
  

ABSTRACT 
 

JI NA KONG 
Ceramide Compartments and Protein Interaction: Structure Meets Function 
(Under the direction of ERHARD BIEBERICH, Ph.D.) 
 
 
 
Ceramide is a key sphingolipid, regulating a variety of critical cellular processes. 

Although exosomes and cilia are derivatives of the membrane, little is known about the 

role of lipids in their formation. Here we examined the novel role of ceramide in two 

ceramide-enriched, subcellular compartments: 1) secreted, extracellular vesicles (EVs) 

termed exosomes, and 2) cell membrane protrusions termed cilia. Firstly, we attempted 

to address the role of ceramide in exosome secretion and breast cancer. Breast cancer 

cells acquire multidrug resistance (MDR) mediated by ABC transporters such as breast 

cancer resistance protein (BCRP). We show that incubation of human breast cancer 

MDA-MB-231 cells with the farnesoid X receptor antagonist guggulsterone (gug) and 

retinoid X receptor agonist bexarotene (bex) elevated ceramide, which is known to 

induce exosome secretion. Ceramide elevation by combined treatment with gug and bex 

induced BCRP secretion in exosomes and reduced cellular BCRP in cancer and cancer 

stem-like cells. Consistent with reduced BCRP, ABC transporter assays showed that 

gug+bex treatment increased doxorubicin retention and that the combination of gug+bex 

with doxorubicin enhanced cell death. Our results suggest a novel mechanism by which 

ceramide induces BCRP secretion and reduces MDR, which may be useful as adjuvant 

drug treatment for sensitizing breast cancer cells and cancer stem cells to chemotherapy.  

Secondly, to investigate the role of ceramide in ciliogenesis, in particular motile cilia, we 

used Chlamydomonas reinhardtii (Chlamydomonas) and murine ependymal cells as 

models. Motile cilia are specialized organelles formed by cell membrane protrusions to 



  

function in movement of body fluids. We show for the first time that Chlamydomonas 

expresses serine palmitoyl transferase (SPT), the first enzyme in the sphingolipid 

biosynthetic pathway. Ceramide depletion, by the SPT inhibitor myriocin and a neutral 

sphingomyelinase deficiency (fro/fro mouse), led to glycogen synthase kinase-3 (GSK3) 

dephosphorylation and defective flagella and cilia, respectively. A novel activation 

mechanism for GSK3 by the sphingolipids phytoceramide and ceramide is shown to be 

critical for ciliogenesis in Chlamydomonas and ependymal cells, respectively. We 

conclude that ceramide promotes exosome secretion to reduce MDR in MDA-MB-231 

cells and regulates GSK3-mediated ciliogenesis in Chlamydomonas and murine 

ependymal cells.  

 

KEY WORDS: Ceramide, breast cancer resistance protein, cancer stem cells, multidrug 
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ependymal cells, ceramide analog  
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A. Statement of Problem:  
The overall goal of my thesis project was to investigate the biological function of 

ceramide, a bioactive membrane sphingolipid, in two subcellular compartments: 

exosomes and motile cilia. Ceramide is a key signaling sphingolipid, regulating a variety 

of critical cellular processes. Although exosomes and cilia are derivatives of the 

membrane, little is known about the role of lipids in their formation. Results from my 

research examined the novel role of ceramide in these cellular compartments. The first 

part of my work was dedicated to understanding the function of ceramide in reducing the 

multidrug resistance (MDR) phenotype via exosome secretion in breast cancer cells. 

The second part of the research focused on examining the role of ceramide in motile 

ciliogenesis in Chlamydomonas and ependymal cells.  

 
First part of the thesis 

 
Breast cancer is the second most common cancer in women in the United States. Since 

breast cancers are extremely heterogeneous between subtypes and drug responses, 

breast cancer treatment is challenging (Luika A. et al., 2013; Weigelt and Reis-Filho, 

2009). Based on molecular classification, breast cancer can be categorized as six 

subtypes: estrogen receptor (ER)/progesterone receptor (PR) positive (luminal subtype 

A), ER negative/proliferation (Ki67) (luminal subtype B), human epidermal growth factor 

receptor (HER) 2, normal breast-like, ER/PR/HER2 negative (triple negative subtype), 

and claudin-low subtype. The molecular classification of breast cancer helps patients to 

be prescribed the best therapeutic option. However, unlike hormone receptor-positive or 

HER2-positive subtypes of breast cancer, there is no targeted treatment for triple 

negative breast cancer. Thus, I used the triple negative human breast cancer MDA-MB-

231 cell line to find a novel therapeutic strategy for triple negative breast cancer. 
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Current therapeutic options for triple negative breast cancer patients are surgical 

removal, radiation, hormone therapy, or chemotherapy singly or in combination (National 

Cancer Institute and American Cancer Society). It is widely recognized that 

chemotherapy often brings side effects, which may go away shortly after patients have 

finished treatment. Still, some severe side effects such as heart problems and bone loss 

can be caused by chemotherapy and several months or longer may be needed for them 

to disappear completely. Furthermore, after repeated chemotherapy, cancer cells 

acquire MDR, which makes it difficult to eliminate cancer cells using drugs. MDR can be 

acquired by upregulating the level or activity of a variety of MDR-mediating proteins, 

most of which are ATP binding cassette (ABC) transporters (Choi & Yu, 2013; Klaassen 

& Aleksunes, 2010). A subpopulation of breast cancer cells has a higher degree of MDR 

compared to other cancer cells. These cells are called cancer stem cells (CSCs) (Jordan 

et al., 2006). Accumulating evidence indicates that tumor recurrence is related to CSCs 

(Al-Hajj et al., 2004; Gangopadhyay et al., 2013; Wicha, 2006; Yu et al., 2012). Thus, I 

aimed to find a drug combination that decreases side effects of chemotherapy while 

slowing down acquisition of MDR, particularly in CSCs.  

 
Our results showed that elevation of ceramide reduces MDR in breast cancer cells and 

cancer stem-like cells. Ceramide is a sphingolipid that serves as both a structural 

component of cellular membranes and a signaling molecule to regulate apoptosis, 

differentiation, and ciliogenesis (Bieberich, 2011a; He et al., 2014; Kong et al., 2015a; S. 

Spassieva & Bieberich, 2011; G. Wang et al., 2009a). Its level is mainly regulated by 

three interconnected metabolic pathways: de novo biosynthesis, the salvage pathway, 

and the sphingomyelin cycle in the cell membrane, which releases ceramide by 

sphingomyelin hydrolysis. Neutral sphingomyelinase 2 (nSMase2) is an enzyme that 

hydrolyzes sphingomyelin to ceramide at the inner leaflet of the cell membrane. Previous 



  

  4

studies in our laboratory have shown that upregulation of nSMase2 by the farnesoid X 

receptor (FXR) antagonist guggulsterone (gug) elevates the level of ceramide and 

induces apoptosis in murine breast cancer 4T1 cells (Krishnamurthy et al., 2008). FXR is 

involved in regulating MDR transporter proteins such as breast cancer resistance protein 

(BCRP/ABCG2) and other members of the ABC transporter family (Swales et al., 2006; 

Urquhart et al., 2007; Zimber & Gespach, 2008).  

 
Recently, it has been demonstrated that MDR can be spread from resistant cancer cells 

to drug-sensitive cells by secreted lipid vesicles termed exosomes (Bebawy et al., 2009; 

Gong et al., 2012; Jaiswal et al., 2013; Lopes-Rodrigues et al., 2013; Wright, 2008). 

However, it has not known whether exosome secretion may restore drug sensitivity by 

depleting ABC transporters from the drug-resistant cell.  

 
We have shown that activation of nSMase2 induces exosome secretion in astrocytes (G. 

Wang et al., 2012). Also, we observed that the nuclear retinoid X receptor (RXR) agonist 

bexarotene (bex) elevates ceramide in human breast cancer MDA-MB-231 cells. 

Therefore, I hypothesized that the combination of gug and bex (gug+bex) will 

synergistically increase the levels of ceramide and enhance secretion of exosome-

associated ABC transporters in breast cancer cells. To test this hypothesis, I pursued 

three specific aims: 

 
Aim 1. Determine the role of ceramide in exosome-mediated MDR in MDA-MB-231 cells 

(1a) Test whether ceramide induces secretion of exosome-associated MDR 

protein.  

(1b) Test if cancer cells with elevated ceramide levels down-regulate MDR-

mediating proteins in cancer and cancer stem-like cells.  
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(1C) Test whether elevation of ceramide levels sensitizes cancer cells toward 

chemotherapy drug-induced cell death.  

 
Second part of the thesis 

 
Motile cilia are important organelles formed by microtubule-containing cell membrane 

protrusions with mechanical function. In mammals, they are found in the lungs, airway, 

middle ear, and ependyma. In 1976, Afzelius showed that defects of motile cilia are the 

cause of Kartagener’s syndrome, also called primary ciliary dyskinesia (PCD), a disease 

characterized by chronic sinus, respiratory infections, male infertility, and misplacement 

of the heart and other organs (Brown & Witman, 2014). Motile cilia emerging from 

ependymal cells are important to circulate cerebrospinal fluid (CSF) in the brain 

ventricular system. Ependymal ciliary dysfunction leads to severe disease phenotypes, 

including abnormal brain development and hydrocephalus. Since these cilia have a 

rhythmic waving or beating motion to maintain fluid movement, their length and timing of 

assembly/disassembly must be tightly regulated.  

 
The protein machinery regulating assembly, length, movement, and transport within 

these organelles is conserved from Chlamydomonas to mammals (Snell et al., 2004; 

Vincensini et al., 2011; Sung and Leroux, 2013). Thus, I chose to use Chlamydomonas 

and ependymal cells to study the mechanism regulating cilium formation and elongation.  

 
Although motile cilia are plasma membrane extensions, research on motile cilia has 

focused on the role of proteins in the regulation of cilium length, and little is known about 

the role of membrane lipids in this process. Membranes are mainly composed of 

glycerophospholipids, cholesterol, and sphingolipids, which can regulate membrane and 

cytoskeletal proteins (Chichili & Rodgers, 2009; Simons & Sampaio, 2011; Viola & Gupta, 

2007). Since lipids cannot be stretched, the plasma membrane is non-expandable. Thus, 
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any surface expansion for cilium growth inevitably requires net transport synthesis of 

lipids. Sphingolipids are essential components of cellular membranes and regulate 

diverse cell signaling pathways. The sphingolipids sphingomyelin and ceramide are 

unique in that their levels can be rapidly regulated by enzymatic interconversion. 

Sphingomyelin is hydrolyzed to ceramide by activation of acid or neutral 

sphingomyelinases (aSMase, nSMase), while ceramide is converted to sphingomyelin 

by sphingomyelin synthase (Clarke et al., 2011a; Clarke et al., 2011b; Luberto & Hannun, 

1998; Luberto et al., 2003; Okazaki et al., 1989; B. X. Wu et al., 2010a; Zeidan & 

Hannun, 2010).  

 
Unlike animals, plants and algae do not synthesize sphingomyelin, so most of their 

ceramide is generated by de novo biosynthesis, a common metabolic pathway in 

animals, plants, algae, and fungi (Hanada, 2014; Lester & Dickson, 1993; Markham et 

al., 2013; Pata et al., 2010; Sperling & Heinz, 2003). It is not known if Chlamydomonas 

synthesizes ceramides or other sphingolipids.  

 
Previous studies in our laboratory have shown that ceramide is critical for primary 

ciliogenesis in MDCK cells and neural progenitors via its association with atypical protein 

kinase C zeta (aPKCζ) (He et al., 2012; He et al., 2014; G. Wang et al., 2009a). Thus, I 

postulated that ceramide promotes motile ciliogenesis by inducing ceramide-associated 

protein complexes that regulate ciliogenesis. However, the source of ceramide and the 

molecular mechanism by which the ceramide-protein complex regulates ciliogenesis is 

unclear. The overall goal of the second part of my thesis work was to determine how 

ceramide regulates ciliogenesis in Chlamydomonas and mouse ependymal cells. I 

hypothesized that ceramide regulates cilium assembly and length by interacting with 

proteins known to be critical for ciliogenesis.   

To achieve these goals, I pursued the following specific aims. 
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Aim 2. Determine the role of ceramide in the regulation of motile ciliogenesis 

(2a) Test if ceramide is synthesized in Chlamydomonas 

(2b) Test whether ceramide is critical for motility and ciliary length regulation 

(2c) Determine how ceramide interacts with proteins that regulate ciliogenesis in 

ependymal cells. 

 
Expanding on Aim 2b, I began developing a novel technique to identify the interaction of 

ceramide and proteins. To define the biological function of ceramide, it is important to 

determine the interaction of ceramide with protiens. I have employed recently developed 

experimental tools: a pacFA ceramide analog and proximity ligation assay (PLA) as a 

platform to identify ceramide-protein complexes. These studies go beyond my thesis 

work, but they will lay the foundation for future projects on the function of ceramide-

protein complexes in exosomes and cilia. Furthermore, they will help to determine the 

specific types of ceramide-protein interactions. Based on the structure of ceramide, I 

speculate that the interaction of ceramide and proteins will be most likely hydrophobic-

hydrophobic interaction or it will be hydrophilic interaction (e.g. hydrogen bonding 

between hydroxyl groups of ceramide and proteins). Here, I have included the initial 

goals and results of these studies as Aim 3 in my written thesis.  

 
Aim 3. Develop a novel method to identify ceramide-binding proteins 
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B. Literature Review and Project Rationale: 

 
Ceramide: a “bioactive lipid” 

 
Ceramide is considered one of the key sphingolipids, which composed of sphingosine 

backbone and one fatty acide chain. Sphingosine was initially isolated and described by 

Johann Ludwig Wilhelm Thudichum (1829-1901) as a component of brain lipids. The 

term “sphingosine” is from the Greek for “to bind tight” and also connotes “sphinx” 

because discovering the correct structure of sphingosine was elusive after its initial 

description. Later, Herbert Edmund Carter (1910-2007) identified the chemical structures 

of the 4 major long-chain bases, sphingosine, dihydrosphigosine, phytosphingosine, and 

dehydrophytosphingosine, and proposed the term of sphingolipid to describe lipids that 

have one sphigoid base. Since a variety of sphingolipids are major components of 

eukaryotic cell membranes, for about a century they were considered as inert building 

materials of membranes. However, ceramide has been recognized as an intra- or 

intercellular messenger, and as a regulatory molecule that plays critical roles in signal 

transduction, inflammation, neurodegeneration, and cancer therapy. Indeed, the 

biological roles of ceramide have been investigated in diverse biological processes. 

Ceramide also has been shown to mediate other cellular responses such as stress 

responses (Hannun & Luberto, 2000), apoptosis (R. Kolesnick & Hannun, 1999; Osawa 

et al., 2005; Petrache et al., 2005; Thevissen et al., 2006),and differentiation (Furuya et 

al., 1998). In addition, recent studies have shown that ceramide has additional non-

apoptotic functions in control of cell polarity (Krishnamurthy et al., 2007b), embryonic 

stem cell differentiation (Bieberich, 2011a), primary ciliogenesis (He et al., 2012; He et 

al., 2014), and exosome secretion (Kong et al., 2015a; Kong et al., 2015b; Trajkovic et 

al., 2008; G. Wang et al., 2012). 
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Biosynthesis and metabolism of ceramide 

 
A common basic building block of all sphingolipids is the long chain or sphingoid base 

sphingosine (or dihydrosphingosine). Ceramide consists of a fatty acid of variable chain 

length linked via an amide bond to the C2 position of one of these sphingoid bases. 

Depending on the degree of saturation and hydroxylation of the sphingoid base and the 

fatty acid as well as the chain-length of the fatty acid, diverse ceramides can be 

generated. Different types of sphingolipids are produced by linking various hydrophilic, 

polar head groups to the hydroxyl (OH) group at the C1 position of ceramide [e.g. 

attachment of a phosphocholine (sphingomyelin), or attachment of a sugar residue 

(glycosphingolipids)] (Futerman & Hannun, 2004). 

 
There are three interconnected ceramide metabolic pathways (de novo biosynthesis, the 

sphingomyelin cycle, and the salvage pathway) (Figure 1). The de novo pathway is 

initiated by the condensation of serine with palmitoyl CoA to form 3-ketosphinganine in 

the endoplasmic reticulum (ER), a reaction which is catalyzed by the enzyme serine 

palmitoyl transferase (SPT) (Mandon et al., 1992). SPT is the rate limiting enzyme of the 

de novo pathway (Hanada, 2003), and it is composed of two subunits, SPT1 and SPT2. 

The 3- ketosphinganine is then reduced to dihydrosphingosine (also called sphinganine) 

by the enzyme 3-ketosphinganine reductase. Dihydrosphingosine is further N-acylated 

by (dihydro) ceramide synthase (also known as Lass or CerS). Distinct ceramide species 

can be generated by specific ceramide synthases. Six individual (dihydro) ceramide 

synthases have been found in mammals, which possess a high degree of specificity for 

fatty acid-CoAs of different chain length [C14:0/C16:0 (CerS5 and 6 with palmitoyl CoA), 

C18:0/C18:1 (CerS1, 4, and 5 with stearoyl CoA), and C24:0/C24:1 (CerS2 and 4 with 

nervonyl CoA)] (Lahiri et al., 2007; Levy & Futerman, 2010; Pewzner-Jung et al., 2006). 

Dihydroceramides are further converted to ceramide by a desaturase and it’s cofactor 
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NAD(P)H, which generates the trans 4,5-double bond in the sphingoid base (Geeraert et 

al., 1997; Ternes et al., 2002). In addition to de novo synthesis, ceramide can be 

resynthesized with the liberated sphingosine base from the salvage pathway. Most of the 

liberated sphingosine is from the breakdown of complex sphingolipids in lysosomes, a 

process involving several enzymes, particularly aSMase, exohydrolase, and 

ceramidases (Hannun & Obeid, 2008; Kitatani et al., 2008; Stancevic & Kolesnick, 2010).  

 
To be metabolized and used as precursor for other sphingolipids, ceramide formed in 

the ER is transported to the Golgi by ceramide transfer protein, CERT (Hanada et al., 

2003; Kudo et al., 2008) and is converted to sphingomyelin. The only glycolipid derived 

from ceramide at the cytosolic leaflet of the ER is galactosylceramide (Sprong et al., 

2003; Sprong et al., 1998). Glucosylceramide (GluCer) is synthesized on the cytosolic 

leaflet of the cis-Golgi (Bartke & Hannun, 2009; Futerman & Riezman, 2005; Hannun & 

Obeid, 2008). Then, GluCer can be transported to the trans-Golgi via non-vesicular 

transport by the four-phosphate adaptor protein 2 (FAPP2) (D'Angelo et al., 2007; 

D'Angelo et al., 2013) and converted to more complex glycosphingolipids (GSL) by 

addition of other carbohydrates to GluCer. Sphingomyelin and GSLs are transported to 

the plasma membrane by vesicular transport. ASMase in the outer leaflet of the cell 

membrane and within endosomes/lysosomes or nSMase at the inner leaflet bilayer can 

hydrolyze sphingomyelin to ceramide in the sphingomyelin cycle (Bartke & Hannun, 

2009; Gulbins et al., 2004; Kitatani et al., 2008). Several additional nSMases have been 

described in various subcellular compartments such as mitochondria and the ER (Clarke 

et al., 2011b; Krut et al., 2006; Mizutani et al., 2001; B. X. Wu et al., 2010a; B. X. Wu et 

al., 2010b). 

 
Ceramide can be metabolized to two important bioactive signaling lipids, ceramide-1-

phosphate (C1P) and sphingosine-1-phosphate (S1P). Ceramide is phosphorylated by 
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ceramide kinase to generate C1P (Shinghal et al., 1993), or it can be hydrolyzed to 

sphingosine and its fatty acid by ceramidase. Sphingosine, in turn, can be 

phosphorylated by sphingosine kinases to generate S1P. Ceramide, C1P and S1P 

regulate various cellular processes such as proliferation, cell survival, and migration 

(Kihara et al., 2007).  
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Figure 1. The schematic shows metabolic pathways for ceramide synthesis: De novo 

synthesis pathway, sphingomyelin pathway, and salvage pathway 

C1PP, ceramide-1-phosphate phosphatase; CDase, ceramidase; CS, ceramide synthase; CK, 

ceramide kinase; DAG, diacylglycerol; DES, dihydroceramide desaturase; Gal CS, 

galactosylceramide synthase; GCS, glucosylceramide synthase; PC, phosphatidylcholine; S1PP, 

S1P phosphatase; SMS, sphingomyelin synthase; SMase, spingomyelinase; SPT, serine 

palmitoyl transferase 
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The physiological effects of ceramide can be initiated by extracellular signals that 

change membrane properties or elicit binding of specific proteins to ceramide (R. N. 

Kolesnick et al., 2000). Ceramide can self-associate and form ceramide-enriched 

microdomains in the cell membrane (Grassme et al., 2007; Holopainen et al., 1998). It 

was shown that ceramide-enriched microdomains induce reorganization and clustering 

of receptor molecules such as tumor necrosis factor alpha (TNFα) receptor, interleukin-1 

receptor, and FCγ receptor II (Abdel Shakor et al., 2004; Dobierzewska et al., 2012; 

Grassme et al., 2007; Gulbins & Grassme, 2002). Formation of ceramide-enriched 

microdomains can be triggered by diverse stress stimuli such as UV light, γ-irradiation, 

and some chemotherapeutics such as cisplatin, doxorubicin, and paclitaxel (Grassme et 

al., 2007; Gulbins & Li, 2006). Enzymes involved in ceramide generation are located in 

certain cellular compartments, so the biological role of ceramide might be different 

depending on its subcellular localization. It has been shown that ceramide can act as a 

second messenger when released at or transferred to the inner leaflet of the cell 

membrane (van Blitterswijk et al., 2003). In addition, ceramide in mitochondria has been 

found to elevate the permeability of the mitochondrial outer membrane, which induces 

the release of cytochrome c during the induction of apoptosis (Di Paola et al., 2000; 

Ghafourifar et al., 1999; Siskind et al., 2002). It was also shown that ceramide triggers 

membrane fusion and fission, which is critical in endo/exocytosis, and vesicular 

trafficking (Veiga et al., 1999). As a signaling molecule, ceramide can bind and 

activate/inactivate diverse enzymes such as protein kinase PKCζ (He et al., 2012; He et 

al., 2014; Krishnamurthy et al., 2007b; Lozano et al., 1994; Veiga et al., 1999), kinase 

suppressor of Ras (KSR) (Y. Zhang et al., 1997), Raf-1 (Huwiler et al., 1996), and 

phosphatases PP1 and PP2A (Chalfant et al., 1999; Dobrowsky et al., 1993; Hannun, 

1996; Hannun & Luberto, 2000; Ruvolo et al., 2002). In addition, cathepsin D has been 

suggested as a potential ceramide target in TNF-induced cell death signaling (Heinrich 
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et al., 1999). Depending on its subcellular localization, functions of ceramide can vary as 

stated above. In addition to apoptosis, ceramide has a critical role in the regulation of 

biological processes such as growth arrest, necrosis (Adam et al., 2002; Hetz et al., 

2002; Mochizuki et al., 2002), survival/proliferation (Y. M. Wang et al., 1999; Yan & Polk, 

2001), differentiation (Dobrowsky et al., 1994; He et al., 2014; Okazaki et al., 1989), 

senescence (Venable et al., 1995), cytoskeletal rearrangement (Hanna et al., 2001) 

(stress fiber formation) and axonal outgrowth (Brann et al., 2002; Cuvillier et al., 1996).  

