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Abstract 

Cancer cells exploit key signaling pathways in order to survive, proliferate, and 

metastasize. Understanding the intricacies of the aberrant signaling in cancer may provide new 

insight into how to therapeutically target tumor cells. The goal of my research was to explore the 

role of two modulators of transmembrane signaling, the secretory pathway and cell surface 

proteolysis, in the aggressiveness of breast cancer cells. To study the role of the secretory 

pathway, I focused on the family of endoplasmic reticulum (ER) chaperones. I found that several 

ER chaperones were upregulated in breast cancer cells grown under anchorage-independent 

conditions as mammospheres versus those grown under adherent conditions. Furthermore, 

certain members of the protein disulfide isomerase (PDI) family were consistently upregulated in 

two different cell lines at both the mRNA and protein levels. Knocking down these PDIs 

decreased the ability of the cells to form mammospheres. I demonstrated that the requirement for 

PDI chaperones in mammosphere growth is likely due to an increased flux of extracellular 

matrix (ECM) components through the ER. Next, I examined the role of cell surface proteolysis 

in modulating the aggressiveness of breast cancer cells. Cell-surface metalloproteases release 

soluble growth factors from cells and activate the corresponding growth factor receptors. I 

determined that specific metalloproteases (ADAM9 or ADAM12), modulate the activation of 

Epidermal Growth Factor Receptor (EGFR). I demonstrated that EGFR activation enhances the 

CD44
+
/CD24

-
 cell surface marker profile, which is a measure of cancer cell aggressiveness. I 

found that the MEK/ERK pathway, which is a downstream effector of EGFR activation, 

modulates the CD44
+
/CD24

-
 phenotype. When DUSP4, a negative regulator of the MEK/ERK 

pathway, is lost, activation of EGFR by metalloproteases no longer plays a significant role in 

cancer cell aggressiveness. This indicates that the ligand dependent activation of the 



  

EGFR/MEK/ERK pathway is a critical step in DUSP4-positive aggressive breast cancer. Finally, 

I examined the importance of metalloproteases in the regulation of Programmed-death ligand 1 

(PD-L1), a transmembrane protein expressed by some cancer cells that plays a major role in 

suppressing the immune system. I demonstrated that cell-surface metalloproteases have the 

ability to cleave PD-L1 and release its receptor-binding domain to the extracellular environment. 

Collectively, these data indicate that (a) ER chaperones support anchorage-independent cell 

growth, (b) metalloproteases are important in regulation of an aggressive phenotype through the 

EGFR/MEK/ERK pathway, and (c) metalloproteases cleave PD-L1, a key component of 

immunosuppression in cancer.  
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Chapter 1 - Literature Review 

Cancer is a disease that is characterized by the uninhibited growth and spread of 

abnormal, malignant cells. Cancer cells can originate from numerous places within the body, 

including the skin, lungs, prostate or breast, and stomach. The main focus of the research 

presented in this dissertation is on breast cancer, as it is still one of the major causes of cancer 

death for women, second only to lung cancer [1]. It is estimated that there will be approximately 

255,000 new cases of breast cancer diagnosed in 2017 [2]. While much research has been done 

to understand how to treat various types of breast cancer (see ‘Overview of Breast Cancer’ 

below), there is much left to do to understand the intricacies of these signaling pathways and cell 

to cell interactions in breast cancer cells.  

 Overview of Breast Cancer 

 Clinical Classification 

Currently, the treatment plan for breast cancer patients is based on the staining for a panel 

of three predictive immunohistochemical markers. These markers clinically subdivide breast 

cancers into three general categories: (1) hormone receptor positive breast cancer (estrogen 

receptor [ER] or progesterone receptor [PR] positive); (2) human epidermal growth factor 

receptor 2 (HER2) positive, and; (3) breast cancer that is negative for all three markers (triple 

negative breast cancer, TNBC) [3]. Hormone-receptor positive and HER2 positive breast cancer 

can be treated by exploiting the tumor’s dependence on these overexpressed marker(s). This is 

called targeted therapy [4]. If there is no expression of these markers, the tumor can only be 

treated by conventional methods, such as chemotherapy [5, 6]. Current research in the field has 

focused on the need for directed therapies, which take into account both the marker profile and 

specific characteristics of cancer cells. The heterogeneity and complexity of breast cancer cells 
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are becoming apparent, and an increased efficacy to diagnose the intricacies of these cells would 

help allow for the development of additional therapies. 

 Molecular Subtypes 

In a concentrated effort to classify breast cancers based on their intrinsic properties, 

rather than a profile of only three markers, five molecular subtypes of breast cancer have been 

identified [7]. These molecular subtypes of breast cancer were determined based on a set of 

genes, whose expression was determined either by microarrays or RNA sequencing, and which 

did not appear to vary significantly within the same tumor sample, including within its 

metastases, but differed in various breast cancers [8]. A set of 50 of these intrinsic genes, called 

PAM50, has been used to classify breast cancers into four molecular subtypes, which include (1) 

luminal A, (2) luminal B, (3) HER2-enriched, (4) basal. The fifth subtype of breast cancer, called 

claudin-low, is not able to be distinguished based on solely a PAM50 test [9].  

Additionally, while the molecular subtypes of breast cancer have high similarities to the 

predictive immunohistochemical markers widely used in diagnostics and treatment plans, there 

are small but significant differences between the two [10]. For example, hormone receptor 

positive cancers share high similarities with the Luminal A and B molecular subtypes, but 

interestingly only 77% of tumors that were clinically classified as ER-/HER2+ were found to be 

HER2-enriched. Triple negative breast cancers appeared in the basal (57%) and HER2-enriched 

(30%) molecular subtypes [7]. The claudin-low molecular subtype, characterized by the 

downregulation of genes involved in cell-cell interactions, shares some similarities to the basal 

subtype and is also usually clinically classified as TNBC [11]. While the benefits of using the 

PAM50 test are numerous, the cost, amount of tumor sample required, and data analysis prevent 
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this test from being used for common clinical diagnosis, even though it has potential to serve as 

an important prognostic marker [12]. 

 Future Directions of the Therapies for Triple Negative Breast Cancer  

For a long time, chemotherapy has been the preferred course of treatment for TNBC. In 

the recent years, numerous enzymes and signaling pathways have emerged as potential 

therapeutic targets. For example, inhibitors that target Epidermal Growth Factor Receptor 

(EGFR, see below) have been tested in clinical trials, but the results have been disappointing 

[13]. Other therapies currently in clinical trials include inhibitors that target the cell cycle, DNA 

damage repair, and gene transcription [13-15]. Importantly, cancer immunotherapy has been 

recently revolutionizing cancer treatment [16] (see ‘Cancer Immunotherapy’).  

 Cell Culture Models of Aggressiveness 

Models of breast cancer cell aggressiveness are needed to identify targets for future 

therapy directions and drug development. Effective therapies target cancer metastases, as they 

are primarily the cause of cancer mortality. Accumulating evidence points to certain cancer cells 

linked to the formation of metastases. These cells are termed “breast tumor initiating cells 

(BTICs)” or “cancer stem cells (CSCs)”. These cells do not undergo death caused by detachment 

from the extracellular matrix (termed “anoikis resistance”), enter into the bloodstream (where 

they are called circulating tumor cells, CTCs), and exit the bloodstream to form a metastatic 

colony at a distant site  [17]. It is important to note that not all cancer cells found in circulation 

are CSCs. Cancer stem cells have often undergone epithelial-to-mesenchymal transition (EMT), 

escape recognition by the immune system, and are resistant to conventional treatment methods. 

The described assays below are commonly used techniques that serve as a surrogate measure of 

cancer cell aggressiveness. 
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 Cell Migration and Invasion Assays 

A common cell migration test is termed the “wound healing” or “scratch” assay. Cancer 

cells are plated at high density, then a pipette tip or similar tool is used to create a disruption in 

the cell layer. Imaging techniques are used to measure the rate that the cells are able to fill the 

entirety of the wound [18]. This simple assay has the benefits of being cost-effective and easy to 

perform. To some extent, it mimics what is seen regarding the migration of cells in vivo. 

Limitations include the lack of in vivo conditions and the inability to take into account the 

chemotaxis of cells [19]. 

Cell invasion techniques are used to measure the tendency of cancer cells to form 

invadopodia, which are protrusions from the plasma membrane that extend outwards towards the 

extracellular matrix. Breast cancer cells are suspended in Matrigel, a substance that mimics the 

3D growth of attached cells by using components of the extracellular matrix as its base [20]. As 

cancer cells must degrade the extracellular matrix in order to invade the surrounding tissue and 

metastasize, this assay provides a snapshot into the in vivo growth of cancer cells more 

accurately than cells grown in normal tissue culture conditions [21]. 

 Anchorage-Independent Growth 

Cells that detach from the extracellular matrix normally undergo anoikis. Certain cancer 

cells are anoikis-resistant: they survive the detachment, proliferate, and grow to form spheroids 

called “mammospheres” [22]. Anchorage-independent growth can be accomplished with cells 

either grown in a liquid suspension that allows cell aggregation, or in an inert substance that 

prevents cell aggregation. The inert substance assures that all spheroids originate from a single 

cell and are not the result of cell aggregation. This assay was developed from a need to further 
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identify conditions that allow the selection of cancer stem cells, capable of forming metastatic 

colonies, and provides a viable option for replicating a metastatic condition in vitro [20, 23]. 

 Cancer Stem Cell Markers 

The cell surface expression levels of certain proteins, which can be determined by flow 

cytometry techniques, have been shown to serve as indicators of the aggressiveness of breast 

cancer cells Common cell surface markers that have been shown to correlate with the 

tumorigenic potential of human breast cancer cells grown in mice [24] include CD44, a cell 

surface glycoprotein shown to be involved in cell-cell interactions, adhesion, and migration [25]; 

and CD24, a cell surface protein with a glycosylphosphatidylinositol (GPI) anchor that is heavily 

glycosylated [26, 27]. Cancer stem cells typically express high levels of CD44 and low levels of 

CD24. Other proteins have been proposed as CSC markers, such as EpCAM, CD133, and 

CD166, but they are less commonly used. There has been much discussion about the efficacy of 

cell surface markers in general, as it appears that no marker combination is accurately predictive 

of the aggressiveness of all types of cancer cells, and these markers do not fully correlate with 

the tumor-forming potential of cells [28-30].  Another commonly used assay to identify tumor 

initiating cells detects the activity of aldehyde dehydrogenase (ALDH), which has been shown to 

be increased in CSCs [31, 32]. 

 The Secretory Pathway 

The secretory pathway determines how proteins are synthesized and sorted within a cell. 

The main components of the secretory pathway include the endoplasmic reticulum (ER) and 

associated proteins, including ribosomes that synthesize proteins and direct them into the ER, the 

Golgi complex, and vesicles that transport proteins from the ER to the Golgi, and from the Golgi 

to their final destination. Secretion rates control both the release of soluble proteins from those 
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vesicles to the extracellular compartment, and the transport of integral membrane proteins to the 

plasma membrane of cells. Additionally, proteins may be modified along their journey to 

maturation, with the help of ER chaperones [33].  

Much discussion has surrounded the secretory pathway in its importance to the 

progression of cancer [34]. As many of the proteins necessary for enhanced tumor growth 

progress through this pathway, the idea of limiting the function of the secretory pathway is an 

attractive one [35]. The post-translational modifications that occur in the Golgi also generate a 

huge variety of different proteins among cancer cell secretomes [36]. Exploiting the dependence 

and vulnerabilities of cancer cells on the secretory pathway may prove to be a valuable strategy 

for development of new anti-cancer therapies. 

 ER Chaperones 

ER chaperones are a class of proteins that reside in the ER and assist in the protein 

folding and assembly (or disassembly) [37]. Chaperones are also present in a cell at places other 

than the ER, including in the cytosol, mitochondria, and on the cell surface [38], but these 

enzymes do not directly influence the secretory pathway and will not be discussed here. All 

proteins are synthesized as a polypeptide chain, and need to be directed into their functional and 

active conformation. ER chaperones possess the ability to guide a terminally misfolded protein 

through appropriate channels in the ER membrane for degradation in the cytosol [39]. Also, the 

accumulation of misfolded proteins in the ER elicits the unfolded protein response (UPR). The 

UPR is a series of three separate pathways which provides increased compensatory mechanisms 

and decreases new protein synthesis [40]. With a wide variety of proteins being synthesized, 

numerous chaperones are necessary to accomplish this function. There are various classes of 

chaperones which have differing functions within the ER. 
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 Classifications of Chaperones 

The three major categories of chaperones are: (1) molecular chaperones that shield 

unfolded regions from other proteins, (2) lectins, which bind to and facilitate folding of 

glycoproteins, and (3) foldases that catalyze the various steps involved with protein folding [41, 

42]. These categories of chaperones, including examples of each class, are described in detail 

below. 

 Molecular Chaperones 

The family of molecular chaperones has a wide range of substrate specificities. Members 

of this family include HSP70-class chaperones (BiP and GRP-170) and the HSP90-class 

chaperone GRP-94. To prevent premature binding and protein aggregation of partially misfolded 

proteins, molecular chaperones bind to small hydrophobic patches of newly synthesized 

polypeptides [43, 44].  The HSP70-class of molecular chaperones is the best studied group of 

molecular chaperones. These enzymes are composed of three domains, an N-terminal ATPase 

domain, a substrate binding domain, and a C-terminal lid. Additionally, there is a short sequence 

at the very C-terminus of the protein that allows interactions with co-chaperones [42]. The 

ADP/ATP state of the ATPase domain facilitates binding to various substrates. When ATP is 

bound, the lid at the C-terminal end of the protein remains open, and there is a low affinity for 

peptide binding. When a substrate binds to these molecular chaperones, the ATP is hydrolyzed to 

ADP and the lid clamps down on the bound peptide. After ADP is exchanged for ATP, the 

substrate dissociates from the chaperone [43]. Co-chaperones may facilitate this exchange in 

various ways, including stimulating ATP hydrolysis or facilitating ADP release [37].  BiP (also 

named GRP-78) has been termed the “master regulator” of the ER, as it binds to the majority of 

proteins that traverse through the ER [37]. It also functions outside of its chaperone role by 
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maintaining the permeability of the ER by sealing the luminal side of the inactive translocons 

[43]. Additionally, BiP has been suggested to function as a positive regulator of breast cancer 

progression and may serve as a predictor of chemoresistance [45-48]. The HSP90-class 

chaperone GRP-94 is the most abundant glycoprotein in the ER and has a similar domain 

organization as the HSP70-class chaperones, with the C-terminal lid replaced by a dimerization 

domain located at the end of the protein [43]. GRP-94 possesses ATPase activity only upon 

dimerization [42]. The interactions between the chaperone and its clients appear to: (1) facilitate 

the formation of an active form of certain proteins, namely kinases, (2) help form multiprotein 

complexes, and (3) promote the binding of ligands to their proteins [49]. 

 Lectins 

The lectin class of ER chaperones consists of calreticulin and calnexin. As their name 

implies, the lectin chaperones bind to the carbohydrate-containing portion of glycosylated 

proteins and help facilitate their folding. These substrates include major histocompatibility 

complex (MHC) class I molecules [50]. Both calnexin (membrane bound) and calreticulin 

(soluble) contain a single carbohydrate binding domain that binds monoglucosylated glycans 

[51]. An additional domain, termed the P-domain, is rich in proline residues and serves to recruit 

an oxidoreductase (ERp57, discussed in the next section), which is involved in the formation and 

isomerization of disulfide bonds [43]. Additionally, this binding helps slow the rate of folding, 

thus increasing the overall folding efficiency. The binding of glycans to the lectin chaperones is 

modulated primarily by two other enzymes: glucosidase II and UDP-glucose:glycoprotein 

glucosyltransferase (GT) [37]. As with molecular chaperones mentioned above, protein folding 

appears to occur in the unbound form. However, substrate-chaperone binding helps to slow the 

rate of folding and minimize the formation of intermediate aggregates due to disruptive 
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interaction with other proteins [43]. Knockout of either calreticulin or calnexin is embryonically 

lethal in mice [52]. There has been little evidence connecting these lectin chaperones to the 

survival of cancer cells. A study by Delom, et al. showed that in tunicamycin-treated apoptosis-

resistant MCF-7 cells upregulate calnexin, and escape apoptosis by a mechanism independent of 

its chaperone function [53]. 

 Foldases 

Perhaps the most important class of proteins related to the research presented in this 

dissertation is the foldases. The human PDI family consists of approximately 20 members [54]. 

These thiol oxidoreductases, which include ERp44, protein disulfide isomerase (PDI), ERp57, 

and ERp72, facilitate the oxidation, isomerization, or reduction of disulfide bonds through a 

conserved CXXC motif, which can vary in number between different family members [55, 56]. 

The two residues that lie between the cysteines in the thioredoxin-like catalytic domains play a 

major role in determining the redox potential of the enzyme, and its function as either as an 

isomerase, reductase, or oxidase [57]. The domain organization of the PDI family is depicted in 

Figure 1.1. 

In addition to their role in disulfide bonds, certain family members, including PDI, may 

also function as molecular chaperones, recognizing misfolded proteins due to the presence of a 

hydrophobic sequence in the structure of the protein [42]. PDI family members can be found in 

numerous places within the cellular environment, including the ER (discussed), cytosol, nucleus, 

cell surface, and extracellular region [58-61]. The reason for this large number of PDI family 

members is unclear. There is a large degree of functional redundancy, but particular members do 

seem to play a more specialized role. For instance, PDI and ERp57 both exhibit broad substrate 

specificity, and can generally compensate for the loss of the other [62]. However, ERp57 
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preferentially forms a complex with calnexin and calreticulin (described above). This is due to a 

conserved positively charged region in the b’ domain which interacts with a negatively charged 

region in the P-domains of the lectins [43, 63]. As such, deletion of ERp57 results in a major 

defect in the MHC class I proteins [64]. The PDI chaperone ERp44 has been shown to function 

at the ER-Golgi interface, preventing the release of non-native conformations of proteins to the 

Golgi [65, 66]. Depletion of ERp72 in human hepatoma cells showed minimal impact and thus 

suggests a narrow substrate specificity or existence of an alternative mechanism with an 

unidentified protein [62]. As such, even with the large degree of functional redundancy among 

the PDI family, there are some specialized functions associated with each family member. 

 The Unfolded Protein Response (UPR) 

ER stress caused by the accumulation of misfolded proteins leads to the activation of the 

unfolded protein response (UPR) [67]. The primary goals of the UPR are to eliminate misfolded 

proteins and to reduce the amount of newly synthesized proteins within the ER, both which 

contribute to regaining homeostasis [40]. Activation of the UPR due to ER stress in solid tumors 

has been shown to originate from an altered metabolism, hypoxic conditions, or signals from the 

tumor microenvironment, which leads to an increase in ER chaperones [40, 48, 68, 69]. The UPR 

consists of three parallel signaling pathways: IRE1, PERK, and ATF6, shown in Figure 1.2, 

adapted from ref [70]. Each of these pathways uses unique mechanisms of signal transduction 

due to the presence of misfolded proteins. Previous studies have shown that IRE1 and/or ATF6 

pathways, but not PERK alone, play a critical role in the induction of important ER chaperones 

during the UPR [71, 72]. However, in regard to epithelial-to-mesenchymal transition (EMT), it 

has been shown that the PERK branch is required for cells to invade and metastasize [73]. 
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 ATF6 

The transcription factor ATF6 initially is synthesized and resides in the ER as a 

transmembrane protein, which contains a large luminal domain (Figure 1.2A). In the presence of 

high concentrations of unfolded proteins in the ER, ATF6 is transported to the Golgi complex 

[41]. After it reaches the Golgi, two proteases (S1P and S2P) cleave ATF6, releasing the 

cytoplasmic N-terminal domain, ATF6(N), from the membrane. The ATF6(N) fragment then 

serves as a transcription factor in the nucleus to activate UPR target genes [70]. Genes that are 

induced by the ATF6 branch of the UPR include various chaperones, such as BiP, GRP94, and 

PDI [48, 70]. It is thought that ATF6 responds to ER stress via its association with the molecular 

chaperone BiP. Under normal conditions, ATF6 associates with BiP in the ER. When ER stress 

occurs and BiP dissociates, two Golgi localization sites are exposed and ATF6 is then 

transported to the Golgi [40]. Additionally, the domain present in the ER (luminal side) has 

various disulfide bonds, possibly allowing it to sense its redox environment [70]. 

A recent article by Dadey, et al. described the impact of ATF6 on glioblastoma cells. 

Radiation treatment induced the ER stress response and downstream pathway events. 

Downregulation of ATF6 seemed to sensitize various glioblastoma cell lines to induce cell death 

by radiation therapy, though it did not appear to be a strong effect [74]. 

 PERK 

In the second branch of the UPR, a transmembrane serine/threonine kinase called PERK 

oligomerizes and autophosphorylates in the presence of misfolded proteins (Figure 1.2B). PERK 

then phosphorylates eIF2α, which inhibits its function as a translation initiation factor and as a 

result inhibits mRNA translation. This reduces the flux of proteins into the ER and helps 

alleviate ER stress. In addition to this function, a transcription factor called ATF4 is induced, as 
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some mRNAs are preferentially translated when eIF2 is rate-limiting. ATF4 drives the 

expression of CHOP, which controls genes involved in apoptosis, and GADD34, which 

dephosphorylates eIF2α. 

Interestingly, Sequeira, et al. showed that a loss of cellular adhesion can regulate eIF2α 

phosphorylation in a PERK-dependent manner. Additionally, there was an increase in 

phosphorylation of eIF2α after blocking the function of β1-integrin [75]. As phosphorylation of 

eIF2α should lead to a decrease in translation and an increase in apoptotic proteins, the authors 

proposed that PERK activation reduces tumorigenicity. Whether this function was due to an 

increase in ER stress and the UPR caused by the loss of cell adhesion or by a different 

mechanism has not been determined. 

 IRE1 

This is the most conserved part of the UPR, and the only branch present in both yeast and 

humans [40] (Figure 1.2C). In the presence of unfolded proteins, the serine/threonine kinase 

IRE1 dimerizes and undergoes autophosphorylation [48]. The resulting complex has two 

functions involved in relieving ER stress. The first is as a transmembrane kinase, which uses an 

unconventional mRNA splicing mechanism to create an mRNA encoding a transcription factor 

(XBP1) [40]. This mRNA product is then translated to the protein XBP1s, which is translocated 

to the nucleus and drives expression of molecular chaperones and genes involved in lipid 

synthesis and the ERAD (ER associated degradation) pathway [70]. The second function of the 

active IRE1 complex involves ribonuclease (RNase) activity facilitated by conformation changes 

involving its lateral oligomerization within the ER membrane. 

A recent article published by Chen, et al. demonstrated that the IRE1 pathway was 

selectively activated in triple negative breast cancer and had an important role in the 



13 

tumorigenesis and tumor progression. In breast cancer cell line models, depletion of XBP1 

inhibited tumor growth and tumor relapse and reduced the CD44
high

CD24
low

 population [76]. 

Additionally, the authors believe that this function of XBP1 is through the control of the 

transcriptional pathway of H1F1α, as chromatin immunoprecipitation showed that XBP1 and 

H1F1α occupy the same DNA motifs. 

 The Secretory Pathway and Cancer Aggressiveness 

Various components of the secretory pathway have been shown to play a role in 

modulating cancer aggressiveness. While there are countless secreted proteins and pathway 

modulators that have been linked to cancer, two stand out as likely candidates and deserve 

further explanation. These are the PDI family of molecular chaperones and the secreted proteins 

involved in extracellular matrix (ECM) formation. 

The protein disulfide isomerase family of molecular chaperones appears to play 

important roles in cancer progression (discussed below). A specific member of the family, PDI, 

was found to have increased levels of gene expression in multiple types of cancers including 

brain, kidney, and lung cancer [77]. The inhibition of PDI activity, but not a catalytically inactive 

mutant, was shown to sensitize melanoma cells to apoptosis caused by ER stress inducers [78]. 

In another study, the levels of PDI were significantly higher in axillary lymph node metastatic 

breast tumors than in the primary breast tumor [77]. Taken together with data showing that lower 

levels of PDI correlate with a better prognosis in breast cancer [79], this suggests a possible role 

of PDI in metastasis. While these effects of PDI in cancer have been well-documented, it is not 

clear if these effects are due to PDI in the endoplasmic reticulum or some other cellular location 

[61, 80]. PDI has also been shown to be required for the assembly of procollagen, a precursor to 

an important component of the extracellular matrix [81, 82]. The PDI family member ERp57 has 
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also been linked to various aspects of cancer signaling pathways. The mRNA expression level of 

ERp57 was increased in a number of invasive ductal carcinoma samples compared to normal 

breast tissue, and in tumors with lymph node metastases [83]. Expression of ERp57 at different 

cellular locations also appears to have an important role in cancer progression. Along with 

calreticulin, ERp57 translocates to the cell surface, where it has been shown to regulate EGFR 

internalization and phosphorylation in breast cancer [84, 85]. ERp57 additionally plays a role in 

the nucleus by facilitating the activation of STAT3 in laryngeal cancer [60]. As such, it appears 

that the documented role of ERp57 in cancer has little to do with its localization in the ER. 

ERp44 has not been thoroughly studied in regard to its effect on cancer aggressiveness, though 

there is some evidence that knockdown of ERp44 leads to apoptosis of various cancer cells, 

possibly due to a role in calcium release [86-88]. Currently, there is no literature suggesting a 

significant connection between ERp72 and cancer progression. 

The ECM composition at both the primary tumor and secondary metastatic site has been 

increasingly accepted as an important modulator of the aggressiveness of cancer cells. The ECM 

comprises a variety of distinct compounds which include proteins, proteoglycans, glycoproteins, 

and polysaccharides. Signaling to and from the ECM is modulated by integrins, a family of 

transmembrane ECM receptors. Integrins are comprised of two noncovalently linked 

glycoprotein subunits called α and β. There are twenty-four α and nine β subunits of integrins, 

resulting in the formation of heterodimers with different binding specificities [89]. As a link 

between the ECM and intracellular components, integrins have been implicated in breast cancer 

aggressiveness. The stiffening of the ECM leads to integrin clustering, which then initiates 

tumorigenesis by increasing ECM rigidity [90]. Additionally, a downstream effector of a β1 
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integrin is focal adhesion kinase (FAK), which modulates cellular contractility and activates the 

mitogen-activated protein kinase (MAPK) pathway leading to cancer proliferation [89]. 

In addition to providing a support structure and modulating cellular adhesion, certain 

components of the ECM can activate cellular signaling pathways. The aforementioned 

compounds that constitute the ECM are normally secreted from cells through the secretory 

pathway. These secreted ECM components have been shown to be linked to cancer 

aggressiveness in a variety of ways. An abnormally large amount of deposited ECM 

components, including collagen I, which would increase flux through the secretory pathway, is a 

common ECM alteration in many tumor types and linked to a metastatic phenotype [91, 92]. 

This aggressiveness is thought to be due to an interaction between collagen I and β1 integrin, 

which leads to the destabilization of the E-cadherin/β-catenin adhesion complex and an increase 

in the levels of N-cadherin [93, 94]. The interactions between collagen and integrins can lead to 

prosurvival signals and a decrease in apoptosis (also discussed above) [95]. As expected, studies 

have shown a significant decrease in the aggressiveness of cancer when collagen synthesis is 

inhibited [91]. 

 Cell Surface Proteolysis 

While proteolysis can occur throughout the cell, the focus of this section will be on a 

specific class of proteolytic enzymes that catalyze the cleavage or “shedding” of membrane-

bound proteins. 

