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    Abstract     Approximately 250,000 people are diagnosed with breast cancer and 
40,000 people die from the disease annually in the United States. Signifi cant effort 
has been put into developing a thorough understanding of the molecular and genetic 
events that contribute to tumor progression due to mounting evidence that breast 
cancers are driven by predictable and identifi able genetic mutations, Sphingolipids 
modulate many of the growth, apoptosis, infl ammatory, and angiogenic pathways 
that breast carcinomas rely on. Recent work in the fi eld of sphingolipidomics has 
identifi ed many key roles for the sphingolipids in breast tumor progression and 
identifi ed signaling roles in each of the molecular subtypes of breast cancer. For 
example, in luminal type tumors, increased expression of ceramide producing 
enzymes and high levels of complex sphingolipids are associated with poor out-
comes and multi-drug resistance. In basal type breast tumors CERT and GCS play 
a role in resistance to taxanes suggesting that targeting these pathways may be an 
effective route for the treatment of aggressive triple negative tumors. The role of 
sphingolipids in Her2-like tumors has not been thoroughly studied. However, 
CERK has been identifi ed as potential driver of Her2-like tumors. Clearly, sphingo-
lipid signaling in tumor modulation is both complex and vital. By integrating sphin-
golipid signaling into the molecular characterization of breast tumors, new 
opportunities for targeted intervention are identifi ed. It is increasingly apparent that 
modulating sphingolipid levels in tumors will be an effective and powerful method 
for the treatment of breast cancer.  
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1         Introduction to Breast Cancer 

 Breast cancer results from abnormal growth of the breast tissue. The most common 
form is ductal carcinoma resulting from hyperplasia and neoplastic change in epi-
thelial 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 [ 1 ]. 

 Breast cancer is one of the earliest malignancies to be identifi ed, and has caused 
signifi cant 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 scientifi c rather than mythological approach [ 2 ]. Included 
therein is a description of a palpable breast tumor and the conclusion that it is incur-
able. 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 con-
coctions and salves made from heavy metals or sulfur to treat breast cancer. For the 
most part, these early treatments were used, with only minimal modifi cation, for 
several thousand years. 

 In the eighteenth and nineteenth 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 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 fi rst clinicopathologic cor-
relations of cancer, and subsequent studies by Walter Walshe (1812–1880) sug-
gested that cancer was caused by chronic infl ammation, trauma, and smoking [ 5 ]. 
As the study of breast cancer entered the twentieth century, research greatly acceler-
ated as a result of accumulated pathologic knowledge as well as new techniques 
such as transcutaneous fi ne 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 infl ammation, and scientists 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 sixteenth century. 
William Halsted (1852–1922) attempted to standardize mastectomy techniques, and 
he demonstrated that his technique of deep excision of the breast and pectoral mus-
cle was highly effi cacious at preventing local recurrence of breast cancer [ 7 ,  8 ]. In 
the late nineteenth and early twentieth centuries, aggressive surgical techniques and 
early diagnosis signifi cantly reduced the number of deaths from breast cancer, and 
the 3 year survival rate was over 50 % [ 9 ]. 

 In the early twentieth century, focus began to shift to fi nding cures for inoperable 
breast cancers. In the late 1800s, George Beatson (1848–1933) observed that oopho-
rectomy (removal of the ovaries) reduced the growth and spread of breast tumors in 
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laboratory animals. He attempted oophorectomy combined with treatment with thyroid 
extracts, and saw reduction in tumor growth in some patients [ 10 ]. Oophorectomy 
came into regular clinical practice, but when Stanley Boyd conducted a national sur-
vey of cases of breast cancer with oophorectomy, he found that oophorectomy had 
limited effi cacy in a small number of patients [ 11 ]. Nevertheless, this hinted at hor-
monal regulation of breast tumors. Then, in 1910, one of the most important events in 
cancer biology occurred. Peyton Rous (1879–1970) published his work demonstrat-
ing that sarcomas in hens could be retrovirally induced [ 12 ]. His work demonstrated 
that tumors could be induced by expression of specifi c genes. Rous’ work further 
revolutionized cancer research when it was recognized that his virus could immortal-
ize 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 interdis-
ciplinary. By utilizing knowledge gained from decades of research, current breast 
cancer therapies include targeted therapies, radiation treatment, systemic admin-
istration of drugs, and surgery to ablate primary early stage tumors. Our current 
understanding of and approach to treat breast cancer have increased the overall 10 
year survival of breast cancer patients 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 twentieth century, and sev-
eral classes of chemotherapeutics were discovered, beginning with the nitrogen 
mustards and antimetabolites [ 13 ]. In the early 1950s 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-fl orouracil. 5-Florouracil was one of the fi rst antimetabolites, followed by its 
pro-drug capecitabine in the early 2000s [ 14 ,  15 ]. Antimetabolites interfere with 
metabolic processes, often causing defects in the production of nucleic acids and 
replication of DNA, leading to replication stress and apoptosis in rapidly dividing or 
checkpoint defi cient 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 bleo-
mycin, discovered in the mid 1960s [ 16 ]. Shortly after the discovery of bleomycin, 
adriamycin was introduced [ 17 ]. Although the antitumor antibiotics were highly 
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effective, their low therapeutic index limited their use. For example, early Phase I/II 
trials with Adriamycin highlighted the signifi cant hematologic cytotoxicity and 
endothelial toxicity of high dose Adriamycin treatment protocols. At doses where 
tissue and binding factors are saturated (i.e., in patients with high plasma concentra-
tions of Adriamycin), patients experienced catastrophic granulocytopenia, and sec-
ondary infections, as well as premature ventricular contractions. Since Adriamycin 
is rapidly metabolized, achieving therapeutic plasma concentrations requires high 
dosage schedules that are associated with poor patient outcomes. Despite the fact 
that signifi cant tumor response was observed in the patients on high dose schedules 
of Adriamycin, 9 of the 20 patients on high dose schedules died from side effects of 
the drug [ 18 ]. Following the early clinical trials with anti tumor antibiotics, investi-
gators realized the need for targeted therapies and dose limiting combinational ther-
apy to maximize tumor response at lower doses of chemotherapeutic drugs [ 19 ]. 