 
Tools to study ceramide function in cellular processes 

 
Numerous tools have been developed to study ceramide biosynthesis, localization and 

functional significance in various cellular processes. These tools include: 1) 

pharmacological inhibitors of enzymes in the ceramide biosynthetic pathway (i.e., 

myriocin, fumonisin B1, imipramine, and GW4869), and 2) ceramide analogs and 

fluorescent analogs of ceramide (NBD-ceramide, BODIPY-ceramide, and pacFA-

ceramide). Most recently, bifunctional ceramide analogs such as pacFA ceramide 

analogs have been developed to UV crosslink and visualize or isolate and identify 

ceramide binding proteins using click chemistry (chemoproteomics). Our group has 

pioneered application of these analogs to analyze the biological function of ceramide, 

which will be discussed in detail as part of my thesis work.    

 
Several pharmacologic inhibitors of ceramide biosynthesis are available. Myriocin 

(2S,3R,4R,6E-2-amino-3,4-dihydroxy-2-hydroxymethyl-14-oxo-6- eicosenoic acid) also 

known as antibiotic ISP-1 and thermozymocidin has been using as a pharmacological 

inhibitor of SPT, the rate limiting enzyme in the de novo sphingolipid biosynthesis 

pathway (Miyake et al., 1995). It was originally isolated from the fungus Isaria sinclairii, 

and used as an antibiotic and immunosuppressant (Fujita et al., 1994). Fumonisin B1 
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(FB1), another mycotoxin produced by the fungus Fusarium moniliforme is used as a 

ceramide synthase inhibitor (E. Wang et al., 1991)  (Gelderblom et al., 1992; Marasas et 

al., 1988). Imipramine is a tricyclic antidepressant (Lepola et al., 2003) which has been 

shown to reduce ceramide production by decreasing aSMase activity in lysosomes 

(Albouz et al., 1983). GW 4869 is a non-competitive nSMase inhibitor (Luberto et al., 

2002). It has been used to study function of nSMase2 in cellular and animal models as 

part of studies in our laboratory and my thesis work. 

 
The second method of elucidating the cellular functions of ceramide is to add additional 

exogenous ceramide or ceramide analogs to cells in culture. Since long fatty acid chain 

length ceramides such as C16:0 and C18:0 are relatively hydrophobic molecules, water-

permeable synthetic short chain ceramide analogs, C2 ceramide (N-acetylsphingosine), 

C6 ceramide (N-hexanoylsphingosine), and C8 ceramide (N-octanoylsphingosine) have 

been widely used as more soluble substitutes (Fillet et al., 2003; Kong et al., 2015b; 

Nakabo & Pabst, 1997; Ogretmen & Hannun, 2004; G. Wang et al., 2005; Zhu et al., 

2014). It has been reported that depending on incubation time and concentration, 

incubation with short chain ceramides can induce cell death (Ogretmen & Hannun, 2004), 

up-regulate multidrug resistance proteins (MRPs) (Gouaze-Andersson et al., 2007), or 

increase secretion of extracellular vesicles in a variety of cell types (Kong et al., 2015b; 

G. Wang et al., 2012). To add exogenous natural ceramides in cell culture media, 2% 

dodecane-supplemented ethanol has been used to dissolve the long chain ceramides 

such as C16 (or longer) ceramide. Other structural analogs of ceramide (e.g. benzene-

C4-ceramide, C16-serinol, and 4,6- diene-ceramide) have been developed as ceramide 

mimics that have been shown to induce apoptosis in multiple cancer cells (Bieberich et 

al., 2000; Crawford et al., 2003; Struckhoff et al., 2004). Previously, our laboratory has 

developed ceramide analogs (e.g. N-oleoyl serinol, S18) derived from N-acylation of 
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serinol (Bieberich et al., 2002; Walter et al., 2016). Since S18 is relatively more 

hydrophilic than long chain ceramides, it is well suited for administration to cells in 

culture and animals. S18 was shown to be incorporated into cellular membranes, to 

activate PKCζ and to induce apoptosis in certain cancer cells (Bieberich et al., 2002; 

Bieberich et al., 2000; Bieberich et al., 2004; G. Wang et al., 2005). Furthermore, since 

S18 cannot be metabolized into ceramide derivatives, it is ideal as a reagent for studies 

to define the role of ceramide versus its metabolites. Most recently, an azido-N-oleoyl 

serinol analog has been developed (Walter et al., 2016).  

 
To study the intracellular accumulation and localization of ceramide, fluorescence 

labeling has become a general technique in cell biology. NBD-C6 ceramide and 

BODIPY-C5 ceramide are fluorescent analogs of ceramide that have been used to study 

intracellular lipid trafficking. Also, they have been used to selectively label the Golgi 

compartment in cells (Chen et al., 1981; Ralston, 1993; van 't Hof & van Meer, 1990). 

However, the concentration of these fluorescent ceramide analogs in the Golgi also 

shows the limitation of these analogs as a result of perturbation of the biophysical 

properties of ceramide by attachment of the fluorescent moiety. To overcome this 

limitation, initially non-fluorescent ceramide analogs have been developed to allow for a 

membrane distribution that recapitulates that of endogenous ceramide: azide-N-oleoyl 

serinol and pacFA ceramide (Haberkant et al., 2013; Walter et al., 2016). These 

ceramide analogs can be visualized by click chemistry-mediated modification with 

fluorophores. PacFA ceramide has an additional functional group, a diazirine group, 

which can be crosslinked to ceramide binding proteins. I have further developed this 

labeling method as part of Specific Aim 3 in my thesis. 

 
Recently, with siRNA and CRISPR-CAS9-mediated gene silencing, as well as SMase 

and CerS knockout mice, it has become possible to change the expression level of 
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enzymes involved with sphingolipid metabolism, which allows investigation of the cellular 

functions of ceramide and other sphingolipids in greater depth (Horinouchi et al., 1995; 

Mullen et al., 2011; Stoffel et al., 2005; Zumbansen & Stoffel, 2002).  

 
 
Breast cancer  

 
Breast cancer is the most common cancer and the leading cause of cancer-related 

death among woman worldwide (American Cancer Society, 2012). The primary 

modalities of cancer treatment are surgery, systemic therapy, and radiotherapy, alone or 

in combination. Currently, cyclophosphamide, doxorubicin, paclitaxel, and tamoxifen are 

frequently used chemotherapeutic agents to treat breast cancer.  

The first successful case of treating cancer with a chemotherapeutic agent was achieved 

in 1865 by Lissauer using potassium arsenite on a patient with chronic myelogenous 

leukemia (Papac, 2001). Unfortunately, patients treated with chemotherapy show 

incomplete remission and often suffered from multiple side effects and chemoresistance. 

Side effects and MDR has been a recurring problem faced during cancer therapy 

throughout medical history. One of our objectives is to develop a combination treatment 

that can increase the efficiency of chemotherapy treatment and minimize side effects 

and MDR.  

 
Multidrug resistance (MDR): breast cancer resistance protein 

 
MDR is a phenotype of cancer cells, which become resistant to multiple 

chemotherapeutic drugs. MDR can be acquired upon repeated chemotherapy, which 

leads to recurrent cancers becoming more resistant to treatment (Z. Wang & Chen, 

2013). Several mechanisms may be involved in making cancer resistant to 

chemotherapy. Entry of chemotherapeutic drugs into cancer cells can be decreased via 
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either a loss or a mutation of ABC transporters (Gottesman et al., 2002). 

Chemotherapeutic drugs can be removed from the cell by upregulating the level or 

activity of ABC transporters such as ABCB1, ABCG2, or MDR1 (Choi & Yu, 2013; 

Klaassen & Aleksunes, 2010; Minchinton & Tannock, 2006). Enhanced or acquired 

detoxification mechanisms such as upregulation of glutathione S-transferases, 

superoxide dismutases, or cytochrome P450 can reduce the efficiency of 

chemotherapeutic drugs (Hayes & Pulford, 1995; Saeidnia & Abdollahi, 2013; Thomas-

Schoemann et al., 2014). Loss of cell cycle checkpoints or deregulation of apoptotic 

pathways can prevent chemotherapy drug-induced cell death (Gottesman, 2002). Thus, 

in order to elevate the efficacy of chemotherapeutic drug-treatment, one or more of 

these mechanisms should be targeted and neutralized.  

 
Among these mechanisms, the ABC transporter proteins have been extensively 

examined as key components in the pathway that causes an MDR phenotype. There are 

two major transporters associated with MDR in mammalian cells: P-glycoprotein (ABCB1) 

(Ambudkar et al., 1999; Schinkel & Jonker, 2003) and breast cancer resistance protein 

(BCRP/ABCG2) (Allikmets & Dean, 1998; Brangi et al., 1999; L. A. Doyle et al., 1998). 

Several other studies have identified BCRP as responsible for the generation of a “side 

population” phenotype of stem cells. Unlike other ABC transporters, BCRP mediates 

Hoechst 33342 dye efflux in cells within the side-population (Nakanishi & Ross, 2012; 

Natarajan et al., 2012; Ni et al., 2010; Perez-Tomas, 2006). Thus, to overcome 

chemotherapeutic drug resistance, novel BCRP inhibitors are being investigated (Pavek 

et al., 2005). In addition to inhibition, elimination of BCRP from drug-resistant cancer 

stem (like) cells is a novel cancer treatment strategy that has been developed and 

extensively analyzed as part of my thesis work (Aim 1). 
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Cancer stem cells 

 
Stem cells have two unique properties: self-renewal and the ability to differentiate into 

different cell types, i.e. multi-potency (Becker et al., 1963; Siminovitch et al., 1963; Till & 

Mc, 1961; A. M. Wu et al., 1968). Distinct stem cell characteristics have been identified 

in cancers from the hematopoietic system, brain, and breast (Al-Hajj et al., 2003; Bonnet 

& Dick, 1997; Lapidot et al., 1994; Singh et al., 2004). The tumor-initiating cells, also 

termed “cancer stem cells”, have the capacity for self-renewal, the potential to develop 

into any cell in the overall tumor population, and the proliferative ability to drive 

continued expansion of the population of malignant cells (Jordan et al., 2006). In addition 

to having normal stem cell properties, the key feature of cancer stem cells is the ability to 

metastasize. Al-Hajj’s group showed for the first time that cells from breast cancer 

patients with a specific cell-surface antigen profile (CD44-positive and CD24-negative) 

could successfully establish themselves as tumor xenografts (Al-Hajj et al., 2003), which 

indicates that they can give rise to distant metastases. Since BCRP is highly expressed 

in cancer stem cells, chemotherapy often fails to eliminate cancer stem cells and may 

allow regrowth of the tumor. Cancer stem cell-targeted therapeutic strategies will 

eradicate tumors more effectively than current treatments and reduce the risk of relapse 

and metastasis. One of the most promising strategies to target metastasis is to re-

establish drug sensitivity in cancer stem cells, which is one of the objectives in Aim 1 of 

my thesis work.  

 
Exosomes 

 
Extracellular vesicles (EVs) are lipid vesicles released from cells by secretion (exosomes) 

or blebbing off the cell membrane (microvesicles and apoptotic bodies). Initially, EVs 

were considered to be membrane debris without any biological function. However, Graca 
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Raposo first described a biological function of EVs in long distance cell-cell 

communication (Raposo et al., 1996). The three main classes of EVs are exosomes, 

microvesicles, and apoptotic bodies, which are classified based on their cellular origin 

and/or biological functions (S et al., 2013). Here, we focus on exosomes, small 

membrane vesicles of endosomal origin that are secreted by cells. Exosomes (50-

150nm in diameter) are formed inside of large multivesicular endosomes (MVEs) 

(Harding et al., 1983; B. T. Pan et al., 1985). After fusion of MVEs with the plasma 

membrane, the internal vesicles are secreted as exosomes into the extracellular 

environment (Stahl & Barbieri, 2002). 

 
The molecular composition of exosomes has been analyzed by proteomics, lipidomics, 

and RNA or DNA sequencing. Exosomes contain both, ubiquitous and cell-specific 

cytosolic and membrane proteins. Recently, it has been demonstrated that exosomes 

also contain mRNAs, miRNAs and proteins for transferring genetic and proteomic 

information to target cells as a way of cell-to-cell communication (Dinkins et al., 2014; 

Skog et al., 2008; Suetsugu et al., 2013; Valadi et al., 2007; G. Wang et al., 2012). Like 

other cells, cancer cells actively release their exosomes into the tumor microenvironment 

and peripheral blood of cancer patients. In my thesis work, I have focused on the unique 

properties of lipids, particularly ceramide, for exosome formation/secretion and function 

in cancer cells, and in particular reduction of MDR in cancer stem-like cells. Based on 

this work and other studies in our laboratory, we have identified exosomes as a 

ceramide-enriched, extracellular compartment, which is initially formed within MVEs, but 

then secreted to function outside of cells (Dinkins et al., 2015; Kong et al., 2015b; G. 

Wang et al., 2012). Another ceramide-enriched compartment are the cilia that are 

“attached” to cells, but act on the extracellular environment.   
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Motile cilia – propellers of body fluid  

 
Cilia are membrane organelles with sensory (primary cilia) and motor function (motile 

cilia). Motile cilia were first described by the Dutch scientist Antonie van Leeuwenhoek 

(Brown & Witman, 2014). Cilia are hair-like structures that protrude from the cell surface 

into the fluid surrounding the cell. In contrast to primary cilia, motile cilia contain a 9+2 

axoneme of microtubules with dynein motor proteins that mediate motility. Many types of 

single-celled eukaryotes have cilia, which helps these cells to swim in search of food,  to 

sense the environment or to find a cell for mating (sperm cells in many plants and 

animals). Because cilia and flagella have nearly identical structures, the term cilia and 

flagella can be used interchangeably.  

 
In animals, motile cilia are formed on specialized cells, e.g., cells of the lung and oviduct 

epithelia or ependymal cells lining the ventricles in the brain (Brown & Witman, 2014). 

The wide distribution of motile cilia throughout the body explains why dysfunction of 

motile cilia, such as in primary ciliary dyskinesia (PCD), causes multi-symptomatic 

disorders (Afzelius, 1976; Ibanez-Tallon et al., 2004). Research on motile ciliopathies 

has mainly focused on protein mutations, while the role of lipids is under investigated. 

 
Cilium structure and formation 

 
Motile cilia and flagella are composed of a central bundle of microtubules, called an 

axoneme, which has a central pair of singlet microtubules (i.e., 9+2 arrangement) and 

the motor protein dynein attached to the nine outer doublet microtubules. The radial 

spokes and central microtubule projections are substructures to generate and regulate 

cilium motility. The axoneme is continuous with the nine triplet microtubules of the basal 

body, a cylindrical structure derived from mitotic centrioles (Cohen et al., 1988; Sorokin, 

1962). From the basal body, ciliogenesis is initiated by forming the pro-cilium, a short 
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stub detectable on the cell surface. Elongation of the pro-cilium and cilium relies on the 

traffic of cargo proteins mediated by transporting proteins along the axoneme to the tip 

of the cilium. The traffic of cargo proteins is mediated by transporting proteins, called 

intraflagellar transport proteins (IFT proteins) along the doublet microtubules. Each 

doublet microtubule consists of A and B-tubules, or subfibers. The A-tubule is a 

complete microtubule with 13 parallel protofilaments, while the B-tubule is composed of 

10 protofilaments (Downing & Sui, 2007). The protofilaments are generated by the 

polymerization of α-tubulin and β-tubulin, a process which is powered by GTP. 

Microtubules are polarized with a plus end and a minus end (Haimo & Rosenbaum, 1981; 

Sui & Downing, 2006), with tubulin added to the plus end at the distal tip (Johnson & 

Rosenbaum, 1992; Witman, 1975). To form a functional microtubule, post-translational 

modification of tubulin is required: acetylation, palmitoylation, tyrosination/detyrosination, 

glutamylation, glycylation and ∆2 modification (Janke & Kneussel, 2010). Among them, 

acetylation is the most common modification to increase the stability of microtubules, 

although it is still unknown if acetylation enables microtubule stabilization or results from 

it (Castro-Castro et al., 2012). There are two major tubulin deacetylases: histone 

deacetylase 6 (HDAC6) and sirtuin type 2 (SIRT2), which colocalize and interact with 

each other (Hubbert et al., 2002; North et al., 2003). The enzyme with opposing function 

is α-tubulin acetyltransferase 1 (αTAT1) which is exclusively conserved in organisms 

with ciliated cells. The balance of activity between deacetylases and αTAT1 determines 

the stability of microtubules (Li et al., 2012; Shida et al., 2010). 

 

Model organisms in cilium research: Chlamydomonas reinhardtii 

 
The biflagellated, unicellular green algae Chlamydomonas reinhardtii is a bona fide 

model to study the function, structure, and assembly of cilia. Important ciliary proteins 



  

  24 

have been identified using Chlamydomonas mutants. For example, proteomic analysis 

of the Chlamydomonas reinhardtii flagellum has revealed over 600 different ciliary 

proteins (Pazour et al. 2005). There are several reasons why Clamydomonas has been 

using to study ciliogenesis. Firstly, regardless of their differences, cilia and flagella have 

fundamentally the same structure. Also, it is very easy and inexpensive to grow large 

quantities of algae in the laboratory. Isolation of flagella by mechanical or chemical 

methods provides flagella in good purity and high yield. The deflagellated cells quickly 

regenerate new flagella. In addition, Chlamydomonas flagella are longer, up to 30μm 

long, while animal cilia are short, around 5-10μm long. Thus, a variety of microscopy 

techniques can be applied to understand flagella structure and function. Since the cross-

sectional structure of Chlamydomonas flagella and mammalian motile cilia is highly 

conserved, it is a great model to study evolutionarily conserved mechanisms of cilium 

regulation and the dysregulation that underlyies ciliopathies. 

 
Motile cilia in ependymal cells 

 
The ependyma, named after the Greek expression for “covering”, is the thin epithelial-

like lining of the ventricular system of the brain and the central canal of the spinal cord 

(Del Bigio, 2010). It is made up of ependymal cells, which are a type of glial cells of the 

central nervous system derived from neural stem cells. Ependymal cells form a layer of 

cuboidal epithelium. The surface of the apical layer that faces the ventricles is covered 

with motile cilia and microvilli. The motile cilia propel and circulate CSF in the central 

nervous system (CNS). One of the main ependaymal cell functions is to form a barrier 

between the CSF and the interstitial fluid. The second is to participate in secretion of 

CSF. Patients with PCD have a greatly increased incidence of hydrocephalus, which is 

an abnormal accumulation of CSF in the ventricles of the brain that leads to an 

enlargement of the head. The disease is due to defective motility of the ependymal cilia 
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that help circulate the CSF (Ibanez-Tallon et al., 2004). It has been described that 

ependymal cilia abnormality is observed in ependymona, which is a tumor of the 

ependymal in the fourth ventricle (Ho, 1986; Kubota et al., 1986). Most studies on 

ependymal cilia abnormalities have focused on the role of proteins in the regulation of 

cilia, and little is known about the role of lipids in pathology.   
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Novelty and impact statement: Reduction of BCRP by ceramide-induced exosome 

secretion is a novel observation, which is likely to be of impact for potential adjuvant 

breast cancer therapy.  
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Abstract 

 
Many breast cancer cells acquire multidrug resistance (MDR) mediated by ABC 

transporters such as breast cancer resistance protein (BCRP/ABCG2). Here we show 

that incubation of human breast cancer MDA-MB-231 cells with farnesoid X receptor 

antagonist guggulsterone (gug) and retinoid X receptor agonist bexarotene (bex) 

elevated ceramide, a sphingolipid known to induce exosome secretion. The gug+bex 

combination reduced cellular levels of BCRP to 20% of control cells by inducing its 

association and secretion with exosomes. Exogenous C6 ceramide also induced 

secretion of BCRP-associated exosomes, while siRNA-mediated knockdown or 

GW4869-mediated inhibition of neutral sphingomyelinase 2 (nSMase2), an enzyme 

generating ceramide, restored cellular BCRP. Immunocytochemistry showed that 

ceramide elevation and concurrent loss of cellular BCRP was prominent in Aldefluor-

labeled breast cancer stem-like cells.  These cells no longer excluded the BCRP 

substrate Hoechst 33342 and showed caspase activation and apoptosis induction. 

Consistent with reduced BCRP, ABC transporter assays showed that gug+bex increased 

doxorubicin retention and that the combination of gug+bex with doxorubicin enhanced 

cell death by more than 5-fold. Taken together, our results suggest a novel mechanism 

by which ceramide induces BCRP secretion and reduces MDR, which may be useful as 

adjuvant drug treatment for sensitizing breast cancer cells and cancer stem cells to 

chemotherapy. 
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Introduction 
 
Many breast cancer cells acquire multidrug resistance (MDR) by up-regulating the level 

or activity of a variety of MDR-mediating proteins, most of which are ATP binding 

cassette (ABC) transporters, increasing the efflux of hydrophobic compounds that are 

endogenous lipids or cytotoxic agents (Choi & Yu, 2013; Klaassen & Aleksunes, 2010). 