 The ADAM Metalloproteases 

Certain classes of proteases that catalyze cell surface cleavage reactions are called A 

Disintegrin And Metalloproteases (ADAMs). This class of metalloproteases has broad, but 

specialized cleavage capabilities, as the systematic deletion of individual ADAMs in mice 
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produce different phenotypic effects on animal survival [96]. ADAMs are transmembrane 

proteins with their metalloprotease domain exposed to the extracellular compartment [97]. As a 

result, their substrates include transmembrane ligand precursors, which are released to the 

extracellular space and participate in either cell autonomous or paracrine signaling [97]. 

The human ADAM family contains twenty members that can be classified into three 

major subgroups: testis-specific, hematopoietic, or globally expressed [98]. Additionally, within 

each group, ADAMs may be catalytically active or inactive. While it is possible that ADAMs 

may possess an important function unrelated to their metalloprotease activity, I will consider 

only catalytically active ADAMs of the globally expressed or hematopoietic subclass in regard to 

cancer development. Out of these ADAMs, the knockouts of ADAM10, ADAM17, ADAM19, 

and to some extent ADAM12, show embryonic lethality in mice [96, 98]. This indicates an 

important role of these proteins in cellular functions. 

ADAMs are multi-domain proteins, which serve independent but complementary roles. 

The N-terminal region of the protein contains a signal sequence, which is followed by the pro-

domain, metalloprotease domain, disintegrin domain, cysteine-rich region, EGF-like motif, 

transmembrane domain, and finally the cytoplasmic tail at the C-terminal end [99] (Figure 1.3). 

The signal sequence directs the protein to enter the secretory pathway at the ER. There, it will 

undergo proper folding, glycosylation, and removal of the signal peptide. To prevent premature 

substrate recognition and cleavage, the pro-domain serves as an auto-inhibitor of the catalytically 

active metalloprotease domain until its removal in the Golgi complex [97]. The consensus 

sequence of the catalytic site in the metalloprotease domain is “HEXGHXXGXXHD”, where 

“X” can be any amino acid residue [100]. A triad of histidine (H) residues binds a zinc ion and a 

glutamate (E) serves as the catalytic residue. After removal of the pro-domain by another 
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proteolytic enzyme, the mature protein is trafficked from the Golgi to the cell surface where it 

can serve as a protease [101]. At the cell surface, both the disintegrin and cysteine-rich regions 

retain the capacity to facilitate adhesion and binding of various substrates, including integrins 

and other cell adhesion molecules [102]. Limited research has been done on the EGF-like 

domain, but there are hints that it could serve to facilitate the formation of oligomers or mediate 

substrate specificity [103, 104]. The transmembrane domain connects the extracellular N-

terminal portion of the ADAM with the intracellular C-terminal part of the protein. The 

cytoplasmic tail can interact discriminately with various intracellular proteins through different 

motifs present in that region of the protein [105]. 

 Functional Roles and Activity of ADAMs 

As cell surface metalloproteases, the commonly understood function of ADAMs is to 

modulate the cleavage or “shedding” of membrane-bound proteins. These proteins are usually 

transmembrane precursors to various ligands required for activation of cellular signaling 

pathways. The cleaved portion of the protein (usually a soluble ligand) is released to the ECM to 

function in cell signaling by binding to receptors or other signaling components [106].  

A growing amount of research has focused on analyzing the ADAM degradomics, that is 

a collection of all substrates for catalytically active ADAMs, especially in the context of cellular 

diseases, such as cancer [107]. While the information obtained from these assays is almost 

certainly related to a direct role of an ADAM’s sheddase capabilities, the possibility of direct 

interactions between a particular domain (e.g. disintegrin, cysteine-rich, EGF-like, or 

cytoplasmic domain) within the ADAM and another protein cannot be eliminated. 

Transmembrane signaling pathways that have been shown to be influenced by ADAMs include 

the TNFα, NOTCH, and EGFR pathways [97]. Additional proteins that have been linked to 
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metalloprotease cleavage include those that mediate cell-cell interactions, such as members of 

the cadherin family or CD44 [108]. 

 EGFR Signaling 

ADAM proteases play an important role in signaling through the epidermal growth factor 

receptor (EGFR). EGFR is a receptor tyrosine kinase that dimerizes and autophosphorylates 

upon ligand binding. The kinase activity induces downstream signaling cascade events leading to 

cell proliferation (discussed in ‘Epidermal Growth Factor Receptor (EGFR) Signaling’ below). A 

number of ligands can serve as activation signals for EGFR,  including epidermal growth factor 

(EGF), heparin-binding EGF (HB-EGF), epiregulin, amphiregulin, betacellulin, and 

transforming growth factor α (TGF-α) [109]. Different ADAMs can mediate cleavage of the 

transmembrane precursors of these ligands, yet there is some preference with regards to the 

favored substrate [106]. After the cleavage of transmembrane precursors, soluble ligands are 

released from the cell surface, bind to EGFR receptor, and initiate intracellular signaling 

responses. 

Other Signaling Events Regulated by ADAMs 

ADAMs have been shown to regulate other important signaling pathways, including 

Notch and tumor necrosis factor α (TNFα) signaling. The Notch pathway is important in the 

regulation of cell proliferation, differentiation, and death. Notch ligands are membrane-bound 

ligands that interact with their receptor on neighboring cells. Endocytosis of the ligand in the 

ligand-expressing cell exerts a pulling force on the receptor-ligand complex and exposes the S2 

cleavage site in the Notch receptor. [110]. After the cleavage of the receptor by an ADAM, 

specifically ADAM10 or ADAM17, another proteolytic enzyme, -secretase, releases the 

cytoplasmic domain of the receptor, which allows it to translocate to the nucleus and serve as a 
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transcription factor that regulates important cellular pathways [111]. Aside from receptor 

cleavage, ADAMs can serve as negative regulators of this pathway by cleaving the ligand (e.g., 

Delta-like ligand 1), which limits its ability to interact with Notch receptors [112]. 

TNFα signaling requires the cleavage of a transmembrane ligand precursor, which must 

be released from the cell surface by ADAM17 [102]. Additionally, ADAM17 modulates the 

shedding of its receptor, tumor necrosis factor receptor (TNFR) [98]. TNFα is a cytokine that 

induces a pro-inflammatory response or apoptosis [97]. When TNFα is bound to its receptor 

(TNFR1), the receptor forms trimers, which causes the dissociation of an inhibitory protein and 

initiates different intracellular signaling pathways [105]. 

Cell adhesion receptors are involved in both cell-cell and cell-ECM interactions. The 

proteins included in this category include E-cadherin,  N-cadherin, and various CAMs (cell 

adhesion molecules; e.g. L1-CAM, V-CAM) [113].  Cleavage by ADAMs (usually ADAM10 or 

ADAM17) mediates ectodomain shedding and results in a decrease in cell-cell or cell-matrix 

interactions [97, 114]. This promotes a mesenchymal cell phenotype and promotes metastasis 

[115]. 

 ADAMs and Breast Cancer 

Signaling and interactions of certain ADAM metalloproteases have been linked to 

various types of cancers, mainly through the exploitation of the above-mentioned signaling 

pathways. Alluding to this is the fact that numerous ADAMs are upregulated in different cancers, 

including breast cancer [116]. Several ADAMs with links to breast cancer are described below. 

ADAM8 has been shown to be upregulated in breast cancers and is associated with poor 

patient prognosis [117]. However, since ADAM8 is classified as hematopoietic and expressed in 

lymphocytes, this correlation may be due in part to the presence of an increased vasculature in 
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the tumor microenvironment. Nevertheless, ADAM8 is strongly linked to an aggressive 

phenotype of various types of cancer [118, 119]. Knockdown of ADAM8 was able to inhibit cell 

migration and invasion in MDA-MB-231 and Hs578T breast cancer cells, and was able to 

impede tumor growth and metastasis in mice, likely due to the diminished shedding of pro-

angiogenic factors, resulting in decreased vascularization [117]. 

ADAM9 has been weakly linked to a breast cancer phenotype. Several studies have 

identified ADAM9 as an elevated protease in cancer cell lines [120]. In non-small cell lung 

cancer, ADAM9 overexpression correlated with tumor metastases [121]. Additionally, miR-126 

was shown to regulate breast cancer cell invasion by targeting ADAM9 [122]. 

ADAM10 appears to play a key role in resistance to HER2-targeted therapies in HER2+ 

breast cancer. Initially, ADAM10 was shown to shed the ectodomain of HER2 [123]. ADAM10 

was then characterized as an essential mediator of trastuzumab resistance, knockdown of 

ADAM10 enhanced trastuzumab response, even in trastuzumab resistant breast cancer cells 

[124]. 

ADAM12 has been shown to be upregulated in numerous breast carcinomas and breast 

cancer cell lines [125-128]. Additionally, ADAM12 is correlated with poor prognosis in an 

aggressive subtype of breast cancer [129]. Our laboratory demonstrated that high expression of 

ADAM12 is associated with EGFR phosphorylation in breast tumors, induction of EMT in 

mammary epithelial cells, and a breast tumor initiating cell phenotype in cancer cell lines [126, 

129]. In this dissertation, I show that ADAM12 knockdown diminishes both EGFR 

phosphorylation and a CSC phenotype in SUM159PT cells (Fig 4.2b,c). Therefore, ADAM12 

likely serves as a modulator of breast cancer aggressiveness through its proteolytic activity and 

the release of EGFR ligands. 
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The ADAM15 gene appears to be frequently amplified in breast cancer, as there are five 

or more copies of the gene present in the majority of breast cancer cell lines. ADAM15 is 

associated with increased metastasis and an aggressive phenotype [130, 131]. ADAM15 has been 

shown to cleave E-cadherin in vitro, resulting in a loss of cell-cell contacts [132]. A variety of 

splice variants for ADAM15 have been identified, and one of the splice variants has been shown 

to be associated with poor prognosis in lymph node-negative breast cancer [133]. 

ADAM17 is the most studied metalloprotease and has regulatory implications many cell 

signaling pathways. As seen with other ADAMs, overexpression of this family member results in 

a poor prognosis among breast cancer patients [134]. In cell based assays, targeting ADAM17 

with a monoclonal antibody decreased the proliferation and invasion capabilities [135]. 

Importantly, ADAM17 has also been shown to be essential for EGFR activation and enhanced 

tumor invasiveness through ligand shedding [136]. In another study, the PI3K/AKT/mTOR 

pathway downstream of ADAM17-mediated ligand cleavage and EGFR activation was linked to 

a cancer cell invasive phenotype, though the CD44
+
/CD24

-
 CSC markers were not examined 

[137]. 

In this dissertation, I present the results showing that a broad spectrum metalloprotease 

inhibitor limited breast cancer cell proliferation and invasion and was able to change an 

aggressive cell phenotype to a less aggressive phenotype (see Chapters 3 and 4). Thus, ADAM 

metalloproteases play important roles in breast cancer progression and there are multiple lines of 

evidence documenting the importance of ADAMs in regulating different breast cancer signaling 

pathways.  
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 Epidermal Growth Factor Receptor (EGFR) Signaling 

EGFR signaling cascades contain some of the most frequently mutated proteins in cancer. 

Activation of EGFR signaling has been linked to tumor growth, progression, invasion, and 

metastasis [138]. EGFR overexpression is associated with an overall reduced survival and a poor 

prognosis in patients with lung and various other types of cancer [138, 139]. Additionally, EGFR 

is expressed at a higher level in approximately 75% of basal-like TNBCs versus non-TNBCs 

[13]. While there was early hope for EGFR inhibitors being used as targeted treatment for 

TNBC, a recent study demonstrated a low response rate for a combination of chemotherapy and 

an EGFR inhibitor [140]. This was the case even though in vitro studies using basal-like breast 

cancer cell lines showed promising results, including a change from a mesenchymal phenotype 

to an epithelial phenotype in a basal breast cancer cell line (SUM149PT) grown in 3D using 

Matrigel in the presence of an EGFR inhibitor [13, 140-142].  

EGFR itself belongs to the family of receptor tyrosine kinases (RTKs), which exist at the 

cell surface and dimerize upon activation. EGFR can be activated by overexpression of the 

receptor, which is a common occurrence in cancer, as well as ligand-independent or ligand-

dependent mechanisms [143]. Ligand-independent mechanisms include those caused by 

radiation that cause cellular stresses and inactivate phosphatases that antagonize EGFR activity 

[143]. Recently it was shown that in glioblastoma, the signaling pathways triggered by EGFR  

overexpression or ligand-dependent EGFR activation were mutually exclusive [144]. Upon 

ligand binding, EGFR undergoes a conformation change that allows receptor dimerization and 

autophosphorylation on tyrosine residues in the kinase domain of the receptor. The 

phosphotyrosines provide a docking site for cytoplasmic proteins that contain Src homology 2 

(SH2) and phosphotyrosine-binding (PTB) domains. As a result, the intracellular signaling 
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pathways are activated. The three major signaling avenues for phosphorylated EGFR are the 

MEK/ERK pathway, the PI3K/AKT/mTOR pathway, and the STAT pathway. 

 MEK/ERK Pathway 

After the autophosphorylation of the tyrosine kinase domain of EGFR, Grb2 and Sos 

either associate directly with these phosphorylated tyrosine residues, or through association with 

Shc, an adaptor molecule. The interaction between these proteins facilitates a conformation 

change in Sos, which is then able to recruit a small GTPase Ras with bound GDP. Ras is then 

activated, and the GDP is exchanged for GTP [145]. There are three Ras proteins: H-Ras, K-Ras, 

and N-Ras. Interestingly, K-Ras is mutated in 90% of pancreatic cancers [145]. Raf is released 

from an autoinhibitory state by the dephosphorylation of a specific serine residue, releasing an 

inhibitory form of 14-3-3, a cofactor for Raf. Ras-GTP is then able to bind to Raf, which induces 

its partial activation. Full activation occurs when Raf dimerizes, binds to an activating form of its 

cofactor, and phosphorylates an activating serine residue, along with other phosporylation sites 

in its kinase domain [146]. Phosphorylated Raf then phosphorylates a dual specificity kinase 

MEK1/2. MEK1/2 then phosphorylates and activates ERK1/2. Phosphorylated ERK can act in 

the cytosol or is trafficked to the nucleus to activate nuclear substrates. An example of a nuclear 

substrate of ERK1/2 is the Ets family of transcription factors which, when phosphorylated, can 

activate the synthesis of various pro-survival genes [147]. Negative regulators of this pathway 

include the DUSP family of phosphatases which antagonize ERK by dephosphorylating the 

kinase [148]. 

Specific inhibitors of various components of the MEK/ERK pathway exist, and appear to 

have a strong phenotype in in vitro studies, as these downstream components are required for the 

transforming capabilities of various oncogenes [145]. Inhibition of MEK in an aggressive breast 
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cancer cell line (SUM149PT) sensitized cells to erlotinib treatment (an EGFR inhibitor). 

Conversely, constitutively active MEK conferred resistance to EGFR inhibition [138]. DUSP 

loss is also associated with constitutive activation of the MEK/ERK pathway, as the absence of a 

negative regulator can be thought of as not being able to “put on the brakes” of the MEK/ERK 

pathway. As such, DUSP4 has been shown to be important in the modulation of growth, 

invasion, and a CSC phenotype in basal breast cancers [149, 150]. 

 PI3K/AKT/mTOR Pathway 

The PI3K/AKT/mTOR pathway is important in cell growth, apoptosis resistance, and 

migration. It is stimulated after the tyrosine kinase domain of the activated EGFR phosphorylates 

adaptor proteins. These adaptor proteins then bind to PI3K (phosphatidylinositol 3-kinase). PI3K 

consists of a regulatory p85 subunit, whose function is to anchor the protein to the docking sites, 

and a catalytic p110 subunit [143]. When PI3K is recruited to the membrane via p85, the p110 

subunit phosphorylates PIP2 (phosphatidylinositol–4,5–bisphosphate, a lipid substrate) to PIP3.  

PIP3 then helps recruit other proteins to the plasma membrane, including AKT, a 

serine/threonine kinase. PTEN is a lipid phosphatase that dephosphorylates PIP3 and attenuates 

the signal [151]. PTEN is a tumor suppressor that is commonly lost in various cancers, including 

TNBC. It also functions in the nucleus to increase genomic stability [152]. Further downstream 

events in the PI3K pathway include full activation of AKT by a complex of mTOR/Rictor, and 

regulation of a variety of cellular proteins, including transcription factors. AKT also 

phosphorylates a negative regulator of the mTOR/Raptor complex that modulates RNA 

translation, protein synthesis, cell growth, and autophagy [151]. 

The PI3K pathway has been shown to be important in nasopharyngeal carcinoma, as only 

EGFR and PI3K inhibitors, but not a MEK inhibitor, was able to block a side population of 
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cancer stem cells observed when EGF was added [153]. In clinical trials, inhibitors to both the 

PI3K/AKT/mTOR pathway and MEK/ERK pathways seemed to yield improved patient survival, 

at the expense of an increase in toxicity of the drugs [154].  

 STAT Pathway 

The signal transducer and activator of transcription (STAT) pathway involves direct 

phosphorylation of STAT proteins by EGFR, followed by the interactions of two phosphorylated 

STAT proteins via their SH2 domains. Upon dimerization, the STAT complex translocates to the 

nucleus, where it facilitates the transcription of specific target genes [143]. Constitutive 

activation of STAT family members, especially STAT3, has been found in numerous tumors and 

cell lines, leading to increased proliferation and invasion [155].  

 Cancer Immunosuppression 

Cancer immunotherapy has recently emerged as a promising area of cancer treatment 

options. The goal of cancer immunotherapy is to use the body’s own defense system to target 

and fight cancer. Immunotherapy originated in the late 1800s from the observation that 

sometimes the presence of a fever in cancer patients would cause remission of the cancer [156]. 

The first attempts to treat cancer using the immune system were done by the injection of bacteria 

into a patient, thus inducing an infection and indirectly activating the immune system. 

Surprisingly, this treatment had a 10% response rate but was not widely accepted due to the 

resulting severe fever and a reduced cure rate [156]. At the current time, much more 

sophisticated cancer immunotherapy treatments have been developed, due to the enhanced 

understanding of cellular signaling pathways that cause aberrant activation of cancer cells. 

Additionally, these treatments, which target a receptor on immune cells called PD-1, have shown 
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promising results in clinical trials for multiple cancer types, including early phase I trials for 

breast cancer, eliciting an overall response rate of ~20-80% [16, 157-159]. 

 Adaptive Immune Response 

The immune system consists of two components: the innate and adaptive immune 

response. The innate immune system provides a nonspecific response to pathogen invasion, and 

it includes cells such as natural killer cells, neutrophils, and macrophages. The adaptive immune 

system is a specialized and acquired response to pathogen infection, and is comprised of both B 

cells and T cells. A specific subtype of T cells, called cytotoxic T cells, recognize and kill 

pathogens through pore formation in the plasma membrane and the injection of proteolytic 

enzymes. The ultimate immune response is initiated  through the recognition of an antigen on 

antigen-presenting cells by the T cell receptor (TCR) on T cells [160]. Immune checkpoints, 

which include co-stimulatory and inhibitory molecules, are crucial for the balance of the immune 

recognition system and the prevention of autoimmunity. These checkpoints are also able to 

prevent tissue damage when the immune system is responding to a pathogenic threat. Cancer 

cells are able to utilize these important regulators necessary for autoimmunity to evade 

recognition by the immune system [161]. Very often, cancer cells prevent the immune response 

in cytotoxic T cells by overexpressing inhibiting ligands or receptors that regulate the 

effectiveness of T cells [161]. 

In order to elicit an immune response and become activated, T cells must recognize a 

particular antigen that is on the cell surface of an antigen presenting cell (APC) or a tumor cell. 

This signal is presented to a receptor on the surface of T cells (specifically, the TCR) through a 

peptide bound to the major histocompatibility complex (MHC) on the APC. This, along with 

another co-stimulatory signal, activates T cells (shown in Figure 1.4, from ref [161]). Once a T 
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cell becomes activated, the expression of an inhibitory receptor, programmed cell death protein 1 

(PD-1), is induced [162]. The major function of PD-1 is to prevent autoimmune responses from 

T cell activity in peripheral tissues during an infection  [161]. Tumors can use this fail-safe 

mechanism as a means of immune evasion. 

In order for PD-1 to limit the activation of T cells, it has to be bound to a ligand. There 

are two ligands for PD-1: PD-L1 and PD-L2. These ligands are transmembrane proteins found 

on the surface of cancer cells, which bind to PD-1 on effector T cells, and inhibit the immune 

response of these cells by limiting T cell proliferation and effector functions, inducing apoptosis, 

and promoting an “exhausted” state [160]. Generally, PD-L1 is the ligand that is implicated in 

immune evasion. Tumor cells can overexpress PD-L1 by two general mechanisms. First, an 

innate immune resistance stems from PD-L1 overexpression that is driven by constitutive 

oncogenic pathway activation in the cancer cells, such as in glioblastoma [161]. Cells from these 

types of cancers would have an innate expression of PD-L1 due to the activation of signaling 

pathways that regulate PD-L1 gene expression. The pathways that are believed to be responsible 

for driving expression of PD-L1 are the PI3K/AKT/mTOR pathway and STAT3 signaling [163]. 

Alternatively, PD-L1 can be upregulated in tumors through a process called adaptive immune 

resistance. In this response, cancer cells use the natural processes that evolved to protect normal 

tissues from damage by the immune system by the secretion of cytokines from helper T cells 

[164]. In adaptive immune resistance, PD-L1 is induced by interferons (IFNs), specifically IFNγ 

[165]. There has also been evidence pointing to an immunosuppressive role of PD-L1 in other 

cells present in the tumor microenvironment [166]. In either case, PD-L1 expression, which can 

be thought of as a marker of cancer aggressiveness, allows immune escape by binding to PD-1 

and inducing a change in the function of the immune cells around this tumor, resulting in T cell 
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exhaustion [167, 168]. Blocking the PD-1/PD-L1 interaction usually restores the immune system 

recognition of cancer cells [169]. 

 Programmed Cell Death Ligand 1 (PD-L1) 

As mentioned in the section above, programmed cell death ligand 1 (PD-L1) binds to 

programmed cell death protein 1 (PD-1) and inhibits T cell-mediated killing of cancer cells and 

immune evasion. Therefore, the expression of PD-L1 is necessary to inhibit T cells. Even though 

its presence is vitally important, it is not clear if the expression of PD-L1 can serve as an 

independent prognostic marker for various types of cancer, as the status of PD-L1 can correlate 

with poor prognosis, good prognosis, or show no correlation [170-174]. There could be multiple 

reasons for this, including varying cancer types, stages, and treatments received. 

 Structure and Domain Organization of PD-L1 

PD-L1 is a transmembrane protein that possesses four independent domains. Starting 

from the N-terminus, these domains are an IgV-like (variable) domain at the N-terminus, IgC-

like (constant) domain, transmembrane domain, and an intracellular domain (shown in Figure 

1.5, from ref [160]). The immunoglobin-like domains exist on the extracellular portion of the 

matrix. A solved crystal structure of the murine PD-1 complexed to human PD-L1 showed 

interactions between the IgV domains of each protein that facilitate binding [169, 175]. It is 

currently not known if the C-terminal tail transmits intracellular signals. Additionally, PD-L1 can 

undergo various post-translational modifications including the presence of four N-glycosylation 

sites in the extracellular domain [176]. A recent report suggested that PD-L1 undergoes mono-

ubiquitination at the C-terminal region of the protein [177]. 

 PD-L1 in Circulation 



29 

There is evidence in the literature that points to the presence of a soluble form of PD-L1 

(sPD-L1) that is present in the bloodstream and circulatory system. This soluble form of PD-L1 

found in the serum of patients has been associated with a poor prognosis in various types of 

cancers, including gastric cancer [178], hepatocellular carcinoma [179], melanoma [180], and 

non-small cell lung cancer [181]. To my knowledge, no such studies have been performed for 

breast cancer. Importantly, sPD-L1 was shown to retain its ability to inhibit T cell activation to a 

similar extent as the membrane-bound form of PD-L1 [182]. Thus, a soluble form of PD-L1 

should have functional relevance in modulating the immune responses, either due to its presence 

in the tumor microenvironment or in patient sera. It is not clear how sPD-L1 is generated, and 

several possible mechanisms have been proposed, including alternative mRNA splicing that 

generates a secreted PD-L1 isoform, cleavage of the transmembrane PD-L1, or the presence of 

transmembrane PD-L1 on exosomes or circulating tumor cells. 

A recent paper by Zhou, et al. has described the presence of four naturally occurring 

splice variants of PD-L1 in A375 and M34 melanoma cell lines [180]. These variants lack the 

transmembrane domain, but retain the IgV domain, raising the possibility that these proteins may 

be secreted and functionally active. Additionally, another splice variant in peripheral blood 

mononuclear cells has been previously described, which lacks the IgV domain, and is retained in 

the endoplasmic reticulum [183]. Additionally, low levels of PD-L1 cleavage have been detected 

in fibroblasts by a secreted matrix metalloprotease, MMP-13 [184]. Lending support to this 

hypothesis, the ADAM family of metalloproteases have been shown to shed immune system 

components [185, 186]. Finally, it is probable that the soluble form of PD-L1 detected in the sera 

of patients is due to the presence of the membrane bound form on either exosomes [187] or 

circulating tumor cells [188, 189], as the transmembrane form of PD-L1 has been documented on 



30 

both exosomes and circulating tumor cells. Exosomes are ~40-100-nm vesicles that are secreted 

from practically all cell types, including cancer cells. They do not have any organelles in their 

cytosol, but are composed of a variety of proteins, mRNA, and miRNAs, depending on their cell 

of origin. Exosomes are thought to play critical roles in breast cancer cell communication with 

distant sites and niche formation [190]. Exosomes may play a function in the immune response 

as (1) they have been shown to have biological activity, (2) they contain a MHC complex, and 

(3) T cells do not normally take up exosomes, but interact with the surface molecules on them 

promoting downstream signaling [187]. Regardless of the source of soluble PD-L1, it appears to 

play an important role in cancer immunosuppression. 

 Main Goals of the Study 

As the identities of pathway modulators that support breast cancer cell aggressiveness 

have not been fully understood, investigations into key signaling pathways should provide novel 

insight into pathway components required for an aggressive cell phenotype. In this dissertation, I 

aimed to study the roles of several proteins within different cellular pathways, including the 

secretory pathway and cell surface proteolysis, in the regulation of certain aggressive cellular 

phenotypes. 

 I investigated the effects of endoplasmic reticulum chaperones upon the anchorage-

independent growth of aggressive breast cancer cell lines. I then selected the PDI 

family of molecular chaperones for conducting more specific studies, as these 

chaperones appeared to be the most consistently upregulated during anchorage-

independent growth. 

 I also explored the role of metalloprotease-mediated cleavage of EGFR ligands in 

regulation of the CD44
+
/CD24

-
 phenotype of breast cancer cells, which is a surrogate 
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measure of cancer cell aggressiveness. I was able to show that this cell surface marker 

profile was modulated exclusively through the MEK/ERK pathway. 

 Additionally, I looked at specific metalloproteases, namely ADAM9 and ADAM12, 

and determined that these two ADAMs are able to enhance the CD44
+
/CD24

-
 

phenotype of breast cancer cells. 

 Finally, I showed that matrix-metalloproteases are able to cleave an important 

regulator of the cancer cell immune evasion pathway, though the significance of this 

finding has yet to be determined, possibly through in vivo studies 
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Figure 1.1 Domain organization of the PDI family of chaperones. 

This figure was created based on the following journal article: 
 

Ellgaard L, Ruddock LW (2005) The human protein disulphide isomerase family: substrate 

interactions and functional properties. EMBO Rep 6:28-32 
 

Thioredoxin-like domains are shown in green with the active site including the catalytic residues 

(a or a’ domains). The b’ domain (purple) is the primary binding site for proteins in their non-

native conformations, though binding is not exclusive to this domain. The b domain (blue) 

functions to stabilize the structure. A linker region is shown in gray. Signal sequences are not 

portrayed. ERp44 lacks a second active-site cysteine residue and thus forms stable mixed 

disulfides mediating ER retention of its substrates. 
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Figure 1.2 The three branches of the Unfolded Protein Response (UPR). 