 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 50s and 60s with varied success. In the early 1970s, 
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 [ 20 ]. 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 [ 21 ]. ICI 
Pharmaceuticals developed Tamoxifen (an antagonist of the estrogen receptor) in the 
1960s, but it was not used for breast cancer until the 1970s [ 22 ]. 

 In the 1990s and early 2000s, naturally derived taxane based chemotherapeutics 
were developed. Taxanes hinder cytoskeletal remodeling in dividing cells, and inter-
fere with mitotic spindle formation [ 23 ,  24 ]. The production and distribution of 
taxanes was a highly politicized and controversial issue in the early 1990s, but the 
effectiveness of taxanes in the treatment of metastatic disease led to their rapid 
adoption and widespread use [ 25 ,  26 ]. Therapeutic employment of taxanes 
(docetaxel or paclitaxel) is currently recommended for treatment of a variety of 
locally advanced Her2 positive as well as Her2 negative breast tumors. 

 The discovery that tumors are driven by specifi c and predictable growth and 
development pathways led to the advancement of targeted therapies. One of the fi rst 
rationally developed and targeted therapies to come to market, imatinib mesylate 
(Gleevec), was developed by Ciba-Geigy (Novartis) using  in silico  computational 
methods to design inhibitors of bcr-abl, the aberrant tyrosine kinase in chronic 
myelogenous leukemia [ 27 ]. The success of imatinib validated the use of pathway 
analysis and bioinformatics as a guide for research and development of novel thera-
peutics, 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 [ 28 ,  29 ]. 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 [ 30 ]. Opsonization of the tumor cells results 
in immune mediated clearance of these cells, and future therapeutics may rely more 
heavily on targeted manipulation of adaptive immunity [ 31 ].  
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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 classifi cation of tumors based on 
tumor size (T), node status (N), and presence or absence of distant metastasis (M) 
[ 32 ]. T refers to the size of the primary tumor and local invasion, N denotes the pres-
ence or absence of tumor cells in regional lymph nodes, and M indicates distant 
metastasis of the tumor. These TNM criteria are used to establish the stage of the 
tumor, and by extension, the likely outcomes of the disease. Generally speaking, 
early stage tumors include tumors up to T2N1M0. Locally advanced tumors include 
tumors up to T4N3M0, and metastatic tumors are any T or N status with identifi able 
metastasis to other organs. 

 However, it is diffi cult to predict the biomolecular make up of a tumor vis-à-vis 
receptor status from the clinical designation (e.g., TNM or grade). Thus, histopatho-
logic characterization of tumors is also used to establish receptor status for the pur-
poses of choosing targeted therapies and predicting the response to endocrine 
therapy. Tumors generally fall into one of three 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 dura-
tion of targeted treatment [ 33 ]. 

 The last decade has witnessed increasing intensity in molecular profi ling and 
sub-typing of breast cancer based on gene expression profi les and presence of spe-
cifi c 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 
[ 34 ]. 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 [ 35 ]. 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 path-
ways for survival and proliferation [ 36 ]. Outcome analysis further established func-
tional signifi cance of these molecular subtypes with respect to response to treatment 
and overall survival of patients [ 37 ,  38 ]. 

 In 2012, the Cancer Genome Atlas (TCGA) published a thorough and multiplat-
form 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, and Luminal B tumors in particular have increased incidence of 
mutations in DNA damage pathway genes, as opposed to Luminal A tumors. 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, 
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as well as active PIK3CA signaling and over expression of Cyclin D1 [ 39 ]. These 
signaling pathways, as they relate to sphingolipids, will be discussed thoroughly in the 
following sections. The general characteristics of each breast cancer subtype, most 
common histopathologic fi ndings, and outcomes are summarized in Table  1 .

3        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 1980s it was discovered that lipids behave as 
potent signaling molecules in addition to being structural components of the cell. 
Bioactive lipids include the phosphoinositides, diacylglycerols, eicosanoids, 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 
structural and physiochemical diversity of lipids requires a wide range of metabolic 
enzymes and binding molecules. The resulting multiplicity leads to an extremely 
diverse set of possible combinations of signaling partners. We are just beginning to 
understand the diverse and interconnected nature of lipid second messengers, and 
the sphingolipids represent the forefront of this research. 

