisms of action for lapatinib have been 

discovered over the years: inhibition of NFκB activation (109), downregulation of the 

anti-apoptotic protein survivin (110), induction of oxidative stress (111), and inhibition 

of expression of drug transporters shown to drive drug resistance (112,113). In clinic, 

lapatinib showed little to no adverse effects in Phase I trials and was moved to Phase II 

for both non-IBC and IBC. Lapatinib monotherapy has shown significant responses in 

clinical trials, with one study reporting a clinical response of 50% in Her2-

overexpressing patients (114). Initial data showed that patients were more likely to 

respond if they were ER and PR negative, and declines in serum Her2 extracellular 

domain levels correlated with response. Response was significantly low in EGFR+/Her2- 
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tumors even though lapatinib targets both receptors. Recent Phase III clinical studies 

have shown that combining lapatinib with chemotherapy (paclitaxel/capecitabine), 

hormonal therapy (letrozole), or trastuzumab can lead to significant increases in overall 

response rate compared to the drugs alone (115-118). Again, these patients revealed that 

Her2 expression was essential to lapatinib’s effect. Similar to trastuzumab, patients 

respond initially to lapatinib, but development of resistance occurs frequently and 

usually within the first 12 months after the initiation of treatment (119).  

 As mentioned earlier, angiogenesis genes and proteins have been shown 

to be upregulated in IBC and therapies to target them have moved forward in clinical 

trials. Bevacizumab is a human monoclonal antibody targeting VEGF, which was 

evaluated in a trial in combination with docetaxel and doxorubicin (120). In 20 patients, 

this combination revealed an overall response rate of 67%, which follow-up studies 

correlated to a decrease in phosphorylation of VEGFR2 (121). This led to the hypothesis 

that bevacizumab may not only affect angiogenesis, but may also have a direct anti-

tumor effect. Pazopanib is a multi-target tyrosine kinase inhibitor that along with 

targeting VEGFR has also been shown to PDGFR (platelet-derived growth factor 

receptor), FGFR (fibroblast growth factor receptor), and c-KIT (stem cell growth factor 

receptor) (122). It is a potent inhibitor of angiogenesis and has had significant efficacy in 

renal cell carcinoma (123), soft tissue carcinoma (124), and ovarian cancer (125). A study 

in Her2+ IBC revealed that although the combination of pazopanib with lapatinib 
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increased overall response rates compared to either drug alone, it did not increase 

progression-free survival. There were however significant adverse events that resulted 

in treatment delays, dosing changes, and modifications, which may have influenced the 

outcome of the trial (126). Semaxanib is another small molecule inhibitor of VEGFR2 that 

showed decreased tumor blood flow by dynamic contrast-enhanced MRI; however, due 

to cardiac toxicities the trial was discontinued (127).   

1.1.3.3 Immunotherapy 

Cancer immunotherapy represents a novel means of systemic, but specific, 

targeting of tumor cells at their site of origin and at metastatic sites. Immunotherapy is 

focused on using the body’s own immune system to eradicate cancer and can be done in 

two ways: 1) enhancing or stimulating the present immune system or 2) infusion of 

immune system components (i.e. – man-made proteins). In IBC, unlike LABC and other 

forms of cancer, very little work and few clinical trials have explored immunotherapy as 

a treatment; a few smaller studies, however, have indicated that this may be useful to 

increase survival.  

1.1.3.3.1 Immunotherapy in IBC 

Wiseman et. al. published the first study of immunotherapy for the treatment of 

IBC in 1982 (128). In this study, 13 patients with IBC were first treated with cyclic 

chemotherapy followed by radical mastectomy. At the time of mastectomy, viable tumor 

cells were isolated, irradiated, and admixed with Bacillus Calmette-Guérin (BCG) 

vaccine prior to reinjection into patients. BCG vaccine is a vaccine prepared from an 
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attenuated strain of bovine tuberculosis bacillus, Mycobacterium bovis, which cannot 

cause disease in humans (129,130). The BCG vaccine is commonly used for preventing 

tuberculosis (although never in the USA and the Netherlands), however, a number of 

cancer vaccines use BCG as an adjuvant including those for bladder and colorectal 

cancer (131). The addition of BCG significantly inhibited relapse at a 21-month follow 

up, where in previous trials chemo/radiotherapy and radiotherapy alone yielded relapse 

in all patients. A 10-year follow up of this first trial revealed that 31% of patients were 

still alive 10 years later, with an apparent plateau of the survival curve at 5 years (132). 

In 1988, a trial using intratumoral injections of Prionibacterium granulosom KP-45 

followed by chemotherapy was performed in diagnosed IBC patients (133). After initial 

inflammatory response, and surgical intervention, all patients were in “complete 

remission” with no local recurrences at 32 months. Eibl et. al. reported the use of 

allogeneic bone marrow transplantation (BMT) to induce a graft-versus-tumor (GVT) 

effect in IBC in 1996 (134). In this report, a patient with IBC received BMT from an HLA-

matched sibling and reductions of liver metastasis along with clinical symptoms of 

graft-versus-host disease were seen within a few weeks. T cells obtained from the 

patient were cytotoxic in vitro against several cell lines, suggesting the feasibility of this 

therapeutic modality to induce GVT. 

1.1.3.3.2 Antibody-dependent cellular cytotoxicity 

Although the previous clinical trials showed some efficacy, larger follow-up 

studies have either not been completed or showed little to no increase in survival. 
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Another mechanism by which immunotherapy can occur in the context of IBC is 

through the induction of antibody-dependent cellular cytotoxicity (ADCC) (101). As 

mentioned earlier, trastuzumab, a monoclonal antibody targeting Her2, has shown great 

activity clinically in IBC patients. Our previous work revealed that IBC cells are 

inherently resistant to the signaling inhibitory effects of trastuzumab, but that in the 

presence of immune cells trastuzumab can elicit a potent ADCC response (135). Since 

the time of our findings, other monoclonal antibodies such as panitumuab (EGFR-

targeting) and pertuzumab (Her2-targeting) have also been evaluated clinically, 

however, no studies have been specifically done towards understating ADCC. ADCC 

represents a cell-mediated response wherein immune effectors, most commonly NK 

cells or eosinophils, lyse target cells that are bound by antibody. Antibodies bind to their 

target antigen (Her2, for example) and NK cells recognize the Fc portion of the antibody, 

binding with their CD16 receptor, inducing degranulation of NK cells and subsequent 

tumor cell lysis (136). ADCC is a broad-ranging immune function which can be 

mediated by a multitude of clinically available monoclonal antibodies in various cell 

types. Similar to chemo- and radio- therapies, however, therapeutic resistance to 

monoclonal antibody therapy in IBC is extremely rapid (103,104). The mechanism for 

this observed resistance in inflammatory breast cancer cells was unknown, but has 

possibly been elucidated in data presented in Chapter 4.  



 

22 

1.1.4 Unmet needs for the disease 

Although advances in the treatment of IBC have been made and lead to 

improved survival, most patients still progress and succumb to the disease. IBC research 

must continue in order to understand the basic biology of the disease that may allow 

better and earlier diagnosis and also allow for the development of therapeutics. 

1.1.4.1 Increased awareness  

As a rare disease, patients with IBC suffer from both a lack of knowledge about 

the basic biology of the disease and the disease itself. While most people in the world 

have heard of breast cancer, they have never heard of IBC; most physicians and 

oncologists have never seen a case of it. Clinically, the diagnosis of IBC is completely 

subjective, as emphasis for identification of the disease is based on physical symptoms, 

which differ drastically patient-to-patient. Due to misdiagnosis of the disease, patients 

have usually progressed to Stage IIIB or Stage IV. In 2010, at the First International 

Conference on Inflammatory Breast Cancer, a panel of IBC experts reached a consensus 

on the minimal requirements for diagnosis of IBC (137). This panel also developed 

education materials for distribution to both patients and physicians to increase 

awareness. Literature review by the panel revealed that although multimodal therapy 

shows some effectiveness in treating IBC, that standard changes from center-to-center. 

There is also no standard treatment for metastatic disease, which most patients either 

present with or progress to very rapidly.  
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1.1.4.2 Use of molecular targets for diagnosis and treatment 

Several factors have been identified that can differentiate IBC from non-IBC in 

patient tissue and in cell samples, as discussed in Section 1.1.2. For the time being, 

although these factors have been recognized in tissue samples, not enough evidence is 

there to use them as diagnostic or prognostic tools. Further studies may allow for this, 

which may permit for earlier detection in both primary and secondary IBC. The use of 

some of these factors, however, has guided the development of clinical regimens for 

drugs targeting these molecular features, i.e. Her2 and trastuzumab/lapatinib. Other 

features such as E-cadherin overexpression, RhoC activity, and NFκB hyperactivation 

have been targeted in preclinical and clinical trials and have shown minor success.  

 One preclinical study showed that targeting of E-cadherin with calcium 

chelation, E-cadherin antibodies, or viral therapy could disrupt emboli formation and 

tumorigenesis in a preclinical IBC model (138). Farnesyl transferase inhibitors (FTIs), 

which antagonize the function of RhoC, showed significant preclinical success in mouse 

models of IBC and continued to clinical trials. Breast cancer patients treated with 

tipifarnib in combination with chemotherapy showed a slightly increased clinical 

complete response, with a 60% partial response, which yielded an overall clinical 

response of greater than 75% (139). Bortezomib, a proteasome inhibitor that shows 

potent activity against NFκB, showed a modest response rate in patients with metastatic 

breast cancer (140). The combination of these trials in non-IBC with the knowledge of 
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expression and activity in IBC suggests that some of these therapies may be efficacious 

in IBC; however, no clinical trials in IBC patients have been performed in this subset.  

 1.1.4.3  Elucidation of therapeutic resistance mechanisms 

Although Her2-targeting therapies have shown the most success in IBC clinical 

trials, and have been added into treatment regimens where applicable, almost every 

patient rapidly develops resistance.  

 Multiple mechanisms for trastuzumab resistance in non-IBC have been 

described in detail. At the receptor level, a mutation leading to truncation of the Her2 

receptor through proteolysis generates a p95 isoform, which has constitutive kinase 

activity but is insensitive to trastuzumab (141). Expression of Mucin-4, an O-

glycosylated membrane protein, has been shown to “mask” the trastuzumab -binding 

site on Her2, effectively driving trastuzumab resistance in breast cancer cells (142). High 

expression of insulin-like growth factor 1 receptor (IGF-1R) was shown to induce 

trastuzumab resistance in Her2-expressing SKBR3 cells (143). Intracellularly, PTEN loss 

(144), downregulation of CDK inhibitor p27 (145), Src activation (146), and activating 

mutations in PIK3CA (147) all significantly contribute to inherent and acquired 

resistance to trastuzumab. Our lab was the first to identify the mechanism of resistance 

to trastuzumab in IBC, demonstrating that upregulation of the anti-apoptotic molecules 

X-linked inhibitor of apoptosis (XIAP) and survivin are associated with resistance (135).  
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 Resistance to lapatinib occurs with differing mechanisms that are distinct 

from those applying to trastuzumab. Loss of PTEN (148), expression of p95 Her2 

(141,149), IGF-1R expression (150), and mutations in PIK3CA (114) have all been 

demonstrated to have no effect on lapatinib sensitivity. Activation of the forkhead box 

transcription factor FOXO3A, which is normally repressed by PI3K/Akt activity, was 

shown to mediate resistance in two cell lines (BT474 and SKBR3) (150,151). This 

increases ER signaling in these cells and was confirmed in non-IBC patient biopsies by 

demonstrating FOXO3A activation and increased expression of ER. Activation of 

FOXO3A also increases HER3 expression (152). Due to the connection between ER and 

NFκB, it’s not unsurprising that further work revealed that these same cells had 

increased NFκB activity mediated by increased RelA (153). Both targeting of RelA 

reversing sensitivity and examination of RelA activation in non-responding patients 

substantiated the claims made by in vitro analysis. Another study also revealed NFκB 

signaling as the cause of lapatinib resistance in breast cancer cells further validating 

NFκB as a central mediator (154). NFκB has been shown to increase expression of 

survivin and also Bcl-2 and Mcl-1, two other anti-apoptotic proteins identified in 

colorectal cancer cells to mediate lapatinib resistance (155).  

 Although these studies revealed mechanisms for the resistance to this 

powerful drug, no studies at the time had been performed in IBC. Using two different 

cell line models of IBC, our lab developed models of acquired therapeutic resistance 
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(156). Resistance in these two lines was determined to be dependent on upregulation of 

the anti-apoptotic protein, XIAP (further discussed in Section 1.2.3), again highlighting 

the importance of apoptotic dysregulation in resistance. Further work by our group 

delineated a novel mechanism of action for lapatinib in mediating oxidative stress, 

which was inhibited in these XIAP-overexpressing cells although the full mechanism 

was not elucidated (111). As Her2 amplification and EGFR activation drives the growth 

of most IBC tumor cells, defining the exact mechanisms of resistance and developing 

strategies that target these mechanisms could affect a large population of IBC patients.  

1.2 Apoptotic dysregulation and therapeutic resistance in 
cancer 

1.2.1 Overview of apoptosis 

In order to understand how dysregulation of the apoptotic machinery can 

contribute to the pathobiology of IBC and therapeutic resistance, one must first 

understand all of the components that regulate apoptosis. Apoptosis is a form of 

programmed cell death that is ATP-dependent and extremely regulated, for which the 

2002 Nobel Prize was awarded. It plays a vital and integral role during development 

and in the maintenance of normal tissues. For apoptosis to occur correctly, a copious 

number of factors must cooperate in perfect sync, and when they do not a range of 

pathological conditions from autoimmune disorders to muscular atrophy to cancer can 

occur. Unlike necrosis, which transpires after cellular damage, apoptosis does not 

activate an immune response, but rather phagocytic cells engulf apoptotic bodies 
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preventing damage to nearby cells. Approximately 60 million cells undergo the process 

of apoptosis every day in the human body. No matter how apoptosis is activated 

(further explained below), the final execution is dependent on a group of enzymes 

known as caspases (157,158).  

 Caspases, or cysteine-dependent aspartate-directed proteases, are a 

family of enzymes that play an essential role in apoptosis. They are separated into two 

groups: 1) the initiator caspases (caspase -2, -8, -9, and -10) and 2) the effector caspases 

(caspase -3, -6, -7). Caspases are originally synthesized as pro-caspases, an inactive form, 

which contains a prodomain and two functional subunits. The initiator caspases contain 

specific domains, such as a CARD (caspase recruitment domain) or a DED (death 

effector domain) domain, that mediate clustering allowing them to undergo 

autocatalytic cleavage. These activated initiator caspases then go on to activate the 

effector caspases, which cleave specific cellular substrates and proteins inducing cell 

death (159). A caspase-independent apoptotic program mediated by a cellular 

component known as apoptosis-inducing factor (AIF) has also been identified (160). 

1.2.1.1  The extrinsic pathway 

The extrinsic signaling pathway of apoptosis involves the binding of ligands to 

transmembrane death receptors that are all of the tumor necrosis factor (TNF) receptor 

superfamily. TNF-TNFR1/2, Fas ligand-Fas/CD95, and TNF-α-related apoptosis-

inducing ligand (TRAIL)-death receptor (DR) 4/5 constitute the ligand-receptor pairs 
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that are known to induce cell death (161,162). Ligand binding induces receptor 

oligomerization and recruitment of adaptor molecule Fas-associated death domain 

(FADD) (163,164). FADD then recruits initiator procaspases-8 to form the death inducing 

signaling complex (DISC), which allows cleavage to form the functional caspase-8 (165). 

Two cell types have been identified as they have two different reactions after activation 

here: Type I cells, in which caspase-8 activation is sufficient to cause cell death, and Type 

II cells, in which mitochondrial damage – and activation of the intrinsic pathway – is 

necessary to induce full activation of caspase-3 (166). 

1.2.1.2  The intrinsic pathway 

The intrinsic pathway of apoptosis, also known as the mitochondrial pathway, is 

non-receptor mediated. It can be activated by numerous stimuli including viral 

infections, toxin damage, free radicals/oxidative stress, DNA damage, as well as by 

radiotherapy and chemotherapeutics (167,168). These stimuli activate a set of proteins of 

the Bcl-2 family (explained in greater detail in Section 1.2.2.1.1) leading to the 

oligomerization of Bax and Bak proteins (168). These proteins induce mitochondrial 

outer membrane permeabilization (MOMP), which releases molecules such as 

cytochrome c, second mitochondrial activator of caspases (Smac/DIABLO), 

endonuclease G, AIF, and Omi/HtrA2 (169). After being translocated to the cytoplasm, 

cytochrome c binds to the C-terminal domain of Apaf-1, a cytosolic protein with a CARD 

domain (170). Following this dATP and procaspase-9 are recruited forming a complex 
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known as the apoptosome. The apoptosome then recruits and activates caspase-3 

(171,172).  

1.2.1.3  Anti-apoptotic proteins 

1.2.1.3.1  Bcl-2 family 

The Bcl-2 family is an evolutionarily conserved set of proteins, composed of 

approximately 25 genes that have been identified to date. All members of the family 

share at least one of the Bcl-2 homology (BH) domains: BH1, BH2, BH3, and BH4. The 

members are grouped into the anti-apoptotic and pro-apoptotic groups; all anti-

apoptotic members contain a BH1 or BH2 domain, while the pro-apoptotic proteins 

contain a BH3 domain (173). The anti-apoptotic members (Bcl-2, Bcl-xL, Bcl-w, and Mcl-

1) maintain mitochondrial integrity, preventing apoptosis by binding and inhibiting the 

pro-apoptotic function of the BH3-containing proteins. The BH3 proteins (Bim, Bid, Bad, 

Noxa, and Puma) respond to death signals and activate two final proteins Bax and Bok, 

which induce MOMP (174).  

1.2.1.3.2  IAP family 

The inhibitor of apoptosis (IAP) family of proteins is also evolutionarily 

conserved, and the human IAP family is composed of 8 members. The IAPs are 

functionally and structurally related with each family member being composed of one to 

three baculoviral IAP repeat (BIR) domains (175,176). Some members contain a really 

interesting new gene (RING) domain that mediates E3 ligase activity, allowing some 

family members to ubiquitinate other proteins (177), driving them to degradation or 
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enhancing their function (178). The IAP family is unique compared to the Bcl-2 family in 

that they can block both the intrinsic and extrinsic pathways of apoptosis (179). The IAPs 

bind specific caspases through these BIR domains (179), while one specific member, 

XIAP, can inhibit caspases -3, -7, and -9 (180). Through ubiquitination, they target the 

caspases themselves (181,182), and other pro-apoptotic proteins such as Smac/DIABLO 

and AIF (183). They can also autoubiquitinate or target other proteins – TNF receptor-

associated factors (TRAFs), receptor-interacting protein kinases (RIPKs), and NFκB-

inducing kinase (NIK) – that can drive so-called IAP-mediated signaling (183).  

1.2.2 Dysregulation of the components of the apoptotic 

machinery 

1.2.2.1  Extrinsic components 

Modifications to the death receptor-dependent signaling pathway have been 

found in multiple cancers. Transcriptional silencing of Fas and somatic mutations in the 

coding sequence can lead to the oncogenic formation of germinal center (GC)-derived B-

cell lymphoma (184), while this same loss in other cancer subtypes can lead to evasion of 

apoptosis mediated by FasL expressing cytotoxic T cells (185,186). Tumor cells can also 

aberrantly express FasL, avoiding autocrine Fas/FasL binding, and target helper T cells 

in the microenvironment that may be capable of recognizing antigens (185,186). Deletion 

or mutation of the TRAIL receptors (DR4/5) has also been demonstrated in cancers 

(187,188). Deficiencies in downstream effectors such as FADD and c-FLIP have also been 

seen (189,190). Low FADD expression has been noted in acute myelogenous leukemia 



 

31 

(AML) and has been correlated with resistance to therapy and poor prognosis (191). 

High c-FLIP expression has been observed in colon cancer samples and cell lines where 

it can suppress caspase-8 activity and mediate resistance to TRAIL (192).  Targeting of c-

FLIP by metabolic inhibitors has shown promise in sensitizing various cancer cells to 

FasL/TRAIL mediated death (193).  

1.2.2.1  Intrinsic components 

Similar to the extrinsic pathway, alterations in the components of the intrinsic 

pathway have been demonstrated in cancer. Transcriptional silencing of Apaf-1 has been 

seen in metastatic melanoma and reduced expression of the protein correlates with 

disease progression (194). Plasma-membrane sequestration of Apaf-1 in B-cell 

lymphoma has been shown to mediate chemoresistance (195). In addition to Apaf-1 loss, 

modulators of apoptosome formation have also been implicated in cancer pathogenesis 

(196). Reduced expression of the pro-apoptotic members of the Bcl-2 family can lead to 

the inhibition of mitochondrial outer membrane permeabilization (MOMP) (197). BAX 

inactivation due to frameshift mutations caused by single nucleotide substitutions is 

present in colon, stomach, and hematopoietic malignancies (198-200). Bak expression is 

significantly reduced in primary colorectal adenocarcinoma (201) and knockout 

experiments have revealed that Bax/Bak-double-deficient mouse embryonic fibroblasts 

undergo oncogenic transformation at rates similar to p53-null fibroblasts (202).    
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1.2.2.1  Caspases 

Suppression of caspase activity can abrogate both the extrinsic and intrinsic 

pathways of apoptosis and allow survival of cells that should be removed. 

Hypermethylation of caspase-8 leading to decreased expression has been reported in 

neuroblastoma, medulloblastoma, and small cell lung cancer (203-205). Caspase-8 

inhibition has been correlated with drug resistance whether mediated by methylation or 

c-FLIP overexpression (206,207). Interferon can drive transcriptional activation of 

caspase 8 (208), and combined with studies using demethylating agents or gene transfer 

(206), it is well established that restoration of caspase 8 expression can sensitize to 

therapeutic apoptosis. Caspase-3 mutations have been seen in the MCF-7 cell line, 

suggesting that mutation or deficiency may be found in tumor samples (209). 

1.2.2.1  Anti-apoptotic proteins 

1.2.2.1.1  Bcl-2 and Bcl-xL 

Bcl-2 and Bcl-xL function by binding the other pro-apoptotic members of the Bcl-

2 family preventing their insertion into the mitochondrial membrane and induction of 

MOMP. Bcl-2 overexpression is common in many subtypes of cancer including 

mesothelioma, diffuse large B cell lymphomas (DLBCL), acute myelogenous leukemia 

(AML), glioblastoma, melanoma, and prostate cancer (210). In non-Hodgkin’s 

lymphoma, a translocation between chromosomes 14 and 18 places the open reading 

frame of BCL-2 within the immunoglobulin heavy chain (IgH) locus, dysregulating 

expression at the transcriptional level (211). Loss of microRNAs that control BCL-2 
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expression and gene hypomethylation are also contributing factors to lead to elevation 

of Bcl-2 protein expression (212,213). Due to its role in inhibition of apoptosis, Bcl-2 

expression has been linked to resistance to apoptosis by a variety of stimuli, including 

growth factor loss, hypoxia, oxidative stress, and therapeutic intervention. Almost every 

chemotherapeutic used in the treatment of cancer, regardless of the primary mode of 

action, relies on Bcl-2/Bax-dependent mechanism for cytotoxicity. This most likely 

explains why Bcl-2 expression has been seen as an independent prognostic factor for 

both solid and liquid tumors treated with chemotherapy (214). Bcl-xL overexpression 

has been reported in fewer malignancies [multiple myeloma (MM), Kaposi’s sarcoma, 

and colorectal adenocarcinoma] (201,215,216), and in prostate cancer where it is 

associated with disease progression and androgen resistance (217).  

1.2.2.1.2  IAPs 

High expression of multiple members of the IAP family is found in numerous 

malignancies and is often associated with chemotherapeutic resistance, making 

expression a marker of poor prognosis in these cancers (218). Prognostic significance 

does, however, vary between the different IAPs. XIAP as a prognostic factor will be 

covered in Section 1.2.3.2, where overexpression does not always correlate with poor 

outcome. Survivin is another member of the IAP family whose expression is limited to 

embryonic tissues and is absent in almost all adult tissues; its expression, however, was 

noted in every tumor cell line in the NCI 60 cell line panel, but no untransformed cells 
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(219). In vivo, expression is frequent in pancreas, prostate, lung, and breast cancers, with 

little to no expression in corresponding non-neoplastic cells (220).  

 In renal cell carcinoma, esophageal squamous cell carcinoma, 

medulloblastoma, and other malignancies a chromosomal amplification event of the 

11q21-q23 region leads to increased cIAP1 and cIAP2 expression (112,221). Comparisons 

of mouse tumors reveal similar amplification in the synteneic region at mouse 9qA1 

(222). In 50% of extranodal marginal zone mucosa-associated lymphoid tissue (MALT) 

B-cell lymphomas, a translocation event between chromosomes 11 and 18 

t(11;18)(q21;q21) results in a fusion between the MALT1 and cIAP2 genes (223). The 

resulting chimeric protein promotes a positive feedback loop by activating NFκB (224), 

which in turn transcriptionally activates the cIAP2 promoter leading to increased 

expression of cIAP2, c-FLIP, and MnSOD. cIAP1 in combination with YAP (located at 

9qA1) can transform murine ES cells, and in addition, exhibits a similar feature in 

combination with c-Myc overexpression in p53-null hepatoblasts (222).  

1.2.2.1  Apoptotic dysregulation in inflammatory breast cancer 

Molecular analysis of IBC and non-IBC has identified that dysregulation of 

apoptosis may be a unique feature that can distinguish IBC. In the first study to note 

this, Bertucci et. al. discovered high expression of the STE20-related kinase adaptor 

protein beta enzyme, ALS2CR2 (62), which is known to directly interact with XIAP and 

enhance the kinase activity of c-Jun terminal kinase (JNK) (225). A second study 
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revealed increased expression of BAX, which although pro-apoptotic, may reflect 

increased apoptosis resulting in high cell turnover (40). Gene set enrichment analysis 

performed by Iwamoto et. al. found that gene sets associated with apoptosis were 

enriched in IBC compared to non-IBC tumors of the same molecular phenotype, 

revealing IBC-specific and receptor-specific changes (226). As mentioned earlier (Section 

1.1.2.7), NFκB hyperactivation is a highly relevant molecular determinant of IBC (63,65). 

Under the transcriptional control of NFκB are a number of anti-apoptotic genes 

including XIAP, Bcl-2, Bcl-xL, MnSOD, survivin, cIAP1/2, and TRAF1/2 (227). Members 

of the IAP family may also drive NFκB activation, resulting in the enhancement of a 

feedback loop (228). Our recent work in understanding the acquisition of therapeutic 

resistance in IBC demonstrates increased expression of a protein known as the X-linked 

inhibitor of apoptosis protein, XIAP, and its necessity for resistance to therapy in IBC 

cells (156); the regulation and functions of XIAP will be explained in Section 1.2.3, while 

the findings in our seminal papers in IBC will be further described in Section 1.4.2. This 

indicates that understanding the mechanisms and effectors that drive apoptosis 

inhibition in IBC may lead to the development of better therapeutics that could enhance 

the efficacy of chemo- or radio- therapy in patients.   