This figure was reproduced from the following journal article: 
 

Walter P, Ron D (2011) The Unfolded Protein Response: From Stress Pathway to Homeostatic 

Regulation. Science 334:1081-1086. Reprinted with permission from AAAS. 
 

a-c The three UPR signaling pathways sense and transmit information regarding the protein 

folding conditions in the ER. Each pathway utilizes a different mechanism of signal transduction 

that activates unique responses. 
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Figure 1.3 Domain organization of ADAM metalloproteases. 

This figure is based on a diagram from VASGEN
®
 (http://vasgen.co.uk). 

 

A cartoon diagram of the domain organization of the ADAM family of metalloproteases in an 

auto-inhibited form is represented below. Pro, Pro-Domain; MP, Metalloprotease Domain; D, 

Disintegrin Domain; C, Cysteine-Rich Region; EGF-like, EGF-like motif; Cyt, Cytoplasmic tail. 

The black rectangle indicates the transmembrane domain. 
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Figure 1.4 PD-L1/PD-1 signaling antagonizes T cell activation. 

This figure was reproduced from the following journal article: 
 

Pardoll D (2012) The blockade of immune checkpoints in cancer immunotherapy. Nat Rev 

Cancer 12:252-264. Reprinted by permission from Macmillan Publishers Ltd. Available at 

https://www.nature.com. 
 

Activation of T cells in the tumor microenvironment occurs through the interaction between T-

cell receptor (TCR) on the T cell and its cognate peptide presented on major histocompatibility 

complex (MHC) on the tumor cell. Activated T cells upregulate the expression of an immune-

checkpoint receptor PD-1. Interaction of PD-1 and its ligand PD-L1 or PD-L2 expressed on the 

tumor cell inhibits T cell activation. PD-L1 and PD-L2 expression is either driven by oncogenic 

signaling pathways in tumor cells or is induced in response to pro-inflammatory signals, such as 

interferon . The function of T cell repression by PD-L1/PD-1 is to limit inflammatory 

responses and prevent collateral damage to tissues.  

 

 

 

 
 

  



50 

Figure 1.5 Domain organization of PD-L1. 

This panel was reproduced from the following journal article by permission of Oxford University 

Press. 
 

Chen J, Jiang CC, Jin L, Zhang XD (2016) Regulation of PD-L1: a novel role of pro-survival 

signalling in cancer. Ann Oncol 27:409-416.  
 

The PD-L1 gene contains seven exons, of which exons 2 through 6 are translated into the PD-L1 

protein. Exon 1 encodes the 5’UTR, and exon 7 encodes both a portion of the intracellular 

domain and the 3’UTR. The PD-L1 protein contains two extracellular IgV-like and IgC-like 

domains, a transmembrane domain, and a C-terminal tail. The extracellular IgV-like domain is 

responsible for the binding of PD-L1 to PD-1. 
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Chapter 2 - Protein disulfide isomerases in the endoplasmic 

reticulum promote anchorage-independent growth of breast cancer 

cells 

This chapter has been published as the following journal article:  

Wise R, Duhachek-Muggy S, Qi Y, Zolkiewski M, Zolkiewska A (2016) Protein 

disulfide isomerases in the endoplasmic reticulum promote anchorage-independent 

growth of breast cancer cells. Breast Cancer Res Treat 157: 241-252. The final 

publication is available at link.springer.com via https://doi.org/10.1007/s10549-016-

3820-1. 

 Abstract 

Metastatic breast cancer cells are exposed to stress of detachment from the extracellular 

matrix (ECM). Cultured breast cancer cells that survive this stress and are capable of anchorage-

independent proliferation form mammospheres. The purpose of this study was to explore a link 

between mammosphere growth, ECM gene expression, and the protein quality control system in 

the endoplasmic reticulum (ER). We compared the mRNA and protein levels of ER folding 

factors in SUM159PT and MCF10DCIS.com breast cancer cells grown as mammospheres versus 

adherent conditions. Publicly available gene expression data for mammospheres formed by 

primary breast cancer cells and for circulating tumor cells (CTCs) were analyzed to assess the 

status of ECM/ER folding factor genes in clinically relevant samples. Knock-down of selected 

protein disulfide isomerase (PDI) family members was performed to examine their roles in 

SUM159PT mammosphere growth. We found that cells grown as mammospheres had elevated 
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expression of ECM genes and ER folding quality control genes. CTC gene expression data for an 

index patient indicated that upregulation of ECM and ER folding factor genes occurred at the 

time of acquired therapy resistance and disease progression. Knock-down of PDI, ERp44, or 

ERp57, three members of the PDI family with elevated protein levels in mammospheres, in 

SUM159PT cells partially inhibited the mammosphere growth. Thus, breast cancer cell survival 

and growth under detachment conditions require enhanced assistance of the ER protein folding 

machinery. Targeting ER folding factors, in particular members of the PDI family, may improve 

the therapeutic outcomes in metastatic breast cancer. 

 Keywords 

Breast cancer, Anoikis, Mammospheres, Endoplasmic reticulum, Extracellular matrix 

 Introduction 

Metastatic breast cancer is initiated by circulating tumor cells (CTCs) that originate from 

the primary tumor and spread in the body through the blood circulatory system [1, 2]. Early 

detection and potential targeting of CTCs are of great importance in the effective treatment of 

metastatic breast cancer [3–5]. CTCs exist as single cells with increased features of epithelial-to-

mesenchymal transition (EMT) or as small clusters of 2–50 cells with partial EMT [6, 7]. CTCs 

are detached from the extracellular matrix (ECM) and, in the case of non-clustered CTCs, they 

are also devoid of cell–cell interactions typical for epithelial cells. Loss of cell-ECM or cell–cell 

interactions among a majority of cancer cells induces anoikis, a form of apoptotic cell death [8–

10]. To acquire a metastatic potential, CTCs must develop resistance to anoikis [11–13]. The 

adaptive processes that help CTCs evade anoikis include EMT [14, 15], metabolic changes and 

antioxidant activity [16–18], activation of receptor tyrosine kinases [19–22], activation of the 
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NF-ĸB pathway [23, 24], activation of YAP/TAZ transcription coactivators [25, 26], or increased 

autophagy [27–30]. 

ECM is a key component of the local tumor microenvironment and has a major impact on 

each of the classical hallmarks of cancer [31, 32]. Since ECM deprivation is the primary trigger 

of anoikis, stimulated secretion of ECM protein components by detached cells, followed by 

engagement of their integrin receptors should provide prosurvival signals and promote 

anchorage-independent growth. However, whether increased expression of ECM genes is a 

general feature of anoikis-resistant breast cancer cells is currently unknown. Also, a specific role 

of the secretory protein folding machinery during anchorage-independent growth of breast 

cancer cells has not been established.  

Efficient folding of secreted proteins within the endoplasmic reticulum (ER) depends on 

the function of a complex protein folding machinery that consists of three classes of proteins: 

molecular chaperones (e.g., the HSP70 class chaperones BiP and GRP-170, and the HSP90-class 

chaperone GRP-94), foldases (e.g., disulfide isomerases PDI, ERp57, ERp72, and ERp44), and 

lectins (e.g., calreticulin and calnexin) [33, 34]. ER stress associated with the accumulation of 

misfolded proteins leads to activation of the unfolded protein response (UPR), which comprises 

three parallel signaling pathways: PERK, IRE1, and ATF6 [34]. In solid tumors, including breast 

cancers, an altered metabolism, hypoxic conditions, or signals from the tumor 

microenvironment, have been shown to induce ER stress, activate the UPR, and lead to increased 

expression of the ER chaperones [35–38]. Significantly less is known about the status of the UPR 

and the role of the ER folding machinery during the stage of cancer dissemination via CTCs and 

the detachment from ECM.  
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In this study, we found that breast cancer cells grown as mammospheres had elevated 

expression of a number of ECM genes and ER folding quality control genes. Analysis of a 

publicly available gene expression data for CTCs in an index patient revealed that upregulation 

of ECM genes, as well as genes encoding ER folding factors, but not cytoplasmic chaperones, 

occurred at the time of acquired therapy resistance and disease progression. Despite the elevated 

expression of ECM and ER folding quality genes during anchorage-independent growth, we did 

not detect a robust activation of UPR, as only the PERK branch of the UPR, but not IRE1 or 

ATF6, was activated in mammospheres. An inducible knock-down of PDI, ERp44, or ERp57, 

three different members of the protein disulfide isomerase family, resulted in reduced 

mammosphere formation by SUM159PT cells. Collectively, these results suggest that the 

anchorage-independent growth of breast cancer cells in vitro and anoikis resistance of CTCs in 

vivo may be associated with an increased flux of secretory proteins through the ER and require 

an enhanced assistance of the ER folding machinery. 

 Materials and Methods 

 Data Mining 

mRNA expression data for ECM and ER quality control genes in attached cells and 

mammospheres formed by primary tumor cells, described in [39], were retrieved from Gene 

Expression Omnibus (GEO) using the accession number GSE7515. mRNA levels of ECM genes 

and chaperones in CTCs from a breast cancer patient, described in [6], were retrieved from GEO 

using the accession number GSE41245.  

Additional methods are described in Appendix A. 
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 Results 

To investigate the significance of the ECM and ER protein folding machinery during 

anchorage-independent growth of breast cancer cells, we compared expression levels of several 

representative ECM genes, ER chaperones, PDI family members, and lectins in cells grown 

under two different conditions: without cell-ECM or cell-cell interactions and under normal 

adherent conditions. For the former conditions, single-cell suspensions were plated into ultra-low 

attachment plates and were incubated in serum-free media (to eliminate the effect of ECM 

proteins present in the serum). The media were supplemented with essential growth factors and 

methylcellulose (to prevent cell aggregation). Under these conditions, cells that are anoikis-

resistant and survive the initial stress associated with depletion of ECM and cell-cell contacts 

may proliferate and, over the course of 8–12 days, form mammospheres. Typical mammospheres 

are composed of ~100–200 cells and reach ~50–100 μm in size [40]. For adherent conditions, 

cells were plated in tissue culture-treated plates and were incubated with full media containing 

serum. We utilized two different breast cancer cell lines, SUM159PT and MCF10DCIS.com. 

The SUM159PT cell line was originally developed from a primary tumor in a patient with 

estrogen receptor-negative, progesterone receptor-negative, and HER2-negative anaplastic 

carcinoma of the breast [41]. SUM159PT cells are highly invasive and tumorigenic [42]. The 

MCF10DCIS.com cell line was derived from a tumor originating from xenografting 

premalignant MCF10AT cells into severe combined immunodeficient mice [43]. 

MCF10DCIS.com cells are estrogen receptor/progesterone receptor/HER2 negative, and they 

form comedo-type ductal carcinoma in situ after injection into mouse mammary glands [42]. 

Both SUM159PT cells and MCF10DCIS.com cells form mammospheres with a relatively high 

efficiency (Fig. 2.1a; [44]). 
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First, using qRT-PCR, we determined that expression levels of several ECM genes: 

collagen alpha-1(III) chain (COL3A1), collagen alpha-2(VI) chain (COL6A2), laminin subunit β-

1 (LAMB1), and fibronectin (FN1) were ~5–1,600-fold higher in mammospheres than in adherent 

SUM159PT and MCF10DCIS.com cells (Fig. 2.1b), although the extent of upregulation of the 

ECM transcripts differed between the two cell lines. Second, our analysis of a publicly available 

gene expression dataset obtained for primary cells isolated from breast tumors (GSE7515, 

available at http://www.ncbi.nlm.nih.gov/geo/) [39] revealed that expression of COL3A1, 

COL6A2, LAMB1, and FN1 (Fig. 2.1c) and many other ECM genes (Appendix A: 

Supplementary Table 3) was significantly higher in mammospheres grown in suspension than in 

bulk tumors. Among 87 genes encoding collagens, common glycoproteins, and proteoglycans 

[45] that were differentially expressed between mammospheres and adherent conditions, 

expression of 57 genes was significantly upregulated in mammospheres (Appendix A: 

Supplementary Table 3). These results suggested that an increased expression of ECM genes 

might be a general feature of breast cancer cells grown as mammospheres, which in turn might 

lead to an increased demand for upregulation of the ER folding machinery.  

To begin testing this hypothesis, we compared expression levels of selected ER 

chaperones and folding factors in cells grown as mammospheres versus adherent conditions. The 

investigated ER chaperones included BiP, GRP-94, and GRP-170; the foldase/PDI family was 

represented by PDI, ERp44, ERp57, and ERp72; and the tested lectins were calnexin and 

calreticulin. Using qRT-PCR, we determined that mRNA levels of PDI, ERp44, and ERp57 were 

significantly higher in mammospheres than in adherent SUM159PT and MCF10DCIS.com cells 

(Fig. 2.1d). In the lectin family, Calnexin mRNA was significantly higher in mammospheres than 

in adherent SUM159PT cells, but this effect was not replicated in MCF10DCIS.com cells. 



57 

Among molecular chaperones, GRP-94 mRNA was elevated in mammospheres formed by 

MCF10DCIS.com cells, but not in SUM159PT cells. Furthermore, mRNA expression levels of 

several ER folding factors were significantly elevated in mammospheres formed by primary 

breast cancer cells, as compared to bulk tumors (Fig. 2.1e) [39]. To extend our in vitro analysis 

into breast tumors in vivo and to determine whether our findings might have a translational 

relevance, we examined a publicly available dataset containing gene expression profiles of CTCs 

from an index breast cancer patient undergoing anti-cancer treatment (GSE41245, available at 

http://www.ncbi.nlm. nih.gov/geo/) [6]. This patient was diagnosed with estrogen receptor-

positive/progesterone receptor-positive lobular carcinoma and was treated for 7 months with 

inhibitors targeting phosphatidylinositol 3-kinase (PI3K) and MAP kinase kinase (MEK). 

Initially, the patient responded well to the treatment regimen. Three serial blood specimens were 

obtained during this time period, CTCs were captured from blood using a microfluidic chip, and 

RNA sequencing (RNA-seq) was performed to analyze the global gene expression during this 

initial treatment (Fig. 2.1f, columns 1–3, designated as ‘‘R’’). After 7 months, the patient showed 

disease progression (Fig. 2.1f, column 4, ‘‘P’’), which was accompanied by an increase in CTCs 

and the appearance of multicellular CTC clusters. After the treatment regimen was switched to 

adriamycin chemotherapy, the patient showed a transient response (Fig. 2.1f, column 5, ‘‘R’’). 

Blood samples from 10 healthy donors were used as controls (Fig. 2.1f, columns 6–15).  

As noted previously [6], the expression levels of many ECM genes, including COL3A1, 

COL6A2, LAMB1, and FN1, were strongly upregulated in CTCs at the time of disease 

progression and an acquired resistance to PI3Kand MEK-targeted therapy (Fig. 2.1f). Strikingly, 

the expression levels of several ER folding factors, including ERp57 (gene name PDIA3), PDI 

(P4HB), BiP (HSPA5), GRP-94 (HSP90B1), and GRP-170 (HYOU1) also surged at the same 
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time point (Fig. 2.1f). In contrast, the expression levels of cytoplasmic chaperones such as 

HSP70 (HSPA1A and HSPA1B), HSP90 (HSP90AA1), and HSP110 (HSPH1) did not increase 

during the time of disease progression (Fig. 2.1f). These data underscore essential differences 

between the expression patterns of the ER protein folding factors versus those in the cytoplasm 

in CTCs, corroborate our results obtained for mammospheres, and highlight an important role of 

the ER folding machinery in CTCs during breast cancer progression.  

Importantly, a trend of increased expression of the ER folding machinery during 

anchorage-independent growth of breast cancer cells was also detected at the protein level. We 

observed that the abundance of PDI, ERp44, ERp57, calnexin, and calreticulin was higher in 

mammospheres than in adherent cells for both cell lines (Fig. 2.2). We concluded that the 

members of the ER folding machinery that were the most consistently upregulated at both the 

mRNA and protein levels upon the anchorage-independent growth of SUM159PT and 

MCF10DCIS.com cells were PDI, ERp44, and ERp57, and these three proteins became the focus 

of our subsequent investigations.  

We asked whether elevated mRNA and protein levels of PDI, ERp44, and ERp57 might 

be associated with the activation of the UPR in mammospheres. Using Western blot analysis of 

total cell lysates, we observed that the mobility of PERK was reduced in lysates prepared from 

SUM159PT or MCF10DCIS.com mammospheres, as compared to adherent cells (Fig. 2.3a), 

suggesting that PERK might have been phosphorylated and activated during anchorage-

independent growth. Moreover, Western blot analysis of phosphorylated eIF2α, a downstream 

effector of PERK, revealed an increase of p-eIF2α in mammospheres versus adherent cells in 

both SUM159PT and MCF10DCIS.com cell lines (Fig. 2.3a). In contrast, we did not detect 

XBP1 mRNA splicing (a downstream effector of IRE1; Fig. 2.3b) or activation of an ATF6 
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reporter (Fig. 2.3c) in mammospheres. Both XBP1 mRNA splicing and the ATF6 reporter were 

strongly upregulated by tunicamycin, a well-known UPR inducer, validating our assays (Fig. 

2.3b, c). These results indicated a lack of robust UPR during anchorage-independent growth of 

SUM159PT and MCF10DCIS.com cells.  

Next, we asked whether PDI, ERp44, and ERp57 might actively support the anchorage-

independent cell growth and mammosphere formation. We established a stable knockdown of 

PDI, ERp44, or ERp57 in SUM159PT cells using a doxycycline-inducible TRIPZ lentiviral 

shRNA vector [46]. This vector produces tightly regulated induction of shRNA expression 

together with turbo red fluorescent protein (tRFP) in the presence of doxycycline (Fig. 2.4a). 

SUM159PT cells stably transduced with the vector containing one of two different shRNAs (#1 

and #2) targeting PDI, ERp44, or ERp57, or a non-targeting shControl, were selected with 

puromycin. Upon treatment of cells for 4 days with 1 μg/ml of doxycycline, the levels of PDI, 

ERp44, or ERp57 were reduced by at least 90% in adherent SUM159PT cells (Fig. 

2.4b).Induction of shRNA expression in mammospheres could be readily monitored by 

visualizing the induction of tRFP (Fig. 2.4c, Appendix A: Supplementary Fig. 1). Western 

blotting confirmed that PDI, ERp44, and ERp57 knock-downs were maintained in SUM159PT 

cells grown as mammospheres (Fig. 2.4d). Importantly, a loss of expression of any one of these 

three members of the PDI family was not compensated for by an increased expression of the 

other two investigated family members (Fig. 2.4d).  

We determined that PDI, ERp44, or ERp57 knock-down did not have significant effects 

on the growth of SUM159PT cells under adherent conditions (Fig. 2.5a). However, in contrast to 

adherent cells, the established knock-downs significantly impaired the growth of SUM159PT 

mammospheres. The total volume of mammospheres formed by shPDI, shERp44, or shERp57 
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cells after 10 days of culture in the presence of doxycycline was significantly lower than the 

volume of mammospheres formed by the same cells in the absence of doxycycline (Fig. 2.5b). 

Doxycycline treatment did not affect the volume of mammospheres formed by shControl cells. 

In our calculations, we included all spheres with diameter >15 μm. This size cut-off was lower 

than typically used during mammosphere counting (50 μm, [47]) to account for a broad range of 

spheres, containing both rapidly and slowly proliferating cells.  

We next determined whether the reduction in total mammosphere volumes after PDI, 

ERp44, or ERp57 knock-down was due to a decreased likelihood of sphere formation (i.e., 

mammosphere numbers) or to a slower sphere growth (i.e., mammosphere size). First, we 

observed that while the total numbers of mammospheres were not significantly changed after 

shPDI, shERp44, or shERp57 knock-down, there was a statistically significant decrease in the 

numbers of large spheres (>50 μm) formed by shPDI, shERp44, or shERp57 cells in the presence 

of doxycycline (Fig. 2.6a). Second, when shRNA-expressing, doxycycline-treated 

mammospheres were directly visualized by tRFP fluorescence, the mean diameter of shPDI-, 

shERp44-, or shERp57-expressing spheres was significantly lower than the mean diameter of 

shControl spheres, indicating an impact on the growth of these spheres (Fig. 2.6b). Altogether 

these results suggest that the three tested PDI family members do not impact the formation of 

mammospheres, but they play important roles in promoting anchorage-independent growth of 

SUM159PT cells. 

 Discussion 

The propensity for anchorage-independent growth is a common feature of transformed 

cells in solid tumors. Anchorage-independent growth requires that cells not only survive under 

detachment conditions, but that they also actively proliferate under the stress associated with 
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matrix deprivation. The mammosphere assay, which measures anchorage-independent 

proliferation at clonal cell densities in serum-free media in the presence of well-defined growth 

factors, is well suited for evaluating the capacity of cells to survive and divide without 

exogenous ECM support. Mammosphere formation has been also associated with the presence of 

mammary stem cells and cancer stem-like cells, as these cell populations have increased anoikis 

resistance [40]. In the current study, mammospheres were formed by claudin-low SUM159PT 

cells, which have low levels of claudins, an important component of tight junctions. As such, it is 

likely that these mammospheres were held together by certain adhesion proteins that are 

upregulated in mesenchymal cells, such as N-cadherin, or interactions between integrins and 

ECM secreted from the mammospheres. Our results obtained for two different breast cancer cell 

lines, as well as the results obtained by others for primary breast tumor cells [39], indicate that 

mammosphere formation and growth are associated with upregulation of ECM gene expression, 

and this effect correlates with an increased expression of several ER folding factors, in particular 

those from the PDI family (see Figs. 2.1d, e, 2.2). Exosome secretion and uptake may contribute 

to the phenotype observed, but it is unlikely that the effects of knockdown of the ER folding 

factors are directly due to a change in the exosome composition of mammosphere cells 

The human PDI family consists of more than 20 members, which differ in the domain 

arrangement and their abilities to oxidize, reduce, or isomerize disulfide bonds in proteins [33, 

48]. While there is a large degree of functional redundancy between PDIs, some family members 

play more specialized functions [49–52]. Our results indicate that among the oxidoreductases, 

PDI, ERp44, and ERp57 are consistently elevated in mammospheres, suggesting a broad but 

specialized activation of the PDI family during anchorage-independent growth of breast cancer 

cells. Furthermore, downregulation of expression of PDI, ERp44, or ERp57 in SUM159PT cells 
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partially inhibits mammosphere growth (see Figs. 2.5, 2.6), suggesting that each of these PDI 

family members plays an important and non-redundant role during anchorage-independent cell 

proliferation. What mechanisms are responsible for the observed elevated levels of selected ER 

folding factors during mammosphere growth (see Figs. 2.1d, e, 2.2)? One possible explanation 

might be that an increased secretion of ECM proteins leads to ER stress, activation of the UPR, 

and transcriptional upregulation of ER folding factors. However, this scenario is not readily 

reconciled with our data, which indicate that only the PERK branch of the UPR, but not IRE1 or 

ATF6, was activated in mammospheres (see Fig. 2.3). Previous studies demonstrated that ATF6 

and/or IRE1, but not PERK alone play a critical role in the induction of major ER chaperones 

during the UPR [53–55]. Thus, the lack of IRE1 or ATF6 activation (see Fig. 2.3) argues against 

a robust UPR in mammospheres and cannot account for the observed increased mRNA and 

protein levels shown in Figs. 2.1d, 2.2. Another explanation for the elevated mRNA and protein 

levels of selected ER folding factors in mammospheres might be a gradual selection of cells with 

high expression levels of those genes during anchorage-independent growth. Such cells would 

have a selective advantage in responding to dramatically increased demands for efficient folding 

of ECM proteins and an increased likelihood of survival. As such, it would be beneficial to 

compare the expression of various folding factors discussed in this paper for larger spheres and 

smaller spheres, rather than analyzing all mammosphere sizes together. It is possible that larger 

spheres could have a selective advantage for growth, possibly due to the increased presence of 

these folding factors compared to smaller spheres. 

EMT is a key regulator of breast tumor progression, as it promotes anoikis resistance, 

expansion of cancer stem cell subpopulations, metastatic potential, drug resistance, and disease 

recurrence [14, 56–59]. The EMT gene signature of human mammary epithelial cells (HMLE) 
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partially overlaps with the ECM signature [60], and the hallmark EMT gene set at MolSigDB 

(http://www.broadinstitute.org/gsea/msigdb/) contains many genes of secreted proteins. Not 

surprisingly, a recent study demonstrated that HMLE cells induced to undergo EMT synthesize 

and secrete large quantities of ECM proteins [61]. Consistent with their increased secretory 

output and a higher ER load, HMLE EMT cells were more sensitive to perturbations of the ER 

function. For example, downregulation of BiP expression, a major ER chaperone of the HSP70 

family, in HMLE EMT, but not the parental cells, decreased cell survival and caused a 

significant reduction of cell growth [61].  

Our results suggest that the functions of PDIs, and possibly other components of the ER 

quality control system, in detached cells extend beyond their role in supporting the secretory 

phenotype of EMT. Firstly, the two breast cancer lines used in our study, MCF10DCIS.com and 

SUM159PT, are of the basal/claudin-low subtype [62, 63] and they already express phenotypic 

and molecular features associated with EMT. Yet, these cells further upregulate expression (or 

select for elevated expression) of ER folding factors upon anchorage-independent growth. 

Secondly, a knock-down of PDI, ERp44, or ERp57 does not affect the proliferation of attached 

cells in 2D, but it impairs the anchorage-independent growth of mammospheres. Thus, PDI, 

ERp44, ERp57, and possibly other PDI family members, help resolve the demand for enhanced 

ER folding capacity during anchorage-independent growth of cancer cells.  

Additional insight into the role of ER folding factors in breast cancer progression, as well 

as validation of our in vitro results, comes from our analysis of the gene expression profiling of 

CTCs present in the bloodstream of an index breast cancer patient at different time points during 

the disease progression (see Fig. 2.1f; [6]). In this patient with metastatic breast cancer, disease 

progression correlated with upregulation of a number of ER folding factors. While the original 
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report highlighted the upregulation of many EMT genes at the time point of disease progression, 

the gene set enrichment analysis (GSEA) identified the ECM module as the most significantly 

enriched among the 170 genes upregulated at that time point [6]. The disease progression was 

accompanied not only by an increased number of CTCs, but also by the appearance of 

multicellular CTC clusters [6]. The presence of CTC clusters might have been facilitated, in part, 

by increased production of ECM proteins, increased proliferation of single CTCs, or both. While 

it is generally believed that CTCs are quiescent and reside at the G0 phase of the cell cycle [64–

66], CTCs may actually represent a more heterogeneous population with regard to the degree of 

proliferation [67]. Intriguingly, the mRNA levels of Ki-67 and cyclin D3, an important regulator 

of the G1/S transition during the cell cycle, also increase in CTCs at the time of disease 

progression in the patient dataset shown in Fig. 2.1f, together with ECM genes and ER folding 

factors [6]. We propose, therefore, that the disease progression in this patient might have marked 

an exit of CTCs from quiescence and initiation of their proliferation. However, more studies 

involving larger patient populations, with serial isolations of CTCs, are needed to further validate 

the apparent correlation between increased expression of ECM and ER quality control genes, 

disease progression, and enhanced CTC proliferation. Furthermore, to directly test a role of ER 

quality control genes in metastasis, the mammosphere-based model of anoikis resistance utilized 

in the current study should be extended into in vivo approaches, such as experimental metastasis 

assay employing mouse tail vein injection of breast cancer cells with downregulated expression 

of ER quality control genes. Given the critical role of CTCs in breast cancer metastasis, better 

understanding of the mechanisms controlling anoikis resistance of cultured cancer cells and CTC 

survival in vivo should remain a high priority in the field. 
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Figure 2.1 Elevated Expression of ECM and ER quality control genes in mammospheres. 

a Representative images of SUM159PT and MCF10DCIS.com cells grown under adherent 

conditions (ADH) or in suspension as mammospheres for 10 days (MMS). b mRNA ratios of 

selected ECM genes in mammospheres (MMS) versus adherent (ADH) SUM159PT and 

MCF10DCIS.com cells were evaluated by qRT-PCR; ACTIN was used as a normalization 

control. The results represent the mean values from at least two independent experiments, 

±S.E.M. Asterisks indicate mRNA fold changes significantly greater than 1 (*P < 0.05, one 

sample t test). c mRNA expression levels of selected ECM genes in primary breast tumor cells 

isolated from 11 breast cancer patients, grown as mammospheres (M) or adherent cultures (A), 

based on [39]. The results of microarray profiling were retrieved from Gene Expression Omnibus 

(GEO) using the accession number GSE7515. Downloaded data were log2-transformed and 

mean-centered. d mRNA levels of selected ER folding factors in SUM159PT and 

MCF10DCIS.com cells were quantified by qRT-PCR; ACTIN was used as normalization control. 