Most recently, another form of acquired MDR has been described that relies on the 

transfer of extracellular lipid vesicles or microparticles from a drug-resistant to a drug-

sensitive cancer cell (Bebawy et al., 2009; Gong et al., 2012; Jaiswal et al., 2013; Lopes-

Rodrigues et al., 2013; Wright, 2008). Extracellular lipid vesicles (EVs) can be shed from 

the cell membrane (microvesicles, microparticles, or ectosomes) or secreted as 

multivesicular endosome-derived exosomes (S et al., 2013; Stahl & Barbieri, 2002; 

Trajkovic et al., 2008; G. Wang et al., 2012; H. G. Zhang & Grizzle, 2014). They can 

carry miRNAs or ABC transporters that confer MDR to the drug-sensitive cell. However, 

previous studies have not reported that EVs may restore drug sensitivity by depleting 

ABC transporters from the drug-resistant cell. In particular, cancer stem cells are often 

resistant to drugs and give rise to metastasis. Therefore, inducing secretion of 

microvesicle- or exosome-associated ABC transporters may be a strategy for adjuvant 

cancer treatment by restoring drug sensitivity in cancer and cancer stem cells 

(Gangopadhyay et al., 2013; Iqbal et al., 2013; Ischenko et al., 2008; Morrison et al., 

2008; S. Spassieva & Bieberich, 2011).  

 
Ceramide is a sphingolipid that induces secretion of exosomes (Trajkovic et al., 2008; 

Truman et al., 2012; G. Wang et al., 2012). It is primarily generated by de novo 

biosynthesis in the endoplasmic reticulum (ER) or by hydrolysis of sphingomyelin in the 

plasma membrane and endolysosomes. We have found that the nuclear bile acid or 

farnesoid X receptor (FXR) antagonist guggulsterone (gug) activates neutral 
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sphingomyelinase 2 (nSMase2) in murine breast cancer 4T1 cells, which is then 

followed by induction of apoptosis due to elevation of ceramide (Krishnamurthy et al., 

2008). Recently, we have shown that activation of nSMase2 induces exosome secretion 

in astrocytes (G. Wang et al., 2012). Therefore, we hypothesized that elevation of 

ceramide by activation of nSMase2 will also enhance secretion of exosomes and their 

association with ABC transporters in breast cancer cells.  

 
We observed that the nuclear retinoid X receptor (RXR) agonist bexarotene (bex) 

elevates ceramide in human breast cancer MDA-MB-231 cells. Therefore, we 

hypothesized that the combination of gug and bex (gug+bex) will synergistically induce 

ceramide generation and secretion of exosome-associated ABC transporters. Among 

the proteins tested, breast cancer resistance protein (BCRP/ABCG2), a doxorubicin 

efflux transporter that is highly expressed in breast cancer stem cells (Britton et al., 

2012; Choi & Yu, 2013; L. Doyle & Ross, 2003; Natarajan et al., 2012; Ni et al., 2010), 

was found to be depleted from MDA-MB-231 cells in response to gug+bex treatment. 

Our data suggest that gug+bex-induced ceramide generation leads to robust reduction 

of BCRP due to its association and secretion with exosomes. We reasoned that this 

mechanism sensitized breast cancer cells and breast cancer stem-like cells to 

doxorubicin-induced cell death.  
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Results 

 
Exogenous and endogenous ceramide induce secretion of exosome-associated 

BCRP 

 
Our studies and those from other groups have shown that ceramide is instrumental in 

the formation and secretion of exosomes (Dinkins et al., 2014; Trajkovic et al., 2008; G. 

Wang et al., 2012). In addition, it has been shown that secreted EVs can carry ABC 

transporters to increase MDR of recipient cells (Bebawy et al., 2009; Goler-Baron & 

Assaraf, 2011; Jaiswal et al., 2013; Jaiswal et al., 2014). Our approach differed from 

these previous studies by hypothesizing that ceramide-induced secretion of EV-

associated ABC proteins will primarily reduce MDR of the donor cells. To test this 

hypothesis, we determined the level of BCRP in MDA-MB-231 cells incubated with 5 μM 

C6 ceramide and in EVs isolated from the medium supernatant. Long-term incubation 

(>72 h) with short-chain ceramides has been shown to up-regulate multidrug resistance 

proteins (MRPs) such as MDR1(Gouaze-Andersson et al., 2007), while short-term 

incubation (24 h) has been found to increase secretion of exosomes (G. Wang et al., 

2012), potentially associated with MRPs. Figure 2A and B and Figure 7A and B show 

that exogenous C6 ceramide reduced the level of intracellular BCRP to 30% of vehicle-

treated control cells, while the amount of EV-associated BCRP was increased by 3-fold. 

EV association of BCRP was confirmed by sucrose density gradient centrifugation 

showing that BCRP and the exosome markers Alix1 and TSG101 were co-distributed to 

fractions with the same sucrose density (Figure 2C). Interestingly, the two bands at 72 

kDa observed for the BCRP signal on immunoblots were distributed to different sucrose 

density fractions, suggesting that the two BCRP isoforms, possibly the glycosylated and 

non-glycosylated forms of BCRP (Nakagawa et al., 2009), were associated with distinct 

EV populations. To test if C6 ceramide-induced EVs contain a proportion of apoptotic 
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bodies that may also carry BCRP, we removed apoptotic bodies by filtering (0.22 μm) 

medium supernatants prior to EV preparation by the Total Exosome Isolation Reagent. 

Figure 8 shows that filtration reduced the level of BCRP by 40%, suggesting that about 

60% of BCRP was associated with EVs that were distinct from apoptotic bodies or large 

microvesicles.   
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Figure 2. Incubation of MDA-MB-231 cells with exogenous C6 ceramide reduces cellular 

BCRP protein levels and induces secretion of EV-associated BCRP. 

Cells were incubated with 5 μM C6 ceramide for 24 h and the cellular (A) and EV-associated (B) 

BCRP levels determined by immunoblot with protein derived from cell lysates and ultracentrifuged 

medium supernatant, respectively. C. BCRP, Alix, and TSG101 levels in subsequent sucrose 

density fractions show that the 72 kDa BCRP isoform is co-distributed with exosomal marker 

proteins.  
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To determine the physiological significance of C6 ceramide-induced secretion of EVs, 

we tested if elevation of endogenous ceramide also increased secretion of EV-

associated BCRP. We and others have shown that elevation of endogenous ceramide 

by activation of nSMase2 increases exosome formation or secretion (Dinkins et al., 

2014; Trajkovic et al., 2008; G. Wang et al., 2012). Further, we have demonstrated that 

in breast cancer cells, this activation is achieved by incubation with the FXR antagonist 

guggulsterone (gug) (Krishnamurthy et al., 2008). Figure 3A and B show that the 

combination of gug with bexarotene (bex), an agonist of the FXR heterodimer binding 

partner RXR, increased ceramide levels in MDA-MB-231 cells 4-fold. Ceramide 

elevation by gug, bex, or gug+bex did not alter BCRP mRNA levels (Figure 9A). 

However, Figure 3C and Figure 7C show that ceramide elevation was concurrent with 

reduction of the cellular BCRP protein level by 50% with gug (lane 3), and was 

dramatically enhanced (>80%) when using the gug+bex combination (lane 4). 

Interestingly, gug+bex also reduced the protein levels of FXR and RXR (Figure 9B), 

consistent with previous studies suggesting that nuclear receptors are proteolytically 

degraded when occupied by single agonists (Osburn et al., 2001). Proteolytic 

degradation of RXR was confirmed by partial inhibition of gug+bex-induced degradation 

with the proteasome inhibitor MG132 (lane 7 in Figure 9C). In contrast, gug+bex-induced 

reduction of the BCRP level was not prevented by MG132 (lane 7 in Figure 9D), but by 

inhibiting nSMases with GW4869 (lane 5 in Figure 3C). This effect was specific for 

nSMase2 since knockdown using siRNA reduced mRNA for nSMase2 and restored 

BCRP protein levels in gug+bex-treated cells (Figure 3D and E and Figure 7D and E).  

Therefore, our results suggested that gug+bex treatment reduced BCRP by activation of 

nSMase2 and elevation of endogenous ceramide.  Figure 3F and G and Figure 7F and 

G show that reduction of cellular BCRP was concurrent with increased secretion of EV-

associated BCRP, suggesting that elevation of endogenous ceramide by gug+bex has a 



  

  36 

similar effect as incubation with exogenous ceramide (Figure 2A and B). Gug+bex 

incubation also increased Alix1 levels in the medium-derived ultracentrifugation pellet, 

suggesting that EVs were of exosomal origin (Figure 3G, lane 4). In addition, BCRP and 

Alix were concentrated in the pellet of the Total Exosome Isolation Reagent assay 

(Figure 3H, lane 2), a specific isolation method for exosomes from cell culture media, 

further suggesting that elevation of EV-associated BCRP was due to increased secretion 

of exosomes. To investigate the possibility that a proportion of BCRP was associated 

with apoptotic bodies, we used a filtration method as described for C6 ceramide-induced 

EV secretion. Figure 8A and B shows that >90% of BCRP was recovered from the EV 

pellet after centrifugation of the medium filtrate, suggesting that BCRP was associated 

with EVs that were distinct from apoptotic bodies and larger microvesicles. We and 

others reported that inhibition of sphingomyelin synthase enhances exosome secretion, 

probably by elevation of ceramide due to prevention of its conversion to sphingomyelin 

(Dinkins et al., 2014; Yuyama et al., 2012). Consistent with ceramide-induced exosome 

secretion, the sphingomyelin synthase inhibitor MS-209 (Dofequidar) (Robert, 2004) also 

reduced cellular BCRP levels by elevating secretion of EV-associated BCRP (Figure 3G, 

lanes 2 and 3). In addition, inhibition of nSMase2 with GW4869 reduced the level of 

BCRP and Alix in the Total Exosome Isolation Reagent pellet (Figure 3H, lane 3), 

supporting the hypothesis that elevation of ceramide by gug+bex-induced activation of 

nSMase2 triggers secretion of EV-associated BCRP. 
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Figure 3. Treatment with gug+bex increases ceramide levels by activation of nSMase2 and 

reduces BCRP protein levels. 

A. Ceramide level in MDA-MB-231 cells incubated for 24 h with 50 μM gug, 5 μM bex, or a 

combination of the two reagents (GB). Lipids were isolated and separated by thin layer 

chromatography. B. Quantification of ceramide as shown in A. N = 3, **p<0.01 for gug+bex (GB) 

vs. control (Con). C. Immunoblot using protein from MDA-MB-231 cells. Cells were incubated for 

24 h with 50 μM gug, 5 μM bex, or a combination of the two reagents (GB). In addition, cells were 

pre-incubated with 10 μM GW4869 prior to gug+bex treatment. D, E. mRNA level of nSMase2 (D) 
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and protein level of BCRP (E) in cells with knocked down nSMase2. Cells were transfected with 

scrambled control or nSMase2-specific siRNA 72 h prior to incubation with gug+bex for another 

48 h. N = 3. F,G. Cellular (F) and EV-associated (G) BCRP after incubation for 24 h with MS209 

(lanes 2 (20 μM) and 3 (40 μM)) or gug+bex. H. EV-associated BCRP and Alix after incubation 

with gug+bex (GB, lane 2), 20 μM GW4869 and gug+bex (GW+GB, lane 3), and 20 μM GW4869. 
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Gug+bex-induced ceramide elevation is concurrent with down-regulation of BCRP 

and induction of apoptosis in cancer and cancer stem-like cells  

 
To determine if cells with elevated ceramide contain less BCRP and whether ceramide 

elevation by gug+bex treatment down-regulates BCRP, we performed 

immunocytochemistry using antibodies against ceramide and BCRP. Apoptotic cells 

were detected using TUNEL assays. Figure 4A and Figure 10A and B show that in 

gug+bex-treated MDA-MB-231 cells, higher levels of ceramide signals were colocalized 

with lower signals for BCRP. A quantitative image analysis showed that gug+bex 

treatment increased the ceramide signal by about 30% and reduced the BCRP signal by 

about 40% (Figure 10C). There appeared to be a discrepancy in the analysis of 

ceramide by HPTLC (4-fold increase, Figure 3A and B) and BCRP by immunoblot (80% 

reduction, Figure 3C), suggesting that the latter two methods are more accurate when 

determining actual quantities.  

 
In a proportion of cells (ca. 20%), ceramide elevation was also correlated with TUNEL 

labeling or DAPI staining for condensed nuclei (Figure 4A and B), indicative of 

apoptosis. In TUNEL(+) cells, ceramide elevation was concurrent with a dramatic loss of 

BCRP labeling (Figure 11A), consistent with the observation that ceramide elevation was 

correlated with down-regulation of BCRP and induction of cell death (Figure 4A). It is 

known that BCRP is most elevated in breast cancer stem cells, thereby mediating drug 

resistance in a cell type that is highly tumorigenic and metastatic (Choi & Yu, 2013; L. 

Doyle & Ross, 2003; Meissner et al., 2006; Natarajan et al., 2012; Ni et al., 2010). Since 

our previous study showed that gug induces ceramide generation and apoptosis in 

cancer stem-like 4T1 cells, we tested if gug+bex also elevated ceramide and reduced 

BCRP in cancer stem-like MDA-MB-231 cells (Krishnamurthy et al., 2008). Figure 4B 

and Figure 11B show that BCRP reduction induced by gug+bex treatment was 



  

  40 

prominent in Aldefluor(+) cancer stem-like cells, which amounted to about 10% of the 

total cell population, consistent with previous reports on the proportion of Aldefluor(+) 

cancer stem-like cells in MDA-MB-231 cell culture (Croker et al., 2008). In control cells, 

the Aldefluor(+) signal was concurrent with low ceramide labeling (Figure 12), 

suggesting that prior to gug+bex treatment, cancer stem-like cells were not prone to 

ceramide-induced apoptosis. Figure 4C (control) and D (gug+bex-treated) shows that 

gug+bex treatment induced ceramide elevation, which was concurrent with activation of 

caspases (FLICA assay). Further, gug+bex treatment abolished Hoechst exclusion in 

cancer stem-like cells, indicating that BCRP mediation of efflux of its substrate Hoechst 

33342 dye was decreased in these cells. Based on the observation that gug+bex 

treatment almost completely abolished BCRP staining on immunoblots (Figure 3C, F), 

but induced apoptosis in <20% of the cells, we concluded that ceramide-induced BCRP 

reduction concurrent with apoptosis was most prominent in the small proportion of 

cancer stem-like cells.  
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Figure 4. Gug+bex-induced elevation of ceramide level is concurrent with down-regulation 

of BCRP and apoptosis in cancer cells and cancer stem-like cells.  

 
Cells were incubated for 24 h with gug+bex and then immunocytochemistry or live cell enzyme 

assays performed. A. Immunocytochemistry (confocal fluorescence microscopy) using antibodies 

against ceramide and BCRP, and TUNEL assay. DIC, differential interference contrast. B. 

Immunolabeling of BCRP after Aldefluor assay for cancer stem-like cells. C,D. Epifluorescence 

image of live cells of untreated control (C) or after incubation with gug+bex (D) and FLICA 

analysis for apoptosis, Aldefluor, and Hoechst 33342 (Hoechst exclusion) assays. Note that after 
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gug+bex treatment, Aldefluor (+) cancer stem-like cells show activation of caspases (FLICA (+)) 

and lose the ability to exclude Hoechst 33342 dye. FLICA, fluorescence labeled inhibitor of 

caspases; PC, phase contrast.  
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Gug+bex-induced BCRP down-regulation sensitizes MDA-MB-231 cells toward 

doxorubicin-induced cell death 

 
Next, we tested if reduced BCRP levels were correlated with decreased MDR. BCRP 

mediates MDR to a variety of drugs, among which some are known to induce apoptosis 

in breast cancer cells by increasing the level of ceramide (Kawase et al., 2002; Senkal et 

al., 2007). We focused on doxorubicin because: a) it has been reported to elevate 

ceramide levels (Kawase et al., 2002; Senkal et al., 2007), and b) chemotherapy of triple 

(estrogen receptor, Her2/neu, progesterone receptor) negative breast cancer cells with 

this drug is severely hampered by BCRP-mediated MDR (Samanta et al., 2013). To test 

if gug+bex incubation increased the drug sensitivity of MDA-MB-231 cells, we monitored 

the increase of intracellular fluorescence that is associated with retention of doxorubicin 

in cells with reduced MDR. Figure 5 shows that incubation with gug or gug+bex  led to a 

3-fold increase in doxorubicin retention in cells (Figure 5A), concurrent with increased 

fluorescence signal and dramatically altered morphology of the cells  (Figure 5B). 

Doxorubicin retention was also found in Aldefluor (+) cells (Figure 13), indicating that 

ceramide-mediated BCRP down-regulation (Figure 4B-D) reduced MDR in cancer stem-

like cells. Consistent with enhanced sensitivity of MDA-MB-231 cells toward doxorubicin, 

cell survival was reduced to less than 20% in gug+bex and doxorubicin-treated cells, 

while doxorubicin by itself, the gug+bex combination without doxorubicin, or the 

combination of doxorubicin with either gug or bex only moderately affected survival 

(Figure 6A and B and Figure 14A). Induction of apoptosis in gug+bex and doxorubicin-

treated cells was inhibited by GW4869 (Figure 14B), consistent with the critical function 

of nSMase2 in sensitization of MDA-MB-231 cells to doxorubicin and induction of 

apoptosis. In summary, our results suggest that gug+bex enhances or restores 

sensitivity to doxorubicin chemotherapy, which leads to induction of cell death. 
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Figure 5. Gug+bex treatment leads to retention of doxorubicin due to loss of MDR. 

 
Cells were incubated for 24 h with 50 μM gug, 5 μM bex, or a combination of the two reagents 

(GB), followed by treatment with doxorubicin (dox) for another 24 h. A. Doxorubicin retained 

within the cells was extracted with methanol and the relative fluorescence determined using a 
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cytofluor fluorescence reader. **p < 0.01 for gug+bex vs. control and gug vs. control. *p<0.05 for 

gug+bex vs. gug. B. Epifluorescence image showing the effect of doxorubicin on morphology and 

fluorescence of gug+bex-treated cells. Note the robust retention of doxorubicin and aberrant 

morphology of gug+bex-treated cells, which was not found when cells were only incubated with 

doxorubicin. 
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Figure 6. Gug+bex treatment sensitizes MDA-MB-231 cells to doxorubicin-inducible cell 

death.  

Cells were pre-treated for 24 h with gug+bex and then for another 24 h with 1 μM doxorubicin 

(dox). A. Cell survival of MDA-MB-231 cells analyzed using the MTT assay. ***p < 0.001 for 

gug+bex+dox (GBD) vs. control, GB, and Dox. B. Phase contrast image of cells treated as in A.  
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Discussion  

 
Anthracyclines such as daunomycin and doxorubicin are among the most commonly 

used chemotherapeutics in a variety of cancers, including leukemia and breast cancer. 

However, cancer cells often acquire MDR, compromising drug efficacy and ultimately, 

severely increasing mortality in patients undergoing chemotherapy. There are many 

adaptive responses mediating MDR including down-regulation of pro-apoptotic factors, 

up-regulation of cell survival factors, alteration of cell cycle regulatory factors and 

probably the most problematic, expression or activation of ABC proteins, which are 

mainly comprised of pumps that neutralize the drug by transporting it out of its target 

compartment or the entire cell.    

 
The family of ABC transporters consists of 19 members, of which BCRP/ABCG2 is 

highly expressed in cancer stem-like cells (Nakanishi & Ross, 2012; Natarajan et al., 

2012; Ni et al., 2010; Perez-Tomas, 2006). BCRP was cloned in 1998 and comprises a 

72 kDa protein that forms disulfide bridge-stabilized homodimers or homomultimers in 

the plasma membrane and can be N-glycosylated (Ni et al., 2010). Most recently, 

plasma membrane-derived vesicles termed microvesicles, microparticles, or ectosomes 

have been found to transfer ABC transporters from drug-resistant to drug-sensitive 

cancer cells, thereby rendering the recipient cells drug resistant (Bebawy et al., 2009; 

Gong et al., 2012; Jaiswal et al., 2013; Wright, 2008). EVs have also been reported to 

alter target tissue for migrating tumor-initiating cells, thereby generating a hospitable 

microenvironment for metastasis (Kahlert & Kalluri, 2013; Webber et al., 2015). Our 

approach differed from previous studies in that we tested whether induced secretion of 

EV-associated ABC transporters can deplete the resistant cells of MDR, which ultimately 

makes them sensitive to chemotherapeutics such as doxorubicin. Moreover, we tested if 

this mechanism is critical for drug sensitization of cancer stem-like cells. 
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Breast cancer stem-like cells are often found within a side population of cells that 

exclude Hoechst 33342, a BCRP substrate and DNA intercalating dye (L. Doyle & Ross, 

2003; Komuro et al., 2007; C. Wu & Alman, 2008). Breast cancer stem-like cells are 

considered a model for cancer stem cells found in tumors of breast cancer patients that 

are highly metastatic. Accordingly, elevated BCRP expression is also found in cancer 

stem cells of the most aggressive (invasive) and doxorubicin-resistant tumors in humans 

(Nakanishi & Ross, 2012). Therefore, finding treatment strategies that down-regulate or 

eliminate BCRP and potentially, other ABC transporter proteins in cancer cells and 

cancer stem-like cells will tremendously strengthen chemotherapy for breast cancer.  

 
Based on our previous studies showing that cancer stem-like cells (4T1 cells) increase 

ceramide levels when incubated with gug (Krishnamurthy et al., 2008), we tested 

whether this will induce secretion of EVs. Interestingly, combining gug with bex further 

elevated ceramide levels and the secretion of EV-associated BCRP. Bex is a rexinoid 

agonist of RXR, a nuclear receptor that forms heterodimers with FXR, the receptor for 

gug (Zimber & Gespach, 2008). Bex (Targretin) is already in clinical use as a 

chemotherapeutic to treat cutaneous T-cell lymphoma, has undergone a clinical phase II 

study for treatment of advanced breast cancer, and has been suggested for treatment of 

Alzheimer’s disease (Cramer et al., 2012; Straus et al., 2014). Gug or guggu lipid is a 

sterol antagonist of FXR, is available as a dietary supplement, and has been used in 

numerous clinical trials demonstrating its cholesterol-lowering activity (Shishodia et al., 

2008). Gug has also been shown to induce apoptosis in a variety of cancer cells 

(Samudio et al., 2005). 

