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Abstract  

Multiple Drug Resistance-associated Protein 4 Exports the  

Cyclooxygenase-2 Product Prostaglandin E2 as a Possible Mechanism to Enhance 

Metastasis of Basal-like Breast Cancer 

Tyler Justin Kochel, Doctor of Philosophy, 2015 

Dissertation directed by: Amy M. Fulton, Ph.D., Professor, Pathology 

Breast cancer, like many epithelial malignancies, is frequently characterized by 

dysregulated levels of the enzyme cyclooxygenase 2 (COX-2). Elevated COX-2 and its 

major lipid product, prostaglandin E2 (PGE2), are associated with a poor prognosis in 

breast cancer. Targeting this inflammatory pathway with NSAIDs or selective COX-2 

inhibitors has proven effective in slowing tumor progression, but has also been associated 

with an increased risk of adverse cardiovascular events. Multiple drug resistance-

associated protein 4 (MRP4) is responsible for the active export of PGE2 from cells 

where this ligand binds four cognate G-protein coupled receptors (EP1-EP4) and 

activates multiple tumor-promoting pathways. PGE2-mediated activation of EP4 has been 

implicated in increased metastatic potential and support of the breast cancer stem-like 

phenotype. 

We investigated the expression and role of MRP4 in breast cancer as a possible 

mechanism to achieve elevated PGE2 levels in the tumor microenvironment. By 

evaluating publicly available breast cancer gene expression datasets and a panel of breast 

cancer cell lines, we report that MRP4 is expressed in breast cancer and, for the first time, 

that elevated expression of MRP4 is found in breast cancer subtypes (basal, HER2-

enriched) with the worst prognoses. MRP4 exports PGE2 and this activity is reduced by 



 

 

suppressing MRP4 expression or activity through genetic or pharmacologic means. Mice 

bearing breast cancer xenografts with reduced expression of MRP4 developed fewer 

spontaneous metastases than mice bearing control tumors. The contribution of MRP4 to 

the metastatic cascade may be at an early step as there was no difference in trapping or 

colonization of cells expressing different MRP4 levels. Other members of the COX-2 

pathway are implicated in support of the breast cancer stem-like cell (BCSLC) 

phenotype, but MRP4 expression was reduced in BCSLCs. Furthermore, altered 

expression of MRP4 did not significantly affect phenotypic markers of BCSLCs.  

In summary, elevated MRP4 is expressed in aggressive subtypes of breast cancer, 

is partially responsible for the level of PGE2 in the tumor microenvironment, and 

enhances spontaneous metastasis in an animal model. Therefore, further investigation of 

MRP4 as a potential therapeutic target is indicated.   
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Chapter I: Introduction 

Breast Cancer 

Cancer is one of the most prevalent diseases in Western countries, and the 

recently increasing cancer incidence emphasizes the growing public health problem (1). 

Among U.S. women, breast cancer is the most frequently diagnosed cancer (29% of all 

female cancer diagnoses) and is the second leading cause of cancer mortality (15% of all 

female cancer-related deaths). The lifetime risk for a woman to develop breast cancer is 

approximately 1 in 8. Early diagnosis and detection methods have improved to the point 

that breast cancers diagnosed at an early stage have better outcomes (2). Mortality due to 

breast cancer is usually caused by development of metastatic disease (1). Therefore, 

elucidating biological pathways involved in the development of metastatic disease could 

provide new therapeutic targets for the treatment of progressive breast cancer and, 

ultimately, prevent cancer-related deaths.  

Breast cancer subtypes 

Breast cancer is a heterogeneous disease whose development and growth is 

influenced by many factors. A histopathologic approach is the primary means to classify 

this heterogeneous disease in order to guide treatment decisions. About 75% of breast 

cancers are stimulated by estrogen, the primary female sex hormone, because the breast 

tissue that has undergone a malignant transformation was also stimulated by estrogen (3). 

These tumors express the estrogen receptor (ER) and are dependent on estrogen-mediated 

stimulation for growth. Approximately 60% of breast cancers express the progesterone 

receptor (PR), and the growth of these tumors is stimulated by progesterone, another 

major steroid hormone (3). Many breast tumors that express ER also express PR 
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indicating that this disease is highly influenced by steroid hormone signaling. The third 

major growth factor receptor expressed by breast cancers is the human epidermal growth 

factor receptor family member, erbB2, also known as HER2 (3). This receptor differs 

from ER and PR in several ways. First, HER2 is a tyrosine kinase receptor that activates 

cellular signaling pathways when it heterodimerizes with other members of the erbB 

family (e.g. erbB1, erbB3, and erbB4) when they are stimulated by growth factors (4). 

Second, overexpression of HER2 protein is caused by amplification at the chromosomal 

level of the ERBB2 gene (4). Approximately 20-30% of breast cancers are classified as 

“HER2-enriched or HER2-positive (+) (3, 4). There is some overlap between expression 

of HER2, ER, and PR in some breast cancers. A fraction of luminal tumors express 

HER2 without chromosomal amplification (5). Conversely, 10-17% of breast cancers do 

not express ER, PR, or elevated levels of HER2. These tumors are classified as “triple-

negative” (3, 6, 7). Triple-negative breast cancer (TNBC) is more frequently diagnosed in 

women at a younger age than other types of breast cancer. TNBC also develops 

disproportionately more frequently in women of African descent (6, 8, 9). Since TNBC 

does not express any of the major three growth factor receptors, the highly effective 

therapies that target these pathways cannot be used in the treatment of this subtype. Each 

of these histopathologically-defined subtypes, defined at the protein level exhibit 

different biological behavior and are associated with different outcomes (3).  

More recent gene expression analyses of breast cancer have also provided insight 

in the heterogeneity of the disease (10). The PAM50 array (with 50 gene probes) is one 

of the gene expression profiling arrays that has been used to classify breast cancer into 

distinct subtypes (11). The subtypes of breast cancer identified by gene expression 
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profiling are luminal A, luminal B, basal-like, HER2-enriched, and normal-like (12–14). 

Tumors in both luminal subtypes are ER-positive and HER2-negative, but luminal A 

tumors express lower levels of Ki-67/MKI67, a pro-proliferative gene, than luminal B 

tumors (15). HER2-enriched tumors have elevated HER2 expression, and basal-like 

tumors are negative for ER, PR, or HER2 expression. These subtypes also separate 

tumors by the risk of recurrence and how aggressively a tumor of that subtype would 

recur. While there is considerable overlap between gene expression subtypes and 

histopathologic subtypes, some differences are apparent. Luminal A tumors are mostly 

ER and PR positive and negative for HER2 receptor amplification. Luminal B tumors 

also express ER and moderate levels of PR and HER2. Increased expression of several 

proliferation genes also distinguishes luminal B tumors from luminal A tumors. Basal-

like tumors are very similar to triple-negative breast cancers, but these two subtypes are 

not synonymous (7). Approximately 75% of basal-like breast cancers are also TNBC, but 

some basal-like breast cancers do not show a triple-negative phenotype. Another 

difference between TNBC and basal-like breast cancer is that cancers associated with 

inherited mutations in the BRCA1 gene are more likely to be basal-type, with a subset of 

those also being placed into the TNBC subtype (7). Significant similarities between 

TNBC and basal-like breast cancer include the development of cancer in younger women 

(< 50 years), women of African descent, earlier recurrence, and a similarly aggressive 

phenotype (7, 16). Outcomes for women with either TNBC or basal-like breast cancer are 

poor as these tumors have a higher recurrence rate, and survival following a metastatic 

event is lower when compared to other subtypes of breast cancer (7). The HER2-enriched 

subtype is primarily dependent on the expression of HER2 and is very similar to the 
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histopathological HER2+ subtype (10). Tumors classified as “normal-like breast cancer” 

lack expression of basal-like markers associated with proliferation, but do not express 

ER, PR, or HER2 (7). In terms of outcome, breast cancer subtypes determined from gene 

expression more accurately predict patterns of metastatic spread and survival after relapse 

than more limited protein-based classifications (17). 

There are many therapeutic approaches to eliminating breast cancer, and selection 

of a therapeutic method is influenced by the size and location as well as the subtype of 

the breast cancer. Localized breast cancer with well-defined margins is typically removed 

surgically and followed by localized radiation or systemic chemotherapy to eliminate any 

remaining malignant cells. Once a tumor has spread past the regional lymph nodes and 

metastasized, it should be treated with systemic therapies. Chemotherapy often targets 

rapidly dividing cells by interfering with normal DNA replication and other processes on 

which the cancer cells depend. Chemotherapy affects all cells, but since uncontrolled 

proliferation is a hallmark of cancer cells, this therapy is used to eliminate these fast-

growing cells and decrease the tumor burden (18). The choice of other systemic therapies 

is influenced by the subtype of breast cancer. Tumors expressing the estrogen receptor 

(ER) are treated with inhibitors that target the estrogen/estrogen receptor signaling axis. 

These inhibitors can prevent the binding and activation of the ER by estrogen 

(Tamoxifen) or decrease the expression of ER on the tumor cells (selective estrogen 

receptor modulators, SERMs) (19, 20). These therapies are effective in premenopausal 

women who generate the majority of estrogen from the ovaries. Postmenopausal women 

with ER-positive breast cancer are given a relatively new class of compounds, aromatase 

inhibitors (AIs) (21). Since estrogen is no longer produced by the ovaries in 
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postmenopausal women, the aromatase enzyme, expressed in adipose and other 

peripheral tissues, produces estrogen by converting androgens to estrogen. Women with 

tumors that express PR are also often given anti-estrogen therapies. Tumors with elevated 

HER2 expression are treated with trastuzumab, a monoclonal antibody designed to block 

the dimerization and activation of the HER2 receptor and/or lapatinib, a tyrosine kinase 

inhibitor that interrupts HER2 and EGFR pathways (22). Triple-negative breast cancers 

are treated with systemic chemotherapy since they lack expression of these two hormone 

and one growth factor receptors. A major current research effort is now focused on 

elucidating new, effective therapies for TNBC including inhibitors of angiogenesis and 

the epidermal growth factor receptor (EGFR) (6, 16, 23).  

Cyclooxygenase (COX) enzymes 

The cyclooxygenase enzymes (COX-1 and COX-2 encoded by PTGS1 and 

PTGS2, respectively) catalyze the rate-limiting step in the synthesis of prostaglandins 

from arachidonic acid (Figure I.1) (24, 25). Expression of COX-1 is constitutive 

throughout the body and maintains homeostatic levels of prostaglandin signaling. COX-2 

expression is induced by inflammatory stimuli, and aberrant expression of COX-2 is 

often found in epithelial malignancies, including breast cancer (24, 26, 27). Both COX-1 

and COX-2 are targets of non-steroidal anti-inflammatory drugs (NSAIDs, e.g., aspirin, 

ibuprofen, and indomethacin), while COX-2 is uniquely inhibited by the coxib family of 

molecules (celecoxib, rofecoxib, and valdecoxib) (24). There is substantial epidemiologic 

evidence that use of NSAIDs for other indications modestly reduces breast cancer 

incidence (28–30). In the treatment setting, NSAIDs and coxibs have shown anti-tumor 
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efficacy; however, chronic use of NSAIDs can lead to stomach bleeding and prolonged 

use of coxibs has resulted in cardiotoxic secondary effects (31–33).  
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Figure I.1: Schematic of PGE2 synthesis, transport, signaling, and metabolism.  

The cyclooxygenase-2 (COX-2/PTGS2) enzyme is the rate-limiting step in the production 

of prostaglandin E2 (PGE2) from arachidonic acid. PGE2 is exported from the cell via 

multiple drug resistance-associated protein 4 (MRP4/ABCC4). In an autocrine or paracrine 

manner, extracellular PGE2 binds any of its four cognate EP receptors, EP1-4, and initiates 

diverse signaling pathways via activation of G-proteins. Alternatively, PGE2 is imported via 

the prostaglandin transporter (PGT/SLCO2A1) and inactivated by 15-hydroxyprostaglandin 

dehydrogenase (15-PGDH/HPGD). The bold arrows indicate members of this pathway up-

regulated in cancer while the dotted arrows indicate members of this pathway down-

regulated in cancer.  

Adapted from: T. J. Kochel, A. M. Fulton, Multiple Drug Resistance-Associated Protein 4 

(MRP4), Prostaglandin Transporter (PGT), and 15-Hydroxyprostaglandin Dehydrogenase 

(15-PGDH) as Determinants of PGE2 Levels in Cancer. Prostaglandins Other Lipid Mediat. 

(2014). 
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Prostaglandin E2 and EP receptor mediated signaling 

Prostaglandins are lipid mediators linked to diverse biological signaling 

mechanisms (24, 34). The most prevalent of these prostaglandins found in the solid tumor 

microenvironment is prostaglandin E2 (PGE2) (24, 35). PGE2 initiates multiple signaling 

pathways when it binds four cognate EP receptors (EP1-EP4) (Figure I.1) (34). These G-

protein coupled receptors (GPCRs) are linked to three different G-proteins and initiate 

signaling pathways upon extracellular PGE2 binding. The EP1 receptor is coupled to Gαq 

and calcium mobilization (36). EP2 and EP4 are coupled to Gαs which activates cyclic 

AMP (cAMP) and protein kinase A (PKA) signaling (34). Intracellular domains unique 

to the EP4 receptor bind various signaling mediators that lead to activation of epidermal 

growth factor receptor (EGFR) and various other targets (37). There are several isoforms 

of the EP3 receptor and so this receptor is coupled to several G proteins. Generally, 

activation of EP3 suppresses cAMP signaling and activates phosphoinositide-3-kinase 

signaling (34). Downstream effects of EP receptor signaling include many of the 

hallmarks of cancer: increased angiogenesis, anti-apoptosis, proliferation, migration, 

invasion, immune evasion, epithelial-mesenchymal transition (EMT), and support of a 

breast cancer stem-like cell phenotype (18, 24, 25, 38, 39). EP2 and EP4 have been 

implicated in increased malignant behavior in several tumor types while EP1 and EP3 are 

more complex in their regulation, expression, and impact on tumor cell phenotypes (34, 

36–38, 40–43). Elevated EP2 and EP4 expression has been detected in cancers of the 

breast, colon, lung, pancreas, and prostate (24, 37, 38, 41, 42, 44, 45). One of the gene 

products specific to breast cancer associated with EP2 and EP4 signaling is the CYP19 

aromatase enzyme. Activation of EP2 and EP4 receptors by PGE2 induces expression of 
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the aromatase enzyme (41). This enzyme is responsible for the conversion of androgens 

into estrogens which can locally stimulate ER-responsive breast cancer.  

Multiple Drug Resistance-associated Protein 4 (MRP4) 

Multiple Drug Resistance-associated Protein 4 (MRP4/ABCC4) is the fourth 

member of the C subfamily of ATP-binding cassette (ABC) proteins (46, 47). MRP4 was 

discovered for its role in mediating drug resistance in several tumor types. MRP4 exports 

a wide range of exogenous compounds including anti-retroviral compounds, anti-HIV 

compounds, camptothecins, methotrexate, and ceftins (48, 49). Endogenous substrates for 

MRP4 include prostaglandins, leukotrienes, cyclic nucleotides (cAMP and cGMP) and 

glutathione-conjugated molecules such as bile acids and steroid hormones (48–50). 

Elevated expression of MRP4 has also been detected in drug-naïve tumors including 

neuroblastoma, prostate cancer, pancreatic cancer, and acute myeloid leukemia, all in 

which elevated MRP4 expression is associated with a worse prognosis (49–53). While 

some of these tumor types utilize MRP4 in defined mechanisms such as exporting 

identified substrates, the role of MRP4 in other malignancies remains elusive (50, 53). 

MRP4 has been identified as the main efflux transporter of PGE2 (Figure I.1), but 

whether this function is important to malignant behavior is not known (48, 50, 54, 55). 

Autocrine signaling by PGE2 promotes cell survival and proliferation in neuroblastoma, 

one of the tumor types strongly associated with elevated MRP4 expression (49, 51). 

MRP4 is able to transport other prostanoids, but since PGE2 is the main product of COX-

2 in breast cancer, we and others have hypothesized that altering the expression or 

activity of MRP4 in breast cancer should modulate the impact of PGE2 in this disease 

(48, 50, 56–58). This hypothesis underlies the specific goals of this dissertation. 
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ABCC4 is the gene that encodes MRP4 (48, 50, 59). Transcription of ABCC4 

mRNA is regulated by several signaling pathways including the aryl hydrocarbon 

receptor (AhR), glucocorticoid receptor (GR), nuclear factor (erythroid-derived 2)-like 2 

(Nrf2), peroxisome proliferator-activated receptor alpha (PPARα), and the N-myc 

oncogene (60–62). The anti-inflamatory lipid mediator lipoxin A4 (LXA4) inhibits 

ABCC4 mRNA and MRP4 protein expression through estrogen receptor alpha (63). 

Micro-RNAs (miRNAs) miR-124a and miR-506 suppress MRP4 protein translation in a 

tissue-specific manner (64). MRP4 expression is also regulated by alternative splicing 

and nonsense mediated decay of a truncated mRNA transcript (65). Once translated, 

MRP4 protein can interact with Na
+
/H

+
 Exchanger Regulatory Factor 1 (NHERF1) and is 

chaperoned to the apical membrane of polarized cells as seen in the kidneys (66). In the 

absence of NHERF1, MRP4 is localized to the basolateral membrane of polarized cells as 

seen in hepatocytes. It should be noted that loss of epithelial cell polarity is one of the key 

characteristics of tumor progression (67). Interestingly, in non-polarized cells, NHERF1 

protein promotes MRP4 internalization from the membrane through interaction with the 

C-terminal PDZ domain on MRP4 (68). Similarly, Sorting Nexin 27 (SNX27) is another 

protein that internalizes MRP4 from the plasma membrane via interaction with the PDZ 

domain on MRP4 (69). Internalized MRP4 is trafficked to the late endosome and, being 

removed from the plasma membrane, no longer exports molecules from the cell (68).  

Numerous pharmacologic inhibitors have been identified for MRP4, but like other 

multidrug resistance (MDR) inhibitors, none have shown clear clinical benefit in 

reversing drug resistance (50). These compounds include NSAIDs such as indomethacin 

and sulindac, cyclic nucleotide analogs such as thiopurines, and phosphodiesterase 
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inhibitors including sildenafil and dipyridamole (48, 49). Most inhibitory molecules 

function by competing with the substrate-binding site or ATP-catalytic domains of MRP4 

to prevent the transport of the intended substrate. MK571, a leukotriene D4 antagonist, 

inhibits export activity of MRP4 possibly by stimulating internalization of MRP4 (48, 49, 

68, 70). Recently, screening of molecular libraries for molecules with inhibitory activity 

against MRP4 in multiple assays has identified several additional MRP4 inhibitors (71). 

One of these recently identified compounds is a tyrosine kinase inhibitor, Tyrphostin AG 

1478 (72). This molecule inhibits phosphorylation of EGFR in breast cancer cell lines, 

albeit at higher concentrations than is required to inhibit MRP4 (73).  

PGE2 metabolism: PGT and 15-PGDH 

Internalization and metabolism of PGE2 is performed by two distinct proteins 

(74). PGE2 is imported into cells via the prostaglandin transporter (PGT) and 

subsequently oxidized to 15-keto-PGE2 by the NAD
+
-dependent 15-

hydroxyprostaglandin dehydrogenase (15-PGDH) (Figure I.1). Effective internalization 

and oxidation are required for efficient inactivation of PGE2 and attenuation of signaling 

(74). PGT exchanges a lactate molecule for PGE2, which is also negatively charged at 

physiological pH (75). Since most tumor cells have high intracellular lactate as a 

byproduct of glycolysis, the outward concentration gradient of lactate facilitates the 

influx of PGE2 from the pericellular space (24, 55). Importing PGE2 from the pericellular 

microenvironment attenuates signaling by preventing PGE2 from activating EP receptors 

on the cell surface (55, 76). Subbaramaiah et al. show that when adipocytes express PGT, 

extracellular levels of PGE2 are decreased along with a reduction in subsequent PGE2-

induced gene transcription in vitro (76). Since adipocytes comprise a large proportion of 



 

12 

the non-tumor cells in the breast cancer microenvironment, PGT expression could be 

tumor-suppressive in this tissue by reducing PGE2 signaling (77). PGT is often expressed 

during resolution of an inflammatory response in order to clear the tissue of excess PGE2. 

However, in the environment of chronic inflammation, PGT is expressed at lower levels 

than in normal tissue (78). It is unclear whether the reduction of PGT expression causes 

chronic inflammation by decreasing PGE2 clearance, or is a result of the sustained pro-

inflammatory environment. Cancer is often referred to as “a wound that never heals” 

since many wound healing pathways are dysregulated in a tumor. Elevated PGT 

expression is found in diabetic skin which contributes to slower healing in this tissue 

(78). Hyperglycemia-induced PGT expression was detected in human dermal 

microvascular endothelial cells where the increased clearance of PGE2 suppressed the 

rate of healing (78). Activated β-catenin signaling has been associated with decreased 

PGT expression in intestinal epithelium and colorectal tumor cells (79). Aberrant β-

catenin signaling is commonly found in solid tumors and contributes to proliferative and 

migratory phenotypes in aggressive cancer. In colorectal cancer cell lines in which basal 

PGT expression was lower than in healthy colonocytes, PGT expression was increased by 

treatment with the DNA demethylating agent 5-aza-2’-deoxycytidine and the histone 

deacetylase inhibitor trichostatin A (55). This suggests that PGT expression can be 

suppressed by an epigenetic mechanism in a direct or indirect manner.  

The inverse relationship between PGT and MRP4 was first reported by Holla, et 

al. who recognized the net effect of these proteins on the regulation of PGE2 levels in 

colorectal cancer (55). In the majority of colorectal tumor samples examined, they found 

elevated MRP4 expression and suppressed PGT expression compared to adjacent normal 
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tissue. This inverse relationship was also seen in tumor-infiltrated myeloid cells. 

Eruslanov et al. show that tumor-derived factors not only suppressed the expression of 

PGT and 15-PGDH, but also enhanced the expression of MRP4 in myeloid cells (80). 

The identity of the molecule(s) in the conditioned media responsible for these effects has 

not been elucidated, but these changes in PGE2 transporter expression led to a marked 

increase of PGE2 in the microenvironment and enhanced PGE2 signaling (80).  

15-hydroxyprostaglandin dehydrogenase (15-PGDH) is a tumor-suppressor in 

breast, colon, liver, lung, and pancreas since decreased expression of this enzyme is 

associated with increased tumorigenesis (81–84). In breast cancer, 15-PGDH expression 

has been associated with ER expression, and loss of 15-PGDH in tumors may be due to 

15-PGDH promoter hypermethylation (81). 15-PGDH expression in the colon is 

necessary for optimal suppression of PGE2 by the specific COX-2 inhibitor, celecoxib 

(85). This effect is likely due to celecoxib not inhibiting the COX-1 enzyme which would 

still produce low levels of PGE2 in the colon. In the absence of 15-PGDH activity, COX-

1-dependent PGE2 synthesis would remain elevated. This 15-PGDH-celecoxib 

dependence could be important to consider when pharmacologically targeting PGE2 

levels. Micro-RNA miR-21 has emerged as a PGE2-induced negative regulator of 15-

PGDH expression in cholangiocarcinoma (86). 15-PGDH protein expression is enhanced 

by increasing mRNA transcription and stability as well as decreasing protein turnover. 

15-PGDH expression is induced by a diverse range of molecules including growth factors 

(TGF-β), interleukin-4 (IL-4), steroids, NSAIDs, mitogen activated protein kinase kinase 

(MEK) inhibitors, histone deactylase (HDAC) inhibitors, and DNA demethylating agents 

(82, 87, 88). 
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Metastasis 

Metastasis is the establishment of secondary tumors distal to the primary tumor 

and is the main cause of breast cancer-related mortality. There are many steps in the 

metastatic cascade. Tumor cells must 1) migrate and invade through the local tissue, 2) 

break through the basement membrane to intravasate into lymphatic or blood vessels, 3) 

survive the shear stresses of the circulatory system, 4) arrest in a capillary bed, 5) 

extravasate into the surrounding tissue, and 6) proliferate into a metastatic lesion (89). 

Each of these steps is very selective and involves many coordinated signaling pathways 

in both the primary tumor and the distant metastatic site (90). 

Breast cancer stem-like cells 

Cancer relapse signifies disease progression and poses a challenge for therapy as 

recurrent tumors are often resistant to therapeutic modalities used to treat the initial 

tumor. One possible cause of recurrent disease has been attributed to a recently identified 

subpopulation of tumor cells, “cancer stem cells” (91–93). This subpopulation, 

considered to be relatively rare, is generally resistant to systemic chemotherapies and 

may persist even after the bulk tumor has been eliminated. Their resistance to 

chemotherapy may be a result of slower cell proliferation or quiescent state in addition to 

higher expression of multidrug resistance proteins (ABCB1/P-glycoprotein [Pgp] and 

ABCG2/breast cancer resistance protein [BCRP]) relative to the bulk tumor (94–96). 

Cancer stem cells are defined by their pluripotent nature and are able to reconstitute all 

cell types found in the heterogeneous tumor. Several indicators of cancer stem-like cell 

properties have been established in both in vitro and in vivo models of breast cancer. 