The average fold change of each mRNA in MMS versus ADH cells ±S.E.M was calculated 

based on three (SUM159PT) or two (MCF10DCIS.com) independent experiments. Asterisks 

indicate mRNA fold changes significantly greater than 1 (*P < 0.05, one sample t test). e 

Comparison of the mRNA expression levels of selected ER folding factors in mammospheres 

(M) and adherent cultures (A) of primary breast cancer cells. The data were retrieved and 

processed as in (c). f Elevated expression of ECM genes coincides with upregulated expression 

of the ER folding machinery genes in circulating tumor cells (CTCs). mRNA expression levels 

of ECM genes, ER chaperones/foldases/lectins, and selected cytoplasmic chaperones in CTCs 

from a breast cancer patient (columns 1–5) and identically processed blood specimens from 10 

healthy donors (columns 6–15), based on [6]. The index breast cancer patient was sampled at 

five time points during treatment. At points 1, 2, and 3, there was a response (R) to a targeted 

therapy. Time point 4 corresponds to the therapy resistance and disease progression (P). After 

switching to chemotherapy, a response was observed at time point 5. The expression data were 

retrieved from GEO:GSE41245. Gene names are on the right, gene name aliases are provided in 

parentheses. The expression values for each gene were normalized between 0 and 1, with the 

minimal value out of the 15 column values set as 0 and the maximal value set as 1. 
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Figure 2.2 Comparison of the protein levels of selected ER folding factors in 

mammospheres versus adherent cells. 

SUM159PT (a) or MCF10DCIS.com (b) cell lysates were analyzed by Western blotting using 

antibodies specific for the following ER folding factors: PDI, 57 kDa; ERp44, 44 kDa, ERp57, 

57 kDa; ERp72, 72 kDa; Calreticulin, 48 kDa; Calnexin, 80 kDa, BiP, 78 kDa, GRP-94, 94 kDa, 

GRP-170, 170 kDa. Tubulin is a gel-loading control. a The following ER proteins were analyzed 

in the same gel and share the same loading control: PDI and GRP-170; ERp44 and Calnexin. b 

The following ER proteins were analyzed in the same gel and share the same loading control: 

ERp57 and GRP-170; ERp44, Calreticulin, Calnexin, and BiP; PDI and ERp72. Band intensities 

from three independent experiments were quantified using ImageJ. The average fold change in 

the ER folding factor levels in mammospheres versus adherent cells ±S.E.M is indicated in each 

panel. 
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Figure 2.3 Evaluation of the three branches of the unfolded protein response in 

mammospheres (MMS) and adherent (ADH) SUM159PT and MCF10DCIS.com cells. 

a Activation of the PERK branch of the UPR was assessed based on a change in mobility of 

PERK in immunoblots and the extent of phosphorylation of eIFα (p-eIF2α). b The status of the 

IRE1 branch of the UPR was evaluated by measuring the extent of splicing of XBP1 mRNA by 

semi-quantitative PCR. “u XBP1” and “s XBP1” indicate the un-spliced and spliced forms of 

XBP1 mRNA, respectively. c The status of the ATF6 branch of the UPR was probed using an 

ATF6 reporter. Cells were co-transfected with ATF6-firefly luciferase reporter and control 

Renilla luciferase plasmids, and the relative luciferase activity was determined using a dual 

luciferase assay. Tunicamycin (Tun) was used as a positive control for the ER stress-mediated 

activation of IRE1 and ATF6.  Mammospheres were grown for 10 days in experiments shown in 

panels a and b, and for 3 days in panel c. 
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Figure 2.4 PDI, ERp44, or ERp57 knock-down in SUM159PT cells. 

a Diagram of the doxycycline-inducible lentiviral shRNA construct (TRIPZ) targeting PDI, 

ERp44, or ERp57, or a construct harboring a non-targeting shRNA (shControl). 5’-LTR 5’-long 

terminal repeat, TRE tetracycline-inducible promoter, tRFP turbo red fluorescent protein, miR30-

5’ and shERp57/shPDI/shERp44 micro-RNA-30 adapted shRNA targeting ERp57/PDI/ERp44, 

Ubc human ubiquitin C promoter, rtTA3 reverse tetracycline-transactivator 3, IRES internal 

ribosomal entry site, Puro puromycin resistance gene, 3’-LTR 3’-long terminal repeat. b PDI, 

ERp44, or ERp57 knock-down in adherent SUM159PT cells. Cells were stably transduced with 

two different shRNA constructs targeting PDI, ERp44, or ERp57, or with shControl. Cells were 

incubated for 4 days without or with 1 μg/ml doxycycline (Dox), and the levels of indicated 

proteins in total cell lysates were evaluated by Western blotting; tubulin is a gel-loading control.  

c Monitoring doxycycline-inducible shRNA expression in mammospheres based on the RFP 

fluorescence. SUM159PT-shControl cells were pre-incubated for 4 days without or with 

doxycycline and were further grown for 10 days in mammosphere media in the absence or 

presence of doxycycline. Representative phase contrast and fluorescent images are shown. 

Analogous levels of RFP fluorescence were obtained for shPDI, shERp44, or shERp57-

expressing cells (see Appendix A: Supplementary Fig. 1). d PDI, ERp44, or ERp57 knock-down 

is maintained in SUM159PT cells grown as mammospheres and is not compensated for by other 

members of the PDI family. 

 



77 

Figure 2.5 The effect of PDI, ERp44, or ERp57 knock-down on cell growth under adherent 

versus mammosphere conditions. 

a PDI, ERp44, or ERp57 knock-down does not have a significant effect on the growth rate of 

adherent cells. SUM159PT cells stably transduced with two different shRNA constructs targeting 

PDI, ERp44, or ERp57, or with a construct harboring a non-targeting shRNA (shControl) were 

seeded into 96-well plates at the density of 3000 cells/well and incubated under adherent 

conditions in the absence or presence of 1 μg/ml doxycycline (Dox). Cell viability at the 

indicated times was measured using the CellTiter Glo assay. The results (arbitrary units, a.u.) are 

shown as means from 3 determinations, ±S.E.M. b PDI, ERp44, or ERp57 knock-down reduces 

the growth of cells under mammosphere conditions.  Each cell type was seeded into 4 wells of a 

24-well plate. After 10 days, spheres were visualized by phase contrast imaging, counted using 

ImageJ, and the total sphere volume was estimated as described in Methods. The results are 

shown as mean values obtained from 3 independent experiments. * P < 0.05. 
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Figure 2.6 The effect of PDI, ERp44, or ERp57 knock-down on mammosphere formation 

and size. 

a The number of spheres in the absence or presence of doxycycline. Each cell type was seeded 

into 4 wells of a 24-well plate. After 10 days, spheres were visualized by phase contrast imaging 

and counted using ImageJ, as described in Methods. The numbers of mammospheres with 

diameters >50 μm are indicated by solid color bars. The numbers of mammospheres with 

diameters <50 μm and >15 μm are shown with white bars. The results are shown as mean values 

obtained from 3 independent experiments. * P < 0.05; ** P < 0.01. b Size distribution of RFP-

positive spheres. RFP-positive spheres formed in the presence of doxycycline were visualized by 

fluorescence microscopy. Sphere diameters were determined using ImageJ. For each cell type, a 

box-and-whisker plot of the diameters of 100 randomly selected spheres formed under identical 

conditions is shown. **** P < 0.0001 
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Chapter 3 - Metalloprotease-dependent activation of EGFR 

modulates the CD44
+
/CD24

-
 populations in triple negative breast 

cancer cells through the MEK/ERK pathway 

This chapter has been published as the following journal article:  

Wise R, Zolkiewska A (2017) Metalloprotease-dependent activation of EGFR modulates 

CD44
+
/CD24

−
 populations in triple negative breast cancer cells through the MEK/ERK 

pathway. Breast Cancer Res Treat 1-13. The final publication is available at 

link.springer.com via https://doi.org/10.1007/s10549-017-4440-0. 

 Abstract 

Purpose: The CD44
+
/CD24

-
 cell phenotype is enriched in triple negative breast cancers 

(TNBCs), is associated with tumor invasive properties, and serves as a cell surface marker 

profile of breast cancer stem-like cells. Activation of Epidermal Growth Factor Receptor (EGFR) 

promotes the CD44
+
/CD24

-
 phenotype, but the specific signaling pathway downstream of EGFR 

responsible for this effect is not clear. The purpose of this study was to determine the role of the 

MEK/ERK pathway in the expansion of CD44
+
/CD24

-
 populations in TNBC cells in response to 

EGFR activation. 

Methods: Representative TNBC cell lines SUM159PT (claudin-low) and SUM149PT (basal) 

were used to evaluate cell surface expression of CD44 and CD24 by flow cytometry in response 

to EGFR and MEK inhibition or activation. EGFR and ERK phosphorylation levels were 

analyzed by Western blotting. The relationship between EGFR phosphorylation and MEK 

activation score in basal and claudin-low tumors from the TCGA database was examined.  
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Results: Inhibition of ERK activation with selumetinib, a MEK1/2 inhibitor, blocked EGF-

induced expansion of CD44
+
/CD24

-
 populations. Sustained activation of ERK by overexpression 

of constitutively active MEK1 was sufficient to expand CD44
+
/CD24

-
 populations in cells in 

which EGFR activity was blocked by either erlotinib, an EGFR kinase inhibitor, or BB-94, a 

metalloprotease inhibitor that prevents generation of soluble EGFR ligands. In basal and claudin-

low tumors from the TCGA database, there was a positive correlation between EGFR_pY1068 

and MEK activation score in tumors without genomic loss of DUSP4, a negative regulator of 

ERK, but not in tumors harboring DUSP4 deletion.  

Conclusion: Our results demonstrate that ERK activation is a key event in EGFR-dependent 

regulation of CD44
+
/CD24

-
 populations. Furthermore, our findings highlight the role of ligand-

mediated EGFR signaling in the control of MEK/ERK pathway output in TNBC tumors without 

DUSP4 loss. 

 Keywords 
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GEO, Gene Expression Omnibus; TCGA, The Cancer Genome Atlas; GISTIC, Genomic 

Identification of Significant Targets in Cancer 

 Introduction 

Epidermal Growth Factor Receptor (EGFR) is frequently overexpressed in triple negative 

breast cancers (TNBCs, negative for expression of estrogen receptor (ER) and progesterone 

receptor (PR), and lacking amplification of the human epidermal growth factor receptor-2 

(HER2) gene), and its overexpression is associated with poor clinical outcomes [1-3]. EGFR and 

its downstream signaling pathways regulate many aspects of cell behavior associated with tumor 

growth and progression, including cell proliferation, survival, epithelial-to-mesenchymal 

transition (EMT), migration, invasion, and drug resistance [4-13].  

The CD44
+
/CD24

-
 cell surface marker profile is associated with basal-like breast tumors 

[14], which are largely represented by triple-negative tumors [15], EMT [16], enhanced 

invasiveness [17], and stem-like properties of breast cancer cells [18]. Recently, it has been 

reported that inhibition of EGFR signaling in SUM159PT and MDA-MB-231 TNBC cell lines 

using Cetuximab, an anti-EGFR blocking monoclonal antibody, reduced CD44
+
/CD24

-/low
 and 

Aldefluor
+
 cell populations, decreased mammosphere formation, and partially inhibited tumor 

growth in vivo in mouse xenograft models [19]. These results indicated that inhibition of EGFR 

signaling reduced cancer stem cell (CSC) populations and suggested that anti-EGFR therapies, in 

combination with chemotherapy, may be more effective in eliminating CSCs compared to 

chemotherapy alone in some TNBC patients. It was further postulated that the reduction of CSC 

populations by Cetuximab was mediated through inhibition of autophagy [19]. However, while 

EGFR may regulate autophagy in a context-dependent manner, most of the published reports 

indicate that EGFR tyrosine kinase activity inhibits autophagy [13, 20-23]. Therefore, inhibition 
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of EGFR activity with Cetuximab should lead to activation, rather than inhibition, of autophagy, 

and the mechanism by which EGFR would control CSC populations is not clear.  

Importantly, the CSC phenotype in basal and claudin-low breast cancers was reported to 

be promoted by activation of two mitogen-activated protein kinase (MAPK) pathways: the 

extracellular signal-regulated kinase (ERK) pathway and the Jun N-terminal kinase (JNK) 

pathway [24]. Specifically, activation of these pathways due to genomic loss of dual specificity 

phosphatase 4 (DUSP4), a negative regulator of ERK1/2 and JNK1/2, expanded CSC 

populations in several TNBC cell lines. Conversely, enforced expression of DUSP4 in BT549 

and SUM159PT cell lines reduced CD44
+
/CD24

-
 populations [24]. Since ERK1 and ERK2 are 

downstream effectors of mitogen-activated protein kinase kinases 1 and 2 (MEK1/2) [25], which 

in turn are regulated by EGFR, our first goal was to determine whether EGFR activity controls 

the CD44
+
/CD24

-
 phenotype through the MEK/ERK pathway.  

The second goal of this study was to examine the role of metalloproteases in regulation of 

the CD44
+
/CD24

-
 phenotype and the MEK/ERK pathway output in TNBC. ADAM 

metalloproteases release soluble ligands for EGFR, namely EGF, heparin-binding EGF (HB-

EGF), amphiregulin, epiregulin, transforming growth factor α (TGF-α), or betacellulin, and act 

as upstream regulators of EGFR [26, 27]. Ligand-dependent activation of EGFR represents the 

critical first step of the transcriptional programs regulated by the MEK/ERK pathway, provided 

that the tumors lack genetic alterations in pathway components that would render the pathway 

constitutively active. While activating mutations in the EGFR/RAS/RAF/MEK/ERK pathway 

are rare in breast cancer, approximately 50% of TNBCs are characterized by hemi- or 

homozygous deletion of the DUSP4 gene, which leads to aberrant pathway activation [24, 28, 

29]. Thus, TNBCs harboring DUSP4 genomic loss should be less dependent on EGFR 
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activation. However, in the remaining ~50% of TNBCs without DUSP4 copy loss, efficient 

MEK/ERK pathway activation might require the function of metalloproteases, generation of 

soluble EGFR ligands, and ligand-dependent EGFR activation.  

Here, we show that ERK1/2 activation is necessary for EGFR-induced expansion of 

CD44
+
/CD24

-
 populations. Furthermore, we show that sustained activation of ERK1/2 by 

overexpression of constitutively active MEK1 is sufficient to expand CD44
+
/CD24

-
 populations 

in cells in which EGFR activity is blocked by either erlotinib, an EGFR kinase inhibitor, or BB-

94, a metalloprotease inhibitor that prevents generation of soluble EGFR ligands. These results 

indicate that ERK1/2 plays an essential role in ligand-dependent EGFR signaling, which 

promotes the CD44
+
/CD24

-
 marker profile. Moreover, in basal and claudin-low tumors from the 

TCGA database, there is a positive correlation between EGFR_pY1068 and MEK1/2 activation 

score in tumors without DUSP4 loss, but not in tumors harboring DUSP4 loss. This further 

highlights the role of ligand-mediated EGFR signaling in regulation of the MEK/ERK pathway 

in TNBC tumors without DUSP4 loss. The results of our investigations may help identify 

biomarkers to help predict which TNBC patients are most likely to respond to EGFR inhibitors. 

 Methods 

 Reagents and antibodies 

Antibodies for immunoblotting included anti-EGFR_pY1068 (#D7A5), anti-total EGFR 

(#D38B1), anti-ERK1/2_pT202/Y204 (#D13.14.4E), anti-total ERK1/2 (#137F5), and anti-

MEK1/2 (#D1A5), all from Cell Signaling Technology. The apparent molecular weight of EGFR 

detected by anti-total EGFR antibody is ~170 kDa. The phosphorylated EGFR detected with 

anti-EGFR pY1068 antibody migrates at a slightly slower rate (~172-175 kDa band in Western 

blots). These apparent molecular weights are significantly higher than the predicted molecular 
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weight of EGFR (134 kDa) due to extensive protein glycosylation. Antibodies for flow 

cytometry, PE-conjugated anti-CD24 (#ML5) and APC-conjugated anti-CD44 (#IM7), were 

from BD Biosciences and Affymetrix eBioscience, respectively.  

 Calculation of EGFR and MEK activation scores 

The top 100 genes whose expression was most significantly changed upon stable 

expression of EGFR or constitutively active MEK in MCF-7 cells, compared to control MCF-7 

cells adapted for long-term estrogen-independent growth [30], were retrieved from Gene 

Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/), using accession number 

GSE3542. Expression values for these EGFR- or MEK-regulated genes in CD44
+
/CD24

-
 and 

CD44
-
/CD24

+
 subpopulations of MCF10A cells [31] were then extracted from GEO using 

accession number GSE15192.  The EGFR and MEK scores were calculated as:  

s = Σ wi xi /Σ wi 
         i                 i 

 

where w is the weight +1 or –1, depending on whether the gene was upregulated or 

downregulated in the signature, and x is the normalized gene expression level. 

 TCGA data mining 

Expression values for MEK-regulated genes (mRNA expression z-scores, measured by 

Agilent microarrays) and the EGFR phosphorylation status at Y992, Y1068, and Y1173 (protein 

expression z-scores, measured by reverse-phase protein arrays) were retrieved from The Cancer 

Genome Atlas (TCGA) (Nature 2012 dataset) [32] via the cBioPortal for Cancer Genomics 

(http://www.cbioportal.org/public-portal/) [33, 34]. The DUSP4 copy number status was 

determined by the Genomic Identification of Significant Targets in Cancer (GISTIC) algorithm. 

GISTIC copy numbers “-2” (a deep loss) and “-1” (a shallow loss) for DUSP4 were considered 

homozygous and heterozygous deletions of DUSP4, respectively. Tumors for which DUSP4 
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GISTIC copy numbers were ≥ 0 were assumed not to harbor DUSP4 deletion. Pearson r 

correlation coefficient and two-tailed P values were calculated using GraphPad Prism 6.0 

software.   

Cell culture, retroviral transduction, generation of stable cell lines, and immunoblotting  

were performed as previously described [35-37]. Additional experimental details are provided in 

Appendix B: Supplementary Methods. 

 Results 

It has been previously shown that the transcriptional signature of activation of the MEK 

pathway is positively correlated with the CD44:CD24 mRNA ratio in the NCI-Integrative Cancer 

Biology Program-50 (ICBP50) panel of breast cancer cell lines [24] and in mammosphere 

cultures derived from primary breast tumors [24, 38]. Here, we examined the EGFR and MEK 

pathway activation scores in flow cytometry-sorted subpopulations of MCF10A cells expressing 

the CD44
+
/CD24

-
 or CD44

-
/CD24

+
 marker profile [31] (data were retrieved from 

GEO:GSE15192). To calculate the EGFR and MEK activation scores, we used the top 100 genes 

whose expression was most significantly changed upon stable expression of ligand-activatable 

EGFR or constitutively active MEK in MCF-7 cells [30]. We determined that the CD44
+
/CD24

-
 

subpopulation had significantly higher EGFR and MEK activation scores than the CD44
-
/CD24

+
 

subpopulation (Fig. 3.1a).  

To study a potential cause-and-effect relationship between EGFR activation and cell 

surface expression of CD44 and CD24, and the role of MEK1/2 in this process, we utilized two 

representative TNBC cell lines, SUM159PT and SUM149PT, corresponding to the claudin-low 

and basal molecular subtypes of breast cancer, respectively [39]. We first examined the 

activation status of EGFR and its downstream effector ERK1/2 in these two cell lines in response 
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to erlotinib, a specific inhibitor of EGFR tyrosine kinase activity, and to EGF, an activating 

ligand. Treatment for 72 h with 1 μM erlotinib caused a decrease in EGFR phosphorylation at 

Y1068, one of the major autophosphorylation sites in EGFR, in both cell lines. Stimulation for 

48 h with 20 ng/ml EGF increased the EGFR phosphorylation signal and decreased the amount 

of total EGFR, leading to higher pEGFR/EGFR ratios (Fig. 3.1b), which is consistent with 

enhanced turnover of activated EGFR [40, 41]. Of note, in SUM159PT treated with EGF, two 

bands were observed for total EGFR, most likely corresponding to EGFR phosphorylated on 

multiple tyrosine residues and unphosphorylated (or weakly phosphorylated) EGFR. Without 

exogenous EGF typically only one band was detected. Importantly, the extent of ERK1/2 

phosphorylation decreased after erlotinib treatment and increased in the presence of EGF in both 

cell lines (Fig. 3.1b). This is notable, because SUM159PT cells, but not SUM149PT cells, 

contain an activating G12D mutation in the HRAS gene [42]. One of the reasons why ERK1/2 

phosphorylation in SUM159PT cells was still modulated by EGFR could be the fact that the 

G12D mutation is heterozygous and approximately half of the HRAS protein, plus other 

members of the RAS family, are wild-type and amenable to regulation by external signals. Based 

on the results shown in Fig. 3.1b, we concluded that at the basal level, EGFR and ERK1/2 were 

partially active in both SUM159PT and SUM149PT cells, and they were further stimulated by 

adding EGF. 

As reported previously, we found that the sizes of CD44
+
/CD24

-
 populations in 

SUM159PT and SUM149PT cells were very different [43, 44], and amounted to ~90-95% for 

SUM159PT cells and ~5-10% for SUM149PT cells (Fig. 3.1c and e, respectively). Inhibition of 

the basal activation levels of EGFR with erlotinib decreased CD44
+
/CD24

-
 populations in both 

SUM159PT and SUM149PT cells. Histogram analysis of the flow cytometry data showed a 
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modest, but reproducible increase of CD24 expression in erlotinib-treated SUM159PT cells (Fig. 

3.1d) and a clear increase of the CD24 staining in erlotinib-treated SUM149PT cells (Fig. 3.1f). 

Erlotinib did not have any effect on CD44 levels in SUM159PT cells, but it decreased CD44 

expression in SUM149PT cells (Fig. 3.1d and f, respectively). These results agreed with a 

recently reported effect of Cetuximab on the CD44
+
/CD24

-
 population in MDA-MB-231 cells 

[19]. EGF treatment caused a small increase of CD44
+
/CD24

-
 populations in SUM159PT and 

SUM149PT cells (Fig. 3.1c and e, respectively), and these effects were statistically significant 

(see Figs. 3.2c and 3.3c for statistical analyses).  

To determine the role of the MEK pathway in maintaining CD44
+
/CD24

-
 populations, 

cells were treated for 72 h with selumenitib, a MEK1/2 inhibitor. Selumenitib dose response in 

SUM159PT cells established that the lowest concentration of the inhibitor that entirely blocked 

MEK1/2-mediated phosphorylation of ERK1/2 in response to sustained EGFR activation was 75 

μM (Fig. 3.2a). Treatment of SUM159PT cells with 75 μM selumetinib did not significantly 

affect cell viability (results not shown), but it dramatically decreased the CD44
+
/CD24

-
 

population, and this effect was not rescued by 48 h incubation with 20 ng/ml EGF (Fig. 3.2b, c). 

In SUM149PT cells, the lowest effective concentration of selumenitib was determined to be 10 

μM (Fig. 3.3a), and this concentration had negligible effect on cell viability (not shown). 

Treatment of SUM149PT cells with 10 μM selumetinib entirely eliminated the CD44
+
/CD24

-
 

population and, as in SUM159PT cells, this effect was not rescued by 48 h incubation with 20 

ng/ml EGF (Fig. 3.3b, c). Thus, MEK1/2 activity is required for EGF-induced expansion of 

CD44
+
/CD24

-
 populations. 

To examine whether activation of the MEK/ERK pathway in the absence of an active 

EGFR is sufficient to expand CD44
+
/CD24

-
 populations, we established cells with stable 
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overexpression of a constitutively active phosphomimetic mutant of human MEK1 (MEK1-DD) 

[45], wild-type human MEK1 bearing an N-terminal HA-tag (HA-MEK1-WT) [46], or empty 

vector (EV). Overexpression of MEK1-DD or HA-MEK1-WT in SUM159PT cells was 

confirmed by Western blotting using anti-MEK1/2 or anti-HA-tag antibodies (Fig. 3.4a). The 

basal phosphorylation level of ERK1/2 in MEK1-DD-expressing SUM159PT cells was elevated 

and similar to the level of ERK1/2 phosphorylation in EGF-treated cells, validating constitutive 

activation of MEK1-DD (Fig. 3.4b). Importantly, while inhibition of EGFR with erlotinib 

diminished CD44
+
/CD24

-
 populations in EV- and HA-MEK1-WT-expressing SUM159PT cells, 

erlotinib did not have any effect on the CD44
+
/CD24

-
 marker profile in MEK1-DD-expressing 

cells (Fig. 3.4c, d).  

Similar results were obtained for SUM149PT cells with stable overexpression of EV, 

MEK1-DD, or HA-MEK1-WT (Fig. 3.5a). The basal phosphorylation level of ERK1/2 in 

MEK1-DD-expressing SUM149PT cells was higher than it was in EV- or HA-MEK1-WT-

expressing cells and, in contrast to EV or HA-MEK1-WT cells, it was not inhibited by erlotinib 

(Fig. 3.5b), confirming the constitutive activation of MEK1-DD. Furthermore, while treatment of 

EV- or HA-MEK1-WT-expressing SUM149PT cells with erlotinib diminished CD44
+
/CD24

-
 

population, overexpression of MEK1-DD blocked the effect of erlotinib on the CD44
+
/CD24

-
 

population (Fig. 3.5c, d). Collectively, the results in Figs. 3.4 and 3.5 indicted that constitutive 

activation of the MEK/ERK pathway in the absence of an active EGFR was sufficient to expand 

CD44
+
/CD24

-
 populations in SUM159PT and SUM149PT cells. 

Partial activation of EGFR in SUM159PT and SUM149PT cells in the absence of the 

exogenously added EGF, which was also observed previously in our lab in SUM159PT cells in 

serum-free media [37], suggested that EGFR might have been activated by endogenously 
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expressed ligands. All EGFR ligands are synthesized as transmembrane precursors that need to 

be converted to biologically active, soluble molecules via cleavage by ADAM metalloproteases 

[26, 27]. This raised a possibility that ADAMs may be involved in regulation of the 

CD44
+
/CD24

-
 marker profile. This hypothesis was tested here by treatment of cells with 

batimastat (BB-94), a broad-spectrum metalloprotease inhibitor. BB-94 did not have a noticeable 

effect on cell viability or proliferation rates at the concentrations up to 30 μM (results not 

shown). A 48 h incubation of SUM159PT, SUM149PT, or MCF10A, a non-tumorigenic 

mammary epithelial cell line, with 10 μM BB-94 significantly decreased the amount of soluble 

amphiregulin, an EGFR ligand highly expressed in all three cell lines, in the media (Fig. 3.6a). 