1.2.3 X-linked inhibitor of apoptosis protein (XIAP) 

The X-linked inhibitor of apoptosis (XIAP) has been described as the most potent 

member of the IAP family because of its ability to impede the activity of effector 
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caspases -3 and -7 and also the initiator caspase-9 (180). Caspases -3 and -7 bind to the 

same portion of the protein in the BIR2 domain (229), while caspase-9 binding domain is 

via the BIR3 domain (230). The binding constant for caspases -3 and -7 are 100 times 

stronger for XIAP than any other IAP family member; this has been posited to be due to 

sequence and structure features that are not contained in the other members (231).  

1.2.3.1  Regulation of expression level 

1.2.3.1.1 Transcriptional 

XIAP is ubiquitously expressed in all cells throughout the body, however the 

level of expression can be highly heterogeneous (232,233). Expression is typically 

cytoplasmic, however, studies have noted both nuclear and mitochondrial expression of 

XIAP (234). XIAP is located on the X chromosome (position q25) (235) and can be 

transcriptionally controlled by a multitude of transcription factors: positively by NFκB 

(236), STAT5 (237), STAT1 (238), Sp1 (239); and negatively by p53 (240,241). Although 

the binding sites adjacent to the transcriptional start site have been identified, not much 

is known about the contexts in which these transcription factors regulate expression. 

NFκB is the most widely studied transcription factor that activates XIAP expression. 

After the initial discovery that NFκB could increase mRNA levels in 1998, multiple 

studies have confirmed this result and extended it to show that this increased XIAP can 

drive therapeutic resistance in a variety of cell types (242). As mentioned previously, IBC 

is characterized by hyperactivation of the NFκB signaling pathway (64,65) and this may 

play a role in the increased XIAP mRNA expression noted in IBC cell lines compared to 
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non-IBC cells (135). This in fact correlates with decreased sensitivity of these cells to 

therapeutics compared to subtype-matched non-IBC cell lines (unpublished data). 

Examination of IBC and non-IBC patient tissue in a large study did not mimic the RNA 

changes associated with cell lines (226), while our own studies showed that increased 

XIAP was not due to transcriptional changes (156).  

1.2.3.1.2 Translational 

After identification of the location of XIAP in both human and mouse 

chromosome architecture, it was revealed that the mRNA in both species contained an 

extraordinarily long 5’ UTR. The human UTR is approximately 1.7 kb in length, while 

the mouse UTR is over 5 kb (243). There is very little sequence similarity in this area 

with the exception of a small region (350 nt) located just upstream of the initiation 

codon, possibly containing regulatory elements (244). Prediction of secondary structure 

demonstrated that XIAP might contain an IRES element, which was confirmed by the 

Korneluk lab using bi-cistronic mRNA constructs. In that same study, the authors 

narrowed down the IRES to a 162 nt region, identified a 12 nt polypyrimidine tract that 

was essential for IRES activity, and also ascertained that including the 5’ UTR in XIAP 

mRNA plasmids increased resistance to apoptosis compared to plasmids with only the 

open reading frame (ORF) (243). With the advent of newer technologies, it was revealed 

that XIAP in fact has two isoforms with differing 5’ UTR lengths (short-323 nt and long-

1.7kb), both containing the IRES sequence (244). Work from our lab and others have 

shown that XIAP is continuously translated even during periods of cellular stress and 
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that IRES activity is critical to this process, however, the mechanism of regulation in 

these contexts has not been elucidated (156,243-245).  

eIF4G1 has previously been shown to enhance IRES-mediated translation of 

cellular mRNAs in IBC (46,52) and in this study (discussed in Chapter 3), we reveal that 

eIF4G1 also drives XIAP expression in SUM149 IBC cells. Beyond the translational 

control by eIF4G1, other factors have been identified that can positively or negatively 

regulate its translation. These factors, termed IRES trans-acting factors (ITAFs) (246), can 

physically interact with XIAP and either increase mRNA stability or directly recruit 

ribosomes to enhance translation. After sequence characterization of the IRES, UV-

crosslinking and mass spectroscopy identified the first two of these factors, the 

autoantigen La (247) and the heterogeneous ribonucleoprotein hnRNPC (248). The 

autoantigen La regulates multiple aspects of RNA metabolism including processing of 

tRNAs (249), regulation of RNApol II transcription (250), and translation of RNAs both 

viral and cellular (251-253). Interestingly, La is only necessary for IRES-mediated not 

cap-dependent translation of XIAP, and is specifically cleaved during apoptosis (254). 

This cleavage forces accumulation of La in the cytoplasm where it can enhance XIAP 

IRES activity. hnRNPC is the most abundant RNA binding protein (RBP) in cells and 

exists in two forms, hnRNPC1 and hnRNPC2 (255). Cellular levels of hnRNPC1/2 have 

been shown to correlate with XIAP IRES activity and similar to La, have both been 

shown to accumulate in the cytoplasm during apoptosis where it may enhance XIAP 
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translation (256). On the negative regulation side, hnRNP A1 also binds to the RBP 

binding site and accumulates in the cytoplasm during apoptosis; it does not, however, 

compete with La for binding (257). hnRNP A1 has also been shown to negatively 

regulate VEGF, c-myc, and Apaf-1 IRES activity, while it enhances FGF2 IRES activity 

(258).  

While other RBPs including PTB (259), PDCD4 (260), and HuR (261) have been 

identified as XIAP ITAFs, the most interesting ITAF for IBC biology may be the proto-

oncogene MDM2 (murine double minute 2 homolog) (245). MDM2 is deregulated in 

many tumor types and exerts its oncogenic effect by inhibiting p53 in most contexts, 

leading to therapeutic resistance, as cells cannot undergo apoptosis (262). During cell 

stress, when XIAP is upregulated, MDM2 is dephosphorylated and remains in the 

cytoplasm where it can bind to XIAP and enhance translation (263). Functionally, this 

binding of MDM2 to XIAP was shown to alter resistance to ionizing radiation in 

neuroblastoma and leukemia cell lines (245). In a recent study using lapatinib resistant 

cells, including the SUM190 IBC cell line, MDM2 was shown to drive lapatinib resistance 

in a p53 independent manner (264). This is of importance for IBC as over 50% of IBC 

tumors are p53 mutated. In concordance with this, MDM2 antagonization with Nutlin-3 

reverses lapatinib resistance and it’s interesting to speculate whether the MDM2 -XIAP 

interaction may play a role in this.  



 

40 

1.2.3.1.3 Post-translational 

Identified post-translational modifications of XIAP have been revealed which 

increase the stability of XIAP protein by blocking autoubiquitination of the protein and 

subsequent degradation (177).  

 XIAP can be phosphorylated by two different proteins at serine 87, 

AKT1/2 (265) and Raf-1 (266). This phosphorylation event stabilizes XIAP protein, 

increasing survival from therapeutic apoptosis. These events could be potent 

mechanisms by which XIAP expression is increased. In IBC tumors, Her2 is commonly 

amplified and feeds directly into AKT, which could explain the heightened ability of IBC 

to resist therapeutic apoptosis.  

Protein kinase C has also been possibly shown to regulate XIAP stability (267). 

Although it is unclear the true mechanism of this regulation, it was demonstrated that 

treatment with PMA, which activates PKC, can inhibit ubiquitination of XIAP by TRAIL 

during apoptosis. PKC-mediated stabilization of XIAP can also drive drug resistance, 

however, whether this is through a direct binding event or phosphorylation is unknown 

(268).  

 Another study demonstrated that the intracellular domain of Notch-1 

could also enhance XIAP stability (269). Unlike AKT, this enhancement was due to a 

direct interaction between the transactivation domain of Notch and the RING domain of 

XIAP. This interaction prevented the binding of E2 ligases and inhibits the 

ubiquitination of XIAP both in vitro and in vivo. Notch has been shown to be 
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overexpressed in a multitude of cancers and its expression correlates with drug 

resistance (270). In IBC, a recent study revealed that targeting of Notch with a gamma 

secretase inhibitor significantly reduced the anchorage independent growth of SUM149 

and SUM190 cells, and also enhanced the radiosensitivity of both cell lines (271). 

Whether this is directly due to inhibition of XIAP stability was not shown, however.  

1.2.3.2  Caspase-independent signaling 

1.2.3.2.1 NFκB activation 

As discussed in Section 1.2.3.1.1, XIAP can be transcriptionally activated by 

NFκB, but XIAP can also activate NFκB forming a feed-forward positive activation loop. 

Hofer-Warbinek et. al. first described increased nuclear accumulation and 

transcriptional activity of the NFκB subunit p65 (RelA)  in cells with XIAP 

overexpression (272). Further work revealed that E3 ligase activity, mediated by the 

RING domain, was essential for XIAP-mediated NFκB activation (273). Downregulation 

of the negative regulator, IκBα, was also noted in cells where XIAP was overexpressed. 

Some follow up studies hinted at the involvement of TGF-β associated kinase (TAK1), 

which is ubiquitinated by XIAP, linking this to the TGFβ pathway (274). Work in normal 

mouse mammary cells and 4T1 murine breast cancer cells further confirmed a role for 

XIAP in TGFβ-mediated NFκB activation, which again involved TAK1 and the RING 

domain of XIAP (275). In contrast to this, a 2007 study demonstrated that the RING 

domain was not essential for NFκB activation by XIAP (276). Lu et. al. revealed that 

XIAP has the ability to dimerize at its BIR1 domain, which leads to binding to TAK1 
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associated binding protein (TAB1). TAB1 physically mediates an association with TAK1 

and IKKβ, a positive regulator of NFκB, leading to potent NFκB activation (277). XIAP 

has also been shown to ubiquitinate and regulate the expression of the copper 

homeostasis protein COMMD1 (278), which degrades NFκB subunits halting 

transcriptional activity (279). IBC has been shown to have an NFκB hyperactivation 

phenotype and work presented in Chapter 3 demonstrates that XIAP is critical for 

driving this.  

1.2.3.2.2 Akt activation 

It was first noted in ovarian cancer cells that overexpression of XIAP using an 

adenoviral cDNA construct led to increased AKT phosphorylation, indicative of AKT 

activation (280). In these cells this was associated with increased resistance to 

therapeutic apoptosis. Our lab further confirmed this by showing that XIAP knockdown 

in SUM190 cells decreases p-AKT levels (135). Van Themsche et. al. elucidated that XIAP 

ubiquitinates phosphatase and tensin homolog (PTEN), a phosphatase that directly 

targets AKT (281). Ubiquitination of PTEN increases its nuclear accumulation, 

sequestering it from AKT, whereas loss of XIAP allows PTEN to remain in the cytoplasm 

and dephosphorylate AKT. This was confirmed in vivo in XIAP (-/-) mouse embryonic 

fibroblasts (MEFs), which showed higher PTEN levels, less ubiquitination, and more 

cytoplasmic localization.  
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1.2.3.2.3 ROS modulation 

Multiple studies have revealed that XIAP has a role to play in the inhibition of 

reactive oxygen species (ROS) and oxidative stress. Using XIAP null MEFs, Resch et.  al. 

showed that antioxidants thioredoxins-2, NAD(P)H dehydrogenase quinone 1, 

superoxide dismutase 2, and heme oxygenase 1 were decreased compared to wild-type 

MEFs (282). Kairisalo et. al. (283) and Zhu et. al. (284) presented similar results in 

neuronal cells in culture and in vivo, respectively. Only Kairisalo et. al. demonstrated a 

mechanism for the increased antioxidant expression, through NFκB activity (283). This is 

of importance in IBC as our previous work revealed that cells with acquired therapeutic 

resistance, and XIAP overexpression, were also resistant to oxidative stress (111). If 

XIAP and NFκB do in fact play a role here, targeting of either may result in reversal of 

resistance and sensitization to therapeutics.  

The regulation of COMMD1 and copper homeostasis may also modulate 

oxidative stress and drive redox adaptation (further discussed in Section 1.3). In 

addition to its ability to activate NFκB, XIAP-mediated ubiquitination of COMMD1 can 

also decrease intracellular free copper levels, which can generate ROS (285). XIAP also 

ubiquitinates CCS (copper chaperone for superoxide dismutase) enhancing its ability to 

activate SOD1, although the mechanism is not clear (286). XIAP is itself also regulated by 

copper, which induces a conformational change in XIAP protein abrogating its caspase 

binding abilities, and sensitizing cells to apoptosis (287).  
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1.2.3.2  XIAP as a prognostic factor 

Due to its unique ability to block both the intrinsic and extrinsic pathways of 

apoptosis, XIAP represents a striking mechanism for cancer cells to evade apoptosis in 

the face of tumor microenvironment stresses as well as during therapeutic 

administration. Although expressed in every cell throughout the body, XIAP 

upregulation has been noted in many subtypes of cancer (288). Its expression has been 

linked to resistance to therapy, lymph node metastasis, poor clinical outcome, increased 

metastasis, increased risk of relapse and increased tumor recurrence (289-297). In non-

small cell lung cancer, XIAP overexpression is noted (298), however, certain studies have 

actually correlated high expression with a more favorable prognosis (299). This has been 

mimicked in a prostate cancer model where XIAP deficiency promotes more aggressive 

tumor growth (300).  

 The X-linked IAP-associated factor (XAF) 1 is a negative regulator of 

XIAP function and anti-caspase activity, which was first identified by yeast two-hybrid 

screens (301). XAF1 is located on chromosome 17p13.2, near the p53 gene, and consists of 

eight exons which code for a protein with seven zinc finger domains (302). Similar to 

XIAP, XAF1 is expressed ubiquitously in normal cells; however, its expression in cancer 

cells is extremely low (302). Confirmation of protein expression has been done in 

multiple cell lines and tissues (302-304). Loss of heterozygosity in the chromosomal 

region where XAF1 is located led to initial hypotheses that it may be a tumor 
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suppressor; however, no mutations or other perturbations have been described in tissues 

suggesting an alternative regulatory mechanism (301,302). Multiple studies have 

revealed XAF1 as a prognostic biomarker and therapeutic target. These studies revealed 

that reintroduction of XAF1, either ectopically or endogenously, induces sensitization to 

various apoptotic triggers of both the intrinsic and extrinsic pathways (305,306).   

1.3 Redox adaptation and therapeutic resistance in cancer 

1.3.1  Redox homeostasis: ROS production and 

elimination 

1.3.1.1 Reactive species 

Reactive species (RS) include two major forms: reactive oxygen species (ROS) 

and reactive nitrogen species (RNS). Reactive oxygen species (ROS) are mainly 

comprised of neutral molecules (H2O2), radicals (hydroxyl radicals), and ions 

(superoxide) (307,308). Superoxide anion (O2.-) is generated by a one-electron process 

that adds an electron to molecular oxygen (O2) (309,310). Superoxide is extremely 

unstable, short-lived, only able to act locally, and cannot readily cross cellular 

membranes. As such, its dismutation to hydrogen peroxide (H2O2) happens very fast 

and can happen spontaneously or can be catalyzed by superoxide dismutase (SOD) 

enzymes (311-313). Superoxide can also react with nitric oxide (NO) and form the highly 

toxic peroxynitrite (ONOO-), which is not technically a free radical because it does not 

contain free electrons (314,315). Nitric oxide, the main form of RNS in the cell, is 

produced by a family of enzymes (nitric oxide synthases, NOSs), which include iNOS 
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(inducible), eNOS (endothelial), and nNOS (neuronal) (316). Both eNOS and nNOS are 

constitutively active, triggered by intracellular calcium, constantly catalyzing the 

reaction of L-arginine, NADPH, hydrogen, and oxygen to create citrulline and NO (317). 

Inducible NOS has been described as calcium-independent, but studies have shown its 

activation can be controlled downstream of the stress response by the NF-κB and JAK-

STAT pathways (318,319), among others.  

Hydroxyl radicals are formed when hydrogen peroxide interacts with reduced 

iron (Fe2+) or copper (Cu+) through a Fenton reaction (320-322). The reduced iron for the 

Fenton reaction is liberated from iron-containing proteins by superoxide and although 

originally demonstrated for ferritin (323), it has recently been shown to occur for 

proteins with Fe-S clusters (324). New evidence has shown that, in the presence of these 

metals, proteins are highly susceptible to damage by hydrogen peroxide by participating 

in Fenton-type reactions (325,326). These reactions have been shown to involve a 

multitude of radicals such as oxidative scissions, carbonyl groups, protein-centered alkyl 

molecules, and hydroxyl radicals (325). Hydroxyl radical (.OH) is a highly reactive 

species that has been shown modify purine and pyrimidine bases leading to DNA 

damage and breaks in a unique chemical pattern (327,328).  

1.3.1.2 Sources of ROS 

Sources of ROS include both intracellular and extracellular sources. Major 

cellular sources of ROS include respiration and metabolic processes; however, the main 
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and most prevalent source is the mitochondrial electron transport chain (mETC) (329-

331). Along this chain, electrons derived from NADH and FADH can react with O2 or 

other electron acceptors, generating ROS (332). The discovery of superoxide dismutase 

enzymes (SOD1 and SOD2), by Irwin Fridovich and Joe McCord in 1969, helped to 

solidify the generation of mitochondrial ROS (312). In addition to ROS formed in the 

mitochondria, both by the mETC and also by the Krebs cycle (333), low levels of reactive 

species can be produced by membrane-localized NADPH oxidases (NOXs), other 

enzymes (xanthine oxidase, nitric oxide synthetase), peroxisomes, and the cytochrome 

p450 system (334-336). ROS can also be produced at somewhat low levels in response to 

the activation of certain signaling pathways shown to be important for the proliferation, 

oncogenic potential, and metastatic potential of cancer cells, e.g. EGFR (337). 

Extracellular sources of ROS include tobacco, smoke, drugs, xenobiotics, radiation, high 

levels of heat, etc. most of which either activate a stress response or directly damage 

cellular components leading to ROS production (338).   

1.3.1.3 Antioxidants 

Cells have natural defense systems against ROS that consists of antioxidant 

enzymes and scavengers. Some of these antioxidants are produced inside cells and the 

human body, mostly falling into the enzymatic category, as they are predominantly 

protein in nature. These proteins include the superoxide dismutase (SOD) enzymes 

(which have differential subcellular localization and dismute superoxide to H2O2), 
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glutathione peroxidase (GPx) and catalase (both of which clear peroxide), thioredoxins 

(Trxs) (reduce oxidized proteins), and glutathione synthetase (GSS) (synthesizes 

glutathione [GSH], an important antioxidant), among others (311,312,339). The 

transcriptional control of these antioxidants will be discussed in Section 1.3.2. 

Antioxidant scavengers are mostly obtained from nutritional sources and include 

ascorbic acid (vitamin A), tocopherol (vitamin E), polyphenols, carotenoids, and uric 

acid (340).  

1.3.1.4 Oxidative stress 

There exists a fine balance between the levels of ROS and antioxidants within the 

cell and disruption of this balance can lead cells to undergo oxidative stress. Oxidative 

stress occurs when the level of reactive oxygen species (ROS) outbalances the cellular 

capacity to remove it (341,342). This stress promotes damage to key cellular structures 

including DNA, proteins, lipids, which play a pivotal role in the development of 

multiple types of cancer (325,343,344). Arrest or induction of transcription, signaling 

pathways, and genomic instability are all hallmarks of cancer that are associated with 

oxidative damage (345,346).  Cellular proliferation, evasion of apoptosis, angiogenesis, 

and invasion and metastasis are all processed associated with cancer that can be 

modulated by oxidative stress in the cell (347-349). Expression of oncogenes (e.g. Ras, 

myc, telomerase) and loss of tumor suppressor genes (p53, p21, Pten) can also increase 
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ROS leading to senescence and escape from apoptosis (350-352). These alterations can be 

involved in cancer from initiation to promotion to progression.     

1.3.2  Redox control mechanisms: Nrf2 and NFκB 

Transcription factors can indirectly offset the dangerous and lethal effects of ROS 

through the upregulation of antioxidants. The two main factors involved in this are Nrf2 

and NFκB.  

 The transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) 

is a DNA-binding protein that specifically binds to antioxidant response elements 

(AREs) present in the regulatory regions of antioxidant enzymes (353). These include 

SOD, catalase, NAD(P)H:quinone oxidoreductase 1 (NQO1), heme-oxygenase 1 (HO-1), 

thioredoxins, and glutathione S-transferase among others (353). Nrf2 is regulated by a 

partner, Keap1, that binds to Nrf2 and leads to its proteasomal degradation (354). In 

multiple cancer types, Nrf2 mutations, specifically in the Keap1-Nrf2 binding domain 

have been observed (355). Inactivating mutations in Keap1 have also been identified; all 

of these lead to constitutive localization of Nrf2 to the nucleus allowing it to drive 

transcription (356). The PI3K-Akt pathway, which is hyperactive in multiple cancers, can 

also activate Nrf2 (357). The effects of Nrf2 on antioxidant expression have been linked 

to enhanced tumorigenesis in Kras-overexpressing cells and also therapeutic resistance 

in myeloid leukemia (358).  
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 Nuclear factor κB, similar to Nrf2, can also enhance the expression of 

antioxidant enzymes. SOD, ferritin heavy chain (FHC), thioredoxins, glutathione S -

transferase pi, metallothionein-3, NQO1, HO-1, and glutathione peroxidase-1(Gpx1) are 

some of the antioxidants driven by NFκB activation. Paradoxically, NFκB can actually 

augment expression of pro-oxidant enzymes such as iNOS, nNOS, NADPH oxidase 

NOX2, COX-2, and the cytochrome p450 enzymes. ROS itself can, however, both 

inactivate and activate NFκB in a cell-type and context specific manner (reviewed in 

(359)), driving home the point that redox homeostasis is a key component of cellular 

biology. 

1.3.3  Oxidative stress response and adaptive 

mechanisms in breast cancer 

In order to compensate for increased oxidative stress, cancer cells have been 

identified to garner redox adaptive mechanisms that enhance their ability to detoxify 

ROS; exposure to constant oxidative stress selects for cells that can adapt to these 

conditions through a number of mechanisms. Important redox adaptive mechanisms 

include increased antioxidants and ROS-scavenging systems which in turn can regulate 

redox-sensitive transcription factors and activation of pro-survival stress response 

signaling, and increased expression of anti-apoptotic molecules.  

A clinical study by Noh et al. analyzed 24 breast cancer samples and showed that 

Prx1, 2 and 3 were overexpressed in the malignant samples compared to normal tissue 
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(360). A more recent study by Cha et al. found that Prx1 was highly increased in breast 

cancer samples at both the mRNA and protein levels (361).  

Increased levels of SODs in breast cancer are another mechanism of redox 

adaptation. In vitro studies have shown that overexpression of either SOD1 or SOD2 can 

inhibit breast cancer cell growth (362,363). In vivo, infection of animals with an 

adenovirus expressing SOD1 or SOD2 decreased xenograft growth compared to controls 

(363). Kattan et al. showed that there are differences in SOD2 expression between 

estrogen-dependent and estrogen-independent cancer cell lines, and that this expression 

regulates not only tumor cell growth and colony formation, but also doubling time, 

providing a link between SOD and the cell cycle (364). A 2004 survey of breast cancer 

patients in Taiwan showed that SOD2, but not SOD1, expression was higher in cancer 

tissue than in malignancy-free tissue (365).  

GSTP1 was also upregulated in breast cancer tissue in which high levels of 

oxidative stress were detected (366,367); GSTP1 positivity in these tumors was 

associated with reduced apoptotic response to oxidative stress. Further, levels of GSH 

itself as well as the GSH synthase γ-GCS have been reported as being elevated in breast 

cancer tissue (367,368). In a recent study, high GSH expression was associated with 

metastasis in breast cancer patients receiving chemotherapy (369). Similarly, breast 

cancer brain metastases, which rely heavily on oxidative phosphorylation for energy 

generation and thus produce high levels of ROS, showed significant upregulation of 
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glutathione-associated enzymes including glutathione reductase (GSR) and GSTP1, 

which help them maintain a reduced cellular environment (370). These observations 

indicate that redox adaptation is crucial for metastases, as metabolic pressures such as 

nutrient deprivation that are associated with a foreign environment can promote 

oxidative stress (371). 

These findings suggest that antioxidants including GSH and its associated 

enzymes, SOD1/2 and catalase, are all upregulated as a mechanism by which breast 

cancer cells adapt to a highly oxidative environment. Redox adaptation as a response to 

the constitutive oxidative stress that results from oncogenic changes allows for the 

continued survival of a population of breast cancer cells that are highly resistant to 

increases in cellular ROS. Many of the most common treatment regimens utilized 

against breast cancer work at least in part through the generation of damaging ROS and 

thus may be rendered ineffective in cell populations that have adapted to cope with 

oxidative stress. Chemotherapies widely used in breast cancer include anthracyclines 

(doxorubicin), taxanes (paclitaxel, docetaxel), alkylating agents and platinum 

compounds (cisplatin, carboplatin), as well as radiation therapy, and all of these agents 

rely heavily on the induction of oxidative stress-induced apoptosis for their antitumor 

activity (310,372,373). Thus, redox adaption is not only involved in cancer progression 

and metastasis, but also in the development of drug resistance. 



 

53 

1.3.4  Targeting redox imbalances in cancer 

As previously discussed, the use of therapeutics that are either targeted to or 

somewhat selective for cancer cells is essential in cancer treatment to preserve function 

and health of normal cells. In the late 90’s and early 2000’s it was proposed that their 

existed a toxic threshold, which when crossed triggers cell death (310). If cancer cells are 

closer to this proposed threshold, a “gentle push” would propel them over the edge and 

preferentially select them out. Due to the increased ROS present in cancer cells as they 

rapidly proliferate and autonomously activate cellular signals, they are heavily reliant 

on antioxidants and redox adaptation and, therefore, possibly more susceptible to 

oxidative insults. Therapeutics developed against redox adaptation can be functionally 

separated into three classes: 1) promoting ROS production, 2) altering ROS breakdown 

and clearance, and 3) directly targeting resistance mechanisms. 

1.3.4.1 Promoting ROS production 

Arsenic trioxide (As2O3 or ATO), an inorganic compound that can be derived 

from the oxidation of arsenic, has been used since the 1970s as a treatment option for 

hematologic malignancies (374). As2O3, marketed currently as Trisenox, impairs the 

function of the mitochondrial respiratory chain which increases the generation of 

superoxide radicals (375). It is currently approved for the treatment of acute 

promyelocytic leukemia (APL) (375), while recent work by our lab shows that ATO can 

sensitize hepatocellular carcinoma cells to chemotherapy (376). Other drugs such as 
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motexafin gadolinium and the anthracyclines can interact with cytochrome P450 

reductase of NADPH to generate ROS (377,378). N-(4-hydroxyphenyl) retinamide 

(4HPR) elevates the p67phox subunit of NOX which can again lead to ROS generation 

(379). Targeting of amino acid transporters SLC6A14 and SLC1A5 by alpha-methyl-DL-

tryptophan and 1,2,3-Dithiazoles, respectively, has also been shown to increase 

intracellular ROS by decreasing amino acid availability (380,381). Elesclomol (STA-4783) 

is novel small molecule that was first identified in a screen for compounds with potent 

pro-apoptotic efficacy (382). Elesclomol showed activity in multiple cancer types in vitro 

and enhanced the efficacy of taxanes in vivo (383). After a quick Phase I trial, Phase II 

results in malignant melanoma revealed potent activity, prolonging progression-free 

survival time in combination with paclitaxel (384). A follow-up study revealed that 

elesclomol induces significant ROS in cancer cells which is essential for its activity (385). 