 
In previous studies, gug or bex have been found to lower multidrug resistance, including 

that against doxorubicin in breast cancer cells (Xu et al., 2012; Yen & Lamph, 2005). 
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However, these previous studies did not combine gug and bex, did not test the effect on 

ceramide and cancer stem-like cells, and did not invoke EV-associated secretion of 

BCRP and other ABC transporters as a potential mechanism. In particular, the effect of 

gug+bex-induced activation of nSMase2 on EV-associated secretion of BCRP is 

intriguing, since nSMase2 is known to be instrumental for exosome formation (Dinkins et 

al., 2014; Trajkovic et al., 2008; G. Wang et al., 2012; Yuyama et al., 2012). ABC 

transporters have previously been detected on cell membrane-derived microvesicles or 

microparticles (Goler-Baron & Assaraf, 2011). There is very little information on the 

secretion of BCRP or other ABC transporters in exosomes, which are derived from the 

multivesicular endosome. To our knowledge, our study shows, for the first time, that 

BCRP is associated and secreted with EVs induced by nSMase2. The result that EV 

secretion is dependent on sphingomyelinase-generated ceramide is supported by the 

observation that MS-209, an anti-cancer drug that has been reported to inhibit 

sphingomyelin synthase (Robert, 2004), also induces secretion of EV-associated BCRP. 

Our laboratory and other groups have reported that inhibition of sphingomyelin synthase 

is a potent method to enhance exosome formation and secretion, most likely due to 

elevation of ceramide that is not converted to sphingomyelin (Dinkins et al., 2014; G. 

Wang et al., 2012). Therefore, activation of nSMase2 and inhibition of sphingomyelin 

synthase may be promising new approaches to reduce levels of cellular ABC 

transporters by inducing their association and secretion with exosomes.            

 

To date, however, it is not clear how gug+bex activates nSMase2 and generates 

ceramide for EV association of BCRP. Our previous study suggested that gug down-

regulates VEGF receptor (Flk-1) expression and, in turn, Flk-1-mediated inhibition of 

nSMase2 (Krishnamurthy et al., 2008). Alternatively, alteration of cellular lipid 

metabolism or redox potential by gug or gug+bex may trigger activation of nSMase2 and 
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elevation of ceramide levels. This may also explain the reduction of BCRP levels, which 

we have previously suggested to be up- and down-regulated by sphinomyelin and 

ceramide, respectively (S. Spassieva & Bieberich, 2011). The precise mechanism of this 

regulation by the interplay of sterols or other nuclear receptor ligands (such as gug and 

bex) and sphingolipids (such as sphingomyelin and ceramide) is currently being 

investigated in our laboratory.  

 
The gug+bex-mediated down-regulation of BCRP, concomitant with tremendously 

enhanced apoptosis induced by doxorubicin, suggests that gug+bex is a  promising drug 

combination for adjuvant chemotherapy of breast cancer. Of particular importance is the 

observation that reduction of BCRP levels and induction of apoptosis was prominent in 

breast cancer stem-like cells. Considering the high metastatic potential of cancer stem-

like cells, gug+bex adjuvant therapy may prevent metastasis in breast cancer. Therefore, 

our results suggest that adjuvant lipid therapy using the gug+bex combination may offer 

an efficient approach to restore or increase sensitivity of drug-resistant cancer cells in 

anti-metastatic breast cancer chemotherapy.   

 

Materials and Methods 
 
 
Materials 
 
 
MDA-MB-231 cells were obtained from Dr. John Cowell, Georgia Regents University 

Cancer Center, who tested these cells by a comparative genomic hybridization (CGH) 

analysis. The cells revealed copy number changes characteristic of this cell line (Teng et 

al., 2011). DMEM and penicillin/streptomycin were from Cellgro (Manassas, VA, USA) 

and Gibco (Grand Island, NY, USA). Fetal bovine serum (FBS) was from Atlanta 

Biologicals (Lawrenceville, GA, USA). BCRP antibody was from Enzo Life Sciences 
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(Farmingdale, NY, USA). Anti-ceramide rabbit IgG was generated in our laboratory as 

described previously (Krishnamurthy et al., 2007a). Anti-ceramide mouse IgM 

(MAS00014) was from Glycobiotech (Kuekels, Germany). Z-guggulsterone (gug) was 

from Steraloids, Inc (Newport, RT, USA). Bexarotene (bex) and anti-actin mouse IgG 

were from Santa Cruz Biotechnology (Dallas, TX, USA).  Doxorubicin, MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay kit, and Fluoroshield 

supplemented with DAPI were from Sigma-Aldrich (St. Louis, MO, USA). Cy3-

conjugated goat anti-rat IgG, Cy5-conjugated donkey anti-mouse IgM, μ-chain specific, 

and Alexa fluor 647-conjugated goat anti-mouse IgG γ-chain specific were from Jackson 

ImmunoResearch (West Grove, PA, USA). The in situ terminal dUTP nick-end labeling 

(TUNEL) fluorescence staining kit was from Roche (Indianapolis, IN, USA). The 

sulforhodamine fluorochrome inhibitor of caspases (SR-FLICA) in vitro poly caspase kit 

was from Immunochemistry Technologies (Bloomington, MN, USA). The aldehyde 

dehydrogenase (ALDH) activity (Aldefluor) assay kit was from Stemcell Technologies 

(Durham, NC, USA). Total Exosome Isolation Reagent was from Life Technologies 

(Grand Island, NY, USA).  

 

Methods 

 
Cultivation and treatment of MDA-MB-231 cells 

 
MDA-MB-231 cells were maintained in DMEM supplemented with 10% FBS and 1% 

penicillin/streptomycin solution at 37°C in a humidified atmosphere containing 5% 

carbon dioxide. Cells were treated with gug, bex and doxorubicin at various 

concentrations in DMEM medium supplemented with 2% serum for 24-48 h.  

 

Exosome isolation 
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To harvest exosomes, serum-free media from control cells or cells treated with gug, bex, 

gug+bex, or C6 ceramide were centrifuged (4°C) at 300xg for 10 min and 20,000xg for 

30 min to remove cellular debris and larger vesicles. The supernatant was then 

centrifuged (4°C) at 110,000xg for 2 h, and EV pellets were resuspended in SDS sample 

buffer for Western blot analysis or used for further exosome purification by sucrose 

density gradient ultracentrifugation. For density gradient ultracentrifugation, EV pellets 

were resuspended in PBS, layered on the top of a sucrose density gradient 

(0.3/0.55/0.8/1.05/1.3/1.55/1.80/2.05 M of sucrose in 20 mM Hepes, pH 7.2) and then 

centrifuged (4°C) at 110,000g for 16 h. Each fraction was transferred to a new tube, 

diluted with PBS, and centrifuged (4°C) at 110,000g for 90 min to harvest exosomes. 

Exosomes were resuspended in SDS sample buffer for Western blot analysis. We also 

purified exosomes from conditioned cell culture media using the Total Exosome Isolation 

Reagent from Life Technologies following the manufacturer’s protocol.  

MTT assay 

 
Cells were seeded in 96-well plates (5,000- 10,000 cells per well) and treated with 

vehicle, gug, bex, and/or doxorubicin at various concentrations in DMEM medium 

supplemented with 2% serum for 24 h. 20 μl of 5 mg/ml MTT stock solution was added, 

and incubated for 4 h at 37°C in a culture hood. After the supernatants were discarded, 

100 μl of acidic (HCl) isopropanol was added into each well and incubated for 1 h at 37 

°C. Finally, absorbance was measured at 570 nm with a reference filter of 650 nm using 

a Benchmark plus microplate spectrophotometer. All experiments were performed in 

triplicate with at least 3 independent samples of cells. 

 

Ceramide analysis 



  

  53 

 
Total lipids were extracted from cells by sonicating cell pellets in a mixture of 

chloroform:methanol (2:1, vol/vol). After 1 h of extraction under agitation using a 

magnetic stirrer, methanol was added to the solution yielding a mixture of 

chloroform:methanol (1:2, vol/vol). The solution was centrifuged at 3,000xg for 15 min. 

The supernatant was transferred to a clean glass tube, solvent was evaporated in a 

stream of nitrogen, and lipids in the dried residue were resuspended in a small volume of 

methanol normalized to the protein content. Lipids were resolved by high-performance 

thin layer chromatography (HPTLC) using the running solvent 

chloroform:methanol:acetic acid (95:5:0.5, vol/vol/vol) for the separation of ceramide. 

Individual bands were visualized by staining with 3% cupric acetate in 8% phosphoric 

acid and identified by comparing them to the migration distance of standard ceramide 

(Silva et al., 2006).  

 

RT-PCR  

 
Total RNA was prepared from each experimental group of cells using TRIzol reagent 

following the manufacturer’s protocol (Invitrogen). First-strand cDNA was synthesized 

using an iScript cDNA Synthesis kit according to the manufacturer’s instructions (Bio-

Rad Hercules, CA). The amount of template from each sample was adjusted until PCR 

yielded equal intensities of amplification for β-actin mRNA. The following primers were 

used for RT-PCR:  

hBCRP-1 -(sense): 5’- CACCTTATTGGCCTCAGGAA -3’ 

hBCRP -1-(antisense): 5’- CCTGCTTGGAAGGCTCTATG -3’  

hBCRP-2-(sense): 5’- AGATGGGTTTCCAAGCGTTCAT -3’ 

hBCRP -2-(antisense): 5’- CCAGTCCCAGTACGACTGTGACA-3’  

nSMase2-(sense): 5’-GCGAGCAGCCACCAAATTGAAAGA-3’ 
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nSMase2-(antisense): 5’-CTGCGGCCCTCCTCACTCTC-3’ 

β-actin (sense) 5’-CAT CGA GCA CGG CAT CGT CA-3’ 

β-actin (antisense) 5’-TAG CAC AGC CTG GAT AGC AAC-3’ 

 

siRNA transfection 

 
ON-target plus SMPD3 siRNA SmartPool, ON-target plus non-targeting control pool and 

siGLO RISC-free control siRNA were purchased from Thermo Scientific-Dharmacon 

(Waltham, MA, USA). Using Oligofectamine (Invitrogen), cells were transfected with 

SMPD3 siRNA SmartPool (50 nM), control pool (50 nM), and siGLO RISC-free control 

siRNA (5–50 nM). Cells were harvested after 72 h and analyzed for expression of BCRP. 

 

Aldefluor, FLICA, and Hoechst exclusion assays  

 
The fluorescent aldehyde dehydrogenase (Aldefluor) activity assay was used to identify 

ALDH(+) cells as cancer stem-like cells (Charafe-Jauffret et al., 2010). Cells on glass 

cover slips (living cells) were incubated for 1 h with Aldefluor working solution following 

the manufacturer’s protocol (StemCell Technologies). Aldefluor staining was monitored 

by confocal fluorescence microscopy using the 488 nm excitation channel. The 

fluorochrome inhibitor of caspases (FLICA) assay was used to detect apoptosis. 

According to the manufacturer's instructions (Immunochemistry Technologies), 200 μl of 

FLICA solution was added to each cover slip and incubated for 1 h at 37 °C. After 

incubation, cells were washed with normal media and fixed with 4% PFA/PBS. FLICA 

staining was monitored by confocal fluorescence microscopy using the 543 nm 

excitation channel. 
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Hoechst 33342 dye was used for the Hoechst exclusion assay (Komuro et al., 2007). 

Cells were incubated with 5 μg/ml Hoechst 33342 dye for 15 to 30 min at 37°C in a 

culture hood. Hoechst staining was monitored by epifluorescence microscopy using the 

405 nm excitation channel.   

 

ABC transporter activity assays 

 
MDA-MB-231 cells were seeded in 24-well plates and treated with vehicle control, gug, 

and/or bex for 24 h in DMEM medium supplemented with 2% serum. Doxorubicin was 

added and incubated for an additional 24 h. After incubation, cells were washed twice 

with ice-cold PBS, dissociated by trypsinization, and transferred into 96-well plates. 100 

μl of methanol was added into each well and the intensity of the signal for doxorubicin 

fluorescence was measured by cytofluor multi-well plate reader (excitation: 485 nm, 

emission: 585 nm) (Shen et al., 2008).   

 

TUNEL, immunocytochemistry, and image analysis 

 
For immunocytochemistry, cells were grown on glass cover slips and treated with 

vehicle, gug, and/or bex. Cells were fixed with 4% PFA/PBS for 15 min and then 

permeabilized by incubation with 0.2% Triton X-100 in PBS for 10 min at room 

temperature. Nonspecific binding sites were blocked with 3% ovalbumin/10% donkey 

serum/PBS for 1 h at 37°C. Primary and secondary antibodies were diluted in 0.1% 

ovalbumin/PBS. After washing, cover slips were mounted using Fluoroshield with DAPI 

mounting solution to visualize the nuclei. Confocal fluorescence microscopy was 

performed using a Zeiss LSM510 confocal laser scanning microscope (Zeiss, Jena, 

Germany) equipped with a two-photon argon laser at 488 nm (Cy2), 543 nm (Cy3), or 

633 nm (Cy5, Alexa Fluor 647), respectively. LSM 510 Meta 3.2 software was used for 
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image acquisition. Images obtained with secondary antibody only were used as negative 

controls representing the background intensity in a particular laser channel. Antigen-

specific immunostaining was quantified using ImageJ by counting cells (double-blinded) 

that showed signals twofold or more above background fluorescence (Krishnamurthy et 

al., 2008). TUNEL staining was performed according to the manufacturer’s (Roche) 

instructions. 

 
Miscellaneous 
 
 
For immunoblot analysis, protein concentrations were determined using the RC/DC 

protein assay, in accordance with the manufacturer's (Bio-Rad) instructions. Equal 

amounts of protein were loaded onto a 4-20% gradient gel, and SDS-PAGE was 

performed using the Laemmli method. For immunoblotting, membranes were first 

blocked with 5% dry milk in PBST (PBS containing 0.1% Tween-20) and incubated with 

primary antibodies (BCRP antibody, 1:500) diluted in the blocking buffer overnight at 

4°C. Membranes were then washed three times with PBST and incubated with the 

appropriate horseradish peroxidase-conjugated secondary antibodies (1:10,000) for 1 h 

at room temperature. After washing, bands were detected using chemiluminescence 

(ECL) reagent and exposure to X-ray film. Membranes were then stripped and re-

probed, as described above, with anti-β-actin (1:1,000) to confirm equal loading. 

 

Statistical analysis 

 
The mean, standard deviation, and statistical significance (Student’s t-test) of control 

and treatment samples were calculated in Microsoft Excel 2010. A value of p< .05 was 

considered statistically significant. The statistical significance for differences between 

treatment groups was confirmed by one-way ANOVA. 
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Figure 7. Densitometric analyses of immunoblots for relative BCRP levels in Figs. 2A-B 

and 3C-G as indicated in original figure. 
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Figure 8. Ceramide-induced EVs are distinct from apoptotic bodies or large microvesicles 

A. B. Filtration (0.22 μm) of medium from control (Con), C6 ceramide (C6), and gug+bex (GB)-

treated MDA-MB-231 cells followed by EV preparation and immunoblot for BCRP. 
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Figure 9. gug+bex treatment does not affect either BCRP mRNA levels or proteolytic 

degradation 

 
A. RT-PCR for BCRP using two different primer combinations and mRNA preparations from 

control, guggulsterone (Gug), bexarotene (Bex), and guggulsterone+bexarotene (GB)-treated 

MDA-MB-231 cells. B. Immunoblot for RXR, FXR, and BCRP using cells treated as described for 

A. C, D. Immunoblot for RXR and BCRP using cells treated as described in A, but, with the 

addition of MG132 (M) as indicated in the figure.   
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Figure 10. Ceramide elevation by gug+bex treatment down-regulates BCRP in MDA-MB-

231 cells 
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A,B. Immunocytochemistry for ceramide (green) and BCRP (red) of MDA-MB-231 cells (controls 

(A) and gug+bex-treated (B)) followed by confocal laser scanning microscopy and image analysis 

using ImageJ. C. Relative pixel intensities and ratio of ceramide/BCRP signals (C/B).  
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Figure 11. Relative pixel intensities of BCRP and ceramide signals in TUNEL-positive cells 

and BCRP signals in Aldefluor-postive cells 

 
Relative pixel intensities of BCRP and ceramide signals in TUNEL (-) and (+) cells (A), and BCRP 

signals in Aldefluor (-) and (+) cells (B). 
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Figure 12. Immunocytochemistry for ceramide (purple) and BCRP (red), and Aldefluor 

labeling (green) in untreated MDA-MB-231 cells 

  

DIC 
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Figure 13. Immunochemistry for BCRP (purple), doxorubicin fluorescence (red), and 

Aldefluor labeling (green) in gug+bex-treated MDA-MB-231 cells 

  

Aldefluor 

Doxo DAPI Over 
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Figure 14. MTT assay 

 
MTT assays for control (Con),  guggulsterone (Gug), bexarotene (Bex), doxorubicin (Dox), 

gug+bex (GB), and gug+bex+dox (GBD)-treated cells (A); and for GB, dox, GBD, GW4869 (GW), 

and gug+bex+dox+GW4869 (GBD+GW)-treated cells (B).   
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Abstract 

 
Cilia are important organelles formed by cell membrane protrusions; however, little is 

known about their regulation by membrane lipids.  We characterize a novel activation 

mechanism for glycogen synthase kinase-3 (GSK3) by the sphingolipids phytoceramide 

and ceramide, which is critical for ciliogenesis in Chlamydomonas and murine 

ependymal cells, respectively. We show for the first time that Chlamydomonas 

expresses serine palmitoyl transferase (SPT), the first enzyme in (phyto)ceramide 

biosynthesis. Inhibition of SPT in Chlamydomonas by myriocin led to loss of flagella and 

reduced tubulin acetylation, which was prevented by supplementation with the precursor 

dihydrosphingosine. Immunocytochemistry showed that (phyto)ceramide was 

colocalized with phospho-tyr216-GSK3 (pYGSK3) at the base and tip of 

Chlamydomonas flagella and motile cilia in ependymal cells. The (phyto)ceramide 

distribution was consistent with that of a bifunctional ceramide analog UV-crosslinked 

and visualized by click chemistry-mediated fluorescent labeling. Ceramide depletion, by 

myriocin or neutral sphingomyelinase deficiency (fro/fro mouse), led to GSK3 

dephosphorylation and defective flagella and cilia. Motile cilia were rescued and 

pYGSK3 localization restored by incubation of fro/fro ependymal cells with exogenous 

C24:1 ceramide, which directly bound to pYGSK3. Our findings suggest that 

(phyto)ceramide-mediated translocation of pYGSK into flagella and cilia is an 

evolutionarily conserved mechanism fundamental to the regulation of ciliogenesis. 
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Introduction 

 
Flagella and cilia are slender organellar protrusions of the eukaryotic cell membrane with 

sensory and motor function. Flagella and cilia are similar in that they share a 

microtubule-based cytoskeleton called the axoneme (Snell et al., 2004; Sung & Leroux, 

2013). Primary, non-motile cilia have a ring of nine outer microtubule doublets and are 

studded with growth factor receptors to function as sensory organelles regulating cell 

migration and differentiation. Motile cilia and flagella contain two central microtubules 

and the motor protein dynein attached to the nine peripheral microtubule doublets (see 

(Satir et al., 2010; Silflow & Lefebvre, 2001; Snell et al., 2004) for comprehensive 

reviews on the structure of primary and motile cilia/flagella). Motile cilia and flagella 

move extracellular fluids and particles, or propel cells such as sperm or unicellular 

organisms such as the green algae Chlamydomonas reinhardtii (Vincensini et al., 2011). 

Flagella dysfunction leads to reduced or absent motility, while aberrant motile cilia lead 

to ependymal cell malfunction and hydrocephalus (Young et al., 2013). It is vital for the 

signaling and motility functions of cilia that length, number, and intraciliary or 

intraflagellar transport (IFT) of cargo are dynamically regulated. The protein machinery 

regulating assembly, length, movement, and transport within these organelles is 

conserved from Chlamydomonas to mammals (Snell et al., 2004; Sung & Leroux, 2013; 

Vincensini et al., 2011). Although cilia and flagella are localized extensions of the plasma 

membrane, little is known about the role of lipids in the regulation of ciliogenesis and 

cilium function. 

 
Sphingolipids are essential components of eukaryotic membranes and regulate vital cell 

signaling pathways (Bartke & Hannun, 2009; Bieberich, 2012; Markham et al., 2013; 

Milhas et al., 2010). The common long chain base precursor for de novo biosynthesis of 

animal, plant, fungus, and algae sphingolipids is dihydrosphingosine (DHS, Figure 15). 



  

  70 

DHS is converted to ceramide (animals) and phytoceramide (plants, algae, and yeast). 

In animals, ceramide and its metabolite, sphingomyelin are unique in that their levels can 

be rapidly regulated by enzymatic conversion, the so-called sphingomyelin cycle (Figure 

15) (Hannun, 1996). Ceramide is converted to sphingomyelin by sphingomyelin 

synthases, while sphingomyelin is hydrolyzed to ceramide by acid or neutral 

sphingomyelinases (aSMase, nSMase) (Milhas et al., 2010; Nikolova-Karakashian et al., 

2008; Shamseddine et al., 2015). We previously reported that aSMase and nSMase-

mediated generation of ceramide is critical for ciliogenesis in MDCK cells and neural 

progenitors, respectively (He et al., 2012; He et al., 2014; G. Wang et al., 2009a). In 

contrast to mammalian cells, Chlamydomonas and plants do not synthesize 

sphingomyelin, which therefore is excluded as a source for ceramide. However, in all 

eukaryotic cells, ceramides can be generated by de novo biosynthesis (Figure 15) (Gault 

et al., 2010; Hannun & Obeid, 2011; Markham et al., 2013; Pata et al., 2010; Sperling & 

Heinz, 2003). The first enzyme in this pathway, serine palmitoyltransferase (SPT) can be 

selectively inhibited by the fungal toxin myriocin, allowing for loss-of-function 

experiments to understand the significance of ceramide for ciliogenesis in animal cells 

and algae (Hanada et al., 2000; Miyake et al., 1995; Wadsworth et al., 2013). The long 

chain base in algae and plant sphingolipids is more complex than that in animals. 