Consequently, the basal phosphorylation level of EGFR was significantly reduced after BB-94 

treatment (Fig. 3.6b). The effect of BB-94 was eliminated after 30 min stimulation with 

exogenous EGF (Fig. 3.6b), which was consistent with the fact that metalloproteases act as 

upstream regulators of ligand availability and EGFR activation.   

In addition to its effect on EGFR phosphorylation, a 72-h incubation of SUM159PT cells 

with 10 μM BB-94 significantly inhibited the basal phosphorylation level of ERK1/2 (Fig. 3.7a). 

Importantly, CD44
+
/CD24

-
 population was diminished after BB-94 treatment of EV- of HA-

MEK1-WT-expressing SUM159PT cells, but not of cells expressing the constitutively active 

MEK1-DD (Fig. 3.7b, c). Similarly, BB-94-treated SUM149PT cells exhibited decreased levels 

of EGFR and ERK1/2 phosphorylation after 72-h treatment with 10 μM BB-94 (Fig. 3.8a), and 

BB-94 treatment reduced CD44
+
/CD24

-
 populations in EV- and HA-MEK1-DD-expressing 

SUM149PT cells, but not in MEK1-DD-expressing cells (Fig. 3.8b, c). Thus, inhibition of 

metalloproteases, which are upstream modulators of EGFR signaling, with BB-94 exerted a 

similar effect to direct inhibition of EGFR tyrosine kinase activity with erlotinib.          
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 While ligand-mediated activation of EGFR and the resulting activation of the MEK/ERK 

pathway may be important in some TNBCs, in other breast tumors in which ERK1/2 is 

hyperactive due to genomic loss of DUSP4, the status of EGFR activation should be less relevant 

for the MEK/ERK pathway output. To examine the relationship between EGFR activation, a 

transcriptional signature associated with MEK/ERK activation, and DUSP4 copy number 

alterations, we analyzed gene expression data for basal and claudin-low tumors (which are 

predominantly triple-negative) from the TCGA database [32]. EGFR phosphorylation status was 

available for three Tyr residues, Y992, Y1068, and Y1173, in 72 tumors. EGFR phosphorylation 

at Y1068 facilitates the binding of an adaptor protein GRB2 and activation of the 

RAS/RAF/MEK/ERK pathway, while phosphorylated Y992 and Y1173 are the major binding 

sites for PLCγ and SHP1 phosphatase, leading to the activation of PKC and receptor 

dephosphorylation, respectively [47, 48]. The MEK activation score in the 72 basal and claudin-

low tumors was calculated based on the expression levels of top 100 MEK-regulated genes [30]. 

DUSP4 copy number data were generated by the GISTIC algorithm (see Methods).   

There was a significant positive correlation (Pearson r = 0.375, P = 0.029) between 

EGFR_pY1068 and MEK activation score in tumors without DUSP4 deletion, but not in tumors 

harboring a heterozygous or homozygous deletion of DUSP4 (Table 3.1). EGFR_pY992 and 

EGFR_pY1173 were not significantly correlated with MEK activation in any tumor group. 

These results are consistent with the notion that metalloprotease-dependent ligand-mediated 

EGFR signaling plays an important role in regulation of the MEK/ERK pathway in TNBC 

tumors without DUSP4 loss. 
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 Discussion 

While a tumor-promoting role of EGFR signaling in TNBC has been well established, the 

results of EGFR-targeted therapies for TNBC, either as a monotherapy or in combination with 

cisplatin, [49], carboplatin [50], or Ixabepilone [51], have been disappointing. One of the reasons 

is the lack of specific markers predicting which patients are most likely to respond to anti-EGFR 

therapies [1, 2, 52-55]. Recent studies demonstrating that EGFR inhibitors reduce CSC 

populations in TNBC tumors [19] further highlight the importance of EGFR in the pathology of 

triple-negative disease and underscore the need for better markers guiding patient selection for 

anti-EGFR therapies. Understanding the mechanism by which EGFR activation controls CSCs is 

needed to maximize the clinical benefit of EGFR inhibitors in the treatment of TNBCs. 

Here, we show that the MEK/ERK pathway is a key component of the signaling cascade 

downstream of the activated EGFR that regulates the CD44
+
/CD24

-
 phenotype in SUM159PT 

and SUM149PT cells. MEK1/2 inhibition reduced CD44
+
/CD24

-
 populations in both cell lines, 

and this effect was not rescued by activation of EGFR with exogenously added EGF. In contrast, 

overexpression of constitutively active MEK1 was sufficient to increase CD44
+
/CD24

-
 

populations, and this effect was not blocked by EGFR inhibition with erlotinib. Furthermore, we 

showed that inhibition of cell surface metalloproteases that generate soluble, bioactive ligands 

for EGFR diminished CD44
+
/CD24

-
 populations, and metalloprotease inhibition with BB-94 was 

as effective as inhibition of tyrosine kinase activity of EGFR with erlotinib. Also, BB-94-

mediated reduction of CD44
+
/CD24

-
 populations was entirely blocked by overexpression of 

constitutively active MEK1. Collectively, these results demonstrate that MEK/ERK activity is 

both necessary and sufficient for EGFR-mediated regulation of CD44
+
/CD24

-
 populations.          
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Our results corroborate previous studies demonstrating an important role of MEK/ERK in 

regulation of CSCs in breast tumors. As reported by Balko et al., activation of MAPK pathways 

due to DUSP4 knockdown increased mammosphere formation in MDA-MB-231 cells, and 

overexpression of DUSP4 in SUM159PT cells decreased mammosphere formation, reduced the 

CD44
+
/CD24

-
 compartment, and impeded tumor growth in a mouse xenograft model [24]. 

Furthermore, pharmacological inhibition of MEK1/2 reduced mammosphere numbers in MDA-

MB-231, BT549, and SUM159PT cell cultures and decreased the CD44
+
/CD24

- 
population in 

MDA-MB-231 cells [24]. MEK1/2 inhibition also reduced anchorage-independent cell growth of 

MDA-MB-231 and SUM149PT cell lines, reversed EMT in 3D culture system, inhibited 

ALDH1 activity, and prevented lung metastasis in a MDA-MB-231 xenograft model [11].  

While EGFR is one of the main upstream regulators the MEK/ERK pathway, and while 

EGFR inhibition, similarly to MEK1/2 inhibition, reduces the numbers of breast cancer cells 

with the stem-like phenotype [10, 19, 56], direct involvement of MEK/ERK in the EGFR-

mediated control of breast CSCs has not been demonstrated before. Instead, it has been proposed 

that EGFR inhibition reduces CSC population in breast cancer through inhibition of autophagy 

[19]. This notion is supported by the observations that chloroquine, a lysotropic agent that 

inhibits a late step of autophagy, or knock-down of autophagy-specific genes diminished the 

CSC populations in TNBC cell lines [57-59]. The universally positive role of autophagy in CSC 

maintenance is, however, at odds with a report demonstrating that autophagy deficiency 

stabilizes the transcription factor TWIST1, promotes EMT in vitro, and tumor growth and 

metastasis using a A431 squamous cell carcinoma xenograft mouse model [60, 61]. Most 

importantly, in several cancer cell types, including breast cancer, EGFR activation suppresses 

autophagy [13, 20, 21]. Thus, EGFR inhibition should lead to an increase, rather than a decrease, 
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in autophagy [22, 23], and the role of autophagy in EGFR-mediated regulation of breast CSCs 

needs further clarification. 

The MEK/ERK pathway is hyperactivated in ~50% of TNBCs due to genomic loss of 

DUSP4, a negative regulator of ERK1/2. Since activating mutations in the MEK/ERK pathway 

components upstream of ERK1/2 are rare in breast cancer, it might be postulated that TNBCs 

without DUSP4 loss should rely on ligand-dependent EGFR activation to generate a sizeable 

ERK pathway output. Indeed, our analysis of gene expression and phosphoproteomics data from 

the TCGA database shows a significant positive correlation between EGFR phosphorylation at 

Y1068 and MEK activation score in basal and claudin-low breast cancers without DUSP4 loss, 

but not in basal and claudin-low breast cancers harboring DUSP4 loss. Thus, in the absence of 

DUSP4 loss, ligand-dependent metalloprotease-mediated activation of EGFR plays an essential 

role in regulating the MEK/ERK pathway output. Therefore, the efficacy of EGFR inhibitors 

should be greater in TNBCs containing an intact DUSP4 gene than in DUSP4-deficient TNBCs.  

  In summary, our results underscore the central role of the MEK/ERK signaling pathway 

in regulation of breast CSCs. A large body of evidence demonstrates an important role of the 

MEK/ERK signaling pathway in other aspects of breast cancer pathology as well. For example, 

inhibition of the MEK1/2 activity in estrogen receptor α (ERα)-negative breast cancer cell lines 

using a pharmacological inhibitor U0126 resulted in re-expression of ERα [30, 62]. More 

recently, increased activation of MEK/ERK in tumor cells was shown to be associated with 

reduced numbers of tumor-infiltrating lymphocytes in TNBC, leading to immune evasion [63]. 

Thus, targeting the MEK/ERK pathway may offer multiple benefits in DUSP4-deficient TNBC, 

whereas EGFR inhibitors should be more efficient in DUSP4-positive TNBC. Additionally, in 
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DUSP4-positive TNBC, a combination of both EGFR inhibitors and metalloprotease inhibitors 

may serve as a valuable therapeutic treatment. 
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Figure 3.1 EGFR signaling modulates the CD44
+
/CD24

-
 marker profile in representative 

TNBC cells. 

a EGFR and MEK pathway activation scores in CD44
-
/CD24

+
 and CD44

+
/CD24

-
 subpopulations 

of MCF10A cells. Microarray gene expression data for these two cell populations were retrieved 

from GEO:GSE15192, and EGFR and MEK scores were calculated based on Ref. [30], as 

described in Methods. Results are shown as means from 4 determinations,  S.E.M. b Response 

of SUM159PT and SUM149PT cells to sustained EGFR inhibition or activation. Cells were 

treated for 72 h with DMSO alone, 1 μM erlotinib, an EGFR inhibitor, dissolved in DMSO, or 

for 48 h with 20 ng/ml EGF and DMSO. The extent of EGFR phosphorylation at Y1068 and 

ERK1/2 phosphorylation at T202/Y204, total EGFR, and total ERK1/2 were analyzed by 

Western blotting. Tubulin is a gel-loading control. c-f Effect of EGFR inhibition or activation on 

the CD44 and CD24 markers. SUM159PT and SUM149PT cells were treated as in (panel b), 

stained with anti-CD24-PE and anti-CD44-APC antibodies, and analyzed by flow cytometry. 

Quadrant markers were set based on control antibody staining. Results of a representative 

experiment (n = 5) are shown as dot plots (c and e) or histogram analyses (d and f). 
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Figure 3.2 MEK1/2 inhibition blocks the effect of EGF on the CD44
+
/CD24

-
 marker profile 

in SUM159PT cells. 

a Dose response of selumetinib, a MEK1/2 inhibitor, on the extent of ERK1/2 phosphorylation. 

Cells were treated with either DMSO or indicated concentrations of selumetinib. Twenty-four 

hours later, 20 ng/ml EGF or vehicle alone was added for an additional 48 h. Cells were analyzed 

by Western blotting using anti-phospho-ERK1/2 and anti-total ERK1/2 antibodies; β1-integrin is 

a gel-loading control. b Cells were treated for 24 h with DMSO or 75 M selumetinib, and then 

for an additional 48 h with or without 20 ng/ml EGF. Cells were stained with anti-CD24-PE and 

anti-CD44-APC antibodies and analyzed by flow cytometry. c Percentages of CD44
+
/CD24

-
 

cells are shown as mean values  S.E.M. from three independent experiments. * P < 0.05; *** P 

< 0.001. 
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Figure 3.3 MEK1/2 inhibition blocks the effect of EGF on the CD44
+
/CD24

-
 marker profile 

in SUM149PT cells. 

a Dose response of selumetinib, a MEK1/2 inhibitor, on the extent of ERK1/2 phosphorylation. 

Cells were treated with either DMSO or indicated concentrations of selumetinib. Twenty-four 

hours later, 20 ng/ml EGF or vehicle alone was added for an additional 48 h. Cells were analyzed 

by Western blotting using anti-phospho-ERK1/2 and anti-total ERK1/2 antibodies; β1-integrin is 

a gel-loading control. b Cells were treated for 24 h with DMSO or 10 M selumetinib, and then 

for an additional 48 h with or without 20 ng/ml EGF. Cells were stained with anti-CD24-PE and 

anti-CD44-APC antibodies and analyzed by flow cytometry. c Percentages of CD44
+
/CD24

-
 

cells are shown as mean values  S.E.M. from three independent experiments. * P < 0.05; ** P < 

0.01. 
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Figure 3.4 Constitutively active MEK1 blocks the effect of erlotinib on CD44
+
/CD24

-
 

population in SUM159PT cells. 

a Confirmation of MEK1 overexpression. Cells stably transduced with empty vector (EV), 

constitutively active MEK1 (MEK1-DD), or wild-type HA-tagged MEK1 (HA-MEK1-WT) 

were analyzed by Western blotting using anti-MEK1 and anti-HA tag antibodies; β1-integrin is a 

gel-loading control. b Verification of constitutive activation of MEK1-DD. Cells expressing EV, 

MEK1-DD, or HA-MEK1-WT were incubated for 30 min with or without 20 ng/ml EGF and 

analyzed by Western blotting using anti-phospho-ERK1/2 and anti-total ERK1/2 antibodies. c 

Effect of MEK1-DD on the CD44
+
/CD24

-
 marker profile. EV, MEK1-DD, or HA-MEK1-WT 

cells were treated with either DMSO or 1 μM erlotinib for 72 h, stained with anti-CD24-PE and 

anti-CD44-APC antibodies, and analyzed by flow cytometry. d Percentages of CD44
+
/CD24

-
 

cells are shown as mean values  S.E.M. from two independent experiments. * P < 0.05; ** P < 

0.01. 
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Figure 3.5 Constitutively active MEK1 blocks the effect of erlotinib on CD44
+
/CD24

-
 

population in SUM149PT cells. 

a Confirmation of MEK1 overexpression. SUM149PT cells stably transduced with empty vector 

(EV), constitutively active MEK1 (MEK1-DD), or wild-type HA-tagged MEK1 (HA-MEK1-

WT), were analyzed by Western blotting using anti-MEK1/2 and anti-HA tag antibodies; β1-

integrin is a gel-loading control. b Verification of constitutive activation of MEK1-DD. Cells 

expressing EV, MEK1-DD, or HA-MEK1-WT were incubated for 24 h with DMSO or 1 μM 

erlotinib and analyzed by Western blotting using anti-phospho-ERK1/2 and anti-total ERK1/2 

antibodies. c Effect of MEK1-DD on the CD44
+
/CD24

-
 marker profile. EV, MEK1-DD, or HA-

MEK1-WT cells were treated with either DMSO or 1 μM erlotinib for 72 h, stained with anti-

CD24-PE and anti-CD44-APC antibodies, and analyzed by flow cytometry. d Percentages of 

CD44
+
/CD24

-
 cells are shown as mean values  S.E.M. from two independent experiments. * P 

< 0.05; *** P < 0.001. 
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Figure 3.6 Metalloprotease inhibitor batimastat (BB-94) decreases the amount of soluble 

amphiregulin (AREG) released from cells to the media and reduces the basal activation 

level of EGFR. 

SUM159PT, SUM149PT, or MCF10A cells were incubated for 48 h with DMSO or 10 μM BB-

94. a The amount of soluble AREG in conditioned media was measured using ELISA. Shown 

are the mean values  S.E.M. from three independent measurements; *** P < 0.001, **** P 

<0.0001. b DMSO- or BB-94-treated cells were incubated for 30 min with or without 20 ng/ml 

EGF and analyzed by Western blotting using anti-phospho-EGFR or anti-total EGFR antibody; 

tubulin is a gel loading control. 
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Figure 3.7 Metalloprotease inhibitor batimastat (BB-94) reduces CD44
+
/CD24

-
 population 

in SUM159PT cells, and this effect is blocked by the presence of constitutively active 

MEK1. 

a Effect of 72-h treatment with BB-94 on the basal activation levels of EGFR and ERK1/2. Cells 

were analyzed by Western blotting using anti-phospho-EGFR, anti-total EGFR, anti-phospho-

ERK1/2, or anti-total ERK1/2 antibody. b Effect of BB-94 on the CD44
+
/CD24

-
 marker profile, 

in the absence or presence of constitutively active MEK1. SUM159PT cells with stable 

expression of EV, MEK1-DD, or HA-MEK1-WT were treated as in (panel a), stained with anti-

CD24-PE and anti-CD44-APC antibodies, and analyzed by flow cytometry. c Percentages of 

CD44
+
/CD24

-
 cells are shown as mean values  S.E.M. from two independent experiments. * P 

< 0.05; ** P < 0.01. 
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Figure 3.8 Metalloprotease inhibitor batimastat (BB-94) reduces CD44
+
/CD24

-
 population 

in SUM149PT cells, and this effect is blocked by the presence of constitutively active 

MEK1. 

a Effect of 72-h treatment with BB-94 on the basal activation levels of EGFR and ERK1/2. Cells 

were analyzed by Western blotting using anti-phospho-EGFR, anti-total EGFR, anti-phospho-

ERK1/2, or anti-total ERK1/2 antibody. b Effect of BB-94 on the CD44
+
/CD24

-
 marker profile, 

in the absence or presence of constitutively active MEK1. SUM149PT cells with stable 

expression of EV, MEK1-DD, or HA-MEK1-WT were treated as in (panel a), stained with anti-

CD24-PE and anti-CD44-APC antibodies, and analyzed by flow cytometry. c Percentages of 

CD44
+
/CD24

-
 cells are shown as mean values  S.E.M. from two independent experiments. ** P 

< 0.01; *** P < 0.001. 
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Table 3.1 Relationship between EGFR phosphorylation at Y992, Y1068, or Y1173, and 

MEK1/2 activation score in breast tumors from the TCGA database. 

Pearson correlation coefficients and two-tailed P values are shown for all basal and claudin-low 

(CL) tumors, and for basal and CL tumors without or with DUSP4 copy loss 

Significant correlation (P < 0.05) is shown in bold. 
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Chapter 4 - Disintegrin-metalloproteases ADAM12 and ADAM9 

promote the CD44
+
/CD24

- 
phenotype in the claudin-low breast 

cancer cell line SUM159PT through modulation of EGFR signaling 

Certain parts of this chapter have been published as part of the following journal article:  

Duhachek-Muggy S, Qi Y, Wise R, Alyahya L, Li H, Hodge J, Zolkiewska A (2017) 

Metalloprotease-disintegrin ADAM12 actively promotes the stem cell-like phenotype in 

claudin-low breast cancer. Mol Cancer 16:32. 

 Abstract 

Disintegrin-metalloproteases ADAM12 and ADAM9 are upregulated and associated with 

an increased aggressiveness of breast cancers. ADAM12 has been more thoroughly studied and 

is linked to chemoresistance and epithelial to mesenchymal transition (EMT). These traits are 

commonly associated with a cancer stem cell-like (CSC) profile. The purpose of this study was 

to address the specific role that these ADAMs play in regard to modulation of the CSC 

phenotype in breast cancer cells. We first examined three publically available datasets and found 

a positive correlation between ADAM12 and an increased aggressiveness of breast cancer. Next, 

knockdown of ADAM12 led to a decrease in the phosphorylation of epidermal growth factor 

receptor (EGFR) at tyrosine 1068, and an increase in the CSC marker CD24, which was rescued 

upon addition of exogenous EGF, a ligand for EGFR activation. This suggested that the 

enhanced aggressiveness of cancers with high ADAM12 was due to the metalloprotease activity 

of the protein, namely the cleavage of EGFR ligand. Thus, we attempted to determine if 

upregulation of ADAM12 elicited a complementary effect to downregulation, but we were not 
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able to demonstrate this outcome. Next, we set out to determine if this effect on the CSC 

phenotype was specific to ADAM12. Knockdown of ADAM9 elicited a similar effect on EGFR 

phosphorylation and CD24 expression as ADAM12 downregulation. Therefore, we concluded 

that both ADAM12 and ADAM9 support the CSC phenotype is SUM159PT breast cancer cells 

through modulation of the EGFR pathway. 

 Introduction 

Members of the ADAM family of cell surface metalloproteases catalyze cell context-

dependent cleavage of transmembrane receptors, growth factor precursors, or adhesion 

molecules [1, 2]. ADAM substrates include many cancer-related proteins, such as Notch 

receptors and their ligands [3], epidermal growth factor receptor (EGFR) ligands [4, 5], 

interleukin-6 receptor (IL-6R) [6], tumor necrosis factor (TNF) and its receptors [7], E-cadherin 

[8], and CD44 [9]. Because ADAMs are often aberrantly expressed or misregulated in human 

cancers, they may contribute to tumor progression, metastasis, or therapy resistance [10, 11, 12]. 

Among twelve catalytically active human ADAMs [2], certain ADAMs have been shown 

to be upregulated in breast cancers, including ADAM 9, 12, and 17 [13]. Between these three 

ADAMs, both ADAM 9 and 12 are alternatively spliced and each have a transcript that encodes 

a longer, transmembrane isoform and a shorter, secreted isoform of the protein. However, 

ADAM17 is not alternatively spliced and only has a transmembrane isoform (information from 

UniProt). We chose to initially look at ADAM12 due to a number of reasons. First, the 

transmembrane isoform of ADAM12 (ADAM12-L) is highly overexpressed compared to normal 

mammary epithelium [14, 15]. Second, high levels of ADAM12 transcript variant 1, which 

encode for the transmembrane isoform of ADAM12 (ADAM12-L) are associated with poor 

prognosis and decreased metastasis-free survival times in estrogen receptor (ER)-negative, 
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progesterone receptor (PR)-negative, and human epidermal growth factor receptor 2 (HER2)-

negative (triple negative) early stage breast cancers without systemic treatment, but not in HER2-

positive or ER-positive tumors [16, 17]. Finally, ADAM12-L expression is induced during 

epithelial-to-mesenchymal transition (EMT) in mammary epithelial cells [18] and appears to be 

upregulated in the claudin-low intrinsic subtype of breast cancer [19], which harbors molecular 

signatures of EMT. 

Although claudin-low tumors amount to only ~5-10% of all breast cancers, they are 

clinically relevant as they are often triple negative and poorly differentiated, have elevated 

activities of important cellular pathways, including the EGFR pathway [20, 21, 22]. Importantly, 

the gene expression signatures of claudin-low tumors show a significant similarity to the 

signature of CD44
+
/CD24

- 
mammosphere-forming cells [21, 23], suggesting an enrichment in 

cancer stem cell (CSC)-like or tumor-initiating cell features. Breast CSCs are thought to be 

largely responsible for tumor maintenance, treatment resistance, and disease recurrence [24, 25, 

26]. 

Our previous analysis of two clinical datasets showed that elevated expression of 

ADAM12 mRNA is predictive of resistance to neoadjuvant chemotherapy in ER-negative breast 

cancer, independent of age, tumor size, grade, and the lymph node status [19]. These 

observations raise a possibility that ADAM12 may serve as a marker or a therapeutic target in 

CSCs in ER-negative or triple-negative breast cancer (TNBC). 

The goal of the current study was to assess a possible contribution of ADAM12 to the 

CSC phenotype of SUM159PT cells. SUM159PT is a claudin-low TNBC cell line isolated from 

a primary tumor of a patient with anaplastic carcinoma of the breast. Other TNBC cell lines often 

originate from invasive ductal carcinomas, but the exact cell types of origin of TNBC still 
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remains controversial. By analyzing gene expression data in various cell lines, tumor samples, 

and patient outcomes, and by investigating the effect of ADAM12 knockdown or overexpression 

on the phosphorylation status of EGFR and the CSC marker profile, we were able to determine 

that ADAM12 supports the CSC phenotype of SUM159PT cells. Additionally, we were able to 

show that this effect of ADAM12 is mostly likely not exclusive to ADAM12, as knockdown of 

ADAM9 had similar effect on the phosphorylation of EGFR and on the CD44
+
/CD24

-
 marker 

profile. Thus, we conclude that ADAMs are important modifiers of the CSC phenotype in 

claudin-low TNBC through the EGFR pathway, and a potential target in CSC-directed therapies. 

 Methods 

 Reagents and antibodies 

SMARTpool ADAM12 siRNA (M-005118-01), SMARTpool ADAM9 siRNA (L-

004504-00), and DharmaFECT1 transfection reagent were from GE Dharmacon. As a negative 

control, siGENOME non-targeting siRNA pool (D-001206-13) or ON-TARGETplus non-

targeting siRNA pool (D-001810-10, GE Dharmacon) was used. Human recombinant EGF was 

from Life Technologies. Antibodies used for flow cytometry were: PE-conjugated anti-CD24 

(clone ML5) and IgG2aκ isotype control (clone G155-178, both from BD Biosciences), APC-

conjugated anti-CD24 (clone eBioSN3 (SN3 A5-2H10)) and IgG1κ isotype control (clone 

P3.6.2.8.1, both from Affymetrix eBioscience), APC or FITC-conjugated anti-CD44 (clone IM7) 

and IgG2bκ isotype control (clone eB149/10H5, both from Affymetrix eBioscience), anti-

ADAM12 (clone 632525) and IgG1 isotype control (clone 11711, both from R&D Systems). 

APC-conjugated secondary anti-mouse IgG1 antibodies were from Jackson ImmunoResearch. 

For Western blotting, the following antibodies were used: rabbit monoclonal anti-pY1068 EGFR 

(clone D7A5), anti-total EGFR (clone D38B1), anti-pT202/Y204 ERK1/2 (clone D13.14.4E), 



113 

and anti-ERK1/2 (clone 137F5) all from Cell Signaling Technology, and rabbit polyclonal anti-

ADAM12 antibody (Ab#3394) raised against the cytoplasmic tail of human ADAM12 [17]. 

 Cell culture 

The SUM159PT cell line was purchased from Asterand and HEK293T cells were from 

Thermo Scientific. The cell line was authenticated by the original supplier using the short 

tandem repeat (STR) analysis and has been passaged for fewer than 6 months after culture 

initiation from an early passage number. SUM159PT cells were cultured in Ham’s F-12 medium 

supplemented with 5% fetal bovine serum (FBS), 10 mM HEPES, 5 μg/ml insulin, and 1 μg/ml 

hydrocortisone. HEK293T cells were cultured in DMEM medium containing 10% FBS, 6 mM 

glutamine, and 1 mM pyruvate. Cells were maintained at 37°C under humidified atmosphere 

containing 5% CO2. 

 Lentiviral infection and generation of an inducible overexpression system 

Lentiviruses were produced by transfecting HEK293T cells with pInducer20-ADAM12 

Wild-type or E351Q, a catalytically inactive mutant, pMD2.G, and psPAX2 (Addgene, plasmids 

12259 and 12260, respectively) using Mirus TransIT transfection reagent (Mirus). Conditioned 

media containing viral particles were harvested 48 h after transfection, supplemented with 5 

μg/ml polybrene (Sigma), and added onto SUM159PT cells at ~20% confluence. Selection of 

stably transduced cells started 48 h after infection using 500 μg/ml neomycin and continued for 

14 days. 