Despite great results in Phase II, elesclomol trials were discontinued after increased 

mortality in Phase III trials (386). 

1.3.4.2 Altering ROS breakdown and clearance 

Interfering with antioxidant levels in cancer cells represents another pathway to 

driving these cells closer to the toxic threshold. So far compounds to antagonize 

superoxide dismutase (SOD), thioredoxin (Trx), and glutathione (GSH) and its upstream 

enzymes have been described. SOD inhibitors include 2-methoxyestradiol (387), 

tetrathiomolybdate (ATN-224) (388), and Mangfodipir (389) all of which have at least 
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advanced to Phase II clinical trials in various malignancies. In addition to its role in the 

ETC, arsenic trioxide can also inhibit GPx and Trx antagonizing ROS metabolism (390). 

PX-12 (1-methylpropyl 2-imidazolyl disulphide) is another compound that has been 

explored as a Trx inhibitor which has showed antineoplastic efficacy in vivo (391). GSH 

conjugators benzyl isothiocyanate (BITC), phenethyl isothiocyanate (PEITC), 

sulphoraphane, and imexon all deplete the intracellular GSH pool leading to oxidative 

insult and subsequent cell death (392-394). In terms of upstream regulators of GSH, 

buthionine sulphoximine (BSO) (395), an inhibitor of glutamylcystein synthetase, and 

sulphasalazine (396), which inhibits the cysteine/glutamate antiporter, both lead to GSH 

depletion by inhibiting components necessary for the synthesis of GSH. 

1.3.4.3 Targeting control mechanisms 

In section 1.3.2, it was revealed that control of antioxidant systems falls under the 

purview of two transcription factors NFκB and Nrf2. Inhibitors of these have been 

described for the, more so for NFκB, that could possibly be used to reverse resistance 

mechanisms that positively regulate these two factors. The sheer number of described 

NFκB inhibitors (well over 700), makes it almost impossible to describe the function of 

each one separately however, Table 1.4 classifies each of the inhibitors based on their 

level of action in which they antagonize NFκB function as reviewed in (397).   
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Table 1.3 Classification of previously described NFκB inhibitors 

Classification of inhibitor  Total number identified to date 

Receptor/adaptor antagonists 28 

Inhibitors of IKKα and IKKβ phosphorylation  170 

Inhibitors of IκBα degradation/ 

agents that increase stability 
113 

Inhibitors of nuclear translocation of NFκB 99 

Inhibitors of κB DNA binding 

 
206 

NFκB transactivation inhibitors 58 

Antioxidants 111 

 

Nrf2 inhibitors, on the other hand, are significantly smaller in number and due to 

the fact that Nrf2’s main function surrounds oxidative stress have enjoyed more 

thorough research into their mechanisms. Ascorbic acid (vitamin C), a potent natural 

antioxidant, was shown to sensitize imatinib-resistant BCR/ABL+ chronic myelogenous 

leukemia cells and reduce GSH levels by suppressing Nrf2/DNA complexing at the GCL 

gene promoter (398). All-trans-retinoic acid also decreases Nrf2 gene transcription and 

does so by inducing the formation of retinoic acid receptor alpha (RARα)-Nrf2 

complexes decreasing DNA binding, but not nuclear translocation (399). Several plant-

derived and bacterial-derived compounds including brusatol (400), luteolin (401), and 
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ochratoxin A (402) have been isolated and shown to reduce Nrf-2 dependent gene 

expression via disparate mechanisms.  

1.4 Inflammatory breast cancer cell lines 

1.4.1  Patient-derived cell lines  

The first IBC model derived from a patient primary tumor is the Mary-X IBC 

model. Mary-X was derived by serial passaging of tumor sections in animals from which 

tumor cells have now been isolated (403). In vivo, Mary-X spheroids generate E-cadherin 

positive tumor emboli, which are enriched in the dermal lymphatics of 

immunocompromised mice (138,404). Two newer models FC-IBC01 and FC-IBC02 were 

derived from a thoracentesis of IBC patients and have similar characteristics to Mary-X 

tumor spheroids (405,406). All three of these models cannot be cultured as adherent cells 

and therefore are extremely hard to use for in vitro assessments.  

 In this dissertation, two cell lines, SUM149 and SUM190, both developed 

by Dr. Stephen Ethier and derived from IBC patients prior to chemotherapy were used 

(407-409). They are the only two cell lines that are commonly regarded as untreated and 

as such have been used for the vast majority of molecular IBC studies. Both have 

chromosomal abnormalities, including p53 mutations, and express cytokeratins 8, 18, 

and 19 (407). SUM149 is a basal-type line characterized by activation of EGFR/ErbB1 and 

little to no expression of ER, PR, and Her2/ErbB2 making it a triple-negative IBC cell line 

(408,409). SUM149 cells do not produce EGF, the common ligand for EGFR, but instead 
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secrete a related protein, amphiregulin, which mediates an autocrine loop to activate 

EGFR and downstream signaling (410). SUM149 cells have a short doubling time (~15-21 

hours) (156) and have the ability to form tumor emboli in vitro in an environment that 

mimics the stresses of the lymphovascular system (411). When implanted in vivo, 

SUM149 cells rapidly form primary tumors and have demonstrated an ability to form 

metastases at common sites in patients, including bone, lymph node, lung, and liver 

(412). SUM149 cells are also characterized by a large proportion of cells with a 

CD44+/CD24low (ALDH+ve) phenotype, which are associated with stem-like 

characteristics (413,414). SUM190 is a Her2-positive IBC cell line also expressing high 

levels of cyclin-D1 (407,408). SUM190 cells have a longer doubling time (~40-45 hours) 

(156), also form in vitro tumor emboli (411), and when implanted into 

immunocompromised mice establish tumors which are prone to metastasis (412).  

 KPL-4 and MDA-IBC-3 are two other cell lines, both characterized by 

Her2 amplification, which have been isolated from IBC patients (415,416). KPL-4 

produces significant amounts of IL-6, which in vivo induces cachexia (muscle wasting) 

and has been used to study IL-6 antagonists (415,417). KPL-4 cells do not, however, 

express E-cadherin and as such are not commonly used for molecular studies. MDA-

IBC-3 cells have an extremely slow doubling time (~76 hours), but form in vitro tumor 

emboli (411), and are tumorigenic in vivo (414). 
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1.4.2  Acquired resistance models: rSUM149 and 

rSUM190 

It has been noted in clinic, that patients suffering from IBC are prone to 

developing resistance to therapies; however, a mechanism for this had not been 

elucidated. Using continuous exposure the ErbB1/2 inhibitor, lapatinib, our lab 

developed the first models of acquired therapeutic resistance in IBC: rSUM149 and 

rSUM190 (156). After an ~3 month selection period, where massive cell death was first 

observed, the rSUM149 and rSUM190 cells demonstrated potent resistance to lapatinib 

at concentrations which increased cell death in parental counterparts.  

 Assessment of the primary mechanism of action of lapatinib, inhibition of 

ErbB1/2 phosphorylation, revealed that this was in fact intact. ErbB1 (rSUM149) and 

ErbB2 (SUM190) phosphorylation were completely abrogated similar to parental cells 

treated with drug. Removal of drug from the culture media of resistant cell lines led to 

an increase in phosphorylation further proving no change in mechanism. Apoptotic 

western immunoblot array revealed a stark increase in XIAP expression in both 

rSUM149 and rSUM190 compared to SUM149 and SUM190, respectively (unpublished 

data). Overexpression of XIAP in SUM149 cells led to an increase in resistance to 

lapatinib-mediated cell death (156), while targeting of XIAP led to a decrease confirming 

the mechanism of resistance (156). Further work revealed that the increased XIAP 

expression was due to IRES-mediated translation elucidating a possible role for the 

translation initiation factor, eIF4G1. Subsequent analysis of our lapatinib-resistant cell 
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lines uncovered a broad cross-resistance of these cells to a multitude of 

chemotherapeutics with various mechanisms of action, indicating the potency of XIAP 

upregulation (418). This indicated that targeting XIAP may represent a novel means to 

enhance apoptosis which was corroborated by our follow-up studies using multiple 

XIAP-specific antagonists, embelin and Smac mimetics, which demonstrated 

chemosensitization to TRAIL specifically (419,420). 

 Continued study of these cell lines revealed that coupled with apoptotic 

dysregulation mediated by XIAP overexpression, these resistant lines also exhibited 

stark redox adaptation compared to parental lines (111,418). Using classical ROS 

inducers H2O2 and paraquat dichloride, which induce significant levels of ROS in 

parental cells, we observed suppression of ROS accumulation in both rSUM149 and 

rSUM190. Aird et. al. also revealed that lapatinib could induce similar levels of ROS to 

classical ROS inducers which was again repressed in resistant cell lines (111). To assess 

the mechanism of redox adaptation, cellular antioxidants were measured and rSUM149 

and rSUM190 were revealed to have increases in expression for SOD1 and SOD2 as well 

as increases in the intracellular GSH pool. Using 2-ME and diethyldithiocarbamate, both 

potent redox modulators, we reversed resistance to ROS accumulation, while addition of 

an antioxidant decreased sensitivity of parental cells. Despite an associate between XIAP 

and redox adaptation, a mechanism between the two was not elucidated although this is 

now discussed in Chapter 4.  
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1.4.3  Resistance reversal model: rrSUM149 

Due to the observation that resistance to lapatinib was not due to mutation or 

epigenetic changes, and other studies showing that cells could exhibit resensitization 

with removal of drug (421), we sought to assess this in IBC. Removal of lapatinib from 

rSUM149 for an extended period of time led to the development of a resensitized 

population of cells, rrSUM149, which behave similar to parental cells (418). When tested 

against multiple chemotherapeutics, these cells were as sensitive, if not more sensitive, 

than parental SUM149 elucidating that apoptotic dysregulation and redox adaptation 

may be a reversible phenotype in IBC. Molecular analysis of these cells demonstrated 

decreases in XIAP expression, suggesting that lapatinib may in fact enhance resistance in 

a subset of cells or select for those with inherent resistance; this was coupled with 

changes in SOD1 and SOD2 decreasing redox adaptation. 
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1.5 Research objectives outlined in this dissertation 

After the identification of XIAP as a key factor in mediating therapeutic 

resistance in IBC, and correlating its expression to a potent redox adaptation, our work 

has been focused on the development of targeted agents that antagonize XIAP 

expression and function. The efficacy of these inhibitors indicates a central role for XIAP 

in mediating both apoptotic dysregulation and redox adaptation; however, a better 

mechanistic understanding of other key players that may interact with XIAP and drive 

these processes is essential. The studies outlined in this dissertation are intended to 

address our hypothesis that the anti-apoptotic protein XIAP plays a central role not only 

in therapeutic resistance, but also in the progression and biology of inflammatory breast 

cancer. Both the upstream regulators and downstream effectors of XIAP that contribute 

to these processes in the context of IBC pathobiology and therapeutic resistance are 

identified, elucidating further options for the development of targeted strategies, some 

of which are also reported herein.  

1.5.1  Objective 1 

Investigation of the role of XIAP and elucidation of functional partners in IBC 

pathogenesis and progression (discussed in Chapter 3) 

1.5.2  Objective 2 

Determination of the mechanism of XIAP-mediated tumor cell evasion/inhibition 

of immunotherapy (discussed in Chapter 4) 
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1.5.3  Objective 3 

Assessment of the therapeutic strategy of targeting XIAP-mediated redox 

adaptation in IBC (discussed in Chapter 5) 
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Figure 1.1 Cell lines used in this dissertation 
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2. Materials and Methods 

2.1 Cell Culture 

2.1.1 Cell lines and reagents 

SUM149 and SUM190 cells were obtained from Asterand, Inc. (Detroit, MI). 

SUM149 and SUM190 cells exhibiting acquired resistance to the lapatinib analog 

GW583340 (referred to as rSUM149 and rSUM190) were selected by Dr. Katherine M. 

Aird by culturing cells in normal growth medium supplemented with increasing 

concentrations of GW583340 (0.25-7.5 and 0.25-2.5 µM, respectively) (156). Although, 

marked cell death and growth delay were observed initially, after 2 weeks small colonies 

of viable cells were detected, which were cultured to confluence and placed in an 

increasing drug concentration. After 3 months, colonies were selected and rSUM149 and 

rSUM190 cell lines were routinely cultured in normal media with addition of 7.5 and 2.5 

µM GW583340, respectively. In order to generate a resistance reversal model 

(rrSUM149), rSUM149 were cultured in GW583340-free media for approximately 2 

months. Cells were tested on a weekly basis for restored sensitivity to GW583340 by 

both trypan blue exclusion assay and 3-[4, 5-dimethylthiazol-yl]-2, 5 dipheynl 

tetrazolium bromide (MTT) assay. Interrogation of previously discovered resistance 

proteins (XIAP and SOD1/2) was performed by western immunoblot.  Stable SUM149 

variants overexpressing wild-type XIAP (wtXIAP) or the control vector (FG9) were also 

generated by Dr. Aird (156).  
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Ham’s F-12 medium was purchased from Gibco (Carlsbad, CA). HEPES, 

hydrocortisone, sodium selenite, insulin, ethanolamine, transferrin, fetal bovine serum 

(FBS) and penicillin/streptomycin were all purchased from Sigma Aldrich (St. Louis, 

MO). SUM149 cells (and variants) were cultured in Ham’s F-12 base medium 

supplemented with 5  µg/mL insulin, 10 mM HEPES, 1 µg/mL hydrocortisone, 10 

units/mL penicillin, 10 µg/mL streptomycin, and 5% FBS. SUM190 and rSUM190 cells 

were cultured in Ham’s F-12 base medium supplemented with 5  µg/mL insulin, 10 mM 

HEPES, 1 µg/mL hydrocortisone, 5 mM ethanolamine, 5 µg/mL transferrin, 10 nM 

triiodothyronine, 50 nM sodium selenite, 10 units/mL penicillin, 10 µg/mL streptomycin, 

and 2% FBS. Twenty-four hours after splitting, media was changed to serum-free 

conditions for SUM190. All cell lines were cultured at 37  °C, 5% CO2.  

 Research-grade lapatinib analog, GW583340, was purchased from Tocris 

Bioscience (Bristol, UK), and TNF-related apoptosis-inducing ligand (TRAIL) purchased 

from Enzo Life Sciences (Farmingdale, NY). Dimethyl sulfoxide (DMSO), catalase, TNF-

α, paraquat dichloride, hydrogen peroxide (H2O2), concanamycin A (CMA), (+)-Sodium 

L-ascorbate, JSH-23, and CGP57380 were obtained from Sigma Aldrich. Streptolysin O 

(SLO) was obtained from Abcam (Cambridge, MA) and recombinant Granzyme B 

purchased from Enzo Life Sciences. The SOD mimetic MnTnHex-2-PyP5+ was obtained 

from Dr. Ines Batinic-Haberle at Duke University (422), while another SOD mimetic 

MnTBAP was purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX). Matrigel was 
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purchased from BD Biosciences (San Jose, CA). The MEK1/2 inhibitor U0126 and the 

protein kinase inhibitor staurosporine were purchased from Cell Signaling Technologies 

(Danvers, MA). The antibodies cetuximab (Erbitux®, EGFR targeting mAb) and 

trastuzumab (Herceptin®, HER2 targeting mAb) were purchased from Bristol Myers 

Squibb (New York, NY) or Genentech (San Francisco, CA), respectively. The pan-

caspase inhibitor Q-VD-OPh was purchased from Calbiochem (Billerica, MA). All cell 

culture plates were acquired form Corning Incorporated (Corning, NY) unless otherwise 

indicated. Chemical structures for lapatinib, paraquat, U0126, CGP57380, and JSH-23 

can be found in Figure 2.1. 
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Figure 2.1 Chemical structures of compounds used in this dissertation 
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2.1.2 Generation of XIAP mutant cell line models 

SUM149 cells stably expressing XIAP mutant variants were generated using a 

lentiviral expression system (kindly provided by Dr. Colin Duckett, University of 

Michigan).  First, endogenous XIAP expression was knocked down using an XIAP-

specific shRNA and mutant XIAP re-expressed using shRNA-resistant constructs. 

HEK293T cells were transfected using polyethylenimine with 5 µg of pHCMV, pRRE, 

and pRSVrev, which drive the expression of lentiviral structural proteins, and 5 µg of 

pFG12 H1 shXIAP. Twenty-four hours post-transfection, media was changed. Forty-

eight hours post-transfection, the virus-containing media on the HEK293T cells was 

collected and filtered through a 0.45 mm Millex HV PVDF filter unit (Millipore, Billerica, 

MA) onto cells [with 25 mM polybrene (Sigma, St. Louis, MO)]. After four hours, fresh 

media was added and cells were incubated for an additional forty-eight hours at 37°C, 

5% CO2. As the FG12 vector contains a GFP marker, shXIAP GFP-positive cells were 

enriched by FACS and tested for knockdown using western immunoblot. XIAP 

constructs expressing mutant XIAP (pFG9 XIAP H467A or pFG9 XIAP D148A/W310A) 

were also provided by Dr. Colin Duckett. Virus-containing media from HEK293T cells 

transfected with viral packaging components and pFG9 XIAP H467A or pFG9 XIAP 

D148A/W310A was added to shXIAP cells to generate XIAP E3 ligase deficient (H/A) 

and caspase-binding (DW/AA) mutant clones, respectively. Selection for H/A and 

DW/AA cells was done with hygromycin B (Invitrogen, Carlsbad, CA) at 200 µg/mL. To 
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generate +FG9 and +wtXIAP cell lines, the appropriate viruses were added to shXIAP 

cells and clones selected by hygromycin addition. 

2.1.3 shRNA-mediated knockdown of XIAP 

rSUM149 and rSUM190 cells were seeded at 150,000 cells per well into a 6 well 

plate and allowed to adhere. After 24 h, cells were transfected with pFG12 H1 shXIAP or 

the control shRNA using Mirus TransIT-2020 transfection reagent (Madison, WI) 

according to manufacturer’s instructions. ADCC was performed using these cells 48 h 

post transfection according to the protocol in Section 2.11. Effective knockdown was 

confirmed by western immunoblot. 

2.1.4 shRNA-mediated knockdown of eIF4G1 

SUM149 and rSUM149 were seeded at 75,000 cells per well in a 12 well plate and 

allowed to adhere. Cells were transfected with an eIF4G1-specific shRNA (46,423) or 

control shRNA using Mirus TransIT-2020. Cells were lysed at indicated time points for 

immunoblot or treated with TRAIL (48 h post transfection) for 24 h followed by trypan 

blue exclusion assay. Effective knockdown was confirmed by western immunoblot. 

2.1.5 Transient transfection of mutant XIAP constructs 

XIAPWT, XIAPV80D, XIAPF495A, and control pcDNA3 vectors were kindly provided 

by Dr. Pascal Meier (The Institute of Cancer Research, London). XIAP knockdown 

(shXIAP) cells were transfected with 3 µg plasmid using X-tremeGENE HP DNA 

transfection reagent (Roche, Indianapolis, IN) at a 3:1 DNA:reagent ratio, according to 
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manufacturer’s instructions. Cells were analyzed for XIAP expression by immunoblot 

and NFκB localization by immunofluorescence 48 h post-transfection. 

2.2 NRAGE peptide manufacture and use for treatment 

A 24-mer peptide, sequence (n-PPAWQTPPAWQTPPAWQTPPAWQT-c), 

modeled after the neurotrophin receptor-interacting MAGE protein (NRAGE) was 

synthesized and lyophilized by NeoBioLab (Cambridge, MA). Lyophilized powder was 

resuspended in DMSO at a concentration of 1 mM. The peptide was based on a 

previously published study (424), showing disruption of XIAP-TAB1 signaling, and has 

a MW of ~2740 kDa. For all in vitro experiments, unpurified NRAGE peptide was added 

to cells, for 24 h, with 6 µM EndoPorter delivery reagent (GeneTools LLC, Philomath, 

OR) to facilitate intracellular transport. 

2.3 Determination of cell viability, apoptosis, and 
proliferation 

2.3.1 Trypan blue exclusion assay 

Cell viability was determined by trypan blue exclusion assay. Cells were seeded 

in 12 well plates at 50,000 (SUM149 and derivatives) or 75,000 (SUM190 and derivatives) 

cells per well and allowed to adhere. Cells were treated with indicated agents for 24 h 

unless otherwise indicated. Cells were trypsinized with 0.25% Trypsin/EDTA (Sigma 

Aldrich) and resuspended in 1x DPBS. Equal amount of cell suspension was added to 

0.4% trypan blue and 10 µl of the mixture loaded onto a hemocytometer. Live and dead 
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cell numbers were recorded and percent viability calculated as the number of live cells 

over the total number of cells. 

2.3.2 MTT assay 

Proliferation was determined via MTT assay. Cells were seeded in 96 well plates 

and allowed to reach ~80% confluency. Cells were treated with indicated agents for 

appropriate length of time and MTT reagent added to a final concentration of 1 mg/mL. 

Cells were incubated until the reaction caused the formation of granulated purple 

coloration. Media and MTT reagent were removed, DMSO added to each well, and 

absorbance read at 550 nm in a BioRad plate reader (Hercules, CA). 

2.3.3 Clonogenic growth assay 

SUM149 and derivatives were plated in triplicate in 6 well plates at 250-500 

cells/well and allowed to adhere. Cells were treated as indicated in figure legends for 24 

h, after which cells were washed twice with 1x DPBS and regular growth media added. 

The cells were allowed to grow for approximately 12-14 days, with addition of fresh 

media every 4 days. Once colonies of at least 50 cells were observed, cells were washed 

with PBS, fixed, stained with 0.4% crystal violet, then rinsed in cold water and left to dry 

overnight. Colonies were counted and imaged using a ColCount (Oxford Optronix, 

Oxford, UK), and colonies formed per cells plated calculated. Numbers were normalized 

to the untreated sample. 
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2.3.4 Caspase activity assay 

Cells were seeded in 12 well plates, and the next day treated as indicated for 

either 4 or 24 h. After incubation, cells were lysed and 3 µg protein (as determined by 

Pierce 660 assay) resuspended to 15 µl in lysis buffer was added to a 96 well white-

walled plate. An equal volume of Caspase-3/7-Glo reagent (Promega, Madison, WI) was 

added to the wells, and plates incubated for 30 min at RT. Luminescent signal was 

measured on a Veritas microplate luminometer (Turner Biosystems, Sunnyvale, CA) 

with a 1 s integration time. Caspase activity was normalized to the untreated sample. 

2.3.5 TUNEL staining 

For in vitro experiments, cells were plated onto glass coverslips previously coated 

with poly-D-lysine (BD Biosciences, San Jose, CA) and allowed to adhere overnight. 

Cells were treated as indicated and coverslips washed 2x with media, fixed with 4% 

paraformaldehyde and permeabilized in a 0.1% Triton X-100 in 0.1% sodium citrate 

solution. Coverslips were incubated with In Situ cell death enzyme as per 

manufacturer’s instructions (In Situ Cell Death Detection Kit, Roche, Basel, Switzerland). 

Coverslips were mounted with Prolong Anti-fade mounting medium with DAPI 

(Invitrogen).  For tumor tissue, xenografts were fixed in 10% formalin, processed and 

embedded in paraffin. Serial sections were cut and deparaffinized in a series of 100%, 

95% and 70% ethanol for 5 min each and washed in 1X PBS. Sections were incubated 

with 20 µg/mL Proteinase K solution (Roche Diagnostics) for 15 min at 25 °C. After 2 
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washes in 1X PBS, sections were incubated with In Situ cell death enzyme as per 

manufacturer’s instructions (In Situ Cell Death Detection Kit, Roche), and coverslipped 

and mounted with Prolong Anti-fade mounting medium with DAPI (Invitrogen). All 

images were obtained using the Zeiss Axio Imager microscope, and analyzed with 

Metamorph and ImageJ softwares. 

2.3.6 Wound healing assay 

Cells were plated in 12 well plates at an optimized cell number for 100% 

confluency and allowed to adhere overnight. The next morning, a sterilized P200 tip was 

used to scratch a wound through the cells. The cells were washed with warmed 1X PBS 

and complete media replaced. Images were taken immediately after scratch (time 

point=0 h) and every 12 h for two days. Media was replaced after 24 hours. Images were 

imported into Tscratch, a software tool for automated analysis of wound healing assays 

(425). After review of parameters on 0 h images, group thresholds were applied to every 

image for analysis. 

2.4 Assessment of SOD mimetics 

2.4.1 MnP-based SOD mimics 

Two Mn porphyrins, MnTE-2-PyP5+ (AEOL10113, BMX-010) and MnTnBuOE-2-

PyP5+ (BMX-001), were synthesized, purified and characterized by means of thin-layer 

chromatography, elemental analysis, ESI-MS, and UV-Vis spectroscopy as earlier 

described (426,427). The structures and properties of both Mn porphyrins are presented 
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in Figure 2.2: catalytic rate constant for O2•- dismutation, kcat(O2•-); rate constant for the 

reduction of O2 to O2•-, kred(O2);  metal-centered reduction potential for MnIIIP/MnIIP, E1/2 

in mV vs. NHE; and lipophilicity as characterized by partition coefficient for n-octanol 

and water, log Pow. 
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Figure 2.2 Chemical structures and physical characteristics of MnPs used 
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2.4.2 Spectrophotometrical study of the reaction of MnPs 

with ascorbate 

The time-dependent spectral change of MnP/ascorbate system for both E2 and 

BuOE2 was followed by the Batinic-Haberle lab. The time-dependent content of MnP 

(%) catalyst was determined based on the disappearance of the absorbance of reduced 

E2 at 438 nm and BuOE2 at 441.5 nm as previously reported (428-430). The 

oxidation/consumption of ascorbate (%) was followed spectrally at 265 nm. Also the 

initial rates for ascorbate oxidation were determined at 265 nm. The reduction and 

eventual destruction of MnPs (6 µM) was followed in the presence of ascorbate (0.42 

mM) at pH 7.8 (maintained by 0.05 M Tris buffer) on a UV-2550 PC spectrophotometer 

(0.5 nm resolution) (Shimadzu Instruments, Columbia, MD). While high concentrations 

of MnP could not have been used in aqueous system, as too high absorbance above 4 

could not be measured, the ratio of MnP to ascorbate was kept the same in aqueous and 

cellular systems. 

 

2.5 Western immunoblotting 

Cells were harvested an immediately lysed in polysome lysis buffer (100 mM 

KCl, 5 mM MgCl2, 20 mM Tris, 0.5% NP40, pH 7.4) with 1x Halt Protease/Phosphatase 

Inhibitor (Roche) and 2 mM DTT (Thermo Scientific). Protein concentration was 

determined by the Pierce 660 nm Protein Assay (Thermo Scientific) following 

manufacturer’s instructions. Equal amounts of cell lysates, following boiling for 
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denaturation, were subjected to SDS-PAGE under reducing conditions. Protein was 

transferred onto Immobilon-P PVDF membrane (Millipore, Billerica, MA) previously 

rehydrated in methanol using the TRANS-BLOT SD semi-dry transfer cell (BioRad). 