Hydroxylation of DHS at C4 results in biosynthesis of phytosphingosine, which can be 

acylated to give rise to phytoceramides (Figure 15) (Markham et al., 2013; Pata et al., 

2010; S. D. Spassieva et al., 2002; Sperling & Heinz, 2003). While plants and algae 

sphingolipids are relatively well known, the sphingolipid pathway in Chlamydomonas has 

not been investigated.  
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Figure 15. Sphingolipid metabolism in animals, plants, algae, and fungi 

 
In animals, plants, and algae, de novo biosynthesis of ceramide and phytoceramide is initiated by 

conjugation of serine with palmitoyl-CoA (other activated fatty acids are possible but less 

frequent), a reaction catalyzed by serine palmitoyl transferase (SPT) and inhibited by myriocin. 

After another reaction, the intermediate dihydrosphingosine (DHS) is synthesized, which is then 

converted to ceramide via ceramide synthases (inhibited by fumonisin B1) in animals and 

phytoceramide in plants, algae, and fungi. In animals, ceramide can be converted to 

sphingomyelin (SM). In the cell membrane or endocytic vesicles, ceramide can be rederived from 

SM by hydrolysis catalyzed by sphingomyelinases (SMases). Plants, algae, and fungi do not 

synthesize sphingomyelin but inositolphosphorylsphingolipids (not shown).  
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Physical interaction of (phyto)ceramide with proteins that are critical for ciliogenesis is 

likely to underlie the regulation of flagella and motile cilia, respectively. Previously, we 

found that in MDCK cells and human ES cell-derived neuroprogenitors, atypical PKCζ 

(aPKCζ) directly interacts with ceramide and promotes primary cilium extension 

ultimately through inhibition of histone deacetylase 6 (HDAC6) (Bieberich et al., 2000; 

He et al., 2012; He et al., 2014; G. Wang et al., 2009b; G. Wang et al., 2005). HDAC6 

inhibition prevents deacetylation of lysine 40 of α-tubulin, a reaction that destabilizes 

microtubules and promotes cilium disassembly (Loktev et al., 2008; Pugacheva et al., 

2007). A Chlamydomonas tubulin deacetylase has been described, but it is not clear 

whether it has the same function for flagella regulation as HDAC6 for cilia in animals 

(Maruta et al., 1986). It is likely that ceramide interacts with additional proteins to 

regulate HDAC6 and/or cilium length. One candidate protein, conserved in 

Chlamydomonas and mammalian cilia is GSK-3β (Thoma et al., 2007; Wilson & 

Lefebvre, 2004). GSK-3β (GSK3) is critical for ciliogenesis, regulates HDAC6, and 

phosphorylates kinesin light chains that control cargo binding to microtubules (Song et 

al., 2014; Szebenyi et al., 2002; Thoma et al., 2007). 

 
To identify ceramide-protein complexes in cilia, we used chemoproteomics technology 

for in vitro and in vivo UV cross-linking of a bifunctional ceramide analog (pacFA 

ceramide) to interacting proteins and functionalizing this covalent complex for 

visualization using “Click chemistry” (azide-alkyne cycloaddition, Figure 27 for structure). 

In addition, we have developed a novel anti-ceramide antibody that recognizes ceramide 

and phytoceramide. Using pacFA ceramide cross-linking and anti-ceramide antibody, we 

demonstrate that Chlamydomonas flagella and ependymal cell cilia show a similar 

distribution of ceramides that bind to GSK3, which is critical for the regulation of 

ciliogenesis by an evolutionarily conserved mechanism of ceramide-mediated 
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translocation of GSK3 into flagella and cilia. 
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Results  

 
Chlamydomonas expresses serine palmitoyltransferase and generates plant 

sphingolipids 

 
There is no prior information on the presence of sphingolipids or enzymes required for 

sphingolipid biosynthesis in Chlamydomonas. Using reverse transcriptase (RT)-PCR 

and oligonucleotide primers based on sequence similarities between mouse serine 

palmitoyltransferase (SPT), the first enzyme in the sphingolipid biosynthetic pathway, 

and Chlamydomonas expressed sequence tagged (EST) clones, we found that 

Chlamydomonas expresses mRNAs for the subunits SPT1 and SPT2 (Figure 16A). 

mRNAs for these SPT subunits are similar to those expressed in mouse ependymal cells 

enriched from primary cultured glial cells (Weibel et al., 1986). In addition to SPT, we 

also detected mRNAs for lag1 and lag2, two ceramide synthases expressed in plants, 

suggesting that Chlamydomonas expresses several enzymes in the phytoceramide 

biosynthesis pathway (Figure 24). Expression of SPT was confirmed by immunoblot. 

Using an antibody raised against mammalian SPTs, we were able to detect SPT2 at the 

predicted molecular weight (72 kD) but not SPT1 in Chlamydomonas (Figure 16B). The 

expression of SPTs and ceramide synthases in Chlamydomonas suggested that 

sphingolipids are synthesized. Using LC-MS/MS, we found that Chlamydomonas 

generates very long chain C26:0 (11±3 pmol/mg cells) and C28:0 (8±2 pmol/mg cells) 

phytoceramides, which are common plant sphingolipids (Figure 16C). In comparison, 

glial cells contain relatively small proportions of phytoceramide (<10% of total ceramides) 

(Dasgupta et al., 2013) but larger amounts of ceramide (800±150 pmol/mg cells), with 

C18:0 ceramide (35%) and C24:1 ceramide (25%) being the most abundant (G. Wang et 

al., 2012). Based on the observation that SPT2 is expressed in Chlamydomonas as well 

as mammalian cells, we tested the effect of myriocin, a fungal toxin and highly selective 
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inhibitor of SPT by covalent binding to SPT2 (Wadsworth et al., 2013), on 

(phyto)ceramide biosynthesis. Figure 16D shows that myriocin is an extremely potent 

inhibitor of phytoceramide biosynthesis (>90% at 5 nM) in Chlamydomonas, suggesting 

that myriocin can be effectively used to test the function of phytoceramide in 

Chlamydomonas.   
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Figure 16. Chlamydomonas synthesizes phytoceramide, which can be reduced by 

myriocin 

 

(A) RT-PCR using SPT1 and SPT2 primers based on the mouse genome and Chlamydomonas 

expressed sequence tag (EST) clones. (B) Immunoblots for SPT1 and SPT2 in mouse 

ependymal cells and Chlamydomonas. (C, D) Sphingolipidomics LC-MS/MS analysis of 

phytoceramides (pmol/mg Chlamydomonas cells) in control and myriocin-treated (5 or 10 nM) 

cells (15 h). Data presented show mean ± SEM, n=3, ***p<0.001 (One-way ANOVA with 

Bonferroni post-hoc test). 
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Phytoceramide and ceramide are critical for motility and regulation of ciliary 

length 

 
Based on our previous studies showing that ceramide is critical for primary ciliogenesis 

(He et al., 2012; He et al., 2014; G. Wang et al., 2009a), we tested if a similar function 

exists for the regulation of flagella in Chlamydomonas and motile cilia in ependymal cells. 

To determine the effect of inhibition of de novo sphingolipid biosynthesis by myriocin on 

flagella, we first performed a phototaxis motility assay (Lechtreck et al., 2009). Following 

incubation of Chlamydomonas in a 6-well dish with 0-50 nM myriocin, half of each well 

was shielded from light. At 7 hours, most of the algae were still motile and swimming 

towards light. By 15 hours, only the algae not exposed to myriocin were fully motile 

(Figure 17A). This was confirmed both by cell counting with a hemocytometer and by 

measuring optical absorbance of chlorophyll at 450 nm. At a concentration of myriocin 

as low as 5 nM, approximately half of the cells were immotile (Figure 17B). At 10 nM 

myriocin, phase contrast microscopy showed that >70% of cells had extremely 

shortened (<2 μm length) flagella (Figure 17C) and often formed multicellular clusters 

(Figure 25A). Only a small population of cells (<20%) did not show significant flagella 

shortening.  The inhibitory effect of myriocin on cilium length and motility was reversible 

since myriocin-treated cells regained motility within 48 h when resuspended in myriocin-

free medium (Figure 25B). This result was consistent with a trypan blue exclusion assay 

showing that myriocin-treated cells did not undergo cell death (Figure 25C), further 

suggesting that the effect of myriocin on motility was specific for ciliogenesis and not due 

to general toxicity.  To test if the effect of myriocin was caused by reduced synthesis of 

sphingolipids, we performed motility rescue experiments by supplementing the medium 

with various sphingolipid precursors 2 h prior to myriocin exposure. Among the 

sphingolipids tested, dihydrosphingosine (DHS), a metabolic precursor for 
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(phyto)ceramide biosynthesis (Figure 15), and phytoceramide itself were the most 

effective (60±10% and 42±12%, respectively) in rescuing flagella length and motility 

(Figure 17D and E). Sphingosine and various ceramides were not effective for 

restoration of cilia (not shown). Fumonisin B1, a ceramide synthase inhibitor, failed to 

reduce motility in Chlamydomonas. This inhibitor has a higher dissociation constant than 

myriocin (100 nM vs. 0.28 nM) and in the case of lower uptake, the intracellular 

concentration of fumonisin B1 may not allow for effective inhibition of phytoceramide 

biosynthesis (Miyake et al., 1995; E. Wang et al., 1991). In ependymal cells, both 

myriocin and fumonisin B1 (FB1; Figure 15) reduced the length of motile cilia (Figure 

17G). Addition of C24:1 ceramide to the culture medium rescued cilia in cells treated 

with FB1 and induced elongation of cilia in cells not treated with ceramide biosynthesis 

inhibitors (Figure 17F and G). In addition to FB1-treated wild-type ependymal cells, we 

used cells from the fragilitis ossium (fro/fro) mouse, a mouse model for genetic 

deficiency of nSMase2 (Guenet et al., 1981; Poirier et al., 2012). In these cells, lack of 

nSMase2-catalyzed ceramide generation led to shortened cilia, which was rescued by 

exogenous C24:1ceramide (Figure 26). Other ceramides such as C18:0 ceramide were 

not effective in rescuing cilia in ependymal cells (not shown). These results suggest that 

phytoceramides in Chlamydomonas and C24:1 ceramide in ependymal cells are critical 

for regulation of cilium length, which is likely to rely on a conserved downstream 

mechanism.  
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Figure 17. Ceramide depletion shortens cilia and leads to Chlamydomonas immotility, 

while exogenous DHS and C24:1 ceramide rescue Chlamydomonas flagella and 

ependymal cell cilia 

All graphical data presented show mean ± SEM. (A and B) Phototaxis motility assay (15 h; n=5; 

non-linear regression) with Chlamydomonas shows prolonged incubation with myriocin (myr), 

which leads to (A) time- and (B) dose-dependent immotility. (C) Phase contrast of 

Chlamydomonas showing flagella shortening in myriocin-treated cells. Scale bar, 10 μm. (D) 

Addition of DHS (1 μM) prevents immotility in myriocin-treated cells. (E) Motility assays using 

DHS and phytoceramide (Phyc) to rescue flagella in myriocin-treated Chlamydomonas (n=10, 

**p<0.01, **p<0.001, One-way ANOVA with Bonferroni post-hoc test). (F) Immunocytochemistry 

using control and C24:1 ceramide (1 μM)-treated ependymal cells (red, acetylated tubulin; blue, 

DAPI). Scale bar, 10 μm.(G) Quantitation of motile cilium length in ependymal cells treated for 48 

h with ceramide biosynthesis inhibitors (5 μM myriocin, 10 μM fumonisin B1, FB1) with or without 

exogenous C24:1 ceramide (1 μM) (n=5, *p<0.05, **p<0.01, One-way ANOVA with Bonferroni 

post-hoc test). 
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Phytoceramide and ceramide are enriched in compartments that regulate 
ciliogenesis 
 
Any effect of (phyto)ceramide on cilium regulation is likely to require the physical 

interaction of (phyto)ceramide with proteins in compartments that are known to regulate 

cilia, in particular vesicles and membranous compartments at the cilium base and the 

ciliary membrane. We previously generated a ceramide-specific antibody that detected 

an apical ceramide-enriched compartment (ACEC) at the base of primary cilia (Bieberich, 

2011a; He et al., 2012; He et al., 2014; G. Wang et al., 2009a). To test (phyto)ceramide 

distribution in Chlamydomonas and ependymal cells, we have generated  a new 

antibody that reacts with both ceramide and phytoceramide as shown by lipid ELISAs 

(Figure 18A; data shown are background subtracted; (Dinkins et al., 2015; He et al., 

2014). This antibody does not react with fatty acid (nervonic acid was tested), but it 

recognizes sphingosine and phytosphingosine, which are only minor cellular 

sphingolipids (≤10% of (phyto)ceramide) under physiological conditions. 

Immunocytochemistry using this antibody showed punctate labeling for (phyto)ceramide 

at tips of flagella and motile cilia (Figure 18B). In addition, (phyto)ceramide was enriched 

in vesicles or a compartment at the bases of flagella and motile cilia (Figure 18B). 

 
We next tested if this compartment supplies (phyto)ceramide for the ciliary membrane. 

We used Chlamydomonas because it can be subjected to several cycles of de- and 

reflagellation where functionality is noted by return of motility (Wilson & Lefebvre, 2004). 

Chlamydomonas was 4-times deflagellated at pH 4.5 followed by rapid neutralization 

and reflagellation in the absence or presence of myriocin. With each de/reflagellation 

cycle, fewer cells retained motility. After 4 cycles, myriocin-treated cells completely lost 

motility while control cells were not affected (Figure 18C). In contrast to overnight 

incubation (Figure 17A), continuous myriocin incubation for 5 h of cells not undergoing 
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de/reflagellation did not show loss of motility. Immunocytochemistry using the anti-

(phyto)ceramide antibody showed that loss of motility in myriocin-treated cells 

undergoing repeated de/reflagellation was concurrent with the inability to regrow flagella 

and disappearance of the phytoceramide-enriched compartment at the flagella base 

(Figure 18D). This result suggests that the phytoceramide-enriched compartment in the 

cell body is dependent on de novo phytoceramide biosynthesis and supplies 

phytoceramide for the flagellar membrane.  In the presence of myriocin, phytoceramide 

transported into the flagellar membrane and lost by repeated deflagellation can no 

longer be replenished from the cell body and flagella are no longer formed. 

 
To test if phytoceramide is cotransported with proteins from the base into flagella, we 

used a bifunctional ceramide analog pacFA ceramide  (Figure 27) to covalently label 

protein interaction partners of phytoceramide in the compartment at the flagella base 

and the flagellar membrane. After UV cross-linking, the pacFA ceramide-protein complex 

was visualized by covalent linking to Alexa Fluor 594 azide using click chemistry. Alexa 

Fluor 594-labeled pacFA ceramide was enriched in the base and tip of flagella (Figure 

18E), consistent with the results obtained with anti-(phyto)ceramide antibody (Figure 

18B). Next, we incubated Chlamydomonas with pacFA ceramide followed by UV cross-

linking and one cycle of de/reflagellation in the presence of myriocin before labeling of 

the pacFA ceramide-protein complex with Alexa Fluor 594 azide. A proportion of the 

cells (15±5%) formed single very long (20±3 μm) flagella approximately double the 

length of normal flagella, which was not observed in the absence of UV cross-linking 

(Figure 18F). In these cells, the ceramide-enriched compartment at the flagella base was 

absent, consistent with the results obtained from repeated de/reflagellation (Figure 18D). 

The formation of a single, elongated flagellum labeled with pacFA ceramide suggests 

that the pacFA ceramide-protein complex is cross-linked at the flagella base and is then 
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transported into the newly formed flagellum. Failure to dissociate after initial binding and 

transport due to covalent cross-linking leads to irreversible membrane association and 

excess cilium extension, similar to the phenotype of Chlamydomonas mutants with 

defective protein kinases involved in cilium length regulation (Berman et al., 2003; Hilton 

et al., 2013; Wilson & Lefebvre, 2004). These results suggest that (phyto)ceramide at 

the cilium base transiently interacts with proteins, in particular protein kinases that are 

critical for cilium length regulation. 
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Figure 18. Phytoceramide and ceramide are distributed to flagella and motile cilia, 

respectively 

(A) Lipid ELISA testing the specificity of anti-(phyto)ceramide rabbit IgG for various sphingolipids, 

mean ± SEM, n=5. (B) Immunocytochemistry using anti-(phyto)ceramide rabbit IgG (green) and 

anti-acetylated tubulin mouse IgG (red) with Chlamydomonas and ependymal cells. In 

Chlamydomonas, arrows point at the base and tip of cilia. (C) Chlamydomonas was repeatedly 

(3x or 4x) de/reflagellated in the presence or absence of 10 nM myriocin. Incubation with myriocin 

without de/reflagellation for the duration of the experiment (5 h) was used as control. (D) 

Immunocytochemistry of de/reflaggelated Chlamydomonas in the presence or absence of 

myriocin using anti-(phyto)ceramide rabbit IgG (green) and anti-acetylated tubulin mouse IgG 
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(red). (E) pacFA ceramide (red) cross-linked in flagella tips and bases (arrowheads) co-labeled 

with anti-acetylated tubulin (green). Visualization was performed by labeling the cross-linked 

ceramide analog with Alexa594 using click chemistry. (F) UV cross-linking of pacFA ceramide 

(red) followed by de/reflagellation led to formation of single, long flagella, which was absent when 

cells were incubated with pacFA ceramide without UV cross-linking (anti-acetylated tubulin, 

green). Scale bars, (B) 10 μm left, 5 μm right, (D) 5 μm, (E) 2 μm, (F) 5 μm top, 20 μm bottom. 

  



  

  85 

Motile ciliogenesis in Chlamydomonas and ependymal cells relies on active GSK-3β 

 
One of the protein kinases that is highly conserved from Chlamydomonas to mammals 

and critical for ciliogenesis is GSK-3β. In Chlamydomonas, whose genome encodes for 

a single GSK3 isoform, activated pYGSK3 has been shown to be enriched in flagella 

and to regulate flagellar length (Wilson & Lefebvre, 2004). We performed immunoblotting 

of proteins from myriocin-treated Chlamydomonas and found a reduction of pYGSK3 

levels, which was prevented by exogenous DHS, the phytoceramide precursor (Figure 

19A). Consistently, acetylated tubulin was also reduced by myriocin and rescued by 

DHS, supporting the hypothesis that pYGSK3 levels are correlated with tubulin 

acetylation in flagella. In addition to pYGSK3, total GSK3 levels were reduced by 

myriocin and rescued by DHS, suggesting that ceramide depletion leads to decreased 

expression or increased degradation of Chlamydomonas GSK3. 

 
To show the direct effect of GSK3 activity on flagella and cilia we incubated 

Chlamydomonas and ependymal cells with BIO ((2’Z,3’E)-6-bromoindirubin-3′-oxime), a 

highly selective GSK3 inhibitor (Sato et al., 2004), for 60 min. GSK3 inhibition led to 

immotility and flagellar length reduction (Figure 19B) similar to that observed with 

myriocin (Figure 17C), which is consistent with the hypothesis that phytoceramide and 

ceramide are critical for activation of GSK3 to regulate cilium length. Lithium chloride 

(LiCl), a non-competitive GSK3 inhibitor also led to immotility, although flagella were first 

elongated (after 2h incubation, Figure 19B) and then lost (after 24 h, not shown) 

consistent with previously published studies (Wilson & Lefebvre, 2004).  

 
The enrichment of pYGSK3 in flagella indicates that it may be colocalized with 

phytoceramide and ceramide in Chlamydomonas and ependymal cells, respectively. We 

found that pYGSK3 was colocalized with phytoceramide in the flagellar membrane, 
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particularly in the flagella tips (Figure 19C). In ependymal cells, cilia were colabeled for 

pYGSK3 and ceramide (Figure 19D). Interestingly, we found that while pYGSK3 

colocalized with acetylated tubulin in cilia (Figure 19E, left panel) inactive GSK3 

phosphorylated at ser9 (pSGSK) was not found in cilia (Figure 19E, right panel). This 

result suggested that pYGSK3 may bind directly to ceramide in the ciliary membrane. A 

lipid ELISA-based binding assay using recombinant human GSK-3β expressed in Sf9 

cells confirmed that GSK3 binds to different ceramide species (Figure 19F). Affinity of 

human GSK3 was highest to C24:1 ceramide, which was able to rescue cilia in 

ceramide-depleted ependymal cells (Figure 17F and G). Immunoblots showed that 

human GSK3 was phosphorylated at tyr216, consistent with the hypothesis that 

pYGSK3 binds directly to ceramide (Figure 19G).  
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 Figure 19. (Phyto)ceramide binds to pYGSK3 and sustains its phosphorylation level and 

localization in flagella and cilia 

(A) Immunoblot of pYGSK, total GSK3, and acetylated tubulin from Chlamydomonas treated for 

24 h with myriocin (Myr, 5 or 10 nM) ± 1 μM dihydrosphingosine (DHS). Bottom panel shows 

Ponceau S staining for loading control. (B) Immunocytochemistry using antibodies against 

(phyto)ceramide rabbit (green), pYGSK (red), and acetylated tubulin (blue) with Chlamydomonas 

incubated for 60 min with GSK3β inhibitors BIO (2 μM) or lithium chloride (25 mM). (C) Higher 

magnification of flagella in left panel in (B). (D) Same as in (B) and (C) with ependymal cells (Z-

scan projection). (E) Z-scan orthogonal view of ependymal cells labeled with DAPI (blue) and 

antibodies against acetylated tubulin (red), pYGSK (green, left) and pSGSK (green, right). (F) 

C18 sphingomyelin and indicated ceramides were coated on ELISA plates, bound to recombinant 

GSK-3β, and binding quantified by development with anti-GSK-3α/β IgG and anti-mouse IgG-

HRP. Mean ± SEM, n=3. (G) Immunoblot showing reactivity of recombinant human GSK-3β with 

anti-pYGSK3 IgG. Scale bars, (B) 5 μm, (C) 1 μm, (D) 2 μm, (E) 5 μm. 
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Immunoblots of ependymal cells from wild type and fro/fro mice showed reduced 

pYGSK3 and increased pSGSK3 in fro/fro cells, suggesting that reduced cellular 

ceramide leads to less activation of GSK3 (Figure 20A), concurrent with reduced cilium 

length and diminished labeling of pYGSK3 in motile cilia (Figure 20B and Figure 26). 