 Data mining 

 Calculation of the CSC, and EGFR gene expression signature scores 

Genes (355 different genes corresponding to 493 individual transcripts) significantly 

upregulated or downregulated in CD44
+
/CD24

-
 subpopulations of primary breast cancer cells 
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and in cancer mammospheres [23] were used to calculate the CSC signature scores. Expression 

values for these CSC-related genes in 51 different breast cancer cell lines were retrieved from 

Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/), using accession number 

GSE69017. The top 250 genes whose expression was most significantly changed upon stable 

expression of EGFR in MCF7 cells [28] were used to calculate EGFR-responsive gene signature 

scores. Expression values for these EGFR-regulated genes were retrieved from GEO, using 

accession number GSE3542. The expression values for ADAM12 or CSC- and EGFR-related 

genes in breast invasive carcinomas were extracted from TCGA (Cell 2015 dataset) [29] via the 

cBioPortal (http://www.cbioportal.org/public-portal/). The signature scores were then calculated 

for all tumors for which gene expression values were available (a total of 421 tumors) as: 

s = Σ wi xi /Σ wi 
         i                 i 

where w is the weight +1 or –1, depending on whether the gene was upregulated or 

downregulated in the signature, and x is the normalized gene expression level. 

 Survival Analysis 

The effect of ADAM12 expression on relapse-free survival rates of breast cancer patients 

was assessed using the Kaplan-Meier Plotter (http://kmplot.com/analysis/). This online tool uses 

manually curated database containing gene expression data and relapse free and overall survival 

information downloaded from GEO, the European Genome-Phenome Archive (EGA), and 

TCGA [30]. The parameters were set as follows: Affymetrix probeset: 202952_s_at (as this 

probeset is specific for ADAM12 transcript variant 1, encoding ADAM12-L); Auto select best 

cutoff: On; Use array quality control: Remove redundant samples, Exclude outlier arrays; Check 

proportional hazards assumption: On; Restrict analysis to subtypes: All, or ER-negative (derive 

https://molecular-cancer.biomedcentral.com/articles/10.1186/s12943-017-0599-6#CR22
http://www.ncbi.nlm.nih.gov/geo/
https://molecular-cancer.biomedcentral.com/articles/10.1186/s12943-017-0599-6#CR37
http://www.cbioportal.org/public-portal/
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ER status from gene expression data: On), PR-negative, HER2-negative, or Mesenchymal stem-

like; Restrict analysis to selected cohorts: none; Database release: 2017; Datasets: all. 

 Immunoblotting 

Immunoblotting was performed as described [17, 19], with some modifications. Lysis 

buffer was supplemented with phosphatase inhibitors (50 mM NaF, 2 mM Na3VO4, and 10 mM 

Na4P2O7). Total cell lysates were directly analyzed by Western blotting. Nitrocellulose 

membranes were incubated with primary monoclonal antibodies and HRP-conjugated secondary 

antibodies, followed by signal detection using SuperSignal West Pico chemiluminescence 

detection kit (Pierce) and Azure c500 digital imaging system. Band intensities were quantified 

using the ImageJ analysis software. 

 Flow cytometry 

CD24 and CD44 staining: Three days after transfection (for knockdown) or two days 

after addition of 2 μg/ml doxycycline (for overexpression), cells were stained with PE- or APC-

conjugated anti-CD24 and APC- or FITC-conjugated anti-CD44 antibodies, or their respective 

isotype antibody controls, and analyzed by flow cytometry. ADAM12 staining: Cells were 

incubated with anti-ADAM12 antibody or mouse IgG1 isotype control antibody, washed and 

incubated with APC-conjugated anti-mouse IgG antibody. Cells were analyzed with a BD 

FACSCalibur cytometer or a LSR Fortessa X20 instrument. Data were analyzed with FCS 

Express 4 or 6 (DeNovo Software). 
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 Results 

 ADAM12 expression in breast cancer cell lines and tumor samples is correlated 

with increased aggressiveness and a poor patient prognosis 

In order to further investigate the importance of ADAM12, we examined its mRNA 

levels in a larger pool of 51 breast cancer cell lines [27] (Fig. 4.1a) and patient samples from the 

TCGA database (Fig. 4.1b). To have an objective indication of the aggressiveness of these cell 

lines or tumor samples, a cancer stem cell (CSC) signature score was determined based on the 

genes whose expression was most significantly changed in CD44
+
/CD24

-
 populations and in 

mammosphere-forming cells, as reported by Creighton et al. [23] and described in Methods. As 

shown in Fig. 4.1a, there was a significant positive correlation between CSC scores and 

ADAM12 mRNA levels (P = 1.4E-07), indicating that breast cancer cell lines which had higher 

stem cell characteristics also had increased levels of ADAM12. Cell lines emphasized in red in 

Fig. 4.1a indicate various representative intrinsic molecular subtypes of breast cancer, including 

claudin-low (SUM159PT, Hs578T, SUM1315MO2, and BT549), basal (SUM102PT and 

SUM149PT), and luminal (MCF-7 and SUM225CWN) [20].  Additionally, in tumor samples 

retrieved from the Cell 2015 breast cancer dataset of the TCGA database there was also a 

significant positive correlation between ADAM12 mRNA and the CSC score (P = 4.8E-13, Fig. 

4.1b). Furthermore, the relapse-free survival (RFS) analysis demonstrated that high expression of 

the ADAM12 gene was correlated with poor prognosis in 196 patients with TNBC and, most 

importantly, in 59 patients with the mesenchymal stem-like (MSL) subtype of TNBC, but not in 

a general breast cancer patient population (Fig. 4.1c, assessed by the Kaplan-Meier Plotter online 

tool, ref. [30]). Notably, the MSL subtype shares many features with the claudin-low subtype of 

breast cancer, including high expression of EMT- and CSC-related genes [31]. Overall, these 
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data indicate that an increased expression of ADAM12 mRNA is correlated with a more 

aggressive subtype of breast cancer. 

 ADAM12 supports the CSC phenotype via modulation of the EGFR pathway 

In order to investigate the role of ADAM12 in the modulation of the CSC phenotype, we 

used a pool of four siRNAs that effectively eliminated the cell surface expression of ADAM12 

compared to a control pool, as measured by flow cytometry (Fig. 4.2a). As ADAMs have been 

shown to influence EGFR by cleavage of its ligands [1, 10] and based on previous evidence from 

our lab, including RNA sequencing results, we decided to test a hypothesis that ADAM12 

influences the CSC phenotype by facilitating the cleavage of EGFR ligands and modifying the 

EGFR signaling pathway. First, we examined the effect of ADAM12 knockdown on the basal 

activation level of EGFR. We observed that transfection of SUM159PT cells with pooled 

ADAM12 siRNAs decreased the level of EGFR phosphorylation at Y1068 by ~55% (Fig. 4.2b). 

This result supported a model in which ADAM12 sustained the basal level of activation of 

EGFR by mediating the release of endogenous EGF-like ligands. To further explore the 

ADAM12-mediated effect on CSC features and the role of EGFR in this process, cells were 

transfected with either siADAM12 or a non-targeting control, treated for two days with 

exogenous EGF, and the cell surface expression of CD44/CD24 markers was evaluated by flow 

cytometry. First, we observed that knockdown of ADAM12 substantially decreased the 

population of CD44
+
/CD24

-
 cells. Additionally, while treatment with exogenous EGF increased 

the pool of CD44
+
/CD24

-
 cells, ADAM12 knockdown did not have any effect on CD44 or CD24 

expression in the presence of EGF (Fig. 4.2c). These results suggested that downregulation of 

EGFR activation by ADAM12 knockdown was required for a reduction of CSC-containing 

CD44
+
/CD24

-
 cell population. To further validate our results, we explored the relationships 
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between ADAM12 expression and the EGFR-responsive gene signature scores in 421 tumors 

from the TCGA database. The EGFR scores were calculated based on the gene expression 

profiling of MCF-7 breast cancer cells overexpressing EGFR [28]. We observed positive 

correlations between ADAM12 expression and the EGFR score (P = 3.2E-13, Fig. 4.2d). 

Importantly, ADAM12 expression itself was not significantly changed by manipulations of EGFR 

in MCF-7 cells [28]. 

 Overexpression of ADAM12 does not increase the population of cells expressing a 

CSC phenotype 

To determine whether overexpression of ADAM12 elicited a complementary effect to 

what was observed with knockdown, we used a doxycycline (dox)-inducible overexpression 

system. Wild-type ADAM12 or a catalytically inactive mutant, E351Q, was cloned into a 

pInducer20 vector and stably transduced into SUM159PT cells. Treatment for 48 hours with 2 

μg/ml doxycycline significantly increased the amount both the nascent, full length protein (top 

band) and the processed active form of ADAM12 which lacks the prodomain (bottom band) 

(Fig. 4.3a). Additionally, we confirmed that the overexpressed ADAM12 was present on the cell 

surface, where it is involved in ectodomain shedding. When doxycycline was added, the amount 

of ADAM12 present at the cell surface significantly increased in both the wild-type ADAM12 

and the E351Q mutant (Fig. 4.3b). Additionally, the difference between isotype control and non-

induced ADAM12 samples reflect the endogenous levels of ADAM12 present in these cells. It is 

important to note that the presence of the E351Q mutation did not significantly alter the amount 

of the processed form of ADAM12 (Fig. 4.3a) and the amount of ADAM12 at the cell surface 

(Fig. 4.3b). After confirming induction of ADAM12 expression by doxycycline, we tested if 

overexpression of ADAM12 resulted in a decrease in the CSC marker, CD24. Unfortunately, we 
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did not see a significant change in CD24 (Fig. 4.3c) or CD44 (data not shown) between –Dox 

and +Dox samples in SUM159PT cells overexpressing either wild-type or E351Q ADAM12. A 

reason could be that the maximum amount of EGFR signaling due to ligand cleavage has already 

been established with the endogenous levels of ADAM12. 

 ADAM9 elicits similar effects as ADAM12 on the CSC populations 

As our hypothesis states that the resulting effect on the CSC populations was the result of 

EGFR activation due ligand cleavage, we next asked if another disintegrin-metalloprotease could 

elicit the same effect on the CD44
+
/CD24

-
 populations as ADAM12. We chose to examine 

ADAM9, as its expression is high in SUM159PT cells (based on RNA sequencing results, data 

not shown). As shown in Fig. 4.4a, ADAM12 and ADAM9 sequences are fairly dissimilar 

(~40% identical), but there are certain important residues that are conserved, including those 

residues that are responsible for the catalytic activity of ADAMs. There are certain 

transmembrane ligand precursors that both ADAM12 and ADAM9 have been shown to cleave, 

including HB-EGF and Delta-like ligand-1 [2]. However, there are also substrates that are 

specific to each individual ADAM. Due to the differences in their protein sequences, it is 

conceivable that ADAM12 could influence the CSC populations through EGFR by cleavage of a 

specific ligand that may not be cleaved by other ADAMs. Therefore, we first looked at the 

change in phosphorylation status of Y1068 of EGFR in cells transfected with either a control 

siRNA or ADAM9-targeting siRNAs. We found that knockdown of ADAM9 reduced the 

phosphorylation level of EGFR at Y1068 to approximately the same extent as ADAM12 

knockdown (Fig.4.4b). Additionally, the phosphorylation of ERK, a downstream target of EGFR 

signaling, was attenuated compared to the control (Fig.4.4b). Since ADAM9 knockdown elicited 

an identical effect on the phosphorylation of EGFR as ADAM12 knockdown, we asked if the 
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CD44
+
/CD24

-
 populations would be similarly affected. As expected, the cell surface expression 

of CD24 increased upon ADAM9 knockdown, while CD44 expression was unchanged (Fig. 

4.4c). 

Based on our results, we propose a model where ADAMs contribute to the activation of 

EGFR by releasing EGF-like ligands from the cell surface, and ultimately to the expansion of 

CSC populations.  

 Discussion 

The EGFR pathway activation has been frequently observed in claudin-low TNBCs and 

cell lines bearing CSC-like features [21], and several reports indicated that EGFR is a positive 

regulator of CSCs. For example, stimulation of the EGFR pathway promoted mammosphere 

formation by normal breast stem cells and by ductal carcinoma in situ (DCIS)-derived epithelial 

cells [48]. Recently, it has been reported that cetuximab, a monoclonal anti-EGFR antibody, 

reduced mammosphere formation and CSC populations in breast cancer cells in vitro and 

potentiated the effect of Ixabepilone, a new generation microtubule-stabilizing agent, in treating 

orthotopic TNBC xenografts [32]. Furthermore, in A431 epidermoid cancer cells, treatment with 

cetuximab upregulated the expression of the epithelial markers E-cadherin and occludin, 

downregulated the epithelial transcriptional repressors Zeb, Snail, and Slug, and reduced the 

CD44
+
/CD24

-
 phenotype [33]. EGFR activation also promoted acquisition of CSC properties in 

head and neck squamous cell carcinoma [34, 35] and in nasopharyngeal carcinoma [36], pointing 

to a more general function of EGFR in CSC biology. 

The postulated mechanisms by which EGFR promotes the CSC features in TNBC cells 

include the activation of MEK/ERK signaling [37], which is also supported by the change in 

ERK phosphorylation in Fig. 4.4b, the STAT3 pathway [22], and/or autophagy [32]. For 
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example, blocking ERK activation in claudin-low cell lines by MEK inhibitors or by forced 

expression of DUSP4, dual specificity phosphatase-4 that is a negative regulator of ERK, has 

been shown to reduce the CD44
+
/CD24

-
 populations in vitro and to diminish tumor initiating 

populations in vivo [37]. STAT3, which is another downstream effector of EGFR, has been 

recently reported to be preferentially activated in tumor-initiating cells/CSCs in claudin-low 

breast cancer [22], raising a possibility that it might, at least partially, mediate the downstream 

effects of EGFR on CSC properties of claudin-low cells. 

EGFR is activated by soluble ligands that are synthesized as transmembrane precursors 

and need to be released from the cell surface by ADAM proteases [5, 38]. In many cell types and 

tissues, ADAM17 or ADAM10 act as dedicated and robust EGFR ligand “sheddases” [1, 10]. 

Likewise, it has been postulated that ADAM17 is the main ADAM responsible for EGFR ligand 

cleavage and activation of EGFR in breast cancer [39, 40, 41]. However, other ADAMs, 

including ADAM9 and ADAM12, may mediate the release of soluble EGFR ligands as well. For 

example, ADAM12 was shown to act as a sheddase for heparin-binding EGF-like growth factor 

(HB-EGF) during cardiac hypertrophy [42] and under hypoxia in head and neck, lung, and 

pancreatic cancer cells, leading to the formation of invadopodia and increasing cancer cell 

invasion [43]. ADAM9 has been proposed to cleave proHB-EGF [44], however Weskamp, et al. 

found that there was no difference in HB-EGF secretion between mice lacking ADAM9 or wild-

type mice [45]. Whether ADAM9/12 activate EGFR in breast cancer cells and, in particular, 

whether ADAM9 or ADAM12-mediated EGFR activation promotes the acquisition of the breast 

CSC phenotype, has not been sufficiently explored. 

In this report, we have identified ADAM9 and ADAM12 as modifiers of both the EGFR 

activation and the CD44
+
/CD24

-
 marker profile in SUM159PT cells. Using publically available 
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datasets, we show that ADAM12 mRNA levels were the highest in claudin-low cell lines and a 

general population of breast tumors that displayed an increases CSC score. Also, in a dataset of 

196 TNBCs and 59 MSL TNBCs, high ADAM12 expression was associated with decreased 

metastasis-free survival times. Additionally, our previous analysis of two clinical datasets 

showed that high expression of ADAM12 was predictive of resistance to neoadjuvant 

chemotherapy in ER-negative breast cancer [19]. This is fully consistent with ADAM12 being an 

EMT- and CSC-related gene, as both EMT and CSCs contribute to drug resistance [46, 47]. To 

further validate and test these important correlations, down-regulation of both ADAM9 and 

ADAM12 decreased the basal activation levels of EGFR and reduced the CSC phenotype in 

vitro. An increased level of ADAM12 mRNA was correlated to a higher EGFR activation score 

in 421 breast invasive cancers, while ADAM12 mRNA itself was not significantly changed by 

induction of EGFR, indicating a causal relationship between high ADAM12 and increased 

EGFR activity. However, overexpression of ADAM12 was not able to decrease the overall 

amount of CD24 present at the cell surface, as the amount of CD24 in cells overexpressing an 

inducible wild-type form of ADAM12 was the same as those with an inactivating mutation 

(E351Q). Nevertheless, this result alone does not disqualify ADAM12 as a potential regulator of 

EGFR signaling by release of ligands, as the amount of transmembrane precursors might be a 

limiting factor. Thus, maximum cleavage levels of ligands responsible for EGFR activation may 

have already been established due to the endogenous amount of ADAMs, and further tests 

exploring the relationship between the CSC phenotype and ADAM12 are warranted. 

Additionally, future tests confirming the lack of cell apoptosis in ADAM12-overexpressing cells 

should be done by using dyes that allow visualization of apoptotic cells, such as Annexin V. 
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Current treatments of TNBC rely mainly on chemotherapy, as there are no targeted 

therapies specifically approved for this type of breast cancer [48]. EGFR is expressed in 60-70% 

of TNBCs [49, 50], raising an early hope for EGFR-targeted therapies in TNBC. Two completed 

clinical trials investigated the therapeutic potential of cetuximab, as a single agent or in addition 

to cisplatin chemotherapy, in unselected TNBC patients with metastatic disease [51, 52]. While 

the results have been disappointing and there was no significant effect on progression-free or 

overall patient survival, it is becoming clear that EGFR expression alone does not necessarily 

indicate tumor cell dependence on EGFR signaling and further molecular stratifications and 

patient selections are needed in future trials [48, 53, 54]. We propose that ADAMs, especially 

ADAM12, may be an important biomarker in identifying TNBCs with over-activation of the 

EGFR pathway and may help select patients that would better respond to EGFR inhibitors. In 

addition, further detailed studies of ADAM12-mediated regulation of the EGFR pathway should 

establish whether ADAM12 itself may be a suitable target for CSC-like populations in claudin-

low TNBC. 
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Figure 4.1 ADAM12 is associated with a CSC signature and poor patient prognosis. 

a CSC signature score versus ADAM12 mRNA expression in 51 breast cancer cell lines. The 

CSC signature scores were calculated based on ref. [23] and microarray expression data retrieved 

from GEO:GSE69017, as described in Methods. b CSC signature score versus ADAM12 mRNA 

expression in 421 breast invasive carcinomas from the TCGA database (Cell 2015 dataset). The 

CSC signature scores were calculated based on ref. [23], as described in Methods. c Relapse-free 

(RFS) rates for breast cancer patients stratified by ADAM12 expression levels were estimated 

using Kaplan-Meier Plotter (http://kmplot.com/analysis/) [30]. Shown are all tumors, triple-

negative (TN) tumors, or tumors classified as mesenchymal stem-like (MSL). Hazard ratio (HR), 

95% confidence interval, P-values, and number of patients are also included. 
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Figure 4.2 ADAM12 supports the CSC phenotype via modulation of the EGFR pathway. 

a SUM159PT cells were transfected with a pool of four siRNAs targeting ADAM12 or a pool of 

control siRNAs. Cell surface expression of ADAM12 was evaluated by flow cytometry to 

confirm the knockdown. b SUM159PT cells were transfected with a pool of four control siRNAs 

(siControl) or a pool of four ADAM12 siRNAs (siADAM12) and analyzed three days later by 

Western blotting. c Activation of EGFR by exogenous EGF bypasses the effect of ADAM12 

knockdown on the reduction of CD44
hi

/CD24
-/lo

 cell population. SUM159PT cells were 

transfected with a pool of four control siRNAs (siControl) or a pool of four ADAM12 siRNAs 

(siADAM12). After 24 h, cells were incubated with or without 20 ng/ml EGF in complete media 

for an additional 48 h and analyzed for CD44 and CD24 expression. d EGFR responsive gene 

signature score versus ADAM12mRNA expression in 421 breast invasive carcinomas from the 

TCGA database (Cell 2015 dataset). EGFR signature scores were calculated based on ref. [28]. 
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Figure 4.3 Inducible overexpression of ADAM12 does not appear to enhance the CSC 

phenotype in SUM159PT cells. 

SUM159PT stably overexpressing either wild-type ADAM12 or a catalytically inactive mutant 

(E351Q) were treated for 48 h with 2 μg/ml doxycycline. a The levels of ADAM12 protein were 

determined by Western blotting. ERK1/2 is a gel loading control. The two bands represent the 

full-length form of ADAM12 (top) or the processed form lacking the N-terminal pro-domain 

(bottom). b, c The cell surface expression of either ADAM12 (b) or CD24, a CSC marker (c) 

was determined by flow cytometry. 
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Figure 4.4 Various ADAMs may influence the CSC phenotype via modulation of the EGFR 

pathway. 

a Amino acid sequence alignment of human ADAM9 and human ADAM12. Specific protein 

domains are denoted by different colors. b, c SUM159PT cells were transfected with a pool of 

four ADAM9 siRNAs (siADAM9) and analyzed three days later by either Western blotting (b) 

or flow cytometry for CD44 and CD24 expression (c). 
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Chapter 5 - Matrix metalloprotease-mediated cleavage of 

programmed death-ligand 1 (PD-L1) 

 Abstract 

Programmed death-ligand 1 (PD-L1) has emerged as a promising target for cancer 

immunotherapy. PD-L1 has been shown to be highly expressed on various cancer cells and 

within the tumor microenvironment. This allows tumor cells to evade recognition by the immune 

system, as PD-L1 binds to the PD-1 receptor on T-cells and suppresses the immune response. 

However, it is not clear which patients will respond to anti-PD-L1/PD-1 therapies, as high levels 

of PD-L1 have not been conclusively shown to be correlated with poor patient outcome. The 

goal of this study was to assess a possible role of matrix metalloproteases in the regulation of 

PD-L1 by its cleavage.  Here, we show that batimastat (BB-94), a metalloprotease inhibitor, 

decreases the amount of PD-L1 in cell culture media, as determined by an ELISA assay. This 

effect is not due to the presence of cellular debris, as a longer and shorter centrifugation prior to 

the ELISA assay produced similar amounts of PD-L1 in the media. Use of a cell line stably 

overexpressing PD-L1 revealed that inhibition of metalloproteases decreased the amount of PD-

L1 in conditioned cell culture media, without decreasing the total amount of PD-L1 in cells. 

Importantly, an antibody to the C-terminus of PD-L1 detected a fragment of the protein. These 

results suggest that PD-L1 undergoes metalloprotease-mediated cleavage in breast cancer cells. 

This novel mode of regulation of PD-L1 may be biologically significant, as the soluble 

extracellular fragment should retain its receptor binding properties. Further studies are warranted 

to confirm the functionality and relevance of the released extracellular domain of PD-L1. 
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 Introduction 

The interaction between programmed cell death-1 (PD-1) receptor and its ligand PD-L1 

has recently emerged as a promising target for immunotherapy in aggressive cancers. Currently, 

there are at least five drugs targeting either PD-1 or PD-L1 in clinical trials (information from 

clinicaltrials.gov). T cells are activated upon the recognition of an antigen, either on antigen 

presenting cells (APCs) or tumor cells, by the T cell receptor (TCR) on T-cells.  Activation of T 

cells leads to induction of PD-1 expression. Interaction between PD-1 on T cells and its ligand 

PD-L1 (or PD-L2) on tumor cells inhibits T cell activation, as a result of the recruitment of 

phosphatases that dephosphorylate key signaling components downstream of TCR. Thus, 

induction of PD-1 in activated T cells acts as a negative feedback loop to limit immune response 

[1, 2].  

PD-L1 expression in tumor cells is either driven by oncogenic signaling pathways in 

tumor cells or is induced in response to pro-inflammatory signals, such as interferons [3]. PD-L1 

is particularly upregulated in aggressive types of breast cancer, but is not expressed in normal 

breast epithelial tissue [4-8]. Despite the strong support for an immunosuppressive role of PD-L1 

in cancer progression, there is currently no consensus whether PD-L1 itself may serve as a 

prognostic factor in breast cancer [6, 8-10] nor a reason as to why some patients respond to PD-

1/PD-L1 therapies while others do not [3].  

PD-L1 is a single-pass type I transmembrane protein that contains two immunoglobin 

domains in its extracellular region. There are also four N-glycosylation sites present in the 

extracellular domain of the protein [11]. The cytoplasmic tail of the molecule contains 

approximately 30 amino acids and includes potential ubiquitination sites [12]. The part of the 
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protein that facilitates its binding to PD-1, and thus accounts for its immunosuppressive activity, 

is its extracellular variable immunoglobin (IgV) domain [13]. 

Recently, there has been evidence in the literature pointing to a soluble form of PD-L1 

(sPD-L1) that retains its immunosuppressive activity and inhibits T cell function [14-15]. 

Additionally, the levels of soluble PD-L1 have been shown to be associated with a poor 

prognosis in various types of cancer [14, 16, 17]. However, the origin of this soluble form 

remains unclear. Alternative splicing variants lacking the transmembrane domain have recently 

been detected for PD-L1, though the effects of these variants on T cell inhibition have not been 

thoroughly studied [18, 19]. Also, the transmembrane full-length PD-L1 was found on 

circulating tumor cells [20] or exosomes [21] and it seemed to inhibit the immune response. 

Finally, some reports have suggested metalloprotease-mediated cleavage of PD-L1, which could 

result in the release of the extracellular domain, though no assays testing for the presence of a 

soluble extracellular domain or a cleaved transmembrane/cytoplasmic fragment were performed 

[22]. 

The goal of this study was to examine the cleavage of PD-L1 by matrix metalloproteases 

in breast cancer. By comparing the levels of PD-L1 in the media before and after treatment with 

a metalloprotease inhibitor, and by utilizing an overexpression system to detect a C-terminal 

cleavage fragment of PD-L1 by immunoblotting, we were able to determine that PD-L1 is indeed 

cleaved by matrix metalloproteases. However, the amount of cleaved PD-L1 was very low, and 

further studies are needed to determine whether the low levels of soluble PD-L1 generated by 

metalloprotease-mediated cleavage have a significant impact on immunosuppression in the 

tumor microenvironment 
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 Methods 

 Reagents and Antibodies 

Batimastat (BB-94) and MG-132 were from EMD Millipore, chloroquine (CQ) was from 

R&D Systems. Antibodies included the DYKDDDDK Tag Antibody (clone 5A8E5) from 

GenScript, anti-PD-L1 (clone E1L3N), anti-HYOU1 (Catalog #13452), and anti-ERK1/2 (clone 

137F5) from Cell Signaling Technology. The Human/Cynomolgus Monkey PD-L1/B7-H1 

Quantikine ELISA Kit (Catalog #DB7H10) was purchased from R&D Systems. The PD-L1 

pcDNA3.1
+
/C-(K)DYK vector plasmid (Clone ID OHu22144) was from GenScript. 

 Cell Culture 

Both the SUM149PT and SUM159PT cell lines (Asterand) were cultured in Ham’s F-12 

medium supplemented with 5% fetal bovine serum (FBS), 10 mM HEPES, 5 μg/ml insulin, and 

1 μg/ml hydrocortisone and maintained at 37°C under humidified atmosphere containing 5% 

CO2. 

  Generation of cells stably overexpressing PD-L1 

Cells stably overexpressing the PD-L1 pcDNA3.1
+
/C-(K)DYK vector plasmid were 

produced by transfecting 1 μg of plasmid into an early passage of SUM159PT cells using HP 

XtremeGene (Roche) at a 1:2 plasmid to reagent ratio. After two days, the media containing the 

transfection complex were removed and selection was started using 500 μg/ml G418 and 

continued for two weeks. 