These indicators include the ability for tumor cells to survive and proliferate in ultra low 
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attachment conditions, thereby forming multicellular “mammospheres,” enrichment of 

the CD44
high

/CD24
low

 subpopulation of cells, increased cellular activity of the aldehyde 

dehydrogenase enzyme (ALDH), and the ability of an individual tumor cell to establish a 

progressive tumor in an animal model (extreme limiting dilution assay, ELDA) (38, 92, 

97, 98). Another indicator of cancer stem-like cells is the presence of a “side-population” 

deteremined by flow cytometry as a result of increased Hoechst dye efflux by multidrug 

resistance proteins such as BCRP and Pgp (95, 96, 99). The in vitro indicators are not all 

required for a tumor cell to be characterized as “stem-like,” and different markers identify 

cancer stem-like cells in the different subtypes of breast cancer.   

In summary, elevated COX-2 has been established as a poor prognostic indicator 

in breast cancer consistent with the epidemiological data that use of NSAIDs can reduce 

the risk of breast cancer incidence and recurrence in certain populations. Also, loss of 15-

PGDH expression in breast cancer is predictive of a poor outcome as this enzyme, if 

present, curtails the protumorigenic signaling of PGE2. There is less evidence for the role 

of other members of the pathway that influence levels of extracellular PGE2, i.e., MRP4 

and PGT, in the breast cancer microenvironment. MRP4 exports PGE2 and is elevated in 

many forms of aggressive cancer, while PGT imports PGE2 from the extracellular space 

as the first step in PGE2 metabolism. Taken together, we have formulated the following 

hypothesis and specific aims: 
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Hypothesis 

MRP4 promotes breast cancer progression by exporting the COX-2 product, 

PGE2, to the extracellular environment where this ligand can act in an autocrine and 

paracrine manner to activate the EP4 receptor to promote metastasis and the cancer stem-

like cell phenotype. The following specific aims will test this hypothesis: 

Specific Aims 

Aim 1: Determine extent of ABCC4/MRP4 expression in breast cancer.  

Aim 2: Determine the impact of MRP4 on PGE2 active export and resistance to 6-

mercaptopurine. 

Aim 3: Determine the role of MRP4 on primary tumor growth and metastatic potential. 

Aim 4: Determine the role of MRP4 on breast cancer stem cells. 
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Chapter II: Materials and Methods 

Gene expression microarray analysis from Oncomine and TCGA 

Gene expression microarrays are comprised of glass or nylon substrates covered 

with thousands of different nucleic acid probes. RNA from a sample (tissue, cell culture) 

is reverse-transcribed to cDNA and labeled before being hybridized to the nucleic acid 

probes on the gene chip. Excess cDNA is removed and the amount of cDNA bound to 

each probe is quantified.  

Oncomine (www.oncomine.org) (Thermo Fisher Scientific Inc., Waltham, MA) 

was used to visualize publicly available breast cancer gene expression microarray data. 

Data sets were selected from those fitting the following parameters: “Gene: ABCC4,” 

“Probe ID: 203196_at,” which recognizes full length ABCC4 mRNA, and “Cancer Type: 

Breast Cancer.” The “Farmer Breast,” “Karnoub Breast,” and “Schuetz Breast 2” datasets 

were evaluated for gene expression of ABCC4, PTGS1, PTGS2, PTGER4, SLCO2A1, 

and HPGD (100–102). Expression of each gene is normalized to the median signal of all 

genes on the gene microarray and transformed by log2.  

Breast Cancer gene expression datasets from The Cancer Genome Atlas (TCGA) 

were investigated using the University of California Santa Cruz Cancer Genome Browser 

(https://genome-cancer.ucsc.edu/). Data from Illumina HiSeq and Agilent G4502A_07_3 

platforms show gene expression relative to tissue type (normal, primary tumor, or 

metastatic tissue), breast cancer molecular subtype (PAM50), estrogen receptor, 

progesterone receptor, or HER2 receptor status, overall survival time, recurrence-free 

survival time, age at diagnosis, race and ethnicity, stage at diagnosis, and lymph node 

status. The results shown here are in whole or part based upon data generated by the 
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TCGA Research Network: http://cancergenome.nih.gov/. Gene microarray (Oncomine) 

and next-generation sequencing data (TCGA) were analyzed for median and range using 

GraphPad Prism 5.0. 

Cell culture 

Human cell lines were cultured in a 5% CO2 atmosphere at 37°C. MCF10A cells 

were maintained in DMEM/F12 (Corning, Manassas, VA) supplemented with 5% horse 

serum, 20 ng/ml epidermal growth factor, 10 μg/ml insulin, 1 ng/ml cholera toxin, 100 

μg/ml
 
hydrocortisone, 1% penicillin and 1% streptomycin. The following breast cancer 

cell line media (Corning) was supplemented with 10% fetal bovine serum (FBS) (Gemini 

Bio-products, Woodland, CA or Atlanta Biologicals, Norcross, GA), 1% 

penicillin/streptomycin (Gemini Bio-products), and 2 mM L-glutamine (Gemini Bio-

products). MCF7, MDA-MB-231, and MDA-MB-468 cells were grown in Dulbecco’s 

Modified Eagle Medium (DMEM) with 1 g/L glucose. T47D cells were grown in RPMI 

1640 medium. MDA-MB-436 cells were grown in DMEM/F12 medium. BT549 cells 

were grown in DMEM with 4.5 g/L glucose. SKBR3 cells were grown in McCoy’s 5A 

medium. Cell culture plasticware was from Corning (Corning, NY). 

Control and shRNA plasmids (Origene, Rockville, MD) targeting ABCC4 were 

transfected into retroviral packaging phoenix cells (Allele Biotechnology, San Diego, 

CA) with Lipofectamine 2000 (Thermo Fisher Scientific Inc.). 48 hours after 

transfection, retrovirus-containing medium was collected and centrifuged (1000 rpm, 10 

minutes, 4°C) in order to pellet any cell debris. The supernatant containing the viral 

particles was transferred to new collection tubes and stored at -80°C. This medium was 

added with a final concentration of 4 ug/mL polybrene (American Bioanalytical, Natick, 
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MA) to MDA-MB-231 or MDA-MB-436 cells for 2 days before being passaged into 1.0 

μg/mL puromycin (Thermo Fisher Scientific Inc.) selection. After 1 week of selection, 

surviving cells were characterized by quantitative PCR and western blot for 

ABCC4/MRP4 knockdown compared to vector control cells, and the pooled populations 

with the greatest knockdown were subcloned for further characterization. Clones were 

generated from puromycin-resistant single-cell cultures that were expanded in 96-, 24-, 

and 6-well plates. Clones with stable MRP4 knockdown were cultured with retroviral 

media containing a luciferase expression plasmid for 3 days before being passaged into 

hygromycin B selection (Corning, Manassas, VA). After 2 weeks of selection, resistant 

cells were characterized for luciferase expression by adding luciferin (PerkinElmer, 

Waltham, MA) (250 μg/mL) to the cells and measuring the light intensity by 

luminometer (Berthold Technologies, U.S.A., Oak Ridge, TN). Detection of a signal 200-

fold over background was considered sufficient luciferase expression for use in in vivo 

experiments.  

Transient suppression of MRP4 expression was achieved using siRNA targeting 

ABCC4 (Origene, Gaithersburg, MD). Scramble control and three siRNA constructs (A, 

B, C) were transfected into BT549, MDA-MB-231, or MDA-MB-436 cells at 3, 3, and 

10 nM, respectively with interferIN reagent (Polyplus, New York, NY) according to 

manufacturer’s instructions.  

MRP4 overexpression was achieved both transiently and stably. Transient 

transfection of MCF7 cells with the MRP4 expression plasmid pcDNA3.1(-)MRP4-Zeo 

(a generous gift from H. Hayashi, University of Tokyo, Tokyo, Japan) or empty vector 

pcDNA3.1(+)-Zeo (a generous gift from I. Lindberg, University of Maryland, Baltimore) 
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was conducted using Lipofectamine 3000 (Thermo Fisher) at a ratio of 2 μg DNA to 3 μL 

Lipofectamine 3000. Stable MRP4 expressing MCF7 sub-lines were generated in a 

similar manner, but with the addition of Zeocin (100 μg/mL) (Thermo Fisher) selection to 

the MCF7 growth media. Cells were passaged every 3-4 days with fresh Zeocin added. 

After 3 weeks of selection, surviving cells were characterized by western blot for relative 

MRP4 expression. Two cell lines expressing MRP4 (MCF7-MRP4-2 and MCF7-MRP4-

3) and one cell line expressing vector (MCF7-Vec) were used to assess the effect of 

modulation of MRP4 on PGE2 production, 6-MP resistance, and in vivo primary tumor 

growth. 

RNA, cDNA, and qPCR  

Total RNA was isolated from cultured cells using the NucleoSpin RNA kit 

(Machery-Nagel Inc., Bethlehem, PA) according to the manufacturer’s instructions 

including the DNase digestion step. Isolation of RNA for siRNA screening was 

performed using the DirectZol RNA isolation kit (Zymo Research, Irvine, CA). Total 

RNA from mouse tissue was isolated using TRIzol (TRIzol LS for blood samples) 

following the manufacturer’s protocol (Thermo Fisher Scientific). cDNA was synthesized 

from 500-1000 ng total RNA using the qScript cDNA SuperMix (Quanta, Gaithersburg, 

MD) according to the manufacturer’s instructions. Quantitative real-time polymerase 

chain reaction (qRT-PCR) for all genes except ABCC4 was performed in triplicate using 

SYBR green master mix (Bio-Rad, Hercules, CA) and approximately 300 ng cDNA per 

reaction. ABCC4 and GAPDH expression was performed in triplicate using probe-based 

primer sets and iQ Supermix (Bio-Rad) with approximately 100 ng cDNA per reaction. 

Gene expression was determined using the 2
-ΔΔCt

 method with GAPDH as the reference 
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gene. Results are representative of replicate experiments and expressed as relative 

expression ± standard deviation (103).  

Protein isolation  

Total cellular protein was collected from cultured cells following a wash with 

cold phosphate buffered saline (PBS). Lysis buffer was comprised of RIPA buffer 

(Sigma-Aldrich, St. Louis, MO) supplemented with 1% protease inhibitor (Sigma-

Aldrich), 1% phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich), sodium 

orthovanadate (2 mM, Sigma-Aldrich), and sodium fluoride (5 mM final, New England 

Biolabs, Ipswich, MA). Lysis buffer was added to attached cells and incubated on ice for 

10 minutes before scraping into a tube. Alternatively, cells were detached briefly using 

trypsin, resuspended in growth media, and centrifuged. The resultant cell pellet was 

resuspended in lysis buffer. Lysates were vortexed several times over 20 minutes and 

otherwise kept on ice. Lysates were clarified by centrifugation at 8000 x g for 10 minutes 

at 4°C. Clarified, soluble protein was transferred to a new tube and stored at -80°C. 

Protein concentration of these clarified lysates was determined by the Bradford protein 

quantitation assay and normalized to a standard curve using known concentrations of 

bovine serum albumin (Thermo Fisher Scientific).  

Western immunoblotting  

Equal amounts of protein (20-50 μg) were combined with 4x Laemmli sample 

buffer and β-mercaptoethanol (2.5% final) (Bio-Rad) and incubated at 95°C for 5 minutes 

before being loaded into SDS-PAGE gels. Pre-stained protein ladders (Bio-Rad) were 

included on each gel in order to estimate protein size and maintain gel orientation. 

Conditions for protein separation depended on the protein of interest. When probing for 
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MRP4 or 15-PGDH protein, 4-15% gradient SDS-PAGE gels (Bio-Rad) were run at 100 

volts for 2 hours. For all other proteins, 10% SDS-PAGE gels (Bio-Rad) were run at 140 

volts for 45 minutes. Separated proteins were transferred to PVDF membrane using the 

Trans-Blot Turbo system (Bio-Rad) and blocked in 5% milk in wash buffer (phosphate 

buffered saline plus 0.1% Tween-20, PBS-T). Membranes were incubated overnight at 

4°C with primary antibodies under gentle rocking. Membranes were washed and 

incubated for 1 hour with secondary antibodies at room temperature under gentle rocking. 

Membranes were incubated in an ECL reagent for 5 minutes and exposed to x-ray film to 

visualize protein. Three ECL reagents of varying intensities were used in order to obtain 

clear bands. Pierce ECL West Pico (low intensity): β-actin, 15-PGDH. Bio-Rad Clarity 

(medium intensity): COX-1, COX-2, EP4, PGT. GE (Pittsburgh, PA) ECL Prime (high 

intensity): MRP4. 

Primary antibodies against COX-2, EP4, 15-PGDH, and PGT were from Cayman 

Chemical (Ann Arbor, MI). Primary antibodies against COX-2 and COX-1 were from 

Cell Signaling Technologies (CST, Danvers, MA). Primary antibodies against MRP4 

were from Enzo Life Sciences (Farmingdale, NY) (M4I-10, western blotting) and Life 

Span BioSciences (Seattle, WA) (LS-B2678, immunohistochemistry). The primary 

antibody against beta-actin (AC-15) was from Sigma-Aldrich. 5% Milk in PBS-T was 

used for diluting primary and secondary antibodies. Horseradish Peroxidase (HRP)-

conjugated secondary antibodies were used in the following concentration ranges: anti-

rabbit (Bio-Rad) 1:5,000, anti-mouse (KPL, Gaithersburg, MD) 1:5,000 – 1:10,000, and 

anti-rat (CST) 1:3,000 – 1:5,000.  

 



 

23 

PGE2 Determination Assay 

PGE2 levels in cell-conditioned media were determined using the Prostaglandin 

E2 EIA kit (Cayman Chemical) according to the manufacturer’s protocol. For 

normalization, PGE2 content is expressed in pg/μg cellular protein. When using MDA-

MB-231 cells for PGE2 export experiments, cells were stimulated with 80 nM PMA 

(Sigma-Aldrich) in fresh growth medium for 1 hour at 37°C. Stimulation media was 

removed and replaced with fresh growth media for 16 hours at 37°C. The resultant 

conditioned medium and whole cell lysate was collected and stored at -80°C. MRP4 

inhibitors were added to both stimulation and replacement media for these cells when 

indicated. MCF7 cells were stimulated with 10 μg/mL lipopolysaccharide (LPS, Sigma-

Aldrich) for 24 hours and the resultant conditioned medium was collected along with 

total cellular protein.  

Chemicals 

MK571 (Cayman Chemical and Calbiochem, Billerica, MA), an MRP-familiy 

antagonist, was dissolved to 15 mM in DMSO and stored, aliquoted, at -20°C. Tyrphostin 

AG 1478 (Sigma-Aldrich), a tyrosine kinase inhibitor with inhibitory activity on MRP4, 

was dissolved to 10 mM in DMSO and stored at 4°C. 6-Mercaptopurine (6-MP, Sigma-

Aldrich), a cytotoxic compound and substrate for MRP4, was dissolved to 250 mM in 1 

M NaOH (Sigma-Aldrich) and stored at -20°C for up to 2 weeks. A 4-fold dilution series 

of 6-MP was prepared in 1 M NaOH and added to growth media so that the maximal 

final NaOH concentration was 4 mM. There were no proliferative changes between cells 

cultured in growth media alone or in growth media with 4 mM NaOH. Luciferin 
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(PerkinElmer), a substrate for luciferase, was dissolved in sterile PBS at a concentration 

of 40 mg/mL and stored, protected from light at -20°C. 

Cell Viability & Proliferation Assays 

Breast cancer cells were seeded at the indicated concentrations MDA-MB-231: 

2x10
3 

cells per well, MDA-MB-436: 4x10
3
 cells per well, BT549: 3x10

3 
cells per well, or 

MCF7: 4x10
3
 cells per well of a black-walled, clear-bottom 96-well plate (Greiner Bio-

One) and allowed to settle for 30 minutes at room temperature before being placed in a 

37°C, 5% CO2 incubator overnight. For inhibitor treatment experiments, the cytotoxic 

drug 6-mercaptopurine (6-MP) was added in 4-fold dilutions (0.4-1000 μM) along with 

25 or 50 μM MK571 or 3 or 10 μM Tyrphostin AG 1478 or vehicle control in fresh 

growth media. For siRNA knockdown experiments, cells were transfected in the 96-well 

plate with 3 nM (MDA-BM-231 and BT549) or 10 nM (MDA-MB-436) of control or two 

siRNA constructs using InterferIN (Polyplus) according to the manufacturer’s 

instructions. The following day, the media was replaced with 4-fold dilutions of 6-MP in 

fresh growth media. Cells were incubated and monitored until they reached 

approximately 90% confluence (3-4 days after seeding) and media was replaced with 

PrestoBlue reagent (Life Technologies) in growth media. The plate was incubated for 15-

20 minutes at 37°C and fluorescence intensity (excitation 535 nm, emission 625 nm) was 

determined using a DTX880 plate reader according to manufacturer’s instructions 

(Beckman Coulter, Fullerton, CA). IC50 values were determined using GraphPad Prism 

5.0. The sensitization ratio is defined as the ratio between the IC50 of 6-MP alone 

(control) or transfected with a non-target siRNA and the IC50 of 6-MP plus an inhibitor 
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or siRNA targeting MRP4. Sensitization ratios were log-transformed and compared using 

the Student’s t-test to the hypothetical log-ratio = 0 (no sensitization effect).  

Transwell Migration  

MDA-MB-436 cells were seeded at 2.5x10
5
 cells per 3 ml per well in a 6-well 

plate. The following day, growth media was removed and the wells were washed with 2 

mL PBS before 2 mL of reduced serum media (1% serum in growth media) with or 

without inhibitors was added to the cells and incubated for 2 hours at 37°C. 1 mL of 

conditioned media was transferred to a 1.6 mL tube and briefly centrifuged to collect any 

cell debris. 500 uL of the conditioned medium supernatant was added to the lower 

chamber of the transwell plate (Millipore: ECM508) and the transwell inserts were placed 

into the wells while the upper chamber cell suspension was being prepared. MDA-MB-

231 cells were serum-starved overnight before being trypsinized and resuspended at 

5x10
5
 cells/mL. 300 uL of this suspension (1.5x10

5
 cells) was added to each transwell 

insert and incubated overnight (20 hours). Transwell insert processing was performed 

according to manufacturer’s instructions and the absorbance of the cell de-staining 

solution was taken by reading the absorbance at 560 nm (BioTek HT plate reader). 

Results are expressed as average absorbance over that of the serum-free media control ± 

standard error of the mean of 3 replicates.  

xCELLigence migration 

The real-time label-free cell monitoring system xCELLigence (ACEA, San 

Diego, CA) was used to monitor migration of MDA-MB-231 cells. Conditioned media 

from MDA-MB-436 cells was prepared as in the transwell migration assay. 160 μL of 

conditioned media was used per well in the lower chamber of the CIM migration plate. 
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MDA-MB-231 cells were starved overnight in serum-free DMEM and seeded into the 

upper chamber at 2x10
4
 cells per well in 100 μL serum-free media. Cell index readings 

were taken every 15 minutes for up to 48 hours.  

In vivo studies 

Human breast cancer xenograft and lung colonization were assessed with MDA-

MB-231 cells (5x10
5
) stably expressing both shRNA targeting ABCC4 and luciferase 

were injected subcutaneously proximal to the mammary fat pad into female BALB/c-

SCID mice (Jackson Labs, Bar Harbor, ME). Tumor growth was measured twice weekly 

and approximate tumor volume was calculated by  

            
 

 
 

where A=long diameter and B=perpendicular diameter. 

MDA-MB-231 cells (2.5x10
5
) stably expressing both shRNA targeting ABCC4 

and luciferase (or vector control and luciferase) were injected intravenously into the 

lateral tail vein of female BALB/c-SCID mice (Jackson Labs). Animals were injected 

with luciferin weekly and bioluminescent images were taken to monitor expansion of 

tumor cells trapped in the pulmonary capillary bed and elsewhere in the body. These 

experiments were conducted in collaboration with Dr. Xinrong Ma. 

MCF7 cells (5x10
6
) stably expressing empty vector control or MRP4 were 

implanted into the flanks of female NSG (NOD/SCID/IL-2γ
null

) mice (University of 

Maryland, Baltimore, Baltimore, MD) which were given estradiol supplementation 

pellets (0.36 mg/pellet, 90 day release) (Innovative Research of America, Sarasota, FL) 

prior to implantation with MCF7-derived cell lines. Approximate tumor volume was 

calculated from caliper measurements of the longest (L) and perpendicular (P) diameters: 
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Mice were euthanized after seventy-one days. Tumor lesions were excised and 

preserved for further analysis. These experiments were conducted in collaboration with 

Dr. Rena Lapidus and the UMGCC Translational Core Laboratory.  

All animal experiments were conducted under approved protocols in compliance 

with University of Maryland Institutional Animal Care and Use Committee.  

Mammosphere culture 

Breast cancer cell lines were cultured in MammoCult medium (Stem Cell 

Technologies Inc., Vancouver, CA) supplemented with hydrocortisone, heparin, 

amphotericin B, and gentamicin (Sigma-Aldrich) on ultra-low attachment plates (Corning 

Inc., Corning, NY). Three-dimensional spheroidal structures (mammospheres) resulting 

from the first plating in low-attachment conditions were designated MS1; subsequent 

passage into secondary mammosphere was designated MS2 cultures. 

Flow cytometry 

Cells were blocked with 1 % FBS and stained with antibodies recognizing CD44 

(FITC-conjugated mouse antihuman CD44), CD24 (PE-conjugated mouse antihuman 

CD24) or appropriate isotype control (BD Biosciences, San Jose, CA). Aldehyde 

dehydrogenase activity was detected by Aldefluor kit (Stem Cell Technologies) 

according to manufacturer’s protocol and analyzed by FACScan flow cytometry. These 

experiments were conducted in collaboration with Dr. Namita Kundu.  

Statistical Analysis 

The two-tailed Student’s t-test was used to compare two experimental groups. A 

p-value < 0.05 was considered to be statistically significant (*). 1-way ANOVA was used 
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to analyze multiple experimental conditions, and a Bonferroni post-test was used to 

determine the significance of each pair of conditions tested. A Wilcoxon signed-rank test 

was used to compare gene expression between small groups. Cox regression was 

performed by Dr. Olga Goloubeva and the UMGCC biostatistics service.  
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Chapter III: Aim 1: Determine prevalence of MRP4 

expression in breast cancer 

Oncomine: Expression of the PGE2 pathway  

COX-2 and its enzymatic product, PGE2, are dysregulated in many epithelial 

tumors and contribute to poor outcomes; however, much less is known about the 

expression or roles of the other proteins associated with PGE2 signaling on malignant 

behavior. As an extracellular ligand, the level of PGE2 in the tumor microenvironment is 

an indicator of tumor aggressiveness; elevated levels of PGE2 in breast tumor tissue have 

been associated with a poor prognosis (Fulton lab unpublished data). The extracellular 

levels of PGE2 are the net result of COX-2 activity (synthesis of PGE2), as well as MRP4 

(PGE2 export), PGT (PGE2 import), and 15-PGDH (metabolism of PGE2), (Figure I.1) 

(25). We first sought to investigate the expression of PGE2 pathway members other than 

COX-2, not yet described in breast cancer and to determine if expression patterns differ 

in breast cancer subtypes with different biologies.  

Oncomine (www.oncomine.org) is a platform with the capability to analyze gene 

expression data generated from mRNA profiling arrays with respect to clinical 

parameters. In pilot studies, we first examined the expression of the main PGE2 pathway 

genes: PTGS2 (COX-2), PTGS1 (COX-1), PTGER4 (EP4), ABCC4 (MRP4), SLCO2A1 

(PGT), and HPGD (15-PGDH) genes in three small breast cancer datasets in relation to 

pathological and molecular subtype. Breast cancer molecular subtypes are determined 

from gene expression arrays. The “Farmer Breast” dataset includes six apocrine, sixteen 

basal, and twenty-seven luminal breast carcinomas which allows for the comparison of 

gene expression between molecular subtypes of breast cancer (100). Apocrine breast 
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cancer is characterized by the expression of androgen receptor, but lacks expression of 

ER, PR, or HER2 (100). Both apocrine and luminal breast cancer have a better prognosis 

and are considered to be less aggressive than basal breast cancer. Luminal A and luminal 

B subtypes are combined in this dataset. The “Karnoub Breast” dataset compares gene 

expression between seven normal mammary stroma samples and fifteen matched breast 

cancer-associated stroma samples (102). This dataset allows for the investigation into 

altered gene expression of the stroma in the presence of a tumor relative to normal 

stroma. The “Schuetz Breast 2” dataset includes seven samples each of ductal carcinoma 

in situ (DCIS) and invasive ductal carcinoma (IDC) (101). The distinction between DCIS 

and IDC is very important clinically as IDC can progress rapidly while DCIS is localized, 

(stage 0) disease. Gene expression is reported as log2 median-centered intensity; the 

median expression signal from the entire gene array chip was subtracted from each gene 

and the resulting signal intensity was log2 transformed. A negative value for gene 

expression indicates that the gene is expressed, but at a lower level than the median of all 

genes on the microarray. Since each microarray is normalized independently, 

comparisons of the gene expression values between data sets are not valid. The 

distribution of gene expression values between categories within the same dataset was 

analyzed and described for each gene studied. 

