
 

   
SSStttooonnnyyy   BBBrrrooooookkk   UUUnnniiivvveeerrrsssiiitttyyy   

 
 
 

 
 
 
 

   
   
   
   
   

The official electronic file of this thesis or dissertation is maintained by the University 
Libraries on behalf of The Graduate School at Stony Brook University. 

   
   

©©©   AAAllllll    RRRiiiggghhhtttsss   RRReeessseeerrrvvveeeddd   bbbyyy   AAAuuuttthhhooorrr...    



 

 

 

 

 

 

Sphingolipids in Breast Cancer Progression and Inflammatory Responses 

 

A Dissertation Presented 

by 

Benjamin J. Newcomb 

 

to 

 

The Graduate School 

in Partial Fulfillment of the 

Requirements 

for the Degree of 

Doctor of Philosophy 

in 

Molecular and Cellular Biology 

(Biochemistry and Molecular Biology) 

Stony Brook University 

May 2016 



ii  

Stony Brook University 

The Graduate School 

 
 
 

Benjamin J. Newcomb 

 
 
 
 

We, the dissertation committee for the above candidate for the 

Doctor of Philosophy degree, hereby recommend 

acceptance of this dissertation. 

 
 

Dr. Yusuf A Hannun, MD 

Director, Stony Brook Cancer Center 

Vice Dean for Cancer Medicine 

 
 
 

Jian Cao, M.D. 

Professor of Medicine 

 
 
 

Lina M. Obeid, MD 

Dean of Research, School of Medicine 

Professor of Medicine 

 
 
 

Chiara Luberto, PhD. 

Research Associate Professor 

 
 
 

This dissertation is accepted by the Graduate School 

 
 

Charles Taber 

Dean of the Graduate School



iii  

Abstract of the Dissertation 

 

Sphingolipids in Breast Cancer Progression and Inflammatory Responses 

 

by 

 

Benjamin J. Newcomb 

Doctor of Philosophy 

in 

Molecular and Cellular Biology 

(Biochemistry and Molecular Biology) 

Stony Brook University 

2016 

 

Acid Sphingomyelianse (ASM) is a key regulatory enzyme that produces the 

bioactive lipid ceramide, which is converted into other sphingolipids by 

enzymes such as Ceramide Kinase (CERK). Previous literature has implicated 

ASM and CERK in inflammatory signaling, but the specific role of ASM and 

CERK as mediators of inflammatory signaling in breast cancer has remained 

elusive. In this work, we delineated the role of ASM in p38 activation and 
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subsequent IL-6 production, as well as the role of CERK as a downstream 

effector of activated ASM. Since previous literature has shown that TNF-α 

induced dramatic alterations in the sphingolipid profile of cells, sphingolipidomic 

analysis was carried out on TNF-α treated MCF7 cells. The data revealed that 

TNF-α induced robust production of ceramide-1-phosphate (C-1-P) that 

accompanied an increase in CCL5. Given that previous literature showed CCL5 

production is dependent on ASM, this data suggested that CERK may be acting 

downstream of ASM to produce C-1-P and induce CCL5. Indeed, siRNA ablation 

of CERK decreased CCL5 production. Furthermore, previous literature implicated 

C-1-P in Golgi localization of cPLA2. To define a role for ASM as an upstream 

modulator of CERK activity, the requirement for ASM in cPLA2 localization was 

tested. Ablation of ASM blocked cPLA2 localization to the Golgi network, 

suggesting ASM is acting upstream of CERK. Since ASM appeared to have 

Golgi specific functions, ASM mutants that accumulate in the Golgi network were 

tested for the ability to induce CCL5. We found that Golgi targeted ASM can 

induce CCL5 production. Taken together, these results demonstrate a role for 

CERK and C-1-P in CCL5 production and a role for ASM in modulation of CERK 

function. These results highlight the previously unappreciated role of C-1-P in 

CCL5 production and present new opportunities for targeting sphingolipid 

metabolism in treatment of breast cancers. 
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Chapter 1 

 
 
 
 
 
 
 
 
 

 
SPHINGOLIPIDS AS MEDIATORS OF BREAST CANCER PROGRESSION, METASTASIS, 

 
RESPONSE AND RESISTANCE TO CHEMOTHERAPY 
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1.1. Introduction 
 

Breast cancer results from abnormal growth of the breast tissue. The most 

common form is ductal carcinoma resulting from hyperplasia and neoplastic 

change in epithelial cells lining the lactiferous ducts. Breast tumors are a 

heterogeneous mix of tumor, immune, and mesenchymal cells, and vary widely 

in their histopathologic make up, aggressiveness, and response to therapy. 

Annually in the US, roughly 250,000 people are diagnosed with breast cancer, 

and 40,000 die yearly [1]. 

Breast cancer is one of the oldest know malignancies to be identified, and 

has caused significant morbidity and mortality throughout history. The earliest 

written accounts of cancer originate in an ancient Egyptian medical treatise 

known as the Edwin Smith Papyrus. In the text, dated around 2500 BC, the 

authors describe treatment of 48 medical cases using a scientific rather than 

mythological approach [2]. Included therein is a description of a palpable breast 

tumor and the conclusion that it is incurable. Early attempts at treatment were 

made using a number of remedies such as arsenic paste and cautery [3]. Other 

civilizations of the same era used various concoctions and salves made from 

heavy metals or sulfur to treat breast cancer. For the most part, these early 

treatments were used, with only minimal modification, for several thousand 

years. 

In the 18th and 19th centuries, the clinicopathalogic signature of breast 

cancer was becoming clearer. Theodor Schwann (1810-1882) demonstrated that 

tissues were made up of living cells instead of vacant cell structures as Hook had 
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proposed 175 years earlier. Schwann, together with Johannes Muller (1801- 

1858), described cancers as new cells aberrantly growing in tissues and causing 

dysfunction of the organs [4]. Their work was one of the first clinicopathologic 

correlations of cancer, and subsequent studies by Walter Walshe (1812-1880) 

suggested that cancer was caused by chronic inflammation, trauma, and 

smoking [5]. As the study of breast cancer entered the 20th century, research 

greatly accelerated as a result of accumulated pathologic knowledge as well as 

new techniques such as transcutaneous fine needle aspiration [6]. In 1904, Hugo 

Ribbert (1855-1920) established the theory that breast cancer resulted in the 

abnormal growth of epithelial cells as a result of chronic inflammation, and 

scientist began probing the root causes of breast cancer [7]. 

Despite the growing body of knowledge of the origins and progression of 

breast cancer, the standard of care had not changed appreciably since the 16th 

century. William Halsted (1852-1922) attempted to standardize mastectomy 

techniques, and he demonstrated that his technique of deep excision of the 

breast and pectoral muscle was highly efficacious at preventing local recurrence 

of breast cancer [7, 8]. In the late 19th and early 20th centuries, aggressive 

surgical techniques and early diagnosis significantly reduced the number of 

deaths from breast cancer, and the 3 year survival rate was over 50% [9]. 

In the early 20th century, focus began to shift to finding cures for inoperable 

breast cancers. In the late 1800’s, George Beatson (1848-1933) observed that 

oophorectomy reduced the growth and spread of breast tumors in laboratory 

animals. He attempted oophorectomy combined with treatment with thyroid 
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extracts, and saw reduction in tumor growth in some patients [10]. Oophorectomy 

came into regular clinical practice, but when Stanley Boyd conducted a national 

survey of cases of breast cancer with oophorectomy, he found that 

oophorectomy had limited efficacy in a small number of patients [11]. 

Nevertheless, this hinted at hormonal regulation of breast tumors. Then, in 1910, 

one of the most important events in cancer biology occurred. Peyton Rous (1879- 

1970) published his work demonstrating that sarcomas in hens could be 

retrovirally induced [12]. Rous’ work further revolutionized cancer research when 

it was recognized that his virus could immortalize cells and allow them to be 

grown ex vivo. Tissue culture techniques progressed rapidly, and new models of 

breast cancer developed rapidly. Explanted tumors were grown in rodents, and 

the modern era of chemotherapeutic testing began. 

These efforts consolidated much of the knowledge of breast cancer, and 

breast cancer researchers began taking a multidisciplinary approach to 

understanding the disease. The work of James Ewing (1866-1943) and Albert 

Broders (1885-1964) produced a histologic grading system for tumors that is still 

in use today [9]. Their systems were based on cellular atypia, tumor vascularity, 

and necrosis, as well as size and level of invasion. Based on these parameters, 

tumor outcome and response to treatment could be reasonably predicted. 

Today, treatment of breast cancer is highly complex, multimodal, and 

interdisciplinary. By utilizing knowledge gained from decades of research, current 

breast cancer therapies include targeted therapies, radiation treatment, systemic 

administration of drugs, and surgery to ablate primary early stage tumors. Our 
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current understanding of and approach to breast cancer has increased the 

overall 10 year survival of breast cancer to 83% [1]. However, locally advanced 

or metastatic tumors have poor outcomes. For example, patients presenting with 

stage III disease, have a roughly 50% 5-year survival [1]. Therefore, it is easy to 

understand the value of early detection, as well as the need to improve therapy 

for aggressive tumors. 

Indeed, breast cancer therapy matured throughout the 20th century, and 
 
several classes of chemotherapeutics were discovered, beginning with the 

nitrogen mustards and antimetabolites [13]. In the early 1950’s Heidelberger and 

colleagues found that rat hepatomas had increased uptake of uracil. Therefore, 

they developed drugs targeting uracil metabolism and achieved a durable 

reduction in tumor size with 5-florouracil. 5-Florouracil was one of the first 

antimetabolites, followed by its pro-drug capecitabine in the early 2000’s [14, 15]. 

Antimetabolites interfere with metabolic process, often causing defects in the 

production of nucleic acids and replication of DNA, leading to replication stress 

and apoptosis in rapidly dividing or checkpoint deficient cells. 

Following the introduction of antimetabolites were the antitumor 

antibiotics. This class of chemotherapeutics functions primarily through cytotoxic 

mechanisms including disruption of DNA structure. The earliest antitumor 

antibiotic was bleomycin, discovered in the mid 1960’s [16]. Shortly after the 

discovery of bleomycin, adriamycin was introduced [17]. Although the antitumor 

antibiotics were highly effective, their low therapeutic index limited their use. The 



6  

need for targeted therapy and dose limiting combinational therapy was quickly 

realized [18]. 

Drugs targeting estrogen synthesis were developed soon after the 

discovery of the antimetabolites. Building upon Beatson’s work, estrogen ablative 

therapy was pursued for many patients throughout the 50’s and 60’s with varied 

success. In the early 1970’s, Elwood Jensen and colleagues demonstrated that 

only certain breast cancers expressed estrogen receptors, and that these 

receptors contributed to tumor growth and predicted response to antiendocrine 

therapy [19]. Jensen and colleagues went on to develop robust antibodies to the 

estrogen receptor, and demonstrated a clinically relevant link between ER 

expression in small tumors and eventual response to antiendocrine therapy [20]. 

ICI Pharmaceuticals developed Tamoxifen in the 1960’s, but it was not used for 

breast cancer until the 1970’s [21]. 

In the 1990’s and early 2000’s, naturally derived taxane based 

chemotherapeutics were developed. Taxanes hinder cytoskeletal remodeling in 

dividing cells, and interfere with mitotic spindle formation [22, 23]. The production 

and distribution of taxanes was a highly politicized and controversial issue in the 

early 1990’s, but the effectiveness of taxanes in the treatment of metastatic 

disease led to their rapid adoption and widespread use [24, 25]. 

The discovery that tumors are driven by specific and predictable growth 

and development pathways led to the development of targeted therapies. One of 

the first rationally developed and targeted therapies to come to market, imatinib 

mesyate (Gleevec), was developed by Ciba-Geigy (Novartis) using in silico 
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computational methods to design inhibitors of bcr-abl, the aberrant tyrosine 

kinase in chronic myelogenous leukemia [26]. The success of imatinib validated 

the use of pathway analysis and bioinformatics as a guide for research and 

development of novel therapeutics, and heralded in a new era in chemotherapy. 

In a subset of breast tumors the membrane bound receptor tyrosine kinase Her2 

(ERBB2) is overexpressed, and efforts to develop therapies targeting the Her2 

receptor were also met with rapid success [27, 28]. One of the best characterized 

targeted therapies for breast cancer is trastuzumab, a monoclonal antibody that 

results in blockage of Her2 signaling as well as opsonization of the tumor cells 

[29]. Opsonization of the tumor cells results in immune mediated clearance of the 

tumor cells, and future therapeutics may rely more heavily on targeted 

manipulation of adaptive immunity [30]. 

 
 

1.2. Molecular Genetic Portraits of Breast Cancer 
 

Traditionally, the choice of treatment protocol has been based on 

anatomic and histopathologic characteristics of the tumor. The American Joint 

Committee on Cancer has set forth staging criteria for anatomical classification of 

tumors based on tumor size, node status, and presence or absence of distant 

metastasis [31]. These TNM criteria are used to establish the stage of the tumor, 

and by extension, the likely outcomes of the disease can be predicted. T refers to 

the size of the primary tumor, N refers to whether lymph nodes are affected, and 

M refers to whether metastasis has occurred. Generally speaking, early stage 

tumors include tumors up to T2N1M0. Locally advanced tumors include tumors 
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up to T4N3M0, and metastatic tumors are any T or N status with identifiable 

metastasis to other organs. 

However, it is difficult to predict the biomolecular make up of a tumor vis a 

vis receptor status from the clinical designation (e.g., TNM or grade). Thus, 

histopathologic characterization of tumors is also used to establish receptor 

status for the purposes of choosing targeted therapies and predicting response to 

endocrine therapy. Tumors generally fall into 1 of 3 therapeutically relevant 

categories: ER+, Her2+, or triple negative. Based on the stage and receptor 

status, surgical recommendations are made, and chemotherapeutic regimens are 

chosen. Thus, the presence or absence of progesterone receptors (PR), 

estrogen receptors (ER), and the human epidermal growth factor receptor 

(HER2) determines the type and duration of targeted treatment [32]. 

The last decade or so has witnessed increasing intensity in molecular profiling 

and sub-typing of breast cancer based on gene expression profiles and presence 

of specific mutations in the hope of developing more accurate diagnosis of breast 

cancer sub-types. Perou et. al. performed hierarchical clustering of gene 

expression data from a large microarray database and established several gene 

expression patterns [33]. These expression patterns are known as Luminal 

type/ER+, Basal type (triple negative), and Her2 like. Thus, these and other 

results have validated the use of receptor status to stratify tumors into molecular 

subtypes [34]. Subsequent analysis has demonstrated two distinct subsets of 

Luminal-like tumors, referred to as Luminal A and Luminal B, both ER positive 

but relying on different growth pathways for survival and proliferation [35]. 
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Outcome analysis further established functional significance of these molecular 

subtypes with respect to response to treatment and over all survival of patients 

[36]. 

In 2012, the Cancer Genome Atlas (TCGA) published a thorough and 

multiplatform proteomic and genetic characterization of breast carcinomas and 

described the main signaling pathways that are up- and down-regulated in each 

tumor subtype. Luminal type tumors were found to have frequent mutations in 

GATA3, PIK3CA and MAP3K1 genes. Luminal B tumors, in contrast to Luminal A 

tumors, have increased incidence of mutations in DNA damage pathway genes. 

Basal type tumors were found to have high expression of proliferation associated 

genes as well as HIF1-α/ARNT. Her2 like tumors had high expression of Her2 

amplicon genes, as well as active PIK3CA signaling and over expression of 

Cyclin D1 [37]. These signaling pathways, as they relate to sphingolipids, will be 

discussed thoroughly in the following sections. Their general characteristics, 

most common histopathologic findings, and outcomes are summarized in Table 

1. 

 
 

1.3. Bioactive Properties of Sphingolipids 
 

Sphingolipids have diverse functions in cell growth, apoptosis, and 

inflammation. Ceramide, a bioactive sphingolipid, is at the center of sphingolipid 

metabolism, and the generation and metabolism of ceramide is tightly controlled. 

Ceramide is generated through de novo synthesis or through the salvage 

pathway. The de novo pathway takes place in the endoplasmic reticulum (ER) 
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and begins with the condensation of serine and palmatoyl-CoA by the enzyme 

serine palmitoyl transferase (SPT) to form 3-ketosphinganine. 3-ketosphinganine 

is then reduced, and acylated by the ceramide synthases to generate the 

bioactive lipid ceramide. 

Ceramide produced by the action of the ceramide synthases has highly 

divergent activities dependent on the acyl chain length [38]. In normal cellular 

physiology, short and long chain ceramides are in equilibrium. When these 

ceramides fall out of equilibrium, cells proliferate aberrantly, or growth arrest. For 

example, several groups have observed that increases in very long chain 

ceramides are associated with tumor survival [38-40]. However, generation of 

short chain ceramides by the CerS is linked to apoptosis through mitochondrial 

and plasma membrane instability, and Ca2+ dependent mechanisms [41-43]. 
 

In addition to the de novo pathway of ceramide generation, bioactive 

ceramide can also be generated through the salvage pathway. The salvage 

pathway involves hydrolysis of complex ceramides, such as sphingomyelin, by 

the sphingomyelinases. Sphingomyelin serves as a critical structural component 

of cell membranes, as well as a reservoir for ceramide, and participates indirectly 

in receptor activation by way of microdomain modulation at the plasma 

membrane [44, 45]. Ceramide generated from hydrolysis of complex 

sphingolipids accounts for over half of the cellular ceramide, and is known to 

activate PKCs, protein phosphatase 1/2A/2C, cathepsin D, and induce pro- and 

anti-inflammatory proteins [46-50]. With respect to modulating inflammation, 

ceramide is known to induce IL-1β, VEGF, CCL5, and IL-6 in response to IL-1β 
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or TNF-α stimulation of cells [51-57]. In contrast to its function as a pro- 

inflammatory lipid, ceramide has also been found to inhibit production of several 

cytokines such as IL-5, IL-6, IL-10, and potentially TNF-α and IL-1β [58-61]. This 

dichotomy in function suggests specific subcellular pools of ceramide have 

precise signaling functions within the cell. Taken together, ceramide from the 

salvage pathway has pleiotropic effects on inflammatory signaling and plays a 

prominent role in the pathogenesis of inflammatory diseases such as cancer, 

diabetes, pulmonary fibrosis, and infectious processes [62-68]. Additionally, it is 

now appreciated that many of the functions of ceramide are due to its rapid 

conversion to other lipids such as sphingosine and C-1-P. 

The soluble sphingolipid C-1-P is generated in response to activation of 

cytokine receptors and increases in cellular Ca2+. The best-characterized 

functions of C-1-P are as a regulator of cPLA2 function, activator of PI3K 

signaling, and inflammatory modulator [69-73]. C-1-P acts both intracellularly, 

and through stimulation of GPCR’s on the cell surface. Exogenous C-1-P 

treatments of cells have demonstrated that GPCR activation by C-1-P induces 

activation of PI3K and ERK1/2 resulting in migration of macrophages [73, 74]. 

Intracellular production of C-1-P is stimulated by IL-1β, M-CSF, and Ca2+, and 

results activation of mitogenic signaling pathways mediated by PI3K, ERK1/2, 

and NF-κB [73, 75]. Intracellular accumulation of C-1-P leads to production of a 

variety of cytokines including IL-10, TNF-α, and β-defensins [76-79]. C-1-P also 

functions as an inhibitor of ceramide production both through direct inhibition of 

acid sphingomyelinase, and inhibition of SPT [78, 80]. However, the mechanisms 
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of these inhibitory functions remain unclear. In summary, C-1-P functions as a 

promoter of cell survival and induces inflammatory signaling through a variety of 

pathways. 

In contrast to C-1-P, sphingosine, another ceramide metabolite, is a 

powerful inhibitor of cell growth. Apoptotic stimuli frequently result in conversion 

of ceramide to sphingosine by one of the ceramidases. Subsequent increases in 

cellular sphingosine inhibits PKCs, in both mammalian and yeast model systems, 

modulates cell cycle protein function, and induces of apoptosis [81-86]. 

Functionally, sphingosine acts as an inhibitor of cell growth and proliferation, 

through inhibition of protein kinases. Activation of apoptosis by sphingosine relies 

on lysosomal permeabilization and Ca2+ release from the enoplasmic reticulum 

dysfunction [84]. 

An important metabolite of sphingosine is the soluble lipid S-1-P. Activators of 

acute S-1-P production include IL-1β, epidermal growth factor, TNF-α, and other 

cytokines [87-90]. Similar to C-1-P, S-1-P can function both intracellularly, and 

through specific receptor activation. The best characterized functions of S-1-P 

relate to angiogensis, migration, and production of inflammatory mediators such 

as prostaglandins [91]. For example, treatment of cells with TNF-α or EGF results 

in a rapid accumulation of S-1-P that leads to phosphorylation of ezrin-radixin- 

moesin (ERM) and subsequent tumor cell invasion through Matrigel® [90, 92]. 
 
TNF-α also induces S-1-P dependent production of prostaglandins [56]. Given 

the defined roles for S-1-P in cell migration, angiogenesis, and inflammation, it is 
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therefore not surprising to find that S-1-P is strongly associated with tumor 

progression [93, 94]. 

 
 

1.4. Sphingolipids in Breast Cancer 
 

It is now recognized that many convergent and divergent pathways drive 

breast tumor growth and spread. Modulation of these pathways by intracellular 

signaling is an extremely complex topic. In the 1980’s it was discovered that 

lipids behave as potent signaling molecules in addition to structural components 

of the cell. Bioactive lipids include the phosphoinositides, diacylglycerols, 

eicosinoids, fatty acids, and sphingolipids. Lipids represent a unique class of 

signaling molecules because they mostly belong in biological membranes and, 

as a class of biologic molecules, lipids have an extremely wide range of 

physicochemical properties. 