 Sphingolipids are a diverse set of signaling and homeostatic molecules. Head 
group composition, acyl chain length, and saturation all have signifi cant effects on 
their properties. Additionally, spatiotemporal distribution of sphingolipid synthesis 

   Table 1    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 % a )  Moderate (90 % a )  Variable, but 
mostly poor 
(86 % a ) 

 Poor (79 % a ) 

 Approximate 
fraction of newly 
diagnosed cases 

 47 %  35 %  7 %  7 % 

   a 10 Year local relapse free survival in patients that presented with non-metastatic disease and 
received breast conserving surgery 
 Adapted from sources [ 34 ,  38 ,  39 ,  57 ]  
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is highly regulated, and subcellular compartmentalization has drastic effects on the 
function of individual sphingolipids (thoroughly reviewed in [ 40 ] and discussed in 
the overview on sphingolipid metabolism and signaling of this book). 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 1970s and earlier focused heavily on the gangliosides and their antigenic func-
tion in different cancers [ 41 – 43 ]. Work by Hakomori and others demonstrated that 
the gangliosides were important membrane components that affected cell growth, 
differentiation, and transformation and also served as tumor antigens [ 44 – 46 ]. 
Work in the mid 1980s demonstrated a powerful role for sphingolipids in subcel-
lular signaling cascades. The fi nding that sphingosine is a competitive inhibitor of 
PKC,[ 47 ] a known regulator of several oncogenes [ 48 ,  49 ], sparked the interest in 
the role of sphingolipids in tumors. Subsequent work in the 1990s identifi ed the 
tumor suppressors Protein Phosphatases 1 and 2A as direct targets of ceramide 
[ 50 ]. Ever since, the metabolism and signaling functions of sphingolipids, and of 
ceramide in particular have been the subject of signifi cant research. 

 The main sources of ceramide are  de novo  synthesis or catabolism of sphingo-
myelin and complex sphingolipids (for details, please refer to the overview on 
sphingolipid metabolism at the beginning of this book). The  de novo  biosynthetic 
pathway resides in the ER/Golgi and requires the Serine Palmitoyltransferase com-
plex (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) 
[ 51 ]. Ceramide delivered to the Golgi by CERT appears to be more specifi cally 
targeted for the synthesis of sphingomyelin through the action of Sphingomyelin 
Synthases (SGMS1 and 2) [ 52 ,  53 ]. Once ceramide has been delivered to the Golgi, 
it can also be utilized by several other enzymes, including CERK (ceramide kinase), 
and Ceramide Glucosyltransferase (UCGC). Thus, ceramide-1-phosphate, sphingo-
myelin, 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 mitochon-
dria, 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 [ 54 ]). Catabolism of sphingosine- 1-
phosphate and ceramide 1-phosphate is carried out by a 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 signifi cant 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. A number of cell lines are available that recapitulate 
gene expression patterns and phenotypic characteristics of the molecular subtypes 
of breast cancers [ 55 ,  56 ]. A few example cell lines are described in Table  2 .
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4        Sphingolipids in Luminal Type Breast Cancers 

 Luminal A Type breast tumors have favorable outcomes and are the most hetero-
geneous group of breast tumors in terms of signaling characteristics [ 37 ]. 
Luminal Type A tumors represent about 50 % of breast tumors, and are respon-
sive to endocrine therapy [ 57 ] as they have high expression of hormone recep-
tors, and downstream estrogen receptor (ESR1) signaling partners such as 
FOXA1 and RUNX1 [ 58 ]. One of the defi ning characteristics of luminal type A 
tumors, that separates them from the other molecular subtypes, is intact p53 and 
RB1 signaling [ 39 ]. Additionally, luminal A type tumors frequently have phos-
phatidylinositol-3-kinase (PI3K) mutations, especially in the PIK3 catalytic sub-
unit (PIK3CA), even though these mutations are not associated with enhanced 
activation of the PI3K pathway as evidenced by phospho-AKT status, a key 
downstream target of this pathway [ 59 ]. This may be due to high expression of 
S6K and resultant feedback inhibition. Luminal type tumors also have high fre-
quencies of inactivating mutations of mitogen activated protein kinases (MAPK). 
For example, loss-of-function mutations in MAP3K1 and MAP2K4 were found 
with high frequency in these tumors, suggesting loss of function in the p38-
JNK1 signaling cascade [ 58 ,  60 ]. 