MRP4 is the major exporter of PGE2 expressed on the plasma membrane of 

epithelial cells and has been associated with a poor prognosis in several tumor types 

including those of the prostate, brain, lung, and pancreas, but little is known about the 

expression or function of MRP4 in breast cancer (49, 52, 104–106). We observed that 

expression of ABCC4/MRP4 is elevated more frequently in basal breast tumors (median 
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= 0.576) than in apocrine (median = -0.404) or luminal (median = -0.185) tumors (Figure 

III.1A). When gene expression in mammary stroma was examined, we observed that 

ABCC4 expression was elevated in breast cancer-associated stroma (median = 0.278) 

compared to normal mammary tissue (median = -0.471) (Figure III.1B). Thirteen of the 

fifteen normal stromal tissue samples had ABCC4 expression less than zero while six of 

the seven IDC samples had ABCC4 expression greater than zero. We observed a similar 

trend in expression of ABCC4 in IDC tumor samples compared to DCIS samples (Figure 

III.1C). ABCC4 expression is elevated more frequently in IDC tumors (median = 0.789) 

than in DCIS tumors (median = -0.154). All IDC tumor samples examined had 

expression of ABCC4 greater than zero, while the expression of ABCC4 from only two 

of the seven DCIS samples was greater than zero, and the maximum expression level was 

not as high as that seen in the IDC samples. This is the first report describing 

differences of ABCC4 expression among breast cancer subtypes.  
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Figure III.1: Expression of ABCC4 

(MRP4) is elevated in aggressive breast 

cancer.  

A) The Farmer Breast dataset compares gene 

expression of ABCC4 in apocrine (Ap), 

basal (Ba), and luminal (Lu) breast tumors. 

B) The Karnoub Breast dataset compares 

ABCC4 expression among normal breast 

stroma and invasive ductal carcinoma (IDC)-

associated stroma. C) The Schuetz Breast 2 

dataset compares expression of ABCC4 in 

ductal carcinoma in situ (DCIS) and IDC. A 

negative value indicates the gene is 

expressed but at a lower level than the 

median of all genes on the microarray.  
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PGT is responsible for import of PGE2 from the tumor microenvironment as the 

first step in PGE2 metabolism. When we examined three data sets for SLCO2A1 (PGT) 

expression, we observed little variation in the expression of this gene among 

subcategories of breast cancer. Basal breast cancer had a slightly higher maximum gene 

expression value compared to apocrine or luminal breast cancer, but overall, the pattern 

of expression was similar in apocrine, basal, and luminal subtypes (Figure III.2A). There 

were more basal breast cancer samples with SLCO2A1 expression around the maximum 

value compared to luminal samples. SLCO2A1 expression values in the stroma were 

greater than zero, and there was a slight increase in the median expression of SLCO2A1 

in IDC-associated stroma (1.86) compared to normal stroma (0.927) (Figure III.2B). We 

also saw a modest increase in median SLCO2A1 expression when we compared IDC 

(1.477) versus DCIS (1.1) (Figure III.2C).  
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Figure III.2: Expression of SLCO2A1 

(PGT) in subcategories of breast cancer.  

A) The Farmer Breast dataset compares gene 

expression of SLCO2A1 between apocrine 

(Ap), basal (Ba), and luminal (Lu) breast 

tumors. B) The Karnoub Breast dataset 

compares SLCO2A1 expression between 

normal breast stroma and invasive ductal 

carcinoma (IDC)-associated stroma. C) The 

Schuetz Breast 2 dataset compares 

expression of SLCO2A1 between ductal 

carcinoma in situ (DCIS) and IDC. A 

negative value indicates the gene is 

expressed but at a lower level than the 

median of all genes on the microarray. 
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15-prostaglandin dehydrogenase (15-PGDH/HPGD) metabolizes intracellular 

PGE2 so that this ligand is unable to bind EP receptors resulting in silencing of PGE2 

signaling. When we examined three data sets for HPGD/15-PGDH expression, we 

observed that HPGD expression was expressed in all samples, and gene expression 

values were generally below zero. This indicates that HPGD expression was less than the 

median expression of all genes on the microarray. The minimum expression value for 

HPGD in apocrine, basal, and luminal breast cancer was nearly equivalent, but the 

maximum gene expression value and distribution of the remaining samples differed 

between these subtypes of breast cancer (Figure III.3A). One of the apocrine breast 

cancer samples had the only gene expression value greater than zero. Two basal samples 

had nearly equivalent HPGD expression and were at least two-fold higher compared to 

the rest of the basal samples. HPGD expression levels in luminal tumor samples ranged 

from -2.75 to -1.46 with more consistency in expression levels than the apocrine or basal 

samples. HPGD expression in normal stroma spanned a wider range (-1.9 to +1.3) 

compared to IDC-associated stroma (-1.59 to +0.8), but the majority of the normal stroma 

samples had gene expression values less than zero whereas three of seven tumor-

associated stroma samples had gene expression less than zero (Figure III.3B). HPGD 

expression between DCIS and IDC samples was very similar (Figure III.3C). There may 

be a slight increase in the expression of HPGD in DCIS samples; however, the 

differences in HPGD expression between these groups and the number of samples in this 

dataset prevent a strong conclusion from this data. Many reports have demonstrated that 

HPGD/15-PGDH is a tumor-suppressor gene and that expression is lost in breast cancer. 

These data do not provide convincing evidence to refute or support those findings.  
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Figure III.3: Expression of HPGD (15-

PGDH) in subcategories of breast 

cancer.  

A) The Farmer Breast dataset compares 

HPGD gene expression between apocrine 

(Ap), basal (Ba), and luminal (Lu) breast 

tumors. B) The Karnoub Breast dataset 

compares HPGD expression in normal 

breast stroma and invasive ductal 

carcinoma (IDC)-associated stroma. C) 

The Schuetz Breast 2 dataset compares 

expression of HPGD between ductal 

carcinoma in situ (DCIS) and IDC. A 

negative value indicates the gene is 

expressed but at a lower level than the 

median of all genes on the microarray. 
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COX-1 and COX-2 both produce PGE2 but under different conditions. COX-1 is 

expressed constitutively throughout most tissues of the body (24, 26, 107). COX-2 is 

rarely expressed except in response to inflammatory stimuli and is often dysregulated and 

constitutively present in epithelial tumors (24, 26, 108). When we examined three data 

sets for PTGS2 (COX-2) expression, we found that mRNA was always detected and 

expression levels were similar among subgroups in these datasets. Figure III.4A 

compares mRNA expression of PTGS2 between apocrine, basal, and luminal subtype 

tumors. PTGS2 expression falls within a narrow range in apocrine (-2.6 to -2.4) and 

luminal (-2.7 to -1.9) tumors compared to basal tumors (-2.6 to +2.1). These differences 

in the distribution of gene expression among molecular subtypes suggest that PTGS2 may 

be more dysregulated in basal breast cancer than in apocrine or luminal breast cancer, but 

the sample size is too small to make definitive conclusions. Many of the early studies that 

established an important role for COX-2 protein were carried out before these molecular 

subtypes were defined. PTGS2 gene expression is higher in normal stroma compared to 

IDC tissue (Figure III.4B). This finding is difficult to explain since many reports have 

shown increased COX-2 protein expression in aggressive epithelial tumors (26, 35, 108–

112). There is a slight increase in the distribution of PTGS2 expression in IDC samples  

(-1.8 to +0.2) compared to DCIS samples (-2.0 to -0.4) (Figure III.4C) which suggests 

that PTGS2 could be elevated more frequently in invasive tumors. The majority of values 

in Figures III.4A and III.4C are negative while the values in Figure III.4B are mostly 

positive. These absolute values cannot be compared between datasets since each was 

generated and median-centered independently. While one or two samples in each dataset 

are disparate from other samples in the same subcategory (e.g. Farmer Breast: Basal, 
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Karnoub Breast: IDC stroma, and Schuetz Breast 2: IDC), these differences are not 

strong enough to draw conclusions about possible differences in PTGS2 expression in 

different histologic subtypes. Notably, previous reports have shown that COX-2 protein, 

while expressed in many breast tumors, does not correlate strongly to a particular 

pathologic or molecular subtype (109, 113). We show here that while PTGS2 mRNA is 

expressed in each of the samples investigated, there does not seem to be significant 

differences at the mRNA level among these subcategories of breast cancer.  

When we examined three data sets for PTGS1 (COX-1) expression we found that 

many of the samples fell into a narrow range of normalized expression values (all within 

-0.33 to +0.22). Breast cancer samples had similar PTGS1 expression values independent 

of their molecular subtype (Figure III.5A). Expression of PTGS1 was more frequently 

elevated in IDC stroma compared to normal stroma tissue (Figure III.5B). Also, in IDC 

samples, PTGS1 expression was expressed in a narrower range (0.23 to 0.45) compared 

to DCIS samples (0.05 to 0.45) (Figure III.5C). This trend was expected since most 

normal cells express COX-1 albeit at constitutively low levels.  
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Figure III.4: PTGS2 (COX-2) expression 

profiles across subcategories of breast 

cancer.  

A) The Farmer Breast dataset compares gene 

expression among apocrine (Ap), basal (Ba), 

and luminal (Lu) breast tumors. B) The 

Karnoub Breast dataset compares PTGS2 

expression in normal breast stroma and 

invasive ductal carcinoma (IDC). C) The 

Schuetz Breast 2 dataset compares 

expression of PTGS2 in IDC samples 

compared to ductal carcinoma in situ (DCIS) 

samples. A negative value indicates the gene 

is expressed but at a lower level than the 

median of all genes on the microarray. 
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Figure III.5: PTGS1 (COX-1) expression 

profiles across subcategories of breast 

cancer  

A) The Farmer Breast dataset compares 

PTGS1 gene expression between apocrine 

(Ap), basal (Ba), and luminal (Lu) breast 

tumors. B) The Karnoub Breast dataset 

compares PTGS1 expression in normal breast 

stroma and invasive ductal carcinoma (IDC)-

associated stroma. C) The Schuetz Breast 2 

dataset compares expression of PTGS1 

between IDC and ductal carcinoma in situ 

(DCIS). A negative value indicates the gene is 

expressed but at a lower level than the median 

of all genes on the microarray. 
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Activation of the EP4 receptor has been associated with tumor progression in 

breast, colon, lung, and prostate (34, 37, 42, 114). We observed that PTGER4 gene 

expression is consistently expressed and elevated in all subtypes of breast cancer as well 

as in both healthy and tumor-associated stroma (Figure III.6). All subtypes of breast 

cancer (apocrine, basal, and luminal) had similar patterns of PTGER4 expression (Figure 

III.6A). PTGER4 expression in IDC-associated stroma is similar to that seen in normal 

stroma (Figure III.6B). When localized (DCIS) malignancy is compared to invasive 

(IDC) tumors, increased PTGER4 expression correlates with the invasive phenotype, IDC 

(Figure III.6C). Although this receptor is expressed in both normal and malignant 

tissues, it has been shown that antagonism of EP4 can decrease expression of pro-

tumorigenic genes (e.g. VEGF and aromatase), decrease metastatic potential, and 

suppress the breast cancer stem-like phenotype (38, 40, 41, 77, 115, 116). 

These datasets enabled a preliminary examination of multiple members of the 

PGE2 pathway in primary tumor samples stratified by either breast cancer subtype or by 

localized versus invasive disease. These results suggest that more aggressive, invasive 

tumors with a poor prognosis express combinations of genes that could lead to a tumor 

microenvironment with higher PGE2 levels; however, the small number of samples does 

not permit definitive conclusions.  
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Figure III.6: Expression of PTGER4 

(EP4) is elevated in breast cancer and in 

normal stroma.  

A) The Farmer Breast dataset compares 

PTGER4 gene expression between apocrine 

(Ap), basal (Ba), and luminal (Lu) breast 

tumors. B) The Karnoub Breast dataset 

compares levels of PTGER4 expression 

between normal breast stroma and invasive 

ductal carcinoma (IDC)-associated stroma. 

C) The Schuetz Breast 2 dataset compares 

expression of PTGER4 between IDC and 

ductal carcinoma in situ (DCIS). A negative 

value indicates the gene is expressed but at a 

lower level than the median of all genes on 

the microarray. 
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The Cancer Genome Atlas: Expression of the PGE2 pathway and 

correlation to clinical parameters of breast cancer. 

We next examined a much larger database, The Cancer Genome Atlas (TCGA), 

which contains a collection of extensive data sets generated from next-generation 

sequencing of a wide range of tumor types. Two independent datasets of gene expression 

in breast cancer (TCGA breast invasive carcinoma (BRCA) gene expression by RNAseq 

AgilentG4502A_07_3 array; n = 597 and IlluminaHiSeq; n = 1206) were examined using 

the UCSC cancer genome browser (https://genome-cancer.ucsc.edu/). Heatmaps of gene 

expression versus breast cancer subtype and receptor expression are shown here (Figures 

III.7 and III.8).  

Similar to the Oncomine gene expression data (Figures III.1-6), gene expression 

data in these TCGA data sets has been transformed. These data have been mean-centered 

in order to more easily visualize differences in gene expression. The mean expression 

value of a gene has been subtracted from each individual sample’s gene expression value 

so that gene expression values less than the mean value are negative and gene expression 

values higher than the mean are positive. Figure III.7 shows an enlarged version of the 

heatmap for ABCC4 expression including detailed labels for the color scales and how to 

read these data-rich figures. Each clinical sample is represented horizontally across the 

six multicolored columns. The first column shows the relative gene expression where red 

represents high gene expression and blue represents low gene expression. White indicates 

gene expression near the mean which was normalized to zero. The second column 

indicates the PAM50 breast cancer subtype of the sample. PAM50 is a gene expression 

array used to classify breast cancer into five distinct subtypes. Dark blue represents 

luminal A subtype tumors, light blue represents luminal B subtype tumors, orange 
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represents HER2-enriched tumors, peach represents basal-like tumors, and green 

represents normal-like tumors. The next three columns represent protein expression data 

for estrogen receptor (ER), progesterone receptor (PR), and HER2 receptor, the three 

main molecular targets exploited therapeutically in breast cancer. Here, orange indicates 

positive protein expression for a receptor while dark blue indicates negative receptor 

status. Gray areas in the PAM50 subtype or receptor expression sub-columns indicate 

that the data was not available (N/A) for that sample. Not surprisingly, most of the tumor 

samples in the luminal A and B groups (PAM50 mRNA expression subtypes) are also 

classified as having positive (orange) ER and PR protein. Also, most of the HER2-

enriched tumors (PAM50 mRNA expression subtype) are positive for HER2 receptor 

protein (orange bands in the HER2 receptor column). The right-most column indicates 

what tissue the sample was from; normal tissue (pink) or malignant tissue (dark blue).  
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Figure III.7: Detailed TCGA heatmap of ABCC4 expression.  

Each patient sample is represented horizontally across the six columns. Low (blue) to high 

(red) relative gene expression is shown in the first column. PAM50 breast cancer subtype 

(mRNA) is represented by the second column. Positive (orange) or negative (blue) estrogen 

(ER), progesterone (PR), and HER2 receptor protein staining status is shown in the third 

through fifth columns, respectively. Sample tissue type (pink: normal, blue: tumor) is 

represented by the sixth column.  



 

46 

We examined the expression of seven genes (ABCC4, SLCO2A1, HPGD, 

PTGS2, PTGS1, PTGER4, and PTGER2) and found very consistent expression patterns 

when comparing the Illumina HiSeq to the Agilent data sets. Gene expression data from 

these data sets is shown in Figure III.8 where each column is as described in Figure 

III.7. 

Elevated expression of ABCC4/MRP4 could lead to elevated PGE2 in the tumor 

microenvironment and could therefore be a contributing factor to the aggressive nature of 

these malignancies. We observed elevated ABCC4 expression in TNBC or basal and 

HER2-enriched tumors (molecular subtypes as defined by protein or mRNA expression), 

respectively (Figure III.8, panel 1, solid boxes) compared to normal tissue, luminal A or 

B, or ER+/PR+ tumors (dotted boxes). These observations support our hypothesis that 

increased ABCC4 expression correlates with increased tumor aggressiveness (observed 

in basal-type and HER2 amplified breast cancer) and worse prognosis and is also 

consistent with similar observations made in Figure III.1 using the Farmer breast dataset, 

which also revealed higher ABCC4 in basal type breast cancer.  

SLCO2A1/PGT is responsible for the import of PGE2 from the tumor 

microenvironment as the first step in PGE2 metabolism. We observed increased 

SLCO2A1 expression in normal tissue and tumors classified as HER2-enriched or 

luminal A (Figure III.8, panel 2, solid boxes); comparatively, tumors classified as 

luminal B or basal had decreased SLCO2A1 expression (dotted boxes). We were unable 

to correlate these observations with those made in Figure III.2A since all luminal 

subtype tumor samples were pooled.  
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Following import via PGT, PGE2 is metabolized by 15-PGDH which terminates 

PGE2-mediated actions on the cell. HPGD gene expression is high in normal breast tissue 

(Figure III.8, panel 3, solid box), intermediate in luminal A and B tumors (dashed box), 

and low in basal and HER2-enriched samples (dotted box). These observations are 

consistent with 15-PGDH being classified as a tumor-suppressor gene in multiple tumor 

types, including breast (81–84).  

As the rate-limiting enzymes of PGE2 synthesis, COX-1 and COX-2 expression 

have been extensively studied in epithelial malignancies. COX-1 protein expression 

generally remains consistent from normal to malignant tissue, but COX-2 protein 

expression increases in aggressive tumors (26, 27, 111). We examined the expression of 

their respective genes, PTGS1 and PTGS2, in these data sets. We observed elevated 

PTGS2 expression in normal breast tissue and basal subtype tumors (Figure III.8, panel 

4, solid boxes). Luminal A, luminal B, or HER2-enriched tumors had lower expression 

of PTGS2 mRNA comparatively (dashed box). The differences in PTGS2 expression 

among the subtypes of breast cancer are quite remarkable, especially among basal 

subtype tumors with high PTGS2 compared to luminal or HER2-enriched tumors with 

low PTGS2 expression. As we saw earlier, PTGS2 expression is elevated in the majority 

of normal tissues, and this pattern was confirmed in this larger data set (Figure III.8, 

panel 4, solid box).  

As seen in Figure III.5, PTGS1 expression does not extend over a wide range. 

We now observe that PTGS1 is highest in luminal A tumors and in samples that express 

both estrogen and progesterone receptors (Figure III.8, panel 5, solid box). Normal 

breast tissue samples have moderate expression of PTGS1 (dashed box), whereas the 
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three other breast cancer subtypes (luminal B, basal, and HER2-enriched) have moderate 

to low expression of PTGS1 (dotted box). Overall, PTGS1 is detected in multiple tumor 

subtypes and this is consistent with the findings in the smaller datasets.  
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Figure III.8: Gene expression heatmaps of two independent breast cancer data sets 

from TCGA.  

Gene expression from seven genes (ABCC4 [MRP4], SLCO2A1 [PGT], HPGD [15-PGDH], 

PTGS2 [COX-2], PTGS1 [COX-1], PTGER4 [EP4], and PTGER2 [EP2]) and accompanied 

clinical data are represented by color-coded columns as described in Figure III.7. Regions of 

interest are indicated for high gene expression (solid box), intermediate gene expression 

(dashed box), and low gene expression (dotted box).  
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The COX-2 product, PGE2, mediates cell signaling through four G-protein 

coupled receptors (EP1-4). EP2 and EP4 have been implicated in malignant behavior. 

PGE2 signaling through both EP2 and EP4 receptors regulates gene expression through 

activation of adenylyl cyclase and production of cAMP; however, migration and support 

of the breast cancer stem-like phenotype are more strongly associated with EP4 signaling. 

We examined expression of EP4 and EP2 mRNA (PTGER4 and PTGER2, respectively). 

We observed elevated PTGER4 expression in normal breast tissue samples compared to 

malignant breast samples (Figure III.8, panel 6, solid box). Of the tumor samples, basal 

and HER2-enriched tumors (dashed box) showed higher PTGER4 expression than the 

luminal subtype tumors (dotted box). Expression of PTGER4 in all tumor subtypes is 

consistent with the observations made in smaller datasets (Figure III.6). These data 

support our previous findings that EP4 could be a therapeutic target in aggressive breast 

cancer. PTGER2 is more highly expressed in normal breast tissue compared to malignant 

breast tissue. There seems to be no relationship between breast cancer subtype and 

PTGER2 expression (Figure III.8, column 7). Similar trends of gene expression were 

observed in the smaller AgilentG4502A_07_3 dataset.  

These data, generated from two independent data sets, show gene expression 

patterns of PGE2 pathway members in normal breast tissue compared to the breast cancer 

subtypes. The strong correlation observed between ABCC4 expression and aggressive 

breast cancer supports our central hypothesis that elevated MRP4 expression is correlated 

with aggressiveness in malignant breast tissue, particularly in basal and HER2-enriched 

molecular subtypes. Conversely, pathway members that terminate PGE2 actions 

(SLCO2A1 and HPGD) are down-regulated in these breast malignancies with the worst 



 

51 

prognosis. PGE2 is a product of COX-1/PTGS1 or COX-2/PTGS2 and so the expression 

of these genes was examined in TCGA datasets. PTGS1 expression did not show any 

striking relationships to the breast cancer subtypes. PTGS2, however, was surprisingly 

elevated in normal breast tissue which was unexpected since there are countless reports 

of elevated COX-2 protein in tumors relative to adjacent normal tissue. This 

inconsistency could be due to a complex relationship between PTGS2 mRNA and COX-2 

protein. PTGS2 is an immediate-early gene with a short mRNA half-life, so the mRNA 

expression level could be less reliable than the protein expression level (117). PTGER2 

and PTGER4 were included in this analysis because PGE2 activates EP2 and EP4 which 

have been implicated in malignant behavior in multiple tumor types. PTGER2 and 

PTGER4 were elevated in normal tissue compared to malignant tissue; however, only 

PTGER4 appeared to be associated with the aggressive breast cancer subtypes. These 

data support our central hypothesis that the COX-2 pathway contributes to malignant 

behavior. Extensive literature supports a central role for COX-2 in breast and other 

malignancies (38, 40, 44, 118). The current data support the hypothesis that other 

components, in particular high MRP4 and low 15-PGDH, may also contribute to a high 

PGE2 environment, particularly in basal-like breast cancers.  

These trends between breast cancer subtypes and the PGE2 pathway members’ 

gene expression warranted a deeper analysis into TCGA data. The Illumina HiSeq dataset 

was downloaded using the UCSC Cancer Genome Browser and analyzed as shown in the 

following gene expression tables and figures. Table III.1 summarizes the clinical 

categories in the analyzed Illumina HiSeq dataset. This dataset is comprised of 1087 

primary tumor samples, 112 normal mammary tissue samples, and 7 metastatic tissue 
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samples. The normal mammary tissue samples and metastatic tissue samples are from 

women with primary tumor samples in the dataset. The median age at diagnosis was 58 

years with a range of 26 – 90 years. This is within the expected age distribution of 

women diagnosed with breast cancer. The distributions of patient race and ethnicity 

reflect general patterns of breast cancer in the U.S. The most frequent tumor stage was 

stage II (40.6%) and the most frequent lymph node status was N0 (node negative) 

(47.1%). Nearly equivalent percentages of stage I (12.2%) and stage III (15.5%) tumors 

were included in this data set and approximately 2% of the staged tumors were stage IV. 

We grouped all lymph node positive tumors (n=551) and this was similar to the number 

of lymph node negative tumors (n=512). The distributions of ER, PR, and HER2 protein 

status along with the PAM50 subtypes were consistent with previously reported figures 

when clearly defined samples were considered (3, 10, 12, 13, 119).  

We asked if any of these five genes were strongly correlated with each other and 

performed a pair-wise correlation analysis. Correlation between PGE2 pathway genes in 

primary tumors were weak (-0.5 - +0.5) as the resulting Pearson’s correlation coefficients 

ranged from 0.1135 to 0.4597 (Table III.2). 
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Table III.1: Summary of clinical data categories analyzed from the 

Illumina HiSeq Breast Cancer TCGA dataset.  

Samples in Analysis:   

Primary tumor 1087 

Normal Tissue* 112 

Metastatic Tissue* 7 

Total 1206 

*Matched with a primary tumor sample 

 

Age  Median Range 

Years 58 26 - 90 

 

Race n % 

White 746 68.6% 

Black or African 

American 
180 16.6% 

Asian 61 5.6% 

American Indian 

or Alaskan Native 
1 0.1% 

Not Available 99 9.1% 

Ethnicity n % 

Hispanic or 

Latino 
37 3.4% 

Not Hispanic or 

Latino 
874 80.4% 

Not Available 176 16.2% 

 

Stage n % 

I 133 12.2% 

II 441 40.6% 

III 172 15.8% 

IV 15 1.4% 

Not determined 326 30.0% 

 

Lymph Node 

Status n % 

NX 20 1.8% 

N0 512 47.1% 

N1 357 32.8% 

N2 118 10.9% 

N3 76 7.0% 

Not Available 4 0.4% 

 

ER Status n % 

Positive 593 54.6% 

Negative 179 16.5% 

Not determined 315 29.0% 

PR Status  n % 

Positive 515 47.4% 

Negative 254 23.4% 

Not determined 318 29.3% 

HER2 Status n % 

Positive 109 10.0% 

Negative 649 59.7% 

Not determined 329 30.3% 

Subtype (PAM50 

Array) n % 

Luminal A 230 21.2% 

Luminal B 123 11.3% 

HER2-enriched 58 5.3% 

Basal-like 98 9.0% 

Normal-like 8 0.7% 

Not determined 570 52.4% 

 

 

 

Sample tissue type, patient age at diagnosis, race, and ethnicity, tumor stage, lymph node 

status, expression of estrogen, progesterone and HER2 receptors, and PAM50 subtype 

information were extracted from the Illumina HiSeq Breast Cancer dataset. Each parameter 

was analyzed independently for association with PGE2 pathway member gene expression. 
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Table III.2: Correlation coefficients between 

pairs of PGE2 pathway genes.  