The sphingolipids are a diverse set of signaling and homeostatic 

molecules. Head group composition, acyl chain length, and saturation all have 

significant effects on the lipid properties. Additionally, spatiotemporal distribution 

of sphingolipid synthesis is highly regulated, and subcellular 

compartmentalization has drastic effects on the function of individual 

sphingolipids (thoroughly reviewed in [95]). Sphingolipids were shown to be 

powerful signaling molecules capable of modulating many of the mitogenic 

pathways that tumors rely on for growth. Glycosphingolipid studies in the 1970’s 

and earlier focused heavily on the gangliosides and their antigenic function in 

different cancers [96-98]. Work by Hakomori and others demonstrated that the 



14  

gangliosides were important membrane components that affected cell growth, 

differentiation, and transformation and also served as tumor antigens [99-101]. 

Work in the mid 1980’s demonstrated a powerful bioactive role for sphingolipids 

in subcellular signaling cascades. The finding that sphingosine is a competitive 

inhibitor of PKC thrust sphingolipids into the center of cancer research [82]. PKC 

is a known regulator of several oncogenes, and activated PKC induces a durable 

and consistent signaling cascade in a variety of cancer cells [102, 103]. 

Subsequent work in the 1990’s identified Protein Phosphatases 1 and 2A as 

direct targets of ceramide [104]. Ceramide forms the metabolic hub of 

sphingolipid metabolism and it has been the subject of significant research. 

The main sources of bioactive ceramide are through de novo synthesis or 

from catabolism of sphingomyelin and complex sphingolipids. The de novo 

biosynthetic pathway resides in the ER/Golgi and requires the Serine 

Palmitoyltransferase complex (SPTLC1-3) and the Ceramide Synthases (CerS1- 

6), Ceramide derived from the de novo pathway is then shuttled to the Golgi 

either by vesicular transport or by non-vesicular transport through the action of 

Ceramide Transfer Protein (CERT) [105]. The action of CERT on non-vesicular 

transport of ceramide accounts for the majority of ceramide delivered to the Golgi 

[105, 106], which appears to be more specifically targeted for the synthesis of 

sphingomyelin through the action of Sphingomyelin Synthases (SMS1 and 2) 

[107, 108]. Once ceramide has been delivered to the Golgi, it is also acted upon 

by several other enzymes, including CERK, and Ceramide Glucosyltransferase 
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(UCGC). Thus, ceramide-1-phosphate, sphingomyelin, and glycosphingolipids 

are the major lipid species exported from the Golgi. 

In contrast to the de novo pathway, the hydrolytic (catabolic) pathways 

occur at the plasma membrane, in the lysosome/endolysosomal compartments, 

in mitochondria, and in the Golgi, resulting in the formation of ceramide. These 

pathways involve one or more of the Sphingomyelinases (SMPD1-5), the 

Ceramidases (ASAH1-2, and ACER1-3), the Glucocerebrosidases (GBA1-3), 

Sphingosine and Ceramide kinase (SPHK1-2 and CERK) (reviewed in [109]). 

Catabolism of sphingosine-1-phosphate and ceramide 1-phosphate is carried out 

by an S1P lyase and the lipid phosphatases. The salvage or recycling pathway 

involves hydrolysis of complex sphingolipids in the endolysosomal system, 

resulting in the formation of sphingosine that can then be salvaged for the re- 

synthesis of ceramide and other sphingolipids. 

It is now increasingly appreciated that any perturbations in the strictly 

regulated sphingolipid metabolic pathway have significant effects on signaling 

and growth of breast tumors. The following sections will address the changes 

seen in sphingolipid metabolism, and the functional consequences thereof, in 

Luminal, Basal, and Her2-like breast cancer subtypes. 

 
 

1.5. Sphingolipids in Luminal Type Breast Cancers 
 

Luminal A Type breast tumors have favorable outcomes and are the most 

heterogeneous group of breast tumors in terms of signaling characteristics [36]. 

Luminal Type A tumors represent about 50% of breast tumors, and are 
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responsive to endocrine therapy [110] as they have high expression of hormone 

receptors, and downstream estrogen receptor (ESR1) signaling partners such as 

FOXA1 and RUNX1 [111]. Interestingly, Luminal A type tumors frequently have 

phosphatidylinositol-3-kinase (PI3K) mutations, especially in the PIK3 catalytic 

subunit (PIK3CA), but these mutations are not associated with up-regulation of 

PI3K pathway activation as evidenced by phospho-AKT status, a key 

downstream target of this pathway [112]. This may be due to high expression of 

S6K and resultant feedback inhibition. Inactivating mutations of mitogen activated 

protein kinases are known to be exclusive to luminal type tumors. For example, 

loss of function mutations in MAP3K1 and MAP2K4 were found in high frequency 

in Luminal Type tumors, suggesting loss of function in the p38-JNK1 signaling 

cascade [111, 113]. One of the defining characteristics of Luminal Type A tumors 

is intact p53 and RB1 signaling [37]. 

Compared to Luminal A breast cancer, Luminal B breast cancer has 

significantly higher risk of rapid relapse following endocrine therapy [114]. 

Luminal B tumors are classified as ER+, but have lower expression or ER related 

genes than Luminal A tumors and higher expression of proliferative genes [35, 

115]. Luminal B tumors often have increased HER2 expression, but since HER2 

status is used to distinguish a very specific clinical subset of tumors, HER2 status 

is not relevant to classification of Luminal type tumors. Nevertheless, Luminal B 

tumors have increased growth factor signaling as compared to Luminal A tumors 

[116]. In contrast to Luminal A tumors, the proliferative gene signatures of 

Luminal B tumors seem to stem from increased genomic signaling events 
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secondary to genetic duplication of proliferative genes [37, 117]. This finding is in 

accordance with a high frequency of inactivating p53 mutations, loss of ATM, and 

MDM2 deregulation in Luminal B tumors [37, 118]. Therefore, the defining 

characteristics of Luminal B tumors are loss of function of the TP53 signaling 

pathway and amplification of proliferative genes such as cyclin D1. For the most 

part, Luminal type breast cancers can be considered ER+, HER2-, and the 

distinction between Luminal A and Luminal B is mainly a molecular genetic 

definition that is not regularly made in a clinical setting [119]. Luminal tumors rely 

heavily on cyclin D1 and on growth factor signaling for growth. Therefore, the 

following section will focus on the interplay between sphingolipids and growth 

factor receptors, and sphingolipids and cell cycle progression. 

A number of interesting correlations between estrogen receptor signaling 

and sphingolipid metabolic enzymes have been published recently. Many of the 

studies on sphingolipids in breast cancer have been conducted using breast 

cancer cell lines, which limits their impact, but several studies with patient 

samples have been carried out. Among the studies focusing on ER+ cell lines 

and tumors, UGCG, the CerS, the sphingomyelinases, ASAH1, and Sphingosine 

Kinase 1 and 2 (SK1 and SK2) play prominent roles [81, 120-124]. 

 
 

1.5.1. Ceramide Glucosyltransferase 
 

Ceramide Glucosyltransferase produces glucocerebrosides from ceramide 

and glucose. Subsequent action by glucosyltransferases produces a wide variety 

of glycolipids. In a study of 200 human breast cancer samples, the authors found 
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high UGCG expression in Luminal A type tumors, and high UGCG expression 

was also associated with poor outcomes in ER+ tumors [120]. Since ceramide is 

known to induce apoptosis and to act as a stress signal, conversion to other 

lipids, such as the glycosphingolipids, can reduce cell stress. In fact, Liu et. al. 

have reported that breast tissue generally has low expression of UGCG, as 

compared to other organs, and that high GCS expression is associated with 

multi-drug resistance and metastatic disease in ER+, HER2+ tumors [125]. In 

agreement with this study, several groups have reported on the ability of UGCG 

inhibitors to reverse drug resistance in breast cancer cell lines with high UGCG 

expression [126, 127]. A recent report has even suggested that UGCG activity is 

directly inhibited by tamoxifen, and that high UGCG activity can decrease 

sensitivity to the drug [128]. Besides a potential role in receptor function and 

endocytosis, several groups have implicated UGCG in the clearance of ceramide 

following chemotherapy [129, 130]. 

 
 

1.5.2. The Ceramide Synthases 
 

The Ceramide Synthase enzymes produce dihydroceramide from 

dihydrosphingosine, and the rapid desaturation of dihydroceramide produces 

ceramide. In a large-scale lipidomics study of breast cancers, Schiffmann et. al. 

demonstrated a statistically significant increase in C18:0 and C20:0 ceramide in 

ER+ tumor samples [39]. The authors also demonstrated increased expression of 

CerS2, CerS4, and CerS6 in malignant tumor samples. Erez-Roman et. al. have 

also reported elevations in CerS2 and CerS6 in malignant breast tissue samples 
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as compared to normal solid tissue [131]. However, neither group could conclude 

whether the elevation in ceramide content or CerS expression was a 

consequence of or a driver of malignancy in breast carcinomas. Continuation of 

the CerS studies demonstrated oppositional roles for the long chain and very 

long chain ceramides. The authors found that CerS2, and by extension the very 

long chain C-24 and C26 ceramides, increased colony formation in MCF7 breast 

cancer cells whereas CerS4 and CerS6, which produce long chain ceramides 

(mostly C14 and C16 ceramides) decreased colony formation [38]. Data mining 

has revealed robust up-regulation of CerS2, CerS4, and CerS6 in Luminal type 

tumors (Fig. 1). 

The long chain ceramides and the enzymes responsible for their 

production CerS6 and CerS1 have tumor suppressive properties [132, 133]. 

CerS6 has been implicated in the response to folate stress, suggesting CerS6 

may also play a role in response to antimetabolites [134]. Antimetabolites are 

employed in the treatment of some early stage breast cancers, and cell culture 

studies suggest that combined therapy with the antimetabolite pemetrexed and 

the kinase inhibitor sorafenib can induce increases in the dihydroceramides. The 

authors showed that the production of dihydroceramide was dependent on the 

activity of CerS6 and led to apoptosis of luminal type breast cancer cell lines 

[135]. Other researchers have reported repression of hTERT activity by CerS1 in 

various cancer cell lines [136, 137], suggesting an inhibitory role for the long 

chain ceramides in tumor growth. 
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1.5.3. The Sphingomyelinases 
 

The Sphingomyelinases hydrolyze sphingomyelin to ceramide and 

phosphocholine. There are several isoforms of sphingomyelinase (SMPD1-5), 

and both SMPD1 (Acid Sphingomyelinase) and SMPD3 (Neutral 

Sphingomyelinase 2) have been implicated in breast cancer progression. As 

seen in Figure 1, SMPD3 is down regulated in all 4 subtypes of breast 

carcinomas. Loss of heterozygosity and epigenetic regulation of this region has 

been described, and may account for the down regulation of SMPD3. A 

comparative epigenetics study reported that there is aberrant CpG methylation 

around the SMPD3 locus in human breast cancer cell lines as well as several 

primary tumor samples [138]. Additionally, another group reported that there are 

frequent loss of heterozygosity events at 16q22.1, that includes the SMPD3 locus 

[139]. These results suggest SMPD3 may play an anti-tumor role, however this 

hypothesis has never been directly tested in breast cancer. 

The role of Neutral Sphingomyelinase 2 in drug response has been 

characterized in breast cancer. Expression and activity was significantly up 

regulated in Adriamycin resistant MCF7 (MCF7-ADR) cells following treatment 

with a demethylating agent that decreases methylation dependent silencing of 

genes [140]. Demethylation of DNA was correlated with the subsequent 

decrease in plasma membrane sphingomyelin, and increased membrane fluidity, 

attributable to increased activity of Neutral Sphingomyelinase 2. Up-regulated 

Neutral Sphingomyelinase 2 activity resulted in increased doxorubicin uptake and 

apoptosis in MCF7-ADR cells, suggesting that silencing of the SMPD3 locus may 
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be one mechanism by which MCF7 cells acquire resistance to Adriamycin [140]. 

In line with the work by Vijayaraghavalu et. al. is the finding by Ito and colleagues 

that apoptosis of Adriamycin sensitive MCF7 cells is mediated by SMPD3 

following daunorubicin treatment [141]. Taken together, re-activation of SMPD3 

expression may be a powerful tool for restoration of sensitivity to anthracyclines 

in resistant tumors. 

Similar to SMPD3, SMPD1 plays a role in resistance to 

chemotherapeutics. The receptor tyrosine kinase inhibitor Sunitinib inhibits Acid 

Sphingomyelinase leading to lysosomal instability and apoptosis in MCF7-Bcl-2 

cells [142]. In addition to being an attractive drug target in breast cancer, Acid 

Sphingomyelinase plays a role in breast tumor progression. Acid 

Sphingomyelinase was shown to mitigate some of the cytotoxic effects of 

cisplatin on cytoskeletal remodeling in MCF7 cells [143]. Cytoskeletal dynamics 

were also shown to rely on sphingomyelinase derived S1P generation at the 

plasma membrane and subsequent phosphorylation of the ezrin, radixin, and 

moesin family of proteins [144]. Subsequent studies on SMPD1 in MCF7 cells 

showed Acid Sphingomyelinase to be necessary for expression of IL-6 following 

PKC activation by the cell permeable phorbol ester phorbol 12-myristate 13- 

acetate (PMA) [53]. The authors also show dependence on SMPD1 for matrigel 

transwell migration of the basal type breast cancer cell line MDA-MB-231 and the 

HeLa cell line. In accordance with a requirement for SMPD1 expression for tumor 

progression, aggressive tumor subtypes have increases in SMPD1 expression 

(Fig. 1). 
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1.5.4. The Ceramidases 
 

Catabolism of ceramide to other sphingolipids is another potential route by 

which Luminal Type breast cancers are able to escape the pro-apoptotic effects 

of ceramide. The ceramidases rapidly convert ceramide to sphingosine, and the 

chain length specificity and subcellular localization of ceramide metabolizing 

enzymes may contribute to the relative mitogenic capacity of different ceramides 

with distinct chain lengths. Down stream products of the ceramidases, especially 

sphingosine and  S1P, have been shown to be potent signaling molecules. 

Therefore, conversion of a small amount of ceramide is likely to have profound 

effects on the cell. Acid Ceramidase converts ceramide to sphingosine that is 

quickly converted to sphingosine-1-phosphate. Several studies have linked acid 

ceramidase with growth of ER+ cell lines. In support of these data, ASAH1 

expression is increased in Luminal tumor samples (Fig. 1) as compared to 

matched normal tissue, suggesting a pro-tumor role for ASAH1. Indeed, inhibition 

of Acid Ceramidase causes lysosomal disruption that results in rapid cell death in 

ER+ cell lines [84, 145]. Furthermore, the inhibition of tumor cell growth is not 

limited to lysosomal permeabilization. Inhibition of Acid Ceramidase with non- 

lysomatrophic compounds still results in cell death, suggesting the functional 

consequence of inhibition extends beyond lysosomal homeostasis [122]. The 

downstream signaling function of ASAH1/Sphingosine was recently delineated by 

Lucki et. al. The authors found that induction of ASAH1 by phytoestrogens in 

MCF7 cells relied on c-SRC and ERK activation and subsequent ERα 
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recruitment to the ASAH1 promoter. The induction of ASAH1 resulted in cyclin 

B2 activation and increased cell proliferation [81]. 

Interestingly, high ASAH1 expression has also been correlated with better 

outcomes in ER+ breast tumors [123]. The discrepancy between cell culture and 

in vivo studies may be a result of the complexities of the tumor 

microenvironment. Acid ceramidase has been shown to modulate the tumor 

microenvironment through regulation of inflammatory cytokines and prostanoid 

signaling [52, 53]. 

Stress induced cytokines, such as Tumor Necrosis Factor (TNF-α) and 

Interleukin-1 (IL-1β), induce enzymatic activity of members of the sphingolipid 

catabolic pathways [146-148], and these have been shown to regulate 

inflammatory mediators, such as prostaglandin E2 (PGE2), Chemokine Ligand 5 

(CCL5), and Interleukin-6 (IL-6) [52, 53, 149]. Each of these inflammatory 

mediators has varied effects on breast tumors. Tumor derived PGE2 induces 

p38/JNK activation in adjacent fibroblasts. The activated p38/JNK signaling 

cascade resulted in transcription of aromatase and consequent production of 

estrogen [150]. CCL5 promotes growth and metastasis of ER+ tumors by 

recruiting macrophages, inducing angiogenesis, and stimulating proliferation of 

CD44+/CD24- cancer stem like cells [151-153]. The role of IL-6 in breast cancer 

is multifaceted. In clinical studies on the relationship between IL-6 and breast 

cancer, high IL-6 is associated with early locally advanced tumors, and good 

prognosis [154]. Conversely, in late stage tumors IL-6 was associated with worse 

prognosis [155]. Cell line studies have demonstrated that ER+ cell lines become 
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growth suppressed by IL-6 and undergo EMT when exposed to IL6 for extended 

periods of time. Conversely, ER- cell lines are not responsive to exogenous IL-6 

(reviewed in [156]). A possible reason for ER- tumors being unresponsive to IL-6 

is the finding that ER- tumor cell lines have a very high level of endogenous IL-6 

production as compared to ER+ cell lines [157]. 

 
 

1.5.5. The Sphingosine Kinases 
 

Sphingosine kinase phosphorylates sphingosine to produce sphingosine- 

1-phosphate (S1P). S1P acts as an intracellular signaling molecule as well as an 

extracellular signaling molecule that interacts with S1P receptors on the cell 

surface. In a thorough study of SK1 in human breast cancer samples, Watson et. 

al. found that SK1/S1P participate in non-genomic signaling by ER and cross talk 

between ER and ERK-1/2. Patients with ER+ tumors displaying high ERK-1/2 

and SK1 relapsed nearly 10 years earlier than patients with low SK1 and ERK- 

1/2. Additionally, the patients with high SK1 and ERK-1/2 were found to be 

tamoxifen resistant [158]. In accordance with the work by Watson et. al., Zhang 

et. al. carried out a large scale, pan-cancer meta-study demonstrating a 

significant correlation between SK1 expression and worse outcomes in a number 

of solid tumors. The authors reviewed immunohistochemical staining for SK1 in a 

range of breast tumor samples and calculated a hazard ratio of 1.86 for tumors 

with high SK1 expression [159]. Mining of microarray data has revealed Luminal 

Type tumors have high SPHK1 and SPHK2 expression (Fig. 1). 
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Sphingosine Kinase 1 expression in ER+ tumors is modulated by ER 

signaling. In a study examining expression of micro RNA miR-515-5p, it was 

noted that in MCF7 cells this miRNA is correlated with SK1 expression. The 

authors reported that when the ERα receptor is activated by estradiol (E2), the 

ERα/E2 complex directly interacts with the promoter sequence that regulates 

miR-515-5p. This interaction leads to a decrease in miR-515-5p expression and 

de-repression of SK1 expression [160]. The authors went on to report that in a 

small cohort of 34 tumor samples, ER+ tumors had lower miR-515-5p expression 

than ER- tumors. However, they do not correlate this finding with SK1 expression 

in their cohort [160]. In support of the findings by Pinho et. al., Takabe and 

colleagues found that E2 treatment resulted in increased S1P efflux from cultured 

MCF7 cells, and the observed increase in S1P export was dependent on the ERα 

receptor suggesting that active ER signaling is necessary for SK1, but not SK2, 

activation [161]. Taken together, active ERα signaling promotes S1P production 

in MCF7 cells. 

In addition to Sphingosine Kinase activity, S1P receptors (S1PR1-5) seem 

to be modulated by ER signaling. Indeed, multiple groups have observed ERK 

activation by S1P/S1P receptor signaling, and correlataions between S1PR 

expression and ERK1/2 expression have been made [162, 163]. In a study of 

304 ER+ breast tumor samples, Watson et. al. correlated S1P receptor 1 and 3 

expression with ERK1/2 expression. The authors found that patients with high 

membrane localized S1PR1 had shorter time to recurrence of disease, and high 

cytoplasmic S1PR1 and 3 was associated with worse survival [158]. The authors 
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also noted that TRANSFAC analysis (Biobase) revealed binding sites for ERα, c- 

Jun, and Sp1 in the S1P3 promoter region [158]. This suggests that tumors with 

active ER signaling (i.e. tumors with high PR and ER expression [164]) also have 

high S1P mediated ERK-1/2 activation. 

The finding that the SK1/S1P/S1PR axis is up-regulated in ER+ tumors 

would suggest that targeting this axis would be beneficial in the treatment of 

breast carcinomas. However, targeting of the SK1/S1P/S1P receptor axis in 

breast cancer has been met with mixed results. A group from the Department of 

Chemistry at Amgen utilized the crystal structure of SK1 to generate specific 

inhibitors of the sphingosine kinases. The inhibitors, termed ‘compound A’ and 

‘compound B,’ were potent and reproduced the phenotypes of SK1-/- mice [165]. 

The Amgen Oncology Research group then carried out a cell line study with 

compound A and compound B, as well as the inhibitor SKII, and found that their 

compounds reduced S1P levels, but did not impact viability of tumor cell lines at 

concentrations that reduced S1P levels in the tumor cells [166]. Additionally, the 

authors reported that ablation of SK1 or SK2 did not reduce tumor cell viability. 

The conclusion was that SK1 and SK2 are not high yield targets for cancer 

chemotherapeutics. However, targeting the S1P receptors is a very attractive 

target, especially in basal type tumors. 