  ELISA assay 

Cells were seeded into 6-well plates at approximately 8x10
5
 cells/well. After 24 hours, 

cells were transferred to medium containing 1% FBS, with all other supplements included. After 

two days, conditioned media from three wells under the same conditions were combined, loaded 
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into 10-kDa cut-off concentrators, and centrifuged for ~10 min at 2,000 rpm. After 

concentration, the final volume of the media remaining in each concentrator was measured, and 

the level of sPD-L1 was determined by ELISA using a PD-L1 quantikine ELISA Kit (R&D), 

according to the manufacturer’s protocol. For each condition, 100 μl of concentrated media/well 

in a 96-well plate were used, and the measurements were performed in triplicates. In parallel, the 

cells remaining in 6-well plates were lysed and the amount of total cellular protein was 

quantified using a BCA reagent (Pierce). At the end of each ELISA assay, the measured values 

of sPD-L1 were corrected for the media concentration factor and the amount of cellular protein. 

  Immunoblotting 

After incubation with respective treatments (100 µM chloroquine or 10 µM MG-132 for 

4 hours; 10 µM batimastat for 72 hours), cells were treated with lysis buffer (50 mM Tris-HCl 

pH 7.4, 150 mM NaCl, 1% Triton-X-100, 0.5% sodium deoxycholate, 0.1% sodium 

dodecylsulfate (SDS), 5 mM EDTA, 1 mM 4-(2-Aminoethyl) benzenesulfonyl fluoride 

hydrochloride (AEBSF), 5 µg/ml pepstatin, 5 µg/ml leupeptin, 5 µg/ml aprotinin, 10 mM 1,10-

phenanthroline, 50 mM NaF, 2 mM Na3VO4, and 10 mM Na4P2O7). After collection and 

centrifugation of the lysates, the supernatants were mixed at a 2:1 ratio with 3xSDS sample 

buffer, and heated at 95°C for 5 minutes. Total cell lysates were resolved by SDS-PAGE in 

either 12% or 18% polyacrylamide gels, followed by transfer to a nitrocellulose membrane. 

Nitrocellulose membranes were blocked in 5% milk with 0.3% Tween-20 in DPBS, incubated 

with primary antibodies overnight, and then for one hour with HRP-conjugated secondary 

antibodies, followed by signal detection using SuperSignal West Pico or Femto 

chemiluminescence detection kit (Pierce) and Azure c500 digital imaging system. 
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 Results 

 Inhibition of metalloproteases decreases the amount of soluble PD-L1 in cell culture 

media 

Previously, it has been reported that SUM159PT cells express high levels of PD-L1, 

while SUM149PT cells have low to no detectable PD-L1 present [8, 23]. Therefore, we set out to 

determine if inhibition of metalloproteases in SUM159PT cells would decrease the amount of 

soluble PD-L1 present in the media, with SUM149PT cells serving as a negative control. A 

commercially available ELISA kit was used to measure the amount of soluble PD-L1 in the 

media, as described in Methods.  Importantly, the readings from ELISA assays were normalized 

to the amount of protein present in cell lysates and the concentration factors. This is to accurately 

determine the levels of PD-L1 in the media so that a direct comparison could be made between 

various treatments and cell lines.  

We found that treatment of SUM159PT cells with the broad range metalloprotease 

inhibitor BB-94 significantly decreased the amount of PD-L1 found in the media from 

approximately 4 to 2.5 pg/ml (Fig. 5.1). Furthermore, as expected, we found that BB-94 

treatment did not influence PD-L1 levels in the media of SUM149PT cells. As the levels of 

soluble PD-L1 measured for SUM149PT cells were similar to those obtained for SUM159PT 

cells treated with BB-94, it is likely that that the lower detection limit of the assay was reached. 

 Overexpression of PD-L1 in SUM159PT cells increases the levels of PD-L1 in cell 

culture supernatants 

Since inhibition of metalloproteases was able to influence the amount of PD-L1 in the 

cell culture supernatants, this suggested the occurrence of a PD-L1 cleavage event. We set out to 

confirm this hypothesis by stably transfecting a tagged PD-L1 overexpression vector into 
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SUM159PT cells (PD-L1 OE). We confirmed the overexpression of PD-L1 by Western blotting 

using two antibodies: an antibody recognizing the DYKDDDDK tag and a PD-L1-specfiifc 

antibody (Fig. 5.2a). The amount of PD-L1 protein in stably transfected cells was significantly 

higher than that found in the parental cell line. Additionally, we detected multiple bands of 

various molecular weights in the immunoblots. These additional bands likely corresponded to 

differently glycosylated forms of PD-L1 [11]. Next, we set out to determine if cells stably 

overexpressing PD-L1 would have higher levels of PD-L1 in the cell culture supernatant than the 

parental cells. Indeed, we saw that the level of soluble PD-L1 in the media of PD-L1 OE cells 

was approximately 3.5 times higher than the level observed for the parental cell line (Fig. 5.2b). 

Importantly, this increased level of soluble PD-L1 was likely not merely a reflection of the 

amount of cellular PD-L1, as a longer centrifugation to eliminate cellular debris resulted in 

similar levels of PD-L1 in the media (Fig. 5.2b). 

 PD-L1 is likely cleaved by matrix metalloproteases 

Next, we set out to show that the amount of PD-L1 in the media of cells stably 

overexpressing PD-L1 could also be reduced in the presence of BB-94. Indeed, the levels of 

soluble PD-L1 produced by cells with PD-L1 overexpression were decreased after inhibition of 

metalloproteases (Fig. 5.3a). As observed previously (Fig. 5.1), the amount of PD-L1 in the 

supernatant of the parental cell line was also affected by BB-94 treatment.  

As a final confirmation of the cleavage of PD-L1 by metalloproteases, we aimed to detect 

a C-terminal cell-associated fragment of PD-L1 by Western blotting. To maximize the 

probability of detection of this fragment, we treated the cells for four hours with either a 

lysosomal inhibitor (chloroquine) or a proteasomal inhibitor (MG-132) to prevent a possible 

degradation of the fragment. Additionally, the cell lysates were resolved in a high percentage 
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(18%) polyacrylamide gel to allow for the separation and detections of bands with a low 

molecular weight. The top portion of the nitrocellulose membrane was used to confirm the 

overexpression of PD-L1, and the lower portion was analyzed for a cleavage fragment. Using the 

PD-L1-specific antibody, which recognizes the C-terminal region of the protein, we were able to 

detect the presence of an ~14 kDa band in the lower region of the membrane after treatment with 

chloroquine (Fig. 5.3c). We were not able to detect a similar ~14-kDa fragment of PD-L1 using 

the anti-DYKDDDDK tag antibody (results not shown), most likely due to a lower sensitivity of 

the antibody.  

The size of the ~14-kDa fragment suggested that the cleavage occurred in the 

extracellular, membrane-proximal region of PD-L1. The predicted mass of the transmembrane 

domain and the cytoplasmic tail of PD-L1, plus the C-terminal tag, is ~4.5 kDa. A recent report 

suggested that PD-L1 undergoes mono-ubiquitination [12], and increased stability of the PD-L1 

fragment after chloroquine treatment is indeed consistent with its mono-ubiquitination. Since the 

size of ubiquitin is ~8.5 kDa, an extracellular cleavage at a membrane-proximal site would bring 

the total predicted weight of the fragment to 13 kDa. 

 Discussion 

While the importance of PD-L1 as a target in the treatment of various types of cancer, 

including NSCLC (Non-Small Cell Lung Cancer) [24], melanoma [25], and hepatocellular 

carcinoma [26], has been well established, the lack of the ability to predict which patients will 

respond to anti-PD-L1 therapy represents a major hurdle within the field [27]. The expression of 

PD-L1 alone does not appear to serve as a good predictive marker of response to anti-PD-1/PD-

L1 therapies. While some studies have suggested that the presence of PD-L1 on cancer cells may 

serve as a positive predictive marker [28, 29], other evidence has suggested that the expression 
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of PD-L1 in the entire tumor microenvironment needs to be taken into account when deciding 

the appropriate therapies [30]. As such, the relationship between PD-L1 expression and tumor 

regression after anti-PD-L1/PD-1 treatment is not straightforward.  

Here, we show that the metalloprotease inhibitor BB-94 decreased the amount of soluble 

PD-L1 found in the media of SUM159PT cells, which express detectable levels of PD-L1. 

Additionally, constitutive overexpression of PD-L1 in these cells resulted in an increased amount 

of PD-L1 in the media, and BB-94 decreased the amount of soluble PD-L1 produced by PD-L1 

overexpressing cells. Finally, we were able to detect an ~14 kDa C-terminal fragment of PD-L1 

that remained cell-bound after the cleavage. The presence of this fragment is consistent with the 

notion that the cleavage occurred at a membrane-proximal region and generated a soluble N-

terminal fragment that most likely retained the ability to bind to the PD-1 receptor. It has to be 

pointed out, however, that the amount of soluble PD-L1 that we detected, compared to the full-

length form, was very low and the biological significance of PD-L1 cleavage is not clear at this 

moment.   

While our work identifies a new mechanism of regulation of PD-L1, there are still many 

questions that need to be answered. First, the functionality of the cleaved form of PD-L1 must be 

addressed. It is possible that the cleaved PD-L1 might diffuse from cancer cells to immune cells 

and thus act over a longer distance, potentiating the immunosuppressive effect of tumor cell. It is 

also possible that cleaved PD-L1 is a less potent ligand for PD-1 than transmembrane PD-L1, 

and thus PD-L1 cleavage would diminish its immunosuppressive function. Second, the exact 

location of the cleavage site in PD-L1 should be determined. Third, further studies should be 

done to identify the specific metalloprotease(s) responsible for the catalysis and the mechanism 

of the cleavage reaction. Fourth, a possible relationship between PD-L1 cleavage and patient 
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response to anti-PD-L1 therapy should be explored. Given the critical role of PD-L1/PD-1 

interaction in regulating immune responses and clinical significance of this interaction in cancer, 

metalloprotease-mediated cleavage and regulation of PD-L1 should be investigated in more 

detail. 
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Figure 5.1 Treatment with BB-94 reduces the amount of soluble PD-L1 in the media in cells 

with detectable levels of endogenous PD-L1. 

SUM159PT and SUM149PT cells were treated for 48 hours with 10 μM BB-94 in media 

containing 1% FBS. The media were collected and evaluated by an ELISA assay for the presence 

of PD-L1. *, P<0.05 
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Figure 5.2 SUM159PT cells overexpressing PD-L1 release substantially more PD-L1 into 

the media. 

a SUM159PT cells were stably transfected with a vector encoding PD-L1 containing a C-

terminal DYKDDDDK tag. Shown are Western blots of total cell lysates using anti-

DYKDDDDK tag or anti-PD-L1 antibodies in the parental versus PD-L1-overexpressing 

SUM159PT cells. A non-specific band and HYOU1 serve as loading controls. b PD-L1-

overexpressing cells release more soluble PD-L1 into the media. Parental or PD-L1-

overexpressing SUM159PT cells were incubated in the presence of 1% FBS for 48 h. The media 

were spun at 2000xg for either 3 minutes or 30 minutes to eliminate any cellular debris, then 

treated and assayed as described in Methods. ****, P<0.0001 
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Figure 5.3 The presence of soluble PD-L1 in the media is likely due to the cleavage by 

matrix metalloproteases. 

a Parental or PD-L1 OE SUM159PT cells were treated for 48 hours with 10 μM BB-94 in media 

containing 1% serum. The media were collected and evaluated by an ELISA assay for the 

presence of soluble PD-L1. *, P<0.05; **, P<0.01. b Total cell lysates were collected from 

parental or PD-L1 OE SUM159PT cells treated with either DMSO or 10 μM BB-94 for three 

days. Lysates were then analyzed by Western Blotting to determine the level of cellular PD-L1.  

c Cells were treated for four hours with either DMSO, chloroquine, or MG-132 and collected. 

Total lysates were analyzed for a C-terminal PD-L1 cleavage fragment by Western blotting using 

SuperSignal West Femto Maximum Sensitivity Substrate (bottom). The full length PD-L1 

present in the lysates was visualized using SuperSignal West Pico Substrate (top). 
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Chapter 6 - Final Conclusions 

I have shown in this dissertation that removal of certain types of ER chaperones can have 

a detrimental effect on the anchorage-independent growth of breast cancer cells. I have also 

demonstrated that cell surface metalloproteases, including ADAM9 and ADAM12, modulate the 

expression of two cancer stem cell (CSC) markers through the MEK/ERK pathway. Finally, I 

showed that cell surface metalloproteases are involved in the cleavage of PD-L1, an important 

modulator of the immune response. Together, these data indicate that the proper function of the 

secretory pathway, in particular an intact protein folding quality control in the ER and an 

efficient growth factor signaling response, are important in sustaining metastatic properties of 

triple negative breast cancer (TNBC) cells. 

In Chapter 2, I showed that certain protein disulfide isomerases (PDIs) in the ER are able 

to influence the anchorage independent growth of breast cancer cells. The PDI family of 

molecular chaperones is responsible for the formation of disulfide bonds in newly synthesized 

proteins [1]. They can also play a role in the isomerization of these bonds in misfolded proteins 

[2], thus helping to alleviate ER stress caused by the accumulation of misfolded proteins. These 

PDIs were initially identified by analyzing protein and mRNA expression of a panel of ER 

chaperones in adherent cells or cells grown in suspension as mammospheres. Surprisingly, 

assays to determine the amount of ER stress only indicated that one branch of the unfolded 

protein response (UPR) was increased in mammospheres. It is possible that cells that adapted to 

the growth under suspension condition reached a new “steady state”, in which a certain balance 

was achieved between modulation of the stress response and upregulation of certain chaperones. 

Additionally, upregulation of various extracellular matrix (ECM) components was also observed 

in mammospheres, indicating that the increase in expression of the PDI family members may be 
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related to managing an increased flux of ECM through the ER, rather than relieving a stress 

caused by accumulation of misfolded proteins.   

In summary, it is feasible that the anchorage independent growth of breast cancer cells is 

affected by the availability of secreted ECM components. Indeed, recent studies have shown that 

the production of ECM components is essential for extravasation and metastasis [3-5]. A 

possible explanation for the increased survival of extravasated tumor cells could be that secretion 

of ECM components engages the integrin receptors at the cell surface, causing activation of pro-

survival signaling pathways [6, 7]. Thus, addressing the role of PDIs in this process may provide 

a treatment target for metastatic cancer cells by limiting the secretion of these important ECM 

components. Inhibitors for PDI are available and have been shown to affect the viability of 

multiple myeloma and ovarian cancer cells, however there are no previous or ongoing clinical 

trials examining the efficacy of this inhibition in breast cancer [8, 9]. Use of PDI inhibitors, 

along with traditional chemotherapy, may serve as a way to target metastatic breast cancer cells 

at a vulnerable point in their journey. 

In Chapter 3, I demonstrated that a CSC phenotype (CD44
+
/CD24

-
) of TNBC cells is 

modulated by metalloprotease-mediated epidermal growth factor receptor (EGFR) signaling 

through the MEK/ERK pathway. Both the EGFR pathway and the downstream MEK/ERK 

signaling have been separately shown to be important in maintaining the CD44
+
/CD24

-
 

phenotype [10, 11]. However, there is currently no consensus on whether these signals act 

together to promote the CSC phenotype. It has been shown that EGFR signaling influences the 

CD44
+/

CD24
-
 phenotype in TNBC, but that effect was suggested to be mediated through 

regulation of autophagy [11]. Conversely, Balko et al., showed that the MEK/ERK pathway was 

important in modulating the CSC phenotype, and it was suggested the pathway activation was 
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achieved through the loss of a negative regulator of ERK, DUSP4 [10]. As such, we were able to 

show that in cells without DUSP4 loss, CD44/CD24 marker profile is also regulated by MEK, 

and activation of the MEK/ERK pathway is an obligatory step in EGFR-mediated regulation of 

the CSC phenotype. 

Inhibition of MEK in SUM159PT cells with 75 μM selumetinib, even in the presence of 

sustained EGFR activation caused by exogenously added EGF, was able to decrease the 

CD44
+
/CD24

-
 population. While 75 μM selumetinib seemed rather high to use, but we 

determined that this was the lowest concentration that completely blocked phosphorylation of 

ERK upon sustained EGFR activation. When a lower concentration (10 μM) of selumetinib was 

used in SUM159PT cells, we observed an incomplete inhibition of ERK phosphorylation and 

thus only a partial response to EGF treatment. SUM149PT cells required 10 μM selumetinib for 

complete inhibition of MEK upon sustained EGFR activation, and this concentration of 

selumetinib effectively decreased the CD44
+
/CD24

-
 population in the presence of exogenous 

EGF. A complementary approach with constitutive MEK activity resulted in an increase of the 

CD44
+
/CD24

- 
populations, and this effect was not resolved upon EGFR inhibition.  

While the CD44
+
/CD24

-
 marker profile has been shown to be a characteristic feature of 

breast CSCs, the presence of CD44
+
/CD24

-
 cells does not necessarily mean that those cells are 

cancer stem cells. Thus, in order to determine if manipulation of MEK activity can indeed affect 

the CSC population, additional assays, such as mammosphere formation or in vivo tumor growth 

studies, should be used. It has been shown in the literature and we have observed (data not 

shown) that selumetinib completely inhibits mammosphere formation [10, 12]. This would lend 

support to the hypothesis that a CSC phenotype is modulated exclusively through the MEK/ERK 

pathway. However, rescue experiments involving exogenous EGF and complementary 
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approaches involving constitutively active MEK along with EGFR inhibition would provide 

strong support to the idea that the MEK/ERK pathway plays a central role in regulating CSCs 

downstream of EGFR in TNBC cells. 

In Chapter 4, I determined that specific disintegrin and metalloproteases had the capacity 

to influence the CD44
+
/CD24

-
 marker profile through EGFR signaling. We initially examined 

the role of ADAM12 in maintaining the CSC phenotype since high expression of ADAM12 has 

been shown to predict the resistance to neoadjuvant chemotherapy in ER-negative breast cancer, 

independent of age, tumor size, grade, and the lymph node status [13]. Additionally, data mining 

suggested a link between ADAM12, cancer stem cells, and poor patient prognosis (see Fig. 4.1). 

As expected, siRNA-mediated knockdown of ADAM12 decreased the CD44
+
/CD24

-
 population, 

and this effect was eliminated by adding exogenous EGF to the culture media. These results 

suggest that ADAM12 works upstream of EGFR, most likely by cleaving transmembrane 

precursors of EGF or EGF-like ligands and generating soluble, biologically active growth 

factors. A complementary approach was attempted by creating cell lines stably overexpressing 

an inducible form of wild-type ADAM12 or its catalytically inactive mutant, E351Q. 

Unfortunately, we were not able to observe a significant difference in the cell surface level of 

CD24 marker after ADAM12 overexpression. One reason could be that the maximum level of 

EGFR ligand cleavage had been already achieved by the endogenous ADAM12, and further 

upregulation of ADAM12 was not able to increase the concentration of soluble EGF or to 

upregulate EGFR.  Alternatively, ADAM12 might influence the levels of CD24 directly, 

possibly by its cleavage. Thus, knockdown of ADAM12 would result in the increase of CD24 

protein at the cell surface, but overexpression may not necessarily have an effect, as the amount 

of CD24 is already low in SUM159PT cells. However, this scenario is rather unlikely, as there is 
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no evidence in the literature for such a metalloprotease-mediated cleavage of CD24, while other 

CSC markers, including EpCAM and CD44 have been shown to be cleaved by metalloproteases 

[14, 15]. 

Finally in Chapter 5, I examined the role of metalloproteases in the cleavage of PD-L1, a 

transmembrane protein upregulated in many cancers and a ligand for PD-1, and inhibitory 

checkpoint molecule expressed on different immune cells, including cytotoxic T cells that kill 

cancer cells. Treatment with a metalloprotease inhibitor (BB-94), decreased the amount of 

soluble PD-L1 in the media, as measured by an ELISA assay. Additionally, we were able to 

detect the presence of a cleavage fragment of PD-L1 by immunoblotting. The molecular weight 

of this fragment was ~14 kDa.  

There have been multiple pieces of evidence in the literature suggesting the presence of a 

form of PD-L1 found outside of the primary tumor site which correlates with a poor patient 

prognosis [16-19]. However, the source of this fragment remains unclear. Likely explanations 

then include cleavage of the transmembrane form of PD-L1 [20], the presence of PD-L1 on 

exosomes [21] or circulating tumor cells [22], or alternative PD-L1 mRNA splicing leading to 

the synthesis of a secreted form of PD-L1 protein [23]. While we cannot entirely eliminate 

exosomes or circulating tumor cells as probably sources of PD-L1 in vivo, which may be a 

confounding factor in the PD-L1 study, our evidence suggests that the transmembrane PD-L1 

protein is cleaved by metalloproteases and a large portion of the extracellular domain of PD-L1 

is released to the media (Fig. 5.2b). Although we were not able to conclusively show that PD-L1 

detected by the ELISA assay was not derived from exosomes, partial inhibition of the ELISA 

signals by BB-94 and the presence of a ~14-kDa C-terminal fragment of PD-L1 detected by 

Western blotting seem to point to the metalloprotease-mediated cleavage of the transmembrane 
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PD-L1 as a mechanism of release of a soluble form of the protein. More studies are needed to 

confirm that (1) the abundance of the low-molecular weight PD-L1 fragment is decreased after 

metalloprotease inhibition, and (2) that the released extracellular domain of PD-L1 would retain 

its ability to elicit an inhibitory effect on PD-1-expressing immune cells. Additionally, these 

results should be verified through use of other cell lines and in vivo studies. 

The implications of the soluble form of PD-L1 being linked to metalloprotease cleavage 

are significant. Interest in cancer immunotherapy has spiked in recent years, with the 

development of promising treatment options. Unfortunately, there has not yet been a way to 

predict which patients will respond to this type of therapy. The propensity of PD-L1 to being 

cleaved, at least in certain circumstances, might provide additional therapy options or help 

predict patient response. 

 Considering all of the accumulated data, I believe that targeting the secretory pathway 

provides a viable approach for treatment of metastatic triple negative breast cancer. However, 

there are still numerous obstacles in succeeding with such an approach. For example, EGFR and 

MEK inhibitors have shown limited success in clinical trials, despite very strong preclinical data 

implicating these pathways in the pathology of breast cancer [24-26]. The targets that I believe 

hold the most promise are further inquiries into small molecule inhibitors for PDI family 

members, as they have had positive results in various in vivo mouse models [8, 27], and also 

addressing the issue of PD-L1 cleavage as a possible marker for efficacy of treatment.  
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Appendix A - Supplementary Materials for Chapter 2 

 Supplementary Methods 

 Cell culture 

SUM159PT and MCF10DCIS.com cell lines were obtained from Asterand (Detroit, MI).  

SUM159PT cells were cultured in Ham’s F-12 medium supplemented with 5% fetal bovine 

serum (FBS), 10 mM HEPES, 5 µg/ml insulin, and 1 µg/ml hydrocortisone. MCF10DCIS.com 

cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F12 nutrient mixture (1:1) 

supplemented with 5% horse serum (HS) and 29 mM sodium bicarbonate. Cells were maintained 

at 37°C under humidified atmosphere containing 5% carbon dioxide. For initial mammosphere 

assays (levels of protein and mRNA expression), mammosphere media were prepared using 

Mammary Epithelial Basal Media (MEBM, Lonza, Walkersville, MD), supplemented with 20 

ng/ml hEGF, 20 ng/ml bFGF, 1% B27 (Life Technologies, Grand Island, NY), 4 µg/ml heparin, 

and 1% penicillin/streptomycin. For mammosphere assays using stable cell lines, MammoCult 

Human Medium Kit (MammoCult Medium containing proliferation supplements, 4 µg/ml of 

heparin, and 0.48 µg/ml of hydrocortisone; STEMCELL Technologies, Vancouver, BC) was 

used.  Cell number and viability were measured with CellTiter-Glo luminescent cell viability 

assay (Promega, Madison, WI), according to the manufacturer’s instructions. Luminescence was 

measured with BioTek Synergy H1MD microplate reader. 

 Mammosphere growth and count 

Cells were detached with DPBS containing 0.25% (w/v) trypsin and 5 mM EDTA. Single 

cell suspensions in mammosphere media were prepared at the densities of 5 x 10
3
 cells/ml in 1% 

methylcellulose, and plated in quadruplicates into wells of 24-well ultra-low attachment plates 

(Corning), at 5,000 cells/well. After 10 days, cells were analyzed using a phase contrast or 
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fluorescence microscope under 4x or 10x magnification. At least 5 images were collected per 

well. The number and diameter of spheres in each picture were determined using ImageJ. In 

ImageJ, greyscale images were turned into binary images using the Triangle Auto Threshold 

feature, followed by the Analyze Particles command. 

 qRT-PCR analysis 

Total RNA was extracted using the Qiagen RNeasy kit and was subjected to on-column 

digestion with deoxyribonuclease I (Qiagen).  One microgram of the total RNA was reverse 

transcribed using the SuperScript III First Strand Synthesis system (Invitrogen) and oligo(dT) 

primers.  Real time quantitative PCR (qRT-PCR) was performed in a 96 well plate using 15 µl 

volumes in each well on a CFX96 cycler. The final reaction mixture contained 7.5 µl iQ 

SYBRgreen Supermix, 6 µl diluted cDNA (1:100 for ACTIN analysis and 1:10 or 1:100 for other 

genes) and 0.5 µM primers. qRT-PCR primers for BiP and ERp44 were purchased from Qiagen. 

qRT-PCR primers for CALR, CANX, COL3A1, FN1,  GRP-170, LAMB1, LOXL2, and PDI were 

purchased from RealTimePrimers.com (Elkins Park, PA). Primers for ERp57, ERp72, GRP-94, 

and ACTIN were purchased from IDT (Coralville, IA). Sequences of all primers (except those 

purchased from Qiagen) are provided in Appendix A: Supplementary Table 1. The PCR 

conditions were: 95°C, 10 s; 60°C, 15 s; 72°C, 30 s.  At the conclusion of each run, a melt curve 

analysis was performed to ensure that a single product had been synthesized.  The relative 

expression of each sample, normalized to ACTIN, was calculated using the 2
-ΔΔCt

 method. 

 Western blotting 

Adherent cells were detached using DPBS with 0.25% (w/v) trypsin and 5 mM EDTA, 

followed by centrifugation. Cells grown as mammospheres were collected by diluting 

methylcellulose-containing media 3-fold with DBPS, followed by centrifugation. Cell pellets 
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were treated with lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.5% 

sodium deoxycholate, 0.1% sodium dodecylsulfate (SDS), 5 mM EDTA, 1 mM 4-(2-

Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 5 µg/ml pepstatin, 5 µg/ml 

leupeptin, 5 µg/ml aprotinin, 10 mM 1,10-phenanthroline, 50 mM NaF, 2 mM Na3VO4, and 10 

mM Na4P2O7) and rocked at 4°C for 45 minutes. Cell lysates were then centrifuged for 15 

minutes at 13,000 rpm at 4°C. Supernatants were mixed 2:1 with 3xSDS sample buffer, heated at 

95
o
C for 5 min, and resolved by SDS-PAGE in 8% or 10% polyacrylamide gels, followed by 

protein transfer to nitrocellulose membranes. Membranes were blocked in 5% milk and 0.3% 

Tween-20 in DPBS, incubated with primary antibodies, and then with horseradish peroxidase-

conjugated anti-rabbit or anti-mouse IgG secondary antibodies. Sources and dilutions of the 

primary antibodies are provided in Appendix A: Supplementary Table 2. Signal detection was 

performed using SuperSignal West Pico Chemiluminescent Substrate (Pierce). The three 

following methods were used interchangeably to estimate protein concentration in cell lysates. 

(1) Protein concentration was measured with a bicinchoninic acid assay (BCA) analysis that is 

compatible with the detergents in the lysis buffer before a reducing agent was added. (2) Total 

cell lysates were run in an 8% gel, stained with Coomassie blue, and total protein levels were 

normalized. (3) Tubulin was used as a gel loading control to normalize Western blot signals. 