After transfer, membranes were incubated with blocking buffer (either 5% dry nonfat 

milk or 3% BSA in 1x TBS-0.1% Tween-20) for 1 h at RT. Membranes were incubated 

with primary antibodies at the indicated dilutions overnight at 4  °C; a list of antibodies 

can be found in Table 2.1. After three washes (1x TBS-0.1% Tween-20) for 5 min each, 

membranes were incubated with appropriate secondary antibody conjugated with 

horseradish peroxidase (rabbit 1:1000, mouse 1:2000) for 1 h at RT. After final washes, 

bands were visualized using SuperSignal West Pico Chemiluminescent Substrate 

(Thermo Scientific). Signals were developed after exposure to autoradiographic film. 

Actin or GAPDH were used as loading controls after stripping. Stripping was 

accomplished in buffer [100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl (pH 

6.7)] at 50  °C for 30 min followed by washing and blocking procedures above. 

Densitometric analysis was performed using NIH ImageJ software (431). 
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Table 2.1 Antibodies used in this dissertation 

Antibody Company Catalog 
# 

Dilutio
n 

2o Ab MW 
(kDa) 

Bcl-2 Santa Cruz sc-7382 1:1000 mouse 26 

cIAP2 Cell Signaling 3130 1:1000 rabbit 70 

c-myc Santa Cruz sc-764 1:2000 rabbit 67 

EGFR/ErbB1 Cell Signaling 2232 1:1000 rabbit 175 

eIF4E Cell Signaling 9742 1:1000 rabbit 25 

eIF4G1 Cell Signaling 2469 1:1000 rabbit 220 

ERK1/2 (p44/42) Cell Signaling 9102 1:1000 rabbit 42, 44 

GAPDH Santa Cruz sc-47724 1:2000 mouse 37 

Her2/ErbB2 Cell Signaling 2242 1:1000 rabbit 185 

Histone H3 Cell Signaling 4499 1:1000 rabbit 17 

IKKβ  Cell Signaling 2678 1:1000 rabbit 87 

NF-κB (p65) Cell Signaling 8242 1:1000 rabbit 65 

PARP Cell Signaling 9532 1:1000 rabbit 89, 116 

p38 Cell Signaling 9212 1:1000 rabbit 43 

p-EGFR/ErbB1 (Tyr1068) Cell Signaling 2234 1:1000 rabbit 175 

p-eIF4E (Ser209) Cell Signaling 9741 1:1000 rabbit 25 

p-ERK1/2 
(Thr202/Thr204) 

Cell Signaling 9101 1:1000 rabbit 42,44 

p-Her2/ErbB2 (Tyr877) Cell Signaling 2241 1:1000 rabbit 185 

p-IκBα (Ser32) Cell Signaling 2859 1:1000 rabbit 40 

p- NF-κB (Ser536) Cell Signaling 3031 1:1000 rabbit 65 

p-p38 (Thr180, Tyr182) Cell Signaling 9211 1:1000 rabbit 43 

Smac/DIABLO Cell Signaling 2954 1:1000 mouse 21 

SOD1 Cell Signaling 2770 1:1000 rabbit 18 

SOD2 BD Biosciences 611580 1:1000 mouse 25 

Survivin Cell Signaling 2808 1:1000 rabbit 16 

TAB1 Cell Signaling 3226 1:1000 rabbit 60 

XIAP BD Biosciences 610762 1:2000 mouse 57 
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2.6 Immunoprecipitation of TAB1 and associated proteins 

Cells were seeded in 10 cm dishes and allowed to grow to ~90% confluence. 

Plates were transferred to ice and washed once with 1X PBS. RIPA buffer (Thermo 

Scientific) supplemented with HALT protease/phosphatase inhibitor cocktail (Roche) 

was added and cells were scraped into microcentrifuge tubes. Cells were rotated, with 

gentle agitation, for 1 h at 4oC and centrifuged at top speed to remove cellular debris. 50 

µl of supernatant was removed for whole cell extract. TAB1 antibody (Cell Signaling 

Technologies) was added to the lysate at a concentration of 1:100 and incubated at 4  °C 

for 24 hours. Protein A/G Sepharose beads (Thermo-Fisher, Grand Island, NY) were 

rinsed twice in wash buffer (RIPA buffer diluted 1:5 in 1X PBS) and 60 µl of bead slurry 

added to pull-down lysates. Beads were incubated at 4 °C for 4 hrs. Centrifugation at top 

speed was followed by two washes to remove loosely bound proteins. Fifty µl 2X 

SDS/DTT buffer was added and beads heated to 50  °C for 10 mins to remove proteins. 

Protein lysates were loaded on a gel and western immunoblotting procedures followed. 

2.7 Preparation of nuclear and cytosolic extracts 

Nuclear and cytosolic fractionation was performed using the NE-PER™ Nuclear 

and Cytoplasmic Extraction Reagent kit (Thermo-Fisher) using manufacturer’s 

instructions. Cells were plated in 10-cm dishes and allowed to grow overnight before 

fractionation. Histone H3 and γ-tubulin were used to monitor cross-contamination of 

fractions.   



 

81 

2.8 Flow cytometric analyses 

2.8.1 Annexin V 

Cells were cultured in six well plates and allowed to reach ~80% confluence. 

Cells were treated with the indicated agents for 4h, then harvested with 0.25% trypsin (-

EDTA), washed with PBS, and incubated for five minutes with Annexin V-biotin 

staining solution (Immunotech, Marseilles, France) at room temperature. Cells were 

washed with 1% BSA/PBS and then incubated 15 min on ice with streptavidin-FITC 

(Zymed, San Francisco, CA). Cells were washed and analyzed by flow cytometry. At 

least 25,000 events were collected on a BD FACSCalibur flow cytometer and the total cell 

population was used for analysis. Results were analyzed using FlowJo software (Tree 

Star, Inc., Ashland, OR). 

2.8.2 Measurement of intracellular reactive oxygen 

species 

Cells were cultured in 6 well plates to 70-80% confluence and treated as indicated 

for either 1 or 24 h. Cells were harvested and incubated for 30 minutes (at 37 °C) with 

the following dyes at 10 µM: 2’,7’-dichlorodihydrofluorescein diacetate (H2-DCFDA) or 

MitoSox Red (both Molecular Probes, Carlsbad, CA) to detect hydrogen peroxide-

derived radicals and mitochondrial superoxides, respectively. Cells were washed twice 

with 1% BSA/PBS and analyzed for fluorescence by flow cytometry. Twenty-five 

thousand events were collected and live cells analyzed using FlowJo software. For H2-

DCFDA staining, high fluorescence was calculated by setting a gate on the untreated 
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control cells where the peak reached a maximum, and all experimental samples were 

compared to this control gate.  For MitoSox Red, the mean fluorescent intensity for each 

sample was calculated and normalized to untreated control. 

2.8.3 Measurement of surface EGFR and Her2 levels 

Cells were trypsinized, washed and resuspended in 1% BSA/PBS. To detect 

surface EGFR expression, cells were incubated in rabbit anti-human EGFR antibody 

(2232, Cell Signaling Technologies) for 1 hour at room temperature at a concentration of 

2 µg/ml. Cells were washed once and incubated with a 1:100 dilution of FITC-labeled 

anti-rabbit secondary (Jackson Immunoresearch, West Grove, PA) for 1 hour at room 

temperature. Cells were washed twice and resuspended in 0.2 mL and immediately 

analyzed. To detect surface HER2 expression, mouse anti-human HER2 PE (340552, BD 

Biosciences) was added to the cells at a 1:50 concentration for 30 minutes at RT. Cells 

were washed twice before analysis. Unstained cells and appropriate IgG controls were 

used in all experiments.  At least 25,000 events were collected on a FACSCalibur flow 

cytometer (BD Biosciences) and analyzed using FlowJo software.  

2.9 Measurement of reduced glutathione content 

Reduced glutathione levels were assessed using the GSH-GloTM Glutathione 

Assay (Promega) as per manufacturer’s instructions. Three µg total cell lysates in 50 µl 

volume were incubated with an equal volume of fresh prepared GSH-Glo reagent 2X for 

30 min at RT. One hundred µl of reconstituted Luciferin Detection Reagent was added, 
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plates mixed and incubated for 15 min at RT, and luminescence read on a BMG 

FLUOStar Optima (BMG Labtech, Cary, NC) with a 1 s integration time. 

2.10 Immunofluorescence analysis 

Cells were plated on coverslips (VWR, Radnor, PA) that had previously been 

coated with Poly-L-Lysine (Sigma) and stored in 70% ethanol. Twenty-four hours post-

plating, cells were fixed using 4% formaldehyde for 20 minutes. Blocking and 

permeabilization was performed with a solution of PBS containing 0.1% Triton X-100 

and 5% normal goat serum. Anti-p65 antibody (8242) or anti-apoptosis inducing factor 

(AIF, 5318) [both Cell Signaling Technologies], diluted in blocking buffer (1:400 for 

both), was added to the cells overnight at 4 °C. After two washes with PBS, anti-mouse 

FITC secondary (Jackson Immunoresearch, 1:200) was added for 1h. The coverslips were 

washed with PBS, mounted on slides with Prolong® Gold Antifade with DAPI 

(Invitrogen), and imaged with a Zeiss AxioObserver complete with imaging software 

analysis package. Merging of channels and post-processing was accomplished using 

ImageJ.  

2.11 Immune assays 

2.11.1 Chromium based ADCC assay 

Healthy donor PBMCs (Peripheral Blood Mononuclear Cells) were isolated from 

leukapheresis products (HemaCare Corp., Van Nuys, CA) and stored in LN2 until use. 

The day prior to performing an ADCC assay, PBMCs were thawed and activated with 
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600 IU/mL recombinant human IL-2 (Prometheus Laboratories Inc., San Diego, CA) in 

RPMI 1640/10% huAB serum overnight (16-18 h). Target cells were radiolabeled with 51-

Chromium (Perkin-Elmer, Akron, OH) for 1.5 h and washed 3 times in RPMI 

supplemented with huAB serum. Chromium-labeled target cells were incubated for 1 h 

with 10 µg/mL cetuximab or trastuzumab. Activated PBMCs were added at an 

effector:target (E:T) ratio of 100:1, the optimal ratio identified in preliminary assays. 

Plates were centrifuged at 400 rpm to initiate contact of cells. Control wells were 

included, which contained target cells alone (spontaneous release), target cells mixed 

with antibody alone, and target cells mixed with 5 % SDS (maximum release). After 

incubation at 37 °C for 4 h, supernatant was collected and counted for radioactive 

chromium release into culture media using a Microbeta Plus Scintillation Counter 

(Perkin-Elmer). Cytotoxicity was calculated with the following equation: %specific lysis 

= [(cpm of experimental release–cpm of spontaneous release)/(cpm of maximum release 

–cpm of spontaneous release)] x 100. Percent lysis solely due to ADCC was calculated 

by: %specific lysis (PBMC + antibody)-%specific lysis (PBMC alone). For concanamycin 

A (CMA, Sigma) treatment, 100 nM CMA was added to PBMCs 2 h prior to the start of 

the assay.  

2.11.2 CytoTox-One non-radioactive ADCC assay 

A modified, non-radioactive version of our chromium-based assay was 

conducted using the CytoTox-ONE Homogenous Membrane Integrity assay (Promega), 
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which measures LDH release as a measure of cell death. Assay setup was similar to the 

chromium assay, excluding the chromium loading step and a 50:1 E:T ratio. After 4 h 

incubation of cells at 37 °C, supernatant (50 µl) was collected and mixed with 50 µl 

CytoTox-ONE reagent. Luminescence was measured using a BMG FLUOstar OPTIMA 

and percent lysis solely due to ADCC was calculated by: %specific lysis (PBMC + 

antibody)-%specific lysis (PBMC alone). For reversal experiments, antioxidant SOD 

mimetic MnTBAP (Santa Cruz Biotechnology, Dallas, TX), or caspase inhibitor qVD-OPh 

(EMD Millipore, Billerica, MA), alone and in combination, were added during antibody 

incubation. 

2.11.3 Granzyme B loading 

Cells (6.0 X 105 cells) were loaded with exogenous granzyme B (gB) isolated from 

human lymphocytes in the presence of a sublytic dose of activated streptolysin-O, which 

functions as a pore-forming molecule. Cultured cells were washed once in Hank’s 

Balanced Salt Solution (HBSS), followed by the addition of SLO at 100 ng/mL and gB at 

60 ng/mL (alone or in combination) in 500 µl HBSS. Cells were incubated for 2 h at 37 oC 

before staining with Carboxy-H2DCFDA as described. 

2.12 Assessment of anchorage-independent growth 
potential 

Cells were plated in 6 well plates at 75,000 cells per well and allowed to adhere. 

Indicated treatments were applied for 24 h, after which cells were harvested and live 
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cells counted with trypan blue exclusion dye. A base layer of 0.7% agarose in regular 

growth medium was poured into wells of a 12 well plate and allowed to solidify at 4 °C. 

Then 12,500 cells/well from each treatment were plated in triplicate in 0.45% agarose in 

regular growth medium on top of the base layer and allowed to solidify at 4 °C. Plates 

were then transferred to a 37 °C incubator with 5% CO2 and allowed to grow. Once 

visible colonies had formed, they were counted under a microscope, and colony counts 

were normalized to the untreated sample. Images of representative fields were taken 

with 5x magnification using a Zeiss Axio Observer A1 microscope (Thornwood, NY), 

Hamamatsu Orca ER digital camera (Bridgewater, NJ), and MetaMorph software 

(Molecular Devices, Sunnyvale, CA). 

2.13 Assessment of intracellular ALDH activity 

ALDH enzymatic activity was evaluated using the ALDEFLUOR kit (Stem Cell 

Technologies, Durham, NC) according to manufacturer’s instructions. Cells were 

incubated with provided ALDH substrate for 35 min at 37 °C. For negative control, the 

specific ALDH inhibitor diethylaminobenzaldehyde (DEAB) was used at a final 

concentration of 50 mM. ALDEFLUOR fluorescence was measured utilizing a 488 nm 

excitation and emission detected using a standard FITC 530/30 band pass filter. Sorting 

gates were established using 7-AAD for viability DEAB-treated, ALDEFLUOR-stained 

cells as negative controls. 
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2.14 RNA analysis 

2.14.1 RNA isolation 

For RNA isolation from adherent cells, cells were trypsinized, washed once with 

PBS, and total RNA isolated using the Ambion mirVana miRNA isolation kit 

(Invitrogen) following manufacturer’s instructions. Tissue samples were homogenized 

in the provided lysis buffer and total RNA isolated following instructions. For some 

samples, RNA was isolated using TRI Reagent (Sigma) following manufacturer’s 

protocol. All RNA quantification and analysis was accomplished using a NanoDrop 

2000 (Thermo Scientific). 

2.14.2 Quantitative polymerase chain reaction analysis 

Total RNA was subjected to reverse transcription using the iScript Reverse 

Transcription SuperMix Kit (BioRad) and oligo d(T) primers as per manufacturer’s 

instructions. cDNA and SYBR Green were added to a custom PrimePCR plate (Bio-Rad) 

containing primer pairs for the NFκB target genes listed in Table 2.2 and β-actin as a 

loading control. The PCR was conducted on an iCycler instrument (BioRad) using the 

following conditions: (95 °C x 2 min, [95 °C x 5 sec, 60 °C x 30 sec] x 40 cycles) and fold 

changes calculated by the 2(-ΔΔCt) method. 



 

88 

Table 2.2 Information for NFκB target gene qPCR primers used in Chapter 3  
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2.14.3 Affymetrix GeneChip analysis 

RNA quality assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, 

Santa Clara, CA), and cDNA/aRNA was generated using the Ambion MessageAmp 

Premier RNA Amplification kit (Invitrogen) following manufacturer’s instructions at the 

Duke Institute for Genome Sciences & Policy Microarray facility. Biotinlyated aRNA was 

fragmented according to protocol and hybridized to U133A 2.0 Human Gene 

microarrays (Affymetrix, Santa Clara, CA). Fluorescent images were detected in a 

GeneChip Scanner 3000 and expression data was extracted using the GeneChip 

Operating System v 1.1 (Affymetrix). Expression data were quantile-normalized and 

summarized using GCRMA express (432). Probe sets with a fluorescent intensity above 

log2(100) in at least 2 samples were considered informative.  Expression levels were 

compared using generalized linear models on log2 expression data and probe sets with 

nominal p-values less than 0.05 were considered significant. 

2.14.3.1 Expressions2Kinases analysis 

RNA quality assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, 

Santa Clara, CA), and cDNA/aRNA was generated using the Ambion MessageAmp 

Premier RNA Amplification kit (Invitrogen) following manufacturer’s instructions at the 

Duke Institute for Genome Sciences & Policy Microarray facility. Biotinlyated aRNA was 

fragmented according to protocol and hybridized to U133A 2.0 Human Gene 

microarrays (Affymetrix, Santa Clara, CA). Fluorescent images were detected in a 
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GeneChip Scanner 3000 and expression data was extracted using the GeneChip 

Operating System v 1.1 (Affymetrix). Expression data were quantile-normalized and 

summarized using GCRMA express (432). Probe sets with a fluorescent intensity above 

log2(100) in at least 2 samples were considered informative.  Expression levels were 

compared using generalized linear models on log2 expression data and probe sets with 

nominal p-values less than 0.05 were considered significant. 

2.14.3.2 Gene set enrichment analysis 

For analysis in Chapter 3, expression data of wtXIAP (XIAP high) cells was 

compared to the combined parental and shXIAP cell lines (XIAP low) using default 

parameters with gene set level permutations and signal2noise used to rank genes.  Gene 

set enrichment visualization was performed using Cytoscape 2.8.3 and a P-value < 0.001, 

Q-value cutoff 0.006, similarity cutoff of 0.5, and false discovery rate (FDR) of 0.1. For 

analysis in Chapter 4, gene set enrichment analysis (433) was used to compare 

expression data of wtXIAP and rSUM149 (ADCC-resistant) cells to parental (ADCC-

sensitive) cells using default parameters with gene set level permutations and signal to 

noise used to rank genes. Gene sets were limited to those 300 or less in size using a 

nominal p-value ≤ 0.01.  The genes with the most significantly different expression were 

shown in unsupervised cluster analyses using the top 10, 15 or 30 genes depending on 

the size of the gene set. For both analyses, gene sets examined were from the current 

molecular signature (MSigDB) versions 4.0.   
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2.15 Immunohistochemistry of human tumor microarrays 

Tissue microarrays (clinical characteristics available in (434-436)) were 

deparaffinized in series of xylenes, then rehydrated in 95%, 85%, 70% Ethanol and 

washed in distilled water for 5 minutes. Antigen retrieval was performed using 1mM 

EDTA incubation at 95 degrees for 30 minutes. After cooling and washing in 1x Dako 

wash buffer, the slides were incubated with Dako peroxidase block for 5 minutes at 

room temperature. After washing for 5 min in wash buffer, slides were incubated 

overnight at 4 degrees with mouse anti-human XIAP (BD Biosciences, San Jose, CA) 

antibody solution at 1:60 dilution of antibody diluted in wash buffer. For the negative 

control, the primary antibody was omitted and the slide was incubated in buffer 

overnight. After incubation, slides were washed 3 times for 5 minutes with wash buffer, 

then incubated in the anti-mouse secondary solution (provided in the Dako anti-mouse 

Envision kit, Carpinteria, CA) for 30 minutes at room temperature. After washing 3 

times, slides were incubated in diluted Mayer’s hematoxylin (Dako, Carpinteria, CA) for 

20 seconds and then washed in tap water. Scott’s bluing solution was applied to each 

slide for 30 seconds, then slides were dehydrated in series of ethanol then incubated in 

xylenes for 5 minutes. Slides were then coverslipped using Invitrogen Histomount 

(Invitrogen Life Sciences, Grand Island, NY).  Slides were imaged in the Duke 

Microscopy Core Facility with a Zeiss AxioObserver (Zeiss, Thornwood, NY) complete 

with imaging software analysis package. A board certified surgical pathologist 
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completed scoring of slides in a blinded manner. Staining intensity was graded on a 

qualitative scale (little to no staining [negative], borderline, and highly positive). 

2.16 Human breast tumor xenograft studies 

For all studies all experiments were performed in accordance with the Duke 

University International Animal Care and Use Committee. In Chapter 3, female nude 

mice were obtained from a breeding colony maintained at the Cancer Center Isolation 

Facility at Duke University. SUM149, vector control (FG9/FG12), wtXIAP, shXIAP, and 

+XIAP cells (5x106 cells) were suspended in 50 µl PBS and 50 µl Matrigel and injected 

orthotopically, with a 28-gauge needle, into the fourth mammary fat pad, in two 

separate studies. Mice were monitored twice weekly and tumor volume measured using 

the formula V = (L ×W2)/2 where L is the length and W is the width of the tumor. Tumor 

doubling time was found by fitting a nonlinear regression model to the tumor volumes 

in GraphPad Prism. Mice were euthanized when tumors reached a humane endpoint of 

~1500mm3, at the first sign of morbidity, or at end of study. Tumors were removed, and 

tissue harvested for RNA and western immunoblot analysis. In Chapter 4, female 

CB17.SCID (stock number: 001803) mice were purchased from Jackson Labs (Bar Harbor, 

ME). SUM149, rSUM149, and wtXIAP cells (5x106) were suspended in 50 µl PBS/50 µl 

Matrigel and implanted orthotopically into the fourth mammary fat pad. Once tumors 

were palpable (50-60 mm3), mice were randomly assigned to treatment groups: 

cetuximab (200 µg/mouse 2x/week) or trastuzumab (100 µg/mouse 1x/week). Animals 
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were treated daily via intraperitoneal injection, and tumor volume measured using the 

formula V = (L ×W2)/2 where L is length and W is width of the tumor.  

2.17 Statistical analysis 

The statistical analyses were conducted using GraphPad Prism (GraphPad 

Software, Inc.) student’s 2-tailed t-test, Fisher’s exact test, one-way ANOVA, two-way 

ANOVA and Mantel-Cox log-rank test when necessary. Differences were considered 

significant at p < 0.05. 
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3. Investigation of the role of XIAP and identification 
of functional partners in IBC pathogenesis 

3.1 Introduction 

Inflammatory breast cancer (IBC) is the most lethal and metastatic variant of all 

subtypes of breast cancer (434,437). Further, unlike other breast cancers, IBC has a short 

latent period of progression and usually no solid mass or lump can be felt during a 

breast exam or spotted during mammography. Despite the use of multimodal treatment 

regimens that include chemotherapy, radiation and targeted therapies and that aim at 

inducing apoptosis in proliferating cancer cells, IBC patients present with a significantly 

elevated risk (10-15%) of tumor relapse (438), a higher incidence of recurrence (~65% 

compared to <50% for non-IBC), and poor long term survival outcomes (439-441)  

Gene expression studies in pretreatment patient tumors have attempted to define 

differences in IBC patients (434), and reveal, in particular, a highly activated NFκB 

transcriptional profile associated with increased proliferation and estrogen receptor 

negativity in IBC primary tumors compared to other locally advanced breast cancers 

(24,26,64,69). In addition, our recent study has identified an oxidative stress metagene 

enriched in NFκB target genes to be highly expressed in IBC patient tumor samples 

when compared to not only normal breast but also to molecular subtype matched non-

IBC tumors (413). Although these findings have improved our understanding of IBC, the 

molecular mechanisms underlying NFκB activation and its role in contributing to the 

hyperproliferative and cell death-resistant phenotype of IBC cells is not well 
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understood, leading to an unmet challenge for the development of effective targeted 

therapies.  

We have previously reported that IBC cells overexpress an anti-apoptotic 

protein, the X-linked inhibitor of apoptosis protein (XIAP), as an adaptive mechanism 

for survival in the presence of cellular stress/death stimuli (156,418). XIAP is a member 

of the inhibitor of apoptosis (IAP) family and considered the most potent mammalian 

caspase inhibitor (442). Additionally, we identified that increased XIAP expression in 

IBC cells exhibiting resistance to therapy-mediated apoptosis was not due to enhanced 

transcription or protein stability, but was modulated at the translational level via the 

internal ribosome entry sites (IRES) element in the 5’UTR of XIAP mRNA. This is of 

significance as IBC patient tumors have been observed to overexpress the translation 

initiation factor eIF4G1 (46). eIF4G1 plays a key role in the protein synthesis machinery 

and can mediate increased translation of IRES-containing mRNAs, such as XIAP, as an 

adaptive mechanism of cell survival (443). Interestingly, a recent report identifies a link 

between eIF4G1 and MAPK pathway in IRES-mediated translation (444). Recent 

evidence now suggests that XIAP, in addition to its classical caspase binding function, 

acts as a signaling mediator of key survival pathways (445,446), including NFκB. We 

therefore investigated the mechanistic role of XIAP in promoting a hyperproliferative 

phenotype in IBC. We report that targeting MAPK pathway signals (specifically MEK 

and Mnk) and downstream eIF4G1 downregulates XIAP expression. Using in vitro and 
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in vivo IBC preclinical models, we reveal that XIAP drives activation of NFκB and its 

target genes leading to enhancement of tumor growth. This is supported by the 

observation of high XIAP expression in IBC patient tumor samples. In addition, a 

peptide that targets XIAP interaction and downstream TAB1:IKKβ-dependent 

mechanism NFκB activation caused decreased anchorage independent growth and 

increased sensitivity to therapeutic apoptosis. 
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3.2 Results 

3.2.1 XIAP translation is regulated by MAPK signaling in 

IBC cells 

Based on our identification of increased XIAP IRES mediated translation in 

apoptotic resistance in IBC cells (156) and a recent study identifying MAPK signaling 

in potentiating IRES-mediated protein translation of viruses (444), we sought to 

investigate the influence of this pathway on XIAP expression in IBC. As EGFR/HER2 

overexpression and subsequent ERK activation is frequently observed in IBC patient 

tumors, we employed two patient-derived IBC cell lines: SUM149 – a basal type with 

EGFR overexpression and SUM190 – a HER2 overexpressing (only two untreated 

representative models that are considered true IBC-like).  We targeted the MAPK 

pathway in these cells using two small molecule inhibitors: U0126/MEKi (antagonist of 

the MAPKKK, MEK) and CGP57380/Mnki (a selective inhibitor of the MAPK, Mnk) 

leading to decreased ERK and eIF4E phosphorylation, respectively (Figure 3.1). 

Targeting MEK also decreased downstream eIF4E phosphorylation, while CGP57380 

treatment decreased ERK phosphorylation, most likely due to a feedback loop. 