 
 

1.5.6. Ceramide Kinase 
 

In contrast to S1P, comparatively little work has been done on delineating 

the role of ceramide-1-phosphate (C1P). C1P is produced by CERK mediated 
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phosphorylation of ceramide. In low grade breast cancer it has been noted that 

high CERK expression correlates with poor histologic grading of tumors and ER 

negativity [167]. Additionally, CERK inhibition results in M-phase arrest of MCF7 

cells, and sensitized cells to protein kinase inhibitors [72]. Message level of 

CERK is not significantly different between tumor subtypes (Fig. 1) suggesting 

that post-translational regulation and subcellular localization of CERK may play a 

significant role in its function within the tumor cell. 

 
 

1.6. Sphingolipids in Basal Type Breast Cancer 
 

The basal like genetic signature was one of the first genetic portraits of 

disease to be described. This signature includes expression of mitogenic 

pathways, as well as high expression of keratins 5, 6, and 17 [33]. Basal Type 

Breast carcinomas are mostly triple negative tumors that do not express ER, PR, 

or HER2 receptors, but roughly 25% of basal like tumors are not triple negative. 

Greater than 80% of basal like tumors have mutant TP53 and loss of p53 

signaling, as well as loss of RB1 and BRCA1 [37]. Myc activation, cyclin E1 

amplification, and activation of the HIF1-α/ARNT pathways are prominent 

features of basal like tumors [37, 168]. Activation of the HIF1-α pathway suggests 

basal like tumors may be susceptible to angiogenesis inhibitors. Another 

interesting observation from TCGA is that basal like breast carcinomas share 

several common features with serous ovarian carcinoma, including Myc 

activation, cyclin E1 amplification, and inactivation of TP53 and RB1, as well as 

loss of BRCA1 [37]. This finding suggests that some of the processes driving 
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serous ovarian tumors may be active in basal type breast cancers. The lack of 

receptors and the aggressive nature of basal like tumors have created a 

significant need for identification of new therapies. 

The approach to surgical treatment of triple negative breast cancers is 

similar to other breast carcinomas. The choice between adjuvant (treatment 

given after surgical excision of a primary tumor) and neoadjuvant (treatment 

given before surgical excision) therapy is made based on tumor size and local 

spread. Triple negative tumors often respond well to chemotherapy; however, 

there is a high recurrence rate of tumors [169]. Therefore, there is a significant 

need for more effective chemotherapeutics. In this regard, ceramide has been 

used to induce apoptosis of hormone insensitive breast cancer cell lines [170, 

171], and some success has been achieved in murine models of breast cancer 

[172]. Ceramide causes clustering and activation of death receptors, and the 

apoptotic threshold of cells is modulated by the presence of ceramide at the 

plasma membrane [173]. Ceramide nanoliposomes can increase the 

concentration of ceramide at the plasma membrane of target cells [174]. 

Recently, ceramide nanoliposomes have been used to improve the bioavailability 

and efficacy of breast cancer chemotherapeutics. Nanoliposomal preparations of 

the tyrosine kinase inhibitor sorafenib and ceramide were shown to decrease 

AKT phosphorylation and Cyclin D1 expression. The authors show that ceramide 

nanoliposomes reduce pAkt and sensitize MDA-MB-231 cells to sorafenib- 

induced apoptosis [175]. Sorafenib is traditionally used to treat renal carcinoma, 

and has powerful anti-angiogenic and anti-mitogenic properties, making it an 
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interesting therapeutic for the treatment of basal type breast cancers [176]. 

Recent clinical trials have demonstrated a potential role for sorafenib in Her2 

negative tumors as well as in tamoxifen resistant tumors [177, 178]. Ceramide 

nanoliposomes have also been used to improve the cellular uptake of 

doxorubicin in MCF7 and SKBR3 breast cancer cell lines [179]. Ceramide 

nanoliposomes have been used in vivo and may hold promise in adjuvant or 

neoadjuvant treatment of breast cancers [180]. 

The success of neoadjuvant treatment of triple negative breast tumors is 

assessed by the pathologic response of the tumor to chemotherapeutic agents. 

Achieving a preoperative pathologic complete response (pCR) is the goal of 

neoadjuvant therapy, but it is difficult to predict what patients will achieve pCR 

with a given chemotherapy regiment. Roughly 55% of patients with triple 

negative tumors do not respond well to multi-agent neoadjuvant therapy [181]. A 

series of studies has recently uncovered potential roles for UGCG, CERT, and 

the ceramide producing β-Glucosidase enzymes (GBA1 and GBA3) in resistance 

to taxanes in hormone insensitive breast tumors. The first study demonstrated 

that down regulation of CERT, or up-regulation of GBA1 or 3, sensitized tumor 

cells to taxanes [182]. As a follow up to their in vitro functional genomics study, 

the research group carried out a retrospective meta-study and found that up- 

regulation of UGCG and CERT, and concomitant down-regulation of GBA1 and 

GBA3, was highly associated with failure of 5-fluorouracil, doxorubicin, 

cyclophosphamide, paclitaxel (TFAC) treatment of triple negative tumors [183]. 

The majority of Basal type tumors have low UGCG and CERT expression (Fig. 
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1). Therefore, the association between high expression of these genes and poor 

response to treatment may make them valuable biomarkers. The results of these 

studies highlight the importance of enzymes that turn over the pool of ceramide 

in triple negative breast carcinoma cells. 

Based on the work by the TCGA and others, triple negative tumors have 

high expression of the hypoxia inducible genes. This suggests the tumors may 

be susceptible to anti-vasculogenic therapies. Fingolimod (Gilenya) is a 

sphingoisne analog approved for treatment of multiple sclerosis that serves as a 

precursor for an agonist of S1P receptors that often results in internalization and 

shut down of the action of the receptor [184, 185]. In studies with cell lines, 

fingolimod has been shown to disrupt ERK1/2 and HER2 cross talk in Her2-like 

breast cancer cells and decrease the proliferation of Luminal type breast cancer 

cells [186, 187]. In studies using syngeneic mouse models of breast cancer, 

research has shown fingolimod decreases vascular smooth muscle motility in 

response to tumor-derived cytokines [188]. Since fingolimod has potent anti- 

vasculogenic properties, it may also serve as a potent inhibitor of basal type 

breast tumor growth in vivo. Unfortunately, observance of the anti-tumorigenic 

properties of fingolimod is unlikely to be made in cell culture or limited in vitro 

systems. 

 
 

1.7. Sphingolipids in Her2-Like Breast Cancer 
 

Genomic duplication of the Her2 gene results in overexpression of HER2 

and HER2-associated genes. In these tumors, HER2 itself as well as FGFR4, 
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EGFR, and several other receptor tyrosine kinases are up regulated. Her2-like 

tumors have high levels of phospho-SRC and phospho-S6 [37]. Her2-like tumors 

are largely treated with adjuvant chemotherapy. Effective treatment relies 

primarily on targeted therapies such as trastuzumab (targeting HER2) in 

combination with a taxane or anthracycline [189, 190]. Despite the finding that 

EGFR signaling is up regulated in Her2-like tumors, lapatinib, an inhibitor of the 

Her2 and EGFR pathways, has not been clinically successful in the adjuvant 

treatment of Her2-like tumors [191]. On the other hand, adjuvant trastuzumab 

treatment has a fairly high disease free survival rate or 76% [192]. Although there 

is a small subset of Her2-like tumors that are ER positive, the clinical relevance 

of combining endocrine therapy with targeted HER2 therapies has not been 

rigorously evaluated. General clinical practice focuses on targeting of the HER2 

receptor, and current investigations are underway to evaluate the efficacy of 

targeting tyrosine kinase activity in Her2 like tumors [193]. 

Several groups have studied the role of sphingolipids in Her2-like tumors 

with a focus on CERT, CERK, and sphingomyelin homeostasis. CERT seems to 

play a prominent role in Her2-like tumors, and has been shown to mediate 

paclitaxel sensitivity in these tumors. Extending their work with functional 

metagenomics, the Swanton group found that CERT was overexpressed in 

HER2+ tumors, and they demonstrated that silencing of CERT in HER2+ tumors 
 
sensitized them to chemotherapeutics [183, 194]. Inhibition of CERT induced 

autophagic flux and LAMP2 expression, and increased sensitivity to paclitaxel, 
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doxorubicin, cisplatin and trastuzumab. Therefore, CERT may be of both 

therapeutic and prognostic value in HER2+ breast tumors. 

The role of CERK in HER2+ tumors has recently been investigated using a 
 
mouse model of breast cancer. Utilizing a doxycycline inducible HER2/neu 

mouse model of breast cancer, Payne et. al. demonstrated that CERK was 

required for tumor cell survival following doxycycline withdrawal. When 

doxycycline was withdrawn and cells were treated with shRNA to CERK, tumor 

cells expressed high levels of pro-apoptotic markers [195]. The authors also 

tested the role of CERK in BT474 (ER+, HER2+, p53 mut) and SKBR3 (ER-, 

HER2+, p53 mut) cells treated with the tyrosine kinase inhibitor lapatinib. As 

expected, the cells were dependent on CERK expression for survival. 

Additionally, BT20 (ER-, HER2-, p53 mut) cells treated with doxorubicin required 
 
CERK expression for growth. The authors extended their study to analyze 

microarray data from 2200 patient samples, and found significant correlation 

between CERK expression and aggressive tumors such as HER2+ tumors [195]. 

The association between CERK and HER2+ tumors progression makes CERK an 

attractive target for combination chemotherapy. 

The role of other sphingolipids in Her2-like tumors has not been rigorously 

studied. However, a study investigating lipid levels in several patient samples 

from Her2-like tumors found elevations in the level of sphingomyelin [196]. This 

finding is interesting and helps validate the work by Lee et. al. because 

overexpression of CERT is known to increase sphingomyelin levels in cells [194, 

197]. Additionally, SMPD1 is up regulated in Her2 like tumors, suggesting that 
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Acid Sphingomyelinase may be the source of the increased levels of 

sphingomyelin (Fig. 1). There are a number of interesting alterations in 

sphingolipid gene expression that are unique to Her2 like tumors (Fig. 1), but the 

functional roles of other sphingolipid metabolizing enzymes in Her2-like tumors 

remain to be elucidated. 

 
 

1.8. Conclusions 
 
The function of sphingolipids in breast cancer is an area of intense investigation. 

Sphingolipids modulate many of the growth, apoptosis, inflammatory, and 

perhaps even angiogenic pathways that breast carcinomas rely on. In luminal 

type breast cancers, conversion of ceramide to complex sphingolipids is 

associated with drug resistance and worse patient outcomes. The somewhat 

paradoxical finding by Schiffmann et. al. that luminal type tumors have up- 

regulated synthesis of several ceramide species highlights the different outcomes 

of ceramide generated in different sub cellular compartments such as the 

ER/Golgi versus at the plasma membrane. Ceramide is rapidly converted to 

other lipid species, and several groups have demonstrated the role of 

sphingosine kinase 1 in tumor growth. The role of acid ceramidase in luminal 

type tumors is complex. Acid ceramidase promotes a number of cell-cell 

signaling pathways, and some of the subtleties of these signaling pathways may 

be lost in over simplified experimental conditions. 

Basal type breast tumors are highly aggressive, and have poor response 

to treatment. Novel therapeutics based on ceramide, as well as novel drug 
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delivery methods have recently shown promise in the treatment of basal type 

tumors. The studies showing potential roles for CERT and UGCG in basal type 

tumors suggest that targeting these pathways may be an effective route for 

treating triple negative tumors. Many current chemotherapeutics, such as 

doxorubicin and etoposide, cause cell death through generation of ceramide. 

Therefore, directly modulating ceramide metabolic pathways may increase the 

effectiveness of current chemotherapeutics and increase their therapeutic index. 

The role of sphingolipids in Her2-like tumors has not been thoroughly studied. 

This is despite the fact that robust murine models of Her2-like tumors are readily 

available. In one of the only studies on sphingolipids in Her2 driven breast 

cancers, Payne et. al. showed reliance on CERK in Her2-like tumors. In addition 

to the role of CERK, non-vessicular transport of ceramide seems to be an 

important process in Her2-like tumors, and inhibition of CERT results in 

autophagy of HER2+ cell lines. 
 

Sphingolipid research in other systems has demonstrated the power of 

multimodal bioinformatics studies focused on sphingolipid metabolic pathways 

[198]. Application of cross platform informatics to breast cancer will reveal new 

opportunities for targeted therapy focused on sphingolipid metabolic enzymes. It 

is obvious that more studies are needed into the specific roles of individual 

enzymes and pathways of sphingolipid metabolism in breast cancer and as these 

roles of sphingolipids become clearer, more specific rationales will emerge for 

targeting sphingolipid metabolism as an attractive therapeutic modality. 
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Chapter 2 

 
 
 
 
 
 
 
 
 
 
 
 

ACID SPHINGOMYELINASE ACTIVITY IN THE GOLGI NETWORK REGULATES CCL5 
 

THROUGH A CERK DEPENDENT MECHANISM 
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Abstract 
 

Acid Sphingomyelinase (ASM) hydrolyzes sphingomyelin to produce the 

biologically active lipid ceramide. ASM is activated by a variety of stimuli, but the 

fate and mechanistic function of ASM derived ceramide in breast cancer has 

remained elusive. Interestingly, various ceramide generating enzymes produce 

distinct pools of ceramide with varied biologic functions [53]. However, the 

functional significance of these distinct pools of ceramide has remained unclear. 

In the present study, we identified a novel Golgi specific signaling pathway 

connecting ASM and ceramide kinase (CERK). This signaling pathway is 

necessary for CCL5 production and for cPLA2 localization to the Golgi. 

Interestingly, cells lacking ASM have decreased C-1-P production following TNF- 
 
α treatment. This result suggested that ASM may be acting upstream of CERK. 

Consistent with this hypothesis, ablation of CERK blocks CCL5 production in 

response to TNF-α. Additionally, ablation of ASM is sufficient to disrupt CERK 

specific functions within the cell. Previous data has shown that C-1-P is 

necessary for cytosolic phospholipase A2 (cPLA2) localization to the Golgi 

network. The present study shows that cPLA2 does not localize to the Golgi in 

cells overexpressing CERK, but ablated for ASM. Finally, localization of ASM to 

the Golgi network was sufficient to induce CCL5 production. Taken together, 

these data suggest ASM can produce ceramide in the Golgi network, the 

ceramide is converted to C-1-P by CERK, and that C-1-P is required for CCL5 

production. 
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2.1. Introduction 
 

Bioactive sphingolipids are a diverse group of signaling molecules that 

include ceramide, sphingosine, ceramide 1-phosphate, and sphingosine 1- 

phosphate, with more than 30 metabolic enzymes that generate or catabolize 

them [39, 167, 199-203]. Due to the large number of bioactive lipids and 

enzymes involved, the sphingolipid metabolic network is highly regulated and 

compartmentalized within the cell [204-206]. Sphingolipid metabolism can be 

segregated into the de novo, hydrolytic, and the salvage pathways. 

Sphingomyelin, and other complex sphingolipids, form the substrates for 

the sphingolipid hydrolytic and salvage pathways. Catabolism of sphingomyelin is 

mediated by the activity of the sphingomyelin phosphodiesterases which 

generates ceramide, and subsequent metabolism of ceramide can generate 

sphingosine or ceramide-1-phosphate (C-1-P), the latter through the action of 

ceramide kinase (CERK) [207]. Ceramide has been implicated in multiple cellular 

functions including apoptosis, response to chemotherapeutics, and other anti- 

mitogenic activities. Likewise, C-1-P has many important signaling functions 

within the cell, including mediation of several inflammatory processes that 

promote tumor formation and progression [202, 208, 209]. Therefore, CERK may 

have a dual function in tumor promotion involving both the production of 

mitogenic C-1-P as well as clearance of apoptotic ceramide [210]. 

Recent studies have highlighted a substantial role for the tumor 

microenvironment in tumor progression and development of intratumoral 

heterogeneity [211-214]. The microenvironment is shaped and defined by pro- 
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inflammatory cytokines such as TNF-α, IL-1β, IL-6 and CCL5 [151, 215-218]. 

These cytokines can promote survival of cancer stem like cells (CSC’s), 

resistance to chemotherapeutics, and metastasis. Specifically, TNF-α and IL-1β 

are produced by infiltrating macrophages and lead to the formation of a feed- 

forward inflammatory cycle [219-222]. In response to chronic TNF-α and IL-1β 

exposure, tumor cells, and tumor associated mesenchymal cells, produce high 

levels of IL-6 and CCL5 [223, 224]. Recent data has highlighted the significance 

of CCL5 in tumor progression and poor outcomes in patients [225-228]. CCL5, 

and its cognate receptor, CCR5, are known to be expressed in a coordinate and 

non-random manner in ER negative breast carcinomas [229, 230]. In addition, 

CCL5 was recently shown to foster a pro-tumor microenvironment, and activate 

STAT6 and ERK mediated survival pathways [231]. 

Previous work from our lab, and others, has revealed a pro-inflammatory 

role for the sphingolipid salvage pathway, with a particular focus on acid 

sphingomyelinase (ASM) [52, 53, 59, 232]. ASM is a 631 amino acid protein, 

encoded by the SMPD1 gene. ASM mediates the downstream signaling 

pathways initiated by interleukin 1β (IL-1β), tumor necrosis factor α (TNF-α), and 

by phorbol 12-myristate 13-acetate (PMA) [233, 234]. In particular, TNF-α 

induces accumulation of ceramide within the cell, and activates apoptotic as well 

as mitogenic pathways [43, 235]. 

TNF-α induces several mitogenic pathways in tumor cells and a prominent 

role for CERK in these pathways has been established [88, 236]. Additionally, 

analysis of publically available gene expression data from breast tumors has 
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shown that metastatic breast tumors with high expression of both ASM and 

CERK have very poor outcomes. Together, these data suggest ASM and CERK 

may play an important role in mitogenic signaling in tumor cells following 

stimulation by pro-inflammatory cytokines within the tumor microenvironment. 

Due to the findings that ASM mediates inflammatory signaling in breast cancers, 

that CERK promotes tumor progression, and that CCL5 has a prominent role in 

the tumor microenvironment, we sought to investigate a possible connection 

between ASM, CERK and CCL5. We hypothesized that C-1-P mediates the 

production of CCL5 in response to TNF-α stimulation, and, that through unique 

subcellular compartmentalization of ASM, CERK generates C-1-P from ceramide 

produced by ASM. 

 
 

2.2. Experimental Procedures 

 
 

2.2.1. Materials-MCF7 cells were obtained from ATCC (Manassas, VA). NPD 

(Cat GM16195, passage 11) and Lesch-Nyhan (Cat GM02226, passage 16) cells 

were obtained from Coriell Cell Repository (Camden, NJ). Trypsin-EDTA (0.05%) 

was from Gibco (Holtsville, NY, Cat 25300062). Blasticidin HCl was obtained 

from Invitrogen (Carlsbad, CA, Cat R210-01). Anti-V5 mouse monoclonal 

antibody was from Invitrogen (Cat 46-0705). Anti cPLA2 was obtained from Santa 

Cruz Biotechnology (Santa Cruz, CA, Cat sc1724). Giantin was obtained from 

Covance (Princeton, NJ, Cat PRB-114C). Secondary HRP conjugated antibodies 

were obtained from Santa Cruz Biotechnology. Detection of HRP activity was 

perfomed using a chemiluminescence kit from ThermoFisher (Rockford, IL). 
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Novex fluorescently tagged secondary antibodies for confocal were obtained 

from ThermoFisher. Interleukin-1β and TNF-α were purchased from Peprotech 

(Rocky Hill, NJ). Porcine brain sphingomyelin was from Avanti Polar Lipids 

(Alabaster, AL, Cat 860062P). 

 
 

2.2.2. Cell Culture- MCF7 cells were maintained in RPMI from Gibco (Holtsville, 

NY, Cat 11875-093) supplemented with 10% (v/v) heat inactivated FBS from 

HyClone (Port Washington, NY, Cat SH30396.03). MCF7 cells were kept in 

culture for no longer than 30 days. All cell lines were tested monthly for 

mycoplasma contamination using the MycoAlert kit from Lonza (Allendale, NJ, 

Cat LT07-218). Stable expression of ASM was achieved by transducing cells at 

an MOI of 30 with Lenti virus containing wilt type ASM, S508A ASM, S508D 

ASM, or LacZ. Cells were selected for 10 days with 10µg/mL blasticidin, and 

stable expression was confirmed by western blotting for V5 and by confocal 

microscopy. Cells were maintained at less than 75% confluency in standard cell 

culture conditions (humidified atmosphere, 95% air, 5% CO2, 37 °C). Following 

blasticidin selection, cells were maintained in media without blasticidin. NPD and 

LN cells were maintained in DMEM from Gibco (Holtsville, NY, Cat 11965-092) 

supplemented with 10% (v/v) heat inactivated FBS under normal cell culture 

conditions (humidified atmosphere, 95% air, 5% CO2, 37 °C). NPD and LN cells 

were maintained at less than 75% confluency. All cell treatments with TNF-α or 

IL-1β were carried out in serum free media, unless otherwise noted. 
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2.2.3. Plasmids and Transient Transfection- Wild Type ASM, and S508A ASM 

were cloned into pLenti6.3/TO/V5 in two steps. First, ASM was amplified from the 

pEF6-ASM-V5 vector [53] using a 5’-caccATGCCCCGCTACGGAGCGTCACTC- 

3’ primer containing 24 nucleotides of the 5’ translated region starting with ATG, 

and a 3’- GCAAAACAGTGGCCTTGGCCACAGGCTC-5’ primer containing the 

last 27 nucleotides minus the stop codon, the amplified mouse aSMase was 

directionally subcloned into intermediate vector pENTR-D/TOPO (Life Tech, Cat 

K2400-20). Second, using Gateway LR Clonase II Enzyme Mix (Life Tech, Cat 

11791-020), the intermediate pENTR-D/TOPO vector was recombined with the 

Destination Cloning vector pLenti6.3/TO/V5-DEST (Life Tech, Cat K531520) to 

produce pLenti6.3/ASM/V5-DEST. The S508D mutant of ASM was generated 

with QuikChange II Site Directed Mutagenesis Kit (Life Tech cat#200523) using 

primer 5’- 

GGAAACTACTCCAGGAGCGaTCACGTGGTCCTGGACCATGAGACC-3’ and 

pLenti6.3/S508A ASM/V5-DEST as the template. The orientation of the insert 

was verified by restriction mapping and sequencing. 