The protein levels for each ER folding factor shown in Figure 2.2 were quantified using 

ImageJ and normalized to Tubulin. The calculated values for ADH cells were then set to “1” by 

dividing both the ADH and MMS number by the value of ADH cells. The average fold change in 

MMS ±S.E.M is indicated. 
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 Evaluation of the unfolded protein response (UPR) 

IRE1: XBP1 mRNA splicing was used as a measure of IRE1 activation. cDNA was 

prepared as described above. Semi-quantitative PCR was performed using 1 µl of cDNA as a 

template and 0.5 µl Bio-XACT short DNA polymerase. PCR conditions were as follows: 95°C, 5 

min; 72°C, polymerase added; 40 cycles of 95°C, 30 s; 55°C, 30; 72°C, 20 seconds. PCR 

products were resolved in a 2% agarose gel and visualized under UV light.  

PERK: Total PERK was detected by Western blotting, as described above. The activation 

status of PERK was assessed based on changes in PERK mobility. In addition, phosphorylation 

status of eIF2α, a PERK substrate, was determined by Western blotting. Phospho-eIF2α- and 

total eIF2α-specific antibodies were incubated with the duplicate membranes.   

ATF6: SUM159PT and MCF10DCIS.com cells were co-transfected with an ATF6-

luciferase reporter (Addgene plasmid #11976) and a Renilla luciferase control plasmid pRL-TK 

(Promega, Madison, WI) using X-tremeGENE HP DNA transfection reagent (Roche, 

Indianapolis, IN). After one day, cells were detached using trypsin/EDTA in DPBS, suspended 

in mammosphere medium, and incubated in ultra-low attachment plates for 2 days. As a positive 

control for UPR activation, adherent cells were incubated for 8 h with 500 ng/ml of tunicamycin. 

Cells were then washed with DPBS, lysed using 1x Passive Lysis Buffer (Promega), and the 

lysates were analyzed for firefly and Renilla luciferase activities using the Dual Luciferase 

Reporter Assay System (Promega). 

 shRNA-mediated knock-down of PDI, ERp44, and ERp57 

Human TRIPZ inducible lentiviral shRNA clones targeting ERp57 (V3THS_321786 

through V3THS_321791), PDI (V2THS_53945, V3THS_350984, and V3THS_350989), or 

ERp44 (V2THS_162210, V3THS_395781, V3THS_395782, and V3THS_395784) were 
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purchased from GE Healthcare Dharmacon (Lafayette, CO). After initial testing of the effects of 

these shRNAs, the following clones showed the most potent ERp57, PDI, or ERp44 knock-down 

and were selected for mammosphere assay studies:  

for ERp57 knock-down: V3THS_321786 (referred to as shERp57 #1) and 

V3THS_321788 (referred to as shERp57 #2),  

for PDI knock-down: V3THS_350989 (referred to as shPDI #1) and V3THS_350984  

(referred to as shPDI #2),   

for ERp44 knock-down: V2THS_162210 (referred to as shERp44 #1) and 

V3THS_395781 (referred to as shERp44 #2).  

To produce lentiviral particles, 5 µg of plasmids, along with 5 µg of pMD2.G and 5 µg of 

psPAX2 (Addgene plasmids #12259 and #12260, respectively), were transfected into HEK293T 

cells in 100-mm plates, using TransIT-293 reagent (Mirus, Madison, WI). After 2 days, the 

conditioned media were collected, supplied with 8 µg/ml polybrene (Sigma), and applied to 

SUM159PT cells. Stably transduced cells were selected after growing cells for 10 days in the 

presence of 2 µg/ml puromycin. 

 Data mining 

mRNA expression data for selected ECM genes in attached cells and in mammospheres 

formed by primary tumor cells isolated from 11 breast cancer patients, described in [40], were 

retrieved from Gene Expression Omnibus (GEO) using the accession number GSE7515. When 

several probe sets mapped to a single gene, the probe set with the broadest range of changes in 

signal intensities was used. The following Affymetrix Human Genome U133 Plus 2.0 Array 

probe sets were used: 201852_x_at for COL3A1, 209156_s_at for COL6A2, 211651_s_at for 

LAMB1, 214702_at for FN1, 200654_at for PDI, 6 208959_s_at for ERp44, 208612_at for 



162 

ERp57, 211048_s_at for ERp72, 214315_x_at for CALR, 208852_s_at for CANX, 230031_at for 

BiP, 200599_s_at for GRP-94, and 200825_s_at for GRP-170. mRNA expression levels of ECM 

genes, ER chaperones/foldases/lectins, and selected cytoplasmic chaperones in CTCs from a 

breast cancer patient and identically processed blood specimens from healthy donors, described 

in [6], were retrieved from GEO using the accession number GSE41245. 

 Statistics 

Student t test analyses were performed using the GraphPad Prism 6.0 software. The 

number of times each experiment was independently replicated is indicated in the legends for 

each figure. 
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Table A.1 Primer Sequences 

Primer sequences. 

Gene Name Forward Primer Reverse Primer 

ACTIN 5’-TTG CCG ACA GGA TGC AGA A-3’ 5’-GCC GAT CCA CAC GGA GTA CT-3’ 

CALR 5'-TGG TGC AGT TCA CGG TGA AA-3' 5'-ATC AGC ACG TTC TTG CCC TT-3' 

CANX 5'-GAT GAC TGG GAT GAA GAT GC-3' 5'-TCA CAT CTA GGG TTG GCA AT-3' 

COL3A1 5'-AGC TAC GGC AAT CCT GAA CT-3' 5'-GGG CCT TCT TTA CAT TTC CA-3' 

COL6A2 5’-GCT TGC CCT TCT GTC CAT-3’ 5’-TTG GAT TCC CAG GAC CCA-3’ 

ERp57 5'-TCG TCC TTC ACA TCT CAC TAA C-3' 5'-TCC TTG CCC TGT ATC AAA TCT T-3' 

ERp72 5'-CGC GAG TTT GTC ACT GCT TTC-3' 5'-CGT CCT TCT TGG GGT CCA TC-3' 

FN1 5'-AGT GGG AGA CCT CGA GAA GA-3' 5'-ACT GTG ACA GCA GGA GCA TC-3' 

GRP-94 5'-GGC CAG TTT GGT GTC GGT TTC-3' 5'-CGT TCC CCG TCC TAG AGT GTT TCC-3' 

GRP-170 5'-CTC AGT CGG TGC AGA AAC TT-3' 5'-CTG CTC CTC TGT GGA CAC TT-3' 

LAMB1 5'-GGA CCA AGA TGT CCT GAG TG-3' 5'-TGC TGT CCA AAT CAG CAC TA-3' 

PDI 5'-TTG GGA TCA CTT CCA ACA GT-3' 5'-ACA CTC TTG GGC AAG AAC AG-3' 

XBP1 5'-TTA CGA GAG AAA ACT CAT GGC C-3' 5'-GGG TCC AAG TTG TCC AGA ATG C-3' 

 

Table A.2 Antibody Information 

Antibodies used for Western Blotting. 

Antibody Species Clone Company Antibody dilution 

PDI Rabbit C81H6 Cell Signaling 1:5,000 

ERp57 Rabbit G117 Cell Signaling 1:2,000 

ERp44 Rabbit D17A6 Cell Signaling 1:2,000 

ERp72 Rabbit D70D12 Cell Signaling 1:2,000 

Calreticulin Rabbit D3E6 Cell Signaling 1:5,000 

Calnexin Rabbit C5C9 Cell Signaling 1:5,000 

BiP Rabbit C50B12 Cell Signaling 1:1,000 

GRP-94 Rabbit polyclonal Cell Signaling 1:2,000 

GRP-170 Rabbit polyclonal Cell Signaling 1:5,000 

eIF2 Mouse L57A5  Cell Signaling 1:2,000 

p-eIF2 Rabbit  D9G8 Cell Signaling 1:2,000 

PERK Rabbit D11A8 Cell Signaling 1:2,000 

-Tubulin Mouse DM 1A Sigma 1:100,000 
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Table A.3 Fold change (FC) of ECM mRNA levels in primary breast tumor cells grown as 

mammospheres (MMS) versus adherent cultures (ADH), based on ref. [40] 

The results of microarray profiling were retrieved from Gene Expression Omnibus (GEO) using 

the accession number GSE7515, and were analyzed using the GEO2R web tool. The list of ECM 

genes was based on ref. [46] and included a total of 159 genes encoding collagens, commonly 

expressed glycoproteins, and proteoglycans. All microarray probes for which there was a 

statistically significant difference between mRNA levels under MMS vs ADH conditions (P 

<0.05) are listed. 

 

ID Gene symbol Gene title logFC P Value 

Transcripts increased in MMS vs ADH conditions 

201261_x_at BGN biglycan 1.8840867 6.55E-06 

213905_x_at BGN biglycan 1.1690174 1.24E-04 

201262_s_at BGN biglycan 0.808383 1.93E-02 

241986_at BMPER BMP binding endothelial regulator 3.6547122 1.85E-04 

211343_s_at COL13A1 collagen, type XIII, alpha 1 0.8373444 2.89E-02 

208535_x_at COL13A1 collagen, type XIII, alpha 1 0.7818679 3.48E-02 

211809_x_at COL13A1 collagen, type XIII, alpha 1 0.7379633 3.53E-02 

204345_at COL16A1 collagen, type XVI, alpha 1 1.287784 7.36E-04 

209082_s_at COL18A1 collagen, type XVIII, alpha 1 1.9273103 8.84E-06 

209081_s_at COL18A1 collagen, type XVIII, alpha 1 0.9776373 2.53E-03 

1556499_s_at COL1A1 collagen, type I, alpha 1 0.4721902 3.80E-02 

229218_at COL1A2 collagen, type I, alpha 2 1.6520319 2.00E-03 

233894_x_at COL26A1 collagen, type XXVI, alpha 1 1.4021222 2.65E-03 

232458_at COL3A1 collagen, type III, alpha 1 2.2811335 3.57E-04 

211981_at COL4A1 collagen, type IV, alpha 1 2.0815585 1.52E-07 

211980_at COL4A1 collagen, type IV, alpha 1 0.9394771 7.95E-04 

211966_at COL4A2 collagen, type IV, alpha 2 2.1522486 3.07E-04 

211964_at COL4A2 collagen, type IV, alpha 2 1.72077 1.75E-06 

52255_s_at COL5A3 collagen, type V, alpha 3 1.7739192 3.46E-05 

212091_s_at COL6A1 collagen, type VI, alpha 1 2.9337361 5.06E-08 

212937_s_at COL6A1 collagen, type VI, alpha 1 2.4173068 7.67E-05 

212940_at COL6A1 collagen, type VI, alpha 1 1.2494855 5.13E-03 

216904_at COL6A1 collagen, type VI, alpha 1 0.9894224 3.09E-02 

213428_s_at COL6A1 collagen, type VI, alpha 1 0.9744415 8.06E-05 

212938_at COL6A1 collagen, type VI, alpha 1 0.6627956 3.12E-02 

214200_s_at COL6A1 collagen, type VI, alpha 1 0.5220333 4.87E-02 

209156_s_at COL6A2 collagen, type VI, alpha 2 2.9719407 6.64E-05 

213290_at COL6A2 collagen, type VI, alpha 2 1.5985244 4.45E-07 

201438_at COL6A3 collagen, type VI, alpha 3 0.8708146 2.11E-03 

204136_at COL7A1 collagen, type VII, alpha 1 1.4218442 3.39E-03 

214587_at COL8A1 collagen, type VIII, alpha 1 1.0552437 3.04E-02 

201289_at CYR61 cysteine-rich, angiogenic inducer, 61 1.0131338 2.17E-02 

211896_s_at DCN decorin 1.4367061 7.14E-05 

201893_x_at DCN decorin 0.7397362 2.72E-03 

211813_x_at DCN decorin 0.7334676 3.79E-03 

209356_x_at EFEMP2 EGF containing fibulin-like extracellular matrix protein 2 1.5393125 2.20E-04 

206580_s_at EFEMP2 EGF containing fibulin-like extracellular matrix protein 2 1.2724703 9.49E-05 
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204163_at EMILIN1 elastin microfibril interfacer 1 3.0265138 4.13E-06 

201787_at FBLN1 fibulin 1 1.748646 8.86E-04 

203088_at 

202709_at 

FBLN5 

FMOD 

fibulin 5 

fibromodulin 

2.3557215 

0.9705793 

4.72E-06 

1.74E-02 

214702_at FN1 fibronectin 1 3.4996038 1.62E-08 

214701_s_at FN1 fibronectin 1 2.7604533 1.55E-06 

1558199_at FN1 fibronectin 1 2.750312 1.15E-05 

212464_s_at FN1 fibronectin 1 0.7189934 1.08E-03 

211719_x_at FN1 fibronectin 1 0.5724163 4.11E-03 

216442_x_at FN1 fibronectin 1 0.5103918 1.04E-02 

210495_x_at FN1 fibronectin 1 0.4465527 2.16E-02 

226145_s_at FRAS1 Fraser extracellular matrix complex subunit 1 3.246866 1.23E-05 

231511_at FRAS1 Fraser extracellular matrix complex subunit 1 2.4457747 3.75E-05 

220910_at FRAS1 Fraser extracellular matrix complex subunit 1 1.0210387 3.32E-03 

243935_at FRAS1 Fraser extracellular matrix complex subunit 1 0.9514786 8.95E-03 

230360_at GLDN gliomedin 1.6868541 8.48E-08 

235932_x_at HMCN2 hemicentin 2 1.4706042 8.25E-04 

202718_at IGFBP2 insulin-like growth factor binding protein 2 3.0917799 3.85E-04 

212143_s_at IGFBP3 insulin-like growth factor binding protein 3 2.5246437 6.88E-04 

210095_s_at IGFBP3 insulin-like growth factor binding protein 3 2.2133822 4.45E-05 

201508_at IGFBP4 insulin-like growth factor binding protein 4 1.4607473 9.15E-03 

203851_at IGFBP6 insulin-like growth factor binding protein 6 2.3504271 4.40E-04 

1556956_at KCP kielin/chordin-like protein 0.5549207 1.50E-02 

227048_at LAMA1 laminin, alpha 1 4.1692477 2.04E-13 

222346_at LAMA1 laminin, alpha 1 0.7656439 9.71E-03 

213519_s_at LAMA2 laminin, alpha 2 3.7477541 1.96E-08 

205116_at LAMA2 laminin, alpha 2 3.5850035 2.41E-08 

216840_s_at LAMA2 laminin, alpha 2 3.4187191 2.39E-08 

202202_s_at LAMA4 laminin, alpha 4 0.6929484 7.08E-03 

211651_s_at LAMB1 laminin, beta 1 1.7512033 4.58E-04 

201505_at LAMB1 laminin, beta 1 1.284595 7.36E-05 

200770_s_at LAMC1 laminin, gamma 1 (formerly LAMB2) 2.8592079 2.89E-09 

200771_at LAMC1 laminin, gamma 1 (formerly LAMB2) 1.4180136 4.76E-07 

219407_s_at LAMC3 laminin, gamma 3 1.3171169 3.20E-05 

202728_s_at LTBP1 latent transforming growth factor beta binding protein 1 1.8249971 6.58E-04 

202729_s_at LTBP1 latent transforming growth factor beta binding protein 1 1.4477771 1.04E-04 

204682_at LTBP2 latent transforming growth factor beta binding protein 2 2.195264 4.22E-08 

223690_at LTBP2 latent transforming growth factor beta binding protein 2 1.8749915 5.56E-06 

227308_x_at LTBP3 latent transforming growth factor beta binding protein 3 1.3944989 7.19E-03 

204442_x_at LTBP4 latent transforming growth factor beta binding protein 4 0.8672504 3.99E-02 

212713_at MFAP4 microfibrillar-associated protein 4 4.8153832 7.84E-13 

202008_s_at NID1 nidogen 1 3.1821103 8.22E-07 

202007_at NID1 nidogen 1 2.0671352 3.23E-09 

1561082_at NID1 nidogen 1 0.735286 3.83E-02 

234496_x_at NYX nyctalopin 0.9207693 7.57E-03 

210809_s_at POSTN periostin, osteoblast specific factor 0.6051061 1.53E-02 

37022_at PRELP proline/arginine-rich end leucine-rich repeat protein 0.8179513 1.70E-03 

206007_at PRG4 proteoglycan 4 4.4457865 1.02E-07 

200795_at SPARCL1 SPARC-like 1 (hevin) 0.8216131 6.49E-03 

202363_at SPOCK1 sparc/osteonectin, cwcv and kazal-like domains proteoglycan 2.359399 7.61E-06 

206433_s_at SPOCK3 sparc/osteonectin, cwcv and kazal-like domains proteoglycan  1.0384485 1.10E-02 

204955_at SRPX sushi-repeat containing protein, X-linked 2.9188631 2.29E-10 
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235086_at THBS1 thrombospondin 1 1.3581552 4.18E-03 

204776_at THBS4 thrombospondin 4 2.0942114 1.36E-02 

201645_at TNC tenascin C 2.1161124 6.05E-05 

216005_at TNC tenascin C 1.6059901 4.91E-02 

205792_at WISP2 WNT1 inducible signaling pathway protein 2 2.5650045 8.52E-04 

Transcripts decreased in MMS vs ADH conditions 

224396_s_at ASPN asporin -1.3569421 1.20E-02 

219087_at ASPN asporin -2.3310187 1.54E-03 

1557123_a_at CHADL chondroadherin-like -0.8149395 1.46E-02 

217428_s_at COL10A1 collagen, type X, alpha 1 -2.3256179 9.80E-05 

205941_s_at COL10A1 collagen, type X, alpha 1 -3.3395995 5.20E-05 

204320_at COL11A1 collagen, type XI, alpha 1 -3.2797425 1.51E-05 

37892_at COL11A1 collagen, type XI, alpha 1 -3.4292707 1.52E-05 

229271_x_at COL11A1 collagen, type XI, alpha 1 -3.8392898 2.96E-06 

231766_s_at COL12A1 collagen, type XII, alpha 1 -1.7801331 8.64E-04 

222073_at COL4A3 collagen, type IV, alpha 3 (Goodpasture antigen) -1.4273535 1.77E-02 

219625_s_at COL4A3BP collagen, type IV, alpha 3 (Goodpasture antigen) binding protein -0.7223745 4.14E-02 

214602_at COL4A4 collagen, type IV, alpha 4 -1.7213324 4.90E-05 

229779_at COL4A4 collagen, type IV, alpha 4 -2.0144422 5.28E-04 

230867_at COL6A6 collagen, type VI, alpha 6 -2.3075859 2.84E-04 

221900_at COL8A2 collagen, type VIII, alpha 2 -1.6611548 1.78E-03 

204724_s_at COL9A3 collagen, type IX, alpha 3 -2.0346983 8.15E-03 

242288_s_at EMILIN2 elastin microfibril interfacer 2 -0.9349382 4.49E-02 

206439_at EPYC epiphycan -3.2278649 1.27E-05 

208394_x_at ESM1 endothelial cell-specific molecule 1 -2.1087111 9.29E-04 

235318_at FBN1 fibrillin 1 -0.8470442 4.69E-02 

205523_at HAPLN1 hyaluronan and proteoglycan link protein 1 -1.6054828 1.48E-03 

236028_at IBSP integrin-binding sialoprotein -2.1972623 2.09E-04 

227760_at IGFBPL1 insulin-like growth factor binding protein-like 1 -0.986781 1.98E-02 

236058_at KDF1 keratinocyte differentiation factor 1 -2.1903326 6.80E-04 

1568879_a_at LAMA3 laminin, alpha 3 -0.9580444 2.81E-02 

206091_at MATN3 matrilin 3 -2.7858924 1.79E-04 

205612_at MMRN1 multimerin 1 -2.6559986 1.92E-06 

219091_s_at MMRN2 multimerin 2 -1.9522186 2.25E-06 

236262_at MMRN2 multimerin 2 -3.7741921 5.51E-12 

225911_at NPNT nephronectin -5.2099233 4.14E-09 

218730_s_at OGN osteoglycin -1.3269545 2.00E-02 

205908_s_at OMD osteomodulin -2.4904004 8.49E-05 

205907_s_at OMD osteomodulin -2.7981966 2.71E-05 

202524_s_at SPOCK2 sparc/osteonectin, cwcv and kazal-like domains proteoglycan  -2.3692505 8.56E-06 

201859_at SRGN serglycin -1.1046993 3.75E-03 

201858_s_at SRGN serglycin -2.151962 5.15E-03 

204619_s_at VCAN versican -1.4856827 1.92E-03 

210861_s_at WISP3 WNT1 inducible signaling pathway protein 3 -0.6905031 4.33E-02 

Transcripts with inconsistent data of fold change in MMS vs ADH conditions 

228421_s_at EFEMP1 EGF containing fibulin-like extracellular matrix protein 1 0.5546393 1.58E-02 

201843_s_at EFEMP1 EGF containing fibulin-like extracellular matrix protein 1 -1.3188921 7.30E-03 
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Figure A.1 Monitoring of doxycycline-inducible shRNA expression in mammospheres 

based on the RFP fluorescence. 

SUM159PT-shControl cells or SUM159PT cells stably expressing one of the two different doxycycline-

inducible shRNA targeting ERp57, PDI, or ERp44, were pre-incubated for 4 days without or with Dox 

and were further grown for 10 days in the mammosphere media in the absence or presence of Dox. 

Representative fluorescent (RFP) and phase contrast images are shown. 
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Appendix B - Supplementary Materials for Chapter 3 

 Supplementary Methods 

 Reagents and antibodies 

Antibodies for immunoblotting included anti-EGFR_pY1068 (clone D7A5), anti-total 

EGFR (clone D38B1), anti-ERK1/2_pT202/Y204 (clone D13.14.4E), anti-total ERK1/2 (clone 

137F5), and anti-MEK1/2 (clone D1A5), all from Cell Signaling Technology. Anti-HA epitope 

tag antibody (clone 16B12) was from BioLegend, anti-α-Tubulin antibody (clone DM1A) was 

from Sigma, and anti-β1-integrin (clone 18) was from BD Biosciences. For flow cytometry, PE-

conjugated anti-CD24 (clone ML5) and IgG2aκ isotype control (clone G155-178) were 

purchased from BD Biosciences. APC-conjugated anti-CD44 (clone IM7) and IgG2bκ isotype 

control (clone eB149/10H5) were from Affymetrix eBioscience. Reagents included erlotinib 

(Cell Signaling Technology), human recombinant epidermal growth factor (EGF) (Life 

Technologies), and selumetinib (Selleck Chemicals). Plasmids were obtained from Addgene: 

pBabe-puro  (#1764, “EV”) was a gift from Hartmut Land, Jay Morgenstern, and Bob Weinberg 

[1], pBabe-puro-MEK-DD (#15268, “MEK1-DD”) was a gift from William Hahn [2], pBabe-

puro-HA-MEK1 (#53195, “HA-MEK1-WT”) was a gift from Christopher Counter [3]. 

 Cell culture 

SUM149PT and SUM159PT breast cancer cell lines (Asterand) were cultured in Ham’s 

F-12 medium supplemented with 5% fetal bovine serum (FBS), 10 mM HEPES, 5 μg/ml insulin, 

and 1 μg/ml hydrocortisone. Human MCF10A mammary epithelial cells (ATCC) were cultured 

in DMEM/F12 (1:1) supplemented with 5 % horse serum, 0.5 μg/ml hydrocortisone, 20 ng/ml 

human EGF, 10 μg/ml insulin, 100 ng/ml cholera toxin, and 1 % penicillin/streptomycin. 

Phoenix amphotropic (Ampho) cells (a gift of G. P. Nolan, Stanford University) were cultured in 
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DMEM media containing 10% FBS. Cells were maintained at 37°C under humidified 

atmosphere containing 5% CO2.  

 Retroviral transduction and generation of stable cell lines 

Phoenix Ampho cells grown in 100-mm plates and supplemented with 25 μM 

chloroquine were transfected with 15 g plasmid DNA using calcium phosphate precipitation 

method. After 48 h, media containing retroviral particles were collected, centrifuged, and applied 

to SUM159PT or SUM149PT, along with 5 μg/ml polybrene. Twenty-four hours after infection, 

media were replaced and, after an additional 24 h, stably transduced cells were selected using 2 

μg/ml puromycin. 

 Flow cytometry 

Cells were treated for 24 h with erlotinib, selumetinib, or DMSO, then 20 ng/ml EGF or 

vehicle alone was added for an additional 48 h. Culture media containing fresh additives were 

changed daily. Seventy-two hours after treatment, cells were analyzed by flow cytometry. After 

blocking for 20 min with either 5% FC block (BD Biosciences #564219) or 5% donkey serum, 

cells were stained for 30 minutes with PE-conjugated anti-CD24 and APC-conjugated anti-CD44 

antibodies or their respective isotype antibody controls, and then evaluated on a BD LSR 

Fortessa X20 instrument. Data were analyzed with FCS Express 6 (DeNovo) software. 

 Immunoblotting 

Immunoblotting was performed as previously described [4-6]. Lysis buffer was 

supplemented with phosphatase inhibitors (50 mM NaF, 2 mM Na3VO4, and 10 mM Na4P2O7). 

Nitrocellulose membranes were incubated with primary monoclonal antibodies and HRP-

conjugated secondary antibodies, followed by signal detection using SuperSignal West Pico or 
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West Femto chemiluminescence detection kit (Pierce) and Azure c500 digital imaging system. 

Band intensities were quantified using ImageJ software.  

 ELISA assay 

Cells were incubated for 48 h in culture media containing 1% FBS, in the presence of 10 

μM BB-94 or DMSO. Conditioned media were then harvested, centrifuged for 10 min at 3,000 

rpm to remove debris, and the amount of soluble amphiregulin was determined by ELISA using 

human amphiregulin Quantikine ELISA kit (R&D Systems) and Synergy H1 microplate reader 

(BioTek). 

 Calculation of EGFR and MEK activation scores 

The top 100 genes whose expression was most significantly changed upon stable 

expression of ligand-activatable EGFR or constitutively active MEK in MCF-7 cells, compared 

to control MCF-7 cells adapted for long-term estrogen-independent growth [7], were retrieved 

from Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/), using accession 

number GSE3542. The expression values for these EGFR- or MEK-regulated genes in 

CD44
+
/CD24

-
 and CD44

-
/CD24

+
 subpopulations of MCF10A cells [8] were then extracted from 

GEO using accession number GSE15192.  The EGFR and MEK scores were calculated as:  

s = Σ wi xi /Σ wi 
         i                 i 

where w is the weight +1 or –1, depending on whether the gene was upregulated or 

downregulated in the signature, and x is the normalized gene expression level. 

 TCGA data mining 

Expression values for MEK-regulated genes (mRNA expression z-scores, measured by Agilent 

microarrays) and the EGFR phosphorylation status at Y992, Y1068, and Y1173 (protein 

expression z-scores, measured by reverse-phase protein arrays) for basal and claudin-low tumors 

http://www.ncbi.nlm.nih.gov/geo/
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were retrieved from The Cancer Genome Atlas (TCGA) (Nature 2012 dataset) [9] via the 

cBioPortal for Cancer Genomics (http://www.cbioportal.org/public-portal/) [10,11]. The DUSP4 

copy number status was determined by the Genomic Identification of Significant Targets in 

Cancer (GISTIC) algorithm. GISTIC copy numbers “-2” (a deep loss) and “-1” (a shallow loss) 

for DUSP4 were considered homozygous and heterozygous deletions of DUSP4, respectively. 

Tumors for which DUSP4 GISTIC copy numbers were  0 were assumed not to harbor DUSP4 

deletion. Pearson r correlation coefficient and two-tailed P values were calculated using 

GraphPad Prism 6.0 software.   
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