Furthermore, targeting both MEK and Mnk led to decreased XIAP expression in both 

SUM149 and SUM190 and also led to an inhibition eIF4G1 expression.  
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Figure 3.1 Targeting the MAPK pathway decreases eIF4G1 and XIAP expression in 

parental IBC cells 

Western immunoblot expression of ERK and eIF4E phosphorylation as well as eIF4G1 

and XIAP expression in SUM149 (left) and SUM190 (right) cell lines treated with vehicle, 10  µM 

Meki (U0126), or 10 µM Mnki (CGP57380).   
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To further evaluate the role of MAPK signaling in regulating XIAP expression in 

cells adapting to stress stimuli, we tested the MAPK antagonists in a drug resistant IBC 

cell line variant of SUM149 (rSUM149), which exhibit sustained MAPK activation and 

increased IRES-mediated XIAP expression (156,418). Similar to untreated cell lines, 

targeting the MAPK pathway in rSUM149 cells leads to decreases in ERK and eIF4E 

phosphorylation and also XIAP and eIF4G1 expression (Figure 3.2A). Additionally, 

targeting the MAPK pathway sensitized the rSUM149 cells to the classical apoptosis 

inducer, TNF-related apoptosis inducing ligand (TRAIL) (Figure 3.2B); we previously 

reported TRAIL sensitivity to be dependent on XIAP expression in IBC (419).  
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Figure 3.2 Targeting the MAPK pathway decreases XIAP expression and sensitizes to 

TRAIL treatment 

A) Western immunoblot analysis of phospho- and total ERK, phospho- and total eIF4E, 

eIF4G1, and XIAP in cells treated with vehicle or 10 µM U0126 (MEKi) or 10 µM CGP57380 

(Mnki). Number represent densitometric analysis. B) Cell viability of rSUM149 cells treated with 

vehicle or 10 µM U0126 (MEKi) or 10 µM CGP57380 (Mnki), alone or in combination with TRAIL. 

Bars represent mean±SEM viable cells taken as a percentage of total cell number (n=2-4, *p<0.05). 
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Directly targeting eIF4G1 through RNAi also led to decreased XIAP expression 

and increased apoptotic sensitivity to TRAIL (Figure 3.3). This XIAP decrease was 

specific as there was no decrease in cIAP2, a related IAP family member whose 

translation is not IRES-dependent. This work was part of the projects and 

undergraduate thesis of Courtney Edwards and M. Arianna Price in Dr. Devi’s 

laboratory at Duke University and is included with permission from mentor and 

authors. Taken together, these results suggest that MAPK signaling via the protein 

translational pathway can regulate XIAP protein induction and apoptotic sensitivity in 

IBC cells. 
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Figure 3.3 eIF4G1 silencing decreases XIAP expression in parental SUM149 cells and 

enhances sensitivity to TRAIL in resistant rSUM149 

A) Western immunoblot analysis of eIF4G1, XIAP, and cIAP2 in SUM149 cells transfected 

with control vector or eIF4G1 shRNA. Numbers represent densitometric analysis. B) Cell viability of 

rSUM149 cells transfected as indicated and treated with TRAIL. Symbols represent mean±SEM 

viable cells taken as a percentage of total cells (n=2-3).   
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3.2.2 High XIAP expression correlates with increased 

expression of a proliferative cluster of genes 

Based on our above data showing regulation of XIAP levels by MAPK signaling, 

we evaluated XIAP protein expression in IBC patient tumor samples using a panel of 

breast tissue microarrays from three cohorts that included benign and malignant breast 

tissues from IBC and non-IBC patients (described in Chapter 2). Positive cytoplasmic 

staining of XIAP was selectively identified in the IBC infiltrating primary tumor samples 

and invasive breast tumors compared to normal tissue, low grade, and benign breast 

samples (Figure 3.4 and Table 3.1). Most importantly, IBC tumor cell clusters, or tumor 

emboli, which are a distinct histopathological hallmark of all IBC tumors and postulated 

to be a critical feature in increased invasion and IBC metastatic progression, showed 

positive XIAP staining (8/13 IBC patient samples in which we could visualize multiple 

tumor emboli). This work was part of projects conducted in by Arjun J. Arora, student 

intern at Duke Cancer Institute, and Charlotte Rypens, graduate student at University of 

Antwerp, in collaboration with World IBC collaboration and is included with Mentor 

and Authors permission. These results collectively reveal a potential correlation between 

high XIAP expression and aggressive characteristics of advanced breast cancer cells like 

IBC, which are already Stage III or higher at diagnosis.  
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Figure 3.4 XIAP expression in normal tissue, advanced breast cancer (non-IBC), and IBC  

Representative images of tissue stained for XIAP: (i, v) negative staining, (ii, vi) borderline positive staining, and (iii, vii) high 

positivity; of normal breast duct (iv) and normal breast lobule (viii); and of high XIAP expressing IBC infiltrating tumors (ix-xii): IBC tumor cell 

clusters (ix,x,xii) and IBC tumor emboli (xi).                               
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 Table 3.1 Results of XIAP staining of tumor tissue from 3 cohorts  

 

 

 

 Cohort 1 Cohort 2 

 

Cohort 3 Combined 

 Negative  Positive  Negative  Positive  Negative  Positive  Negative  Positive  

Grade     

1,2 27 23 44 18 0 1 71 42 

3 3 11 23 22 1 10 27 43 

p-value 0.0378 0.0442 1.0000 0.0022 

Stage     

1, 2 28 25 39 22 1 7 68 54 

3, 4 1 6 1 5 0 2 2 13 

p-value 0.1043 0.0353 1.0000 0.0021 

Molecular 

Subtype 

    

TNBC 4 9 3 8 0 3 7 20 

Other Types 25 25 47 27 1 8 73 60 

p-value 0.3494 0.0447 1.0000 0.0103 
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3.2.3 XIAP drives constitutive NFκB activity in IBC cells 

Comparative gene expression analysis of IBC and non-IBC patient tumor 

samples have suggested that enhanced MAPK signaling in IBC tumors is a potential link 

between EGFR/HER2 overexpression and increased NFκB activity in patient tumors 

(26). However, the molecular mechanisms underlying this link in IBC tumor cells are 

unknown. Our aforementioned data reveals the role of the MAPK pathway in mediating 

XIAP overexpression and therefore we wanted to evaluate the effect of XIAP 

overexpression on NFκB activation in IBC cells, as XIAP has been previously linked to 

NFκB both as a transcriptional target and an activator (447). We specifically 

overexpressed and knocked down XIAP in SUM149 cells, a patient primary tumor-

derived cell line prior to any treatment and considered the only true IBC-like model of 

triple negative, basal type with EGFR activation (414). Validation of XIAP expression 

level (Figure 3.5A) and function (measured by caspase activation and cell viability post-

TRAIL administration) are shown in Figure 3.5B.  
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Figure 3.5 Validation of XIAP expression and function in XIAP modulated cell lines 

A) Western immunoblot analysis of XIAP expression in FG12, shXIAP, FG9, wtXIAP, 

shXIAP+FG9, and shXIAP+wtXIAP cells. B) Cell viability (left axis, whit e bars) and caspase 

activity (right axis, black bars) of indicated cell lines after administration of 50 ng/mL TRAIL. For 

viability, bars represent mean±SEM viable cells taken as a percentage of total cell number (n=2 -3). 

For caspase 3/7 activity, bars represent mean±SEM fold change normalized to untreated (n=2-3). 

All modulated cell lines significant to control vector. 
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Data in Figure 3.6A show an increase in basal nuclear staining of the p65 subunit 

of NFκB in XIAP overexpressing cells, while knockdown of XIAP showed increased 

cytoplasmic localization compared to their respective controls (FG9 for wtXIAP and 

FG12 for shXIAP). We also noted slight changes in total p65 staining in XIAP-modulated 

cells, which is expected as p65 is a target of itself. To further support the claim that XIAP 

knockdown alters p65 localization, we used an siRNA against XIAP which yielded 

similar results (data not shown).  To confirm this, we restored XIAP expression by 

introduction of an shRNA-resistant, full length XIAP in shXIAP cells (+XIAP) and 

observed an increase in NFκB nuclear translocation when compared to vector control 

(+FG9). Subcellular fractionation of cells revealed increased nuclear p65 expression in 

wtXIAP cells and no nuclear p65 in shXIAP cells compared to vector control. Similar to 

above reintroduction of XIAP into the shXIAP background increased p65 nuclear 

expression, while the empty vector had no effect (Figure 3.6B). Transcriptional activity 

of NFκB was confirmed by qPCR analysis of multiple NFκB target genes revealing 

significantly increased target gene expression in wtXIAP cells and decreased expression 

in XIAP depleted cells (Figure 3.6C).  
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Figure 3.6 Modulation of XIAP expression alters NFκB localization and 

transcriptional activity 

A) Representative immunofluorescence images for p65 in indicated cell lines. Single color 

images were merged (right panels) with p65 shown in red and DAPI shown in blue, 

Magnification: 40x. Scale bar = 25 µm. B) Western immunoblot for p65 of nuclear lysates from a 

subcellular fractionation. Histone H3 as control. C) Quantitative PCR analysis of indicated NFκB 

target mRNAs in FG9 (white bars), wtXIAP (gray bars), FG12 (white striped bars) and shXIAP 

(black bars) cells. Bars represent mean±SEM calculated by the 2 -ΔΔCt method in fold compared to 

SUM149 (n=2, *p<0.05 **p<0.005 compared to control). 
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To further characterize the transcriptional pattern associated with XIAP-

mediated activation of NFκB, we evaluated the expression of >30 previously validated 

NFκB targets observed to be higher in IBC than non-IBC patient tumors (65) by 

microarray analysis in control SUM149, wtXIAP, and shXIAP cells. Unsupervised 

analysis clustered NFκB target gene expression profiles from SUM149 and wtXIAP 

together, with branch length being much shorter between SUM149 and wtXIAP, than 

SUM149 and shXIAP. A significant reduction of transcripts associated with cytokine 

signaling (CXCL8, IL1A, IL1B, FAS), inflammation (IRF2, PSMA2, PSMB9), and 

proliferation/tumor promotion (TNC, CCND1, CSF1, ENG) were noted in the shXIAP 

cells (Figure 3.7A). This corresponded to a high average expression of NFκB target genes 

in SUM149, with an increase in wtXIAP samples and a dramatic decrease in shXIAP cells 

(Figure 3.7B, left). This paralleled with a significant increase in expression in shXIAP 

samples for genes that are normally repressed by NFκB (Figure 3.7B, right). Figure 3.7C 

shows confirmation of this pattern of NFκB activation by quantitative PCR. Taken 

together, these data show not only that XIAP expression is critical for basal NFκB 

activation in an IBC cell line, but also that the level of XIAP expression can alter the 

pattern of NFκB activity and signaling associated with the hyperproliferative phenotype 

observed in IBC tumors. 
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Figure 3.7 XIAP expression is necessary for expression of and IBC-specific NFκB 

signature in parental SUM149 cells 

A) Heatmap of normalized gene expression for NFκB targets (genes listed on right) in 

indicated cell lines. B) Boxplots corresponding to genes induced (top) and repressed (bottom) by 

NFκB in SUM149 (red box), shXIAP (green box), or wtXIAP (blue box) cells. C) Quantitative PCR 

analysis of indicated NFκB target mRNAs in SUM149 (white bars), wtXIAP (black ba rs), and 

shXIAP (gray bars) cells. Bars represent mean±SEM calculated by the 2 -ΔΔCt method in fold 

compared to SUM149 (n=2). 
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3.2.4 High XIAP expression correlates with increased 

expression of a proliferative cluster of genes 

 We conducted a global analysis of the effects of XIAP overexpression on the 

transcriptomic landscape in IBC (i.e. SUM149 cells). GSEA analysis revealed a network 

of gene sets associated with XIAP over-expression (Figure 3.8A) including: high grade 

breast cancer (448), estrogen stimulated breast cancer in vitro (449), cervical cancer 

proliferation (450), cell cycle and radiation (451), markers of neuronal stem cell 

maintenance (452) and oligodendrocyte (453) and adipocyte (454) differentiation, and 

several gene sets related to primary and effector CD4 and CD8 T-cells (455,456). GNF 

expression atlas ontologies revealed a network of genes related to CDC2 (cyclin-

dependent kinase 1), CENPF (centromere protein F), PCNA (proliferating nuclear cell 

antigen), RRM1 (ribonucleotide reductase M1), CCNA2 (cyclin A2), and SMC4L1 

(structural maintenance of chromosomes-like 1). Selected GSEA plots are shown in 

Figure 3.8B. These data further suggest a possible relationship between XIAP and 

pathways normally associated with proliferation.  
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Figure 3.8 XIAP expression correlates with proliferative gene expression 

A) Network graphic representative of GSEA analysis of XIAP overexpression as 

compared to low XIAP samples. B) Selected enrichment plots from our GSEA analysis.  
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3.2.5 Expression of XIAP correlates with an IBC-specific 

gene signature and is essential for in vivo tumorigenesis 

We next assessed the potential of SUM149 cells with differential XIAP expression 

to alter tumor growth in an orthotopic mammary fat pad xenograft murine model.  

XIAP modulation had no significant effect on proliferation rates of cells in culture (data 

not shown). Data in Figure 3.9A, however, show that while initially all mice formed 

tumors at similar time points, the growth in animals bearing wtXIAP cells was 

significantly increased compared to vector control cells (doubling time – 6.9 days-

wtXIAP, 10.3 days-vector controls). In contrast, although shXIAP tumors grew to 

palpability, most of them either regressed (10/12) or did not increase in size compared to 

vector control tumors in the study period. For presentation purposes FG9 and FG12 

were combined in Figure 3.9A as they had similar growth kinetics. Representative 

pictures from tumor bearing mice are shown in Figure 3.9B. Tumor growth related 

statistical analysis for all animals in these studies are presented in Table 3.2. In addition, 

robust tumor growth, similar to wtXIAP, was observed in mice implanted with XIAP 

reconstituted shXIAP cells (+XIAP) revealing the necessity for XIAP expression. 
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Figure 3.9 XIAP expression is necessary for in vivo tumor growth of IBC cells 

A) Tumor growth curves of SUM149 (open square), vector control (open circle), wtXIAP 

(closed square), shXIAP (open diamond), and +XIAP (closed diamond) xenografts implanted 

orthotopically in nude mice. B) Representative images of mice implanted with tumors as 

indicated. Image on left is from approximately mid-way through the study, while image on right 

is at endpoint. 
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Table 3.2 Statistics of mice used in XIAP modulation in vivo studies 

Group (n) Mouse weight 
(g) 

# animals with 

tumors 
Tumor doubling 

(days) 

 
starting ending 

  
SUM149 (6) 21.2±0.63 21.4±0.91 6/6 10.3±3.12 

vector control 

(FG9/FG12) (12) 23.8±0.26 24.7±0.67 10/12 9.0±3.25 

wtXIAP (12) 19.8±0.32 21.7±0.32 11/12 6.9±1.86 

shXIAP (12) 19.8±0.31 22.3±0.07 2/12 N/A (lag phase) 

+XIAP (6) 19.6±0.53 21.1±0.45 6/6 8.3±1.78 

 

Tumor burden was determined by dividing tumor weight by final mouse weight; tumor 

doubling time was found by fitting a nonlinear regression model to tumor volumes in GraphPad 

Prism. 
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Based on our evidence of altered proliferation rates in vivo, but not in vitro we 

wanted to investigate if XIAP had a role in modulating cancer stem-like characteristics 

[observed to be high in IBC cells and patient tumors (457)] and cancer cell motility that 

could support the tumor growth observations. Data in Figure 3.10 show that while 

overexpression of XIAP (wtXIAP) increases the proportion of ALDH+ cells (enzymatic 

marker of cancer stem-like cells), XIAP-silenced (shXIAP) cells have very low ALDH+ 

numbers. Similar to NFκB expression analysis, reconstitution of XIAP expression in the 

shXIAP cells (+XIAP) showed re-emergence of high numbers of ALDH+ cells. ALDH 

activity has been shown to be dependent on NFκB activity in basal-like cells (458) and 

targeting of NFκB in wtXIAP cells decreases the ALDH population further showcasing 

the role of XIAP-mediated NFκB activation in CSC maintenance. 
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Figure 3.10 Modulating XIAP expression alters number of ALDH+ cells and is 

dependent on NFκB signaling 

Flow cytometric analysis for  aldehyde dehydrogenase (ALDH) activity in cell lines 

indicated. For NFκB inhibition, wtXIAP cells were treated with 100 µM NFκB i (JSH-23). Bars 

represent mean±SEM of ALDEFLUOR+ve cells as a percentage of the total number of cells 

analyzed, n=2-3. 
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Measuring cellular motility using the in vitro wound healing assay showed that 

wtXIAP cells were able to almost completely close the wound in 48 h, while shXIAP cells 

had a significant portion of the scratch unfilled (Figure 3.11). Additionally, restoration of 

XIAP expression in the XIAP silenced cells reestablished migratory capacity to a level 

similar to parental cells. 
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Figure 3.11 XIAP expression strongly correlates with migratory capacity in IBC cells 

Analysis of cellular motility/wound healing in SUM149, shXIAP, wtXIAP, and +XIAP 

cells. Bars represent % open wound area at indicated time points as analyzed by Tscratch  

program as described in Chapter 2 (n=2, *p<0.05 #p<0.001). 

  



 

121 

Next, to evaluate the clinical relevance of XIAP expression, we applied an IBC-

specific 79-gene set that was identified from an integrative analysis of the largest set of 

untreated IBC patient tumors obtained from the World IBC Consortium when compared 

to stage and subtype-matched non-IBC tumors and normal breast samples (21) to the 

XIAP modulated SUM149 cells. Data in Figure 3.12 confirm that SUM149 cells are highly 

IBC-like with an average posterior probability (similarity) of 44.7% and XIAP 

overexpressing (wtXIAP) cells also show an increase in the posterior IBC probability (i.e. 

51.5%). More importantly, knock down of XIAP completely abolishes any resemblance 

of the SUM149 gene expression profile to the 79-gene IBC patient gene signature (i.e. 

0.05%).  
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Figure 3.12 XIAP expression correlates with an IBC patient gene signature 

Application of the IBC-specific 79 gene signature to the expression data from SUM149, 

wtXIAP and shXIAP cells. The figure shows, in boxplot format, the posterior IBC probability on 

the Y-axis for all samples including: patients with IBC (red, positive control), patients with non -

IBC (moss green, negative control), SUM149 cells (green), wtXIAP (blue) and shXIAP (purple). 
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3.2.6 XIAP expression alters the transcriptomic landscape 

of primary tumors, correlating with high NFκB activation 

We further compared the gene expression profiles of SUM149 and XIAP-

overexpressing primary tumors, identifying 933 differentially expressed genes. Gene 

ontology analysis revealed biological processes of transcription 

(GO:0045893/GO:1903508), RNA biosynthesis (GO:1902680), protein metabolism 

(GO:0051247), and cellular metabolic processes (GO:0031325) among others.  

Expression2Kinases (E2K) analysis revealed that this gene list was enriched for target 

genes of two transcription factors of the NFκB family (i.e. RELA and NFκB1). A heatmap 

of these target genes is shown in Figure 3.13A. In addition to target gene enrichment 

analysis, E2K also builds a protein-protein interaction (PPI) network that summarizes all 

signal transduction pathways that can theoretically explain observed gene expression 

differences between samples. The PPI network was analyzed for enriched pathways 

using the Reactome FI plugin in Cytoscape, and identified a subnetwork regulating 

NFκB activity, which is shown in Figure 3.13B.  
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Figure 3.13 XIAP overexpressing tumors exhibit extensive activation of NFκB 

signaling 

A) Heatmap of 933 differentially expressed identified between SUM149 and wtXIAP 

primary tumors. B) Subnetwork of the PPI network identified by E2K to regulate the gene 

expression profile identified by comparing SUM149 and wtXIAP primary tumors - transcription 

factors (red), activating kinases (green), and cytoplasmic signal transduces (yellow). The size of 

the nodes relates to the number of interactions each node has within the PPI network. 
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These data were further confirmed by qPCR analysis which revealed increased 

expression of NFκB target genes (NFKB1, MYC, and TNFAIP3) in wtXIAP and +XIAP 

tumors, while shXIAP tumors showed a loss of these transcripts (Figure 3.14A). Western 

immunoblot analysis of both wtXIAP and +XIAP tumors that showed enhanced 

activation of the nuclear transcription factor, NFκB (phospho-p65), and increased 

expression of known NFκB targets - anti-apoptotic protein Bcl-2, and antioxidant, SOD2 

(Figure 3.14B). 
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Figure 3.14 XIAP overexpressing primary tumors have high expression of NFκB target 

genes and proteins 

A) Quantitative PCR analysis of indicated NFκB target mRNAs in FG9 (white bars), 

wtXIAP (gray bars), +XIAP (black bars) FG12 (white striped bars) and shXIAP (gray st riped bars) 

tumors. Bars represent mean±SEM calculated by the 2 -ΔΔCt method in fold compared to FG9 (n=2). 

B) (Top) Immunoblot analysis of xenografts harvested at end of study. Representative blots shown. 

(Bottom) Densitometric analysis of multiple xenografts normalized to GAPDH. Data represent 

mean±SEM for arbitrary OD units relative to SUM149, n= 3-5. *p<0.05, **p<0.005, #p<0.001. 
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3.2.7 XIAP activates NFκB through a TAB1:IKKβ-

dependent mechanism 

Based on the aforementioned data showing the ability of XIAP to drive NFκB 

activity in IBC cells and in vivo tumors, we sought to investigate the underlying 

mechanism. Data in Figure 3.15 reveals that XIAP downregulation (shXIAP) in SUM149 

cells disrupts the formation of a TAB1, TAK1 and IKKβ complex demonstrated by a loss 

of IKKβ pulldown with TAB1, a mechanism identified to be key in NFκB activation 

(276,277). Additionally, XIAP restoration in the shXIAP cells led to normal TAB1:IKKβ 

complex formation. Evaluation of p-IκBα levels in whole cell extracts showed 

insignificant phosphorylation in shXIAP cells, while re-expression of XIAP significantly 

increased p-IκBα levels. These experiments suggest that constitutive activation of NFκB 

is driven in a TAB1:IKKβ-dependent manner contingent on XIAP expression in IBC 

cells. 
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Figure 3.15 Silencing XIAP reduces binding of TAB1 and IKKβ in IBC cells 

decreasing IκBα phosphorylation  

Immunoblot analysis for IKKβ of detergent -solubilized whole-cell extracts 

immunoprecipitated with either a TAB1 antibody or rabbit IgG as control. Whole-cell extracts 

were probed for p-IκBα, IKKβ, TAB1, XIAP, and GAPDH as indicated. 
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To further interrogate the role of XIAP BIR1 domain in XIAP-NFκB interaction in 

IBC cells, we first transfected shXIAP cells with a mutant XIAP construct previously 

shown to abrogate NFκB activation. Transfection of a V80D point mutant of XIAP, 

which antagonizes BIR1-TAB1 binding, yielded no increase in nuclear localization of 

p65, whereas both the full length and RING domain mutant (F495A) increased nuclear 

localization (Figure 3.16), confirming previously published data (276).  
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Figure 3.16 Mutation of the oligomerization domain of XIAP inhibits NFκB nuclear 

translocation 

A) Immunoblot analysis of XIAP expression in shXIAP cells transiently transfected with 

XIAP expressing constructs as indicated. Numbers represent densitometric analysis. B) 

Representative immunofluorescence images for p65 in shXIAP cells transiently transfected with 

indicated constructs. Single color images were merged with p65 shown in red and DAPI shown 

in blue, Magnification: 40x. 
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Next, we targeted the XIAP:TAB1 interaction using a small peptide, modeled 

after the NRAGE protein, which had previously been reported to block XIAP:TAB1-

driven NFκB activation in P19 neural progenitor cells (424). We first noted that XIAP-

overexpressing wtXIAP cells exhibit increased phosphorylation of p65 when compared 

to FG9 vector cells which leads to increased expression of NFκB target, Bcl-2. Treatment 

of these cells with a sublethal dose of NRAGE in combination with a cargo transporter 

(EndoPorter) leads to a decrease in p65 phosphorylation and also a slight decrease in 

total p65 levels. This correlates with decreased Bcl-2 expression, while SUM149 cells 

showed no change in expression (Figure 3.17A). We also tested the ability of NRAGE to 

decrease NFκB phosphorylation in rSUM149 cells, which have endogenously increased 

XIAP expression and NFκB activation. NRAGE administration had a similar effect in 

this cell line as in wtXIAP. Figure 3.17B reveals increased cytoplasmic detection of p65 in 

wtXIAP cells treated with NRAGE as phosphorylation of p65 is necessary for its nuclear 

localization. These changes in phosphorylation and nuclear accumulation mediated by 

NRAGE administration correlated with decreased transcriptional activity of NFκB as 

measured by target gene expression (Figure 3.17C). Taken together, these results 

support the role of XIAP and in particular its BIR1 domain in the functional partnership 

between XIAP and NFκB in potentiating the hyperproliferative IBC phenotype.  
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Figure 3.17 Administration of NRAGE peptide can decrease NFκB phosphorylation 
and downstream signaling in IBC cells 

A) Western immunoblot analysis of phospho- and total p65 and Bcl-2 in indicated cells 

treated with EndoPorter alone (-) or 1 µM NRAGE peptide+EP (+). Numbers represent densitometric 

analysis. B) Immunofluorescence images of SUM149 and wtXIAP cells treated with EndoPorter 

(EP alone) or +1 µM NRAGE+EP (NRAGE). Magnification: 40x. C) Quantitative PCR analysis of 

indicated NFκB target mRNAs in indicated cell lines treated with EP alone or 1 µM NRAGE+EP 

Bars represent mean±SEM calculated by the 2-ΔΔCt method in fold compared to FG9 (n=2 , 

**p<0.005 #p<0.001). 
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3.2.8 Targeting the XIAP:TAB1 interaction with NRAGE 

decreases AIG and reverses resistance to an EGFR 
kinase inhibitor 

In order to evaluate the therapeutic potential of targeting XIAP-BIR1 activity, we 

tested NRAGE for its efficacy in inhibiting anchorage independent growth (AIG), an 

assay considered to be a reasonably good predictor of efficacy in preclinical models and 

a surrogate for in vivo analysis of therapeutic compounds. We noted increased colony 

formation in wtXIAP and rSUM149 cells compared to control cell lines, similar to in vivo 

data. We observed a dose-dependent decrease in growth of NRAGE treated wt ctr, 

wtXIAP, and rSUM149 cells (Figure 5E). Of note, colonies of NRAGE treated cells were 

slightly larger than vehicle treated counterparts, while overall number was lowered.  
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Figure 3.18 NRAGE treatment decreases anchorage-independent growth in a dose-

dependent manner 

Anchorage-independent growth assay of cells treated with EndoPorter (EP alone) or 

NRAGE peptide+EndoPorter. Bars represent mean±SEM colonies formed in soft agar as a 

percentage of untreated (n=3, **p<.005 compared to EP alone).  Representative images shown below. 
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Next we tested NRAGE in combination with the dual EGFR/HER2 tyrosine 

kinase inhibitor, lapatinib, widely used in IBC therapy due to its ability to decrease 

tumor cell survival by inhibiting EGFR-MAPK mitogenic signaling and also recently 

reported to downregulate NFκB phosphorylation in breast cancer cells (109). Our 

studies and others have previously reported the rapid development of resistance to 

EGFR inhibitors including lapatinib due to increased anti-apoptotic signaling (459) and 

in particular, XIAP overexpression as observed in rSUM149 and wtXIAP cells (156). As 

shown in Figure 3.19, although rSUM149 cells exhibit decreased EGFR phosphorylation, 

they have sustained phospho-ERK and phospho-NFκB along with increased XIAP 

expression compared to parental SUM149 cells and the lapatinib-sensitive revertant 

rrSUM149 cells [generated by removing lapatinib from the resistant cells (418)]. 