Transient transfections were carried out in 6-well trays with 1x10^5 cells per well. 

24hrs after seeding cells, the media was changed and cells were transfected with 

1µg of plasmid DNA per well, using X-tremeGENE DNA transfection reagent 

from Roche (Basel, Switzerland, Cat 06365787001) according to manufacturer’s 

instructions. 
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2.2.4. Lenti Viral Production- Lentivirus particles were generated as previously 

described (Weinberg lab). Briefly, Lenti X cells from Clontech (Mountain View, 

CA, Cat 632180) were seeded in 10cm dishes in DMEM+10% FBS. After 24hrs 

cells were transfected with a plasmid mix containing 3µg of the relevant pLenti 

construct, 2.25 µg of psPAX packaging plasmid, and 750 ng of pMD2.G envelope 

plasmid. The transfection mix was prepared in 400µL of Opti-MEM media from 

ThermoFisher (Cat 31985062) containing 12µL of X-tremeGENE transfection 

reagent from Roche (Basel, Switzerland, Cat 06365787001). DNA complexes 

were added to cells, and after 36hrs of incubation, cell supernatants were 

collected and filtered through low protein binding, 0.45µm syringe driven filters 

(Fisher Cat SLHV033RS). Lentiviral particle number in the filtered supernatants 

was measured using the ABM Lentivirus titer kit (Richmond, BC, Cat LV900). 

5x10^5 MCF7 cells were plated in each well of a 6 well dish and infected at an 

MOI of 30. After 24hrs of incubation, MCF7 cells were trypsinized and plated into 

media containing 10µg/mL blasticidin. Following 10 days of selection, resistant 

cells were assessed for transgene over expression by activity assays, western 

blot, and confocal microscopy. 

 
 

2.2.5. RNA Interference- Small interfering RNA (siRNA) duplexes were obtained 

from ThermoScientific (Rockford, IL), and were designed against the following 

target sequences: aSMase, 5’-AACTCCTTTGGATGGGCCTGG-3’; CERK 

(prevalidated, s34929); cPLA2 (prevalidated, s10592). All-Star Negative Control 

siRNA was obtained from Qiagen. 5x10^5 cells were plated in each well of a 6- 
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well tray and 20nM siRNA was transfected using Lipofectamine RNAiMAX from 

ThermoFisher (Cat 13778150), according to manufacturer’s specifications. After 

24hrs, RNAi complexes were washed out, and cells were incubated with 

complete media for another 24hrs. 4hrs prior to experimental manipulation, 

media was exchanged. 

 
 

2.2.6 ELISA- Sandwich ELISA kits for Human CCL5 were obtained from R&D 

Systems (Minneapolis, MN, Cat DY278-05 and DY008) and used according to 

manufacturer specifications. Briefly, cell supernatants were harvested, and 

centrifuged for 5 min at 14,000 rpm in a table top microcentrifuge, and 100µL of 

supernatant was used per well of the ELISA assay. Cell lysates were prepared in 

buffer containing 50 mM TrisHCl, 0.2% TritonX-100, and protease inhibitor from 

Sigma (St. Louis, MO, Cat S8830-20TAB) (cell lysis buffer). Cells lysates were 

adjusted to a protein concentration of 0.5mg/mL, and 100µL of lysate was 

applied to each well of the ELISA. 

 
 

2.2.7. Immunoblotting- Cells were lysed in cell lysis buffer and 25µg total protein 

in equal volumes was subjected to SDS-PAGE on Novex™ 4-20% Tris-Glycine 

Midi Protein Gels from ThermoFisher. Proteins were electrophoretically 

transferred onto 0.45µm nitrocellulose membrane, blocked with PBS containing 

0.1% Tween 20 (PBS-T) and 5% nonfat dried milk. Membranes were incubated 

under constant agitation overnight at 4 °C with primary antibody (V5–1:5,000) in 

PBS-T containing nonfat dried milk. After overnight incubation with primary 
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antibody, the blots were incubated with the corresponding HRP-conjugated 

secondary antibody (1:5000) in PBS-T with 5% milk. After washing, enhanced 

chemiluminescence was used to visualize bands by autoradiography. 

 
 

2.2.8. Real Time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)- 

RNA purification was performed with the Purelink RNA Kit from ThermoFisher, 

according to manufacturer’s protocol. Concentration of RNA was determined by 

nanodrop, and 500ng of RNA was transformed into cDNA using the Quanta 

cDNA Kit (Gaithersburg, MD, Cat 95047) according to the manufacturer’s 

protocol. For RT-PCR, reactions were performed in triplicate in 96-well plates 

with each reaction containing 10 µl of 2 × iTAQ mastermix, 5 µl of diluted (1:12, 

v/v) cDNA, 1 µL of FAM tagged Taqman gene specific primer probe, 0.3 µL of 

VIC tagged Actin probe, and 4 µl of water. The following probes were purchased 

from Life Technologies: ACTB (Cat Hs01060665_g1); ASM (Cat 

Hs03679347_g1); CERK (Cat Hs00368483_m1); CCL5 (Cat Hs00174575_m1). 

 
 

2.2.9. Sphingolipidomic Analysis- MCF7 or NPD or LN cells were seeded at 10^6 

cells/plate in 10 cm plates. Following 24 h of growth in complete media, cells 

were treated as indicated. Following treatment, cells were scraped and pelleted 

in cold PBS, and lipids were extracted in 2 mL isopropanol:water:ethyl acetate 

(30:10:60 by vol). Cell extracts were analyzed by reverse phase high pressure 

liquid chromatography coupled to electrospray ionization and subsequent 

separation by mass spectrometry. Analysis of sphingoid bases, ceramides and 
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sphingomyelins was performed on a Thermo Quantum Ultra mass spectrometer, 

operating in a multiple reaction-monitoring positive ionization mode, as described 

[1]. Lipid phosphate concentrations were measured and sphingolipid levels were 

normalized to total lipid phosphate in each sample. 

 
 

2.2.10. In Vitro Acid SMase Activity Assay- Acid Sphingomyelinase Assays were 

performed as previously described [2]. In brief, 200µM porcine brain 

sphingomyelin was mixed with [14C] labeled sphingomyelin and Triton X-100. 

Micelles were formed by sonication in a buffer containing 250 mM sodium 

acetate (pH 5.00) and 1.0 mM EDTA. Cells were lysed in buffer containing 50mM 

TrisHCl pH7.4, 0.2% Triton X-100, 1.0 mM EDTA, and protease inhibitor. 25µg of 

cell lysate in 100µL lysis buffer was added to 100µL of micelle mix and the 

reaction was incubated at 37ºC for 30 min. The reaction was terminated with the 

addition of 1.5 ml of CHCl3: MeOH (2:1, v/v) followed by 0.4 ml of water. 

Samples were vortexed, centrifuged (5 min at 3,000 rpm in a table top 

centrifuge), and 0.8 ml of the aqueous/methanolic phase was removed for 

scintillation counting. 

 
 

2.2.11. Confocal Microscopy- 1X10^5 cells were plated in confocal dishes. The 

next day, cells were washed with PBS, and fixed in 3.7 % paraformaldehyde in 

PBS for 8 min, washed once with PBS, and permeabilized in 0.1 %Triton X-100 

for 5 minutes. Samples were washed and then incubated with V5 (1:1000), 

Giantin (1:1000), and cPLA2 primary antibodies in 2 % human serum for 24hrs at 
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4ºC. Samples were washed once with PBS and incubated with secondary 

antibodies conjugated to AlexaFluor for 1 hr at room temperature. Samples were 

washed 3 times with PBS and then imaged on confocal laser microscope (Leica 

SP8). 

 
 

2.2.12. Statistical Analysis- Data are represented as mean of at least 3 

independent replicates +/- standard error, unless otherwise indicated. Unpaired 

Student’s t test, one-way ANOVA with Dunnett’s post test, and two-way ANOVA 

with Bonferroni post test statistical analyses were performed using Prism 

software. 
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2.3. Results 
 
2.3.1. TNF-α induces a C-1-P signaling cascade 

 
Previously we demonstrated a role for secretory acid sphingomyelinase 

(S-SMase) in IL-1β and TNF-α induced CCL5 production in MCF7 breast 

carcinoma cells [52]. However, in these studies the functional role of the 

ceramide metabolites sphingosine and C-1-P (C-1-P) were unclear. In addition, 

inflammatory cytokines are known to induce CERK, and we have shown that 

TNF-α, in particular, is a potent inducer of C-1-P. Therefore, we sought to 

investigate the role of CERK and C-1-P in CCL5 production and clarify the 

interactions between acid sphingomyelinase and C-1-P. 

Our previous work has implicated ASM in CCL5 production in response to 

TNF, and, as expected, we observed a rapid and robust time-dependent increase 

in the level of CCL5 following TNF treatment. CCL5 message increased 18 fold, 

over control, (Fig. 2A) and secreted CCL5 protein increased 120 fold, over 

control, (Fig. 2B) in response to TNF-α treatment. To investigate the possibility 

that C-1-P plays a role in the TNF-α response, we measured C-1-P levels 

following TNF-α stimulation, and observed a robust time dependent increase in 

C-1-P (Fig. 2C & D). Interestingly, sphingosine did not increase during our time 

course of TNF-α treatment (Fig. 2C). These data suggest TNF-α is inducing a C- 

1-P dependent signaling pathway in MCF7 cells. 

To date, ceramide kinase (CERK) is the only identified source of C-1-P in 

mammalian cells [237]. As such, we sought to determine the role of CERK in 

production of C-1-P and CCL5. Using siRNA directed toward CERK, we were 
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able to knock down expression of CERK, and consequently we measured a 

significant decrease in both the basal and TNF-α stimulated levels of C-1-P (Fig. 

3A). To rule out a possible effect on ceramide and sphingosine levels, we 

measured both ceramide and sphingosine in vehicle and TNF-α treated cells. 

TNF-α induced a significant accumulation of ceramide that was not affected by 

ablation of CERK (Fig. 3B). Additionally, CERK knock down did not affect 

sphingosine levels in these cells (Fig. 3C). From these data, we concluded that 

the increase in C-1-P in response to TNF-α is due to CERK activity, and that 

CERK knock down is not affecting levels of other bioactive lipids including 

ceramide and sphingosine. 

 
 

2.3.2. TNF-α induced C-1-P is required for CCL5 production 
 

Cytokines, including CCL5, are regulated at many levels including 

transcription, translation, and secretion [238-240]. As such, we investigated the 

role of CERK in CCL5 production by measuring secreted CCL5 protein by ELISA. 

We observed that knock down of CERK significantly reduced levels of CCL5 in 

the media of TNF-α treated MCF7 cells (Fig. 4A). To assess the role of CERK in 

CCL5 expression, we measured CCL5 mRNA in cells treated with CERK siRNA. 

We found that ablation of CERK caused a significant decrease in the expression 

of CCL5 message, commensurate with the effects on protein levels (Fig. 4B). 

Previous reports have shown that CCL5 highly regulated at the secretory level. 

CCL5 is stored in secretory vesicles and vesicular fusion and subsequent CCL5 

secretion is regulated by SNARE and synaptobrevin-2 [238, 241]. To rule out a 
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role for CERK in vesicular fusion and secretion of CCL5, we compared secreted 

CCL5 to CCL5 within cells. We found that ablation of CERK reduced both 

secreted and cellular CCL5 (Fig. 4C & D), suggesting that deletion of CERK is 

not causing a secretory defect in MCF7 cells. 

Sphingolipids are known to be required for cytokine production following a 

variety of stimuli. Previous work has shown that ASM is required for CCL5 

induction by both IL-1β and TNF-α. To investigate a possible role for CERK in IL- 

1β dependent signaling cascades, we measured CCL5 in response to IL-1β and 

found that CERK is required for IL-1β induced CCL5 transcription (Fig. 4E). 

 
 

2.3.3. ASM is required for C-1-P production following TNF-α stimulation 
 

Previous data has demonstrated a role for ASM in the induction of CCL5 

by IL-1β and TNF-α. Therefore, we sought to investigate a connection between 

ASM derived ceramide and C-1-P. We found that TNF-α treatment caused a 

rapid increase in ASM activity (Fig. 5A), and, correspondingly, TNF-α induces 

ceramide accumulation that is ASM dependent (Fig. 5B). The increases in 

ceramide and C-1-P, following TNF-α stimulation, are temporally related, 

suggesting the possibility that CERK utilizes ASM derived ceramide to produce 

C-1-P and induce CCL5 in response to inflammatory stimuli. 

To further investigate the possible link between ASM and CERK, we used 

a genetic model of ASM deficiency. Nieman-Pick disease (NPD) is characterized 

by a significant decrease in ASM activity. Therefore, fibroblasts from NPD 

patients can be used as a model of ASM deficiency. Since NPD fibroblasts have 
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a significant defect in lysosomal function, we obtained fibroblasts from Lesch- 

Nyhan (LN) patients as a control. LN fibroblasts have perturbed lysosomal 

function, but do not have deficiencies in ASM or other sphingolipid metabolic 

enzymes. Both cell lines are known to respond to TNF-α treatment, and NPD 

fibroblasts have a significant defect in CCL5 production as compared to LN 

fibroblasts. Herein we found that TNF-α caused a significant increase in C-1-P in 

LN fibroblasts, but the ASM deficient NPD fibroblasts do not produce C-1-P in 

response to TNF-α (Fig. 5C). Therefore, the results suggest that C1P is produced 

from ASM-derived ceramide. 

To further establish a role for ASM in C-1-P production, we over 

expressed CERK and ASM in MCF7 cells and measured C-1-P. Expectedly, we 

found that overexpression of CERK induced significant overproduction of C-1-P. 

Interestingly, overexpression of ASM also induced a modest accumulation of C- 

1-P. Co-expression of ASM and CERK resulted in similarly increased levels of C- 

1-P as with CERK over expression alone (Fig. 5D). From these data we 

concluded that ASM could induce C-1-P production. 

Since the data suggest that CERK is utilizing ceramide produced by ASM, 

we tested for a possible role for C-1-P in CCL5 production. In cells 

overexpressing CERK and ASM we observed a significant increase in CCL5 

message following overexpression of CERK (Fig. 5E). In addition, co-expression 

of ASM and CERK led to supra-physiologic levels of CCL5, as compared to the 

level seen with TNF-α treatment (Fig. 5E). These data suggest that C-1-P is able 

to induce CCL5 in MCF7 cells. However, some discrepancy between the level of 
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C-1-P and the level of CCL5 remains. A possible explanation is that C-1-P is a 

known inhibitor of ASM and in the context of CERK overexpression, the excess 

C-1-P may be inhibiting ASM and preventing any further contribution by ASM 

[78]. With regards to the finding that ASM is a more robust inducer of CCL5 than 

CERK, it is possible that ASM derived ceramide is being converted into C-1-P as 

well as other lipids that induce CCL5. Therefore, convergent signaling pathways 

may be inducing CCL5 downstream of ASM. 

 
 

2.3.4. Induction of CCL5 is independent of p38/MAPK and PGE2 

 

Our previous work implicated p38/MAPK as a downstream target of ASM 

in cells stimulated with phorbol 12-myristate 13-acetate (PMA) [53]. Since TNF-α 

is a known inducer of PKCs and subsequent p38/MAPK activation, we 

investigated a role for PKCs and p38/MAPK in CCL5 production. To test this 

hypothesis, we pretreated cells with the classical PKC inhibitor Gö6976 (Gö) or 

pan-PKC inhibitor bisindoleilamide (Bis) and stimulated with TNF-α. Neither Gö 

nor Bis inhibited the TNF-α stimulated production of CCL5 (Fig. 6A). To test for a 

p38/MAPK dependent mechanism, we used the inhibitor BIRB796 (BIRB). BIRB 

is a potent inhibitor of p38/MAPK phosphorylation (Fig. 6B, lower panel). 

Interestingly, we found that inhibition p38/MAPK did not affect TNF-α stimulated 

CCL5 production (Fig. 6B). 

 
 

2.3.5. ASM is required for CERK function 
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To investigate a role for ASM in C-1-P dependent pathways, we evaluated 

the well-studied connection between C-1-P and cPLA2 localization [69, 71, 242]. 

The results showed that cPLA2 had a faint generalized staining in logarithmically 

growing MCF7 cells (Fig. 7A, top panel). Since cPLA2 localization has been 

shown to depend on C-1-P, we overexpressed CERK and assessed cPLA2 

localization. The results showed that overexpression of CERK caused cPLA2 to 

co-localize strongly with the Golgi network marker giantin (Fig. 7A, middle panel). 

Interestingly, in cells over expressing CERK, but ablated for ASM, cPLA2 did not 

co-localize with Golgi markers (Fig. 7A, bottom panel). These data suggest that 

ASM-derived ceramide is necessary for CERK dependent signaling cascades. 

Treatment with exogenous C-1-P has been shown to induce redistribution 

of cPLA2 to the Golgi network. Since TNF-α induced C-1-P (Fig. 2 C & D), we 

investigated the ability of TNF-α to cause cPLA2 re- localization to the Golgi. The 

results showed that TNF-α stimulation caused a robust redistribution of cPLA2 to 

the Golgi network (Fig. 7B middle panel). Since we have established a role for 

ASM in CERK induced cPLA2 localization, we asked if ASM is required for TNF-α 

induced Golgi localization of cPLA2. Indeed, the data showed that ablation of 

ASM caused a significant defect in cPLA2 localization to the Golgi following TNF- 

α stimulation (Fig. 7B, lower panel). Taken together, these results suggest that 

ASM is required for CERK and C-1-P dependent processes, and that ASM is 

acting upstream of CERK in response to TNF-α. 

Previous work established a requirement for ASM in CCL5 production 

[52]. Since ASM can affect cPLA2 localization, and presumably function, we 
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tested the possibility that cPLA2 and PGE2 are required for CCL5 production. To 

test this hypothesis, we ablated cPLA2 with siRNA and measured CCL5 

production following TNF-α stimulation. Interestingly, inhibition of cPLA2 did not 

inhibit CCL5 production (Fig. 8D). In agreement with the cPLA2 results, inhibition 

of COX2, with a the inhibitor CAY1404, did not affect CCL5 (Fig. 8E), suggesting 

CCL5 induction is independent of prostanoid signaling in MCF7 breast carcinoma 

cells. Taken together, these results suggest that although ASM and CERK form a 

linear pathway with respect to CCL5, cPLA2 participates in a separate signaling 

pathway within the cell. 

 
 

2.3.6. CCL5 production is a Golgi specific function of ASM 
 

The finding that ASM regulates Golgi dependent functions of CERK, and 

the fact that secretion of ASM is brefeldin A sensitive, led us to hypothesize that 

ASM has Golgi specific function [233]. To test this hypothesis, we generated 

mutants of ASM with distinct patterns of subcellular localization. Previous work 

has shown that phosphorylation of serine 508 (S508) is required for ASM 

localization and function. Therefore, we mutated S508 to the non- 

phosphorylatable and phosphomimetic residues alanine (S508A) and aspartate 

(S508D), respectively. As previously reported, the non-phosphorylatable mutant, 

S508A, lacks secretory activity, but maintains lysosomal activity (Fig. 9B, top 

panels). The phosphomimetic mutant, S508D, retains minimal secretory activity, 

as measured in media of cells overexpressing the S508D mutant, and decreased 

lysosomal activity (Fig. 9B, top panels). These results led us to investigate the 



54  

subcellular localization of the S508A and D mutants. We found that wild type 

ASM partially co-localizes with the trans-Golgi network (TGN) marker TGN46 

(Fig. 9A, top panel). Interestingly, the S508A mutant displayed diffuse 

cytoplasmic staining, with minimal TGN localization (Fig. 9A, middle panel). 

Strikingly, the S508D phosphomimetic mutant localizes almost exclusively to the 

TGN (Fig. 9A, bottom panel). These results led us to investigate a role for the 

Golgi localized S508D mutant in CCL5 production. 

To test our hypothesis that ASM mediates a has Golgi specific signaling 

paradigm, we measured CCL5 production in MCF7 cells over expressing LacZ, 

wild type ASM, S508A ASM, or S508D ASM. As expected, we observed that 

overexpression of wild type ASM induces CCL5 as compared to the LacZ control 

cells. Interestingly, the secretion incompetent S508A mutant did not induce 

CCL5, whereas the Golgi localized S508D mutant strongly induced CCL5 (Fig. 

9C). These findings suggest that the Golgi localized activity of ASM is sufficient 

to induce CCL5 expression. 

 
 

2.4. Discussion 
 

Past and previous data from our lab, as well as others, defined a role for 

ASM in the generation of ceramide following TNF-α stimulation [43, 243]. Here, 

we demonstrate direct evidence that ASM activity increases following TNF-α 

stimulation (Fig. 5A). Importantly, TNF-α induces a C-1-P dependent pathway 

(Fig. 2C & D) that is necessary and sufficient to induce CCL5 (Fig. 4 and 5E). 

Additionally, CERK acts on ceramide produced by ASM, tightly linking the 
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activation of ASM and formation of ceramide and C1P to CCL5 production. 

Moreover, the results showed that ASM is required for the translocation of cPLA2, 

a critical CERK downstream target, to the Golgi. These data suggest that CERK 

is a master regulator of several inflammatory processes that can contribute to 

breast cancer progression. 