Immunohistochemistry on cryosections of fro/fro brains showed that the length of motile 

cilia in the ependyma was also reduced by more than 50% (Figure 20C and D). Motile 

cilia in the ependyma showed colocalization of ceramide with pYGSK3, predominantly in 

punctate structures along the membrane and cilium tip (Figure 20E and F), which was 

consistent with the results obtained with primary cultured ependymal cells (Figure 20B 

and C). Taken together, these results suggest that phytoceramide and ceramide may 

induce activation and translocation of pYGSK3 into flagella and cilia, which is 

instrumental for the regulation of their length.  
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Figure 20. nSMase2-deficiency leads to shortening of motile cilia in vivo 
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(A) Immunoblot for pYGSK3, pSGSK3, and total GSK-3α/β using lysates from wildtype and fro/fro 

ependymal cells. (B) Immunocytochemistry shows that pYGSK (green) is transported to cilia tips 

(arrows) in wild-type but not in fro/fro ependymal cells. (C) Immunocytochemistry for acetylated 

tubulin (red) comparing cryosections of wildtype and fro/fro brain (3-month-old mice) shows that 

cilia are shorter in nSMase2-deficient ependymal cells. (D) Quantitation of C. Mean ± SEM, n=3, 

10 sections/mouse. Students t-test, p<0.0001. (E) Immunocytochemistry for ceramide (green) 

shows punctate labeling along the ciliary membrane and tip. (F) Ceramide (green) is colocalized 

with pYGSK (blue). White punctae indicate colocalization of ceramide, pYGSK, and acetylated 

tubulin (red). Scale bars, (B) 5 μm, (C) 10 μm, (E, F) 1 μm.  
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Ceramide interaction with aPKCζ regulates ciliogenesis in ependymal cells 

 
Our previous studies showed that atypical PKCζ (aPKCζ), another protein kinase that 

directly binds to ceramide regulates primary ciliogenesis in mammalian cells (Bieberich 

et al., 2000; Bourbon et al., 2000; Fan et al., 2004; He et al., 2012; He et al., 2014; 

Lozano et al., 1994; Muller et al., 1995; Ossipova et al., 2007; Pruliere et al., 2011; Y. M. 

Wang et al., 1999). GSK-3β can be inactivated by aPKCζ-mediated phosphorylation of 

Ser9 (pSGSK3), suggesting that mammalian ciliogenesis can be regulated by binding of 

ceramide to both GSK-3β and aPKCζ (Etienne-Manneville & Hall, 2003; Kim et al., 2007; 

Krishnamurthy et al., 2007b). Genome analysis shows that plants and Chlamydomonas 

do not express a homolog of aPKCζ and GSK3 does not contain an equivalent to the 

Ser9 phosphorylation site found in mammalian GSK-3β (Kruse et al., 1996; Wilson & 

Lefebvre, 2004). Therefore, we limited our analysis of motile cilia regulation by ceramide 

and aPKCζ to ependymal cells. An orthogonal view of a confocal z-scan shows that UV 

cross-linked pacFA ceramide colocalizes with aPKCζ in the ceramide-enriched 

compartment at the cilium base (Figure 21A). The physical interaction of pacFA 

ceramide with aPKCζ was demonstrated by a lipid ELISA-based assay using a surface 

coat of pacFA ceramide for binding to recombinant aPKCζ. Binding was enhanced by 

UV cross-linking, suggesting that aPKCζ could be covalently linked to pacFA ceramide 

and is indicative of high affinity for ceramide. The reaction did not occur in the absence 

of pacFA ceramide (pCer), aPKCζ, or aPKCζ-specific antibody (Figure 21B). The 

interaction of ceramide with aPKCζ was also mimicked by another ceramide analog, 

azido-N-oleoyl serinol, which was developed by introducing an azide group in N-oleoyl 

serinol (S18) (Figure 22A). We expressed the fusion protein human PKCζ-GFP in 3T3 

fibroblasts and performed incubation and the alkyne-azide click reaction with a mixture 

of azido-N-oleoyl serinol a and b. Figure 22B shows that GFP fluorescence as well as 
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anti-PKCζ antibody colocalized with fluorescently tagged azido-N-oleoyl serinol, 

suggesting that the ceramide analog interacts with PKCζ (Walter et al., 2016). The 

ceramide binding affinity of aPKCζ was tested using lipid-ELISA with surface coats of 

ceramides differing in the chain length and degree of saturation of the fatty acid moiety. 

Affinity of aPKCζ was higher for ceramides with very long chain and unsaturated fatty 

acids, with highest affinity for C24:1 ceramide (Figure 21C), similar to the affinity found 

with GSK-3β (Figure 19F). This result is consistent with rescue of cilia length in myriocin-

treated ependymal cells and elongation of cilia in untreated cells by C24:1 ceramide. 

 
We tested whether aPKCζ activation or inhibition is critical for ceramide-regulated motile 

ciliogenesis. Incubation of ependymal cells with fumonisin B1 (FB1), a ceramide 

synthase inhibitor, led to reduction of motile cilium length (Figure 21D). The cell-

permeable myristoylated aPKCζ pseudosubstrate inhibitor (PZI) prevented reduction of 

motile cilium length by FB1, suggesting that ceramide-mediated inhibition of aPKCζ is 

critical for motile ciliogenesis (Figure 21D). Consistent with this hypothesis, addition of 

PZI to cells not treated with FB1 resulted in an increase in cilium length by 50-60% 

(Figure 21D). Taken together, these results suggest that in ependymal cells, ceramide 

binds and inhibits aPKCζ, which leads to increased cilium length. However, since co-

localization of aPKCζ with ceramide was only detected at the cilium base, but not in the 

ciliary membrane (Figure 21A), we concluded that binding of aPKCζ to ceramide at the 

cilium base affects a secondary target that regulates cilium length by its translocation 

into cilia. Consistent with the observation that GSK3 is critical for flagella formation and a 

target for mammalian aPKCζ, we found that inhibition of GSK3 with BIO obliterated 

motile cilia in ependymal cells (Figure 21D). Therefore, we hypothesize that GSK3 is this 

secondary target by being phosphorylated at Ser9 and inactivated by aPKCζ, unless 

aPKCζ is bound to ceramide at the cilium base and sequestered from GSK3 that is 
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translocated to the ciliary membrane.   
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Figure 21. Ceramide binds to aPKCζ, the inhibition of which leads to cilium length 

extension 

 
(A) pacFA ceramide was UV cross-linked to protein in primary cultured ependymal cells, linked to 

Alexa Fluor 594 azide (red), and labeled with anti-aPKCζ (magenta) and anti-acetylated tubulin 

(green) antibodies. Scale bar, 2 μm. (B) pacFA ceramide was coated on ELISA plates and 

recombinant aPKCζ cross-linked by UV (365 nm) radiation. Presence/absence of pacFA 

ceramide (pCer) and recombinant aPKCζ along with primary antibody used are indicated. (C) 

Indicated ceramides were coated on ELISA plates, bound to recombinant aPKCζ, and binding 

quantified by development with anti-aPKCζ IgG and anti-rabbit IgG-HRP. Mean ± SEM, n=3. (D) 

Incubation of ependymal cells (24 h) with Fumonisin B1 (FB1, 10 μM) reduces cilium length, while 

addition of aPKCζ inhibitor PZI (10 μM) leads to extension of untreated or (partial) restoration of 
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FB1-treated cilia. The GSK-3β inhibitor BIO (2 μM) obliterates cilia. Data presented show mean ± 

SEM, n=5, *p<0.05, ***p<0.001 (One-way ANOVA with Bonferroni post-hoc test). 
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Figure 22. Interaction of the azido-N-oleoyl serinol with aPKCζ 

(A) Structure of C16-ceramide, N-oleoyl serinol (S18), azido-N-oleoyl serinol a and b. (B) 3T3 

fibroblasts were transfected with human PKCζ-GFP and 24 h post-transfection, incubated for 1 h 

with 5 μM each azido-N-oleoyl serinol a and b. Click reaction was performed with 5 μM Alexa 546 

DIBO alkyne for 20 min at RT. After washing, cells were fixed with p-formaldehyde/glutaraldehyde 

and permeabilized under mild conditions (0.2 % Triton X-100/PBS, 5min, RT). 



  

  97 

Immunocytochemistry and co-labeling was performed with anti-PKCζ rabbit IgG and Alexa 647 

anti-rabbit IgG (Walter et al., 2016) – Reproduced by permission of The Royal Society of 

Chemistry.   
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Discussion 

 
Length regulation of primary and motile cilia and flagella is essential for their biological 

function. To date, there are more than 20 proteins known to regulate cilium length, 

among which many are protein kinases (e.g., Aurora A kinase (AurA), MAPK/MAK/MRK 

overlapping kinase or MOK/RAGE1), as well as IFT proteins, and enzymes involved in 

tubulin modification (e.g., HDAC6) (Broekhuis et al., 2014; Cao et al., 2013; J. Pan et al., 

2004; Pugacheva et al., 2007). Little is known about the dynamic role of lipids in 

ciliogenesis. Since the cell membrane cannot be stretched, any cilium length extension 

is inevitably accompanied by net synthesis and transport of membrane lipids, by either 

vesicle traffic or lateral movement of lipids within the cell membrane toward the cilium 

base. While new membrane is added at the cilium base, tubulin and other proteins for 

cilium extension are transported along the cilium and then added at the tip. It is not clear 

how membrane lipid and protein transport are coregulated to ensure that elongation of 

the axoneme is adjusted to adequate expansion of the ciliary membrane. Our study 

presents new evidence that the sphingolipid (phyto)ceramide is instrumental for length 

regulation of flagella and cilia based on data from the green algae Chlamydomonas and 

murine ependymal cells.  

 
Chlamydomonas is a well-established model to study regulation of motile cilium length 

by testing mechanisms that affect flagella growth and regeneration. It has been shown 

that the flagellar membrane is enriched with phosphatidylethanolamine, which can be 

hydrolyzed by phospholipase D (PLD) to phosphatidic acid (PA), a lipid known to induce 

deflagellation (Goedhart & Gadella, 2004; Lechtreck et al., 2013; Quarmby et al., 1992). 

However, it is not clear if PLD-mediated generation of PA is part of a process regulating 

flagella length. It was also not known whether Chlamydomonas expresses enzymes that 

generate sphingolipids and whether these lipids, if present, are essential for regulation of 
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flagella. Using RT-PCR and immunoblotting we showed that SPT, the first enzyme in de 

novo sphingolipid biosynthesis, in particular its subunit SPT2, is conserved and 

expressed in Chlamydomonas. LC-MS/MS confirmed that C26:0 and C28:0 

phytoceramide are generated, suggesting that Chlamydomonas expresses a complete 

set of enzymes for de novo sphingolipid biosynthesis. While the analysis of the complete 

set of enzymes in (phyto)ceramide biosynthesis is part of our future studies, we could 

show that Chlamydomonas expresses the mRNAs of two putative ceramide synthases, 

lag1 and lag2. Among the enzyme inhibitors tested, the SPT inhibitor myriocin blocked 

phytoceramide biosynthesis and led to flagella length reduction and immotility. The 

specificity of this effect was demonstrated by the recovery of flagella growth and motility 

after removal of myriocin and by rescuing flagella with exogenous DHS, a downstream 

product of SPT and precursor for phytoceramide. Flagella were also partially rescued by 

exogenous phytoceramide, suggesting that flagella length is regulated by DHS that is 

metabolically converted to phytoceramide. Exogenous ceramide did not rescue flagella 

in Chlamydomonas, but it prevented loss of motile cilia in ependymal cells treated with 

inhibitors of ceramide biosynthesis. These results demonstrate that phytoceramide and 

ceramide are ciliogenic sphingolipids that regulate cilium length in Chlamydomonas and 

ependymal cells, respectively.  

 
In animals, ceramide is synthesized in the endoplasmic reticulum (ER), transported to 

the Golgi, where it can be converted into glycosphingolipids or sphingomyelin, which are 

further transported to the cell membrane. Sphingomyelin can be internalized by 

endocytosis and hydrolyzed to ceramide by sphingomyelinases (SMases). Our previous 

studies have shown that SMases in mammalian cells generate ciliogenic ceramide that 

is accumulated in an apical ceramide-enriched compartment (ACEC) at the base of 

primary cilia (He et al., 2012; He et al., 2014; G. Wang et al., 2009a). In plants and yeast, 
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phytoceramide is also synthesized in the ER and derivatized to complex 

phytosphingolipids in the Golgi. However, plants and algae do not contain sphingomyelin, 

but instead they generate inositolphosphorylsphingolipids (Lester & Dickson, 1993; 

Markham et al., 2013; Sperling & Heinz, 2003). Therefore, phytoceramide in 

Chlamydomonas is likely to be generated at the flagella base, either by de novo 

biosynthesis or degradation of complex phytosphingolipids, and then further transported 

into the ciliary membrane. This transport was tested using two techniques: labeling of 

phytoceramide and ceramide with an antibody and direct fluorescent labeling of the 

bifunctional ceramide analog pacFA ceramide after UV cross-linking to interacting 

protein(s). Anti-ceramide IgG was originally generated in our laboratory and has been 

extensively tested in independent laboratories using immunocytochemistry (He et al., 

2012; He et al., 2014; Krishnamurthy et al., 2007a; Muscoli et al., 2010; G. Wang et al., 

2009a). Anti-ceramide IgG was found to detect ceramide and phytoceramide in lipid 

ELISAs (Dinkins et al., 2015; He et al., 2014). Using this antibody, we showed that 

phytoceramide and ceramide are enriched at the base and the tip of flagella and motile 

cilia in Chlamydomonas and ependymal cells, respectively. These results suggest that 

(phyto)ceramide is transported from the ciliary base to the tip. 

 
Figure 23A shows a model consistent with a by co-transport of (phyto)ceramide and 

flagella/cilia length-regulating proteins.  In this “flux equilibrium model”, lipid vesicles 

from the ceramide compartment are incorporated into the ciliary membrane at the cilium 

base. Lipid-cargo protein co-transport ensures the stoichiometry required for 

simultaneous cilium elongation and membrane expansion. (Phyto)ceramide may serve 

as a membrane anchor for co-transported cargo proteins, or alternatively, it may activate 

a loading/unloading mechanism at the base or tip of the cilium. The cilium length is 

regulated by the size or ceramide content of the compartment at the base and its lipid 
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flux to the cilium: more ceramide favors cilium assembly, less favors disassembly until 

flux rates in both directions are equal and the cilium length is maintained. Consistent 

with this model, repeated de- and reflagellation in the presence of myriocin led to the 

inability to regenerate flagella, indicating that phytoceramide is continuously incorporated 

into the ciliary membrane and replenished by de novo biosynthesis. Appearance of 

fluorescently labeled pacFA ceramide in newly formed flagella was concurrent with 

disappearance of labeling at the base, further supporting the hypothesis that 

(phyto)ceramide is transported from the base into the ciliary membrane.  
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Figure 23. Hypothetical model for flagella/cilia length regulation by (phyto)ceramide 

 
(A) Flux equilibrium model. Lipid vesicles from the ceramide compartment (red) are incorporated 

into the ciliary membrane at the cilium base. Lipid-cargo protein (green) co-transport ensures the 

stoichiometry required for simultaneous cilium elongation and membrane expansion. 
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(Phyto)ceramide may serve as a membrane anchor for co-transported cargo proteins, or 

alternatively, it may activate a loading/unloading mechanism at the base or tip of the cilium. The 

cilium length is regulated by the size or ceramide content of the compartment at the base and its 

lipid flux to the cilium: more ceramide favors cilium assembly, less favors disassembly until flux 

rates in both directions are equal and the cilium length is maintained. (B) Regulation of GSK3 by 

(phyto)ceramide. In Chlamydomonas and ependymal cells, (phyto)ceramide binds to pYGSK3 at 

the ceramide-enriched compartment (ACEC) and transports it to flagella/cilia. In ependymal cells, 

ACEC-resident ceramide (red) binding and sequestration of aPKCζ prevents inactivation of GSK-

3β by aPKCζ-mediated phosphorylation of ser9, which complements activation and transport of 

pYGSK3. In the cilium tip, pYGSK3 down-regulates HDAC6 or induces cargo release from the 

motor protein complex, most likely regulated by its interaction with (phyto)ceramide. 
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Any specific regulation of cilia by (phyto)ceramide requires its interaction with proteins 

involved in ciliogenesis. It has been shown that several evolutionary conserved kinases 

with mammalian homologs such as Chlamydomonas AurA-like kinase (CALK), LF4p 

(MOK in mammals), and GSK3 are important for flagella length regulation (Berman et al., 

2003; Broekhuis et al., 2014; Cao et al., 2009; Cao et al., 2013; Hilton et al., 2013; Ou et 

al., 2009; J. Pan et al., 2004; Silflow & Lefebvre, 2001; Thoma et al., 2007; Wilson & 

Lefebvre, 2004). GSK3 is of particular importance since its role in ciliogenesis has been 

confirmed in numerous studies, but it is unclear if cilium length extension is induced by 

activation or inhibition of GSK3, or both. Lithium chloride (LiCl), a non-competitive 

inhibitor of GSK3, has been shown to induce cilium extension in Chlamydomonas and 

mammalian cells (Berman et al., 2003; Nakakura et al., 2014). However, LiCl is not 

specific and requires mM concentrations for effectiveness, and other studies have 

shown that its effect on ciliogenesis is independent of GSK3 (Ou et al., 2009). Specific 

GSK3 inhibitors have not been tested in Chlamydomonas, and they have given 

inconsistent results when used to test their effect on mammalian ciliogenesis (Ou et al., 

2009; G. Wang et al., 2009a). We administered two specific GSK3 inhibitors, BIO and 

indirubin-3-monoxime, to Chlamydomonas and found that they lead to complete 

shortening of flagella within 60 min, consistent with their effect on ependymal cells. 

Therefore, we conclude that active GSK3 is critical for maintenance or extension of cilia. 

This conclusion is consistent with previous studies showing that active pYGSK3 is 

translocated into flagella and that GSK3 knockdown leads to flagella shortening (Wilson 

& Lefebvre, 2004). It is also consistent with studies showing that specific inhibition or 

knockdown of GSK3 impairs ciliogenesis in mammalian cells (Ou et al., 2009). The 

critical role of pYGSK3 for ciliogenesis was further substantiated by our observation that 

pYGSK3 is colocalized with phytoceramide and ceramide in Chlamydomonas flagella 

and ependymal cell motile cilia, respectively. In ependymal cells, nSMase2 deficiency 
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led to decreased levels of pYGSK and increased levels of pSGSK, clearly showing that 

nSMase2-mediated generation of ceramide is instrumental for increasing pYGSK3 and 

reducing pSGSK levels. 

 
Activation of GSK3 by autophosphorylation of tyr216 is a cotranslational process, while 

inactivation by desphosphorylation at this residue and phosphorylation of ser9 is post-

translational and regulated by phosphatases and kinases, respectively (Beurel et al., 

2015). Since nSMase2-deficient ependymal cells show reduction of tyr216 and increase 

of ser9 phosphorylation, ceramide is likely to affect phosphatases and kinases that 

regulate GSK3 phosphorylation. We and other laboratories have found that ceramide 

binds and sequesters aPKCζ (Bieberich et al., 2000; Bourbon et al., 2000; Fox et al., 

2007; Lozano et al., 1994; Muller et al., 1995; G. Wang et al., 2009b; G. Wang et al., 

2005; Y. M. Wang et al., 1999), which was confirmed by lipid-ELISAs and UV cross-

linking to pacFA ceramide. Ceramide-induced sequestration may prevent aPKCζ-

mediated phosphorylation of GSK3 at ser9 and lead to enrichment of pYGSK3 in the 

cilium tip (Figure 8B). The hypothesis that ceramide-mediated sequestration of aPKCζ is 

critical for cilium length extension is supported by the observation that inhibition of 

aPKCζ with PZI promotes ciliogenesis in ependymal cells. Ceramide depletion prevents 

sequestration of aPKCζ and enrichment of pYGSK3 in cilia, while it promotes 

phosphorylation of GSK3 at ser9 and elevation of pSGSK3 levels (Figure 20A). Neither 

aPKCζ nor pSGSK3 are transported into cilia, suggesting that ciliary pYGSK3 is critical 

for cilium length regulation.   

 
In Chlamydomonas, pYGSK3 levels and transport into flagella are elevated by 

phytoceramide, but the interaction partner is currently unknown as plants and algae do 

not possess aPKC homologs (Kruse et al., 1996). Moreover, Chlamydomonas GSK3 

does not have a phosphorylation site homologous to ser9 in mammalian GSK-3β 
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(Wilson & Lefebvre, 2004). Therefore, phytoceramide may sustain pYGSK3 levels and 

its enrichment into flagella by a different mechanism. Our data showing that 

phytoceramide is colocalized with pYGSK3 in flagella strongly suggests that 

phytoceramide may regulate IFT of pYGSK3 (Figure 23B). Likewise, colocalization of 

ceramide with pYGSK3 in motile cilia suggests that ceramide may interact directly with 

pYGSK3 within the ciliary membrane and promote its transport to the tip. Support for this 

hypothesis comes from lipid-based ELISAs showing that recombinant human GSK-3β 

binds to C24:1 ceramide, the ceramide species rescuing motile cilia in ceramide-

depleted ependymal cells. Potential binding to pYGSK3 may be the evolutionarily older 

mechanism by which (phyto)ceramide regulates flagella/cilia, while ceramide-mediated 

sequestration of aPKC may have developed more recently as a complementary 

mechanism of GSK3 activation in animals.   

 
It is currently unknown how the interaction of phytoceramide or ceramide with pYGSK3 

in the cilium tip may regulate cilium length extension. It is possible that pYGSK 

downregulates HDAC6, thereby preserving tubulin acetylation (Figure 23B). Support for 

this hypothesis comes from a previous study showing that dysfunctional GSK3 leads to 

upregulation of HDAC6 and ciliary defects (Song et al., 2014). It is also possible that 

pYGSK does not directly regulate tubulin acetylation but instead cargo release at the 

cilium tip. It has been shown that GSK3-mediated phosphorylation of kinesin light chain 

leads to release of transport vesicles in neuronal axons (Szebenyi et al., 2002). It is 

likely that a similar mechanism may induce phosphorylation of kinesin 2 in cilia, which 

then allows for release of proteins that are critical for cilium assembly at the tip. The 

interaction of phytoceramide and ceramide with pYGSK at the cilium tip may trigger this 

cargo release and promote ciliogenesis.  