Similarly, lapatinib treatment in wtXIAP cells does not lead to decreased NFκB 

phosphorylation compared to parental lapatinib sensitive SUM149 cells and shXIAP, 

which similar to the above mentioned data have insignificant phosphorylation of p65 

even under basal conditions (Figure 3.19B). 
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Figure 3.19 XIAP overexpression blocks the NFκB inhibitory effects of EGFR TKI, 

lapatinib 

A) Immunoblot analysis of EGFR, ERK, and NFκB phosphorylation and XIAP expression 

in SUM149, rSUM149, and rrSUM149 cells. GAPDH as loading control. B) Immunoblot analysis 

of NFκB phosphorylation and target expression in SUM149, wtXIAP, and shXIAP cells untreated 

or treated with 7.5 µM lapatinib. GAPDH as loading control. 
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Furthermore, NRAGE peptide treatment potentiated the effects of lapatinib in all 

three cell lines, reversing resistance in rSUM149 and wtXIAP cells and further 

decreasing AIG in SUM149 cells.  Data in Figure 3.20 show that lapatinib causes ~40% 

inhibition in AIG of SUM149 cells compared to no inhibition at all in wtXIAP and 

rSUM149 cells. These results collectively identify the potential of developing BIR1 

domain antagonists that can target the XIAP-NFκB interaction and/or signaling to 

potentiate therapeutic apoptosis and overcome drug resistance in IBC cells. 

Taken together, these data reveal the potential of developing BIR1 domain 

antagonists that can target the XIAP-NFκB interaction and/or signaling to potentiate 

therapeutic apoptosis and overcome drug resistance in IBC cells. 
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Figure 3.20 NRAGE treatment sensitizes resistant wtXIAP and rSUM149 cells to 
lapatinib 

Anchorage-independent growth assay of cells treated with vehicle, lapatinib alone or in 

combination with 100 nM NRAGE peptide+EndoPorter. Bars represent mean±SEM colonies 

formed in soft agar as a percentage of untreated (n=2-3, #p<.001 lapatinib compared to vehicle & 

NRAGE+lapatinib compared to lapatinib alone).  Representative images shown below. 
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 Transcriptomic analysis of three independent cultures of the rSUM149 

lapatinib-resistant (endogenous high XIAP expression) and the rrSUM149 lapatinib-

sensitive cells (decreased endogenous XIAP) demonstrate increased expression of genes 

related to: 1) the NIK/NFκB cascade and 2) MAPK regulated genes during apoptosis 

induction (Figure 3.21) in rSUM149 as compared to both SUM149 and rrSUM149. This is 

similar to the correlation between high XIAP expression and increased proliferative and 

NFκB gene signatures as described in our abovementioned results with the XIAP 

modulated IBC variants, supporting the role of XIAP in conferring survival benefits to 

IBC cells. 
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Figure 3.21 Lapatinib resistance correlates with increased expression of genes related 

to NFκB and MAPK 

Boxplots corresponding to genes regulated by NIK/NFκB (left) and by MAPK (right) in 

SUM149 (red), rSUM149 (blue), rrSUM149 (green). 



 

141 

3.3 Discussion 

The key findings of the current study provide new insights into the important 

role of XIAP as a mechanistic link between the observed hyperactivation of MAPK and 

NFκB pathways in IBC patient tumors and preclinical models. Our studies identify that 

the MAPK pathway, specifically ERK and Mnk, have the ability to modulate XIAP 

protein expression in estrogen negative IBC cells with EGFR activation or HER2 

overexpression, most common molecular subtypes in IBC patients. Furthermore, we 

demonstrate that XIAP expression is necessary for the constitutive activation of the 

NFκB pathway associated with IBC. This is mediated by coupling of the XIAP BIR1 

domain with TAB1/TAK1:IKKβ signals leading to downstream NFκB transcriptional 

activity, corresponding with increased proliferation and resistance to therapeutic 

apoptosis. Most importantly, we demonstrate for the first time that this XIAP-NFκB axis 

directly correlates with tumor growth rate in vivo, thereby revealing a functional 

necessity for XIAP expression during IBC tumor progression (Figure 3.22).  
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Figure 3.22 Schematic of MAPK pathway-mediated XIAP translation induction and 

subsequent NFκB activation 

Activation of the epidermal growth factor by exogenous ligand can lead to 

phosphorylation of the kinase, ERK. ERK in turn phosphorylates its substrate Mnk leading to 

enhanced translation of the X-linked inhibitor of apoptosis protein (XIAP) through an IRES-

mediated mechanism. The BIR1 domain of XIAP facilitates a physical interaction with the TGFβ-

associated binding protein, TAB1, and its cognate kinase, TAK1. This binding event leads to the 

phosphorylation of the NFκB activation kinase, IKKβ, which goes on to induce the degradation of 

IκBα, allowing NFκB to translocate to the nucleus and increase target gene expression. In IBC 

cells, these target genes modulate proliferation, tumorigenesis, therapeutic resistance, and disease 

progression. 
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The X-linked inhibitor of apoptosis protein is ubiquitously expressed in most 

normal cells (460), although the level of expression is heterogeneous throughout tissues 

and within primary tumors (461). Our previous work also revealed differential 

expression of XIAP in IBC cell lines when compared to subtype-matched non-IBC lines 

(135). Interestingly, XIAP deletion is not toxic to normal cells and XIAP knockout mice 

do not show lethal defects in development or in the regulation of apoptosis (462). 

Studies overwhelmingly show that XIAP antagonism in established tumors in vivo or in 

cell lines in vitro can sensitize tumor cells to therapy-mediated cell death, thereby 

identifying XIAP as a chemoresistance factor with many XIAP antagonists currently in 

clinical development (463). However, there are also reports that show that in some 

tumors XIAP expression correlates with a favorable clinical outcome (295,299) and XIAP 

deficiency instead of increasing apoptosis can promote aggressive tumor growth as 

reported in a prostate cancer model (300). It is therefore increasingly clear that in 

addition to the classical caspase-inhibitory function, understanding the caspase-

independent role of XIAP in subsequent activation of cell survival signaling pathways 

(446) specific to cancer types will be essential in optimizing therapies that target this 

protein. Indeed, our finding that the XIAP BIR1 domain, which does not bind caspases, 

as necessary for initiating TAB1:IKKβ complex formation leading to NFκB activation in 

IBC cells underscores the recent mounting evidence of the non-apoptotic function of 

XIAP as a signaling intermediate (445,446). The majority of therapeutics that have been 
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developed targeting XIAP are directed towards the BIR2 and BIR3 domains, leading to 

increased activation of caspases to enhance therapeutic apoptosis (464). However, 

clinically relevant strategies targeting the XIAP BIR1 domain are lacking. Although the 

second mitochondria-derived activator of caspases (SMAC) protein, an endogenous 

protein that antagonizes IAP function, can bind XIAP and inhibit interaction with TAB1 

through steric hindrance (276), small molecule SMAC peptidomimetics have not been 

observed to induce this same inhibition (465) and in our previous study were not 

effective as single agents in SUM149 IBC cells (420). This coupling of XIAP to NFκB and 

the inability of currently developed therapeutics to inhibit this interaction may be a 

reason they show no greater clinical efficacy. Our data herein, using a small molecule 

mimicking the NRAGE protein which blocks the XIAP:TAB1 interaction (424), showing 

decreased NFκB translocation, inhibition of anchorage-independent growth and 

increased sensitivity to an EGFR small molecule inhibitor lapatinib may represent a 

novel means of targeting this interaction and needs further evaluation in in vivo models.  

Another significant finding of our studies is the immunohistochemical analysis 

of breast cancer patient tumor samples, which uncovered a high XIAP expression profile 

in invasive, infiltrating tumor cells including IBC and associated tumor embolic 

structures. We also noted strong staining for NFκB in the IBC samples compared to 

normal and benign tissue corroborating our in vitro data (data not shown). These 

observations are also strengthened by previous studies reporting a significant difference 
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in XIAP expression between breast cancer and matched normal tissue (461), with a non-

significant trend towards an association between increased XIAP expression and poor 

disease-free and overall survival in basal-like, HER-2 positive disease, and lymph node 

negative patients. It has been postulated that in the case of fast growing tumors like IBC 

there is a delicate balance between cellular proliferation, the ability of cancer stem cells 

to self-renew while creating progeny, and the ability of said progeny to “self-

metastasize” and migrate away freeing up space for continued tumor expansion 

(466,467). Our results showing that XIAP expression directly correlates with the number 

of ALDH+ cells and cell motility in IBC cells warrants further investigation of the role of 

XIAP in IBC metastatic progression. 

In summary, the present study delineates the role of XIAP in the NFκB-mediated 

proliferative phenotype present in IBC and suggests an upstream regulation by MAPK 

signaling. These findings of a strong correlation between XIAP expression in untreated 

IBC tumors with MAPK and NFκB gene signatures suggests an important role of XIAP 

in IBC pathobiology. In addition to identifying a targeted approach to disrupt the pro-

survival signaling mediated by XIAP and NFκB, our data reveal the potential of MAPK-

XIAP-NFκB as a druggable pathway in developing promising therapeutic strategies for 

patients with IBC. 
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4. Elucidation of the mechanism of XIAP-mediated 
tumor cell evasion/inhibition of immunotherapy 

4.1 Introduction 

Immunotherapy has demonstrated promise for preventing recurrences, reducing 

tumor burden, and lengthening survival of breast cancer patients reviewed in (468). 

Elements necessary for successful immunotherapy are well described and include – 1) 

tumor expression of immunogenic targets (e.g., HER2, HER3, EGFR, CEA, MAGE, 

MUC-1, survivin, and NY-ESO-1 (469-472)), 2) presence of immune effectors [e.g., 

cytolytic T cells (CTL), natural killer (NK) cells, and antibodies that can recognize and 

destroy tumors expressing these antigens], and 3) potent strategies for activating or 

delivering immune effectors [e.g., vaccines, antibody administration, T cell transfer, 

immune modulatory agents (reviewed in (468))]. However, the broad application of 

immunotherapy to the treatment of breast cancer has been challenging due to the ability 

of tumors to evade immune effectors. Diverse explanations for immune evasion include 

failure to achieve a high frequency, potency, and durability of CTLs (caused by T cell-

expressed immune checkpoint molecules such CTLA4 or PD-1, regulatory T cells, and 

myeloid derived suppressor cells) or cloaking of the tumor from effectors (caused by 

loss of MHC class I and/or tumor antigen expression) reviewed in (473). Although these 

mechanisms are operative to varying extents in most tumors, because immune effectors 

destroy cancer cells by activating common intrinsic and extrinsic apoptotic pathways, 
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we hypothesized that a critical means of immune evasion is dysregulation of the 

apoptotic signaling pathway.  

Inflammatory breast cancer (IBC) is the most aggressive subtype of breast cancer, 

often presenting with lymphatic involvement and metastatic disease (12). Despite an 

aggressive multidisciplinary treatment approach that includes chemotherapy and when 

still localized, surgery and radiation therapy; clinical outcomes remain poor (474). 

Immunohistochemical studies have revealed that a large proportion of IBC tumors have 

amplification/overexpression of the oncogene HER2 (36-42% compared to 17% for non-

IBC (25,26)) or the related family member EGFR (~30% compared to 18% for non-IBC 

(23,24)), suggesting possible therapeutic utility for the monoclonal antibodies 

trastuzumab (anti-HER2) or cetuximab (anti-EGFR). De novo or acquired therapeutic 

resistance is rapid and commonly observed in IBC limiting the clinical utility of these 

antibodies (103,104). Our long-term goal is to study the mechanisms of resistance to 

these therapies in IBC in order to identify strategies that would increase the effectiveness 

of these treatments. 

Induction of apoptotic signaling through both the intrinsic (cytotoxic granule 

[perforin, granzyme B] exocytosis) and extrinsic (engagement of death receptors [FAS, 

TNFR and TRAILR]) cell death pathways is key to both natural killer (NK) cell-mediated 

antibody-dependent cellular cytotoxicity (ADCC) and cytotoxic T lymphocyte (CTL)-

mediated lysis of tumor cells (475,476). These pathways primarily converge at the point 
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of activation of effector caspases-3 and -7, the chief executioners of apoptosis (475-478). 

X-linked inhibitor of apoptosis protein (XIAP), a member of the inhibitor of apoptosis 

protein (IAP) family, is considered the most potent caspase binding protein and 

inhibitor of both extrinsic and intrinsic death pathways (479). XIAP overexpression in 

tumor cells is a well-described mediator of resistance to chemotherapy and targeted 

therapy in breast cancer and other malignancies and has been linked to tumor 

aggressiveness (110,111,156,295,480,481). Indeed, we have observed stress-mediated 

induction of XIAP at the protein translational level in IBC cells (156), leading to 

suppression of apoptosis mediated by chemotherapy, targeted therapy and CTLs 

(418,482). Additionally, recent reports support roles for XIAP and other IAP family 

members in the regulation of inflammation and innate immunity (483-485).   

In the present study, using cellular models of IBC with high expression of either 

EGFR or HER2, we demonstrate that XIAP expression modulates IBC cell susceptibility 

to NK-mediated ADCC when challenged with the anti-EGFR antibody cetuximab or the 

anti-HER2 antibody trastuzumab, respectively. Our results reveal that cells with 

acquired therapeutic resistance are insensitive to ADCC, which can be reversed by 

specific downregulation of XIAP expression. Further, we provide evidence for two 

distinct functions of XIAP in suppressing cell death in response to ADCC, inhibition of 

caspase activity and suppression of reactive oxygen species (ROS) accumulation. This 

study uncovers a unique mechanism for evasion of ADCC and highlights XIAP as a 
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novel target for the enhancement of immunotherapy. This work was recently published 

by our lab (486).  
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4.2 Results 

4.2.1 IBC cells with apoptotic dysregulation are resistant 

to ADCC 

To study the role of anti-apoptotic signaling in ADCC-mediated cell lysis, we 

utilized two inflammatory breast cancer cell lines: the basal type, EGFR-activated 

SUM149 and the HER2-overexpressing SUM190. Both cell lines have been derived from 

patient primary tumors prior to treatment and are considered true IBC-like primary cell 

models (414). In addition, we also used two isotype-matched, multi-drug resistant 

variants (rSUM149 and rSUM190), which we have previously characterized and 

identified to exhibit resistance to apoptosis-inducing agents due to stress-mediated 

XIAP induction (156,418). We co-cultured these tumor cells with human peripheral 

blood mononuclear cells (PBMCs) with and without addition of the monoclonal 

antibodies, cetuximab, which binds to EGFR, or trastuzumab, which binds to HER2. 

Data in Figure 1 show that parental cell lines [SUM149 (1A) and SUM190 (1B)] were 

sensitive to cetuximab- or trastuzumab- mediated ADCC, respectively. ADCC response 

was significantly attenuated in therapy-resistant rSUM149 and rSUM190 cells, with 

rSUM190 cells showing no cellular lysis. 
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Figure 4.1 Apoptotic dysregulation inhibits antibody-dependent cell cytotoxicity 

(ADCC) in breast cancer cells 

Percent cell lysis of A) SUM149 and rSUM149 cells or B) SUM190 and rSUM190 

incubated with antibody alone or ADCC conditions for 4 h. Bars represent mean±SEM calculated 

percent lysis, n=3-6, **p<0.005. C) Surface expression of EGFR in SUM149 and rSUM149 (top) and 

HER2 in SUM190 and rSUM190 (bottom) as measured by flow cytometry. Inset: Labeling of axes, 

representative of n=3 experiments. 
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The differential responses of the parental and resistant cells to cetuximab- and 

trastuzumab- mediated ADCC were not attributable to differences in surface expression 

of the receptors EGFR or HER2 (Figure 4.1C). We observed that the ADCC -sensitive and 

-resistant cells had similar basal surface expression of these receptors, and that any 

changes in surface expression of HER2 or EGFR due to internalization of the antibody-

receptor complex were similar between cell lines (Figure 4.2A). Additionally, evaluation 

of the growth inhibitory effects of each antibody showed that cetuximab alone had little 

to no effect on SUM149 and rSUM149 cell proliferation and trastuzumab inhibited 

proliferation of SUM190 and rSUM190 only at higher concentrations than those used (10 

µg/ml) for the ADCC assay (Figure 4.2B). Experiments using human PBMCs from 

different donors revealed qualitatively similar results, further suggesting intrinsic tumor 

cell-dependent effects (data not shown). These data suggest that differential responses of 

these cell lines to ADCC is not attributable to differences in surface expression of the 

antigen or ligand-receptor internalization, but a tumor cell specific effect. 
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Figure 4.2 Antibody administration alone does not have differential effects on 

receptor internalization or inhibition of proliferation 

A) Surface EGFR (left) and HER2 (right) expression post -antibody administration for 

indicated times in indicated cells. Representative histogram from n=3 experiments. B) Cellular 

proliferation of indicated cells treated with vehicle or increasing doses of antibody (1, 10, 100, 

1000 µg/mL) measured by MTT assay. Bars represent mean±SEM proliferation, n=4-8. 
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4.2.2 Caspase dependent apoptosis is inhibited in ADCC-

resistant cells 

In order to confirm the mechanism of cell death during ADCC, we performed 

TUNEL staining and measured caspase 3/7 activity. ADCC-resistant rSUM149 cells had 

very few TUNEL positive cells (Figures 4.3A and 4.3B) and show decreased caspase -3/7 

activation (Figure 4.3C) when co-cultured with PBMCs+cetuximab compared to the 

ADCC-sensitive SUM149 cells, indicating the need for apoptotic signaling for a potent 

ADCC response. 
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Figure 4.3 Apoptosis caused by ADCC is caspase-dependent and inhibited in 
rSUM149 cells 

A) TUNEL staining of SUM149 and rSUM149 cells treated with vehicle, cetuximab alone, 

or cetuximab plus PBMCs. DAPI is shown in blue and TUNEL in red. Representative of n=2, scale 

bar=25 µm. B) Quantification of TUNEL+ cells in A. Bars represent %positive out of the total 

number of cells in each field/condition, n=3. C) Caspase activity of SUM149 and rSUM149 cells 

treated as indicated for 4h. Bars represent mean±SEM fold relative light units compared to 

untreated, n=2-3. *p<0.05, **p<0.005 (comparison of rSUM149 to SUM149). 
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4.2.3 The caspase-binding function of XIAP contributes to 

ADCC resistance 

The aforementioned data indicated that caspase activity correlates with ADCC-

mediated cell death, which is attenuated in XIAP-overexpressing, ADCC-resistant 

rSUM149 and rSUM190 cells. To directly assess the role of XIAP in resistance to ADCC, 

we stably overexpressed the full-length protein in SUM149 cells (referred to as wtXIAP). 

Data in Figure 4.4A show that wtXIAP cells exhibit suppressed response to both PBMCs 

alone and PBMCs in combination with cetuximab compared to control vector (FG9) 

cells. To specifically evaluate the caspase inhibitory function of XIAP in suppression of 

ADCC, we knocked down endogenous XIAP in SUM149 cells and reconstituted 

expression (to levels similar to wtXIAP) using a construct bearing two point mutations 

in the BIR domains, D148A and W310A, referred to as DW/AA (Figure 4.4B). This 

double mutation is known to abrogate binding to executioner caspases - 3 and -7 as well 

as initiator caspase 9 (446). The role of the caspase binding function of XIAP was further 

confirmed by using another mutant, H467A (H/A) in the RING domain, known to 

inhibit the ubiquitination function of XIAP but does not affect caspase binding function 

of XIAP (depicted in Figure 2B) (446,487). Immunoblots in Figure 2C confirm higher 

XIAP expression levels in cell expressing the wtXIAP, DW/AA or H/A mutants 

compared to control vector FG9 cells. Furthermore, knockdown of endogenous XIAP in 

SUM149 cells led to increased caspase-3/7 activation and higher susceptibility to cell 

death when exposed to the classical apoptosis inducing agent, TNF-related apoptosis-
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inducing ligand (TRAIL) compared to FG9 cells (Figures 4.4D and 4.4E). Conversely, 

overexpression of XIAP in SUM149 cells (wtXIAP) resulted in decreased caspase-3/7 

activity and reduced cell death. The mutant DW/AA cells showed similar caspase 

activation and TRAIL-mediated cell death to shXIAP cells, while the H/A mutant cells 

behaved like wtXIAP cells.  

Comparison of ADCC response in these XIAP modulated cell lines (Figure 4.4F) 

shows that DW/AA mutant cells have significantly increased lysis when exposed to 

antibody and immune effector cells compared to wtXIAP and H/A cells. The results 

presented thus far reveal a caspase-dependent function of XIAP in suppressing an 

ADCC-activated apoptotic response. 
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Figure 4.4 XIAP overexpression inhibits ADCC response in SUM149 cells through 

caspase inhibition 

A) Percent cell lysis of SUM149 FG9 and wtXIAP cells treated as indicated for 4 h, n=2 -3. 

B) Schematic of XIAP mutants used in this study. C) Western immunoblot of XIAP expression in 

cell lines transduced as indicated. D) Caspase activity and E) viability of cell lines ± TRAIL. Bars 

represent fold change in luminescence (d) or mean±SEM % cell death (e), n=2 -3. F) Percent cell 

lysis of wtXIAP, +DW/AA, and +H/A cells treated as indicated for 4 h, n=2-3. *p<0.05, **p<0.005, 

#p<0.001 (compared to FG9 unless otherwise indicated). 
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4.2.4 Reactive oxygen species generation is required for 

granzyme-mediated ADCC response  

One of the key mechanisms of ADCC-mediated cell death is perforin/granzyme 

delivery to target cells and subsequent activation of apoptotic cell death (136). We 

confirmed this by using the perforin inhibitor (concanamycin A, CMA), which causes a 

significant reversal of cytotoxicity in ADCC-sensitive cell lines (SUM149-Figure 4.5A, 

SUM190-4.5B), indicating that granzyme accumulation in tumor cells is essential for 

ADCC response in this breast cancer subtype. 

Recent studies have identified that granzyme B, in addition to directly activating 

caspases (488), can cleave mitochondrial subunits (in a caspase-independent manner) 

leading to accumulation of reactive oxygen species (ROS) (489); however, the 

contribution of the this mechanism to ADCC has not been fully elucidated. To test if 

increased ROS levels contribute to ADCC-mediated apoptosis in the IBC cells, we used 

the superoxide dismutase (SOD) mimetic and O2- scavenger, MnTBAP, which has 

previously been shown to antagonize ROS accumulation (490). Data in Figure 4.5C 

revealed that treatment with MnTBAP causes a significant decrease in lysis (~80%) in the 

ADCC-sensitive SUM149 cells, indicating the necessity for ROS accumulation for ADCC 

response.  

To support the importance of caspase activation in ADCC-mediated lysis shown 

in Figure 4.4F, we utilized a pan-caspase inhibitor, QVD-OPh, which yields a similar 

level of decreased ADCC response (~80%) while a combination of QVD-OPh and 
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MnTBAP further inhibits ADCC response (>95%). These observations indicate that ROS 

accumulation or caspase activation can each independently cause ADCC-mediated 

apoptosis. In addition, most likely there is also some overlap between these two events, 

as combination treatment with QVD-OPh and MnTBAP led to an increase (16%) in 

inhibition of cytotoxicity compared to each inhibitor alone. 
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Figure 4.5 Inhibition of granzyme accumulation prevents ROS- and caspase- 

dependent ADCC 

Percent cell lysis of A) SUM149 and B) SUM190 cells incubated with antibody, PBMC 

alone, or the combination in the presence or absence of concanamycin A (CMA), a perforin 

inhibitor. Bars represent mean±SEM calculated percent lysis, n=2 -3. B) Percent cell lysis of 

SUM149 cells incubated with cetuximab alone or in ADCC conditions in the presence or absence 

of qVD (pan-caspase inhibitor), MnTBAP (antioxidant), or the combination. Bars represent 

mean±SEM calculated percent lysis, n=2-3. *p<0.05, **p<0.005. 
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4.2.5 XIAP overexpression inhibits granzyme B-mediated 

ROS generation  

Considering that cells with XIAP overexpression inhibit ADCC response, and 

mutation of the caspase binding domain (using the DW/AA XIAP mutant) only partially 

reverses resistance, we wanted to evaluate the effect of XIAP overexpression on 

granzyme B-mediated ROS generation. We loaded target cells with granzyme B and 

measured ROS levels in ADCC-sensitive (SUM149) and ADCC-resistant cells (rSUM149 

and wtXIAP) cells using carboxy-H2DCFDA, a well-established dye for the 

quantification of H2O2-derived radicals. Streptolysin O (SLO), a bacterially-derived 

molecule that permeabilizes cell membranes, was used in combination with granzyme B, 

to mimic perforin/granzyme lytic granules. Figure 4.6 shows that SUM149 cells treated 

with SLO and granzyme B (green line) exhibited a 41.6% increase in ROS levels 

compared to untreated (black line). In contrast, granzyme-mediated ROS accumulation 

was significantly blunted in the XIAP overexpressing rSUM149 and wtXIAP cells (2.7% 

and 11.5% increase in ROS, respectively). Taken together, the data presented thus far 

demonstrate that high levels of XIAP expression can inhibit both granzyme B-mediated 

ROS generation and caspase activation.  

 



 

163 

Figure 4.6 Granzyme B-mediated ROS accumulation is inhibited in XIAP 
overexpressing cells 

A) Representative histograms of cells treated with: granzyme B (gB) alone (red line), 

streptolysin-O (SLO) alone (blue line), or the combination of SLO+gB (green line) compared to 

untreated (black line). Number represents %positive for SLO+gB condition. Inset: Labeling of 

axes and diagram of sample colors, representative of n=2 experiments. 
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4.2.6 XIAP suppresses ROS accumulation in a caspase-

independent manner by increasing the antioxidant pool 

In order to further understand the effect of XIAP levels on ROS accumulation, we 

challenged cells with two classical ROS-inducing agents, hydrogen peroxide and 

paraquat dichloride and measured peroxyl radical or superoxide accumulation, 

respectively. Compared to parental SUM149, the ADCC-resistant, XIAP-overexpressing 

(wtXIAP, rSUM149) cells show little to no increase in peroxyl radical or superoxide 

accumulation when treated with the ROS inducers (Figures 4.7A and 4.7B). The XIAP 

mutants, DW/AA and H/A, similarly showed little to no increase in ROS accumulation, 

indicating that the ability of XIAP to suppress ROS accumulation is independent of both 

caspase binding and ubiquitination functions. The suppression of ROS accumulation 

observed in the XIAP overexpressing cell lines correlated with increased expression of 

antioxidant enzymes, superoxide dismutases 1 and 2 (SOD1/SOD2) (Figure 4 .7C). 