 
 

2.4.1. TNF-α induces a CERK/C-1-P dependent signaling cascade 
 

Although ASM has been implicated in CCL5 production, the precise 

identity of downstream signaling molecules remained unclear. Since sphingolipid 

metabolism constitutes a tightly-knit network of interconnected metabolites, the 

action of a specific enzyme (in this case ASM) can be directly attributed to its 

immediate product (ceramide), sine these metabolites are interconvertible. The 

results from this study demonstrate a key role for C1P and the enzyme that 

generates C-1-P from ceramide, CERK, in regulation of CCL5 production. 

Ablation of CERK leads to a significant decrease in CCL5 mRNA and CCL5 

protein following TNF-α stimulation. Furthermore, TNF-α causes a rapid increase 

in C-1-P that correlates temporally with the increase in CCL5. In addition to being 

necessary for CCL5 production, over expression of CERK is sufficient to induce 

CCL5. 

Defining a role for CERK in CCL5 production has helped elucidate the 

TNF-α induced CERK/C-1-P signaling cascade, and this provides novel insights 

into the role of C-1-P in inflammatory cytokine signaling in breast tumors. TNF-α 

has been shown to induce CERK activity in neuroblastoma cell lines, however 
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direct measurements of C-1-P were not presented [244]. The finding that TNF-α 

induces an accumulation of C-1-P supports the hypothesis that TNF-α is a potent 

inducer of CERK/C-1-P, and suggests that CERK may be an important part of 

the signaling cascades induced by TNF-α. In breast cancers, CERK is associated 

with poor outcomes, as is TNF-α [245-247]. The finding that CERK/C-1-P are 

activated by TNF-α may explain results demonstrating a survival advantage to 

tumors expressing high levels of TNF-α [248]. Therefore, targeting the CERK/C- 

1-P signaling axis may have profound potential in the pharmacologic treatment of 

non-surgical breast tumors. 

Previous work has demonstrated a link between PGE2, a downstream 

target of C-1-P, and CCL5, suggesting that C-1-P may play a role in CCL5 

production. However, this is the first report of a direct link between C-1-P and 

CCL5. Furthermore, the finding that cPLA2 does not participate in the signaling 

cascade suggests CERK may have novel downstream targets in breast cancer. 

CERK is known to play key roles in production of several pro-inflammatory 

molecules, but the exact molecular targets linking C-1-P to CCL5 production are 

unknown. A greater understanding of how C-1-P regulates inflammation will 

present new therapeutic targets for the treatment of breast tumors. 

 
 

2.4.2. ASM is the major source of ceramide in TNF-α stimulated breast cancer 

cells 

TNF-α stimulation of MCF7 cells induces both ASM activity and ceramide 

accumulation (Fig. 5A and B). The finding that ASM is the major source of 
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ceramide following TNF-α stimulation suggests that ASM is the rate-limiting 

source of ceramide in activated breast cancer cells. As such, ASM is tightly 

coupled to flux through the CERK/C-1-P signaling axis. Therefore, coordinated 

expression of ASM and CERK may be a novel marker of tumor progression. This 

data may help to explain the previously reported finding that high ceramide levels 

are associated with poor outcomes in breast tumors [39]. Our work supports a 

paradigm shift by demonstrating a strong a pro-tumor role for ASM and TNF-α 

through a direct link between ASM and CERK. The precise role of C-1-P in 

activation of inflammatory signaling seems to be independent of other ASM 

mediated pathways, such as modulation of p38/MAPK phosphorylation. 

 
 

2.4.3. ASM initiates a Golgi specific signaling cascade involving CERK 
 

The data supporting a connection between ASM and CERK led to an 

investigation of the subcellular localization of ASM and CERK. Ablation of ASM 

causes defects in the C-1-P stimulated localization of cPLA2 to the Golgi network 

(Fig. 7A). Additionally, ablation of ASM decreased the TNF-α stimulated re- 

localization of cPLA2 to the Golgi (Fig. 7B), a process likely dependent on C-1-P 

formation. This data suggested that ASM and CERK might be interacting in the 

Golgi network. Using novel serine mutants of ASM, a Golgi specific function of 

ASM was identified. Golgi targeted ASM is able to drive the production of CCL5. 

This data, together with the results presented in Figure 7, strongly support a role 

for ASM in the Golgi network. Since ASM can regulate Golgi specific functions of 
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CERK, and because CERK is largely localized to the Golgi network, we conclude 

that CERK is acting on ASM derived ceramide within the Golgi network. 

The finding that C-1-P, but not cPLA2, participates in CCL5 production 

suggests that C-1-P regulates CCL5 independently of previously established 

signaling paradigms. C-1-P has been identified as a regulator of cPLA2 

localization and function, but a direct role for ASM in cPLA2 localization has 

never been established [242, 249]. The finding that ASM can regulate cPLA2 

localization helps clarify the role of TNF-α in cPLA2 function [88, 149]. 

Furthermore, TNF-α stimulation is sufficient to induce cPLA2 localization to the 

Golgi, a process that is also dependent on ASM. These data together suggest 

that ceramide produced by ASM is required for multiple CERK mediated 

signaling cascades, placing ASM upstream of CERK. 

In conclusion, this work demonstrates a novel role for CERK in the 

regulation of CCL5. Additionally, ASM, a well-known regulator of CCL5, functions 

upstream of CERK to rapidly generate high levels of ceramide following TNF-α 

stimulation. Secondary to TNF-α stimulation, ASM can mediate several canonical 

CERK signaling cascades. Additionally, this work supports the existence of novel 

downstream targets of C-1-P. The results demonstrating a role for CERK, but not 

cPLA2, in CCL5 production suggests the CERK/C-1-P signaling pathway has 

novel downstream targets. 
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Chapter 3 

 
 
 
 
 
 
 
 
 

 
DEFINING A ROLE FOR ACID SPHINGOMYELINASE IN THE P38/INTERLEUKIN-6 PATHWAY 
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Abstract 
Acid sphingomyelinase (ASM) is one of the key enzymes involved in regulating 

the metabolism of the bioactive sphingolipid ceramide in the sphingolipid salvage 

pathway, yet defining signaling pathways by which ASM exerts its effects has 

proven difficult. Previous literature has implicated sphingolipids in the regulation 

of cytokines such as interleukin-6 (IL-6), but the specific sphingolipid pathways 

and mechanisms involved in inflammatory signaling need to be further 

elucidated. In this work, we sought to define the role of ASM in IL-6 production 

because our previous work showed that a parallel pathway of ceramide 

metabolism, acid β-glucosidase 1, negatively regulates IL-6. First, silencing ASM 

with siRNA abrogated IL-6 production in response to the tumor promoter, 4- 

phorbol 12-myristate 13-acetate (PMA), in MCF-7 cells, in distinction to acid β- 

glucosidase 1 and acid ceramidase, suggesting specialization of the pathways. 

Moreover, treating cells with siRNA to ASM or with the indirect pharmacologic 

inhibitor desipramine resulted in significant inhibition of TNF-α and PMA-induced 

IL-6 production in MDA-MB-231 and HeLa cells. Knockdown of ASM was found 

to significantly inhibit PMA-dependent IL-6 induction at the mRNA level, probably 

ruling out mechanisms of translation or secretion of IL-6. Further, ASM 

knockdown or desipramine blunted p38 MAPK activation in response to TNF-α, 

revealing a key role for ASM in activating p38, a signaling pathway known to 

regulate IL-6 induction. Last, knockdown of ASM dramatically blunted invasion of 

HeLa and MDA-MB-231 cells through Matrigel. Taken together, these results 

demonstrate that ASM plays a critical role in p38 signaling and IL-6 synthesis 

with implications for tumor pathobiology. 
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3.1. Introduction 
 

In addition to its physiological roles in inflammation and immunology, 

Interleukin-6 (IL-6) has been widely implicated in cancer biology [250]. IL-6 is 

known to stimulate proliferation, invasion, and metastasis of tumors [251-253]. 

Moreover, there is a strong correlation between invasiveness of cancer cell lines 

and the level of IL-6 production [254], suggesting that although IL-6 is capable of 

being produced by many cell types, tumor-derived IL-6 may be a critical 

determinant in a tumor’s intrinsic invasive capability. 

Bioactive sphingolipids have been implicated as regulators of IL-6 

formation, but the specific sphingolipid pathways involved are not clearly defined. 

Sphingolipid metabolism is broadly divided into either de novo or 

hydrolytic/salvage pathways[50, 255]. In the salvage pathway, sphingomyelin 

(SM) and glucosylceramide (GC) are hydrolyzed into ceramide by acid 

sphingomyelinase (ASM) and acid b-glucocerebrosidase (GBA), respectively. 

Ceramide can be then cleaved to form sphingosine by acid ceramidase. Thus,  

the salvage pathway is poised to make rapid changes in downstream metabolites 

including ceramide and sphingosine due to the relative abundance of the 

complex sphingolipids such as SM and GC and also the energetically favorable 

process of hydrolysis. Consistent with this, activation of PKC∂ stimulates the 

hydrolysis of complex sphingolipids leading to the production of ceramide from 

either GBA or ASM leading to flux through the sphingolipid salvage pathway[234, 

256, 257]. 
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Insofar as evidence for involvement of sphingolipids in IL-6 production, 

early work by Laulederkind et al. demonstrated that exogenous treatment of 

dermal fibroblasts with bacterial sphingomyelinase (bSMase) was sufficient to 

induce IL-6 similar to that of IL-1b treatment[258], suggesting that a pool of 

ceramide at the plasma membrane could be involved in triggering signaling to IL- 

6. Conversely, previous work from our laboratory has demonstrated that IL-6 

production and p38 activation is negatively regulated by GBA-derived ceramide  

in MCF-7 cells[59]. Literature related to ASM has shown that ASM  is  not 

required for p38 signaling in ASM-/- murine macrophages[259] whereas other  

work has indicated a role for ASM in cytokine production including IL-6 with the 

use of a SM-based ASM inhibitor[260]. While this work was in progress, Kumagai 

et al. showed that ASM is involved in IL-6 production in bladder cancer cells[261]; 

however, a signaling pathway leading to IL-6 was not identified, underscoring the 

need to identify signaling pathways that ASM regulates to affect IL-6 secretion. 

Here, the roles of sphingolipid salvage enzymes in the regulation of IL-6 

were investigated in MCF-7 cells in response to the PKC activator and tumor 

promoter, 4b-phorbol 12-myristate 13-acetate (PMA), and in response to TNFa, a 

critical regulator of IL-6 production. We found IL-6 induction to be dependent on 

ASM in distinction to ACD and GBA. These findings demonstrate that in MCF-7 

cells, PKC/ASM-mediated induction of IL-6 mRNA is a result of increased 

message stability and transcription. The roles of sphingolipid salvage pathway 

enzymes were also assessed in p38 activation revealing a similar pattern of 

regulation as for IL-6.       Furthermore, the role of ASM in invasion was assessed 
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revealing a critical role for ASM in this process in HeLa and MDA-MB-231 cells. 

Additionally, and in contrast to noninvasive carcinoma MCF-7 cells, invasive 

breast MDA-MB-231 and cervical HeLa cells displayed distinctly different IL-6 

RNA dynamics with increased basal IL-6 production, also dependent on ASM. 

These findings raise the possibility that invasive cancer cells have increased 

basal IL-6 mRNA stability while also eliciting a robust transcriptional response to 

PMA. These results begin to define the mechanisms involved in IL-6 synthesis 

from invasive cell lines. Taken together, this work shows a specific function for 

ASM as a regulator of p38 signaling and IL-6 production, and in aggressive 

cancer cells, a role for ASM as a potential factor in mediating a pro-invasive 

phenotype to cancer cells. 

 
 

3.2. Experimental Procedures 

 
 

3.2.1. Materials- Active-p38 (phospho) antibody and p38∂ antibodies were from 

Promega (Madison, WI) and R&D Systems (Minneapolis, MN) respectively. PMA 

was from Calbiochem (La Jolla). TNFa was from Pepro Tech. HRP-linked 

secondary antibodies were from Santa Cruz Biotechnology. Actinomycin D and 

Myriocin were purchased form Sigma. Invasion wells were from BD Bioscences. 

Fumonisin B1 was from Enzo Life Sciences (Farmingdale, NY). 

 
 

3.2.2. Cell Culture- MCF-7, MDA-MB-231, HeLa, control fibroblasts, and 

Niemann Pick fibroblasts were grown in DMEM supplemented with L-glutamine 

and 10% fetal bovine serum.  Cells were cultured under standard conditions   (37 
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ºC, 5% CO2, humidified air) and kept under 90% confluence. For a 6-well plate, 

50,000 cells/well were plated and then the next day transfected with 20 nM 

siRNA according to manufacturer’s instructions using Oligofectamine  

(Invitrogen). After 48-72 h, media were changed 1 h prior to stimulation with  

either PMA (100 nM) or TNFa (20 ng/ml). For overexpression of ASM, cells were 

plated at 50,000 cells/well of a 6 well plate. The next day, cells were transfected 

with 1µg of Control Vector (pEF6-V5/6xHis) or the ASM Expression Vector 

(pEF6-ASM-V5/6xHis) according to manufacturer’s instruction using X- 

tremeGENE 9 (Roche). After 24 hours, media was replaced and cells were 

incubated for an additional 24 hours and IL-6 expression was measured by  

qPCR as described. 

 
 

3.2.3. Western Blotting- Cells were harvested by direct lysis in 1% SDS/ 1 mM 

EDTA/ 50 mM Tris HCl pH 7.4. Lysates were sonicated, and total protein was 

normalized by BCA method. Laemmli buffer was added (6X), and then samples 

were boiled for 5 min. Equal volumes were loaded onto Criterion precast gels  

and run at 100V. Proteins were transferred to nitrocellulose membranes, blocked 

with 5 % nonfat milk in PBS/0.1 % Tween 20 and were incubated overnight with 

primary antibodies in 5 % nonfat milk in PBS/ 0.1 % Tween 20.  Membranes  

were washed in PBS/ 0.1% Tween 20 at least 3 times, incubated with secondary 

antibodies (1:5000), washed again, and then developed in ECL 

chemiluminescence reagent (Pierce). 
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3.2.4. Reverse-transcriptase Reaction and PCR- Equal amounts of RNA were 

isolated (Qiagen, RNeasy kit) and used in reverse-transcriptase reaction 

according to manufacturer’s protocol (Superscript II). The final reaction was 

diluted to 2 mg initial RNA/ml.  For qPCR analysis, 5 ml of cDNA was used per  

25 ml reaction in duplicate or triplicate using SYBR Green SuperMix (BioRad). 

Real-time PCR was performed using an iCycler (BioRad) consisting of a program 

of 95 °C for 3 min followed by 40 cycles of 95 °C for 15 sec, 60 °C for 45 sec and 

68 °C for 30 sec. Threshold cycle (Ct) values of target genes were normalized to 

actin Ct values generating mean normalized expression (MNE) using Q-gene 

software[262] and expressed as fold change compared to control.  Primers for IL- 

6 (Table 1) were designed using Primer-blast (NCBI) in order to amplify 

specifically mature mRNA, referred to as mRNA, (reverse primer aligning to 

contiguous regions of exon 1 and 2), hnRNA (reverse primer completely within 

intron), or both (reverse primer aligning to adjacent exon, exon 2, to the forward 

primer in exon 1) with a common forward primer for these reverse primers 

(Scheme 2). IL-6 primer specificity was validated with melt curves and by DNA 

electrophoresis. The primer set which would amplify both species was only used 

for semi-quantitative PCR while the others were used for qRT-PCR. ASM, 

CCL5/RANTES, and β-actin primer sequences were described previously[52,  

59]. 

 
 

3.2.5. ELISA- Cultured media were harvested and IL-6 measured by human IL-6 

ELISA according to manufacturer’s protocol (R&D, Quantikine).   Cellular  protein 



66  

was harvested and measured by BCA method. IL-6 concentrations were 

normalized to total cellular protein yielding pg of IL-6/mg of total protein unless 

otherwise indicated. In no case did normalization alter the results significantly 

ruling out changes in total cell number or total protein content as the determinant. 

 
 

3.2.6. Confocal Microscopy- Cells were washed with cold PBS, fixed in 3.7 % 

paraformaldehyde, and permeabilized in 0.1 %Triton X-100 for 10 minutes. 

Samples were blocked in 2 % human serum for 1 hr and then incubated with 

vimentin primary antibody in 2 % human serum for 90 min at room temperature. 

Samples were washed and incubated with secondary antibodies conjugated to 

TRITC for 1 hr. Samples were washed again and then incubated with DRAQ5  

and phalloidin and wash steps were repeated before imaging on confocal laser 

microscope (LSM510 Zeiss). 

 
 

3.2.7. Invasion Assay- HeLa cells were treated with siRNA for 48 hrs, 

trypsinized, and plated in transwells coated with matrigel in serum free media 

with either serum free or 10% serum in the bottom chamber. The cells were 

allowed to grow and invade for 24 h and then stained with flourescein. Four 

representative images each well were acquired and the number of cells invaded 

through the matrigel counted.  Cells were plated in triplicate. 
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3.2.8. ASM Activity Assay- Protein lysates from MCF-7, MDA-MB-231, or HeLa 

were assessed for ASM activity as described previously using radiolabeled 

SM[263]. 

 
 

3.2.9. Statistical Analysis- Statistical and kinetic analysis was performed with 

Prism/GraphPad using one phase exponential decay equation for calculating half 

life of IL-6 mRNA. Results displayed are mean ± S.E. or the range when n<3 for  

a given experiment. Statistical tests were performed depending on  the 

experiment with significance set at a p value of < 0.05. 

 
 

3.3. Results 
 
3.3.1. Differential regulation of IL-6 production and p38 activation by sphingolipid 

salvage enzymes- 

Stimulation of the breakdown of complex sphingolipids by PMA through the 

salvage pathway has been shown to be dependent on PKCd, a novel PKC, in 

MCF-7 breast cancer cells[256]. Moreover, activation of ASM, leading to 

ceramide accumulation, has been linked to PKCd activity[234]. Due to the 

interplay between PKC signaling and sphingolipids, it was of interest to define the 

roles of classical and novel PKCs in the context of IL-6 production.  MCF-7  

breast cancer cells were pretreated with either Gö6976 or bisindoleilamide (Bis) 

for 1 h and then stimulated with PMA after which secreted IL-6 was measured. 

The classical PKC inhibitor, Gö6976, had no effect on PMA-induced IL-6 protein 

production whereas the classical and novel PKC inhibitor, Bis, ablated the    PMA 
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response, implicating novel PKCs in this process (Fig. 10A, Adapted from the 

Dissertation of DM Perry (2012)). 

To delineate the role of distinct components of the sphingolipid salvage 

pathway (Scheme 1) for their specific contribution to IL-6 production, MCF-7 cells 

were treated with siRNA against ACD, ASM, or GBA and then stimulated with 

PMA for 18 h (Fig. 10B, Adapted from the Dissertation of DM Perry (2012)). 

These siRNAs were previously used and validated in our laboratory[52, 256], and 

were further validated either by western blot or RT-PCR (Fig. 10E-F, Adapted 

from the Dissertation of DM Perry (2012)). MCF-7 cells were chosen because 

they produce very low baseline levels of IL-6 but high levels in terms of fold 

change upon stimulation with PMA making this an ideal system to elucidate PKC- 

mediated mechanisms. In accordance with our previous study[59], we found that 

silencing GBA potentiated production of IL-6 (Fig. 10B, Adapted from the 

Dissertation of DM Perry (2012)). Conversely, downregulation of ASM 

significantly decreased the production of IL-6, and loss of ACD had no effect on 

IL-6 (Fig. 10B, Adapted from the Dissertation of DM Perry (2012)). The stress 

kinase p38 is known to play a role in regulating both transcription and message 

stability of IL-6[264-267]. Therefore, we tested the effect of siRNA against the 

sphingolipid catabolic enzymes on p38 activation. In a similar  fashion, 

knockdown of ASM blunted PMA-induced p38 phosphorylation, whereas 

knockdown of GBA increased the p38 activation significantly (Fig. 10C, Adapted 

from the Dissertation of DM Perry (2012)). These results mirrored the effects  

of  ASM,  ACD,  and  GBA  on  IL-6  production,  suggesting  that  p38  is  likely a 
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signaling pathway that is downstream of the sphingolipid enzymes upon PKC 

stimulation. 

To test whether downstream metabolism of sphingolipids by ACD is 

required for the GBA or ASM response, co-knockdown of these enzymes was 

tested. The results demonstrated that in the presence or absence of ACD, there 

was a similar fold change in IL-6 upon ASM and GBA silencing (Fig. 10D, 

Adapted from the Dissertation of DM Perry (2012)). Taken together, these 

results demonstrate that in MCF-7, ASM is required for the induction of IL-6, but 

further metabolism of the ASM product ceramide to sphingosine via ACD is not 

required. Furthermore, these data reveal distinct and opposing roles for GBA and 

ASM in regulation of IL-6 production and p38 activation in response to PMA. 

 
 

3.3.2. Involvement of ASM in IL-6 mRNA induction in MCF-7 cells- 
 

The mechanisms by which PKC and ASM regulate IL-6 RNA were next 

assessed in order to determine at which point of IL-6 synthesis these are 

involved. To achieve this goal, we utilized standard Actinomycin D timecourse 

and also a novel approach characterized by Zeisel et al.[268], which specifically 

measures mRNA or hnRNA whereby inferences can be made whether changes 

seen are due to changes in transcription or mRNA stability. Therefore specific 

primers for IL-6 mRNA and hnRNA were designed and validated (Scheme 2, 

Adapted from the Dissertation of DM Perry (2012)). Treatment of MCF-7 cells 

with ASM siRNA resulted in a decrease in PMA-induced IL-6 mRNA levels, likely 

ruling out mechanisms of translational or secretory regulation as the point of 
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action but implicating transcription or message stability (Fig. 11A, Adapted from 

the Dissertation of DM Perry (2012)). To assess mRNA stabilization, an 

Actinomycin D timecourse was performed in MCF-7 cells in the presence or 

absence of either PMA and ASM siRNA. PMA resulted in a doubling of IL-6 

mRNA stability, and ASM silencing decreased message stability basally and with 

PMA (Fig. 11B, Adapted from the Dissertation of DM Perry (2012)). 