 

PTGER4 ABCC4 HPGD SLCO2A1 

PTGS2 0.3874 0.2986 0.1135 0.2481 

PTGER4 

 

0.4597 0.3087 0.4286 

ABCC4 

  

0.1771 0.2338 

HPGD 

   

0.2619 

 

  

Pearson’s correlation coefficients were calculated for each 

pair of genes.  
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Gene expression was analyzed for each of the five PGE2 pathway genes between 

normal tissue (n=112) and all primary tumor tissue (n=1087). PTGS2 (COX-2), PTGER4 

(EP4), HPGD (15-PGDH), and SLCO2A1 (PGT) gene expression all significantly 

decreased from normal tissue to primary breast tumor tissue (Figure III.9A). There was 

no significant change in the expression of ABCC4 (MRP4) between normal tissue and all 

primary breast tumors.  

Given the number of paired normal-tumor samples in the dataset (n=112), 

analysis for each of these genes was performed on these samples for which a normal and 

matched malignant tissue was available. Similar to the previous analysis, PTGS2, 

PTGER4, and HPGD were all decreased from normal tissue to tumor tissue in these 

paired samples (Figure III.9B). Notably and in direct contrast to PTGS2, PTGER4, and 

HPGD, ABCC4 is higher in tumor versus normal tissue, as had been seen in Figure III.1. 

The difference in SLCO2A1 expression between normal and tumor tissue was no longer 

significant in this pair-wise analysis. 
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Figure III.9: PGE2 pathway genes are differentially expressed between normal (N) 

and tumor (T) tissues.  

A) Gene expression between normal and all primary tumor samples represented by box-

and-whisker plots. P-values for Student’s t-test are shown below the plots. B) Gene 

expression between paired samples of normal and tumor tissue from 112 patients 

represented by box-and-whisker plots. Paired t-test p-values are shown below the plots. 

A 

B 
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Normal breast tissue samples were also compared to samples classified into four 

breast cancer subtypes (normal-like samples were excluded due to the small sample size) 

and analyzed for differences in relative gene expression. PTGS2 (COX-2) was decreased 

in most breast cancer subtypes compared to normal samples, but basal samples had the 

highest PTGS2 expression of the breast cancer subtypes (Figure III.10A). PTGER4 

(EP4) gene expression was decreased in all tumor samples compared to normal tissue 

samples (Figure III.10B). ABCC4 expression was similar in normal tissue and luminal A 

subtype tumors, but decreased in luminal B subtype tumors (Figure III.10C). Basal and 

HER2-enriched tumors had higher ABCC4 expression than normal tissue or luminal 

subtype tumors. HPGD expression was decreased in all tumor subtypes compared to 

normal tissue (Figure III.10D). SLCO2A1 expression showed a negative trend as the 

subtype aggressiveness increases (e.g. luminal A, luminal B, basal). HER2-enriched 

tumors expressed similar levels of SLCO2A1 compared to normal tissue (Figure 

III.10E). Figure III.10F summarizes the p-value results from Bonferroni’s multiple 

comparison tests calculated upon analyzing the relationships between the expression of 

the five PGE2 pathway member genes and the breast cancer subtypes.  
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Figure III.10: Gene expression relative 

to PAM50 subtype.  

Gene expression of A) PTGS2 (COX-2), 

B) PTGER4 (EP4), C) ABCC4 (MRP4), 

D) HPGD (15-PGDH), and E) 

SLCO2A1 (PGT) was subdivided by 

PAM50 breast cancer subtype. F) P-

values from Bonferroni’s multiple 

comparison tests are summarized. 
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Triple-negative breast cancer (TNBC) is defined by the lack of expression of 

estrogen receptor (ER), progesterone receptor (PR), or the HER2 receptor protein in the 

tumor. Each of these receptors can drive tumor growth, but are also therapeutically 

targetable. TNBC, lacking any of these targets, is much more difficult to control or 

eliminate therapeutically and also may be inherently more aggressive, and therefore, 

prognosis for this classification of breast cancer is poor (3, 7, 9, 16). While TNBC 

accounts for only 10-20% of new breast cancer cases annually, mortality for TNBC is 

disproportionately high (6, 9, 16). Since TNBC does not express the three therapeutically 

exploitable receptors, identification of new targets could drastically improve the outcome 

for women with this disease. TNBC samples (n=123) were compared to all other primary 

tumor samples (n=964) across the five PGE2 pathway genes. Expression of PTGS2 

(COX-2) and ABCC4 (MRP4) mRNA were significantly higher in the TNBC samples 

compared to all other primary tumors (Figure III.11). Conversely, HPGD (15-PGDH) 

and SLCO2A1 (PGT) were significantly decreased in the TNBC samples compared to 

other primary tumor samples (Figure III.11). Taken together, this pattern of gene 

expression should lead to more PGE2 synthesis and export to the tumor 

microenvironment and less import and degradation in the setting of TNBC. There was no 

significant difference between PTGER4 expression levels in TNBC samples compared to 

other types of breast cancer (Figure III.11). Taken together, these results are an example 

of the fundamental differences between TNBC and other types of breast cancer. Given 

these patterns, we would expect that PGE2 levels in TNBC tumors would be elevated due 

to the increased production and export and decreased metabolism of PGE2. 
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Figure III.11: PGE2 pathway genes are differentially expressed in Triple Negative 

Breast Cancer (TNBC) compared to other primary tumor types.  

PGE2 pathway gene expression was compared between primary tumor samples classified 

as TNBC or Other. P-values from Student’s t-tests are reported below each plot.  
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Breast cancer is classified by stage at the time of diagnosis which condenses 

information about tumor size, involvement of regional lymph nodes, and if the tumor has 

spread locally or distally from the primary location. Stage I tumors are small, localized 

lesions that have not spread to nearby lymph nodes, while stage IV tumors are uniquely 

characterized by distant metastatic spread from the primary site. We analyzed PGE2 

pathway member gene expression across the four stages of breast cancer (I-IV). 

Expression of PTGS2 (COX-2) mRNA was surprisingly decreased in stage III (n=172) 

and IV (n=15) tumors compared to stage I (n=133) tumors. Since more advanced cancers 

usually express elevated levels of COX-2 protein, the decrease in PTGS2 mRNA was 

unexpected. SLCO2A1 (PGT) expression was also decreased in stage II (n=441) tumors 

compared to stage I tumors. This decrease of SLCO2A1 expression is consistent with our 

hypothesis that more aggressive tumors have lower expression of genes required to 

metabolize PGE2 from the tumor microenvironment (SLCO2A1 and HPGD). PTGER4, 

ABCC4, and HPGD expression were not significantly associated with any stage of breast 

cancer. Overall, these associations between gene expression and breast cancer stage were 

not strong enough to pursue further. 
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Table III.3: PGE2 pathway gene expression relative to tumor stage.  

Gene Stage I II III IV 

 
Number 133 441 172 15 

PTGS2 Median -0.032 -0.527 -0.925 -1.610 

 
Range -3.958 --- 6.158 -4.653 --- 8.494 -4.243 --- 7.349 -2.797 --- 2.448 

PTGER4 Median -0.150 -0.231 -0.180 -0.789 

 
Range -5.007 --- 2.92 -4.141 --- 2.653 -2.77 --- 2.271 -2.227 --- 1.385 

ABCC4 Median 0.103 0.029 -0.074 0.167 

 
Range -3.751 --- 4.116 -5.378 --- 6.566 -3.556 --- 5.861 -2.627 --- 4.274 

HPGD Median 0.097 -0.468 -0.419 -1.208 

 
Range -6.052 --- 5.798 -5.636 --- 8.223 -6.052 --- 8.668 -4.361 --- 3.008 

SLCO2A1 Median 0.170 -0.044 0.072 -0.126 

 
Range -2.965 --- 2.555 -5.333 --- 2.927 -3.859 --- 2.815 -1.447 --- 1.196 

 

  

Median expression and range of PGE2 pathway genes relative to tumor stage is shown here. 

Shaded cells indicate significant differences (p < 0.05) in median expression compared to 

stage I samples for the same gene.  
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Breast cancer is known to spread locally to nearby lymph nodes as the tumor 

grows. Lymph node status is determined by histologic or molecular detection methods 

and increases from no lymph node involvement in stage I tumors to widespread lymph 

node involvement in stage III tumors. Lymph node status of the primary tumors was 

examined for an association with any of the PGE2 pathway members. Although lymph 

node status can be further sub-classified, we divided the samples into lymph node 

negative (N-) or lymph node positive (N+) categories. Of the five PGE2 pathway genes 

investigated, only PTGS2 and SLCO2A1 were significantly different between lymph 

node negative and lymph node positive tumors (Table III.4). The median expression of 

PTGS2 (COX-2) is slightly decreased from lymph node negative tumors to lymph node 

positive tumors. This is consistent with our previous findings of decreased PTGS2 

expression in more aggressive disease (Figure III.11). SLCO2A1 (PGT) expression 

increased slightly from lymph node negative tumors to lymph node positive tumors. 

While these changes were significant, we did not find any strong biological associations 

between lymph node status and gene expression to pursue further.  
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Table III.4: PGE2 pathway gene expression relative to lymph node 

status.  

Gene 

 

Node (-) Node (+) p-value 

 

 

Number of 

samples 512 551 

 PTGS2 Median -0.2896 -0.5697 0.0129 * 

  Range -5.345 --- 8.659 -4.77 --- 7.349 

 

  

PTGER4 Median -0.1122 -0.08457 0.6033 ns 

  Range -5.007 --- 3.494 -3.063 --- 2.485 

 

  

ABCC4 Median -0.05364 -0.05044 0.938 ns 

  Range -5.926 --- 5.499 -3.711 --- 6.566 

 

  

HPGD Median -0.2291 -0.4109 0.5227 ns 

  Range -6.052 --- 8.328 -6.052 --- 8.668 

 

  

SLCO2A1 Median 0.02051 0.123 0.0007 * 

  Range -5.627 --- 2.76 -3.859 --- 2.927 

 

  

 

  

Expression of PGE2 pathway genes was compared to lymph node positive (+) or negative (-) 

tumors. * p < 0.05 
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Overall survival and recurrence-free survival data were analyzed from this data 

set. Overall survival (OS) data were split into two categories: “patient death” and 

“censoring” due to the patient being lost to follow-up. The data included overall survival 

data from 810 patients (93 death events, 717 censored). High HPGD (15-PGDH) 

expression was found to be an independent predictor of longer overall survival as the 

hazard ratio is less than one (Table III.5). This association was highly significant and 

consistent with the classification of HPGD/15-PGDH as a tumor suppressor (81–83). 

This was the only gene to show a strong association with overall survival. We have 

stained a tissue microarray consisting of fifty-five samples from women diagnosed with 

early stage breast cancer for MRP4 protein expression and will compare overall survival 

and other clinical data relative to MRP4 levels. We are awaiting analysis by our 

collaborator, a clinical pathologist.  

Recurrence-free survival (RFS) categories included: “new tumor” and 

“otherwise.” This data shows how the expression of these genes is associated with 

disease progression. Elevated HPGD expression was strongly associated with favorable 

recurrence-free survival (Table III.5). Expression of PTGS2 and PTGER4, while not 

significant at p < 0.05, might be associated with recurrence-free survival. ABCC4 and 

SLCO2A1 expression did not strongly associate with either OS or RFS.  

In order to investigate if any of the PGE2 pathway genes were correlated with age 

at diagnosis, we performed a correlation analysis between the age at diagnosis and 

primary tumor gene expression. We found no strong correlation (-0.5 to +0.5) between 

age at diagnosis and expression of any of the five PGE2 pathway members studied in the 

primary tumor (Table III.6).  
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Table III.5: Survival analysis of breast cancer patients compared to 

PGE2 pathway gene expression.  

Marker or 

risk factor 

Overall Survival Recurrence-free Survival 

N; events, 

censored 

Hazard 

Ratio 

p-value  N; events, 

censored 

Hazard 

Ratio 

p-value  

ABCC4 810; 93, 717 ns 0.44 782; 80, 702 ns 0.90 

PTGS2 810; 93, 717 ns 0.38 782; 80, 702 ns 0.11 

SLCO2A1 810; 93, 717 ns 0.48 782; 80, 702 ns 0.57 

HPGD 810; 93, 717 0.89 0.01 782; 80, 702 0.89 0.02 

PTGER4 810; 93, 717 ns 0.97 782; 80, 702 ns 0.058 

 

  

Overall survival (n=810) and recurrence-free survival (n=782) data was analyzed relative to 

PGE2 pathway gene expression via Cox regression. Number of positive events and censored 

events for each survival type are shown. Hazard ratios for genes with significant associations 

are shown. P-values for Cox regression analysis are listed, and p-values less than 0.05 are 

considered to be significant.   
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Table III.6: Correlation of age at diagnosis and 

PGE2 pathway member gene expression. 

Gene Pearson's r p-value   

PTGS2 -0.151 < 0.0001 *** 

PTGER4 -0.080 0.0155 * 

ABCC4 -0.102 0.0019 ** 

HPGD -0.136 < 0.0001 *** 

SLCO2A1 -0.052 0.115 ns 

 

  

Pearson’s correlation coefficient was calculated for expression 

of each gene relative to age at diagnosis for 923 patients.  

* p = 0.01 - 0.05, ** p = 0.001 - 0.01, *** p < 0.0001 
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There is a racial disparity in breast cancers that develop in African American 

(black/AA) women compared to white women (6, 8). Breast cancer subtype and outcome 

are two of the many factors that make up this disparity, which is currently under further 

investigation by several laboratories (1). Gene expression of the five PGE2 pathway 

members was analyzed relative to patient racial background. Of the five genes examined 

between samples from black/AA and white women, SLCO2A1 (PGT) was the only gene 

that was significantly differently expressed between these two groups (Table III.7). 

Tumor samples from white women had slightly higher SLCO2A1 expression compared 

to tumor samples from black/AA women.  

Although many women included in this dataset likely developed metastatic 

lesions over the course of their disease, there were paired primary tumor and metastatic 

tissue samples from only seven patients in this collection. These pairs were analyzed for 

gene expression of the PGE2 pathway members. Gene expression levels between primary 

and metastatic tissue did not change consistently from the primary tumor to metastatic 

tissue nor did the difference of any gene between primary and metastasis reach statistical 

significance under the Wilcoxon signed-rank test (Table III.8). 
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Table III.7: Gene expression of PGE2 pathway members among 

black/AA women and white women.  

Gene   Black/AA White     

 

Number 

of samples 
180 746 t-test p-value 

 PTGS2 Median -0.557 -0.234 0.1212 n.s. 

 

Range -4.77 --- 8.534 -5.345 --- 8.659 

  PTGER4 Median -0.147 -0.078 0.14 n.s. 

 

Range -4.141 --- 3.494 -5.007 --- 2.92 

  ABCC4 Median 0.053 -0.043 0.5622 n.s. 

 

Range -5.926 --- 6.566 -4.987 --- 5.861 

  HPGD Median -0.565 -0.233 0.9881 n.s. 

 

Range -6.052 --- 8.31 -6.052 --- 8.668 

  SLCO2A1 Median -0.245 0.169 < 0.0001 *** 

 

Range -5.627 --- 2.084 -5.333 --- 2.709 

  

 

  

Primary tumor samples from black/AA (n=180 ) and white (n=746 ) women were compared 

for expression of each of the PGE2 pathway genes. Median expression and range are listed 

for each gene relative to the patient’s racial background. A Student’s t-test was performed 

on each gene comparison and the resulting p-values are listed. *** p < 0.0001 
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Table III.8: PGE2 pathway member gene expression between primary 

tumor and metastatic tissue samples from seven patients.  

Tumor-Metastasis Pairs Tumor Metastatic Wilcoxon  

Number of samples   7 7   

PTGS2 Median 0.426 -0.113 n.s. 

  Range -2.109 --- 3.188 -3.34 --- 3.279   

PTGER4 Median 0.376 -0.49 n.s. 

  Range -1.499 --- 0.779 -3.363 --- 1.529   

ABCC4 Median -0.126 -0.03 n.s. 

  Range -0.763 --- 2.836 -1.322 --- 2.718   

HPGD Median -0.234 1.051 n.s. 

  Range -1.691 --- 5.956 -0.239 --- 3.131   

SLCO2A1 Median 0.565 0.545 n.s. 

  Range -0.352 --- 0.997 -1.875 --- 1.548   

 

  

Median expression and range for each of the five PGE2 pathway genes is shown. A 

Wilcoxon test was used to compare the gene expression between the paired tumor-

metastatic samples. 
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In summary, extensive analysis of PTGS2 (COX-2), PTGER4 (EP4), ABCC4 

(MRP4), HPGD (15-PGDH), and SLCO2A1 (PGT) gene expression in a breast cancer 

dataset from TCGA shows that these genes are differentially expressed across breast 

cancer subtypes. Genes which contribute to the production and accumulation of PGE2 in 

the tumor microenvironment (PTGS2 and ABCC4) positively correlate with the 

pathological classification of TNBC while the genes responsible for PGE2 metabolism 

(HPGD and SLCO2A1) are negatively correlated with TNBC. There are several ways in 

which PGE2 levels can be dysregulated, but the expression patterns of these four genes 

suggest that TNBC tumors would have elevated levels of PGE2 in the tumor 

microenvironment. 

 

Breast cancer cell lines: expression of the PGE2 pathway and PGE2 

production 

Lastly, we wanted to investigate if these gene expression trends between breast 

cancer molecular subtypes were represented in breast cancer cell lines. Our panel of cell 

lines included: MCF10A (immortalized normal breast epithelium), MCF7 (luminal), 

T47D (luminal), MDA-MB-468 (basal), MDA-MB-231 (basal), MDA-MB-436 (basal), 

BT549 (basal), and SKBR3 (HER2-enriched) (120). These cell lines span not only a 

range of molecular subtypes, but also a range of metastatic potential and aggressiveness. 

We determined the expression of members of the COX-2/PGE2 pathway at the mRNA 

(Figure III.12) and protein level (Figure III.13).  

ABCC4 mRNA expression was significantly elevated in the basal cell line MDA-

MB-436 when compared to MCF10A cells. Very low expression of ABCC4 was detected 

in the luminal cell line T47D (Figure III.12A). At the protein level, MRP4 expression 
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was elevated in the MDA-MB-231, MDA-MB-436, BT549, and SKBR3 cell lines 

compared to the MCF7 and MDA-MB-468 cell lines (Figure III.13). MRP4 was not 

detected in T47D cells. Overall, elevated MRP4 expression was strongly correlated with 

cell lines of aggressive molecular subtypes (basal and HER2-enriched) as compared to 

luminal subtype cell lines. MRP4 expression in MCF10A cells fell in the midrange of the 

breast cancer cell lines. While MCF10A is commonly used to represent normal breast 

cells, higher MRP4 expression was observed in this cell line compared to MCF7 and 

T47D cell lines. When normal tissues were analyzed in Oncomine (Figure III.1) and 

TCGA datasets (Figure III.8, column 1), normal mammary epithelial tissue samples did 

not show elevated expression of ABCC4.  

SLCO2A1 mRNA was elevated in the luminal cell lines MCF7 and T47D as well 

as in the basal cell line MDA-MB-231 when compared to MCF10A cells (Figure 

III.12B). This trend did not translate to the protein level where MCF10A cells had the 

highest PGT expression (Figure III.13). T47D, MDA-MB-231, BT549, and SKBR3 cell 

lines had moderate expression of PGT while MCF7, MDA-MB-468, and MDA-MB-436 

cell lines expressed either low or no detectable PGT.  

HPGD mRNA was decreased in every breast cancer cell line except MDA-MB-

231 when compared to MCF10A (Figure III.12C); however, protein expression of 15-

PGDH more closely paralleled the expression patterns that we saw in larger TCGA 

datasets. 15-PGDH expression in MCF10A, MCF7, and T47D cells was higher than in 

the three basal cell lines (MDA-MB-231, MDA-MB-436, and BT549) and HER2-

enriched cell line SKBR3 (Figure III.13).  



 

73 

COX-1 expression was detected in all cell lines tested with MCF10A cells having 

the highest expression relative to the breast cancer cell lines (Figure III.13). Expression 

of COX-2 protein was detected in four of eight cell lines (T47D, MDA-MB-468, MDA-

MB-231, and MDA-MB-436) (Figure III.13).  

The EP4 receptor has been detected at multiple sizes via western blotting. Based 

on the amino acid sequence, a size of approximately 53 kDa is predicted; however, since 

EP4 is a membrane-associated glycoprotein, additional sugar moieties increase the 

apparent size between 55 and 65 kDa. EP4 expression at the larger (65 kDa) isoform was 

detected at similar levels in all cell lines except for BT549 which had barely detectable 

EP4 expression; however, there was generally higher expression of the smaller (47 kDa) 

isoform in the basal and HER2-enriched cell lines compared to normal MCF10A and 

luminal cell lines (Figure III.13). It is not known if each of these isoforms affect EP4 

signaling differently or if the size difference is simply due to different stages of post-

translational modification.  
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Figure III.12: Expression of ABCC4 (MRP4), SLCO2A1 (PGT), and HPGD (15-

PGDH) at the mRNA level in seven human breast cell lines.  

MCF10A cells were compared to six human breast cancer cell lines. The order of the cell 

lines is shown below the plots. Relative expression levels from a representative qPCR 

experiment are shown. A) ABCC4, B) SLCO2A1, and C) HPGD expression was normalized 

to GAPDH and reported as relative expression. Error bars represent standard deviation. * p < 

0.05 relative to MCF10A. 

A B C 
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Figure III.13: PGE2 pathway members are differentially expressed across eight human 

breast cell lines.  

MCF10A, MCF7, T47D, MDA-MB-468, MDA-MB-231, MDA-MB-436, BT549, and 

SKBR3 cells were blotted for the following proteins: COX-1, COX-2, EP4, MRP4, PGT, 

and 15-PGDH. β-actin was used as a loading control. Breast cancer subtypes are indicated 

below the blot by Normal (N), Luminal (L), Basal (B), and HER2-enriched (H).  
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Taken together these studies reveal complex expression patterns of PGE2 family 

members in individual cell lines reflecting the marked heterogeneity of human breast 

cancer. In each cell line, a different combination of these proteins could lead to different 

levels of PGE2 in the tumor microenvironment, however, some general patterns have 

emerged. We saw that more aggressive cell lines generally express higher levels of 

MRP4 and reduced PGT and 15-PGDH. The net result would be higher PGE2 levels in 

the tumor microenvironment due to increased PGE2 export by MRP4 and decreased PGE2 

import and metabolism via PGT and 15-PGDH, respectively. Conversely, as seen in the 

TCGA dataset (Figure III.8, panels 1-3, dotted boxes), luminal A cell lines tended to 

have lower levels of ABCC4/MRP4, higher levels of SLCO2A1/PGT, and moderate 

levels of HPGD/15-PGDH expression.  

Given these differential expression patterns of the PGE2 pathway members, we 

then asked what impact these differences have on net PGE2 production by breast cancer 

cells. We assayed the conditioned media from the breast cancer cell lines for PGE2 

content with regard to the expression of the PGE2 pathway.  

We detected low amounts of PGE2 in the conditioned media of MCF7 cells under 

normal culture conditions (Figure III.14). These cells do not express COX-2 or MRP4 to 

an appreciable level so production of PGE2 would be dependent on COX-1 and export 

would be dependent on the low level of MRP4 or passive diffusion (Figure III.13). In 

addition, MCF7 cells express 15-PGDH which would suppress the amount of PGE2 

detected in the conditioned media from these cells (Figure III.13).  

T47D cells favor PGE2 metabolism as there was actually less PGE2 detected in 

the conditioned growth media compared to the unconditioned media (Figure III.14). The 
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PGE2 we detected likely came from the serum component of the growth media. Since 

T47D cells express PGT and high levels of 15-PGDH, they are poised to robustly 

metabolize PGE2 even though COX-2 is expressed (Figure III.13). These cells also lack 

MRP4 expression so PGE2 is not actively exported (Figure III.13).  

Likewise, a net decrease in PGE2 was also detected from the growth media of 

MDA-MB-231 cells (Figure III.14). This is consistent with the low endogenous COX-2 

levels in these cells and moderate expression of MRP4, PGT, and 15-PGDH (Figure 

III.13).  

MDA-MB-436 cells produce high levels of PGE2 (4.82 pg/μg cellular protein) 

(Figure III.14). These cells express both COX-1 and COX-2 proteins along with 

elevated MRP4 and reduced PGT (Figure III.13). 15-PGDH expression in this cell line 

is equal to others that do not accumulate PGE2 in the conditioned media, but since the 

ratio of MRP4-to-PGT is high, any PGE2 in the cells would be exported readily instead of 

being metabolized. 

BT549 cells accumulate moderate levels of PGE2 (1.16 pg/μg cellular protein) in 

conditioned media (Figure III.14). These cells do not express high levels of COX-2; 

however, they express elevated levels of MRP4 while not expressing 15-PGDH that 

would metabolize any PGE2 produced from COX-1 (Figure III.13). PGT expression is 

also low in these cells so that extracellular PGE2 would not be imported efficiently and 

could accumulate in the conditioned media.  

SKBR3 cells also do not accumulate PGE2 and instead metabolize it so that any 

PGE2 present in the growth media is metabolized (Figure III.14). Also, production of 
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PGE2 by COX-1 is insufficient to result in the accumulation of PGE2 in the conditioned 

media.  
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Figure III.14: PGE2 levels in the conditioned media of 

breast cancer cell lines.  

Conditioned media was collected from sub-confluent cell 

culture and assayed for PGE2. Total PGE2 (pg) in the 

conditioned media was normalized to total cellular 

protein (μg). * p < 0.01 relative to the other five cell 

lines. PGE2 content is expressed as mean ± SEM of 

triplicate determinations. 