 Compared to luminal A breast cancer, Luminal B breast cancer has signifi cantly 
higher risk of rapid relapse following endocrine therapy [ 61 ]. Luminal B tumors are 
classifi ed as ER+, but have lower expression of ER related genes than luminal A 
tumors and higher expression of proliferative genes [ 36 ,  62 ]. Luminal B tumors 
often have increased HER2 expression, but since HER2 status is used to distinguish 
a very specifi c clinical subset of tumors, HER2 status is not relevant to classifi cation 
of luminal type tumors. Nevertheless, luminal B tumors have increased growth 
 factor signaling as compared to luminal A tumors [ 63 ]. In contrast to luminal A 
tumors, the proliferative gene signatures of luminal B tumors seem to stem from 
increased genomic signaling events secondary to genetic duplication of proliferative 
genes [ 39 ,  64 ]. This fi nding is in accordance with a high frequency of p53 inactivating 
mutations, loss of ATM, and deregulation of MDM2 in luminal B tumors [ 39 ,  65 ]. 
Therefore, the defi ning characteristics of luminal B tumors are loss of function of 
the TP53 signaling pathway and amplifi cation 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 
defi nition that is not regularly made in a clinical setting [ 66 ]. Luminal tumors 

   Table 2    Commonly used cell lines in breast cancer research   

 Luminal like  Basal like  Her2 like  Normal like 

 Cell line  MCF7  MDAMB231  SKBR3  MCF10A 

 T47D  BT20  BT474 

  Adapted from sources [ 55 ,  56 ]  
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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 fac-
tor 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, nevertheless several studies with patient samples have 
also been carried out. Among the studies focusing on ER+ cell lines and tumors, 
UGCG, CerS, sphingomyelinases, ASAH1, and Sphingosine Kinase 1 and 2 (SK1 
and SK2) play prominent roles [ 67 – 72 ]. 

4.1     Glucosylceramide Transferase 

 Glucosylceramide transferase (GCS) produces glucocerebrosides from ceramide and 
glucose. Subsequent action by other glycosyltransferases leads to a wide variety of 
glycolipids. In a study of 200 human breast cancer samples, the authors found high 
 GCS  ( UGCG , gene name) expression in luminal A type tumors, and high  GCS  expres-
sion was also associated with poor outcomes in ER+ tumors [ 67 ]. 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. Indeed, Liu et al. have reported that 
breast tissue generally has low expression of  GCS , as compared to other organs, and 
that high  GCS  expression is associated with multi-drug resistance and metastatic dis-
ease in ER+, HER2+ tumors [ 73 ]. In agreement with this study, several groups have 
reported on the ability of GCS inhibitors to reverse drug resistance in breast cancer 
cell lines with high  GCS  expression [ 74 ,  75 ]. A recent report has even suggested that 
GCS activity is directly inhibited by tamoxifen, and that high GCS activity can 
decrease sensitivity to the drug [ 76 ]. Besides a potential role in receptor function and 
endocytosis, several groups have also implicated GCS in resistance to chemotherapy 
[ 77 ,  78 ]. In fact, GCS may limit the effi cacy of several chemotherapeutic drugs by 
titrating away apoptotic ceramide that accumulates following treatment with drugs 
such as taxol and Adriamycin, among others [ 79 ,  80 ].  

4.2     The Ceramide Synthases 

 The Ceramide Synthase (CerS) enzymes produce dihydroceramide from dihydro-
sphingosine, and the rapid desaturation of dihydroceramide produces ceramide. 
In a large-scale lipidomics study of breast cancers, Schiffmann et al. demonstrated 
a statistically signifi cant increase in C18:0 and C20:0 ceramide in ER+ tumor 
samples [ 81 ]. The authors also demonstrated increased expression of CerS2, 
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CerS4, and CerS6 in malignant tumor samples. Erez-Roman et al. have also 
reported elevations in CerS2 and CerS6 in malignant breast tissue samples as 
compared to normal solid tissue [ 82 ]. 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 stud-
ies demonstrated opposite roles for long chain and very long chain ceramides. The 
authors found that CerS2, and by extension the very long chain C24 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 [ 83 ]. These studies concluded that the 
long chain ceramides induce mitochondrial damage and inhibit cell proliferation 
whereas the very long chain ceramides decrease contact inhibition in MCF7 cells. 
Data mining has confi rmed robust up-regulation of CerS2, CerS4, and CerS6 in 
Luminal type tumors (Fig.  1 ).

   In line with the above observations, different studies have proposed that long 
chain ceramides and the enzymes responsible for their production CerS6 and CerS1 
have tumor suppressive properties [ 84 ,  85 ]. For instance, CerS6 has been implicated 
in the response to folate stress, suggesting CerS6 may also play a role in response to 
antimetabolites [ 86 ]. 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 dihydrocer-
amide was dependent on the activity of CerS6 and led to apoptosis of luminal type 
breast cancer cell lines [ 87 ]. Other researchers have reported repression of hTERT 
activity by CerS1 in various cancer cell lines [ 88 ,  89 ], suggesting an inhibitory role 
for the long chain ceramides in tumor growth.  

4.3     The Sphingomyelinases 

 The Sphingomyelinases hydrolyze sphingomyelin to ceramide and phosphocholine. 
There are several isoforms of sphingomyelinase (SMPD1-5), and both SMPD1 
(Acid Sphingomyelinase, ASMase) and SMPD3 (Neutral Sphingomyelinase 2, 
NSMase 2) have been implicated in breast cancer progression. As seen in Fig.  1 , 
 SMPD3  is down regulated in all 4 subtypes of breast carcinomas. Loss of heterozy-
gosity and epigenetic regulation of this region has been described, and may account 
for the down regulation of  SMPD3 . A comparative epigenetic 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 [ 90 ]. Additionally, another group 
reported that there is frequent loss of heterozygosity events at 16q22.1, a chromo-
somal area that includes the  SMPD3  locus [ 91 ]. These results suggest NSmase 2 
( SMPD3 ) may play an anti-tumor role, however this hypothesis has never been 
directly tested in breast cancer. 
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  Fig. 1    Sphingolipid gene 
expression in molecular 
subtypes of breast cancer. 
Publicly available TCGA 
expression data was used to 
assess the expression levels 
of sphingolipid genes in 
molecular subtypes of breast 
cancer. The expression levels 
of the indicated genes were 
compared to expression in 
adjacent normal solid tissue, 
and the fold change was 
calculated. Hierarchical 
clustering was carried out as 
shown below       