Additionally, IL-6 hnRNA was measured in a similar fashion as in Fig. 11A, which 

revealed no induction of IL-6 hnRNA upon treatment with PMA; however, ASM 

siRNA with or without PMA treatment yielded approximately a 40% decrease in 

IL-6 hnRNA (Fig. 11C, Adapted from the Dissertation of DM Perry (2012)). 

Taken together, these data show that ASM has effects on both transcription and 

stability of IL-6 mRNA. The results also show that PKC activation primarily  

results in increased IL-6 message stability. 

Previous work has demonstrated a role for ASM in the regulation of 

CCL5/RANTES in response to the cytokines, TNFa and IL-1b[52]. In order to 

assess the possibility that PMA is also inducing RANTES through a novel 

mechanism, MCF-7 cells were treated with PMA and IL-6 and CCL5 mRNA was 

measured. PMA was found to be a specific inducer of IL-6 and not RANTES, 

suggesting a novel signaling function for ASM in response to PMA (Fig. 11D). 

Additionally, it was of interest to assess the contribution of p38 towards IL-6 

expression in our system. Interestingly, there was only a modest decrease in IL-6 

mRNA basally and with PMA treatment with the pan p38 inhibitor BIRB 796 in 

MCF-7 cells (Fig. 11E) and HeLa cells (data not shown), even though there   was 
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robust inhibition of p38 phosphorylation (Fig. 11F), suggesting that there could be 

other pathways by which ASM mediates its effect on IL-6. Therefore in MCF-7 

cells, ASM leads to p38 activation and eventual induction of IL-6 mediated by 

both changes in transcription and message stability. 

 
 

3.3.3. Evaluation of IL-6 protein and RNA in normal and Niemann-Pick 

Fibroblasts- 

Next, the role of ASM in IL-6 secretion was tested in fibroblasts, which are a 

significant source of IL-6 during wound healing[269] and can support tumor 

metastasis[270]. Moreover, the availability of fibroblasts from patients with 

Niemann-Pick disease (NPD), which have significantly decreased ASM 

activity[52], allows evaluation of the role of ASM in a genetic model. Here we 

found that NPD fibroblasts have profoundly defective IL-6 production basally and 

with TNFa when compared to healthy control fibroblasts (Fig. 12A, Adapted  

from the Dissertation of DM Perry (2012)). 

Next, we investigated the IL-6 RNA dynamics basally and in response to 

TNFa treatment in control and NPD fibroblasts. Loss of acid sphingomyelinase 

activity was found to decrease levels of IL-6 mRNA basally and with TNFa (Fig. 

12B) as was found at the protein level. However, no difference was found basally 

in hnRNA levels between control and NPD fibroblasts, but TNFa-induced IL-6 

hnRNA was significantly impaired in NPD fibroblasts (Fig. 12C, Adapted from 

the Dissertation of DM Perry (2012)), suggesting that ASM is required for 

TNFa-mediated transcriptional activation of the IL-6 gene in fibroblasts.      Taken 
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together, the results suggest that ASM plays a role in the basal stability of IL-6 

mRNA due to the decrease of basal IL-6 mRNA (but not hnRNA) and then also in 

mediating TNFa-dependent transcription of IL-6 hnRNA. 

 
 

3.3.4. The role of ASM in IL-6 production and p38 activation in HeLa and MDA- 

MB-231 cells- 

The contribution of ASM to IL-6 synthesis was assessed in invasive  

human cervical HeLa cancer cells as well as human breast MDA-MB-231 cancer 

cells, since invasive cell lines make significantly more IL-6 in absolute levels than 

non-invasive lines, and IL-6 plays a role in their malignant properties[252, 254, 

271]. First, we evaluated the role of ASM in these additional cell lines in 

regulating IL-6. Knockdown of ASM by siRNA in HeLa cells resulted in  

decreased IL-6 production in response to both PMA and TNFa (Fig. 13A, 

Adapted from the Dissertation of DM Perry (2012)). Further, treatment of 

MDA-231 and HeLa cells with desipramine (50mM), a lysomotropic agent that 

induces the degradation of ASM[272], resulted in a dramatic decrease in IL-6 

production in all cases (Fig. 13B-C, Adapted from the Dissertation of DM 

Perry (2012)). Thus, these results show that ASM is involved in IL-6 production  

in response to TNFa and PMA in two invasive cancer cell lines. Likewise, 

inhibition of ASM with siRNA or desipramine abrogated p38 phosphorylation in 

HeLa cells (Fig. 13D-E, Adapted from the Dissertation of DM Perry (2012)). 

Next, treatment of HeLa cells with desipramine (50mM) was found to blunt PMA- 

induced IL-6 mRNA expression consistent with the model that ASM and p38 
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induce IL-6 mRNA leading ultimately to IL-6 protein secretion (Fig. 13F, Adapted 

from the Dissertation of DM Perry (2012)). The effectiveness of ASM 

knockdown in HeLa was demonstrated by a significant decrease in ASM mRNA 

and activity upon 48 h of ASM siRNA treatment (Fig. 13G-H, Adapted from the 

Dissertation of DM Perry (2012)). 

 
 

3.3.5. Differential IL-6 RNA dynamics in MCF-7 compared to HeLa and MDA-MB- 

231 cells in response to PMA- 

Synthesis of IL-6 is a dynamic process with multiple regulated steps including 

transcription, message stability, and translation. It is known that protein and 

mRNA levels of IL-6 are increased in cell lines such as MDA-MB-231 compared 

to MCF-7, but it is not known whether this is due to stability or transcription[254]. 

To investigate potential differences and mechanisms in IL-6 RNA dynamics in 

response to PKC signaling between MCF-7, MDA-MB-231, and HeLa cells, a 

time course of PMA was performed, and levels of mRNA and hnRNA were 

determined utilizing primers with either exonic or intronic reverse primers[268].   

In MCF-7, PMA treatment resulted in a 35-fold induction of IL-6 mRNA, yet no 

detectable change in hnRNA was observed, suggesting that IL-6 induction is 

primarily due to increased message stability (Fig. 14A, Adapted from the 

Dissertation of DM Perry (2012)). To further assess the process of  

transcription, a luciferase-based promoter assay was utilized. Using a human IL- 

6 promoter assay, PMA stimulated promoter activity by 2.3-fold in MCF7 cells 

(data  not  shown).       This  moderate  change  does  not  explain  the   dramatic 
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induction at the mRNA and protein level in response to PMA (Fig. 10) but is 

difficult to reconcile with the unchanged hnRNA levels (Fig. 14A, Adapted from 

the Dissertation of DM Perry (2012)). Taken together, PKC-mediated induction 

of IL-6 mRNA in MCF-7 is mediated primarily by message stability and a possible 

minor contribution of transcription. 

Next, IL-6 RNA dynamics were assessed in MDA-MB-231 and HeLa cells. 

PMA treatment resulted in IL-6 mRNA induction, and further, there was a 2-fold 

and 6-fold induction of hnRNA at 45 minutes in MDA-MB-231 and HeLa 

respectively, which preceded the time-dependent increase in mRNA at 90 min 

(Fig. 14B-C, Adapted from the Dissertation of DM Perry (2012)). Additionally, 

IL-6 promoter activity was assessed in HeLa, and the results showed a 2.8 fold 

increase in promoter activity in response to PMA (data not shown). Therefore, 

based on increased IL-6 luciferase promoter activity and increased endogenous 

hnRNA, PMA results in transcriptional activation of IL-6 expression in HeLa and 

MDA-MB-231. Conversely, we can infer that PMA also results in increased 

message stability since, for example in HeLa cells, a 6-fold increase in 

transcription is not sufficient to explain the 25-fold increase in IL-6 mRNA. Based 

on the RNA profiles of MDA-MB-231 and HeLa and the promoter activity assay, 

IL-6 RNA induction is explained by a combination of transcriptional activation and 

message stabilization. 

 
 

3.3.6. Basal induction of the ASM/IL6 pathway in invasive cancer cells- 
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The most striking difference between the cell lines, in the context of IL-6,  

is the basal level of IL-6 mRNA despite having approximately equivalent basal 

hnRNA (Fig. 14D, Adapted from the Dissertation of DM Perry (2012)). We 

wondered if this difference could be due to ASM. To investigate this possibility, 

we hypothesized there may be differences in ASM expression between the 3 cell 

lines. ASM mRNA was measured by RT-PCR, and the results showed a 2-3 fold 

upregulation of ASM message in HeLa and MDA-MB-231 compared to MCF-7 

(Fig. 14E). Furthermore, we determined the effects of silencing ASM in HeLa on 

basal levels of IL-6 mRNA, and the results showed that this caused a 40% 

reduction in basal IL-6 mRNA (Fig. 14F, Adapted from the Dissertation of DM 

Perry (2012)). Additionally, overexpression of ASM in MCF-7 lead to a 5.3-fold 

upregulation of basal IL-6 mRNA (Fig. 14G).  In summary, upregulation of ASM  

in invasive cancer cells may play a role in the stabilization of IL-6 mRNA, thus 

explaining the previous findings that MDA-MB-231 and HeLa cells have higher 

levels of IL-6 mRNA than MCF7 cells. 

 
 

3.3.7. Role of ASM in Cancer Cell Invasion- 
 

Due to the abundant evidence linking IL-6 to pro-invasive biological 

processes, it became important to assess the role of ASM in cancer cell invasion. 

HeLa cells were treated with either control or ASM siRNA for 48 h and 

subsequently transferred to precoated matrigel invasion wells. Knockdown of 

ASM resulted in a dramatic decrease in serum-induced invasion through matrigel 

(Fig. 15A).  ASM was also required for invasion in MDA-MB-231, suggesting  that 
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ASM could be playing a fundamental role in the pathological process of invasion 

(data not shown). Furthermore, we assessed the roles of PKC and p38 in 

invasion by adding PMA or BIRB 976 to the upper chamber during invasion (Fig. 

15B). PMA treatment enhanced invasion over media alone whereas BIRB 796 

largely blocked PMA-induced invasion. Pretreatment of BIRB 796 with HeLa  

cells effectively blocks PMA-induced p38 phosphorylation showing that it is active 

at the used concentration (Fig. 15C). Additionally, to assess for morphologic 

changes, immunofluorescent microscopy was performed, which revealed 

significant loss of typical F-actin stress fibers with a rearrangement of cellular 

architecture upon ASM knockdown (Fig. 15D). This striking change was mirrored 

by decreased levels of phosphorylation of myosin light chain (MLC) in HeLa (data 

not shown). Taken together the results demonstrate a role for ASM in sustaining 

cytoskeletal changes toward invasion in cancer cells, which is consistent with its 

role in regulating p38 and IL-6. 

 
 

3.4. Discussion 
 

In this study a role for ASM was demonstrated in the regulation of p38 

signaling and the pro-invasive cytokine IL-6 with potential implications for a role 

for ASM in cancer progression. The biochemical and signaling functions of ASM 

were specific in that they could be distinguished from those of GBA, the other key 

enzyme involved in generation of lysosomal ceramide. ASM was demonstrated  

to play an important role in IL-6 production at the protein and message level with 

effects on transcription and message stability.       Further, ASM was shown to be 
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critically involved in the pathobiological process of invasion, a possible 

consequence of its regulation of IL-6. 

 
 

3.4.1. Regulation of IL-6 by PKC and Sphingolipid Metabolism- 
 

This work reveals a new role for the novel PKC family in upregulating IL-6. 

This relates to previous work from our laboratory which showed that the novel 

isoform PKCd is required for ASM activation leading to ceramide 

accumulation[234]. Moreover, ASM and GBA, both contribute to PKCd- 

dependent ceramide accumulation, which is predominantly C16-ceramide[256]. 

However, unique biological roles for ASM- and GBA-derived ceramide had not 

been defined in the same context. Here we show that the novel isoforms of PKC 

are required for PMA-induced IL-6 production in MCF-7 (Fig. 10A). Thus, the  

data provide further evidence linking PKCs to sphingolipid-mediated pathways. 

Our results reveal distinct roles for ASM and GBA in the regulation of IL-6, 

suggesting that ASM- and GBA-derived ceramides have opposing biological 

functions although being predominantly structurally identical (mostly C16- 

ceramide) (Fig. 10B)[256]. These findings raise the possibility of a novel  

paradigm that not only the specific identity of a bioactive sphingolipid is  

important, but that the enzyme from which it is produced within a subcellular 

location may dictate its biologic function. Based on our studies, the subcellular 

topology was not defined, but we speculate that ASM and GBA are acting on  

their respective substrates at somewhat distinct points in the endolysosomal 

system which is involved in recycling SM and GC from the plasma membrane   to 
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the lysosome [273, 274]. In terms of transducing a signal, the plasma  

membrane, or early endosomes, appear to be a more likely candidate than the 

lysosome, which itself is encased by the limiting membrane, where ASM and 

GBA are in the lumen, bound to and degrading internal membranes within the 

lysosome. Alternatively, or in addition, the levels of substrates of these two 

enzymes could play a key role in dictating the specific functions attributed to  

ASM versus those attributed to GBA. 

 
 

3.4.2. Regulation of Cytokine Production and p38 by ASM- 

Previous reports have studied cytokine regulation by ASM with varying 

results. This is likely due to the use of various approaches and distinct regulation 

of different cytokines. Previous studies have used ASM-/- peritoneal  

macrophages showing no requirement of ASM for the production of various 

inflammatory mediators including nitric oxide, TNFa, and IL-1b[259, 275]. 

Conversely, a transcriptional inhibitor of ASM, SMA-7, was shown to reduce 

cytokine production although the specificity of this inhibitor has not been well 

established [260]. Additionally, while this work was in progress, Kumagai et al. 

showed involvement of ASM in the synergistic production of IL-6 in response to 

carcinogenic electrophiles with TNFa but not TNFa alone in bladder cancer cells 

where these electrophiles resulted in ASM upregulation[276]. Further, recent 

work by Jin et al. showed ASM involvement in palmitic acid-induced IL-6 

upregulation in macrophages[277], suggesting a common role for ASM in IL-6 

production. 
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Previous work from our laboratory has demonstrated a role for ASM in the 

production of the chemokine, CCL5/RANTES[52]. Interestingly, this is likely a 

distinct pathway of regulation from that by which ASM regulates IL-6. This is 

supported by the requirement of ACD for induction of RANTES whereas loss of 

ACD trended towards an increase in IL-6 production in MCF-7, thus  

distinguishing these two pathways. Additionally, PMA was found to be a specific 

inducer of IL-6 (Fig. 11D). One explanation of these data is that IL-6 and 

CCL5/RANTES are distinct in their expression pattern in response to cytokine 

stimulation: IL-6 being rapidly induced while RANTES displays slower 

kinetics[278]. Consistent with this, IL-6 mRNA is basally unstable containing 

multiple 3’ UTR AREs and is regulated substantially by increases in stability 

whereas RANTES mRNA is intrinsically very stable[278]. What is emerging 

therefore suggests coordinated regulation of these classes of cytokines by 

sphingolipids, such as ceramide, sphingosine, and sphingosine-1-phosphate 

(S1P). Ceramide, produced first metabolically, may be critical for IL-6, which is 

induced acutely, and then accumulation of sphingosine may trigger the transition 

to induction of late response genes such as RANTES. 

This work provides novel evidence for a role for ASM in p38 activation in 

cancer cells. Previous evidence showed that ASM is not required for p38 

signaling in murine macrophages by using ASM-/- macrophages, a different 

context than employed here and with inherent caveats concerning complete 

knockout  systems  for  sphingolipid  enzymes  (i.e.  they  recapitulate       genetic 

disease but may not capture the biological role of the enzyme).     More likely, the 
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role of ASM in p38 signaling may be cell-type specific.  There are some reports  

of exogenous ceramide activating p38 signaling, but there is no previous 

evidence demonstrating that a specific ceramide-producing enzyme is required 

for p38 activation[259, 279-281]. Moreover, if the enzyme from which ceramide is 

derived dictates its function, then exogenous ceramide is unlikely to recapitulate 

the function of specific pools of endogenous ceramides. Despite a role for ASM  

in p38 activation shown here, the mechanism of this effect is still elusive. ASM 

may be directly involved in the signaling in response to outside signals to p38 or 

the loss of ASM may render cells unable to activate p38 by a gain of function 

upon inhibition of ASM. Preliminary results show activation of p38 upon 

overexpression of ASM in HeLa (data not shown) arguing against the possibility 

that loss of ASM results in a gain of function that blocks p38 activation. 

Additionally, recent work by Adada et al. has shown that sphingosine kinase 1 

(SK1) and S1P are involved in p38 activation in HeLa[282], which raises the 

possibility that ASM, ACD and SK1 may function in concert to produce S1P 

which could lead to activation of p38. However, this would be cell type specific 

since in MCF-7 cells, ACD is not required for p38 phosphorylation (Fig. 10C). In 

light of the body of literature showing activation of sphingomyelinase activity and 

ceramide accumulation in response to outside signals [234, 256, 257, 283] it is 

not far-fetched that ASM/ceramide participate in the acute activation of p38, and 

other ceramide producing enzymes contribute to resolution of p38 activity. 

 
 

3.4.3. Implications for Cancer Biology- 
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The finding that ASM is involved in IL-6 production and invasion casts 

ASM in a novel role. Previous literature has implicated ASM in the accumulation 

of ceramide and downstream apoptosis in response to UV-light[284, 285],  

ionizing radiation[286] and other stimuli[287-289]. One could speculate that 

activation of ASM in normal cells is capable of inducing apoptosis, but once 

cancer cells are resistant to cell death, ASM activity could translate to increased 

inflammatory cytokines and invasiveness. In some ways this is analogous to the 

dual nature of p38 signaling in apoptosis versus oncogenic properties[290]. 

Additionally, due to the accumulating evidence for IL-6 as a critical player in 

cancer biology, targeting pathways that are involved in IL-6 synthesis or 

downstream effects may prove to be a powerful approach for attenuating 

invasion and metastasis[250, 291]. Inhibition of ASM could be a therapeutic 

means to block IL-6 produced in the microenvironment by tumor cells, which is 

required for invasion. Future work is needed evaluate the role of ASM in cancer 

progression or metastasis. 

 
 

In summary this work provides evidence for a clear role for ASM in the 

regulation of p38 signaling and IL-6 production. This regulation is specific in that 

other sphingolipid salvage pathway enzymes did not replicate this. ASM was 

found to be essential for p38 activation as well, defining a role in upstream 

signaling to IL-6. In line with this, ASM was required for invasion of HeLa cells. 

Moreover, ASM may play a critical role in mediating the increased levels of IL-6 

found  in  invasive  cell  lines.  The  contribution  of  ASM  to  both  malignant 
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progression and IL-6 production is partially dependent on p38, however a p38 

independent mechanism may still directly link ASM to invasion and IL-6 

production (Fig. 15E). This implicates ASM as a novel player in several malignant 

cancer properties, and may indicate that ASM is an attractive target for 

therapeutic intervention in addition to p38. This work for the first time, 

demonstrates a regulatory role for ASM in a signaling pathway and a biological 

outcome of cytokine induction including mechanistic insights and disease 

implications. Further investigation is needed to understand how ASM is  

mediating its effects on p38 and IL-6. 
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Chapter 4 

 
 
 
 
 
 
 
 
 

 
FUTURE DIRECTIONS AND DISCUSSION OF SPHINGOLIPID REGULATED BREAST CANCER 

PROGRESSION AND INDUCTION OF CD44+/CD24- CANCER STEM LIKE CELL GROWTH 

THROUGH ACTIVATION OF NFATC3 SIGNALING 
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4.1. Introduction 
 

The findings presented in this thesis have placed great emphasis on the 

role of ASM and CERK in modulation of inflammatory cytokines. As such, ASM 

and CERK appear to be potent regulators of the tumor microenvironment through 

modulation of two key cytokines: CCL5 and IL-6. Early in tumorigenesis, 

infiltrating macrophages secrete high levels of TNF-α and induce apoptosis in 

most tumor cells [292]. A subset of cells, however, is resistant to apoptosis and 

continues to grow. ASM and CERK have been shown to be important modulators 

of TNF-α stimulated signaling in a variety of tumor types [53, 68, 74, 236, 293- 

298]. Our recent work has clearly demonstrated that ASM and CERK are 

necessary for both IL-6 and CCL5 production in response to TNF-α stimulation. 

These findings suggests that ASM and CERK may be modulating a fundamental 

process underlying inflammatory signaling at large. 

Beyond subcellular regulation of inflammatory signaling, ASM and CERK 

are key modulators of the tumor microenvironment through IL-6 and CCL5. Both 

IL-6 and CCL5 play prominent roles in maintenance of a pro-tumor 

microenvironment. With respect to CCL5, a large proportion of the CCL5 in 

breast tumors originates from stromal cells, however, early in tumorigenesis, 

tumor derived CCL5 is known to induce a tolerogenic response by the immune 

system [299, 300]. The result being aggregation of Th2 polarized T-cells, and a 

subdued tumor targeting inflammatory response [301]. 