Increased expression of transcripts related to oxidoreductase activity (GO:0016491) were 

observed in the XIAP overexpressing lines, including plasma glutathione peroxidase 

(GPX3), which metabolizes H2O2, the leukotriene-B4 degrading enzyme CYP4F3, the 

tryptophan-hydroxylating enzyme KMO, and two hydrogenases involved in steroid 

synthesis of dihydrotestosterone (SRD5A1) and dihydroxyprogesterone (DHRS9) (all p ≤ 

0.01; Figure 4.7D). The results so far support the role of ROS in ADCC-mediated cell 

death in IBC cells and further identify a caspase-independent, ROS-suppressive function 

of XIAP that along with its caspase inhibitory function can attenuate ADCC response.   
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Figure 4.7 XIAP overexpression inhibits ROS accumulation through upregulation of 

antioxidant capacity 

A) Fold induction of mitochondrial superoxides and B) percentage of cells with high 

H2O2-derived radicals in cells treated as indicated. Bars represent mean±SEM relative to 

untreated cells. n=2-3, #p<0.001. C) Western immunoblot analysis of XIAP, SOD1 and SOD2 levels 

in indicated cells. Numbers represent densitometric analysis. D) Normalized expression of the most 

significantly differentially expressed genes in the oxidoreductase activity (GO:001649) GSEA 

category (red-over, green-under expressed). 
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4.2.7 XIAP-mediated suppression of ROS is dependent on 

NFκB signaling  

Transcriptional control of key antioxidants, including the ones shown in Figure 

4.7, can be directly upregulated by the nuclear transcription factor κB (NFκB) activity as 

discussed in Section 1.3.2. Furthermore, XIAP itself has also been shown to enhance 

NFκB transcriptional activity in multiple cell types (275,276,447), including IBC as 

shown in Chapter 3. Therefore, to assess the involvement of NFκB in XIAP-mediated 

ROS suppression we treated wtXIAP cells with JSH-23, a cell-permeable diamino 

compound that specifically inhibits NFκB translocation to the nucleus, thereby barring 

its transcriptional activity (491). Data in Figure 4.8A demonstrate that JSH-23 treatment 

can reverse the ROS-suppressive effects of XIAP overexpression after H2O2 

administration. We also observed that JSH-23 alone also causes an increase in ROS 

accumulation. This enhanced ROS accumulation coincided with decreased colony 

formation, reversing the effects of XIAP overexpression (Figure 4.8B).  
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Figure 4.8 Inhibition of NFκB nuclear translocation reverses resistance to ROS 
accumulation 

A) Percentage of cells with high hydrogen peroxide-derived radicals in cells treated as 

indicated. Bars represent mean±SEM relative to untreated cells, n=2 -3. B) Clonogenic growth 

assay in cells treated as indicated. Bars represent mean±SEM colonies formed/cells plated as a 

percentage of the untreated sample, n=2-3. *p<0.05, #p<0.001. 
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 To directly block XIAP-mediated NFκB activation, we utilized the NRAGE 

peptide again as described in Chapter 3. The ability of NRAGE to decrease XIAP-

mediated NFκB activation (Figure 4.9A) also led to an increase in ADCC response 

compared to vehicle control (Figure 4.9B), similar to the effect seen after mutation of the 

caspase-binding domains. This further corroborates that two different functional 

domains mediate the full effect of XIAP-driven suppression of ADCC. 
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Figure 4.9 Administration of NRAGE inhibits NFκB phosphorylation in IBC cells and 

reverses resistance to ADCC 

A) Western immunoblotting for phospho-p65 (p-NFκB), total p65 (NFκB), and GAPDH 

as loading control in SUM149 and wtXIAP cells treated with vehicle or 1 µM NRAGE. B) Percent 

cell lysis of wtXIAP cells incubated with cetuximab alone or in ADCC conditions in the presence 

or absence of NRAGE peptide. Bars represent mean±SEM calculated percent lysis,  n=2-3. 

**p<0.005. 
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4.2.8 RNAi-mediated targeting of XIAP enhances 

sensitivity to ADCC-mediated apoptosis 

Finally, to confirm the relevance of XIAP in resistance to ADCC and suggest 

future therapeutic directions to restore ADCC sensitivity, we targeted XIAP expression 

directly using RNAi in the acquired therapy resistant rSUM149 and rSUM190 cells. 

XIAP downregulation increased sensitivity of both rSUM149 (Figure 4.10A) and 

rSUM190 (Figure 4.10B) to ADCC-mediated apoptosis, suggesting that both inhibitors 

and targeted downregulation of XIAP can restore ADCC response in therapy-resistant 

cells, supporting the development of combinatorial strategies that target both the ROS -

suppressive and caspase-binding functions of XIAP. 
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Figure 4.10 Targeted inhibition of XIAP by RNAi sensitizes ADCC-resistant cells to 

apoptosis 

Percent cell lysis of FG12 (control) or XIAP shRNA transfected A) rSUM149 cells and B) 

rSUM190 cells incubated with antibody alone or ADCC condition s for 4 h. Bars represent 

mean±SEM calculated percent lysis, n=4-5, *p<0.05, #p<0.001. Inset: Western immunoblot of XIAP 

expression at time of ADCC experiment. 
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4.3 Discussion 

A key challenge to successful cancer immunotherapy is the ability of tumors to 

evade killing by immune effectors (T cells, NK cells, monocytes, etc.). This has largely 

been attributed to impaired effector function in cancer-bearing individuals (492). It is 

also well recognized that the ability of immune effectors to induce cancer cell 

cytotoxicity is dependent on activation of the intrinsic and extrinsic apoptotic pathways 

(463). Therefore, we hypothesized that a critical means by which tumors evade killing by 

immune effectors is due to downregulation of apoptotic signaling. This is highly 

relevant in a hyperproliferative cancer that rapidly acquires apoptotic resistance such as 

IBC (493). The role of XIAP in reducing tumor cell sensitivity to immune-mediated 

killing was suggested by our recent studies in which apoptosis-resistant IBC cells, 

expressing XIAP through a translational stress response mechanism during acquisition 

of a drug-resistant phenotype (156,418), were resistant to killing by antigen-specific 

cytolytic T cells compared to isotype-matched parental cells (482). In the present study, 

we show for the first time that ADCC-mediated cancer cell death, facilitated by 

monoclonal antibodies targeting epidermal growth factor receptors, is suppressed by 

tumor cell upregulation of XIAP. 

Our results identify two distinct mechanisms (Figure 4.11) by which XIAP 

attenuates ADCC-mediated lysis in inflammatory breast cancer cells: one dependent on 

the ability of XIAP to bind caspases and the other mediated by the inhibition of ROS 
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accumulation. We observed decreased ADCC-mediated lysis of apoptotic-insensitive 

IBC cell line variants that either endogenously express high XIAP or were engineered to 

exogenously overexpress wild-type XIAP. IBC cells expressing a variant of XIAP, with 

mutations at key amino acids necessary for caspase-binding, demonstrated 

resensitization to ADCC, while treatment of ADCC-sensitive SUM149 cells with a 

caspase inhibitor decreased sensitivity. These data demonstrate that direct binding of 

effector caspases by XIAP plays a significant role in decreased ADCC-mediated 

apoptosis. Nonetheless, caspase binding did not account for the totality of XIAP’s ability 

to reduce the sensitivity of tumor cells to ADCC. 
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Figure 4.11 Schematic of XIAP effect on immune effector cell-mediated antibody-

dependent cellular cytotoxicity 

Schematic of XIAP-mediated inhibition of ADCC. In ADCC-sensitive cells, antibody 

binding to surface antigen bridges tumor cells to effector cells, leading t o subsequent release of 

lytic granules containing perforin and granzymes. Granzymes enter target cells through perforin 

channels, inducing both ROS generation and activating effector caspases leading to efficient 

apoptosis in tumor cells. In cells with XIAP overexpression, however, this process is abrogated 

through caspase -dependent and -independent mechanisms leading to tumor cell survival. 
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We also identified another mechanism for XIAP’s attenuation of tumor cell 

immune responsiveness when we noted that granzyme-mediated ADCC required ROS 

generation and that this was suppressed in XIAP overexpressing cells, contributing to 

ADCC resistance. We further showed that introduction of an exogenous antioxidant in 

ADCC-sensitive cells caused decreased ADCC, while a combination of this antioxidant 

and a caspase inhibitor almost completely abolished ADCC response, revealing a role 

for ROS induction in the response to ADCC. Concordantly, IBC cells with high XIAP 

levels, including XIAP with mutations in the caspase binding domains, exhibited 

suppressed ROS accumulation triggered by both granzyme B released during ADCC 

and classical ROS inducers, revealing a caspase-independent mechanism. Further, gene 

set enrichment analysis identified that ADCC-resistant cells show an enrichment of 

genes implicated in the oxidative stress response, independent of known roles of XIAP 

in apoptosis and proliferation, and corresponding with an increase in the antioxidant 

pool identified both by gene and protein expression analysis. In XIAP overexpressing, 

ADCC-resistant IBC cells, inhibition of NFκB activation by JSH-23 led to increased ROS 

accumulation both basally and in the presence of H2O2. This further supported the role 

of XIAP-mediated NFκB activation as a means of blunting ROS generation. Using 

NRAGE to specifically inhibit XIAP-mediated NFκB activation, we reveal this axis can 

be targeted to enhance ADCC response in an ADCC-resistant cell line. This targeting 

approach is supported by studies from our lab and others that have reported a caspase-
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independent role for XIAP in mediating survival signaling and ROS suppression, in 

particular through activation of NFκB and its target genes (e.g. antioxidant enzymes 

SOD1 and SOD2 among others) (111,447,494). These data support this additional 

mechanism of XIAP in modulating redox response in cancer cells and this study is the 

first to observe that XIAP can abrogate ADCC-mediated cell death in a caspase-

independent manner.  

In addition to the roles identified for XIAP in directly promoting tumor 

resistance to immune therapy, it is also likely that it is associated with the induction of a 

more immunosuppressive tumor microenvironment. Among the immune genes 

identified in our gene set enrichment analysis of ADCC-resistant IBC cells (Figures S5 

and S6), CSF2 induces myeloid-derived suppressor cell (MDSC) generation and 

subsequent immunosuppressive activities (495), and IFNγ induces PD-L1 expression in 

cancer cell lines, which can suppress the cytotoxicity of both NK cells and CTLs (496-

498). Chemokine (CC) ligand 13 (CCL13) is a chemoattractant factor for monocytes and 

lymphocytes and downregulation could limit ADCC and T cell-mediated killing. CCL21 

leads to a tolerogenic tumor microenvironment and promotes survival of tumor 

xenografts (499). CCL21 can also promote differentiation into Treg cells and induce 

effector T cell senescence (500). CXCL13/bca-1 can promote eosinophil and naïve T cell 

accumulation, suppressing immune response (501). IL-25 has been shown to polarize 

ILC2s creating an immunosuppressive environment (502). Upregulation of kynurenine 
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4-monooxygenase (KMO) diverts catabolism of tryptophan, an essential element for T 

cell proliferation, to create a specific metabolite, 3-hydroxykynurenine (3-HK), which 

has roles in redox homeostasis (503) and can suppress T cell function directly (504). 

Although alterations in the levels of these molecules may not affect in vitro assessment of 

ADCC and immune-mediated apoptosis, they do suggest an immunosuppressive 

phenotype that may be present in vivo in tumors with high XIAP expression.   

In conclusion, our data reveal not only the significance of anti-apoptotic 

signaling but also a redox adaptive mechanism that allows cancer cells to suppress ROS, 

which can in turn modulate immune-mediated cell death. Monoclonal antibodies 

mediating ADCC are important components of cancer therapy and resistance to them 

limits therapeutic options for patients with advanced cancer. These data suggest that 

continued sensitivity to the ADCC-mediating functions of these antibodies may be 

achieved by targeting XIAP in two manners: the anti-apoptotic function-mediated by 

binding caspases, and/or the caspase-independent ROS suppressive function. The IAPs 

(including XIAP) are inhibited endogenously by Smac/DIABLO (230,505), which is 

released from mitochondria along with cytochrome c during apoptosis and promotes 

caspase activation by competitively binding to the IAPs. There is growing evidence from 

our laboratory and others of the ability of Smac mimetics, many of which are in clinical 

development (506), to potentiate therapeutic apoptosis (420,507,508). This highlights the 

potential for the therapeutic utility of these Smac mimetics in sensitizing tumors to 
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immune therapies, as well. In summary, these data provide a strong rationale for testing 

strategies that combine antibody therapeutics with pro-apoptotic agents, such as XIAP 

antagonists or ROS modulators to overcome the frequent problem of resistance by 

directly inducing apoptosis or by lowering the apoptotic threshold and increasing 

specific tumor cytotoxicity. 
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5. Development and characterization of a novel 
combination therapy to antagonize redox imbalance 

in IBC 

5.1 Introduction 

At physiological low levels, reactive oxygen species (ROS) function as “redox 

messengers” in intracellular signaling and homeostatic regulation. In contrast, oxidative 

modification of cellular macromolecules, inhibition of protein function, and cell death 

can occur when cells are exposed to or accumulate high levels of ROS in submicro- and 

micro- molar concentrations (309,342,509,510). Therefore, increased accumulation of ROS 

leading to cancer cell death is a prominent mechanism of radiotherapy and many 

commonly used chemotherapeutics (511-514). Both normal and cancer cells, however, 

have the innate ability to regulate ROS and modulate apoptosis using various redox 

systems which operate on multiple levels, including but not limited to reduced 

glutathione (GSH), glutathione peroxidase, thioredoxin, peroxiredoxin, catalase and 

superoxide dismutases (SODs). The fine balance between these two systems (ROS and 

antioxidants) keeps ROS below a specific threshold, above which cell death is induced 

(515,516). In cancer cells however, ROS accumulation has been shown to increase as 

mutations in key pathways such as the epidermal growth factor receptor (EGFR) (337), 

which is extremely important for the proliferation and metastatic potential of IBC cells, 

accumulate and drive oncogenesis. It is observed that in cancer cells, a robust redox 

adaptation often evolves as a survival mechanism, leading to an upregulation of 
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antioxidant capacity and a shift of redox dynamics, resulting in low generation and high 

elimination of ROS to maintain ROS levels below the threshold needed to induce cell 

death (310,517). We recently reported this mechanism to be highly prevalent in our 

therapy-resistant IBC cell lines, significantly suppressing oxidative stress-associated cell 

death and leading to multi-drug resistance in these cells (111). Our previously published 

evidence with 2-methoxyestradiol (2-ME), sodium diethyldithiocarbamate trihydrate 

(DETC), and embelin revealed evidence that redox modulators that can act as pro-

oxidants have the potential to enhance cytotoxicity and induce oxidative stress in IBC 

cells (111,419). Data presented in Chapter 4, showing evidence for XIAP- and NFκB- 

mediated regulation of this redox adaptation also elucidates pathways that can be 

targeted by these pro-oxidant therapies.  

 Superoxide dismutase (SOD) is the first line of cellular antioxidative 

defense (518). Therefore, small molecules mimicking its function have been developed in 

order to augment cellular antioxidant ability. Cationic manganese porphyrins (MnPs) 

are among the most potent synthetic SOD mimics identified to date (422,519-521). They 

target both cytoplasmic and mitochondrial compartments, where they catalyze the 

dismutation of O2.- at similar efficacy to the endogenous SOD protein (522). They can 

also function as pro-oxidants, depending upon the redox status of the cell, the species 

they encounter, and their location within the cell. These SOD mimetics have also been 
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shown to induce oxidation of the p50 subunit  (523-527) and glutathionylation of the p65 

subunit of NFκB (528,529), leading to specific downregulation of transcriptional activity.   

 In the work presented in this chapter, two MnPs of different properties 

were assessed alone and in combination with ascorbate (asc), which is catalyzed by MnP 

leading to massive production of peroxide, for their ability to induce cell death in 

multiple IBC cell lines (both therapy -sensitive and –resistant). The combination of MnP 

+asc decreased the viability and proliferation of two patient-derived, therapy-sensitive 

IBC cell lines, an isotype matched drug-resistant cell line, and an exogenous model of 

XIAP overexpression. These decreases were shown to be dependent on ROS 

accumulation, leading to the downregulation of GSH levels, and subsequent blockade of 

NFκB and ERK survival signaling. Further analysis revealed a caspase-independent 

mode of cell death that was seemingly specific for tumor cells and not normal cells.  

Taken together, these data provide the rational for the use of this novel combination for 

targeting and treating IBC. This work was previously published by our lab (530). 
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5.2 Results 

5.2.1 Combination of MnP+asc decreases cell viability and 

proliferation in therapy –sensitive and –resistant IBC cells 

We evaluated two MnPs, MnTE-2-PyP5+ (E2) and MnTnBuOE-2-PyP5+ (BuOE2) 

(whose distinct physical and chemical characteristics are shown in Figure 2.2), in cellular 

models of IBC, a highly aggressive breast cancer subtype with increased deregulation in 

apoptotic and oxidative response gene signaling (52,111,135,419). We first characterized 

cell viability with increasing doses (0-50 µM) of the two MnPs in combination with 

ascorbate by trypan blue exclusion assay (Figure 5.1). Neither of the MnPs or ascorbate 

alone had a significant effect on viability in any of the cell lines. Data in Figure 5.1 show 

that both E2 and BuOE2 in combination with ascorbate caused decreased viability in all 

three cell lines. The E2 compound, however, decreased viability at lower concentrations 

(EC50 of 10 µM for E2 as compared to 30 µM of BuOE2). Table 5.1 lists the approximate, 

calculated EC50 values for each combination across the cell lines.  

 

Table 5.1 Approximate EC50 values for each MnP+asc in cell lines tested 

 SUM149 rSUM149 SUM190 

MnTE-2-PyP5+ (E2) 11.3 ± 1.1 12.5 ± 1.5 10.2 ± 1.8 

MnTnBuOE-2-PyP5+ (BuOE2) 30.0 ± 1.3  39.9 ± 2.2 17.1 ± 1.5 
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Figure 5.1 Combining MnP and ascorbate induces significant cell death in IBC cells 

Cell viability of A) SUM149, B) rSUM149, and C) SUM190 viability as determined by 

trypan blue exclusion of cells treated with E2 or BuOE2 (0-50 µM) in the presence of ascorbate 

(3.3 mM) measured after 24 hours. Data represent mean±SEM viable cells taken as a percentage of 

total cells (n=2-3). 
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In three cell lines tested, ascorbate alone increased formation of formazan (the 

purple colored reduced tetrazolium MTT reagent measured as explained in Methods 

section) (~30-50% over untreated) which is commonly used to measure the cellular 

reducing potential as well as proliferation (Figure 5.2) (531). E2 alone also increased the 

reduction of MTT dye to formazan in both SUM149 and SUM190 cell lines (~40% over 

untreated), but not in the therapy-resistant rSUM149 line, while BuOE2 alone caused no 

significant increase in any of the three cell lines. When combined with ascorbate, E2 

induced a significant decrease when compared to E2 alone (~ 70-120% decrease), while 

BuOE2 yielded a lower decrease (~30-45%). We also assessed increased proliferation by 

total cell counts; the administration of MnPs decreased the growth rate for cells ~4 

hours, bringing the SUM149 line doubling time from 22.5 hours to 17.5 hours.  The 

cytotoxic pro-oxidative effects were not seen with either of the MnPs as single agents at 

given concentrations. 
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Figure 5.2 MnP+asc treatment reduces cellular proliferation of IBC cells 

Cellular proliferation of A) SUM149, B) rSUM149, and C) SUM190 cells treated with E2 or 

BuOE2 (50 µM) or ascorbate (3.3 mM), alone and in combination. Bars represent mean±SEM (n=8 -

16, **p<0.005, #p<0.001). 
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5.2.2 E2+asc induces significant ROS accumulation in IBC 

cells 

We next measured changes in mitochondrial superoxide and hydrogen peroxide-

derived radicals using MitoSox Red and Carboxy-H2DCFDA flow cytometric analysis 

respectively in the SUM149 (Fig. 5.3A) and rSUM149 (Fig. 5.3B) cells. The MnP 

compounds, E2 and BuOE2, did not increase ROS accumulation as single agents in 

either cell line tested. In both cell lines, however, ascorbate alone caused a modest 

decrease in ROS accumulation.  Comparison of respective combinations of E2 and 

BuOE2 with ascorbate revealed that the E2 compound was more efficacious in inducing 

both mitochondrial superoxide (~3 fold increase) and H2O2-derived radicals (~20% cell 

fluorescence increase) in the parental SUM149 cell line. Comparison of the two cell line 

models revealed that in the rSUM149 model, which has insignificant ROS accumulation 

in the presence of classical ROS generating agents (paraquat and H2O2) and therapeutic 

ROS inducing agents (lapatinib and TRAIL) (111,419), the E2+ascorbate combination 

treatment induced significant ROS accumulation, albeit at lower levels (~2 fold 

mitochondrial superoxides and 10% H2O2-derived radical increase) compared to the 

parental therapy-sensitive SUM149 cells. Taken together these results indicate that E2, 

which is less stable than BuOE2 in the presence of ascorbate, is more potent in inducing 

ROS accumulation and decreasing cell viability than BuOE2. The combination is also 

able to induce ROS accumulation in a cell line that shows little to no accumulation when 

challenged with classical or therapeutic ROS inducers. 
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Figure 5.3 Combination of MnP and ascorbate induces ROS accumulation and 

overcomes redox adaptation in rSUM149 cells 

Fold induction of mitochondrial superoxides (top, gray bars) and percentage of cells with 

high H2O2-derived radicals (bottom, black bars) in A) SUM149 and B) rSUM149 cells treated as 

indicated. Bars represent mean±SEM relative to untreated cells, (n=2-3). *p<.05, **p<.005. 
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5.2.3 Peroxide is essential for MnP+asc cytotoxicity, 

consuming the reduced glutathione pool  

As our data above shows the induction of ROS with the combination of MnP+asc, 

we tested the levels of endogenous antioxidant defenses in the cells after treatment. 

Western immunoblot of SOD1 and SOD2 show that in SUM149 cells, addition of excess 

ascorbate, either alone or in combination with MnPs actually caused increased SOD1 

expression (Figure 5.3A). E2 and BuOE2 alone also produced a slight increase in SOD1 

expression. This slight upregulation is most likely a response to ROS accumulation in 

the cell. SOD2 expression showed no significant changes under any of the indicated 

conditions. We also assessed levels of glutathione (GSH) in the cells after treatment. 

Neither ascorbate nor E2 alone had any effect on GSH levels, however, the combination 

of E2+asc significantly depleted GSH levels in the SUM149 cells, which correlates with 

oxidant accumulation (Figure 5.3B).  

In order to prove H2O2 involvement in MnP+asc cytotoxicity, we examined 

whether the administration of exogenous catalase, an H2O2 scavenger, would reverse the 

cell death. Data in Figure 5.3C show that the treatment of cells with E2+asc and 

BuOE2+asc in the presence of catalase provided protection against the H2O2-mediated 

cell death and significantly increased the cellular viability (p<.01 and p<.05, respectively) 

(Figure 5.3C). 
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Figure 5.4 MnP+asc induced cytotoxicity is reversible by administration of catalase 

A) Western immunoblot analysis of SOD1 and SOD2. E2 doses in combination with 3.3 

mM ascorbate: 1 µM and 10 µM. Numbers represent densitometric analysis. B) GSH content of cells 

treated as indicated for 4 hours. Bars represent mean±SEM fold content (n=2-3). C) Viability of 

SUM149 cells treated with the combination of E2+asc (10 µM) or BuOE2+asc (30 µM) in the 

presence or absence of catalase. Bars represent mean±SEM viable cells (n=2-3). *p<0.05, **p<0.005 
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5.2.4 MnP+asc antagonizes pro-survival NFκB and ERK 

signals 

Since the MnP+asc combination leads to excessive H2O2 production and in turn 

decreased cell viability, western immunoblot was carried out to elucidate the expression 

of proteins involved in ROS and cell survival signaling. Immunoblots in Figure 5.4 show 

a dose-dependent decrease in ERK1/2 [p44/42]) and NFκB phosphorylation, but no 

significant changes in p38 MAPK phosphorylation in treated lysates, respectively, which 

is consistent with the increased ROS production and decreased viability. 
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Figure 5.5 Peroxide generated by MnP+asc treatment reduces pro-survival signaling 

Western immunoblot analysis of A) phospho- and total ERK1/2, B) phospho- and 

total NF-κB, and C) phospho- and total MAPK in SUM149 cells treated with ascorbate or E2, 

alone and in combination. E2 doses in combination with 3.3 mM ascorbate: 1 µM and 10 µM. 

Numbers represent densitometric analysis. 
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5.2.5 Apoptosis induced by this combination is caspase 

independent 

As the MnP+asc combination exhibited high cytotoxicity, Annexin V staining 

was carried out with E2 and BuOE2, alone and in combination with ascorbate to gain 

further insight into the mechanism of cell death. Figure 5.5A shows a dose-dependent 

increase in the number of Annexin V positive cells in the SUM149 cells. Analysis of X-

linked inhibitor of apoptosis (XIAP) expression, the most potent cellular inhibitor of 

apoptosis, in SUM149 cells showed a decrease in XIAP expression with the combination 

of E2+asc; BuOE2+asc, however, had little to no effect (Figure 5.5B top). A cleavage 

product of XIAP was also observed in E2+asc treated cells at both doses, while 

BuOE2+asc showed negligible cleavage. PARP cleavage is another marker of apoptosis 

that was measured to elucidate the mechanism of cell death. Combination of E2/BuOE2 

and ascorbate at lower doses led to a decrease in total PARP expression and as the 

concentration of the combination increased to a dose corresponding to the EC 50, PARP 

cleavage as well as a laddering effect was observed (Figure 5.5B middle). 