 The role of NSMase 2 in drug response has been characterized in breast cancer. 
Adriamycin resistant MCF7 (MCF7-ADR) cells were found to have higher SM and 
lower NSMase levels as compared to MCF7 cells. Furthermore, expression and 
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activity of NSMase was signifi cantly up regulated in MCF7-ADR cells following 
treatment with a demethylating agent that decreases methylation-dependent silenc-
ing of genes. This response was not seen in MCF7 cells, suggesting MCF7-ADR 
cells acquire epigenetic alterations that contribute to the ADR phenotype [ 92 ]. In 
the MCF7-ADR cells, demethylation of DNA was correlated with the subsequent 
decrease in plasma membrane sphingomyelin, and increased membrane fl uidity, 
attributable to increased activity of NSMase 2. Up-regulated NSMase 2 activity 
resulted in increased doxorubicin uptake and apoptosis in MCF7-ADR cells, sug-
gesting that silencing of the  SMPD3  locus may be one mechanism by which MCF7 
cells acquire resistance to Adriamycin [ 92 ]. In line with the work by Vijayaraghavalu 
et al. is the fi nding by Ito and colleagues that apoptosis of Adriamycin sensitive 
MCF7 cells is mediated by NSMase 2 following daunorubicin treatment [ 93 ]. Taken 
together, these observations suggest that re-activation of  SMPD3  expression may be 
a powerful tool for restoration of sensitivity to anthracyclines in resistant tumors. 

 In addition to NSMase 2, ASMase plays an important role in tumor biology. 
ASMase has been found to have signifi cant impact on lysosomal stability and in tumor 
motility. Traditionally, ASMase is associated with Niemann–Pick Disease, and loss of 
ASMase enzymatic activity results in lysosomal dysfunction. It should come as no 
surprise that inhibition of ASMase causes signifi cant lysosomal dysfunction in tumor 
cells as well. In MCF7-Bcl-2 cells, inhibition of ASMase with the receptor tyrosine 
kinase inhibitor Sunitinib, leads to lysosomal instability and apoptosis [ 94 ]. In con-
trast to lysosomal stability, governance of cell motility seems to be a tumor specifi c 
function of ASMase. ASMase was shown to mediate some of the cytotoxic effects of 
cisplatin on cytoskeletal remodeling in MCF7 cells [ 95 ]. The researchers showed that 
induction of ASMase and the subsequent generation of ceramide reduces ERM phos-
phorylation and retards cell motility [ 95 ,  96 ]. Besides its role in cell motility and 
lysosomal stability, ASMase is known to modulate infl ammatory signaling in breast 
carcinoma cells. Studies on ASMase in MCF7 cells showed ASMase was necessary 
for p38-dependent expression of IL-6 following PKC activation by the cell permeable 
phorbol ester phorbol 12-myristate 13-acetate (PMA) [ 97 ]. However, the role of 
ASMase-induced IL-6 in these cells remains unclear.  

4.4     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 then sphingosine is 
subsequently converted into S1P. Down stream products of the ceramidases, espe-
cially 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. Several studies have linked acid ceramidase with growth of ER+ 
cell lines. Indeed, inhibition of acid ceramidase causes lysosomal disruption that 
results in rapid cell death in ER+ cell lines [ 98 ,  99 ]. However, the cytotoxic effect 
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of acid ceramidase inhibition is not only linked to its effects on lysosomal permeability. 
Inhibition of acid ceramidase with non-lysomatrophic compounds still results in 
cell death, suggesting that the functional consequence of inhibition extends beyond 
lysosomal homeostasis [ 70 ]. The downstream signaling function of ASAH1/
Sphingosine was recently delineated by Lucki et al. The authors found that induc-
tion of  ASAH1  by phytoestrogens in MCF7 cells resulted in cyclin B2 activation and 
increased cell proliferation [ 69 ], and they further showed that induction of ASAH1 
relied on c-SRC and ERK activation and subsequent ERα recruitment to the  ASAH1  
promoter. In accordance with these fi ndings, tumor samples with increased estrogen 
receptor signaling, i.e., luminal tumors, have high levels of  ASAH1  mRNA (Fig.  1 ). 

 Paradoxically, high  ASAH1  expression has also been correlated with better out-
comes following treatment of ER+ breast tumors [ 71 ]. A potential reason cell cul-
ture studies may not align with  in vivo  studies is because acid ceramidase has been 
shown to modulate the tumor microenvironment through regulation of infl amma-
tory cytokines and prostanoid signaling [ 97 ,  100 ]. These infl ammatory pathways 
may play a role in baseline tumor growth, but may make the tumor more prone to 
apoptosis or immune surveillance following chemotherapy. Therefore, cell culture 
studies may underestimate the anti-tumor effects of ASAH1 that are mediated 
through the immune response to tumors following chemotherapy. 