IL-6 has many functions within breast tumors that are dependent on tumor 

type and tumor stage. In the early stages of tumorigenesis, IL-6 is mainly 
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secreted by tumor associated stromal cells and acts as a potent inducer of EMT 

in ER positive breast cancers [252, 302]. Once cells have undergone EMT, tumor 

derived IL-6 induces an autocrine-signaling cascade that results in very high 

levels of intratumoral IL-6 [303, 304]. The resulting supraphysiologic levels of IL-6 

activate EMT, mitogenic, and migratory pathways in the tumor cells, leading to 

rapid tumor progression. 

Acquisition of EMT like phenotypes is associated with rapid tumor 

progression. EMT is characterized by loss of cell adhesion and polarization 

leading to adhesion independent growth [305]. A key event in EMT progression is 

reduced expression of E-Cadherin secondary to random genomic mutation, 

epigenetic regulation, or activated repressive pathways mediated by Snail, Slug, 

Twist, or Zeb1 [222, 306]. Several cytokines, such as IL-6, TNF-α, and TGF-β 

are known to be powerful inducers of EMT in breast cancers. Specifically, TNF-α 

dependent activation of NF-kB induces Twist activation [307]. NF-kB activation 

also leads to production of several other pro-EMT cytokines such as IL-6 and 

TGF-β [308]. 

ASM and CERK are essential to the TNF-α response in breast cancer 

cells, and as such, regulate a wide array of pro-tumorigenic and pro-EMT 

signaling pathways. ASM and CERK were found to be necessary for expression 

of TNF-α, IL-6, CCL5, CCL2, CCL18, and TGF-β. Furthermore, CERK is required 

for NFAT translocation to the nucleus of TNF-α treated cells. Based on these 

findings, ASM and CERK define a pro-EMT signature in breast cancers and are 

required for tumor progression in vivo and in vitro. 
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4.2. Materials and Methods 

 
 

4.2.1. Materials- MCF7 and MDA-MB-231 cells were obtained from ATCC 

(Manassas, VA). Trypsin-EDTA (0.05%) was from Gibco (Holtsville, NY, Cat 

25300062). TNF-α was purchased from Peprotech (Rocky Hill, NJ). 

 
 

4.2.2. Cell Culture- MCF7 cells were maintained in RPMI from Gibco (Holtsville, 

NY, Cat 11875-093) supplemented with 10% (v/v) heat inactivated FBS from 

HyClone (Port Washington, NY, Cat SH30396.03). MDA-MB-231 cells were 

maintained in DMEM from Gibco (Holtsville, NY, Cat 11965-092) supplemented 

with 10% (v/v) heat inactivated FBS under normal cell culture conditions 

(humidified atmosphere, 95% air, 5% CO2, 37 °C). Cells were kept in culture for 

no longer than 30 days. All cell lines were tested monthly for mycoplasma 

contamination using the MycoAlert kit from Lonza (Allendale, NJ, Cat LT07-218). 

Cells were maintained at less than 75% confluency in standard cell culture 

conditions (humidified atmosphere, 95% air, 5% CO2, 37 °C). All cell treatments 

with TNF-α or IL-1β were carried out in serum free media, unless otherwise 

noted. 

 
 

4.2.3. Mammosphere assay- Mammospheres were generated as previously 

described [309] with the addition of 0.25% methylcellulose to the mammosphere 

media. Briefly, 1x10^4 MCF7 cells were plated per well of a 6 well, non-adherent 

tissue culture tray in DMEM/F12 media (Gibco, Cat 21041) supplemented with 

B27 and rEGF (20ng/mL). Cells were allowed to grow for 5 days, without 
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agitation, and then the resultant mammospheres were harvested by 

centrifugation, trypsinized, and replated in monolayer on tissue culture treated 

dishes. After 24hrs of growth, cells were harvested for RTPCR and ASM activity 

assays. 

 
4.2.4. Real Time Reverse Transcriptase-Polymerase Chain Reaction (RTPCR) 

and Cytokine Arrays- RNA purification was performed with the Purelink RNA Kit 

from ThermoFisher, according to manufacturer’s protocol. Concentration of RNA 

was determined by nanodrop, and 500ng of RNA was transformed into cDNA 

using the Quanta cDNA Kit (Gaithersburg, MD, Cat 95047) according to the 

manufacturer’s protocol. For RT-PCR, reactions were performed in triplicate in 

96-well plates with each reaction containing 10 µl of 2 × iTAQ mastermix, 5 µl of 

diluted (1:12, v/v) cDNA, 1 µL of FAM tagged Taqman gene specific primer 

probe, 0.3 µL of VIC tagged Actin probe, and 4 µl of water. The following probes 

were purchased from Life Technologies: ACTB (Cat Hs01060665_g1); ASM (Cat 

Hs03679347_g1); CERK (Cat Hs00368483_m1); CCL5 (Cat Hs00174575_m1). 

Cytokine arrays were obtained from ThermoFisher (Cat 4414084) and used 

according to manufacturer’s protocol. 

 
 

4.2.5. Transwell invasion assays- Invasion of cells was measured using the 

Corning BioCoat Tumor Invasion System (Cat 354165), according to 

manufacturer’s protocol. Briefly, MDA-MB-231 cells were trypsinized, and 

resuspended in serum free media at a concentration of 5x10^4 cells/mL. 500µL 

of cell suspension was added to the upper well of each chamber of the transwell 
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plate. The lower chamber contained serum free media (control), complete media, 

or complete media plus TNF-α. Cells were allowed to invade for 48 hrs, and 

invasion of live cells was quantified by staining cells with Calcein AM and 

measuring fluorescence using a Spectra Max M5 mulit Plate reader. 

 
 

4.2.6. Tissue microarray- Tissue Microarrays were obtained from US Biomax 

(Rockville, MD, Cat BR1504). Immunohistochemistry (IHC) for ASM was 

performed using a monoclonal antibody from Abgent (San Diego, CA, Cat 

AP12227b). IHC was performed as previously described [310]. Briefly, array 

slides were deparaffinized and rehydrated with serial ethanol dilutions. 

Endogenous peroxidase activity was neutralized using 0.3% Hydrogen Peroxide. 

Antigen retrieval was performed using sodium citrate buffer (pH 6) containing 

0.05% Tween-20. After washing in PBS, sections were blocked for 10 minutes 

with horse serum from the VECTASTAIN ImmPress Kit (Vector Laboratories 

Inc.). Sections were then incubated overnight at 4°C with the ASM primary 

antibody (1:750), followed by 3 PBS washes. After a 30 min incubation with 

biotinylated secondary antibody, slides were incubated with DAB reagent per 

manufacturer’s protocol. Slides were briefly counterstained with hematoxylin, 

rehydrated, and mounted for analysis by bright field microscopy. 

 
 

4.2.7. Transcription Factor Arrays- MCF7 cells were treated with siRNA, and 

nuclei were harvested. Nuclear protein was extracted and applied to the Signosis 
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Transcription Factor Arrays (FA-1002) according to the manufacturer’s 

instructions. 

 
 

4.2.8. KM Plot data analysis- Outcomes analysis was performed using the KM 

Plot tool (http://kmplot.com/analysis/index.php?p=service&cancer=breast) [311]. 

The following probes were selected for analysis using the multigene classifier 

tool: SMPD1 (209420_s_at); CERK (218421_at); CCL5 (204655_at); CCL2 

(216598_s_at); CCL18 (209924_at); and NFATc3 (207416_s_at). Patients were 

split into high and low expressing groups by allowing the program to auto select 

best cutoff based on total expression. The analysis was run on patients with 

metastatic disease as indicated by a positive lymph node status (n=945). To test 

for co-expression of selected genes, the multigene classifier was set to use the 

mean expression of the selected probes. 

http://kmplot.com/analysis/index.php?p=service&amp;cancer=breast)
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4.3. Results and Future Directions 

 
 

4.3.1. Determining the role of the ASM/CERK signaling axis in cytokines 

associated with EMT 

The ASM/CERK signaling axis promotes the production of a large number 

of inflammatory cytokines (Fig 16A). Of particular interest are several cytokines 

that are directly involved in the process of epithelial to mesenchymal transition 

(EMT), including TNF-α, IL-6, CCL5, CCL2, CCL18, and TGF-β [307, 312, 313]. 

Activation of inflammatory signaling pathways such as PI3K, p38/MAPK, STAT3, 

and others are well-studied activators of EMT. In the most well characterized 

model of EMT, epithelial cells are treated with TGF-β and the subsequent 

induction of Smad signaling leads to transactivation of Snail and Twist [314]. 

Other inducers of EMT include TNF-α, which is a potent inducer of p38/MAPK, 

and CCL18, which induces PI3K [307]. Additionally, IL-6, in coordination with 

CCL2, is known to induce EMT through activation of STAT3 [212, 312]. The role 

of CCL5 in EMT is largely unexplored, however, expression of CCL5 is highly 

expressed by post-EMT cells [315]. Together these cytokines may represent a 

clinical signature that defines novel therapeutic opportunities for targeting tumors 

that rely on the ASM/CERK signaling axis. 

The loss of adhesion molecules, acquisition of mesenchymal phenotypes, 

and loss of cell polarity broadly characterize the process of EMT. Furthermore, 

the extent to which cells within an epithelial tumor have undergone EMT is 

closely correlated with tumor progression and poor outcomes [316]. During EMT, 

epithelial markers, such as E-cadherin decrease, and mesenchymal markers, 
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such as N-cadherin and vimentin, increase. As the cells transition from epithelial 

like to mesenchymal like, the cells no longer exhibit normal sheet-like growth 

patterns. 

The data in Figure 16A suggests that ASM and CERK may be master 

regulators of an EMT inducing cytokine signature that defines a novel pro- 

metastatic pathway in breast cancer. It will be important to test the role of ASM 

and CERK in EMT through quantification of epithelial and mesenchymal markers 

in MCF7 cells induced to undergo EMT. In epithelial cancers, such as breast 

cancer, the process of EMT is a prerequisite for gaining metastatic potential. 

Breast cancer cells that have undergone EMT exhibit many CSC characteristics 

and are highly drug resistant and aggressive [306]. 

Once the contribution of ASM and CERK to EMT has been determined, 

additional experiments investigating the role of ASM and CERK in cancer stem 

like cell (CSC) growth can be carried out. Several methodologies have been 

developed to assay CSC formation the most common of which is the 

mammosphere assay. Growth of luminal breast cancer cells in a low adhesion 

environment produces non-adherent mammospheres, and the resultant 

mammospheres are enriched in CD44+/CD24- cells [317]. CSC’s exhibit 
 
phenotypes concordant with cells from advanced tumor types, however the 

precise correlation between CSC content within a tumor and tumor progression is 

not exactly known [318, 319]. By investigating the function of ASM and CERK as 

both regulators of CSC growth and tumor progression, the function of CSC’s in 

tumor progression will be clarified. Preliminary data has shown CERK, CCL5, 
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and IL-6 are upregulated in CSC’s as compared to MCF7 cells in monolayer, 

suggesting these genes may paly a role in CSC’s (Fig. 16B). It will be of critical 

importance to directly test the requirement for ASM and CERK expression for 

efficient CSC formation. 

 
 

4.3.2. Delineating the contribution of the ASM/CERK signaling pathway in tumor 

progression in vitro and in vivo 

Using a Matrigel® tanswell invasion system, we have demonstrated that 

ASM and CERK play a pivotal role in the invasiveness of the post-EMT breast 

cancer cell line MDA-MB-231 (Fig. 17A). MDA-MB-231 cells are highly metastatic 

and have a mesenchymal like phenotype as well as a very high proportion of 

CD44+/CD24- cells [317]. This data suggests that, in addition to being required  

for acquisition of EMT like phenotypes, ASM and CERK are required for tumor 

progression following EMT, and possibly for maintenance of EMT like 

phenotypes in advanced tumors. The hallmarks of EMT are loss of intracellular 

tight junctions and impaired α5β1 integrin activation leading to disrupted cell-to- 

cell adhesion. Recent literature has shown a distinct role for ASM in cell-to-cell 

adhesion, and inhibition of ASM may be a useful method for reducing metastasis 

of solid tumors [68]. 
 

In accordance with the transwell invasion results, immunostaining for ASM 

in breast cancer tumor microarrays has demonstrated that ASM expression is 

correlated with advanced tumor stage (Fig. 17B). Together these data predict 

that ASM is required for tumor progression, and indeed recent literature also 
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supports the hypothesis [294]. Additionally, analysis of publically available 

outcomes data has shown a strong correlation between expression of ASM and 

CERK and poor outcomes in metastatic disease (Fig. 17C). With these results in 

mind, it will be important to undertake mechanistic studies in mouse models of 

metastasis to delineate the role of ASM and CERK in tumor progression. To this 

end, genetically modified mouse breast carcinoma cells have been developed 

using CRISPR technology. The cells have altered lipids and decreased 

enzymatic activity of ASM and CERK. Utilizing these cells in tail vein injection 

and mammary fat pad injections will directly answer the question of weather or 

not ASM and CERK are required for metastasis of solid tumors. Identifying the 

precise role of ASM in tumor progression will be an important step toward 

developing therapies targeting sphingolipid metabolism. 

 
 

4.3.3. Identifying the network of transcription factors regulated by CERK 
 

Abundant data has implicated CERK in the regulation of several cytokines 

[320]. This suggests that CERK and C-1-P maybe regulating processes 

fundamental to cytokine production. To address this question, we ablated CERK, 

and treated cells with TNF-α. Nuclear preps from these cells were prepared and 

used for transcription factor binding analysis using Signosis Transcription Factor 

Array Plates. CERK was found to regulate a number of transcription factors (Fig. 

18A and Table 3), with a very profound effect on Nuclear Factor of Activated T- 

cells (NFAT) family members (Fig. 18A). Considering that CERK is required for 

invasion, production of EMT promoting cytokines, and binding of NFAT to target 
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sequences, a strong argument can be made that CERK is regulating a novel pro- 

metastatic pathway. The prediction from this data would be that CERK is 

regulating cytokine production through modulation of NFAT family members, and 

that the resultant cytokines are inducing tumor progression. 

The family of NFAT transcription factors has four members, and canonical 

activation of NFAT requires a transient spike in cytoplasmic Ca2+ and subsequent 

activation of calmodulin [321]. Calmodulin dependent de-phosphorylation of 

serine residues on NFAT results in exposure of NFAT nuclear localization signals 

and rapid accumulation of NFAT in the nucleus. In the nucleus, NFAT can form 

transcriptionally active complexes with several other transcription factors 

including fork-head box (FOXO) transcription factors, activator-protein 1 (AP-1), 

and members of the GATA transcription factor family. 

Over expression of NFAT family members has been shown to induce 

progression in a variety of epithelial tumors including lung and colon cancer, and 

NFAT family members are key regulators of the balance between proliferation 

and EMT in breast carcinomas [322-325]. As such, it will be essential to clearly 

identify the relationship between NFAT and CERK mediated EMT in breast 

cancer. To this end, commonly available inhibitors of NFAT, such as cyclosporine 

and tacrolimus, as well as siRNA can be used to delineate the contribution of 

NFAT to mammosphere formation and production of CERK dependent cytokines 

including IL-6, CCL5, CCL18, and TGF-β. Furthermore, the role of NFAT in 

breast cancer cell invasion, as measured by Matrigel® Transwell assays, will be 
 
of particular interest. Based on the current data, it appears that NFAT is 
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modulating the response to TNF-α and may participate in the ASM/CERK 

signaling cascade. 

 
 

4.3.4. Delineating the clinical significance of a pro-invasive cytokine network 

defined by CERK, NFAT, IL-6, CCL5, and CCL18 in primary human tumors 

The ASM/CERK signaling axis is highly correlated with poor outcomes in 

breast cancer (Fig. 17C). Therefore, the hypothesis was put forth that tumors 

expressing high levels of cytokines induced by ASM and CERK are associated 

with poor outcomes in breast cancer. Analysis of the cytokine signature of ASM 

and CERK overexpressing cells revealed that of the 27 most highly expressed 

cytokines, IL-6, CCL5, and CCL18 are highly correlated with poor outcomes in 

metastatic disease (data not shown). The finding that CERK is required for NFAT 

function led to the hypothesis that NFAT is participating in the CERK/C-1-P 

dependent signaling pathway. Together this data led to the hypothesis that 

tumors expressing a novel signaling cascade instigated by CERK, mediated by 

NFAT, and resulting in IL-6, CCL5, and CCL18 production is predictive of 

disease advancement. Indeed, analysis of metadata has shown that the signaling 

cascade defined by CERK/NFATc3/IL-6/CCL5/CCL18 is highly predictive of 

tumor progression (Fig 19A). 

The heterogeneous composition of a breast tumor complicates the 

investigation of tumor immunology and cytokine signaling. Since both the tumor 

cells and infiltrating immune cells affect cytokine production of each other, it is 

important to first separate the cell autonomous effects from the intrinsic effects of 
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secreted cytokines. For example, tumor cells produce a very high proportion of 

the IL-6 within breast tumors [222, 326]. Additionally, this tumor derived IL-6 

initiates a feed forward, autocrine signaling pathway that promotes growth of the 

tumor [222]. Likewise, many of the effects of CCL5 are dependent on paracrine 

signaling between tumor infiltrating mesenchymal stem cells (MSC) and the 

tumor cells themselves. The MSC’s induce tumor cells to produce high levels of 

CCL5, and the resulting increase in intratumoral CCL5 induces metastasis of the 

tumor cells [299]. The role of CCL18 in breast cancer is not well understood due 

to the lack of a murine homolog. Nevertheless, CCL18 is a powerful 

chemoattractant for a variety of breast cancer cells, and high serum levels of 

CCL18 are associated with very poor outcomes in breast cancer patients [313, 

327-330]. 

Based on available data, the role of the CERK/NFATc3/IL-6/CCL5/CCL18 

signaling pathway is likely to be cell intrinsic. To test this hypothesis, it will be 

necessary to ablate cells for CERK or NFATc3 and carry out Matrigel® Tranwell 

invasion assays using IL-6, CCL5, and CCL18 in combination and individually as 

chemoattractants. Pending these results a prediction can be made as to weather 

or not the function of these cytokines is cell autonomous or non-cell autonomous. 

To conclusively answer the question of weather or not tumor derived IL-6, CCL5, 

and CCL18 are promoting tumor progression, each cytokine should be 

genetically ablated and xenograft studies carried out with the resultant cells. 

Cells unable to express any or all of these cytokines would be expected to be 

less aggressive in a xenograft model, and the aggressiveness would be expected 
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to be rescued by treatment with exogenous cytokines. 
 

ASM and CERK were shown to regulate a network of pro-tumorigenic 

cytokines that are known to promote EMT in epithelial cancers. Following EMT, 

tumor cells become highly invasive and ASM and CERK were found to be 

required for invasion of the mesenchymal like MDA-MB-231 cell line. In support 

of the in vitro findings, in silico analysis of breast cancer outcomes demonstrated 

that tumors expressing high levels of ASM and CERK have worse outcomes than 

their low expressing counter parts. Furthermore, CERK was found to regulate 

NFAT function, suggesting that NFAT may play a role in the ASM/CERK 

signaling axis. In support of a prometastatic role for NFAT, in silico analysis 

suggests that ASM and CERK define a prometastatic pathway involving NFAT, 

IL6, CCL5, and CCL18. Future work will focus on the role of ASM and CERK in 

modulating the early events of EMT and tumor progression. 
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Figure 1. Sphingolipid gene expression in molecular subtypes of breast cancer. 
Publically available TCGA expression data was used to assess the expression 
levels of sphingolipid genes in molecular subtypes of breast cancer. Expression 
levels of the indicated genes were compared to expression in normal solid tissue, 
and the fold change was calculated. Hierarchical clustering was carried out as 
shown above. 
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Figure 2. Identification of a TNF-α induced C1P dependent pathway in MCF7 
cells. Logarithmically growing MCF7 Breast carcinoma cells were treated with 
Vehicle (PBS) or TNF-α (20ng/mL) for the indicated times. (A) CCL5 secretion 
into the media was measured by ELISA, and (B) mRNA levels of CCL5 were 
quantified by RTPCR. (C) Lipids were harvested from MCF7 cells treated with 
vehicle (PBS) or TNF-α (20ng/mL) for 18hrs. C1P and sphingosine were 
measured and normalized to total cellular lipid phosphate. (D) Lipids were 
harvested from MCF7 cells treated with vehicle (PBS) or TNF-α (20ng/mL) for the 
indicated time points. C1P was measured and normalized to total cellular lipid 
phosphate. 

A. B. 

C. D. 
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Figure 3. Determination of a specific effect of CERK knock down on lipid levels 
of C1P. MCF7 cells were treated with Non-Targeting (All Star) siRNA or CERK 
siRNA for 48 hrs prior to treatment with vehicle (PBS) or TNF-α for 18hrs. (A) 
C1P, (B) ceramide, and (C) sphingosine levels were analyzed and normalized to 
total lipid phosphate. 

A. B. Total Ceramide 

* n.s. 

** 

C. 

n.s. 

n.s. 
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Figure 4. CERK is required for CCL5 production in MCF7 cells. Logarithmically 
growing MCF7 Breast carcinoma cells were treated with Non-Targeting (All Star) 
siRNA or CERK siRNA for 48 hrs prior Vehicle (PBS) or TNF-α (20ng/mL) for the 
indicated times. (A) CCL5 protein levels, and (B) CCL5 mRNA levels were 
measured. CCL5 levels were also measured in the (C) media and in (D) cells at 
the indicated timepoints. (E) MCF7 cells were transfected with the indicated 
siRNA, and then treated with IL-1β (20ng/mL) for 6hrs. CCL5 message level was 
measured. 