* 

* 
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Summary 

PGE2 level and signaling result from the combined expression and activity of 

multiple members of the PGE2 pathway. PTGS2/COX-2 catalyzes the rate-limiting step 

in the synthesis of PGE2 from arachidonic acid, and expression of this enzyme has been 

correlated with poor outcomes. 15-PGDH/HPGD metabolizes PGE2 in order to curtail 

ligand-mediated activation of EP receptors on the plasma membrane of cells. 15-PGDH 

is a tumor suppressor gene in many tumor types, including breast, as loss of 15-PGDH 

expression leads to a more inflammatory microenvironment and increases susceptibility 

to tumor formation (81–84). Of the four EP receptors (EP1-EP4), PGE2 activation of 

EP2/PTGER2 and EP4/PTGER4 has been implicated in malignant behavior. Activation 

of EP4 has been uniquely correlated with enhancing metastatic potential of breast cancer 

(118). MRP4/ABCC4 is responsible for the active export of PGE2 from cells and is 

shown to be highly expressed on aggressive tumor cells (our data and references 22, 47, 

49, 50, 53, 55, 56, 58, 99, 115). PGT/SLCO2A1 imports PGE2 from the extracellular 

space via lactate exchange. Decreased expression of this protein has been associated with 

increased activation of cell surface EP receptors and increased expression of downstream 

genes (76).  

Through in silico and in vitro analyses, we have shown here that breast cancer 

subtypes have different expression profiles of the PGE2 pathway members. Differences in 

expression between these proteins lead to different PGE2 levels. Our novel observation is 

that ABCC4 expression was strongly elevated in aggressive (IDC, TNBC, basal type) 

breast cancer samples relative to less aggressive samples. This expression profile was 

also seen in a range of breast cancer cell lines. The differences in HPGD expression data 
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among breast cancer subtypes were striking because the association of decreased HPGD 

expression and aggressive breast cancer has not been shown in such a large dataset. We 

also saw this trend of decreased 15-PGDH mRNA and protein expression in our 

aggressive breast cancer cell lines relative to normal mammary epithelium. These data 

support the hypothesis that other members of the PGE2 pathway besides COX-2, in 

particular MRP4 and 15-PGDH, have an impact on the intratumoral levels of PGE2.  

The disparity that we saw between low PTGS2 mRNA expression in the tumor 

samples and the established prevalence of elevated COX-2 protein expression in 

aggressive tumors was puzzling. The regulation of PTGS2 mRNA has not been fully 

elucidated, but there is preliminary evidence that RNA-binding proteins and/or 

microRNAs are able to bind elements in PTGS2 mRNA in order to alter its stability and 

the translation of COX-2 protein (122).  
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Chapter IV: Aim 2: Determine the impact of MRP4 on 

PGE2 export and resistance to 6-mercaptopurine 

MRP4 exports PGE2 from breast cancer cells and confers resistance to  

6-mercaptopurine (6-MP) 

COX-2 and its enzymatic product, PGE2, are elevated in several tumors of 

epithelial origin, including breast. Elevated levels of COX-2 and PGE2 are associated 

with a poor prognosis and progressive disease. While it is known that PGE2 production is 

highly dependent on COX-2 expression, this is not the only manner by which a tumor 

may have elevated levels of PGE2 in the microenvironment. Many tumors lack sufficient 

expression of 15-PGDH, the enzyme that metabolizes PGE2 in order to curtail its 

signaling. Without adequate expression of this enzyme, PGE2 is not degraded and can 

accumulate in the tumor. Recent investigation by other laboratories has also identified the 

prostaglandin transporter (PGT) as a determinant of PGE2 levels in a tumor. PGT imports 

extracellular PGE2 for 15-PGDH-mediated metabolism and also suppresses PGE2 

signaling by removing it from the extracellular space where it would bind EP receptors 

on the plasma membrane of nearby cells. MRP4 is responsible for the active export of 

PGE2 from cells and so elevated levels of MRP4 expression on tumor cells could lead to 

elevated levels of PGE2 in the tumor microenvironment. Prior to our investigation, little 

was known about the expression or activity of MRP4 in breast cancer. We have found 

elevated levels of MRP4 expression in basal type breast cancer cell lines, which is 

consistent with our gene expression studies across more than one thousand clinical breast 

cancer samples in which MRP4 was similarly elevated in basal type as well as HER2-
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enriched breast tumors. The purpose of the following experiments is to determine if 

MRP4 affects PGE2 export in breast cancer.  

RNA-interference (RNAi) of MRP4 decreases PGE2 export 

Since MRP4 exports PGE2 from a variety of cell types, elevated MRP4 

expression in the tumor could be a mechanism by which malignant cells maintain 

elevated PGE2 in the tumor microenvironment. In order to determine the role of MRP4 in 

PGE2 export from cells, we used both genetic and pharmacologic approaches to perturb 

MRP4 activity and measured PGE2 export from these cells.  

The MDA-MB-231 cell line was used for MRP4 knockdown and inhibition 

experiments since it expresses elevated levels of MRP4, and PGE2 production is 

inducible by inflammatory stimuli. This cell line is representative of the basal molecular 

subtype as seen in the TCGA analyses (Figure III.8). The migratory and metastatic 

behaviors of MDA-MB-231 cells are partially dependent on PGE2 signaling (123). The 

MDA-MB-436 cell line was also used for our investigation into the role of MRP4-

dependent PGE2 export as it expresses high MRP4 and produces PGE2 without 

exogenous stimulation. This cell line also is categorized as basal subtype and closely 

matches the trends for gene expression seen in TCGA analyses (Figure III.8). In addition 

to being basal subtype, MDA-MB-231 and MDA-MB-436 cells are both triple negative 

breast cancer (TNBC) cell lines, a subtype of breast cancer which does not express any of 

the three receptors, estrogen receptor, progesterone receptor, or HER2 receptor. TNBC 

represents a particular treatment challenge because there are no molecular therapeutic 

targets. 
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Since MDA-MB-231 cells do not highly express COX-2 or accumulate PGE2 in 

the conditioned media, we adapted previously used methods and stimulated these cells 

with PMA (phorbol ester) to express COX-2 and accumulate significant levels of PGE2 in 

the conditioned media (124).  

In order to establish the role of MRP4 in the export of PGE2 from breast cancer 

cells, we employed siRNA targeting of ABCC4 to reduce expression of MRP4 and 

examined the level of PGE2 in the conditioned media of MDA-MB-231 and MDA-MB-

436 cells. Using siRNA, we achieved significant (35-75%) reduction in MRP4 expression 

(Figure IV.1A). Stimulation with PMA resulted in a 25-fold increase in PGE2 in the 

conditioned media compared to unstimulated cells (Figure IV.1B). Fifty-four to sixty-six 

percent less PGE2 was exported from MDA-MB-231 cells when they were transfected 

with siRNA targeting ABCC4 and briefly stimulated with PMA compared to PMA-

treated scramble siRNA control (p < 0.05). Similarly, MDA-MB-436 cells accumulated 

significantly less PGE2 in the conditioned media when MRP4 expression was reduced 

with siRNA (Figure IV.2). 

To enable planned studies in vivo, stable MRP4 knockdown clones from MDA-

MB-231 cells were generated and characterized for decreased MRP4 expression. These 

knockdown and vector control cells were assayed for PGE2 export activity. We achieved 

62-67% reduction in MRP4 protein expression (Figure IV.3A). MDA-MB-231 cells (one 

clone and one pool) with decreased MRP4 expression were briefly stimulated with PMA 

to induce COX-2 and to produce PGE2. As observed in transient MRP4 knockdown, cells 

with decreased MRP4 expression exported less PGE2 compared to vector control (Figure 

IV.3B).  
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Figure IV.1: Knockdown of MRP4 in MDA-MB-231 cells suppresses the export of 

PGE2.  

MDA-MB-231 cells were transfected with MRP4 siRNA (3 nmol/L) for 24 hours before 

being stimulated with PMA (80 nmol/L, 1 hr) and replacing growth media. After 16 hours, 

conditioned media and total protein lysate was collected. A) A representative western blot 

of MDA-MB-231 cells transfected with siRNA (3 nmol/L) and stimulated with PMA 

shows decreased expression of MRP4. B) Conditioned media from MRP4-silenced cells 

stimulated with PMA was assayed for PGE2 and total protein. PGE2 is expressed as pg/ug 

total protein from triplicate determinations. * p < 0.05, n.s. = not significant 

A B 

+PMA 
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Figure IV.2: Knockdown of MRP4 expression in MDA-MB-436 cells suppresses the 

export of PGE2.  

A) MDA-MB-436 cells were transfected with MRP4 siRNA (10 nmol/L). A representative 

western blot showing 68% decreased MRP4 expression following siRNA transfection of 

MDA-MB-436 cells. β-actin was used as a loading control. B) Conditioned media was 

collected after overnight incubation and assayed for PGE2 content. PGE2 is expressed as 

mean pg/ug cellular protein ± SEM of 3 replicates. * p < 0.05 

A B 
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Figure IV.3: Stable MRP4 knockdown MDA-MB-231 cells export less PGE2 than 

vector control cells.  

A) A representative western blot showing decreased MRP4 expression of clone shMRP4-D 

and shMRP4-Pool cell lines compared to vector control cells. Total protein lysate was 

collected for western blotting and protein normalization. β-actin was used as a loading 

control. B) Vector control, clone (shMRP4-D), and pool (shMRP4-Pool) populations of 

stable MRP4 knockdown cells were briefly stimulated with 80 nM PMA and incubated 

overnight in fresh growth medium. Conditioned media was collected and assayed for PGE2. 

PGE2 is expressed as mean ± SEM pg/μg protein from triplicate determinations. * p < 0.05, 

** p < 0.01. 
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Pharmacologic inhibition of MRP4 reduces PGE2 export from cells  

If MRP4 is responsible for PGE2 export, then inhibiting MRP4 pharmacologically 

should also reduce the amount of PGE2 exported by cells. First, we used the MRP-family 

antagonist, MK571, to inhibit MRP4-dependent export of PGE2. PMA-stimulated MDA-

MB-231 cells or MDA-MB-436 cells were treated with MK571 (50 or 25 μM) and 

evaluated for PGE2 in the conditioned media. Treatment with 50 μM, but not 25 μM, 

MK571 resulted in a reduction in the level of PGE2 in the conditioned media of these 

cells compared to cells treated with vehicle control (Figure IV.4).  

In order to confirm these results, we employed a second small molecule inhibitor, 

Tyrphostin AG1 1478, a tyrosine kinase inhibitor with recently identified inhibitory 

activity on MRP4 (72), to inhibit MRP4-dependent export of PGE2. When PMA-

stimulated MDA-MB-231 cells or MDA-MB-436 cells were treated with Tyrphostin AG 

1478 (10, 5, 2.5 μM), PGE2 levels were significantly decreased in the conditioned 

medium in a dose-dependent manner (Figure IV.5). In MDA-MB-231 cells, PGE2 export 

was decreasd by 92%, 65%, and 36% in the presence of Tyrphostin AG1478 at 10, 5, and 

2.5 μmol/L, respectively (p < 0.001). Likewise, PGE2 export by MDA-MB-436 cells was 

significantly decreased by 52%, 46%, and 14% in the presence of Tyrphostin AG1478 at 

10, 5, and 2.5 μmol/L, respectively (p < 0.01).  

Going forward, 50 μM MK571 and 10 μM Tyrphostin AG 1478 were used for 

further experiments as these concentrations suppressed PGE2 export, but did not affect 

cell viability (data not shown).  
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Figure IV.4: MRP-antagonist MK571 suppresses PGE2 export.  

MDA-MB-231 cells (left) were stimulated briefly with 80 nM PMA before the media 

was replaced with the indicated concentrations of MK571 or DMSO (D). MDA-MB-436 

cells (right) were treated with the indicated concentrations of MK571 or DMSO (D). 

Conditioned media was collected after 18 hour incubation and assayed for PGE2 content. 

* p < 0.05, ** p < 0.01 

 

** p < 0.01 
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Figure IV.5: Tyrphostin AG 1478 suppresses PGE2 export.  

MDA-MB-231 cells (left) were briefly stimulated with 80 nM PMA before the media was 

replaced with the indicated concentrations of Tyrphostin AG 1478 or DMSO (D). MDA-

MB-436 cells (right) were treated with the indicated concentrations of Tyrphostin AG 

1478 or DMSO (D). Conditioned media was assayed for PGE2 content and total protein 

lysate was collected for protein normalization after 18 hours incubation. PGE2 is 

expressed as mean ± SEM pg/μg protein from triplicate determinations. ** p < 0.01, *** 

p < 0.001 
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Ectopic expression of MRP4 does not alter PGE2 export in MCF7 cells 

We have shown that suppression or inhibition of MRP4 decreases the export of 

PGE2 from basal or TNBC breast cancer cells. Conversely, MCF7 cells were used for 

MRP4 over-expression experiments because this cell line expresses low levels of MRP4 

and is representative of an estrogen and progesterone receptor positive, luminal subtype 

cell line. Our gene array data also revealed that luminal type breast cancers express less 

MRP4 mRNA (ABCC4) than basal type cancers (Figure III.8, panel 1, dotted and solid 

boxes, respectively) consistent with the MCF7 phenotype. MCF7 cells were transfected 

to express either empty vector control or MRP4 expression plasmid (pcDNA3.1(-)-

MRP4-Zeo). MRP4 was increased by 1.7- to 2.5-fold (Figure IV.6A). These cells were 

stimulated with 10 μg/mL lipopolysaccharide (LPS) in order to induce COX-2 expression 

so that PGE2 in the conditioned media could be quantified. (Figure IV.6A). Even though 

COX-2 expression was modestly induced by LPS (Figure IV.6A), there was no 

difference between the levels of PGE2 in the conditioned media from cells expressing 

MRP4 compared to those expressing an empty control vector (Figure IV.6B). This 

suggests that expression of COX-2 at the levels achieved in this experiment and enforced 

MRP4 expression in MCF7 cells is not sufficient to accumulate PGE2 in the conditioned 

media.  

Stable cell lines of MRP4-expressing MCF7 cells were generated for in vitro and 

in vivo assays by using persistent zeocin selection following transfection with the MRP4 

expression plasmid. Zeocin-resistant cells were characterized for MRP4 protein 

expression, and two lines were selected (MCF7-MRP4-2 and MCF7-MRP4-3) along with 

a control line stably expressing empty vector (MCF7-Vec). MRP4 expression in MCF7-
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MRP4-2 and MCF7-MRP4-3 was 70-100-fold higher than in MCF7-Vec cells (Figure 

IV.7A). The ectopically expressed MRP4 protein was determined to be the correct size 

via western blot suggesting that post-translational modifications, such as glycosylation, 

were properly applied.  

Compared to MDA-MB-436 cells, MCF7-Vec cells release less PGE2, reflecting 

the lower endogenous COX-2 levels. PGE2 release is modestly increased by stimulation 

with LPS, but this increase was not statistically significant and was not further enhanced 

by over-expression of MRP4 in these cells (Figure IV.7A, B).  
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Figure IV.6: PGE2 export is not enhanced by ectopic expression of MRP4 in MCF7 

cells.  

A) MCF7 cells were transfected with either an empty vector (V) or MRP4 (M) expression 

plasmid. 24 hours after transfection, media was replaced with or without 10 μg/mL LPS and 

incubated for 24 hours. Total protein lysate was collected for western blot to determine levels 

of MRP4 and COX-2 protein. β-actin was used as a loading control. B) Conditioned media 

was collected and assayed for PGE2. PGE2 is expressed as mean ± SEM pg/μg protein for 

triplicate determinations. 
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Figure IV.7: Stable over-expression of 

MRP4 does not enhance PGE2 export 

from MCF7 cells.  

A) Vector-expressing control cells (MCF7-

Vec) or MRP4-expressing cells (MCF7-

MRP4-2, MCF7-MRP4-3) were stimulated 

with 10 μg/mL LPS for 24 hours. Total 

protein lysate was collected for western 

blot to determine relative levels of MRP4 

and COX-2 expression. β-actin was used 

as a loading control. B) Conditioned media 

was collected and assayed for PGE2. PGE2 

is expressed as mean ± SEM pg/μg protein 

from triplicate determinations. Western 

blot lanes are vertically aligned with 

corresponding PGE2 levels.  
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In summary, decreasing MRP4 expression or inhibiting MRP4 activity with two 

pharmacological compounds resulted in a decrease in PGE2 export from two TNBC, 

basal breast cancer cell lines (MDA-MB-231 and MDA-MB-436). Transient and stable 

suppression of MRP4 expression was achieved via siRNA and shRNA targeting ABCC4, 

respectively. Ectopically over-expressing MRP4 in MCF7 cells with low basal MRP4 

expression did not alter the level of PGE2 export even after stimulation with the 

inflammatory mediator, LPS. In MCF7 cells transiently transfected with MRP4, 

treatment with LPS induced modest COX-2 expression with no significant change on the 

amount of PGE2 exported from these cells. This suggests that other members of the PGE2 

pathway (PGT and/or 15-PGDH) may be reducing the overall level of PGE2 release from 

these cells. In MCF7 cells stably expressing MRP4, we detected COX-2 expression in 

unstimulated cells that was not enhanced by treatment with LPS. Despite the expression 

level of COX-2, expression of MRP4 did not significantly increase the level of PGE2 

released from these cells. This leads to the conclusion that the role of MRP4 in PGE2 

export could be a contributing factor in the accumulation of PGE2 in the tumor 

microenvironment preferentially in TNBC and basal subtype tumors compared to luminal 

tumors. These findings are consistent with our observations from the TCGA data where 

PTGS2 (COX-2) and ABCC4 (MRP4) were highly expressed in TNBC compared to 

other breast cancer subtypes. ABCC4 expression in luminal subtype tumors was low in 

TCGA data sets, and it appears that expression of MRP4 in luminal subtype cells may be 

insufficient to increase PGE2 export mediated by MRP4.  
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Resistance to 6-MP as an indicator of MRP4 activity independent of the 

PGE2 pathway.  

In order to confirm that these genetic (RNA-interference and over-expression) and 

pharmacologic approaches were specifically affecting MRP4 functions independent of 

the PGE2 pathway, we employed a drug resistance assay to determine the effect of these 

perturbations on the sensitivity to the cytotoxic drug 6-mercaptopurine (6-MP), a known 

substrate for MRP4. High MRP4 levels would export 6-MP from cells, thereby reducing 

the degree of cell killing by 6-MP, and this reduced cytotoxicity is expressed as an 

increase in IC50.  

Since endogenous MRP4 expression levels are high in the following three cell 

lines, MRP4 expression was suppressed via siRNA or shRNA in MDA-MB-231, MDA-

MB-436, and BT549 cells, and sensitivity to 6-MP was determined. For siRNA 

experiments, cells were seeded in 96-well plates and allowed to attach overnight. The 

following day, cells were transfected with siRNA targeting ABCC4. Twenty-four hours 

after transfection, cell culture media was replaced with fresh growth media containing 6-

MP (0.4 – 1000 μM) or vehicle control, and cells were incubated for forty-eight hours. 

Cell viability was determined by PrestoBlue and calculated relative to vehicle control 

treated cells. A representative curve showing the effect of Tyrphostin AG 1478 on BT549 

cells demonstrates the leftward shift in the viability curve indicating that in the presence 

of 10 μM Tyrphostin AG 1478, less 6-MP is required to achieve a similar degree of 

inhibition (Figure IV.8). The IC50 was determined for each siRNA condition, and the 

ratio of the IC50 of cells transfected with siRNA against ABCC4 compared to the IC50 

of control transfected cells was calculated and this ratio is expressed as Fold 

Sensitization.  
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Figure IV.8: Sensitivity to 6-MP is 

enhanced by MRP4 inhibition. 

BT549 cells were cultured in a 96-well plate 

(3x10
3
 cells/well) and treated with either 

DMSO control (black square, solid line) or 

Tyrphostin AG 1478 (10 μM) (green triangle, 

dashed line) in combination with a range of 6-

MP (1-1000 μM). PrestoBlue was used to 

determine cell viability after three days. 

Dashed line indicates 50% relative viability 

used to determine IC50. Relative viability is 

expressed as mean ± SEM viability relative to 

6-MP vehicle control from quadruplicate 

determinations. 
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Likewise, in MDA-MB-231 cells (moderate basal MRP4 expression), reducing 

the level of MRP4 by either siRNA or shRNA resulted in an approximate 2-fold 

increased sensitivity to 6-MP (Table IV.1). Clones shMRP4-B and shMRP4-C had an 

approximate 80% decrease in MRP4 expression relative to vector control (data not 

shown). In MDA-MB-436 and BT549 cells (high basal MRP4 expression), reducing the 

expression of MRP4 using siRNA resulted in a 1.43 – 1.74-fold increase in cytotoxicity 

mediated by 6-MP. These data are consistent with a mechanism by which reduced MRP4 

expression and function leads to reduced export of 6-MP resulting in higher intracellular 

concentrations of 6-MP and resulting in more cell killing. Conversely, MCF7 cells that 

stably over-express MRP4 (MCF7-MRP4-2, MCF7-MRP4-3) were approximately 2-fold 

more resistant to 6-MP (higher IC50) when compared to MCF7 cells expressing empty 

vector, consistent with increased export of 6-MP. This also validates that the ectopically 

expressed MRP4 protein is active in these cells.  

Consistent with the genetic data, MRP4 inhibition with MK571 or Tyrphostin AG 

1478 also increased the sensitivity to 6-MP in the three MRP4-expressing cell lines. 

Table IV.2 summarizes the fold sensitization as a result of treatment with MK571 or 

Tyrphostin AG 1478. Inhibitor concentrations were selected so that inhibitor-alone 

(MK571 or Tyrphostin AG 1478) treated cells had equivalent viability to vehicle-treated 

cells after 3 days. Pharmacologic inhibition of MRP4 by MK571 resulted in a 1.47, 1.76, 

and 2.94-fold increase in sensitivity to 6-MP in MDA-MB-436, BT549, and MDA-MB-

231 cells, respectively. Tyrphostin AG 1478 (10 μM) induced a 2.86- and 4.83-fold 

increase in sensitivity to 6-MP in MDA-MB-436 and BT549 cells, respectively.  
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Table IV.1: Genetic suppression of MRP4 increases sensitivity to 

6-MP while ectopic over-expression of MRP4 increases resistance 

to 6-MP.  

Cell Line  

Genetic Treatment 

 

Fold Sensitization † 

 MDA-MB-231       

siRNA (3 nM) Construct A 2.25 ** 

 

Construct B 2.22 * 

shRNA Clone shMRP4-B 1.97 * 

  Clone shMRP4-C 2.22 * 

MDA-MB-436       

siRNA (10 nM) Construct A 1.43 * 

  Construct C 1.63 * 

BT549       

siRNA (3 nM) Construct A 1.60 ** 

  Construct C 1.74 * 

MCF7   Fold Resistance ‡   

MRP4 stable overexpression MCF7-MRP4-2 1.93 ** 

  MCF7-MRP4-3 2.12 * 

 

  

MDA-MB-231, MDA-MB-436, and BT549 cell lines were transfected with MRP4 siRNA 

or shRNA as indicated. Cells with reduced MRP4 expression are more sensitive to 6-MP †. 

MCF7 cells stably expressing MRP4 are more resistance to 6-MP relative to vector control 

‡. Replicate ratios were compared to a hypothetical sensitization or resistance ratio of 1.0 

using a t-test. † Sensitization by RNA-interference relative to control transfection. ‡ 

Resistance by MCF7 cells expressing MRP4 relative to vector control. * p < 0.05, ** p < 

0.01  
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Table IV.2: MRP4 inhibition increases sensitivity to 6-MP.  

Pharmacologic Treatment μM Fold Sensitization † 

 MDA-MB-231       

MK571 50 2.94 * 

MDA-MB-436       

MK571 25 1.47 * 

Tyrphostin AG 1478 10 2.86 ** 

BT549       

MK571 50 1.76 ** 

Tyrphostin AG 1478 10 4.83 ** 

 

  

MDA-MB-231, MDA-MB-436, and BT549 cells were treated with the indicated 

concentrations of MK571 or Tyrphostin AG 1478 and a range of 6-MP. 

Inhibitor-treated cells were more sensitive to 6-MP than vehicle control-treated 

cells. † Sensitization by MRP4 inhibitors relative to vehicle treatment * p < 

0.05, ** p < 0.01 
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While MRP4-dependent export of PGE2 is the focus of this work, the modulation 

of resistance to 6-MP by targeting MRP4 shows that these perturbations specifically 

affect MRP4 and not the entire PGE2 pathway. Through genetic and pharmacologic 

manipulation of MRP4, we conclude that MRP4 is partially responsible for the overall 

PGE2 levels in the tumor microenvironment. We used two TNBC cell lines with elevated 

MRP4 expression. MDA-MB-231 cells do not normally express COX-2 or synthesize 

PGE2, but can be stimulated by PMA to do so. MDA-MB-436 cells express COX-1 and 

COX-2, synthesize and export PGE2 through MRP4 into the extracellular space. In order 

to investigate the role of MRP4 on PGE2 export from cells, endogenous production of 

PGE2 (either under basal conditions or through exogenous stimulation with inflammatory 

stimuli) were utilized.  

COX-2 expression is elevated in many epithelial malignancies and has been 

associated with a poor prognosis. The major product of COX-2, PGE2, is also elevated in 

these tumors and is responsible for activating EP receptors on diverse cells in a tumor. 

Besides synthesis by COX-2, PGE2 levels can be elevated when other members of the 

PGE2 pathway are dysregulated. MRP4 exports PGE2 into the extracellular space where it 

can bind cognate EP receptors on the cell surface. Alternatively, PGT imports PGE2, 

removing it from the microenvironment and preventing PGE2 from binding EP receptors. 

15-PGDH metabolizes PGE2 in order to diminish downstream signaling.  