 Several groups have investigated the interplay between immune modulators and 
sphingolipid signaling. Signaling events intrinsic to ER+ tumor cells seem to mediate 
both autocrine and paracrine signaling within the tumor microenvironment. Stress 
induced cytokines, such as Tumor Necrosis Factor (TNF-α) and Interleukin-1 (IL-1β), 
activate sphingolipid catabolic pathways [ 101 – 103 ], which in turn have been shown 
to regulate production of infl ammatory mediators in an ASAH1 dependent manner. In 
breast cancer cell lines, several investigators have demonstrated a requirement for 
ASAH1 in the production of prostaglandin E2 (PGE2), Chemokine Ligand 5 (CCL5), 
and Interleukin-6 (IL-6) [ 97 ,  100 ,  104 ]. Each of these infl ammatory mediators can 
induce tumor progression by creating a permissive tumor microenvironment. Tumor 
derived PGE2 induces p38/JNK activation in adjacent fi broblasts. The activated p38/
JNK signaling cascade resulted in transcription of aromatase and consequent produc-
tion of estrogen by fi broblasts that promotes tumor growth in estrogen responsive 
tumors [ 105 ]. CCL5 promotes growth and metastasis of ER+ tumors by recruiting 
macrophages, inducing angiogenesis, and stimulating proliferation of CD44+/CD24− 
cancer stem like cells [ 106 – 108 ]. 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 associ-
ated with early locally advanced tumors, and good prognosis [ 109 ]. Conversely, in late 
stage tumors, IL-6 was associated with worse prognosis [ 110 ]. Cell line studies have 
demonstrated that ER+ cell lines become growth suppressed by IL-6 and undergo 
EMT when exposed to IL-6 for extended periods of time. Conversely, ER− cell lines 
are not responsive to exogenous IL-6 (reviewed in [ 111 ]). A possible reason for ER− 
tumors being unresponsive to IL-6 is the fi nding that ER− tumor cell lines have a very 
high level of endogenous IL-6 production, as compared to ER+ cell lines, and there-
fore ER− tumors already have activated IL-6 signaling pathways and are not respon-
sive to additional IL-6 [ 112 ].  
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4.5     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 sig-
naling 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 [ 113 ]. In accordance with the 
work by Watson et al., Zhang et al. carried out a large scale, pan-cancer meta-study 
demonstrating a signifi cant 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 [ 114 ]. Mining of microarray data has revealed lumi-
nal type tumors have high SPHK1 and SPHK2 expression (Fig.  1 ). 

 SK1 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 [ 115 ]. The authors went on to report 
that in a small cohort of 34 tumor samples, ER+ tumors had lower miR-515-5p expres-
sion than ER− tumors. However, they do not correlate this fi nding with SK1 expression 
in their cohort [ 115 ]. In support of the fi ndings by Pinho et al., Takabe and colleagues 
found that E2 treatment resulted in increased S1P effl ux 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 [ 116 ]. 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 correlations between S1PR expression and ERK1/2 
expression have been made [ 117 ,  118 ]. 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 S1PR1 highly localized in the membrane had shorter 
time to recurrence of disease, and high levels of cytoplasmic S1PR1 and 3 were associ-
ated with worse survival [ 113 ]. The authors also noted that TRANSFAC analysis 
(Biobase) revealed binding sites for ERα, c-Jun, and Sp1 in the S1P 3  promoter region 
[ 113 ]. This suggests that tumors with active ER signaling (i.e., tumors with high PR 
and ER expression [ 119 ]) also have high S1P mediated ERK-1/2 activation. 

 The fi nding that the SK1/S1P/S1PR axis is up-regulated in ER+ tumors would 
suggest that targeting this axis would be benefi cial in the treatment of breast carcino-
mas. 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 

B. Newcomb and Y.A. Hannun



95

utilized the crystal structure of SK1 to generate specifi c inhibitors of the sphingosine 
kinases. The inhibitors, termed ‘compound A’ and ‘compound B,’ were potent and 
reproduced the phenotypes of SK1−/− mice [ 120 ]. 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 these 
cells [ 121 ]. 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. On the other hand, as it will be discussed later 
on, targeting the S1P receptors is a very attractive strategy in basal type tumors.  

4.6     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 phosphoryla-
tion 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 
[ 122 ]. Additionally, CERK inhibition results in M-phase arrest of MCF7 cells, and 
sensitized cells to protein kinase inhibitors [ 123 ]. Message level of CERK is not 
signifi cantly different between tumor subtypes (Fig.  1 ) suggesting that post- 
translational regulation and subcellular localization of CERK may play a signifi cant 
role in its function within the tumor cell.   