Interestingly, E2+asc mediated cell death was not reversed when cells were pre-

treated with a pan-caspase inhibitor (QVD-OPh). Staurosporine, a known apoptosis 

inducer that is semi-dependent on the caspase activity (532), was used as a control, and 

pre-treatment with QVD-OPh significantly reversed staurosporine-mediated cell death, 

while having no significant effects on cell death mediated by E2+asc combination 

(Figure 5.5C).  
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Figure 5.6 Cell death induced by MnP+asc is caspase-independent 

A) Representative histograms of Annexin V staining for SUM149 cells treated as 

indicated for 4h, representative of n=2-3. B) Western immunoblot analysis of XIAP and PARP in 

SUM149 cells treated as indicated, arrows denote cleavage products. C) Cell viability of cells 

treated as indicated for 24 h. Bars represent mean±SEM viable cells (n=2-3). *p<0.05. 
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5.2.6 MnP+asc leads to translocation of apoptosis-

inducing factor (AIF) to the nucleus 

Given that caspase inhibition did not reverse the cell death seen with 

combination treatment, we sought to investigate the possibility of a caspase-

independent mechanism of apoptosis. To further characterize the cell death mechanism, 

cells were treated and immunofluorescently labeled for apoptosis inducing factor (AIF) 

following treatment with MnP+asc. Translocation to the nucleus was indicated by the 

overlap of the AIF fluorescent signal (FITC) with DAPI nuclear staining. H2O2 was used 

as a positive control, as it has been previously linked to caspase-independent cell death 

and AIF translocation (533,534). In untreated cells (Figure 5.6 top panel), AIF was seen to 

surround the nucleus in a pattern consistent with the normal mitochondrial localization 

of the protein. However, upon treatment with H2O2 or MnP+asc, AIF translocated into 

the nucleus, and staining overlapped with DAPI (Figure 5.6 bottom panel). 
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Figure 5.7 MnP+asc treatment induces translocation of mitochondrial protein, AIF, to 

the nucleus 

Representative immunofluorescence images of SUM149 cells for AIF after treatment as 

indicated to the right of each image. AIF shown in green and DAPI shown in blue, Magnification: 

40x, representative of n=2. 
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5.2.7 Ascorbate oxidation/consumption is catalyzed by E2 

at faster rate 

In order to further understand the differences in cytotoxicity and ROS 

production between E2 and BuOE2, we spectrophotometrically measured the loss of 

MnP at 438 nm for E2 and 441.5 nm for BuOE2, which correspond to Soret bands of 

reduced MnIIPs (Figure 5.7A). The data in Figure 5.7A only relate to the presence of 

reduced MnIIP in solution, but did not account for species which bear Mn in +3, +4, and 

+5 oxidation states.  With ascorbate in solution only reduced Mn IIP was detected (Figure 

5.7B). Once ascorbate is fully consumed (detected as disappearance of HA- absorption 

band at 265 nm), we saw the appearance of Mn IIIP at 90 min for E2 and 125 min for 

BuOE2 (Figure 5.7B). The H2O2, which is produced as a consequence of MnP/ascorbate 

cycling, oxidizes MnIIIP to (O)2MnVP [49,50,51]. Mn in (O)2MnVP then oxidizes the 

porphyrin ring which in turn falls apart (535). Aside from MnIIP and MnIIIP, which were 

clearly detected spectrally, other features of a complicated spectrum relate to the high-

valent Mn oxo species (Figure 5.7B).  We also assessed the oxidation/consumption of 

ascorbate (HA-) spectrally as the disappearance of its absorption band at 265 nm (Figure 

5.7C) via  initial rates approach. The initial rates, vo(HA-)ox are given in Figure 1B. The 

differences in initial rates of ~30% between E2 (vo(HA-)ox = 1.7 × 10-7 M s-1) and BuOE2 

(vo(HA-)ox = 1.2 × 10-7 M s-1) (Figure 5.7B). The E1/2 of BuOE2, relative to E2, is ~50 mV 

more positive; this indicates that it is more electron-deficient than E2 and likes accepting 

electron. Therefore, the BuOE2 is stabilized in the Mn +2 oxidation state more than E2. In 
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turn, it would be less prone to re-oxidation with O2 and peroxide formation than E2, 

thus to peroxide-driven oxidative degradation. Based on the estimated rate constant for 

MnIIP re-oxidation with O2  to MnIIIP , kred(O2) (Figure 1B) (536), presumably the rate-

limiting step in peroxide production, the ~2.6-fold faster H2O2 production by E2 than by 

BuOE2 may be anticipated. Yet, the data on the metabolic activity and cell viability agree 

well with such estimation; they indicate that: (i) 10 µM E2+asc inflicts equal loss of cell 

viability as 30 µM BuOE2+asc; and (ii) 30 µM BuOE2+asc is up to few-fold less cytotoxic 

than 30 µM E2+asc.   

The ascorbate oxidation, H2O2 production and subsequent MnP degradation. The 

favorable properties of the catalyst would involve not only the rate of ascorbate 

oxidation and in turn H2O2 production, but also the rate of its oxidative degradation. As 

long as it is present in solution, ascorbate supports Mn IIIP/MnIIP and suppresses 

MnIIIP/(O)2MnVP redox (Figures 5.7A and B). Once ascorbate is oxidized/consumed (at 

~90 or 125 min, respectively for E2 and BuOE2) (Figure 5.7C), the MnIIIP starts 

undergoing oxidation to (O)2MnVP with subsequent porphyrin ring degradation 

(Figures 5.7A and B) (535). The (O)2MnVP was identified as two-electron oxidized species 

based on the H2O2/MnP kinetic studies of a very similar MnTDE-2-ImP5+ analog 

(521,537,538). The (O)2MnVP readily decays to O=MnIVP (539,540). In vitro and in vivo the 

high-valent Mn oxo species cycles back to MnIIIP with cellular reductants [49].  Once 

ascorbate is consumed, thus H2O2 accumulated, the spectral scans show similar spectral 
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profiles to those obtained in MnP+ H2O2 system. The MnP degradation in the presence of 

MnP/asc and MnP/H2O2 shows the same spectrophotometrical profile (426,428,429), 

which is additional proof that peroxide is produced in the reaction of MnP with 

ascorbate (428,430,521,541). The BuOE2 is less prone to re-oxidation from MnIIP to MnIIIP 

than E2. Therefore, within same time period its catalytic action upon ascorbate oxidation 

results in lower peroxide levels than with E2. Thus, oxidative degradation of BuOE2 

begins with certain delay (~30 min), which gives impression that it appears more 

resistant in the reaction mixture than E2. More studies are needed to gain further insight 

into its resistance towards oxidative degradation with H2O2 relative to other Mn(III) N-

substituted pyridylporphyrins. This analysis was performed by the Batinic-Haberle lab 

at Duke University. 
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Figure 5.8 H2O2-driven degradation of MnPs in the presence of ascorbate, and 

consumption of ascorbate 

A) Spectrophotometric analysis of MnP content after addition of ascorbate. B) Time-

dependent spectral change of MnPs in the presence of ascorbate. C) Time-dependent 

oxidation/consumption of ascorbate after addition of MnP. Inset, Initial rates of ascorbate oxidation 

by MnPs. 



 

200 

5.3 Discussion 

We report herein the assessment of the cytotoxic effects of two MnPs in 

combination with ascorbate on inflammatory breast cancer cells and the pathways 

involved in cell death mediated by this combination. Two MnPs of different physical 

and chemical properties listed in Figure 2.2 were explored in order to understand their 

ability to act as catalysts for ascorbate oxidation and peroxide formation. We have 

previously reported the reducibility of cationic Mn(III) N-substituted pyridylporphyrins 

with cellular reductants and our data suggest that the MnP+asc system may represent a 

prospective anticancer treatment for aggressive inflammatory breast cancer (426,521-

523,537).  

Earlier reports on the cellular studies showed that extracellular peroxide, formed 

as a consequence of MnP/ascorbate interactions, is the cause of cell death (518,542,543). 

Similar to our previous report (430), the ~5,000-fold difference in the lipophilicity of E2 

and BuOE2 (Figure 2.2) is of no great importance in this cellular model of IBC. However, 

shape, planarity, lipophilicity, and in turn bioavailability will likely play a significant 

role in animal models and clinical settings. We have already shown that the lipophilic 

BuOE2 distributes to mitochondria (relative to cytosol) and crosses the blood brain 

barrier to a higher extent than E2 (521,537).  A most dramatic example how lipophilicity 

can compensate for insufficient reactivity of Mn porphyrin has been the aerobic growth 

of SOD-deficient E. coli (544). The meta  isomeric MnTE-3-PyP5+ (E3), which has 10-fold 
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lower kcat(O2•-), exhibits identical protection to aerobic growth of SOD-deficient E. coli as 

the ortho isomeric E2 due to its 10-fold higher lipophilicity (544). 

Our data show that the rapid production of H2O2 led to decreased pro-survival 

ERK and NF-κB signaling (Figure 5.9, 2) and decreased mitochondrial integrity (Figure 

5.9, 3). The cell death was dependent on ROS, specifically H2O2, as addition of 

exogenous catalase, effectively reversed cell death.  Increased accumulation of ROS 

decreased p-NF-κB and p-ERK levels. This is of particular interest in IBC as high NF-κB 

activity is a feature of IBC pathogenesis (26,64). Another group has shown that, under 

conditions of increased H2O2 as a consequence of glucocorticoid treatment, and in the 

presence of glutathione, MnTE-2-PyP5+ would glutathionylate the p65 subunit of NF-

and deplete GSH preventing its anti-apoptotic activity (528,545). Similar to our study, 

GSH levels were depleted with combination treatment.  
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Figure 5.9 Schematic of the interaction between MnP and ascorbate and the cellular 
effects 

MnIIIP reacts with ascorbate (HA-), to form ascorbyl radical (A•-) and MnIIP. MnIIP 

undergoes re-oxidation with oxygen to form superoxide (O2•-), which readily dismutes into 

H2O2 (1). MnIIP can also undergo a reaction with to form H2O2. Subsequently, the increased H2O2 

production leads to dephosphorylation of ERK and NF-κB (2). Increased ROS leads to 

permeabilization of mitochondria and release of AIF from the mitochondria (3). Upon release, 

AIF translocates to the nucleus, and can mediate caspase-independent cell death (4). 
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Cell death parameters assayed in the E2+asc treated cells showed increased 

Annexin V positivity, decreased XIAP, and cleavage of the caspase substrate PARP, 

revealing apoptosis-mediated cytotoxicity in cells. Remarkably, addition of a potent 

pan-caspase inhibitor (Q-VD-OPh) did not reverse the cell death mediated by E2+asc. 

Correspondent with this inability to reverse cell death with a caspase inhibitor, we 

observed that in these treated cells, apoptosis inducing factor (AIF) was translocated to 

the nucleus (Figure 5.9, 4). AIF is a 67 kDa, mitochondria-localized flavoprotein that is 

known to activate caspase-independent cell death upon mitochondrial damage (546).  

After cellular insult, AIF translocates to the nucleus and can cause cell death while also 

inducing classical apoptotic features such as phosphatidylserine exposure and 

chromatin condensation; this cell death mechanism has been shown to be PARP1-

dependent in some systems, consistent with findings in Figure 5 (546-548).  This 

phenomenon of AIF induction after H2O2treatment has been reported in various cell 

types including B cells, myoblasts, and neurons, among others (548,549). Continuous 

influx of H2O2 was seen to induce caspase-independent cell death in Jurkat T cells (550). 

Indeed, data in the current study show that the interaction between MnPs and ascorbate 

can continuously produce superoxide and hydrogen peroxide (until all ascorbate is 

consumed) (Figure 5.9, 1), which is most likely the cause for AIF-mediated, caspase-

independent cell death in this pro-oxidant model. Conversely, in a model of 

cardiomyocytes, AIF nuclear translocation via  doxorubicin-driven mitochondrial lipid 
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peroxidation was attenuated by the administration of various MnPs alone (551). The 

differential effects, pro-oxidative (with cancer cells) vs. anti-oxidative with 

cardiomyocytes (normal cell), are at least in part a consequence of differences in the cell 

types. These studies, along with our observations, support a caspase-independent 

mechanism of cell death induced by E2+ascorbate. 

Earlier work has shown the efficacy of pharmacological administration of 

ascorbate in treating cancer cells in vitro and in vivo (542,552,553) and paved the way to 

clinical trials. Ascorbate administration for 8 weeks increased both progression-free 

survival and overall survival in these clinical trials (554,555).  

Based on present understanding of anticancer therapy the most promising 

strategies would combine several approaches. We have already shown that MnTE-2-

PyP5+ enhances radiation (422,519,521,537,556) and glucocorticoid therapy (528,545). For 

the latter, the evidence was provided that it occurs via glutathionylation of NF-κB, 

catalyzed by MnP in the presence of H2O2 and GSH system. Future studies would clarify 

if the radiotherapy enhancement shares the same apoptotic pathways. In order to 

correctly predict which cancer cell type would be responsive to any of these strategies 

alone or combined, and at what ratio of MnP to ascorbate the system would be 

therapeutic, one would need to explore the ability of the cell to handle excess of 

peroxide. This would include the determination of the cellular redox environment, 
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which would include the measurements of the levels and activities of cellular 

antioxidants.  

The peroxide generating system MnP+ascorbate leads to cellular apoptosis in 

inflammatory breast cancer. Moreover, it overcame the high antioxidant-mediated 

apoptosis resistance in the rSUM149 aggressive breast cancer cellular model.  Reduction 

of NF-κB and ERK pro-survival signaling as well as caspase-independent apoptosis was 

observed with MnP+ascorbate administration. The current study substantiates the 

therapeutic potential of a system where the metal-based catalyst favors redox cycling 

with ascorbate, producing peroxide, which along with its progeny, causes cell death. 

Further optimization of the system may be necessary to move forward with its 

development as anticancer treatment. Studies are needed to explore the redox status of 

each cancer type to be treated in order to correctly predict which one would be 

responsive to excessive levels of peroxide. This system may be combined with other 

therapeutic strategies that kill cancer cells via  enhanced oxidative stress. 
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6. Conclusions and Implications 

In conclusion, the data presented in this dissertation describe novel roles for the 

anti-apoptotic protein, XIAP, in regulating multiple aspects of inflammatory breast 

cancer (IBC) pathobiology and therapeutic resistance. While our previous work 

identified XIAP as a central player in acquired therapeutic resistance in IBC, the exact 

mechanisms for how XIAP mediated these processes was unknown. Preliminary 

evidence also suggested a possible role for XIAP in the pathogenesis and pathology of 

IBC, which had yet to be fully investigated.  

 

In Chapter 3 of this dissertation: 
 

 We demonstrated for the first time that the MAPK pathway controls 

XIAP expression in cancer cells 

 We reveal that XIAP directly influences the activation profile of NFκB in 

IBC cells, altering both subcellular localization and transcriptional 

activity 

 We determined the necessity for XIAP expression in IBC tumor growth in 

vivo, where modulating XIAP expression affects the number of ALDH+ 

cancer stem cells and cellular motility 
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 Finally, after determining the mechanism of XIAP-mediated NFκB 

activation, we demonstrate that targeting of this axis can reverse 

therapeutic resistance in 2D and 3D culture. 

 

In Chapter 4: 

 

 We demonstrate that the resistance to chemotherapy previously 

identified in our rSUM cell lines applies to resistance to immunotherapy, 

specifically antibody-dependent cellular cytotoxicity (ADCC) 

 We reveal that XIAP-mediated inhibition of ADCC relies on both caspase 

–dependent and –independent functions of XIAP, determining that XIAP 

overexpression increases the antioxidant pool reducing reactive oxygen 

species-mediated cellular damage 

 We functionally elucidate that the inhibition of ROS mediated by XIAP 

overexpression is dependent on NFκB activation, allowing us to again 

show the efficacy of our peptide from Chapter 3 

 Finally, we show that direct targeting of XIAP can reverse resistance to 

ADCC-mediated apoptosis in IBC cells  

 

In Chapter 5: 

 

 We demonstrate again the efficacy of targeting XIAP and NFκB in IBC by 

utilizing a novel combination of manganese porphyrins  and ascorbate  
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 We determined that this combination generates significant ROS, 

overcoming the increased antioxidant pool in IBC cells possibly through 

downregulation of NFκB 

 Finally, we show that this combination induces caspase-independent cell 

death most likely through damage to the mitochondria as we observed 

translocation of a pro-apoptotic protein, localized to the mitochondria 

under normal conditions, to the nucleus after treatment with combination 

 

 

The rest of this chapter will discuss these results in the context of current 

literature and expound on future experiments.  
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The translation initiation factor eIF4G1 has been shown to be overexpressed in 

IBC (46) and to mediate cap-independent translation of IRES-containing mRNAs, p120 

catenin and VEGF (46,52). XIAP is another cellular mRNA containing an IRES element 

and it has been interesting to speculate if eIF4G1 could enhance XIAP translation. In 

Chapter 3, we present data revealing that knockdown of eIF4G1 in parental IBC cells 

leads to an almost complete loss of XIAP expression. This is the first finding of an 

upstream regulator of XIAP expression specifically in IBC. Elucidating eIF4G1 does not, 

however, rule out the impact of identified XIAP ITAFs, which could also play a role 

(discussed in Section 1.2.3.1.3); determining their involvement will be essential to define 

the mechanistic role of all proteins. In our previous work we determined that XIAP 

overexpression in our resistant IBC cell lines was due to post-translational upregulation 

via its IRES element (156), but we were unable to determine the mechanism driving this 

enhancement. Utilizing RNAi, we demonstrate that eIF4G1 silencing can reverse 

resistance to the apoptotic inducer TRAIL at levels strikingly similar to direct 

knockdown of XIAP. These data yield answers to multiple lines of questions 

surrounding eIF4G1 and the XIAP IRES in IBC biology. Although identification of 

eIF4G1 is salient, it is a poor molecular target as its expression and function is not 

cancer-cell specific. Using targeted agents towards the MAPK pathway, which is being 

targeted in multiple forms of cancer, we reveal a possible further upstream control of 

XIAP IRES-mediated translation. A recent study showed a role for the MAPK pathway 
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in viral IRES translation (557) and previous work has demonstrated that MAPK 

hyperactivation is a key feature in IBC (26), making our findings highly relevant for the 

field. A multitude of MAPK pathway inhibitors have been tested in pre-clinical and 

clinical trials (558) and may be available for use in IBC in combination with approved 

treatment regimens.  

As mentioned earlier in Section 1.1.2.8.2, the MAPK pathway (downstream of 

EGFR/Her2) has been correlated with NFκB activation in IBC, but no mechanistic 

explanation directly linking the two could be found at the time. Our work presented 

here reveals that MAPK-mediated control of XIAP expression may in turn regulate the 

NFκB activated phenotype associated with IBC. These findings link the commonly 

overexpressed ErbB receptors to a transcription factor and delineate a pathway that may 

be targetable at multiple points to enhance therapeutic efficacy in patients diagnosed 

with IBC. Whole-genome sequencing of XIAP-silenced cells uncovered numerous 

changes across the genome, which according to our analyses can be pinpointed to 

modulation of the MAPK and NFκB pathways. These changes abolish the tumorigenic 

capacity of IBC cells in mouse models, furthering the idea that targeting this pathway 

will be potent in eradicating tumors in vivo. Elucidation of the TAB1:TAK1-dependent 

mechanism for XIAP-mediated NFκB activation is highly interesting and may explain 

the poor effectiveness of current XIAP-targeting drugs in clinic. The majority of these 

drugs are directed towards the BIR2 and BIR3 domains (464,559,560), where XIAP binds 
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caspases, while only one compound outside of our NRAGE peptide (described in 

Chapter 3), the recently identified NF023 (561), has been observed to disrupt XIAP:TAB1 

binding. Further work will be necessary with both of these compounds to determine if 

they can be utilized as therapeutic agents as well as the identification of other targeted 

agents that specifically antagonize this binding.  

Using our resistant cell line, rSUM149 we also demonstrated the potency of the 

XIAP-NFκB interaction in driving the progression of IBC. According to one thought, 

drug resistance does not exist de novo, but rather is acquired by a subset of cells under 

some sort of selective pressure and is a reversible change that can revert with removal 

(421). This seems to be the case in IBC based on our previously published efforts (418), 

showing the reversible nature of increased XIAP expression and therapeutic resistance. 

It is postulated that these cells represent the true cancer stem cells (CSCs), as CSCs have 

been shown to more drug resistant than other cells in tumors and can reseed after 

therapeutic intervention (562-564). Our results are concordant with this hypothesis as 

our rSUM149 cells have a higher population of ALDH1 positive cells, a marker of CSCs 

in breast cancer. Additionally, we reveal that overexpression of XIAP in parental cells 

can mimic this increase in ALDH positive cells, which can be decreased by specific 

targeting of NFκB. This confirms the original hypothesis with XIAP being the factor that 

is regulated by selective pressure (i.e. a non-mutational increased IRES activity), which 

increases NFκB activation and the population of CSCs, thereby increasing drug 
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resistance. A still-standing future direction is the confirmation of these mechanisms in 

patient tissue. Pre-treatment samples support our conclusions, however, analysis of the 

above molecules in post-treatment samples will be critical to evaluate our proposed 

mechanisms in vivo.  

In Chapter 4, we take a novel approach to IBC therapy in understanding the 

inhibition of immunotherapy. Immunotherapy has been steadily increasing in treatment 

regimens for multiple types of cancer, as it represents a systemic, but targeted approach 

to eradicate tumor cells. As mentioned in Section 1.1.3.3.1, only a few studies in the vein 

of immunotherapy have been in IBC, but none have at all assessed the inhibition of 

immunotherapy of which there are a multitude of reported mechanisms. Our earlier 

works had been largely focused on chemotherapy (156,418-420), while one paper 

published by our lab reveals that the apoptotic dysregulation in resistant cells leads to 

the inhibition of T-cell mediated killing (482). This spurred a thought that XIAP may be 

inhibiting immune-mediated killed and targeting XIAP may enhance the efficacy of 

immunotherapy. We reveal that XIAP overexpression does decrease immune-mediated 

cytotoxicity using antibody-dependent cellular cytotoxicity, mediated by NK cells, as 

proof of principle. We chose this as the use of monoclonal antibodies, particularly 

trastuzumab, has steadily increased in IBC although all patients seemingly reach a 

plateau where treatment is no long efficacious (103,104); however, no explanation has 

been investigated. Using caspase-binding mutants, we observed that the ability of XIAP 
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to regulate caspase activation was only partially responsible for the inhibition of 

apoptosis. The activity of granzyme B has been shown in biochemical assays to have two 

effects: direct cleavage of caspase-3 (488) and direct cleavage of mitochondrial subunits 

leading to the generation of ROS (489). Further in-depth analysis elucidated a novel role 

for XIAP in this process: the inhibition of oxidative stress through activation of NFκB 

and subsequent redox adaptation. This finding was extremely fortuitous and may 

explain the effects of our earlier tested compounds that antagonize XIAP function and 

alter redox adaptation (413,419,420): embelin, which is known to block procaspases-9 

binding to XIAP, can also antagonize NFκB activation; Smac mimetics can interfere with 

NFκB survival signaling through multiple mechanisms involving other IAPs; and 

disulfiram has been shown in multiple reports to block NFκB. Utilizing Smac mimetics, 

our NRAGE peptide, and RNAi we demonstrate that targeting of XIAP can enhance 

immunotherapy efficacy, which merits further testing of IAP inhibitors and redox 

modulators for their ability to sensitize cells to apoptosis. This study represents the first 

study to date to: 1) assess the therapeutic efficacy of cetuximab to mediate ADCC in IBC 

cells with EGFR expression, which comprises a significant portion of tumors; 2) define a 

mechanism for resistance to ADCC in IBC, predicated on the expression and function of 

XIAP; and 3) elucidate the mechanisms by which XIAP mediates the inhibition of 

oxidative stress in IBC.  Finally, although not published in this dissertation, our lab 

recently developed and optimized an in vivo ADCC system using CB.17SCID mice, 
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which retain functional NK cells. This animal model revealed that rSUM149 and wtXIAP 

cells maintain resistance in tumors and will be useful to test compounds identified in in 

vitro screens. 

The finding in Chapter 4 that XIAP-mediated NFκB activation is the mechanism 

for redox adaptation and subsequent drug resistance was crucial in designing other 

novel agents that can antagonize these particular targets. Experiments in Chapter 5 

utilized a novel combination of two antioxidants, manganese porphyrins (MnPs) and 

ascorbate, which when combined function as pro-oxidants inducing a significant 

amount of ROS (530). This combination was able to reverse resistance in both rSUM149 

and wtXIAP, correlating with decreased GSH levels, an antioxidant controlled by NFκB. 

Manganese porphyrins have been revealed to decrease NFκB activation, which was 

observed in our studies. It is interesting to speculate whether the MnPs directly 

antagonize NFκB or overwhelm the cell through the continual production of hydrogen 

peroxide, which can indirectly lead to the dephosphorylation of NFκB (359). No matter 

the mechanism, these results reveal that interfering with redox adaptation in IBC is a 

potent way to reverse acquired therapeutic resistance and enhance tumor cell death. In 

assessing the mechanism of cell death cause by this combination, we observed that 

inhibition of caspase activity does not decrease the efficacy of this combination. 

Combined with other data showing Annexin V staining and PARP laddering this led us 

to look at caspase-independent mechanisms of cell death. Using TMRE staining as a 
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measure of mitochondrial polarization, we observed significant hyperpolarization of the 

mitochondrial membrane (unpublished data), which can lead to the release of 

apoptogenic factors from the inner membrane space (565). One such factor, AIF was seen 

to translocate to the nucleus, where it has been suggested to have an active role in cell 

death (566). Further work using RNAi or AIF knockout cells could better answer 

whether AIF is passive or active in this process. Disregarding mechanism, the 

MnP+ascorbate combination has been shown to selectively target cancer cells while 

sparing normal cells which is an important consideration in further developing it as a 

therapeutic strategy (567). In vivo work did not show significant decreases in tumor 

growth with one of the MnP+ascorbate combinations in a 4T1 model (430); however, 

further work with other MnPs and an IBC model may demonstrate significant changes.  

Our identification of redox adaptation as a potent pro-survival mechanism and 

the elucidation of multiple strategies that target this to enhance apoptosis beg the simple 

question: can this be seen in patient tissue? We had previously noted that after acute 

exposure to H2O2, a subset of tumor cells survive and proliferate; analysis of these cells 

revealed increased NFκB activation at both the gene and protein level suggesting redox 

adaptation may occur early (unpublished data). Using a whole-genome approach we 

identified an oxidative stress response metagene, which comprised a number of genes 

upregulated or downregulated in these surviving cells. Applying this metagene to 

patient tissue revealed increased redox adaptation in breast cancer samples, with the 
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highest levels seen in IBC tissue. We were able to recapitulate this data using a 

commercially available metagene set, furthering our results. This represents the first 

time redox adaptation has been seen in patient tissue corroborating all of our in vitro 

work to date. Concordant with the “threshold model” (310), we determined from this 

that IBC tumor cells would be particularly sensitive to redox modulation.  

In a recent paper published by our lab, we utilized the FDA approved, anti-

alcoholism drug disulfiram (DSF) to determine the feasibility of targeting redox 

adaptation with a clinically relevant compound (413). In vitro studies reported that 

complexing DSF with exogenous copper could effectively target redox adaptation and 

NFκB, both of which we have shown to be critical mediators of therapeutic resistance. 

As the time from preclinical development of a novel drug to FDA approval can be 

anywhere from 8-10 years, finding activities of already approved drugs (repurposing) in 

other diseases is attractive. Disulfiram/Antabuse, a drug approved for alcohol abuse 

management since the 1920s with extensive pharmacokinetic and safety data (568)], 

showed potent efficacy both in vitro and in vivo in IBC cells and xenografts when 

combined with copper (413). Unpublished data from our lab demonstrates that DSF can 

also enhance the effectiveness of approved chemotherapeutics both in vitro and in vivo. 

Current work is ongoing in our laboratory to understand the mechanisms of IBC 

metastatic progression and to use this information in developing novel combination 

strategies that can prolong drug sensitivity.  
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Inflammatory breast cancer is an understudied disease leading to extremely poor 

outcomes for patients diagnosed and suffering from the disease. The studies here 

provide a central and essential role for XIAP in key aspects of IBC pathobiology and 

redox adaptation, both of which contribute to the aggressive nature of the disease. This 

work not only adds to the basic mechanistic knowledge of key molecules involved in 

IBC, but also reports novel targeted strategies that can be incorporated to increase 

patient survival. Further work using patient tissue, other cell line models, and more in 

vivo study will hopefully expedite the awareness of XIAP in IBC and accelerate the 

introduction of targeted agents into clinical trials to improve patient outcomes.  
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