Summary 

Previously unknown, we show here that breast tumors with elevated MRP4 

expression would be able to more efficiently export PGE2 into the microenvironment 

where PGE2 would activate its receptors and induce a myriad of downstream effects 
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including tumor-stimulating gene expression, cell migration, and tumor-infiltrated 

immune cell suppression. A tumor microenvironment with elevated PGE2 could be 

established and sustained when MRP4 expression is elevated even in tumors in which 

COX-2 expression is not elevated, and this identifies a second potential mechanism to 

achieve high PGE2 in the tumor microenvironment. This state of high-MRP4 expression 

also assumes low expression of PGT and 15-PGDH which would metabolize intratumoral 

PGE2. COX-2 and 15-PGDH are under investigation as predictors of response to COX 

inhibitors and NSAIDs that would reduce the level of PGE2 in a tumor; however, these 

therapies are known to have cardiotoxic secondary effects (30, 32, 44, 125). We 

demonstrate here that, in TNBC particularly, MRP4 could also play a role in maintaining 

a tumor microenvironment with elevated PGE2 levels, a clinical parameter that has been 

associated with poor outcome.  
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Chapter V: Aim 3: Determine the role of MRP4 on 

primary tumor growth and metastatic potential 

COX-2 and its enzymatic product, PGE2, are elevated in breast cancer and 

associated with a poor prognosis (27, 111). Elevated levels of PGE2 are not solely 

dependent on elevated levels of COX-2 protein, but also on relative expression levels of 

15-PGDH, PGT, and MRP4 proteins (25). 15-PGDH metabolizes PGE2 and is considered 

a tumor suppressor gene in breast and other cancers (81, 82). Some tumors lack sufficient 

expression of 15-PGDH leading to an accumulation of PGE2 in the tissue and sustained 

PGE2 signaling. PGT imports PGE2 from the extracellular space into the cell for 15-

PGDH-mediated metabolism (74). Removing PGE2 from the extracellular 

microenvironment also decreases the amount of PGE2 able to bind and activate EP 

receptors (76). PGE2 binds to four G-protein coupled receptors (EP1-4) in order to 

activate multiple signaling pathways (34, 44). The downstream effect of this signaling is 

dependent on cell type and context of the microenvironment. MRP4 is responsible for the 

active export of PGE2 from the cell into the extracellular space (48, 57, 58). MRP4 has 

been associated with a poor prognosis in tumors of the blood, brain, colon, liver, lung, 

pancreas, and prostate, but has not been described in breast cancer (49, 52, 53, 55, 60, 

105, 121, 126). We have shown in chapter III that MRP4 is expressed in breast cancers, 

and is particularly elevated in the most aggressive subtypes of breast cancer (basal and 

TNBC). In chapter IV, we demonstrated that MRP4 is partially responsible for the export 

of PGE2 in TNBC cell lines, but not in less aggressive luminal cells. Here, we present 

evidence that MRP4 affects downstream cellular behavior associated with PGE2 

signaling.  
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Now that we demonstrated that inhibiting or suppressing MRP4 decreases PGE2 

export from breast cancer cells, we asked if perturbing MRP4 activity would alter 

downstream phenotypes associated with PGE2 signaling, e.g. tumorigenic or metastatic 

potential. There are many steps in the metastatic cascade that take place between 

development of a primary tumor and metastasis. We examined the role of MRP4 on cell 

proliferation in vitro and migratory potential, as well as tumor establishment and 

metastatic colonization in vivo.  

MRP4 does not directly affect proliferation of breast cancer cells 

We and others have shown that in multiple models of breast cancer, PGE2 does 

not directly affect proliferation (44, 123). To confirm these observations in human basal-

type breast cancer, MDA-MB-231 cells were treated with PGE2 (0.3 – 10 μM) in either 

complete growth media (10% FBS) or reduced serum media (5% FBS) and relative 

proliferation after three days was determined. We quantified viable cells by PrestoBlue, 

an indicator of cell viability based on the reductive potential of live cells. There was a 

12% decrease in baseline proliferation for cells in reduced serum media (5% FBS) 

compared to those growing in complete growth media (10% FBS). This decrease was 

consistent with a decrease in growth factors available to these cells. The addition of PGE2 

(0.3 – 10 μM) did not affect cell proliferation over this period in either media (Figure 

V.1). This result was not surprising as changes in proliferation are typically not observed 

by the addition of PGE2 to other breast cancer cell lines (123).  

In order to determine the role, if any, that MRP4 plays in cell proliferation, MRP4 

expression was suppressed with RNAi in MDA-MB-231 and MDA-MB-436 cells (both 

basal-type breast cancer cell lines) and proliferation of cells expressing different levels of 



 

105 

MRP4 was determined. These lines were chosen based on the high basal levels of MRP4 

(Figure III.13) reflecting our observation that MRP4 is elevated in basal-type primary 

breast tumors (Figure III.8, panel 1, solid box). MDA-MB-231 cells were seeded into 

96-well plates and transfected with 3 nM siRNA (scramble control or two constructs 

targeting ABCC4 as in Figure IV.1) the following day. These cells were incubated for 

three days and PrestoBlue was added in growth media to sub-confluent (~90%) cells in 

order to quantify viable cells. We observed no difference in the proliferation among 

MDA-MB-231 cells transfected with scramble control siRNA and those transfected with 

either of two siRNA constructs targeting ABCC4 (Figure V.2). This experiment, 

performed in MDA-MB-231 cells that do not produce PGE2, led us to conclude that 

MRP4, independent of PGE2, does not affect cell proliferation in these cells. 
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Figure V.1: PGE2 does not affect proliferation of MDA-MB-231 cells.  

MDA-MB-231 cells were seeded in 96-well plates and allowed to attach overnight. The 

following day, PGE2 or DMSO (D) was added at the indicated concentrations in the 

indicated media (final FBS percentage). After three days, viable cells were quantified using 

PrestoBlue. Cell viability is reported as background-subtracted relative fluorescence units 

(RFU) expressed as the mean ± SEM of triplicate wells. * p < 0.05, ** p < 0.01, *** p < 

0.001 

* 
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Figure V.2: Transient knockdown of MRP4 in MDA-MB-231 cells does not affect cell 

proliferation.  

MDA-MB-231 cells were transfected with siRNA constructs targeting ABCC4 (A, B) or scramble 

(Scr) control and cultured for three days. PrestoBlue was used to quantify viable cells. Cell viability 

is reported as background-subtracted relative fluorescence units (RFU) expressed as the mean ± SEM 

of triplicate wells. 
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We also determined the effect of stable MRP4 knockdown on growth of MDA-

MB-231 as well as MDA-MB-436 cells. For each of these MRP4-expressing cell lines, 

control cells (vector and scramble) were seeded (MDA-MB-231: 2x10
3
 cells/well, MDA-

MB-436: 4x10
3
 cells/well) along with three knockdown clones and allowed to grow for 

three days. PrestoBlue reagent was added in growth media to sub-confluent (~90%) cells 

in order to quantify viable cells. Despite substantial reductions in MRP4 protein 

expression achieved by MRP4 knockdown (Figure V.3A), there was no difference in the 

number of viable MDA-MB-231-vector, MDA-MB-231-scramble, or three MRP4 

knockdown cells (Figure V.3B). In MDA-MB-436 cells, the level of MRP4 knockdown 

was more modest (Figure V.4A). The proliferation of two of the clones (shMRP4-X and 

shMRP4-Z) was modestly higher versus the vector and scramble control cells; only 

proliferation of shMRP4-Z was significantly increased (Figure V.4B). Growth of 

shMRP4-X, like shMRP4-Y, did not differ significantly from control cells.  

Taken together, there was not compelling evidence that MRP4 or PGE2 directly 

affects cell proliferation in MDA-MB-231 or MDA-MB-436 cell lines. 
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Figure V.3: Stable knockdown of MRP4 in MDA-MB-231 cells does not affect cell 

proliferation.  

A) Western blot showing relative MRP4 expression between control cell lines (vector, scramble) 

and three MRP4 knockdown clones. MRP4 protein expression was determined via western blot and 

β-actin was used as a loading control. B) Vector (Vec), scramble (Scr), and three knockdown clones 

(shMRP4-C, shMRP4-B, shMRP4-A) were seeded (2x10
3
 cells/well) in 96-well plates. After three 

days, PrestoBlue was added to culture media in order to quantify viable cells and determine relative 

cell proliferation. Cell viability is reported as background-subtracted relative fluorescence units 

(RFU) expressed as the mean ± SEM of triplicate wells. 



 

110 

 

  

Figure V.4: MRP4 knockdown in MDA-MB-436 cells has a modest effect on cell 

proliferation.  

A) Western blot showing relative MRP4 expression levels between control (vector, 

scramble) and three MRP4 knockdown (shMRP4-X,Y,Z) clones. MRP4 protein expression 

was determined via western blot and β-actin was used as a loading control. B) Vector (Vec), 

scramble (Scr), or three clones expressing shMRP4 were seeded in 96-well plates (4x10
3
 

cells/well). After three days, PrestoBlue was added to culture media in order to quantify 

viable cells and determine relative proliferation. Cell viability is reported as background-

subtracted relative fluorescence units (RFU) expressed as the mean ± SEM of triplicate 

wells. * p < 0.05 
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Conversely, we asked if MRP4 over-expression would affect cell proliferation in 

MCF7 cells which have very low basal MRP4 expression. MCF7 cells were transfected 

with pcDNA3.1(-)MRP4-Zeo plasmid or empty vector control. Two days after 

transfection, cells were passaged into growth media containing 100 μg/mL zeocin. 

Resistant sub-lines were passaged normally in zeocin-containing media and characterized 

for MRP4 expression after three weeks of zeocin selection (Figure V.5A). MCF7 cells 

stably over-expressing MRP4 (MCF7-MRP4-2, MCF7-MRP4-3), and vector (MCF7-

Vec) control cells were seeded in 96-well plates (3x10
3
 cells per well). For the next three 

days after seeding, PrestoBlue was added to one third of the wells and cell viability was 

determined. Although these cells did proliferate over the observation period, we did not 

detect a difference in proliferation among these cell lines over three days (Figure V.5B).  
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Figure V.5: Stable over-expression of MRP4 in MCF7 cells does not affect cell 

proliferation.  

A) MCF7 cells were transfected with an MRP4 expression vector or empty vector control 

and cultured in zeocin for 3 weeks. Relative expression levels of MRP4 in zeocin-resistant 

sub-lines is shown here compared to vector control cells. β-actin was used as a loading 

control. B) MCF7 cells (MCF7-Vec or two stable over-expressing cell lines: MCF7-MRP4-

2, MCF7-MRP4-3) were cultured in 96-well plates (3x10
3
 cells/well) for three days. 

PrestoBlue was used to determine cell viability of MCF7 cells stably expressing vector or 

MRP4 daily. Cell viability is reported as relative fluorescence units (RFU) expressed as the 

mean ± SEM of sextuplicate wells. 

A B 
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Suppression of MRP4-dependent export of PGE2 decreases migration of 

cells in a paracrine manner 

We reported a decrease in PGE2 export when MRP4 activity was decreased 

(Chapter IV). We then asked if the decrease in PGE2 export via MRP4 was sufficient to 

suppress PGE2-dependent cell responses. PGE2 signaling through the EP4 receptor 

induces tumor cells to migrate (37, 45, 118). We asked if inhibiting MRP4 could decrease 

the level of PGE2 exported by a cell to the point that migration would be significantly 

suppressed. In order to address this question, we established an assay in order to model 

paracrine MRP4-dependent PGE2 export activity independent of any other effects MRP4 

may have on migratory signaling. We used MDA-MB-436 cells as a source of MRP4-

mediated extracellular PGE2. Since PGE2 is a chemoattractant for MDA-MB-231 cells, 

this latter cell line was used as the responder cell migrating in response to PGE2 exported 

from MDA-MB-436 cells. In some cultures, MRP4 activity was modulated with the 

addition of the MRP inhibitor MK571 (50, 15, 5 μM). MDA-MB-436 cells treated with 

MK571 (50, 15, 5 μM) were used to generate conditioned media resulting in different 

levels of PGE2 which served as the chemoattractant for MDA-MB-231 cells. Reduced-

serum media (1%) was used to generate conditioned media from inhibitor-treated cells 

since higher concentrations of serum obscure the effect of migration induced by PGE2 

(data not shown).  

Reduced-serum media (1% FBS) was conditioned by MDA-MB-436 cells for two 

hours with or without the MRP4 inhibitor MK571. The resulting conditioned media was 

used as a chemoattractant in a transwell migration assay. MDA-MB-231 cells were 

starved in serum-free media overnight and were seeded (1.5x10
5 

cells/well) in the upper 

chamber of each transwell and incubated for twenty hours to allow migration through an 
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8.0 μm membrane. Migrated cells were stained on the underside of the transwell 

membrane and remaining cells were removed from the upper chamber. Stained cells were 

dissolved in extraction buffer and quantified by reading the absorbance of the extraction 

buffer at 560 nm.  

Conditioned media (CM) from PGE2-producing MDA-MB-436 cells induced 

migration of MDA-MB-231 cells. There was a 2.6-fold increase in migration of MDA-

MB-231 cells toward complete CM compared to migration toward serum-free medium 

and a 1.9-fold increase in migration toward reduced-serum CM compared to serum-free 

medium (Figure V.6). When the CM was generated in the presence of 50 μM MK571, an 

MRP inhibitor, 21% fewer cells migrated toward this CM compared to the CM from cells 

treated with DMSO control (p = 0.087). When lower concentrations (15 and 5 μM) of 

MK571 were used to treat the MDA-MB-436 cells, we did not observe a decrease in 

migration of MDA-MB-231 cells toward this CM compared to DMSO control. In fact, 

we detected a slight increase (17%) in the amount of migrated cells toward CM from 

MDA-MB-436 cells treated with 15 μM MK571 compared to DMSO control, but this 

difference did not reach statistical significance. As shown earlier, (in Figure IV.4), only 

addition of 50 μM MK571 reduced export of PGE2 while addition of 25 μM MK571 

resulted in equivalent export of PGE2 relative to vehicle control treated MDA-MB-436 

cells. These data suggest that inhibition of MRP4 with 50 μM MK571 reduces export of 

PGE2 from MDA-MB-436 cells and that this reduction is sufficient to affect PGE2-

induced migration of MDA-MB-231 cells. As a negative control, we determined that 50 

μM MK571 in non-conditioned media did not significantly affect migration of MDA-

MB-231 cells compared to CM from DMSO-treated MDA-MB-436 cells. This suggests 
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that MK571 does not affect cell migration independently and instead exerts its effect by 

modulation of PGE2 export by MRP4. In order to confirm that the migration was due to 

PGE2 in the CM, Indomethacin (an inhibitor of COX-1 and COX-2) was used to decrease 

the amount of PGE2 during the 2-hour conditioning period. When the CM from cells 

treated with Indomethacin (10 μM) was used as the chemoattractant in the transwell 

assay, we unexpectedly observed an increase in migration relative to DMSO control. We 

do not have a complete explanation for this observation, but it could be due to the short 

time-course in which this inhibitor was used. A longer pre-treatment duration should 

inhibit PGE2 synthesis and more reliably decrease PGE2 production from these cells.  

In summary, conditioned media from MDA-MB-436 cells stimulated the 

migration of MDA-MB-231 cells. Conditioned media generated in the presence of a high 

concentration of MK571, but not lower levels, was less stimulatory to the migration of 

MDA-MB-231 responder cells, consistent with the reduced PGE2 in the CM of MK571-

treated cells (Figure IV.4) 
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Figure V.6: Migration of MDA-MB-231 cells toward conditioned media from MK571 

(MRP inhibitor) treated cells.  

Conditioned media from MDA-MB-436 cells treated with MK571 (50, 15, 5 μM), 

Indomethacin, or DMSO control in 1% serum media was used as a chemoattractant for 

MDA-MB-231 cells. Migration of MDA-MB-231 cells was assessed in response to 

conditioned media from MDA-MB-436 cells by quantifying migrated cells through a 

transwell membrane. Serum-free media and 10% serum conditioned media were used as 

negative and positive controls, respectively. Equal amounts of DMSO were used in MK571 

and Indomethacin conditions (+). * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Real-time migration of tumor cells toward conditioned media from 

MRP4-inhibited cells 

We employed a second, real-time, label-free cell monitoring system 

xCELLigence (ACEA) to further investigate the role of MRP4 on PGE2-induced 

migration. The xCELLigence instrument uses electrical impedance to determine how 

many cells are attached to the underside of a migration membrane. When cells migrate 

through the pores of a membrane toward a chemoattractant, they connect multiple 

electrodes on the membrane. These electrodes measure the change in electrical 

impedance in real-time and the result is expressed as “Cell Index,” using an arbitrary unit 

scale. Real-time monitoring of cell migration gives the benefit of terminating the 

experiment at the optimal endpoint. The outcome of this experiment is reported in terms 

of slope of Cell Index over time (CI/hr), which represents the overall change in cell 

migration from the time the cells are seeded to the endpoint time. MDA-MB-436 cells 

were used to generate conditioned media (CM) in 1% serum in the presence or absence of 

MK571 (50, 25, 12.5 μM). This CM was used as the chemoattractant for MDA-MB-231 

cells which were seeded in the upper chamber of the CIM (Cell Invasion Migration) plate 

and loaded into the xCELLigence instrument.  

MDA-MB-231 cell migration toward serum-free medium was minimal (0.00723 

CI/hr), while positive migration toward CM containing 10% or 1% serum was observed 

in a serum dose-dependent pattern (10% serum: 0.0679 CI/hr, 1% serum: 0.0279 CI/hr). 

When 50 μM MK571 was used to inhibit MRP4-dependent PGE2 export from MDA-

MB-436 cells, migration toward this CM (0.0177 CI/hr) was less than that seen in DMSO 

control (0.0329 CI/hr) (Figure V.7). When lower concentrations of MK571 (25, 12.5 

μM) were used to inhibit PGE2 export from MDA-MB-436 cells, the suppressive effect 
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of MK571 on migration of MDA-MB-231 cells was lost (25 μM MK571: 0.0234 CI/hr, 

12.5 μM MK571: 0.018 CI/hr), consistent with the shallow dose-response observed in the 

transwell assay (Figure V.6). When MDA-MB-436 cells were pre-treated with 

indomethacin to suppress PGE2 production, the resulting conditioned media induced less 

migration of MDA-MB-231 cells than conditioned media from control cells. 

Unconditioned media (1% serum) in the presence or absence of these inhibitors were also 

used as chemoattractants for MDA-MB-231 cells. Unconditioned media induced slightly 

less migration of MDA-MB-231 cells than conditioned media. The addition of exogenous 

PGE2 to unconditioned media resulted in increased migration of MDA-MB-231 cells 

consistent with previous observations where these cells migrated in response to PGE2 

signaling. Unexpectedly, we observed a decrease in the migration of MDA-MB-231 cells 

toward unconditioned media in the presence of 50 μM MK571 (0.0058 CI/hr). This 

suggests that MK571 could be modulating migration of MDA-MB-231 cells independent 

of MRP4-mediated PGE2 export from MDA-MB-436 cells. Addition of 10 μM 

indomethacin to unconditioned media also reduced the migration of MDA-MB-231 cells 

relative to control unconditioned media, but not to the degree that indomethacin reduced 

migration of MDA-MB-231 cells when used to reduce PGE2 content in the conditioned 

media of MDA-MB-436 cells.  
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Figure V.7: Real-time migration of MDA-MB-231 cells toward conditioned 

medium of MDA-MB-436 cells.  

Conditioned media from MDA-MB-436 cells treated with MK571 (50, 25, 12.5 

μM) or DMSO control in 1% serum media was used as a chemoattractant for 

MDA-MB-231 cells. Migration of MDA-MB-231 cells was assessed in 

response to conditioned media from MDA-MB-436 cells by xCELLigence. 

Migration is represented by the overall slope (cell index per hour, CI/hr) for 41 

hours of migration. Equal amounts of DMSO were used in all conditions (+).   

* p < 0.05, ** p < 0.01, *** p < 0.001. 
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MRP4 exports PGE2 into the conditioned media. When MDA-MB-436 cells were 

treated with the MRP inhibitor MK571 (50 μM), PGE2 content in the conditioned media 

was suppressed and this decrease in PGE2 was sufficient to reduce the migration of 

MDA-MB-231 responding cells. This demonstrates the potential paracrine role MRP4 

has on PGE2 export into the tumor microenvironment where the PGE2 ligand can act on 

other EP receptor-expressing cells. Suppressing the export of PGE2 by inhibiting MRP4 

is sufficient to alter migration of tumor cells and could also be sufficient to alter other 

PGE2-induced effects in the tumor microenvironment.  

MRP4 does not affect primary tumor growth in an animal model of 

basal breast cancer  

Since elevated COX-2 and PGE2 levels are indicators of poor prognosis in several 

types of cancer including breast, and we have shown that MRP4 contributes to the 

amount of PGE2 produced by breast cancer cells, we wanted to investigate the role of 

MRP4 on both primary tumor growth and metastatic potential. In order to investigate the 

role of MRP4 on primary tumor growth, we injected 5x10
5 

MDA-MB-231 cells stably 

expressing vector control or shRNA targeting MRP4 along with stable expression of the 

luciferase enzyme (MDA-MB-231/shRNA/Luc, Figure V.8) subcutaneously proximal to 

the mammary fat pad of female BALB/c SCID mice. Tumor incidence and volume 

calculated from caliper measurements of the largest and perpendicular diameters of 

palpable tumors were recorded as the tumors developed. Additionally, luciferin was 

injected intraperitoneally in order to monitor metastatic spread using the Xenogen IVIS 

bioluminescence imaging system (127).  

Ten mice were injected with each cell line. After ninety days, 9 of 10 mice 

injected with either MDA-MB-231/shVec/Luc or MDA-MB-231/shMRP4-C/Luc had 
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established subcutaneous tumors. All ten mice injected with MDA-MB-231/shMRP4-

D/Luc cells had established subcutaneous tumors. Tumor volume was calculated from 

tumor diameter measurements. While there was some variability in the growth of tumors 

in individual mice (Figure V.9A), the mean tumor volumes were not different in mice 

injected with control versus MRP4 knockdown cells (Figure V.9B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

122 

 

  

Figure V.8: MRP4 expression levels of MDA-MB-

231/shMRP4/Luc cells prior to injection. 

Western blot showing relative MRP4 expression 

levels of vector control (shVec/Luc) and shRNA 

knockdown clones (shMRP4-C/Luc and shMRP4-

D/Luc) prior to injection in mice. β-actin was used 

as a loading control. 
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Figure V.9: Subcutaneous tumor growth of MDA-MB-231/shMRP4/Luc cells 

Individual (A) and mean ± SEM (B) tumor volume were estimated from tumor diameter 

measurements of subcutaneous tumors. Volume = (long diam.)(perpendicular diam.)
2
(π/6). 

A B 
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Upon reaching 18 mm
 
in longest tumor diameter, mice were euthanized; blood, 

lung, and tumor tissues were collected for analysis. Tumor weight upon necropsy was 

used as a confirmatory measure of tumor growth. Consistent with the estimated tumor 

volumes (Figure V.9), excised tumor weight was not significantly different among the 

three cell lines expressing different levels of MRP4 (Figure V.10). 

Excised primary tumor tissue was divided for molecular and histologic analysis. 

Total RNA was isolated from homogenized tumor tissue in TRIzol and used to perform 

qPCR in order to determine expression levels of ABCC4. We observed a similar 

expression pattern of ABCC4 among the knockdown tumor tissues (Figure V.11) relative 

to the protein expression of the cell lines used for injection (Figure V.8). Tumors derived 

from MDA-MB-231/shVec/Luc cells had higher ABCC4 mRNA expression compared to 

tumors derived from MDA-MB-231/shMRP4-C/Luc or MDA-MB-231/shMRP4-D/Luc 

MRP4 knockdown clones indicating that the tumor MRP4 phenotype at the end of the 

observation period reflected the phenotype of the initial tumor cell injection. Based on 

these observations, we conclude that the absence of any effect of MRP4 downregulation 

on primary tumor growth is not due to upregulation of MRP4 in vivo.  
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Figure V.10: Excised tumor weight of subcutaneous MDA-MB-

231/shRNA/Luc tumors 

Upon reaching 18 mm in longest tumor diameter, mice were euthanized and 

subcutaneous tumors were excised and weighed.  
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Figure V.11: Expression of ABCC4 mRNA from excised MDA-MB-231/shMRP4/Luc 

xenograft tumors.  

Total RNA was isolated from excised subcutaneous tumors and evaluated in triplicate for 

the expression level of ABCC4 relative to MDA-MB-231/shVec/Luc cells. Each point 

represents one tumor sample. * p = 0.0093 compared to MDA-MB-231/shVec/Luc tumor 

samples.  
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MRP4 enhances spontaneous pulmonary metastasis in an animal model 

of basal breast cancer 

Bioluminescence imaging of the whole animal was monitored over time to detect 

spontaneous metastases from the mammary gland-implanted tumor. We detected 

markedly more bioluminescence in the lungs of mice injected with vector control MDA-

MB-231 cells (shVec/Luc) compared to the mice injected with either of two MRP4 

knockdown clones (shMRP4-C/Luc and shMRP4-D/Luc) (Figure V.12). Thus, 

differences in MRP4 expression did not impact the growth of the primary tumor, but had 

a profound effect on the ability of tumor cells to establish spontaneous pulmonary 

metastases. Bioluminescence in the lungs of mice injected with shVec/Luc cells increased 

over time, consistent with the continuing expansion of metastatic lesions whereas very 

little, if any, growth of either cell line expressing shMRP4 is observed over the 

observation period.  