5     Sphingolipids in Basal Type Breast Cancer 

 The basal-like genetic signature was one of the fi rst 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 [ 34 ]. 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 [ 39 ]. Myc activation, cyclin E1 amplifi cation, and activation of the HIF1-α/
ARNT pathways are prominent features of basal like tumors [ 39 ,  124 ]. Another 
interesting observation from TCGA is that basal-like breast carcinomas share sev-
eral common features with serous ovarian carcinoma, including Myc activation, 
cyclin E1 amplifi cation, and inactivation of TP53 and RB1, as well as loss of 
BRCA1 [ 39 ]. This fi nding suggests that some of the processes driving serous ovar-
ian tumors may be active in basal type breast cancers as well. The lack of hormone 
receptors and the aggressive nature of basal-like tumors have created a signifi cant 
need for identifi cation of new therapies. 
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 The approach to surgical treatment of triple negative breast cancers is similar to 
other breast carcinomas. The choice between adjuvant (treatment given after surgi-
cal 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 [ 125 ]. Therefore, there is a signifi cant need for more effective chemo-
therapeutics. In this regard, ceramide has been used to induce apoptosis of hormone 
insensitive breast cancer cell lines [ 126 ,  127 ], and some success has been achieved 
in murine models of breast cancer [ 128 ]. 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 [ 129 ]. Ceramide nanoliposomes can increase 
the concentration of ceramide at the plasma membrane of target cells and promote 
pro-apoptotic signaling events in breast cancer cell lines [ 130 ]. 

 Beside using ceramide nanoliposomes to indiscriminately increase ceramide lev-
els in cell membranes, ceramide nanoliposomes have also been used to improve the 
bioavailability and effi cacy of breast cancer chemotherapeutics. Nanoliposomal 
preparations containing ceramide and the tyrosine kinase inhibitor sorafenib were 
shown to decrease AKT phosphorylation and Cyclin D1 expression, and the pres-
ence of ceramide sensitized MDA-MB-231 cells to sorafenib-induced apoptosis 
[ 131 ]. Sorafenib is traditionally used to treat renal carcinoma, and has powerful 
anti-angiogenic and anti-mitogenic properties, making it an interesting therapeutic 
for the treatment of basal type breast cancers [ 132 ]. Indeed recent clinical trials have 
demonstrated a potential role for sorafenib in Her2 negative tumors as well as in 
tamoxifen resistant tumors [ 133 ,  134 ]. Ceramide nanoliposomes have also been 
used to improve the cellular uptake of doxorubicin in MCF7 and SKBR3 breast 
cancer cell lines [ 135 ]. Ceramide nanoliposomes have been used  in vivo  and may 
hold promise in adjuvant or neoadjuvant treatment of breast cancers by increasing 
the bioavailability, stability, and effi cacy of current chemotherapeutics [ 136 ]. 

 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 ther-
apy, but it is diffi cult to predict what patients will achieve pCR with a given chemo-
therapy regiment. Roughly 55 % of patients with triple negative tumors do not 
respond well to multi-agent neoadjuvant therapy [ 137 ]. A series of studies has 
recently uncovered potential roles for GCS, CERT, and the ceramide producing 
β-Glucosidase enzymes (GBA1 and GBA3) in resistance to taxanes in hormone 
insensitive breast tumors. The fi rst study demonstrated that down regulation of 
CERT, or up-regulation of GBA1 or 3, sensitized tumor cells to taxanes [ 138 ]. 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 GCS and CERT, and 
concomitant down-regulation of GBA1 and GBA3, was highly associated with fail-
ure of 5-fl uorouracil, doxorubicin, cyclophosphamide, paclitaxel (TFAC) treatment 
of triple negative tumors possibly because of poor accumulation of ceramide [ 139 ]. 
It is important to note though that the majority of basal type tumors have low GCS 
and CERT expression (Fig.  1 ), therefore, the association between high expression of 
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these genes and poor response to treatment may make them valuable biomarkers for a 
subset of triple negative patients. Altogether these results highlight the importance 
of regulation of ceramide levels (and of ceramide metabolizing enzymes) in triple 
negative breast carcinoma cells in order to sensitize tumors to adjuvant 
chemotherapy. 

 Based on the work by the TCGA and others, triple negative tumors have high 
expression of the hypoxia inducible genes. This suggests these tumors may be sus-
ceptible to anti-vasculogenic therapies. One sphingolipid analog with potent anti- 
vasculogenic properties is fi ngolimod (Gilenya). Fingolimod (also known as 
FTY720) is a sphingosine analog approved for treatment of multiple sclerosis that 
serves as a precursor for an agonist of the S1P receptors that often results in internal-
ization of the receptor followed by its shut down [ 140 ,  141 ]. In studies with cell lines, 
fi ngolimod has been shown to disrupt ERK1/2 and HER2 cross talk in Her2- like 
breast cancer cells and to decrease the proliferation of luminal type breast cancer 
cells [ 142 ,  143 ]. In studies using syngeneic mouse models of breast cancer, research 
has shown fi ngolimod decreases vascular smooth muscle motility in response to 
tumor-derived cytokines [ 144 ]. Based on its anti-vasculogenic properties, fi ngolimod 
may also serve as a potent inhibitor of basal type breast tumor growth  in vivo .  