 
In summary, our study shows that (phyto)ceramide is critical for the regulation of flagella 
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in Chlamydomonas and motile cilia in ependymal cells in vitro and in vivo. We present 

new evidence that nSMase2-deficiency results in shortening of motile cilia in the 

ependyma, suggesting that reduction of ceramide generation leads to ciliary 

dysregulation in vivo. While it has not been described that mutations of enzymes in 

ceramide metabolism are linked to ciliopathies, our study shows that (phyto)ceramide 

levels and composition are important for adjusting cilium length. Therefore, 

(phyto)ceramide is the first signaling sphingolipid demonstrated to metabolically regulate 

ciliogenesis by an evolutionarily conserved mechanism in Chlamydomonas and 

mammalian cells.  

 

Materials and Methods 

 
Cultivation of Chlamydomonas and ependymal cells 

 
All experiments were carried out according to an Animal Use Protocol approved by the 

IACUC at GRU. Chlamydomonas reinhardtii (wild type strain CC-125 obtained from the 

Chlamydomonas Resource Center at the University of Minnesota) were grown in TAP 

growth medium (Cellgro, Manassas, VA) in 6-well plates or 250 ml Erlenmeyer flasks 

with a light/dark cycle of 14:10 h at room temperature. Primary cell cultures of mixed glial 

cells were isolated from brains of 1-day-old C57BL/6 wild-type mouse pups. Brains were 

dissociated in PBS containing 0.1 M glucose, passed through a 40 μm filter, and plated 

in T-25 flasks in DMEM (Gibco/Life technologies, Grand Island, NY) supplemented with 

10% FBS and 1% penicillin/streptomycin solution at 37°C in a humidified atmosphere 

containing 5% CO2. After 7 days, cells were passed to 24-well plates with poly-D-lysine-

coated glass coverslips and medium was changed to MEMα (Gibco) supplemented with 

bovine serum albumin (0.5 mg/ml), insulin (10 μg/ml; bovine), transferrin (5.5 μg/ml), 

sodium selenite (6.7 ng/ml), and human thrombin (1 unit/mL) to enrich for ependymal 
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cells (Weibel et al., 1986). Cultures of >70% ependymal cells were visible after another 7 

days cultivation in the thrombin-supplemented medium (purity was checked by 

immunocytochemistry for multiple vs. primary cilia and glial markers such as GFAP). 

Ependymal cells were treated with myriocin (Cayman, Ann Arbor, MI), GW4869 

(Cayman), Fumonisin B1 (FB1) (Enzo Life Science, Farmingdale, NY), BIO ((2’Z,3’E)-6-

bromoindirubin-3′-oxime) (Sigma-Aldrich, St. Louis, MO), Lithium chloride (LiCl) (Sigma-

Aldrich), myristolyated pseudosubstrate (aa113-125) inhibitor of PKCζ (PZI; Biomol, 

Plymouth Meeting, PA), and dihydrosphingosine (Avanti Polar Lipids, Alabaster, AL) at 

various concentrations and time periods in TAP or ependymal cell medium as indicated 

in Results.  

 

Lipid analysis 

 
ESI/MS/MS analysis of endogenous (phyto)ceramide species were performed on a 

Thermo Fisher Quantum triple quadrupole mass spectrometer, operating in a Multiple 

Reaction Monitoring (MRM) positive ionization mode, using a modified version 

(Bielawski et al., 2006). Briefly, all biological materials were fortified with internal 

standards (ISs: C17 base D-erythro-sphingosine (17CSph), C17 sphingosine-1-phosphate 

(17CSph-1P), N-palmitoyl-D-erythro-C13 sphingosine (13C16-Cer) and heptadecanoyl-D-

erythro-sphingosine (C17-Cer) and C6-Phyto-ceramide), then extracted with ethyl 

acetate/isopropanol/water (60/30/10 %v/v) solvent system. After evaporation and 

reconstitution in 150 l of methanol, samples were injected on the HP1100/TSQ 

Quantum LC/MS system and gradient eluted from the BDS Hypersil C8, 150 x 3.2 mm, 3 

m particle size column, with 1.0 mM methanolic ammonium formate/2 mM aqueous 

ammonium formate mobile phase system.  Peaks corresponding to the target analytes 

and internal standards were collected and processed using the Xcalibur software system.  
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Quantitative analysis was based on the calibration curves generated by spiking an 

artificial matrix with known amounts of the target analyte synthetic standards and an 

equal amount of the internal standards (ISs).  The target analyte/IS peak areas ratios 

were plotted against analyte concentration. The target analyte/IS peak area ratios from 

the samples were similarly normalized to their respective ISs and compared to the 

calibration curves, using a linear regression model. Introduction of the internal standards 

to the samples prior to extraction yields results already “recovery corrected”; therefore, 

no further data manipulation is necessary.  

 

RT-PCR  

 
Total RNA was prepared from each experimental group of cells using TRIzol reagent 

following the manufacturer’s protocol (Invitrogen/ Life technologies). First-strand cDNA 

was synthesized using an iScript cDNA Synthesis kit according to the manufacturer’s 

instructions (Bio-Rad, Hercules, CA). GI:158275604 and GI:158278434 were used to 

design Chlamydomonas serine palmitoyltransferase 1 and 2 primers, respectively. 

GI:159490045 andGI:159465562 were used to design Chlamydomonas lag 1 and 2 

primers, respectively. The following primers were used for RT-PCR:  

mSPT1 - (sense): 5’- TCCCTCCAGTCTCCAAGAAC -3’ 

mSPT1 - (antisense): 5’- CAGGCTCTCCTCCAGGAATA -3’  

mSPT2 - (sense): 5’- CCACCATGCAACAGAAAGAG -3’ 

mSPT2 - (antisense): 5’- AGGTTTCCAATTTCCTGACG -3’  

ChlamySPT1 - (sense): 5’- CCTGGCTTCCTACAACTACCTG -3’ 

ChlamySPT1 - (antisense): 5’- CAAACGACTTGGTGAACGTG -3’ 

ChlamySPT2 - (sense) 5’- CTGGAGGCGGAGGAGAAG -3’ 

ChlamySPT2 - (antisense) 5’- CGAGGCGGAGAAGCAGTAG -3’ 
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Chlamylag1 – (sense) 5- GTCGCACACCACATCGTCACC -3’ 

Chlamylag1 – (antisense) 5’- GCAATCTCCACAATCTTGTAG -3’ 

Chlamylag2 – (sense) 5’- TCTGCCGGGTCTGCTGGACAC -3’ 

Chlamylag2 – (antisense) 5’- ATTGACGATGCCGAATGTGAG -3’ 

 

Deflagellation and reflagellation  

 
Chlamydomonas cells were deflagellated in 10 mM HEPES by lowering pH to 4.5 with 

hydrochloric acid for 60 sec. pH was rapidly neutralized by the addition of sodium 

hydroxide, and cells were transferred to TAP medium for further incubation in the 

presence or absence of myriocin (Wilson & Lefebvre, 2004).  

 

Phototaxis motility assay 

 
To analyze phototaxis behavior, Chlamydomonas were cultivated at a density at which 

they were in logarithmic growth rate and then transferred to a 6-well dish. The wells were 

shielded from light in such a way that cells were only exposed to light coming from one 

defined direction.  Cells with intact motility move toward and accumulate at the side 

exposed to light for 15-20 min. Phototaxis was quantified both by counting cells with a 

hemocytometer and by measuring optical absorbance of chlorophyll at 450 nm. All 

phototaxis experiments were performed 4 h after the beginning of the light 

phase(Lechtreck et al., 2009). 

 

Immunocytochemistry 

 
Chlamydomonas or ependymal cells were grown in suspension or adherent on glass 

cover slips, respectively.  Cells were fixed with 4% PFA/PBS for 15 min and then 
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permeabilized by incubation with 0.2% Triton X-100 in PBS for 10 min at room 

temperature. Nonspecific binding sites were blocked with 3% ovalbumin/10% donkey 

serum/PBS for 1 h at 37 °C. Primary antibodies used were: anti-acetylated tubulin 

mouse IgG (1:3000, Sigma-Aldrich, clone 6-1113-1, Cat#. T6793), anti-ceramide rabbit 

IgG (1:100, our laboratory) (He et al., 2014; Krishnamurthy et al., 2007a), anti-ceramide 

mouse IgM (1:100, MAS0014, Glycobiotech, Kuekels, Germany), anti-pY216-GSK-3β 

rabbit IgG, anti-pY16-GSK-3β goat IgG, and anti-total GSK-3α/β mouse IgG (1:100, 

Santa Cruz, cat#. sc-135653, sc-11758, sc-7291, Dallas, TX), anti-pSer9-GSK-3β rabbit 

IgG (1:100, Cell Signaling, cat#. 9336S), and anti-SPT2 antibody (Cayman cat. No. 

10005260, 1:1000). Secondary antibodies (Alexa Fluor 546-conjugated donkey anti-

rabbit IgG, Cy5-conjugated donkey anti-mouse IgM, μ-chain specific, Alexa Fluor 647-

conjugated goat anti-mouse IgG γ-chain specific (all Jackson ImmunoResearch, West 

Grove, PA) were diluted 1:300 in 0.1% ovalbumin/PBS and samples incubated for 2 h at 

37 °C. After washing, cover slips were mounted using Fluoroshield supplemented with 

DAPI (Sigma-Aldrich) to visualize the nuclei. Confocal fluorescence microscopy was 

performed using a Zeiss LSM780 upright confocal laser scanning microscope (Zeiss, 

Jena, Germany) equipped with a two-photon argon laser at 488 nm, 543 nm, or 633 nm 

(Alexa Fluor 647), respectively. LSM 510 Meta 3.2 software was used for image 

acquisition. Images obtained with secondary antibody only were used as negative 

controls representing the background intensity in a particular laser channel.  

 

Bifunctional ceramide analog (pacFA ceramide) cross-linking and conjugation 

with fluorophore  

 
Chlamydomonas or ependymal cells were incubated under protection from light for 1 h in 

TAP medium or serum-free MEMα supplemented with vehicle (DMSO) or 5 μM of the 
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bifunctional ceramide analog N-(9-(3-pent-4-ynyl-3-H-diazirine-3-yl)-nonanoyl)-D-

erythro-sphingosine (pacFA ceramide, Avanti Polar Lipids) diluted 1:1000 from a stock in 

ethanol/2% dodecane. Cells were UV irradiated at 365 nm for 5 min at room temperature 

and fixed with 4% p-formaldehyde/PBS for 15 min. Unbound pacFA ceramide was 

removed by washing with methanol, methanol/chloroform (1:1), and methanol again for 5 

min each. Cells were equilibrated in PBS and the click reaction performed using the 

Click-iT Cell Reaction buffer Kit with Alexa Fluor 594-azide as the fluorophore following 

the manufacturer’s protocol (Life Technologies).  

 

Ceramide (lipid) ELISA and binding to aPKCζ and GSK-3β 

 
Binding assays were performed using a modified lipid (ceramide) ELISA as described 

previously (Dinkins et al., 2015; He et al., 2014; Krishnamurthy et al., 2007a). In brief, 

ceramides or pacFA ceramide (500 ng in 50 μl ethanol) were coated on 96-well 

Immulon-1B ELISA plates (Thermo Scientific/ Life Technologies) and washed with PBS. 

Non-specific binding sites were blocked by incubation for 1 h at 37 °C with 200 μl of 1% 

Fraction V BSA in PBS. Recombinant human aPKCζ (50 ng/50 μl, Enzo Life Science, 

Farmingdale, NY) or recombinant human GSK-3β (50 ng/50 μl, SignalChem, Richmond, 

Canada) in 0.1% BSA/PBS was incubated for 2 h at 37°C. Wells were washed 3 times 

with PBS and then incubated with 50 μl of 1:1000 α-PKCζ rabbit IgG (C20, Santa Cruz, 

cat#. sc-216)  or  1:500 α-GSK-3α/β mouse IgG (Santa Cruz, cat# sc-7291) overnight  at 

4 °C. Wells were washed 4 times with PBS, incubated with secondary antibody (50 μl of 

1:2000 α-rabbit IgG HRP-conjugated in 0.1% BSA/PBS, Jackson ImmunoResearch) for 

2 h at 37 °C, washed 4 times with PBS, and then developed using 0.8 mg/mL o-

phenylenediamine and 0.03% hydrogen peroxide. After stopping the reaction with 1 M 

sulfuric acid, optical absorbance was monitored at 492 nm.   
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Miscellaneous 

 
For immunoblot analysis, protein concentrations were determined using the RC/DC 

protein assay, in accordance with the manufacturer's (Bio-Rad, Hercules, CA) 

instructions. Equal amounts of protein were loaded onto a 4-20% gradient gel, and SDS-

PAGE was performed using the Laemmli method. Ponceau S staining was performed to 

confirm equal loading. For immunoblotting, membranes were first blocked with 5% dry 

milk (or 3% BSA for phosphorylated proteins) in PBST (PBS containing 0.1% Tween-20) 

and incubated with primary antibodies: SPT1/LCB1 antibody (BD Transduction Lab, 

1:1000), SPT2 antibody (Cayman, 1:1000), Acetylated tubulin (Sigma-Aldrich, 1:10,000), 

total GSK-3α/β (Santa Cruz, 1:500), pY216-GSK-3β (Santa Cruz, 1:500), or pS9-GSK-

3β (Cell Signaling, 1:500) diluted in the blocking buffer overnight at 4°C. Membranes 

were then washed three times with PBST and incubated with the appropriate 

horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch, 

1:10,000) for 1 h at room temperature. After washing, bands were detected using 

chemiluminescence (ECL) reagent and exposure to X-ray film. Membranes were then 

stripped and re-probed, as described above, with anti-β-actin (1:2,000) to confirm equal 

loading. 

 

Statistics 

 
The mean, SEM, and statistical tests of control and treatment samples were calculated 

using GraphPad Prism. We used Student’s t-test to compare two groups, one-way 

ANOVA with Bonferroni post-hoc test for three or more groups, and non-linear 

regression for motility assay (Figure 3B). Values of at least p<0.05 were considered 

significant. 
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Figure 24. Chlamydomonas express lag 1 and lag 2 

 
 RT-PCR using lag 1 and lag 2 primers based on predicted mRNA sequences in NCBI protein 

database. 
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Figure 25. 10nM myriocin does not induce apoptosis in Chlamydomonas 

(A) Recovery of motility after incubation with myriocin. Chlamydomonas were treated with 

different concentrations of myriocin added to the medium as indicated. 15 h post-treatment, 

motility was tested (middle panel, left panel is control at time 0 h of incubation) and cell washed 

and resuspended in fresh medium without the addition of myriocin. Recovery of motility was 

assayed 48 h after incubation with fresh medium (right panel). Arrow indicates direction of light 

source. (B) Phase contrast image of Chlamydomonas after treatment with 10 nM myriocin for 15 
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h. (C) Trypan  blue exclusion assay before and after treatment with 10 nM myriocin for 15 h. Right 

panel shows positive control obtained by heating Chlamydomonas at 60 °C for 15 min.   
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Figure 26. Cilia on ependymal cells lacking nSMase2 are rescued by exogenous C24:1 

ceramide 

 
Z-scan orthogonal view of in vitro cultured wildtype and fro/fro mouse ependymal cells 

immunolabeled with anti-acetylated tubulin following incubation with or without C24:1 ceramide 

for 24 h. Scale bar, 5 μm. 
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C. UNPUBLISHED DATA 

A novel technique to identify ceramide-binding proteins 
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INTRODUCTION  

 
Ceramide is a bioactive lipid and has a variety of physiological functions in apoptosis, 

cell polarity, endoplasmic reticulum function, mitochondria function, ciliogenesis, and 

exosome secretion. Several techniques have been developed to understand these 

functions including some in our laboratory. Previously, we have developed a novel IgG 

antibody against ceramide, raised in rabbits (Krishnamurthy et al., 2007a). Although 

rabbit anti-ceramide IgG facilitates the study of ceramide localization and its interaction 

with cellular proteins in cells and tissues, it is not useful for the identification of direct 

interaction between ceramide and its target proteins. Lipid-magnetic activated cell 

sorting (LIMACS) isolation of ceramide-enriched vesicles using anti-ceramide antibody is 

another method originally developed in our laboratory (Bieberich, 2011b; He et al., 2012; 

Krishnamurthy et al., 2007a; Krishnamurthy et al., 2007b). This method is critical to 

identify which proteins are working together within ceramide-enriched lipid rafts and 

compartments, but it is also not able to determine the direct binding between ceramide 

and its target proteins.  

  
Most recently, we have employed recently developed experimental tools as a platform to 

identify ceramide-protein complexes. We have tested the novel ceramide analog pacFA 

ceramide (described above) by UV cross-linking to proteins directly interacting with it 

and functionalizing this covalent complex for visualization and isolation using click 

chemistry (azide-alkyne cycloaddition of fluorophores or biotin to cross-linked pacFA 

ceramide) (Haberkant et al., 2013) (Figure 26). Furthermore, a fluorescent label was 

used to test for co-localization with potential ceramide-binding proteins in cells. We have 

also utilized proximity ligation assays (PLA) with the anti-ceramide rabbit IgG antibody to 

visualize the interaction between ceramide and its-binding proteins (Figure 27). 
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MATERIALS & METHODS 
 
Cultivation of Chlamydomonas, astrocytes, ependymal cells and 3T3 fibroblasts  

 
All experiments were carried out according to an Animal Use Protocol approved by the 

Institutional Animal Care and Use Committee at Augusta University. Chlamydomonas 

reinhardtii (wild type strain CC-125 obtained from the Chlamydomonas Resource Center 

at the University of Minnesota) were grown in TAP medium (Cellgro, Manassas, VA) in 

6-well plates or 250 mL Erlenmeyer flasks with a light/dark cycle of 14:10 h at room 

temperature. Primary glial cells were isolated from brains of P0-P1 C57BL/6 wild-type 

mouse pups. Brains were dissociated in PBS containing 0.1 M glucose, passed through 

a 40-μm filter, and plated in T-25 flasks in DMEM (Life Technologies, Grand Island, NY) 

supplemented with 10% fetal bovine serum, 1% GlutaGRO supplement and 1% 

penicillin/streptomycin solution at 37 °C in a humidified atmosphere containing 5% CO2. 

After 7 days, adherent cells were passed to 24-well plates containing poly-D-lysine-

coated glass coverslips. Culture medium was changed to MEMα (Gibco) supplemented 

with bovine serum albumin (0.5 mg/ml), insulin (10 μg/ml; bovine), transferrin (5.5 μg/ml), 

sodium selenite (6.7 ng/ml), and human thrombin (1 unit/mL) to enrich for ependymal 

cells (Weibel et al., 1986). Ependymal cells were visible after another 7 days cultivation 

in the thrombin-supplemented medium (purity was checked by immunocytochemistry for 

multiple vs. primary cilia using anti-acetylated tubulin). For astrocyte culture, mixed glial 

cells were passed to uncoated coverslips and cultured in DMEM as described above. 

NIH-3T3 fibroblast cells were also maintained in DMEM as described.  

 

 

 

 



  

  122 

PacFA ceramide lipid ELISA and binding to GSK-3β 

 
Binding assays were performed using a modified lipid (PacFA ceramide) ELISA as 

described previously (Dinkins et al., 2015; He et al., 2014; Krishnamurthy et al., 2007a). 

Briefly, pacFA ceramide (500 ng in 100 μl ethanol) was coated on 96-well Immulon-1B 

ELISA plates (ThermoFisher Scientific/Life Technologies) and washed with PBS. Non-

specific binding sites were blocked by incubation for 1 h at 37 °C with 200 μl of 1% BSA 

in PBS. Recombinant human GSK-3β (1ng/μl, SignalChem, Richmond, Canada) in 0.1% 

BSA/PBS was incubated for 2 h at 37°C. Wells were washed 3 times with PBS and then 

incubated with 50 μl of 1:500 anti-pY216-GSK-3β rabbit IgG (Santa Cruz, cat# sc-

135653) overnight at 4 °C. Wells were washed 4 times with PBS, incubated with 

secondary antibody (50 μl of 1:2000 anti-rabbit IgG HRP-conjugated in 0.1% BSA/PBS, 

Jackson ImmunoResearch) for 2 h at 37°C, washed 4 times with PBS, and then 

developed using a solution containing 0.8 mg/mL o-phenylenediamine and 0.03% 

hydrogen peroxide. After stopping the reaction with 1 M sulfuric acid, optical absorbance 

was measured at 492 nm. 

 

Miscellaneous 

 
For immunoblot analysis, protein concentrations were determined using the RC/DC 

protein assay, in accordance with the manufacturer’s (Bio-Rad) instructions. Equal 

amounts of protein were loaded onto a 4-20% gradient gel, and SDS-PAGE was 

performed using the Laemmli method. For immunoblotting, membranes were first 

blocked with 5% dry milk in PBST (PBS containing 0.1% Tween-20) and incubated with 

primary antibodies against acetylated tubulin (Sigma-Aldrich, 1:10,000), total GSK-3α/β 

(Santa Cruz, 1:500), and pY216-GSK-3β (Santa Cruz, 1:500) in the blocking buffer 

overnight at 4°C. Membranes were then washed three times with PBST and incubated 
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with the appropriate horseradish peroxidase-conjugated secondary antibodies (1:10,000) 

for 1 h at room temperature. After washing, bands were detected using an Odyssey 

imaging system from Licor.  