Primary tumors often slough off cells into the circulation and these cells can be 

detected by the presence of human RNA relative to mouse RNA. Approximately 100 μL 

of blood was collected via cardiac puncture and transferred to 750 μL of TriZol LS for 

total RNA extraction. RNA was isolated from mouse blood and was evaluated by qPCR 

for human 18S levels relative to mouse glyceraldehyde 3-phosphate dehydrogenase 

(Gapdh) levels. At least four mice per group were evaluated for the presence of human 

RNA in the blood. Preliminary results show higher expression of human 18S in one 

sample from a mouse injected with MDA-MB-231/shVec/Luc cells compared to two 

mice each injected with either MRP4 knockdown clone (Figure V.13) consistent with the 

enhanced metastatic potential observed in mice bearing MDA-MB-231/shVec/Luc 

tumors. 
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Figure V.12: Pulmonary bioluminescence in mice bearing subcutaneous MDA-MB-

231/shMRP4/Luc tumors.  

Weekly pulmonary region bioluminescence readings were taken from 9-10 mice/group with 

established subcutaneous MDA-MB-231/shMRP4/Luc tumors. Bioluminescence signal was 

corrected for background luminescence and mean ± SEM of 9-10 mice per group is reported 

relative to 1 day post-injection pulmonary bioluminescence. The following symbols 

represent the results from t-tests performed at each timepoint. *: p < 0.05 between vector and 

knockdown clones (shVec/Luc vs. shMRP4-C/Luc, shVec/Luc vs. shMRP4-D/Luc), ^: p < 

0.05 between knockdown clones (shMRP4-C/Luc vs. shMRP4-D/Luc). 
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Figure V.13: Human 18S RNA detected in blood samples from mice bearing 

MDA-MB-231 shMRP4/Luc tumors  

Blood was collected from mice bearing MDA-MB-231/shRNA/Luc tumors via 

cardiac puncture upon necropsy. RNA isolated from this blood was evaluated for 

human 18S gene expression relative to mouse Gapdh expression. Relative 

expression is expressed as mean ± SD. Mouse identification numbers (234-256) 

are arbitrary. 
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A visual inspection of the lungs was performed under a dissecting microscope 

upon necropsy, but no macrometastases were observed with this method.  

The majority of tumor cells that are released from the primary tumor into the 

circulation die via apoptosis or due to the shear forces of the circulatory system. A small 

fraction of tumor cells is able to survive these stresses and are called “circulating tumor 

cells.” In order to form metastases, these cells must implant in a capillary bed, 

extravasate from the circulatory system, and implant into the surrounding tissue. These 

implanted cells then colonize and proliferate to form metastatic lesions. We showed that 

bioluminescence in the lungs, indicative of metastases from the primary injection site is 

inhibited when MRP4 expression was reduced. In order to determine which step in the 

metastatic process is affected by modulation of MRP4, we also performed a lung colony 

formation assay in which tumor cells are injected directly into the circulation which 

mimics the secondary implantation and colonization steps of the metastatic cascade. 

MDA-MB-231 cells (2.5x10
5
) stably expressing both shRNA targeting ABCC4 

vector control and luciferase (shVec/Luc, shMRP4-C/Luc, and shMRP4-D/Luc) were 

injected intravenously into the lateral tail vein of female BALB/c SCID mice. Luciferin 

was injected intraperitoneally in order to monitor tumor cells implanted in the pulmonary 

capillary bed or elsewhere in the animal by bioluminescent imaging. We observed a 

decrease in the bioluminescence signal from the pulmonary region over the first week of 

monitoring in all mice (Figure V.14). This was expected as most injected tumor cells die 

due to apoptosis or shearing in the circulatory system. We have shown previously that a 

fraction of cells implanted in the pulmonary capillary bed eventually establish metastatic 

lesions that are detectable via Xenogen imaging (127). As we monitored the development 
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of bioluminescence signal in these mice, we observed development of tumor masses not 

only in the lungs but also in other tissues including head, shoulders, hips, legs, and 

abdomen. Frequency and location of metastatic tumor development were similar among 

the three groups of mice injected with MDA-MB-231 cells expressing luciferase and 

either vector control or shRNA targeting MRP4, and this was independent of MRP4 

expression level. Tumors in the legs, head, and shoulder were observed in mice injected 

with shVec/Luc cells. Mice injected with shMRP4-C/Luc cells developed tumors in the 

head, abdomen, and pelvic regions. Tumors in the pelvis and legs were detected in mice 

injected with shMRP4-D/Luc cells. Overall, these results indicate no association between 

MRP4 expression level and the development of pulmonary or extra-pulmonary lesions 

from intravenously injected tumor cells. The ability of MRP4 to modulate spontaneous, 

but not intravenous, metastasis indicates that MRP4 likely affects an early step in the 

metastatic cascade.  

Animals were euthanized when they appeared moribund. A visual evaluation of 

the lungs was done under a dissecting microscope. The vast majority of animals did not 

present with visually detectable surface metastases. Lungs and any visually detectable 

tumor tissue throughout the body was excised and divided for molecular and histologic 

analyses.  
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Figure V.14: Bioluminescent imaging from MDA-MB-231/shMRP4/Luc cells injected 

intravenously 

Weekly bioluminescent imaging was performed on mice injected with 2.5x10
5
 MDA-MB-

231 cells with altered MRP4 expression (shVec/Luc, shMRP4-C/Luc, shMRP4-D/Luc. 

Bioluminescence signal is normalized to 15 minutes post-injection signal and expressed as 

mean ± SEM of nine mice.  
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MRP4 does not alter primary growth of luminal MCF7 tumor xenografts 

In cells expressing high endogenous levels of MRP4, stable knockdown reduced 

metastasis but did not affect the growth of the primary tumor. In order to investigate the 

role of MRP4 on tumor growth of cells that do not normally express elevated levels of 

MRP4, we injected 5x10
6
 MCF7 cells stably over-expressing MRP4 or empty vector 

control with 33% matrigel into the flank of NOD/SCID/IL2Rγ
null

 (NSG) mice 

supplemented with estradiol. Each of the three cell lines was injected at two sites across 

left and right flanks of nine mice. Figure V.15 shows relative MRP4 expression prior to 

injection.  
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Figure V.15: MRP4 expression in MCF7-derived sub-lines 

prior to xenograft injection.  

Total protein lysates were collected from vector control (MCF7-

Vec) or MRP4 over-expressing MCF7 cells (MCF7-MRP4-2, 

MCF7-MRP4-3) at a similar passage to the cells used for the 

xenograft study. MRP4 protein expression was determined via 

western blot and β-actin was used as a loading control.  
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Tumor incidence and growth was evaluated over seventy days. Caliper 

measurements of the longest and perpendicular diameters at the injection site were taken 

every 3 – 7 days and approximate tumor volume (Volume = [(Long diameter)x(short 

diameter)
2
]/2) is reported (Figure V.16A, B). Palpable tumor volume at the injection site 

decreased 2-3 weeks after injection for all lines and most lesions did not reach 300 mm
3
 

by the end of the observation period. Progressive tumor growth was not observed in 

17/18 lesions, independent of the MRP4 expression profile. Seventy-one days after tumor 

cell injection, mice were euthanized and necropsied to examine the injection site. Small 

subcutaneous lesions were seen and tissue at the injection site was collected for histologic 

analysis. Representative samples of these lesions from each cell line were confirmed to 

be tumors by hemotoxylin and eosin staining. In collaboration with a pathologist, we 

examined these lesions and observed cellular heterogeneity, mitotic figures, and areas of 

invasive growth along with areas of necrosis and encapsulation among tumors derived 

from all three cell lines, but there were no apparent histologic differences in tumors 

derived from injection of any of the three cell lines (Data not shown).  

Five of the tumors derived from vector control (MCF7-Vec) or MCF7-MRP4-3 

cells were collected for RNA extraction in order to confirm ABCC4 expression level. 

Early timepoints showed a slight difference in lesion size at the injection site between cell 

lines; however, any difference in growth among these xenografts disappeared as most 

lesions did not show progressive growth and, in fact, reduced in size over time.  

The majority of injections of MCF7 cells expressing vector or MRP4 did not 

result in robust, progressive tumors. Since the vector control cells did not establish 

progressively growing tumors, it is difficult to conclude whether the expression of MRP4 
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contributes to tumor growth in any of these MCF7-derived cell lines. MRP4 does not 

appear to confer a growth advantage on luminal MCF7 cells. This result was not 

surprising since MRP4 expression in MCF7 cells did not significantly affect proliferation 

(Figure V.5B) or PGE2 export from these cells (Figure IV.7B). These data are also 

consistent with the TCGA data in which MRP4 was typically not elevated in luminal 

breast tumors (Figure III.1A and III.7, panel 1, dotted box). 
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Figure V.16: Volume of MCF7-derived xenografts 

MCF7 cells expressing vector (MCF7-Vec) or MRP4 (MCF7-MRP4-2, MCF7-MRP4-3) were 

injected into the flanks of NSG mice. Individual (A) and mean (B) volume of the resulting 

lesions were calculated from diameter measurements. Dotted line indicates 300 mm
3
. Error 

bars in (B) represent SEM. Volume = [(long diam.)(short diam.)
2
]/2).  

A B 
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Summary 

COX-2 and PGE2 are elevated in many breast cancers and are associated with a 

poor prognosis (26, 27, 44, 128). PGE2 acts by activating four E-prostanoid G-protein 

coupled receptors (EP1-EP4) (34, 44). Downstream signaling initiated from these 

activated receptors leads to a wide range of changes in gene expression and cellular 

behavior. Of note, activation of EP2 and EP4 has been associated with malignant 

behavior in breast cancer including expression of aromatase and VEGF (41–43, 45). EP4 

activation has also been associated with increased migratory and metastatic behavior of 

tumor cells (37, 40, 118). PGE2 levels are influenced by multiple members of the PGE2 

pathway (25). We have proposed that, besides COX-2, MRP4 positively contributes to 

the level of PGE2 in a tumor by exporting PGE2 from the cell into the tumor 

microenvironment (48, 55, 57, 58). Extracellular PGE2 can then bind EP receptors and 

induce downstream signaling. Alternatively, extracellular PGE2 is imported through PGT 

and metabolized by 15-PGDH, thereby silencing PGE2-mediated signaling (74, 76, 88). 

We have now shown that suppressing MRP4 expression or activity leads to decreased 

metastatic potential that our previous studies linked to PGE2-EP4 signaling (40, 118).  

We have shown that mice injected subcutaneously with MDA-MB-231 cells 

stably expressing luciferase and decreased MRP4 expression establish equally 

progressively growing tumors, but fewer spontaneous metastases than mice injected with 

MDA-MB-231 cells stably expressing luciferase with unaltered levels of MRP4. 

Bioluminescent imaging of mice bearing subcutaneously implanted tumors established 

from MDA-MB-231/shMRP4-C/Luc or MDA-MB-231/shMRP4-D/Luc cells metastasize 
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less frequently to the lungs or other tissues compared to mice bearing tumors established 

from MDA-MB-231/shVec/Luc control cells.  

In order to investigate how modulation of MRP4 affects the establishment of 

spontaneous metastases, we also employed an intravenous metastasis model that mimics 

secondary implantation from the circulation and metastatic lesion formation. Tumor cell 

trapping and outgrowth were monitored using bioluminescent imaging. We did not 

observe differences among the three groups of mice injected with MDA-MB-

231/shVec/Luc, MDA-MB-231/shMRP4-C/Luc, or MDA-MB-231/shMRP4-D/Luc cells 

which suggests that MRP4 influences an early step in the metastatic cascade.  

Activation of EP4 by PGE2 leads to several cellular changes including increased 

migratory and metastatic potential. When we examined the effect of MRP4-dependent 

PGE2 export in a newly established paracrine model of migration, we found that 

conditioned media from MDA-MB-436 cells treated with MK571 induced less migration 

of MDA-MB-231 responder cells than conditioned media from MDA-MB-436 cells 

treated with vehicle control. This suggests that inhibition of MRP4-dependent export of 

PGE2 is sufficient to decrease PGE2-dependent phenotypes. If MRP4 specifically 

modulates tumor cell migration, an early step in the metastatic process, this may explain 

why no difference in lung involvement is seen following intravenous injection of tumor 

cells with different levels of MRP4. Direct injection into the circulation does not require 

tumor cell migration.  

In order to investigate the role of MRP4 on tumor growth and metastasis in cells 

that do not normally express high levels of MRP4, we injected MCF7 cells stably 

expressing vector or MRP4 subcutaneously in the flanks of NSG mice. Although 
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proliferative malignant cells were detected in these lesions, tumors did not progressively 

grow in mice injected with any of the three MCF7-derived cell lines. While we cannot 

conclude if MRP4 expression contributes to tumorigenicity of MCF7 cells since mice 

injected with MCF7-Vec cells did not establish progressive tumors, there does not appear 

to be a growth advantage for MCF7 cells expressing elevated levels of MRP4.  

PGE2 signaling is not directly associated with proliferation of breast tumor cells. 

We saw that transiently or stably reducing expression of MRP4 in MDA-MB-231 cells or 

MDA-MB-436 cells did not affect cell proliferation in vitro. When we over-expressed 

MRP4 in luminal MCF7 cells, we detected no difference in cell proliferation among cells 

stably expressing empty vector or cells stably expressing MRP4. MDA-MB-231 and 

MCF7 cells do not produce appreciable levels of PGE2, but independent of PGE2 levels, 

MRP4 expression level did not affect the cell proliferation of these cell lines. MDA-MB-

436 cells express both COX-1 and COX-2, and PGE2 content in the conditioned media of 

these cells is influenced by the activity of MRP4. When MRP4 expression and activity 

are reduced in MDA-MB-436 cells, we did not see a marked change in cell proliferation 

compared to control cells. Additionally, since we did not see differences in primary 

tumor growth with respect to MRP4 expression level in either MDA-MB-231 or MCF7 

xenograft experiments, we further conclude that MRP4 does not directly affect cell 

proliferation. These data are consistent with the reports that PGE2 is not strongly 

associated with proliferation in breast cancer.  

In order to investigate the role of MRP4 on tumor growth and metastatic potential 

in human breast cancer cell lines, it was necessary to inject MDA-MB-231 and MCF7 

cells into immunocompromised mice (BALB/c-SCID and NSG, respectively). BALB/c-
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SCID mice lack B- and T-cells which allows for the establishment and growth of human 

cell-derived tumors without inducing allogenic rejection. In addition to B- and T-cells, 

NSG mice also lack NK cells and are among the most immunocompromised mouse 

models. The finding that our MCF7-derived cell lines did not develop progressive tumors 

in the NSG model illustrates the low tumorigenicity of these cells. It has been shown 

previously that PGE2 suppresses elements of the immune system that are normally able to 

reduce breast cancer growth and metastasis (40, 44, 80). Since our xenograft experiments 

had to be conducted in immunocompromised mice, we cannot determine the role of 

MRP4-dependent PGE2 export on immune cell-mediated inhibition of tumor growth and 

metastasis.  

Taken together, we show that suppression of MRP4 expression in a metastatic, 

basal type breast cancer cell line (MDA-MB-231) decreased the ability of a subcutaneous 

primary tumor to develop spontaneous metastases when compared to MDA-MB-231 cells 

with high endogenous levels of MRP4. Modulating expression of MRP4 in these cells 

was not sufficient to alter implantation and colonization steps of the metastatic process as 

seen in the intravenous injection model. Also, suppression of MRP4 does not inhibit 

proliferation of several breast cancer lines which is consistent with our observations that 

tumors established from MDA-MB-231 cells with reduced MRP4 expression grew as 

rapidly as tumors established from control MDA-MB-231 cells. The migration promoting 

activity of MRP4 may underlie the observed enhanced spontaneous metastasis which 

requires viable tumor cells to detach from the primary tumor and to migrate to secondary, 

metastatic sites. Most likely, MRP4 is functioning in the tumor microenvironment of the 

established primary tumor by increasing the level of PGE2 which acts in an autocrine 
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manner and also is available to diverse cells in the heterogeneous tumor which enhances 

metastatic potential of cells. 
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Chapter VI: Aim 4: Determine the role of MRP4 on 

breast cancer stem-like cells 

Some COX-2 pathway members are modulated in breast cancer stem-

like cells (BCSLCs). 

Breast cancer recurrence signifies disease progression and poses a challenge for 

therapy as recurrent tumors are often resistant to therapeutic modalities used to treat the 

initial tumor. One possible cause of recurrent disease has been attributed to a recently 

identified subpopulation of tumor cells, “cancer stem cells.” This subpopulation, 

considered to be relatively rare, is generally resistant to systemic chemotherapies and 

may persist even after the bulk tumor has been eliminated. Cancer stem cells are defined 

by their pluripotent nature and ability to reconstitute all cell types found in the 

heterogeneous tumor. Several indicators of stem-like cell properties have been 

established in both in vitro and in vivo models of breast cancer. These indicators include 

the ability for cells to survive and proliferate in ultra low attachment conditions, thereby 

forming multicellular “mammospheres”; enrichment of the CD44
high

/CD24
low

 

subpopulation of cells; enrichment of the “side-population” of cells due to elevated 

expression of BCRP or ABCB1 efflux proteins, increased cellular activity of the 

aldehyde dehydrogenase enzyme (ALDH); and the ability of an individual cell to 

establish a progressive tumor in an animal model (extreme limiting dilution assay, 

ELDA) (38, 92, 96–98). Since elevated COX-2 and PGE2 levels have been associated 

with a poor prognosis and recurrent disease (24, 27, 28, 111, 128–130), we sought to 

investigate members of the PGE2 pathway for possible roles in the formation and 

maintenance of breast cancer stem-like cells (BCSLCs) as the contribution of PGE2 

pathway members to cancer stem cell biology had not been reported.  
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In order to investigate the role of PGE2 pathway members in BCSLCs, our lab 

cultured six human breast cancer cell lines and four murine mammary tumor cell lines in 

mammosphere-forming conditions. These cultures were characterized for mammosphere 

formation and cellularity, and harvested for gene and protein expression analysis. Bulk 

population attached cells were grown in parallel with these mammospheres and collected 

to compare gene and protein expression of PGE2 pathway members. Starting from 

attached cell culture, 1x10
4
 cells were seeded in MammoCult media or normal growth 

media in each well of 24-well ultra-low attachment plates and cultured at 37°C and 5% 

CO2 for ten days. These cells were termed “MS1” as they were the first generation of 

mammospheres from attached cells. “MS2” mammospheres were cultured from 

dissociated MS1 mammospheres in equivalent culture conditions.  

We found that aggressive, metastatic cell lines of either human or mouse origin 

formed more and larger mammospheres compared to less aggressive or non-metastatic 

cell lines (38). The human breast cancer cell lines MDA-MB-231, MDA-MB-436, 

BT549, and SKBR3 consistently formed large, well-defined multicellular mammospheres 

while mammospheres derived from MCF7 or T47D cells were smaller and not as well-

defined (Figure VI.1). 

My contribution to this group effort was to isolate total RNA and protein from 

MS1 cells and compare the expression of COX-2, EP4, 15-PGDH, and MRP4 to isolates 

from bulk population cells. COX-2 and EP4 RNA levels were increased in 

mammospheres derived from MDA-MB-231 (basal) and SKBR3 (HER2-enriched) cells 

compared to the bulk population, but these changes in gene expression were not seen in 

mammospheres derived from luminal MCF7 cells (Figure VI.2A,B (38)).  
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Elevated levels of COX-2 and EP4 RNA correlated with similar increases in 

COX-2 and EP4 protein in mammosphere-forming cells compared to bulk population 

controls (Figure VI.3 adapted from reference 38). These expression patterns were also 

observed in murine mammary cancer cell lines where COX-2 and EP4 were upregulated 

in mammospheres derived from metastatic populations but were not changed in 

mammospheres derived from non-metastatic cell lines (data not shown) (38). 

Expression of 15-PGDH was higher in MDA-MB-231 and SKBR3 bulk 

population samples compared to the MCF7 bulk population. We detected a slight 

increase in the expression level of 15-PGDH protein in mammospheres derived from 

MDA-MB-231 and SKBR3 cells compared to their bulk population controls, but 

expression of 15-PGDH decreased in MCF7 cells cultured in mammosphere-forming 

conditions compared to the bulk population (Figure VI.4).  

 

 

 

 



 

146 

 

 

  

Figure VI.1: Phase-contrast images of mammospheres derived from MCF7 and 

MDA-MB-231 cells 

A) MCF7 and B) MDA-MB-231 cells were cultured in mammosphere-forming 

conditions for 10 days. Representative phase-contrast images of the resulting 

mammospheres are shown under the same magnification.  
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EP4 Expression 

Figure VI.2: Expression of COX-2 and EP4 RNA in cells grown as bulk or 

mammosphere culture. 

mRNA isolated from MDA-MB-231, SKBR3, and MCF7 cells grown as bulk culture (Ctrl) 

or in mammosphere-forming conditions (MC) was analyzed for COX-2 (A) and EP4 (B) 

expression. Adapted from Kundu et al. (2013). 

A B 
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Figure VI.3: COX-2 and EP4 

expression are increased in 

mammospheres compared to bulk 

population cells. 

Relative COX-2 and EP4 protein 

levels were determined among bulk 

cells, mammospheres in growth 

media (MS-DME, MS-McCoy’s), 

and mammospheres in MammoCult 

media (MS-MC) across MDA-MB-

231, SKBR3, and MCF7 cell lines. 

Red brackets indicate increased 

COX-2 and EP4 protein expression 

in mammospheres cultured in 

MammoCult media. β-actin was 

used as a loading control. Adapted 

from Kundu et al. (2013). 
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Figure VI.4: Relative expression of 15-PGDH among bulk population and 

mammospheres from three breast cancer cell lines. 

Total protein lysates from MCF7, MDA-MB-231, and SKBR3 cells cultured as bulk 

population or under mammosphere-forming conditions were analyzed for expression of 

15-PGDH. All cell lines were evaluated on the same membrane. Dotted line indicates 

excluded lanes. β-actin was used as a loading control. 
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When we examined the expression of MRP4 RNA (ABCC4) and protein in 

mammospheres derived from human breast cancer cell lines compared to their bulk 

population controls, we found that expression of both MRP4 RNA and protein was 

decreased in MS1 cells relative to the bulk population. Expression of ABCC4 mRNA was 

decreased in the mammospheres of all cell lines relative to the bulk population (Figure 

VI.5). The decreased expression level was consistent between MS1 (mammospheres 

generated from attached cells) and MS2 (mammospheres passaged from MS1 cells) 

populations (data not shown).  

At the protein level, MRP4 expression in the mammospheres was also decreased 

compared to the bulk population (Figure VI.6). MRP4 expression in bulk population 

cells was similar to that seen in Figure III.13. MCF7 cells had low expression of MRP4 

in the bulk population and no detectable MRP4 protein in the corresponding MS1 

mammospheres. No MRP4 expression was detected in T47D bulk population or MS1 

mammosphere samples. The three more aggressive cell lines in our panel, MDA-MB-

231, SKBR3, and BT549 showed strong MRP4 expression in the bulk population but 

decreased MRP4 expression in corresponding MS1 mammospheres.  
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Figure VI.5: Relative 

expression of ABCC4 RNA 

between bulk population and 

mammospheres from breast 

cancer cell lines. 

Six breast cancer cell lines 

were cultured as bulk 

population or under 

mammosphere-forming (MS1) 

conditions and collected for 

RNA isolation. Relative 

expression of ABCC4 was 

determined by qPCR. Mean 

expression ± SD of ABCC4 for 

mammosphere samples is 

reported relative to the bulk 

population sample for the 

indicated cell lines. 
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Figure VI.6: Relative expression of MRP4 protein between bulk population and 

mammospheres of breast cancer cell lines. 

Total protein lysates were collected from the indicated bulk population or mammosphere 

(MS1) culture. Relative MRP4 expression was determined via western blot. BT549 samples 

were evaluated on a separate membrane. β-actin was used as a loading control.  
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Given the significant increase in COX-2 expression in the mammospheres 

compared to the bulk population, but decreased MRP4, I determined the net effect of 

these changes on the extracellular levels of PGE2 in the conditioned media of 

mammospheres and the bulk population. PGE2 was markedly elevated in the conditioned 

media from mammospheres grown in serum-containing media derived from MDA-MB-

231 (231 MS-DME, 8.87 pg/μg) and SKBR3 (SKBR3 MS-McCoy’s, 21.87 pg/μg) cells, 

but not from MCF7 (MCF7 MS-DME, undetectable PGE2) cells compared to the 

conditioned media from bulk cells (undetectable PGE2) consistent with the upregulation 

of COX-2 in MDA-MB-231 and SKBR3 but not MCF7 cells (Figure VI.7 (38)). 

Conditioned media from mammospheres grown in MammoCult media did not contain 

PGE2. We hypothesized that since MammoCult media does not contain serum, there 

would be no arachidonic acid to serve as the substrate for COX-2 to synthesize PGE2. To 

address this possibility, arachidonic acid (25 μM final concentration) was added for thirty 

minutes in fresh MammoCult media to mammospheres derived from MDA-MB-231 cells 

on the final day of culture. PGE2 levels in the resulting conditioned media from 

mammospheres briefly supplemented with arachidonic acid were increased greater than 

30-fold over conditioned MammoCult media not supplemented with arachidonic acid 

(Figure VI.8). These results indicate that low PGE2 synthesis in highly COX-2-positive 

mammospheres is a result of low substrate availability in MammoCult media. These 

findings also suggest that the MRP4 levels in MDA-MB-231 or SKBR3-derived 

mammospheres, although reduced, are sufficient to export PGE2 from the cell. 