6     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, EGFR, 
and several other receptor tyrosine kinases are up regulated. Her2-like tumors have 
high levels of phospho-SRC and phospho-S6 [ 39 ]. Her2-like tumors are largely 
treated with adjuvant chemotherapy. Effective treatment relies primarily on tar-
geted therapies such as trastuzumab (targeting HER2) in combination with a tax-
ane or anthracycline [ 145 ,  146 ]. Despite the fi nding that EGFR signaling is up 
regulated in Her2-like tumors, lapatinib, an inhibitor of the Her2 and EGFR path-
ways, has not been clinically successful in the adjuvant treatment of Her2-like 
tumors [ 147 ]. On the other hand, adjuvant treatment with trastuzumab has a fairly 
high disease free survival rate of 76 % [ 148 ]. Although there is a small subset of 
Her2-like tumors that are ER positive, the clinical relevance of combining endo-
crine therapy with targeted HER2 therapies has not been rigorously evaluated. 
Also, general clinical practice focuses on targeting the HER2 receptor, and current 
investigations are underway to evaluate the effi cacy of targeting tyrosine kinase 
activity in Her2 like tumors [ 149 ]. 

 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 sen-
sitivity in these tumors. Extending their work with functional metagenomics, the 
Swanton group found that CERT protein was overexpressed in HER2 +  tumors, and 
they demonstrated that silencing of CERT in HER2 +  tumor cell lines sensitized the 

Sphingolipids as Mediators of Breast Cancer Progression, Metastasis, Response…



98

cells to chemotherapeutics [ 139 ,  150 ]. Inhibition of CERT in these cell lines induced 
autophagic fl ux and LAMP2 expression, and increased sensitivity to paclitaxel, 
doxorubicin, cisplatin and trastuzumab. Therefore, CERT may be of both therapeu-
tic and prognostic value in HER2 +  breast tumors that express high levels of 
CERT. However, mining of TCGA data has revealed that CERT mRNA is not highly 
expressed in Her2-Like tumors as compared to adjacent normal tissue. The reason 
for this discrepancy may be due to discordance between CERT protein and mRNA 
levels, or possibly due to the choice of controls used for comparison. 

 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 loss of Her2 upon doxycycline withdrawal. When expression of 
Her2 was decreased and cells were treated with shRNA to CERK, tumor cells 
expressed high levels of pro-apoptotic markers [ 151 ]. This result suggests that fol-
lowing deprivation of Her2 signalling, tumors become reliant on CERK for sur-
vival. 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, based on the  in vivo  studies, Her2 cell lines were dependent 
on CERK expression for survival following Her2 inhibition by lapatinib. The 
authors extended their study to analyze microarray data from 2200 patient samples, 
and found signifi cant correlation between CERK expression and aggressive tumors 
such as HER2 +  tumors [ 151 ]. The association between CERK and HER2 +  tumor 
progression makes CERK inhibition an attractive target for combination chemo-
therapy with Her2 inhibitors. 

 The role of other sphingolipids in Her2-like tumors has not been rigorously stud-
ied. However, a study investigating lipid levels in several patient samples from 
Her2-like tumors found elevations in the level of sphingomyelin [ 152 ]. This fi nding 
is interesting and helps validate the work by Lee et al. because overexpression of 
CERT is known to increase sphingomyelin levels in cells [ 150 ,  153 ]. Our mining of 
TGCA expression data sets reveals that there are a number of alterations in the 
expression of several sphingolipid genes that are specifi c to Her2-Like tumors. 
Members of the SPT complex, acid sphingomyelinase, DEGS1, and GBA are all up 
regulated in Her2-Like tumors relative to other tumor types (Fig.  1 ). But, the func-
tional roles of these enzymes in Her2-like tumors remain to be elucidated.  

7     Conclusions 

 The function of sphingolipids in breast cancer is an area of intense investigation. 
Sphingolipids modulate many of the growth, apoptosis, infl ammatory, and perhaps 
even angiogenic pathways that breast carcinomas rely on. In luminal type breast can-
cers, conversion of ceramide to complex sphingolipids is associated with drug resis-
tance and worse patient outcomes. The somewhat paradoxical fi nding by Schiffmann 
et al. that luminal type tumors have up-regulated synthesis of several ceramide 
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species highlights the different functional outcomes of the ceramides with different 
molecular composition. Ceramide is rapidly converted to other lipid species, and sev-
eral groups have demonstrated the role of sphingosine kinase 1 in tumor growth, 
while the role of acid ceramidase in luminal type tumors is complex. Acid ceramidase 
in fact promotes a number of cell-cell signaling pathways, and some of the subtleties 
of these signaling pathways may be lost in over simplifi ed experimental conditions. 

 Basal type breast tumors are highly aggressive, and have poor response to treat-
ment. Novel therapeutics based on ceramide, as well as novel drug delivery methods 
have recently shown promise in the treatment of these tumors. The studies showing 
potential roles for CERT and GCS 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 addition to the role of CERK, 
 non- vescicular 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 multi-
modal bioinformatics studies focused on sphingolipid metabolic pathways [ 154 ]. 
Application of cross platform informatics to breast cancer will reveal new opportu-
nities for targeted therapy focused on sphingolipid metabolic enzymes. It is obvious 
that more studies are needed into the specifi c roles of individual enzymes and path-
ways of sphingolipid metabolism in breast cancer and, as these roles of sphingolip-
ids become clearer, more specifi c rationales will emerge for targeting sphingolipid 
metabolism as an attractive therapeutic modality.     
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