A. B. 

C. D. 

E. 
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Figure 5. Delineation of the contribution of ASM to CERK dependent C-1-P 
formation. (A) MCF7 cells were treated with TNF-α, and ASM activity was 
measured at the indicated timepoints. (B) MCF7 cells were treated with Non- 
Targeting (All Star) or ASM siRNA for 48hrs, and then treated with vehicle (PBS) or 
TNF-α (20ng/mL) for 18hrs. Ceramide levels were measured and normalized to 
total lipid phosphate. (C) Fibroblasts from patients with Lesch Nyhan (LN) or 
Nieman-Pick Disease (NPD) were treated with vehicle (PBS) or TNF-α (20ng/mL) 
for 18 hrs. C-1-P levels were measured and normalized to total lipid phosphate. 
(D) MCF7 cells were transfected with the empty vector (EV), CERK 
overexpression vector (CERK), ASM overexpression vector (ASM), or ASM and 
CERK together. After 24hrs, C-1-P levels were measured and normalized to total 
lipid phosphate. (E) CCL5 message level was determined in MCF7 cells 
transfected with the indicated vectors for 24hrs. 

A. B. 

* 

C. D. 

E. 
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Figure 6. Determination of the contribution of PKC and p38/MAPK to the 
Induction of CCL5. (A) Vehicle (DMSO), or the PKC inhibitors Gö6976 (3 mM) 
and Bis (3mM) were added to logarithmically growing MCF-7 cells 60min prior to 
treatment with TNF-α (20ng/mL) for 6 hrs. CCL5 was measured by RTPCR. (B) 
Vehicle (DMSO), or the indicated concentrations of the p38 inhibitor BIRB796 
were added to logarithmically growing MCF-7 cells 60min prior to treatment with 
TNF-α (20ng/mL) for 6 hrs. CCL5 was measured by RTPCR (top panel), and p38 
phosphorylation was measured by western blot (lower panel). 

A. B. 
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Figure 7. Identification of a role for ASM in CERK induced cPLA2 localization at 
the Golgi network. (A) MCF7 cells were treated with Non-Targeting (All Star) or 
ASM siRNA and after 24hrs, transfected with EV or a CERK-dsRed 
overexpression vectors. Confocal microscopy was carried out using Giantin 
(green) and cPLA2 (blue) antibodies. CERK was visualized by direct fluorescence 
of the dsRed tag (red). (B) MCF7 cells were treated with Non-Targeting (All Star) 
or ASM siRNA and after 48hrs, cells were treated with Vehicle (PBS) or TNF-α 
for 6 hours. CPLA2 localization was assessed by confocal microscopy using 
antibodies to giantin (green) and cPLA2 (blue). 
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Figure 8. Delineation of the contribution of prostaglandin signaling to CCL5 
production. (A) MCF7 cells were transfected with Non-Targeting (All Star) siRNA 
or siRNA targeting cPLA2. After 48hrs of incubation, cells were treated with 
vehicle (PBS) or TNF-α (20ng/mL) for 18hrs, and CCL5 mRNA was measured by 
RTPCR. (B) MCF7 cells were pretreated for 60 min with vehicle (DMSO) or the 
COX2 inhibitor CAY1404, followed by incubation with vehicle (PBS) or TNF-α 
(20ng/mL) for 18 hrs. CCL5 were measured by RTPCR. 

A. B. 
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Figure 9. Identification of a Golgi restricted mutant of ASM that specifically 
induces CCL5. (A) MCF7 cells were virally transduced with mutants of ASM that 
were C-terminally tagged with V5, and subcellular localization was assessed by 
confocal microscopy. ASM was detected using an antibody to V5 (green), and 
the trans Golgi network was detected using an antibody to TGN46 (red). Nuclei 
were stained with DAPI (blue). (B) L-SMase (upper panel, right) and S-SMase 
(upper panel, left) activity was measured in cells expressing the indicated 
mutants of ASM. Comparable expression of each mutant was confirmend by 
western blot (lower panel). (C) MCF7 cells stably over expressing the indicated 
ASM mutants were treated with vehicle (PBS) or TNF-α (20ng/mL) for 18hrs, and 
CCL5 was measured by ELISA. 
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Figure 10. Adapted from the Dissertation of DM Perry (2012). Regulation of 
IL-6 and p38 by Sphingolipid Salvage enzymes in MCF-7. A, PKC inhibitors 
Gö6976 (3 mM) and Bis (3mM) were added to subconfluent MCF-7 cells for a 1 h 
pretreatment followed by PMA (100nM) treatment for 18 h.  IL-6 was measured 
by ELISA in cultured media as described in "Experimental Procedures" (n=2). B, 
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MCF-7 cells were treated with 20 nM siRNA for the indicated enzymes for 48 h 
and then stimulated with PMA for 18 h; IL-6 in cultured media was measured by 
ELISA (2-way ANOVA, Bonferroni’s post-test, ** p<0.01, *** p<0.001 compared 
to Con siRNA + PMA, n=3).  C, MCF-7 cells were treated with 20 nM siRNA for 
48 h and stimulated with PMA (100nM) for 30 min. Whole cell lysates were 
prepared and equal amounts of protein were subjected to western blotting for 
phospho-p38 and p38. Representative of two experiments. D, MCF-7 cells were 
cotreated with siRNA for the above enzymes for 48 h followed by PMA treatment 
for 18 h.  Fold change was calculated to either control siRNA or ACD siRNA 
alone for each group (n=2). E-F, MCF-7 cells were treated with 20nM of various 
siRNAs as labeled for 48 h. Cells were harvested either for qRT-PCR (E) or 
immunoblotting (F) as described in “Experimental Procedures.” Equal amount of 
protein was loaded for siRNA validation for GBA and ACD (F). 
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Figure 11. Adapted from the Dissertation of DM Perry (2012). The role of  
ASM in the regulation of IL-6 RNA in MCF-7. A,  MCF-7 cells were treated with  
20 nM siRNA for 48 h and then stimulated with PMA for 90 min. Next, cDNA was 
synthesized and qPCR was performed for IL-6 mRNA and normalized to actin as 
described in "Experimental Procedures.” Fold change was calculated based on 
untreated, control siRNA group (n=3). B,  MCF-7 cells were treated with siRNA  
as before, stimulated with PMA for 90 min, and then treated with 5 mg/ml 
Actinomycin D for a 3 h time course including time points of 0, 1, 2, and 3 h.   
RNA was harvested, cDNA prepared, and IL-6 mRNA measured by qPCR. 
Remaining amount of mRNA was calculated by normalizing each group to the 
values at t0 of Actinomycin D.   Values represent calculated t1/2 for each    sample 
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group (n=2). C, MCF-7 cells were treated with 20 nM siRNA for 48 h and then 
stimulated with PMA for 90 min. As in (A), cDNA was prepared but qPCR was 
performed utilizing primers specific for IL-6 hnRNA (n=3). D, MCF-7 cells were 
treated with either vehicle or PMA for 90 min, and cDNA was prepared and  
qPCR performed for IL-6 and CCL5/RANTES mRNA expressed as fold change 
from control group (n=5). E, MCF-7 cells were treated with the indicated agents 
for 90 min and RNA was harvested for qRT-PCR with primers specific to IL-6 
(n=3). F, MCF-7 cells were treated with BIRB 796 and PMA for 90 min and whole 
cell lysates were prepared. Equal protein was loaded in each lane of a 4-12% 
SDS-PAGE gel and probed for total p38 or phospho-p38 as indicated. 
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Figure 12. Altered expression and production of IL-6 in response to TNFα in 
human Niemann Pick Fibroblasts. A, Equal numbers of control or Niemann Pick 
Type A disease fibroblasts were plated and next day treated with TNFα for 18 h. 
Cultured media were assessed for IL-6 by ELISA (n=2). B-C, WT and NPD 
fibroblasts were treated with TNF (20 ng/mL) or untreated for 90 min. RNA and 
cDNA were prepared, and IL-6 mRNA (B) and hnRNA (C) were measured as 
described under “Experimental Procedures” (n=2). 
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Figure 13. Adapted from the Dissertation of DM Perry (2012). Regulation of 
p38/IL-6 by ASM in HeLa cells. A, HeLa cells were treated with control or ASM 
siRNA for 48 h followed by  18 h PMA treatment.         IL-6 in cultured media was 
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measured by ELISA.       B-C, HeLa (B) or MDA-MB-231 (C) were treated with 50 
µM desipramine or PBS control for 1h and then stimulated with PMA and TNFα 
for 3 h. IL-6 in cultured media was measured as above (n=2).  D, HeLa cells  
were treated with the indicated siRNA for 72 h and then stimulated with TNFα 
(20ng/mL) for 15 min. Whole cell lysates were subjected to western blotting for 
phospho-p38 and p38. Equal amounts of protein were loaded (representative of 
two experiments). E, HeLa cells were pretreated with 25 µM desipramine for 1 h 
and treated with TNFα (20ng/ml) for 15 min. Whole cell lysates were prepared 
and equal amounts of protein were subjected to western blotting for phospho-p38 
and p38 (representative of 3 experiments). F, HeLa cells were pretreated with 
PBS or desipramine (50µM) for 1 h and then stimulated with PMA for 90 min. 
Next, cDNA was synthesized and qPCR was performed for IL-6 mRNA and 
normalized to actin as described in "Experimental Procedures” (n=3) G, HeLa 
cells were treated with ASM siRNA for 48 h. RNA and cDNA were harvested and 
prepared and qPCR was performed for ASM mRNA and normalized to actin 
(n=3). H, HeLa cells were transfected as previously for 48 h and then lysates 
were harvested and acid sphingomyelinase activity was measured as described 
in “Experimental Procedures” (n=3). 
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Figure 14. Adapted from the Dissertation of DM Perry (2012). IL-6 RNA 
dynamics in MCF-7, MDA-MB-231, and HeLa: Upregulation of ASM and IL-6 in 
Invasive Cancer cells. A-C, MCF-7 (A), MDA-MB-231 (B), and HeLa (C) cells 
were treated with PMA for 45 or 90 min. Total RNA was harvested and cDNA 
synthesized according to “Experimental Procedures.” IL-6 hnRNA and mRNA 
were measured by qPCR using specific primers for each species as described in 
“Experimental Procedures.” Fold change was calculated from untreated controls, 
and t0 was represented by the average of untreated samples at 45 and 90 min, 
being nearly identical (n=2). D, Basal IL-6 hnRNA and mRNA levels from the 
various cell lines were calculated after normalizing to actin representing relative 
amounts between cell lines and between hnRNA versus mRNA. E, ASM mRNA 
levels were measured by RT-PCR as described under “Experimental  
Procedures” in MCF-7, MDA-MB-231, HeLa cells under basal conditions (n=2).  
F, HeLa cells were transfected for 48 h with either control or ASM siRNA. RNA 
was harvested and RT-PCR performed for IL-6 mRNA as described above (n=2). 
G, MCF-7 cells were transfected for 48 h with either pEF6-EV or pEF6-ASM-V5- 
6xHis as described in “Experimental Procedures” after which cDNA was  
prepared and IL-6 mRNA was measured by RT-PCR as expressed as fold 
change (n=3). 



140  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 15. Role of ASM in Invasion and Cytoskeletal Changes in HeLa cells. A, 
HeLa cells were treated with control or ASM siRNA for 48 h, trypsinized, and 
equal cells plated in precoated matrigel wells. After 48 h of incubation with or 
without serum in the lower chamber, invaded cells were stained and counted in 4 
fields per well (n=2). B, HeLa cells were treated with the indicated agents for 90 
min, trypsinized, resuspended in serum free media and seeded at 2.5x104 
cells/well  in  the  upper  well  of  Matrigel  transwell  invasion  assay  plate.    The 
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indicated agents were then added to the upper wells of the transwell plate, and 
either serum replete or serum free media was added to the lower chamber (n=3). 
C, HeLa cells were treated with the indicated agents for 90 min, and total protein 
was harvested. Equal protein was loaded in each lane of a 4-12% SDS-PAGE  
gel and probed for total p38 or phospho-p38 as indicated. D, HeLa cells 
transfected with control or ASM siRNA for 48 h were visualized by 
immunofluorescence for vimentin (green), F-actin (red, phalloidin), nuclei (blue, 
DRAQ5). E, Scheme depicting the role of p38 and ASM in IL-6 production and 
malignant progression of tumor cells. 



142  

 

 
 

Figure 16. Identification of a role for ASM and CERK in promoting EMT and 
growth of mammospheres. (A) MCF7 cells were transfected with ASM or CERK 
overexpression constructs. After 24hrs of incubation, cDNA was prepared from 
the cells and cytokine expression was analyzed with TaqMan RTPCR cytokine 
arrays as described in Materials and Methods: Real Time Reverse Transcriptase- 
Polymerase Chain Reaction. (B) Mammospheres were grown from subconfluent 
MCF7 cells. The mammospheres were trypsinized and re-plated in adherent 
conditions and the expression levels of CERK, CCL5, and IL-6 were determined 
by RTPCR. 

A. B. 
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Figure 17. Delineation of the role of ASM and CERK in breast tumor 
progression. (A) MDA-MB-231 breast carcinoma cells were transfected with non- 
targeting (All Star) siRNA, or siRNA against ASM or CERK. After 48 hrs, cells 

were trypsinized and plated in the upper wells of Matrigel® trans-well invasion 
chambers. The lower well containted complete media with vehicle (PBS) or 
complete media with TNF-α (20ng/mL). Cells were incubated for 48hrs, and 
invasion was quantified by staining cells with calcein AM and measuring 
fluorescence. (B) Tissue microarray slides containing 76 cores, in duplicate, were 
obtained from US Biomax (BR1504). The slides were stained with a monoclonal 
antibody against ASM (1:750, brown), and lightly counterstained with 
hematoxylin to identify nuclei (purple). Cores were imaged and arranged 
according to tumor stage classification. Representative images of cores from 
Tumor Associated Normal (TAN), and Stage I, II, and III tumors are shown. (C) 
Outcomes analysis was performed on metastatic breast tumors using KM Plot 
software (accessed at 
http://kmplot.com/analysis/index.php?p=service&cancer=breast). Hazard ratios 

A. B. 

http://kmplot.com/analysis/index.php?p=service&amp;cancer=breast)
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were calculated for tumors expressing high levels of ASM (top left), CERK (top 
right), or ASM and CERK together (bottom left). The outcomes of non-metastatic 
tumors expressing high levels of ASM and CERK were also assessed (bottom 
right). 
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Figure 18. Identification of transcription factors functionally dependent on CERK. 
(A) MCF7 cells were transfected with non-targeting (All star) or CERK siRNA. 
After 48 hrs of incubation, cells were treated with TNF-α (20ng/mL) for 6 hrs. 
Nuclei were harvested and transcription factor activity was measured in the 
purified nuclei using Signosis Transcription Factor Arrays, as described in 
Material and Methods: Transcription factor arrays. 
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Figure 19. High expression of CERK/NFAT/IL6/CCL5/CCL18 defines a highly 
aggressive subset of breast carcinomas. (A) KM Plot analysis showing tumors 
with high expression of CERK/NFAT/IL6/CCL5/CCL18 (red line) compared to 
tumors with low expression of the pathway (black line). Tumors expressing high 
levels of CERK/NFAT/IL6/CCL5/CCL18 have very poor outcomes (HR 1.46, 
p=0.00078). (B) Graphical representation of the relationship between cellular 
stress, CERK, and expression of EMT promoting pathways. 
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Scheme 1. Sphingolipid Metabolic Pathway 
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Scheme 2. IL-6 hnRNA and mRNA showing primers designed specifically for 
each species (Rhn or Rm) or both (Rboth) with a common forward primer (F). 
Approximate, relative size of exons are shown (E1-E5). 
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Table 1. IL-6 Primers 
 

Primer sequence (5’ to 3’) 
 

Forward (F) CGA GCC CAC CGG GAA CGA AA  
hnRNA Reverse (Rhn) CCA GGG CTA AGG ATT TCC TGC ACT T 
mRNA Reverse (Rm) TGG ACC GAA GGC GCT TGT GGA 

  hn/mRNA Reverse (Rboth) CAG CCC CAG GGA GAA GGC AAC T  
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Table 2. Molecular subtypes of breast cancer 
 
 Luminal A Luminal B Basal Her2-Like 

Description High 
expression of 
hormone 
receptors and 
ER regulated 
genes 

High 
expression of 
hormone 
receptors and 
ER regulated 
genes 

High 
expression of 
epithelial and 
cytokeratin 
genes 

High 
expression of 
growth factor 
receptors 

Most 
Common 
Receptor 
Status 

ER+ or PR+, 

Her2-, Low 
Ki67 

ER+ or PR+, 

Her2- or 

Her2+, High 
Ki67 

ER-, PR-, 

Her2-
 

ER-, PR-, 

Her2+
 

General 
Treatment 
Protocol 

Endocrine 
therapy 

Endocrine 
therapy plus 
chemotherapy 

Platin 
containing 
regiment 

Anti-Her2 and 
anthracycline 

Outcomes Good (92%*) Moderate 
(90%*) 

Variable, but 
mostly poor 
(86%*) 

Poor (79%*) 

Approximate 
fraction of 
newly 
diagnosed 
cases 

47% 35% 7% 7% 

*10 Year Local Relapse Free Survival in patients that presented with non- 
metastatic disease and received breast conserving surgery. 
Adapted from sources [33, 37, 110, 331]. 
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Table 3. Transcription Factor Functions in Breast Cancer [231, 332-355]. 
 

Target 
Sequence 

 

Transcription Factors 

 

Function in breast cancer 

 

NFAT 

Nuclear Factor of Activated T- 
cells 1 through 5 

Activated by calcineurin, GSK-3β and PKA attenuate NFAT nuclear function 
[292]. NFATc2 and NFAT5 induce cell motility in breast cancer [293,294]. 

 

PXR 

 

Pregnane X Receptor 

Nuclear receptor that is activated by wide array of steroids and toxic 
chemicals, as well as TNF-α and IL-1β [295]. Induces transcription of 
CYP3A4 andCYP450 enzymes and resistance to chemotherapeutics [296]. 

 

TFIID Transcription Factor II D 
Required for transcription. Binds TATA box. Important for ERα driven breast 
cancers [297]. 

 

OCT4 

Octamer-binding Transcription 
Factor 4 

Activated by cell survival signaling. Essential for induction of tumor stem 
like cell properties [298]. 

 

NRF2 Nuclear factor like 2 
Activated by oxidative stress, binds antioxidant stress elements and 
promotes resistance to therapy in breast cancer [299,300]. 

 

ELK 

ETS domain-containing protein 
Elk 1 through 4 

Required for development of endocrine tissues [301]. ELK3 and 4 are 
associated with breast tumor progression [302,303]. 

 

HNF1 

Hepatocyte Nuclear Factor 1 α 
and β 

Liver and kidney specific functions. HNF-1β promotes EMT in several 
models [304]. 

 
 

Stat6 

 

Signal Transducer and Activator 
of Transcription 6 

Activated by RTK signaling. STAT6 plays a key role in IL-4 production and 
subsequent Th0 to Th2 T-cell differentiation [305]. STAT6 promotes a Th2 
polarized tumor microenvironment that is permissive to tumor growth 
[306,307]. (CCL5 is also  a very potent Th2 polarizing agent [182]). 

 

TCF/LEF 

Transcription Factor 1 trough 4, 
Lymphoid Enhancer binding 
Factor 1 

Activated by wnt and recruit beta-catenin to target genes [308].Promote 
metastasis of breast cancer stem like cells [309]. 

 

Pax8 Paired box gene 8 
Activated in developing thyroid and kidney. Potential role in gynecologic 
tumors, but not expressed in breast tumors [310,311]. 

 

Pax3 Paired box gene 3 
Activated during facial development. May play a role in regulation of p53 
[312]. 

 

Myb 

Myeloblastosis proto-oncogene 
protein 

Activated during hematopoeisis. Myb expression decreases E-Cadherin 
expression in breast cancer cell lines, and promotes EMT [313]. 

 

SOX9 

 

Sex determining region Y box 9 

Required for supression of development female reproductive organs, and 
formation of male organs. Co-expression of SOX9 and Slug is sufficient to 
form tumour-initiating cells [314]. 

HNF4 Hepatocyte Nuclear Factor 4 Activated during liver development. Function is not well annotated. 

 

Myc-Max Myc associated factor X 
Promotes cell cycle progression and apoptosis. Small molecule inhbitors of 
Myc/Max dimerization slow tumor growth [315]. 

 

Stat1 

Signal Transducer and Activator 
of Transcription 1 

Activated by interferon signaling. ER- tumors with high STAT1 signaling are 
responsive to therapy [313]. 

 

HEN Nescient Helix Loop Helix 1 
Plays a role in development of nervous system. Unknown role in tumor 
biology. 

 

GAS/ISRE 

interferon stimulating responsive 
element/gamma-interferon- 
activation sites 

 

Target sequences of STAT family of transcription factors. 

 

C/EBP 

CCAAT-enhancer-binding 
protein α trough ζ 

Activated during neuronal differentiation. C/EBP-β enhances RTK signaling 
in breast cancers [314,315] 

 

GATA 

GATA Binding Protein 1 through 
6 

Bind GATA sequences in the promoter. Promote lobulo-alveolar 
development. GATA3 has best characterized role as an Erα enhancing 
factor in breast cancer. 

 

Ets 

Family of 29 genes (Includes 
ELK) Highly diverse family. Includes ELK transcription factors. 

FOXH1 Forkhead box H1 Activated by TGF-β. Negative regulator of Erα signaling in breast cancer. 

 
 

AP1 

 
 

Large family of txn factors 

AP1 represents heterodimers between members of the c-Fos, c-Jun, ATF 
and JDP families of transcription factors. AP-1 Is a Key Regulator of 
Proinflammatory Cytokine TNFα-mediated Triple-negative Breast Cancer 
Progression. 

 

CAR 

Constitutive Androstane 
Receptor family 

Related to PXR.Many overlapping functions with PXR. Deactivated by 
PP2A. 

 