Alternatively, PGE2 may leave the cell independent of MRP4. In contrast, MCF7 cells do 
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not express significant levels of either COX-2 or MRP4, and therefore, PGE2 does not 

accumulate in the conditioned media of these cells.   

 

 

  

Figure VI.7: PGE2 levels in the conditioned media of 

mammospheres.  

Conditioned media from bulk population cells (open bars) or 

mammospheres (dark bars) cultured in normal growth media was 

assayed for PGE2. Mean ± SEM PGE2 reported as pg/μg total cellular 

protein. * p < 0.001 vs bulk population. Adapted from Kundu et al. 

(2013). 

* 

* 
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Figure VI.8: PGE2 production by mammospheres 

treated with arachidonic acid.  

MDA-MB-231 mammospheres maintained in MammoCult 

media were supplemented with 25 μM arachidonic acid for 

30 minutes on the final day of culture. Conditioned media 

was collected and assayed for PGE2 and compared to 

unsupplemented conditioned media. Mean ± SEM PGE2 

content (pg/mL) is reported. *** p < 0.001 
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Reduced MRP4 expression does not affect mammosphere formation 

Based on the observations that MRP4 RNA (ABCC4) and protein are decreased 

in the MS1 population of each cell line examined, we hypothesized that perhaps forced 

reduction in ABCC4 and MRP4 expression prior to seeding cells in mammosphere 

culture would result in enhanced formation of these multicellular bodies. In order to 

investigate this hypothesis, MDA-MB-231 cells were transfected with siRNA targeting 

ABCC4 (construct A or B) or scramble control for 24 hours before being seeded in 

mammosphere-forming conditions. The remaining cells were collected for RNA isolation 

to determine the effectiveness of the siRNA transfection. After ten days in culture, 

mammospheres were enumerated microscopically and dissociated in order to determine 

the cellularity of the mammospheres. 

We found that the number of mammospheres formed by MDA-MB-231 cells 

transfected with scramble siRNA control or either of two siRNA constructs was not 

significantly different despite a large decrease in the expression level of ABCC4 (Figure 

VI.9A, B). We counted 11% more mammospheres from cells transfected with siRNA 

construct A compared to scramble control and 2% more mammospheres from cells 

transfected with siRNA construct B (Figure VI.9B). There was a 19% decrease in the 

average number of cells per mammosphere derived from construct B transfected cells 

(Figure VI.9C). None of these observed differences reached statistical significance by 

Student’s t-test.  

These studies, thus far, indicated that MRP4 levels, alone, do not contribute to 

mammosphere-forming ability of MDA-MB-231 cells. To determine if this conclusion 

applies to other cells, we examined BT549 and MDA-MB-436 cells.  
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Figure VI.9: Knockdown of MRP4 in MDA-

MB-231 cells does not affect mammosphere 

formation. 

MDA-MB-231 cells were transfected with 

siRNA (scramble, constructs A or B) targeting 

ABCC4 and seeded in mammosphere-forming 

conditions. A) ABCC4 expression ± SD of 

MDA-MB-231 cells following siRNA 

transfection relative to scramble control. B) 

Mean ± SEM number of mammospheres from 

each transfected condition. C) Mean ± SEM 

number of cells per well from the indicated 

siRNA transfection.  

A 

C 

B 
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The BT549 cell line expresses MRP4 and also forms robust, well-defined 

mammospheres. These cells were transfected with siRNA targeting ABCC4 or scramble 

control for 24 hours prior to being seeded in mammosphere-forming conditions (Figure 

VI.10A). In cells transfected with siRNA construct A versus scramble control, there was 

a significant increase (29%) in the mean number of mammospheres that formed in each 

well accompanied by a slight decrease in the number of cells comprising these spheres 

(p=0.116) (Figure VI.10B, C). We calculated cells per sphere as a measure of how 

proliferative the mammosphere-forming cells are. When this parameter was examined, 

there was a 34% decrease in the number of cells per sphere following ABCC4 

knockdown with siRNA construct A compared to scramble control (Figure VI.10D). In 

cells transfected with siRNA construct C, there was an increase in the number of 

mammospheres formed, but no significant differences in the total number of cells or cells 

per sphere.  
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Figure VI.10: Knockdown of MRP4 in BT549 cells 

modestly increases mammosphere formation.  

A) ABCC4 expression ± SD of BT549 cells following siRNA 

transfection relative to scramble control. B) Mammospheres 

were enumerated and mean number of mammospheres ± SEM 

is reported, n=8 wells. C) Mammospheres were dissociated and 

separated cells were counted from 3 wells, mean ± SEM. D) 

Cell counts per sphere are reported from 3 wells, mean ± SEM. 

* p < 0.05, ** p < 0.01 

A B 

C 
D 
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MDA-MB-436 cells express high levels of MRP4 under normal culture conditions 

and also form robust mammospheres. MDA-MB-436 cells were transfected with siRNA 

targeting ABCC4 (construct A or C) or scramble control prior to seeding in 

mammosphere-forming conditions. After ten days of mammosphere culture, 

mammospheres were enumerated for each siRNA condition and compared to scramble 

control mammospheres. As observed with MDA-MB-231 and BT549 cells, we did not 

see a consistent, significant difference in mammosphere quantity between scramble 

control transfected mammospheres and siRNA transfected mammospheres from MDA-

MB-436 cells despite ABCC4 mRNA expression being strongly decreased (Figure 

VI.11A, B). The difference in mammosphere quantity between mammospheres derived 

from MDA-MB-436 cells transfected with construct A and construct C siRNA was 

significant, but given their equal levels of ABCC4 mRNA expression, we concluded that 

levels of MRP4 do not affect mammosphere-forming ability in this cell line.  
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Figure VI.11: Knockdown of MRP4 in MDA-MB-436 cells does not affect 

mammosphere formation. 

MDA-MB-436 cells were transfected with 10 nM siRNA (scramble, construct A 

or C) before being seeded into mammosphere-forming conditions. A) ABCC4 

expression ± SD of MDA-MB-436 cells following siRNA transfection relative to 

scramble control. B) Mammospheres were enumerated and the mean number of 

mammospheres ± SEM from 12 wells is reported. 

A B 
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While parental MCF7 cells did not form robust, defined mammospheres (Figure 

VI.1), we cultured MCF7 cells expressing MRP4 either transiently or stably in 

mammosphere-forming conditions and evaluated changes in mammosphere formation 

and cell proliferation. There were no consistent changes between vector expressing cells 

and those over-expressing MRP4 when overall number and cellularity of mammospheres 

was evaluated (Data not shown). 

Since both ABCC4 and MRP4 expression are decreased in mammosphere-

forming conditions compared to the bulk population of all cell lines examined, and 

suppressing expression of MRP4 does not consistently affect the ability of these cell lines 

to form mammospheres, we conclude that MRP4 expression levels do not play an 

important role in the formation or survival of mammospheres derived from these cell 

lines.  

MRP4 does not modulate indicators of breast cancer stem-like cells 

In addition to mammosphere formation and cell proliferation in these conditions, 

we were also interested in determining if MRP4 modulates other breast cancer stem-like 

cell properties. Activity of aldehyde dehygrogenase (ALDH), an indicator of breast 

cancer stem-like cells, was evaluated using an Aldefluor assay. Parental MDA-MB-231 

cells cultured in mammosphere-forming conditions contain 5-15% ALDH
+
 cells (38). 

When MDA-MB-231 cells were transfected with siRNA targeting ABCC4 prior to 

mammosphere culture, we saw a slight decrease in the percentage of ALDH
+
 cells in 

those transfected with siRNA against ABCC4 (4.9 - 5.9%) compared to those transfected 

with scramble control (6.0%) (Figure VI.12). This trend was repeatable, but did not 

reach statistical significance. These studies were done in collaboration with Dr. Kundu. 
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Figure VI.12: ALDH activity determined by Aldefluor in MRP4 knockdown MDA-

MB-231 cells. 

MDA-MB-231 cells were transfected with siRNA targeting ABCC4 prior to 

mammosphere-forming culture. (Left) ALDH activity (mean ± SEM of triplicate 

determinations) from dissociated mammospheres is reported for each of the indicated 

siRNA conditions. (Right-top) In a representative flow cytometry plot, DEAB reagent 

is added to cells and aldefluor in order to specifically inhibit ALDH activity and set the 

background value. (Right-bottom) In the absence of DEAB, ALDH activity is 

quantified by the percentage of cells above the background value. 
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Since BT549 cells formed slightly more mammospheres when MRP4 expression 

was reduced prior to mammosphere culture, we wanted to determine if this increase in 

mammosphere formation was accompanied by an increase in phenotypic indicators of 

BCSLCs as determined by ALDH activity. We determined the percentage of ALDH
+
 

cells in mammospheres derived from BT549 cells transfected with either of two siRNA 

constructs or scramble control. We detected slight differences in ALDH activity in these 

cells, but there was no consistent or significant change in ALDH activity following 

knockdown of MRP4 (data not shown).  

MDA-MB-436 cells grown in mammosphere-forming conditions express high 

levels of ALDH (35% ALDH
+
) (data not shown). We transfected these cells with siRNA 

targeting ABCC4 and seeded them in mammosphere-forming conditions. We found that 

the percentage of ALDH
+
 cells was not affected by siRNA knockdown of MRP4 

expression (data not shown).  

Another indicator of some BCSLCs, particularly in basal subtype cells, is the 

CD44
high

/CD24
low

 population. Greater than 90% of parental MDA-MB-231 cells in the 

bulk population or cells derived from mammospheres are phentotypically 

CD44
high

/CD24
low

,
 
reflecting the basal subtype of this cell line (38, 98, 131). Using flow 

cytometry and in collaboration with Dr. Kundu, we examined the expression of CD44 

and CD24 on mammospheres derived from MDA-MB-231 cells transfected with siRNA 

targeting ABCC4 or scramble control. Expression of these two cell surface markers was 

not affected by siRNA knockdown of ABCC4 in attached MDA-MB-231 cells 

(Scramble: 93.1%, construct A: 93.6%, construct B: 91.9% CD44
high

/CD24
low

).  
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We have shown that in human and mouse models of breast cancer, metastatic, 

aggressive cell lines form robust mammospheres while non-metastatic or less aggressive 

cell lines do not. Cells from these mammospheres are able to form progressive tumors in 

mouse models even at cell numbers less than 100 (38, 91). Mammospheres from 

metastatic cell lines express elevated levels of COX-2 and are poised to synthesize PGE2 

in the presence of supplemental arachidonic acid (found normally as a component in fetal 

bovine serum and of the plasma membrane of tumor cells). Elevated COX-2 expression is 

accompanied by increased EP4 expression that would be activated by PGE2 in the tumor 

microenvironment. As shown by Kundu et al., inhibition or genetic knockdown of EP4 

suppressed several in vitro markers of BCSLCs including mammosphere formation, 

ALDH activity, and tumorigenicity in vivo (38). MRP4 expression was decreased in 

mammospheres at the RNA and protein level compared to bulk population cells. 

Suppressing MRP4 expression with siRNA prior to mammosphere culture did not 

consistently enhance the formation of mammospheres in the basal-type cell lines tested. 

Additionally, suppressing MRP4 did not affect other in vitro indicators of BCSLCs.  

Summary 

In conclusion, some elements of the COX-2 pathway (COX-2 and EP4,) but not 

MRP4 or 15-PGDH, are upregulated in BCSLC. In vitro and in vivo studies support that 

the EP4 upregulation is critical to the survival of BCSLCs (38). We were somewhat 

surprised to find that MRP4 actually declines in expression in BCSLC in multiple cell 

lines. Furthermore, MRP4 gene silencing did not compromise mammosphere-forming 

capacity. It may be that the very high COX-2 levels are sufficient to drive stem-like cell 

properties, and that even low levels of MRP4 activity are sufficient to export sufficient 
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PGE2 to activate the very high EP4 levels to support the survival of BCSLC. Future 

studies will be needed to further examine this hypothesis.  
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Chapter VII: Discussion 

COX-2 and its predominant lipid product, PGE2, are elevated in many epithelial 

malignancies including breast cancer and are indicators of poor prognosis (24, 26, 27, 

111, 132). Inhibiting the production of PGE2 with NSAIDs or COX-2-specific coxibs has 

shown tumor-preventative effects; however, chronic use of these inhibitors can lead to 

adverse secondary effects, precluding the use of these compounds in long-term 

chemoprevention regimens, at least in the general population of average risk (29, 30, 32, 

125, 133, 134). COX inhibitors are also active in many models of progressive and 

metastatic cancer of many histologic types. Some of the anti-tumor effects are most easily 

demonstrated in immune competent models (40, 44, 118). Since PGE2 inhibits several 

anti-tumor effector mechanisms, suppressing PGE2 production with COX inhibitors 

enables cytotoxic T cells and NK cells to suppress tumor growth and metastasis (24, 

135). Given the long-established role for elevated COX-2 in aggressive tumors, extensive 

investigations are being conducted into other aspects of the PGE2 pathway that contribute 

to the overall level of PGE2 in the tumor microenvironment (76, 82, 136).  

Activation of EP4 occurs when extracellular PGE2 binds to this receptor, and both 

increased expression of EP4 and elevated levels of extracellular PGE2 lead to enhanced 

progression of invasive, metastatic tumors (34, 44). Not only does activation of the EP4 

receptor lead to increased migratory and metastatic potential, it also supports the BCSLC 

phenotype (38, 123, 137, 138).  

MRP4 is responsible for the active export of PGE2 from cells (48, 50, 51, 57, 58). 

While the roles of COX-2 and EP4 are well-defined in breast cancer, the role of MRP4 in 

breast cancer had not been investigated. Nothing was known about the relationship of 
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MRP4 expression to specific molecular subtypes that represent very different clinical 

behavior and treatment plans. We have now shown that ABCC4/MRP4 is expressed in 

breast cancer, and that elevated expression of ABCC4/MRP4 is strongly associated with 

aggressive subtypes of breast cancer (TNBC and HER2-enriched) relative to luminal 

subtypes. We hypothesized that elevated MRP4 might represent a novel mechanism to 

achieve high PGE2 export into the tumor microenvironment, furthermore, that MRP4 

would, by exporting PGE2, promote growth and metastasis in models of TNBC. The role 

of MRP4 in cancer metastasis had not been reported. We made the novel observation that 

TNBC xenografts of MDA-MB-231 cells with reduced expression of MRP4 had 

markedly reduced metastatic ability compared to MDA-MB-231 vector controls. This 

finding is consistent with MRP4-dependent export of PGE2, and subsequent activation of 

EP4 receptors by PGE2 resulting in increased metastatic potential, as has been reported 

by our lab and others (118, 137, 138).  

In contrast to metastatic potential, we observed no significant difference in 

primary tumor growth among xenografts with either reduced expression or forced over-

expression of MRP4 compared to controls. There are several possible explanations for 

the different effect of MRP4 knockdown on primary versus metastatic growth: (1) the 

residual MRP4 activity in shRNA-expressing cells may nevertheless be sufficient to 

mediate critical MRP4 activities in vivo. (2) MRP4 may only affect activities that are 

critical to metastatic dissemination but not to expansion of the primary tumor consistent 

with our results that increased or decreased MRP4 expression did not significantly affect 

cell proliferation in vitro. (3) Inhibition of tumor growth by COX inhibitors or EP4 

antagonists is most evident in the context of an intact immune system as PGE2 inhibits 
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the anti-tumor activity of NK and cytotoxic T cells. Modulation of MRP4-dependent 

active export of PGE2 in primary tumors may not result in differences in tumor growth 

due to the immunocompromised mouse model used in these experiments. PGE2-mediated 

mechanisms that affect metastatic potential include both immune-dependent and 

immune-independent pathways. Forced over-expression of MRP4 in MCF7 cells did not 

enhance the tumorigenicity of this luminal cell line.  

Modulation of MRP4 in MDA-MB-231 cells does not appear to be involved in 

the initial trapping and colonization steps of the metastatic cascade since we saw no 

difference in the degree of pulmonary involvement when tumor cells are injected 

intravenously. Future studies will identify which step(s) in the metastatic cascade are 

affected by MRP4 modulation. These findings are consistent with our earlier observations 

that EP4 inhibition also affects tumor metastatic potential to a greater degree than 

tumorigenic capacity.  

To begin to elucidate the mechanism by which MRP4 promotes metastasis, we 

investigated the impact of MRP4-dependent export of PGE2 on migratory potential. We 

first showed that inhibition of MRP4 reduces the amount of PGE2 exported by cells into 

the conditioned media. We chose to inhibit MRP4 in cells that produce PGE2 (MDA-MB-

436) and apply the resulting conditioned media to cells that migrate when stimulated by 

PGE2 (MDA-MB-231). Conditioned media from MDA-MB-436 cells (expressing high 

basal levels of MRP4) treated with an MRP antagonist (MK571) were less effective at 

inducing migration of MDA-MB-231 responder cells than conditioned media from 

MDA-MB-436 cells treated with vehicle control. This emphasizes the role that MRP4 

could play in the heterogeneous tumor microenvironment. MRP4 expressed on some of 
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the tumor cells could export PGE2 into the tumor microenvironment where PGE2 could 

act on multiple cell types. This is consistent with our observation of heightened 

spontaneous pulmonary metastases in mice bearing subcutaneous tumors that express 

MRP4 compared to tumors that express reduced levels of MRP4. If MRP4 is able to 

modulate migration of cells in the tumor microenvironment, one of the early steps in the 

metastatic process, this may explain why we did not observe a difference in lung 

involvement following intravenous injection of tumor cells with different levels of MRP4 

since this model bypasses the migration and intravasation steps of the metastatic cascade.  

Tumor progression may be driven by cancer cells with a stem-like phenotype. 

ABCC4/MRP4 expression is decreased in breast cancer stem-like cells (BCSLCs). This 

was surprising since COX-2 and EP4 are both elevated in breast cancer stem-like cells. 

While we have shown that MRP4 influences the export of PGE2, the decreased levels of 

MRP4 in BCSLC, relative to the non-SLC, may be sufficient to export PGE2 by the 

dramatically increased levels of COX-2 expression observed in the BCSLC population 

(38). We have also shown that while EP4 activation is supportive of the breast cancer 

stem-like cell phenotype, decreased expression of MRP4 in BCSLC did not influence 

phenotypic indicators of cancer stem cells (ALDH
+
, CD44

high
/CD24

low
). It is possible that 

COX-2 and EP4 expression are primary drivers of BCSLC (38). As seen in our 

mammosphere culture experiments, breast cancer cells with very elevated levels of COX-

2 are able to produce PGE2 at a level that is apparently not dependent on elevated MRP4 

expression or activity. Conversely, some of these results suggest that elevated MRP4 

could play a role in tumors with low-moderate COX-2 expression and could maintain 
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PGE2 levels in the tumor by efficiently exporting the available PGE2 into the tumor 

microenvironment.  

We have also shown that PGE2 pathway members responsible for PGE2 import 

and metabolism (PGT and 15-PGDH) are expressed in breast cancer, and expression of 

these proteins is decreased in aggressive breast cancer (74). Expression of PGT in 

adipocytes has been shown to suppress PGE2 signaling as it reduces the amount of PGE2 

in the extracellular microenvironment. Interestingly, luminal A subtype tumors exhibited 

elevated SLCO2A1 (PGT) mRNA expression while luminal B subtype tumors, which are 

more aggressive than luminal A tumors, had lower SLCO2A1 mRNA expression. This 

could potentially serve as a biomarker to help distinguish these two subtypes, but also 

could be an indicator of a tumor microenvironment in which PGE2 is taken into cells to 

be metabolized instead of signaling through EP receptors. Breast cancers with high 

MRP4 expression and low PGT expression could have an elevated net efflux of PGE2 

into the tumor microenvironment where PGE2 could signal through EP receptors on 

diverse cell types in the tumor. An inverse relationship between MRP4 and PGT has been 

reported in colorectal cancer (55). We have shown here that basal subtype tumors have 

increased ABCC4/MRP4 expression and decreased SLCO2A1/PGT expression while 

luminal A subtype tumors have increased SLCO2A1/PGT expression and decreased 

ABCC4/MRP4 expression.  

Gene expression microarray analysis indicated high expression of PTGS2, the 

gene for COX-2, in normal, non-tumorigenic breast tissue samples which is inconsistent 

with the established role of aberrant COX-2 protein expression in aggressive breast 

cancer relative to normal tissue (25–27, 111). Many factors could influence the level of 
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PTGS2 mRNA independent of resulting COX-2 protein levels including RNA-binding 

proteins or micro-RNAs that could bind and alter the stability and half-life of PTGS2 

mRNA as well as the resultant translation of COX-2 protein (139, 140). Expression of 

PTGS2 might not be a strong predictor of COX-2 protein in a tumor.  

In conclusion, we have generated data supporting our hypothesis that MRP4 is 

expressed in aggressive breast cancer and is associated with the enhanced development of 

spontaneous metastases in an animal model. MRP4 is able to export an established 

tumor-promoting molecule, PGE2, actively into the tumor microenvironment. There is 

considerable interest in identifying clinically useful MRP4 inhibitors. Our studies provide 

an additional rationale to continue this effort. Even if MRP4 is itself not a therapeutic 

target, its expression could serve as a biomarker for tumors with elevated PGE2 levels, 

therefore predicting a better outcome for short-term treatment with COX inhibitors or EP 

receptor antagonists. Further investigation will need to be done in order to fully elucidate 

the steps at which MRP4 modulates metastatic potential in breast cancer. In contrast to 

the metastasis-promoting activity of MRP4, we found no evidence that elevated MRP4 

contributes to a breast cancer stem cell phenotype. We detected decreased MRP4 

expression in breast cancer-stem like cells, and no association between MRP4 expression 

level and indicators of the BCSLC phenotype. Therefore, MRP4 inhibition may 

ultimately be more effective in targeting the bulk rather than the stem cell population. 

This work builds on the importance of PGE2 signaling in breast cancer and demonstrates 

the complexity of PGE2 pathway members in this heterogeneous disease.  
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Chapter VIII: Future Directions 

We are awaiting analysis of a unique tissue microarray comprised of tumor 

samples from fifty-five women diagnosed with early stage breast cancer. This microarray 

has been stained for MRP4 expression, and once staining intensity is scored, the 

relationship between MRP4 levels and tissue PGE2 as well as clinical characteristics 

including overall survival, disease-free survival, lymph node status, tumor size, and stage 

can be determined.  

We demonstrated a role for MRP4 on modulating breast cancer metastasis, but the 

underlying mechanism remains to be elucidated. While we have demonstrated that MRP4 

exports PGE2 from breast tumor cells, we do not know if the inhibition of metastasis is 

mechanistically linked to lower PGE2 content in the tumor. In order to address this 

question, we would need to establish a method for quantifying PGE2 content in a tumor. 

Several methods exist to achieve this, but since PGE2 is rapidly degraded upon biopsy, 

the EIA used to quantify PGE2 from cell culture media would not give accurate 

quantification of PGE2 from a tissue homogenate. An EIA similar to that used to quantify 

PGE2 in the conditioned media from cell culture measures level of prostaglandin E 

metabolite (PGEM) which is derived from converting all prostanoids in a tissue sample to 

this stable metabolite. Alternatively, fatty acids can be quantified from tissue samples by 

mass spectrometry following separation by either gas or liquid chromatography (141–

143). Antibodies against PGE2 have been used to detect PGE2 in tissue samples via 

immunofluorescence and this might be our most viable option for detecting PGE2 in the 

tumor samples excised from mice.  
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MDA-MB-231 cells express MRP4 but not to the level detected in MDA-MB-436 

cells. We would like to stably express MRP4 in MDA-MB-231 cells to achieve similar 

expression levels to that seen physiologically in MDA-MB-436 cells and determine if the 

increased expression of MRP4 on MDA-MB-231 cells further enhances PGE2 export and 

establishment of spontaneous lung metastases in vivo.  

In addition to PGE2 and other endogenous molecules, MRP4 also exports cyclic 

purine nucleotides (cAMP and cGMP) from cells (48). While the purpose of this export is 

not fully understood, it appears to supplement the activity of phosphodiesterase enzymes 

in the regulation of cAMP/cGMP mediated signaling. Extracellular cAMP/cGMP does 

not appear to have a receptor or import protein so the export of these molecules seems to 

be solely for eradication and suppression of their downstream action (144). Notably, 

cAMP is the secondary messenger associated with downstream signaling of PGE2 on EP2 

and EP4 receptors (34, 41–43, 45). Export of cyclic nucleotides has been associated with 

the development of leukemia and reduced nociception (53, 145). We would like to 

investigate the relative equilibrium between PGE2 export and cAMP export by MRP4 on 

cellular behavior and gene expression. For example, PGE2-mediated activation of EP2 

and EP4 induces transcription of genes regulated by the cAMP/PKA/CREB axis. This 

effect on gene expression would be enhanced by MRP4 exporting more PGE2 into the 

tumor microenvironment that could signaling through these EP receptors. However, 

MRP4 would also export cAMP thereby reducing the level of this secondary messenger 

and suppressing the induction of gene transcription. We would need to identify genes or 

cellular responses that are induced by PGE2 signaling and are either cAMP-dependent or 
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cAMP-independent. This would allow us to determine the relative effects of PGE2 export 

and cAMP export by MRP4 on downstream gene expression.  

This experimental approach could be combined with our model of paracrine 

migration where conditioned media from MRP4-inhibited cells would be applied to cells 

that respond to PGE2 and downstream signaling apart from migration could be evaluated. 

The responding cells could be of multiple cell types in order to determine the effect of 

MRP4-dependent PGE2 export on other cell types found in the tumor microenvironment 

(endothelial cells, immune cells, fibroblasts, adipocytes). 
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