 

Bifunctional ceramide analogue (pacFA ceramide) cross-linking and conjugation 

with fluorophore 

 
Cells were incubated under protection from light for 1 h in DMEM culture medium with 5 

μM bifunctional ceramide analogue pacFA ceramide diluted 1:1000 from a stock in 

ethanol/2% dodecane. Cells were UV-irradiated at 365 nm for 15 min at room 

temperature and fixed with 4% PFA/PBS for 15min. Unbound pacFA ceramide was 

removed by washing cells in methanol, methanol/chloroform (1:1), and methanol again 

for 5 min each. Cells were equilibrated in PBS and the click reaction performed using the 

Click-iT Cell Reaction Buffer Kit with Cy7.5 azide, Alexa 594 azide, Alexa 647 azide, or 

biotin-azide as following the manufacturer’s protocol (Life Technologies).  
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Figure 27. A novel platform for identification of ceramide-binding proteins 

 
Chemical structure of the bifunctional pacFA ceramide. N-(9-(3-pent-4-ynyl-3-H-diazirine-3-yl)-

nonanoyl)-D-erythro-sphingosine is shown containing C18 sphingosine (top portion) and a C15 

fatty acid modified with a diazirine ring at carbon 10 for UV cross-linking and a terminal alkyne 

group for Click chemistry modification. PacFA ceramide is UV-crosslinked to a ceramide-binding 

protein via diazirine group (blue arrow) and then cross-linked to a fluorophore or biotin via 

covalent linking (click reaction) of the alkyne group (red arrow).  
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Proximity ligation assay (PLA)  

 
Astrocytes were grown on glass cover slips.  Cells were fixed with 4% PFA/PBS and 0.5% 

glutaraldehyde for 15 min at 37 °C and then permeabilized by incubation with 0.2% 

Triton X-100 in PBS for 5 min at room temperature. Nonspecific binding sites were 

blocked with Duolink PLA blocking solution (Sigma-Aldrich) for 1 h at 37 °C. Primary 

antibodies used were: anti-acetylated tubulin mouse IgG (1:3000, Sigma-Aldrich, clone 

6-1113-1), anti-ceramide rabbit IgG (1:100, our laboratory) (He et al., 2014; 

Krishnamurthy et al., 2007a), and anti-pY216-GSK-3β goat IgG (1:100, Santa Cruz). 

Secondary PLA probes: anti-rabbit PLUS affinity-purified donkey anti-rabbit IgG (H+L) 

and anti-goat MINUS affinity-purified donkey anti-goat IgG (H+L) were diluted 1:5 in 1x 

antibody diluent buffer and samples incubated for 1 h at 37 °C. After washing, ligation 

and amplification step were performed following the manufacturer’s protocol (Sigma-

Aldrich). Cover slips were mounted using Fluoroshield supplemented with DAPI (Sigma-

Aldrich) to visualize the nuclei. Confocal fluorescence microscopy was performed using 

a Zeiss LSM780 upright confocal laser scanning microscope (Zeiss, Jena, Germany) 

equipped with a two-photon argon laser at 488 nm, 543 nm, or 633 nm (Alexa Fluor 647), 

respectively. LSM 510 Meta 3.2 software was used for image acquisition. Images 

obtained with secondary antibody only were used as negative controls representing the 

background intensity in a particular laser channel.  
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Figure 28.  Schematic of the proximity ligation assay (PLA) with anti-ceramide rabbit IgG: a 

novel platform for identification of ceramide-binding proteins 

Ceramide antibody raised from rabbit IgG (green) and a primary antibody against a potential 

ceramide-binding protein (blue) recognizes the target antigen. PLA probes, species-specific 

secondary antibodies, bind to the primary antibodies. Each PLA probes contains a unique short 

DNA strand attached to it. If the PLA probes are in close proxsimity, the DNA strands interact and 

generate circle-forming DNA oligonucleotides used for enzymatic ligation. The ligated DNA is 

amplified via rolling circle amplification using a polymerase. Several-hundredfold replication of the 

DNA circle labels complementary oligonucleotide probes that yield high intensity of fluorescence 

(red), which is visible under a fluorescence microscope.   
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RESULTS 

 
Novel platform to visualize ceramide-binding proteins using direct cross-linking of 

pacFA ceramide 

 
Our previous studies showed that ceramide and pYGSK3 were co-localized with 

acetylated tubulin in motile cilia/flagella of Chlamydomonas and ependymal cells (Figure 

19C, D) as visualized using anti-ceramide rabbit IgG (Krishnamurthy et al., 2007a). 

Consistent with the function of active GSK3 for cilia, only pYGSK3, but not the 

inactivated form pSGSK3, was localized to the ependymal cilia (Figure 19E). Direct 

binding of human recombinant GSK-3β (auto-phosphorylated at Tyr216) to ceramide 

was found using lipid-ELISAs with various ceramide species coated on Immulon-1-B 

plates (Figure 19F).  

 
Next, we tested direct binding between ceramide and pYGSK3 using pacFA ceramide. 

The physical interaction of pacFA ceramide with GSK3 was demonstrated by a lipid 

ELISA-based binding assay using a surface coat of pacFA ceramide for binding to 

recombinant human GSK-3β expressed in Sf9 cells. Covalent interaction of pacFA 

ceramide with GSK3 was induced by UV cross-linking and covalent linkage of pacFA 

ceramide-GSK3 to Cy7.5 azide was achieved by click chemistry for visualization in SDS-

PAGE and on immunoblots (Figure 29A). The reaction did not occur in the absence of 

pacFA ceramide or UV cross-linking suggesting that pacFA ceramide can mimic and 

visualize interaction between ceramide and ceramide-binding proteins.  

 
Next, we tested whether ceramide-binding proteins can be isolated by pacFA ceramide. 

Proteins from pacFA ceramide-incubated and UV exposed Chlamydomonas cells were 
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biotinylated and subsequently isolated with streptavidin-magnetic beads. Immunoblotting 

of these cross-linked proteins revealed the presence of pYGSK3 (Figure 29B).  

 
Last, we determined whether pacFA ceramide-protein complexes could be visualized in 

ependymal cells. After UV cross-linking, the pacFA ceramide-protein complex was 

visualized by covalent linking to Alexa Fluor 594 azide using click chemistry. Alexa Fluor 

594-labeled pacFA ceramide was enriched in the base of motile cilia and was co-

localized with pYGSK3 as confirmed by immunolabeling (Figure 29C). This result is 

consistent with the co-labeling between anti-ceramide rabbit IgG and anti-pYGSK3 in 

ependymal cells (Figure 19D). Furthermore, we have shown the visualization of the 

pacFA ceramide-protein complex in Chlamydomonas cells (Figure 18E). Thus, these 

results demonstrate that pacFA ceramide can be used to label and potentially identify 

ceramide-interacting proteins in various cell types.  
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Figure 29. UV cross-linking of GSK3 to pacFA ceramide in vitro and in situ 

 
(A) UV cross-linking of human recombinant GSK3 to pacFA ceramide followed by covalent 

binding of Cy7.5-azide using click chemistry and then SDS-PAGE/immunoblot using anti-

pYGSK3 rabbit IgG and visualization with Alexa 680 anti-mouse IgG using Odyssey/Licor 

fluorescence scanner. Co-labeling indicates ceramide binding site on pYGSK3 cross-linked to 

Cy7.5-pacFACer. (B) Chlamydomonas protein was UV cross-linked to pacFA ceramide and then 

biotinylated with biotin-azide using click chemistry. After magnetic beads-linked streptavidin pull-

down (MACS), pYGSK3 was detected by SDS-PAGE/immunoblot. (C) UV cross-linking of pacFA 

ceramide labeled the base of motile cilia in mouse ependymal cells, which was co-localized with 

pYGSK3. 
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Novel platform for identification of ceramide-binding proteins using proximity 

ligation assay (PLA) 

 
PLA is a technology that detects and visualizes endogenous protein interactions (Jarvius 

et al., 2007; Soderberg et al., 2006). The method combines a traditional immuno-labeling 

with PLA probes, secondary antibodies conjugated with a unique DNA strand. If two PLA 

probes are in close proximity, they generate a circle-forming DNA, which is amplified by 

rolling circle amplification to intensify the fluorescence signal. Using our laboratory’s 

ceramide antibody, we have developed the techniques to identify larger ceramide-

protein complexes (Figure 28). The PLA signal with primary anti-ceramide rabbit IgG and 

anti-pYGSK3 goat IgG was detected by confocal microscopy, which indicates the direct 

interaction between ceramide and pYGSK3 (Figure 30B and C). No signal was observed 

by PLA with anti-rabbit IgG and anti-pYGSK3 goat IgG (Figure 30A).  

  



  

  131 

 

Figure 30. Interaction between ceramide and pYGSK3 visualized by PLA in astrocytes 

 
(A) PLA with Rabbit IgG and pYGSK3 for negative control. (B) PLA signal with anti-ceramide 

rabbit IgG and anti-pYGSK3 goat (red). (C) Higher magnification of left side of B. Scale bars, 

10μm (A), 5μm (B).  
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DISCUSSION  

 
A number of techniques developed over the past two decades have extended our 

understanding of the regulation and biological functions of ceramide. It is critical to 

identify the interaction of a lipid with another lipid or a protein since those interactions 

define its biological activity. There have been successful studies to determine binding 

proteins or specific binding domains for many other signaling lipids. However, because 

of technical limitations, it is difficult to show direct interaction between a protein and 

ceramide. Nevertheless, in order to define a cell-signaling function of ceramide, it is 

imperative that the identity of the interface of the proteins is defined. 

 
Here, we have demonstrated the visualization and isolation of bifunctional pacFA 

ceramide by click chemistry in vitro and in situ. We have also shown the visualization of 

the interaction between ceramide and ceramide-binding proteins by PLA in astrocytes. 

These new methods will be helpful to investigate ceramide-binding proteins to further 

advance this field.  

 
This study was funded through NSF and NIH grants. 
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III. OVERALL DISCUSSION  
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Most of the previous work on the sphingolipid ceramide has been dedicated to 

understanding the function of ceramide as an apoptosis inducer. Recent studies, 

however, have shown that ceramide has additional non-apoptotic functions in diverse 

cell types and compartments (He et al., 2012; He et al., 2014; Krishnamurthy et al., 

2007b; G. Wang et al., 2012; G. Wang et al., 2005). The study of ceramide in various 

cellular compartments will provide a deeper understanding of biological processes that 

are critically regulated by ceramide. Hence, the overall goal of my thesis project was to 

investigate the biological function of ceramide in two cellular compartments: exosomes 

and motile cilia. Results from my research examine the novel role of ceramide in these 

compartments. Our results showed that 1) ceramide elevation by combined treatment 

with guggulsterone and bexarotene induces secretion of exosome-associated BCRP and 

reduces MDR in cancer and cancer stem-like cells; 2) ceramide regulates ciliogenesis by 

activating GSK3 in Chlamydomonas and murine ependymal cells; and 3) we have 

developed a novel technique to identify ceramide-binding proteins with ceramide 

analogs, pacFA ceramide and azido-N-oleoyl serinol, and PLA. 

 

Function of ceramide-enriched exosomes in multidrug resistance 

 
Breast cancer cells often acquire MDR by expression/activation of ABC transporters 

such as BCRP, which mediate efflux of chemotherapeutics from cancer cells. Although 

ABC transporters have been detected on exosomes, the function of ABC transporters in 

exosomes is not well studied. Exosomes are one type of extracellular vesicle (EVs) that 

are the multivesicular endosome origin, and they have been studied as a new pathway 

of intercellular communication. Several studies reported that ceramide is enriched in 

exosomes and triggers their secretion (Trajkovic et al., 2008; G. Wang et al., 2012). 

Previous studies in our laboratory have also shown that the formation and secretion of 
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exosomes can be triggered by ceramide, which is generated from sphingomyelin by 

neutral sphingomyelinase 2 (nSMase2) (G. Wang et al., 2012). In cancer biology, 

exosomes have been studied as a mechanism to confer MDR to drug-sensitive cells 

(Kahlert & Kalluri, 2013; Webber et al., 2015). In contrast, our results suggest that 

induced secretion of exosome-associated ABC transporters can deplete resistant cells of 

MDR. We showed that the elevation of ceramide level by the C6 ceramide analog 

reduces BCRP level in MDA-MB-231 cells and increases exosome-associated BCRP, 

which indicates that exosomes may restore drug sensitivity by depleting ABC 

transporters from drug-resistant cells. Thus, I hypothesized that ceramide-induced 

secretion of exosome-associated ABC transporters can deplete the resistant cells of 

MDR, which ultimately restores sensitivity to chemotherapeutics such as doxorubicin. 

 
Since our previous studies showed that cancer stem-like cells elevate ceramide levels 

when incubated with guggulsterone (gug), an antagonist of the farnesoid X receptor 

(FXR) in 4T1 cells, we tested if gug will induce the secretion of exosomes in MDA-MB-

231 cells. Interestingly, the combinatorial drug treatment with gug and bexarotene, an 

agonist of the rexinoid X receptor (RXR), (gug+bex), increased endogenous ceramide 

levels effectively and induced secretion of exosome-associated BCRP. This effect was 

specific for nSMase2 because both a pharmacological nSMase 2 inhibitor, GW4869, and 

siRNA knock down of nSMase 2 restored BCRP protein levels and reduced the 

secretion of exosome-associated BCRP in gug+bex-treated cells, suggesting that the 

secretion of exosome-associated BCRP can be a way to eliminate MDR and restore 

chemotherapeutic drug sensitivity in cancer cells. How gug+bex treatment activates 

nSMase2 and generates ceramide for exosome-secretion will be examined in the future. 

One possibility is that gug+bex alters acute lipid metabolism and thus triggers activation 
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of nSMase2. Also, how elevation of ceramide by gug+bex treatment selectively induces 

exosome-association of BCRP remains to be determined.  

 

Breast cancer stem-like cells have a high aldehyde dehydrogenase (ALDH) activity, a 

hallmark of cancer stem cells, so they are considered to be a model for cancer stem 

cells found within highly invasive and metastatic tumors of breast cancer patients. It has 

been reported that the high expression of BCRP is also found in cancer stem cells of the 

doxorubicin-resistant tumors in humans (Nakanishi & Ross, 2012). Thus, we determined 

whether elevation of ceramide levels by gug+bex treatment sensitizes cancer cells and 

cancer stem-like cells toward doxorubicin, a chemotherapeutic that induces cell death. 

We have observed that reduction of BCRP levels by gug+bex treatment, concomitant 

with doxorubicin-induced apoptosis in breast cancer and cancer stem-like cells, 

suggests that gug+bex treatment can be a promising adjuvant drug treatment for 

sensitizing breast cancer. Since cancer stem-like cells have a high metastatic potential, 

gug+bex adjuvant therapy may prevent metastasis in breast cancer. Therefore, our 

results suggest that adjuvant lipid therapy using gug+bex combination treatment may 

restore the sensitivity of chemotherapeutic drugs in drug-resistant cancer cells and 

provide an efficient approach in anti-metastatic breast cancer chemotherapy. Since 

inhibition of non-target ABC transporters may enhance side effects of chemotherapeutic 

drugs in normal cells, additional experiments are needed to test whether gug+bex 

treatment affects other ABC transporters, which are not involved in chemotherapeutic 

drug resistance in an animal model.  

 

The role of ceramide in motile ciliogenesis 
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Cilia are protrusions of the cell membrane and evolutionarily conserved organelles. 

Research so far has focused on the role of proteins in the regulation of cilium length, and 

little information is available on the function of lipids in this process. It is important to fill 

this gap since lipids are the major component of cellular membranes. We have found 

that aSMase and nSMase-mediated generation of ceramide is critical for ciliogenesis in 

MDCK cells and neural progenitors, respectively (He et al., 2012; He et al., 2014; G. 

Wang et al., 2009a). Given the findings of our previous studies, I hypothesized that 

ceramide might also play a role in motile ciliogenesis.  

 
Although Chlamydomonas is a bona fide model to study ciliogenesis, it has not been 

studied on the presence of sphingolipids or enzymes required for sphingolipid 

biosynthesis in this model organism. Using RT-PCR and immunoblotting, we found that 

Chlamydomonas expresses SPT, the first enzyme in de novo sphingolipid biosynthesis, 

in particular its subunit SPT2, as well as the mRNAs of two putative ceramide synthases, 

lag1 and lag2. Furthermore, LC-MS/MS results confirmed that Chlamydomonas 

synthesizes C26:0 and C28:0 phytoceramides, indicating that Chlamydomonas 

expresses a set of enzymes for de novo sphingolipid biosynthesis. Additional 

experiments are needed to identify the complete set of enzymes in (phyto)ceramide 

biosynthesis in Chlamydomonas.  

 
Next, we examined whether ceramide is required for motile ciliogenesis. We depleted 

Chlamydomonas of ceramide by using inhibitors of enzymes in ceramide biosynthesis to 

test if this impairs ciliogenesis. Then we added exogenous ceramide or a precursor of 

ceramide (dihydrosphingosine, DHS) to the medium of ceramide-depleted cells to test if 

this rescues ciliogenesis and cilium motility. We found that ceramide depletion by the 

SPT inhibitor myriocin led to flagella length reduction and immotility, which was 

recovered by removing myriocin or by adding exogenous DHS. Flagella length reduction 
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and immotility by myriocin was also partially rescued by incubating exogenous 

phytoceramide, indicating that flagella length is regulated by DHS that is metabolically 

converted to phytoceramide. Consistent with these results, adding exogenous ceramide 

to the medium prevented loss of motile cilia in ependymal cells treated with inhibitors of 

ceramide biosynthesis. Thus, our findings suggest that phytoceramide and ceramide are 

important for regulating cilium length in Chlamydomonas and ependymal cells, 

respectively.  

 
Using anti-ceramide rabbit IgG antibody generated in our laboratory and fluorescent 

labeling of the bifunctional ceramide analog pacFA ceramide to detect the distribution of 

ceramide in cells, we found that phytoceramide and ceramide are enriched at the base 

and the tip of flagella and motile cilia in Chlamydomonas and ependymal cells, 

respectively. Given the relative location of ceramide and motile cilium, we hypothesized 

that ceramide might be transported from the base into the ciliary membrane.  

 
In order to determine whether ceramide is transported from the base to the tip of cilia, 

we blocked de novo biosynthesis of ceramide by myriocin and depleted the existing 

ceramide pool by repeated de- and reflagellation. Our results showed that in the 

absence of phytoceramide, Chlamydomoans failed to regenerate flagella, indicating that 

phytoceramide synthesis is required to generate the ciliary membrane. Furthermore, our 

results showed that fluorescent tagged pacFA ceramide in the base of flagella was 

disappeared and appeared in newly formed flagella, further supporting the hypothesis 

that (phyto)ceramide is transported from the base of  into the ciliary membrane.  

 

GSK3: a key binding partner of ceramide involved in ciliogenesis  

 
Next, we asked how ceramide regulates cilium length. Previously we found that in 
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mammalian cells, aPKC directly interacts with ceramide and promotes primary cilium 

extension by inhibition of histone deacetylase 6 (HDAC6), a microtubule-associated 

protein (MAP) stabilizing microtubules (He et al., 2012; He et al., 2014; Hubbert et al., 

2002). Since neither plants nor algae express aPKCs, it is likely that ceramide interacts 

with other proteins to regulate cilium length in Chlamydomonas. Chlamydomonas GSK3 

is an evolutionarily conserved kinase required for ciliogenesis (Nakakura et al., 2014; 

Song et al., 2014; Szebenyi et al., 2002; Thoma et al., 2007; G. Wang et al., 2009a; 

Wilson & Lefebvre, 2004). We found that activated GSK3, which is phosphorylated at 

Tyr216 (pYGSK3), co-localized with ceramide in Chlamydomonas flagella and 

ependymal cell motile cilia. Interestingly, nSMase2-deficient ependymal cells showed 

reduction of the levels of pYGSK3 and an increase in the levels of pSGSK3, these 

results indicate that ceramide is likely to associate with pYGSK3. Support for this 

hypothesis came from lipid-based ELISAs showing that recombinant human GSK-3β 

bound to C24:1 ceramide, which rescued motile cilia in ceramide-depleted ependymal 

cells when added exogenously to the medium. In addition, recombinant GSK-3β could 

be cross-linked to the bifunctional ceramide analog, pacFA ceramide. PLA is a method 

used to identify and visualize protein-protein interaction through combining traditional 

immuno-staining with nucleic acid amplification. PLA with primary anti-ceramide antibody 

and anti-pYGSK3 antibody also confirmed an interaction of ceramide and pYGSK3 in 

astrocytes. These new data strongly suggest that direct binding of GSK3 to ceramide is 

a novel mechanism for regulation of GSK3 transport and activation.  

 
In short, we have shown that ceramide is critical for the regulation of flagella in 

Chlamydomonas and motile cilia in ependymal cells in vitro and in vivo. Understanding 

how the interaction of ceramide with pYGSK3 regulates cilium length extension is part of 

our future studies. Plus, further ceramide-interacting proteins and their function in cilium 
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length regulation will be examined in the future.  

 

Significance of our work 

 
Our studies have provided new insights into novel functions of ceramide in exosomes 

and motile cilia. Using established tools to study ceramide: pharmacological inhibitors, 

analogs, anti-ceramide rabbit IgG antibody, a mouse genetic model, and newly 

developed techniques (pacFA ceramide and PLA), we have extensively characterized 

the biological function of ceramide in the secretion of exosomes and motile ciliogenesis. 

We have demonstrated the possibility of inducing exosome secretion as a means of 

depleting ABC transporters and potentially restoring drug sensitivity in cancer and 

cancer stem-like cells. Also, we are the first group showing that Chlamydomonas 

expresses serine palmitoyl transferase (SPT), the first enzyme in (phyto)ceramide 

biosynthesis. In addition, we have validated the use of pacFA ceramide, azido-N-oleoyl 

serinol, and PLA to identify ceramide-binding proteins. These originally developed 

techniques will enable us to identify a group of ceramide-binding proteins and study the 

role of ceramide in diverse biological processes. Finally, our studies have highlighted 

important roles of ceramide in exosomes and cilium formation, which can be used as a 

basis for further investigation of exosome- and cilium-involved cellular processes in 

cancer and ciliopathies, respectively.  
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IV. SUMMARY 
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Chapter 1: Guggulsterone and bexarotene induce secretion of exosome-

associated breast cancer resistance protein (BCRP) and reduce doxorubicin 

resistance in MDA-MB-231 cells 

 
- Ceramide induce secretion of exosome-associated BCRP 

- Guggulsterone and bexarotene (gug+bex)-induced ceramide elevation is 

concurrent with down-regulation of BCRP and induction of apoptosis in 

cancer and cancer stem-like cells 

- Gug+bex-induced BCRP down-regulation sensitizes MDA-MB-231 cells 

toward doxorubicin-induced cell death 

 
Chapter 2: Regulation of Chlamydomonas flagella and ependymal cell motile cilia 

by ceramide-mediated translocation of GSK3 

 
- Chlamydomonas express serine palmitoyltransferase and generate plant 

sphingolipids 

- Phytoceramide and ceramide are critical for motility and ciliary length 

regulation 

- Phytoceramide and ceramide are enriched in compartments that regulate 

ciliogenesis 

- Motile ciliogenesis in Chlamydomoans and ependymal cells relies on active 

GSK-3β 

- Ceramide interaction with aPKCζ regulates ciliogenesis in ependymal cells
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