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Abstract 

 

Evidence collected over the years has established small extracellular vesicle (sEV) or 

exosome secretion as a novel paradigm for intercellular communication under both 

physiological and pathological conditions. SEVs are generated as intraluminal vesicles 

(ILVs) during multivesicular body (MVB) maturation in the endocytic pathway. Upon fusion 

of MVBs with the plasma membrane, ILVs are released into the extracellular space as 

sEVs. The molecular mechanisms that underlies ILV generation and the subsequent 

sorting of these secretory MVBs from the conventional degradative MVBs remain largely 

unraveled.  

Neutral sphingomyelinase 2 (nSMase2, encoded by SMPD3) activity drives intraluminal 

vesicle (ILV) generation for sEV secretion. In addition to its role in producing ceramide 

required for membrane invagination to form ILVs, here, we report that nSMase2 regulates 

sEV secretion through modulation of vacuolar H+-ATPase (V-ATPase) activity. 

Specifically, we show that nSMase2 inhibition induces V-ATPase complex assembly that 

drives MVB lumen acidification and consequently reduces sEV secretion. Conversely, we 

demonstrate that stimulating nSMase2 activity with the inflammatory cytokine TNFα 

decreases acidification and increases sEV secretion. Thus, we unravel that nSMase2 

activity affects MVB membrane lipid composition to counteract V-ATPase-mediated 

endosome acidification, and thereby shift MVB fate towards sEV secretion.   

The second part of this thesis focuses on neutral sphingomyelinase 1 (nSMase1, 

encoded by SMPD2), which also belongs to the sphingomyelinase enzyme family. The 

molecular characterization and biological function of nSMase1 remain poorly studied. 

Here, we show that SMPD2 knockdown (KD) reduces LAMP1 at the mRNA levels and is 

required for initiating a full-potential unfolded protein response under ER stress. 

Additionally, SMPD2 KD dramatically reduces the global protein translation rate. We 

further show that SMPD2 KD cells are arrested in the G1 phase of the cell cycle and that 

two important cell cycle regulating processes - PI3K/Akt pathway and Wnt signaling 

pathway are altered. Taken together, we propose a role for nSMase1 in buffering ER 

stress and modulating cellular fitness via cell cycle regulation.   
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1 Introduction 

 

1.1 Intracellular membrane trafficking: Relaying intracellular messages   

 

Targeting of cargo molecules to their correct locations is indispensable for proper cellular 

function. Eukaryotic cells have evolved an elaborate internal membrane system to 

transport cellular cargos, which include proteins and different macromolecules, from one 

organelle to another within the same cell or across the plasma membrane to and from the 

extracellular space. Transport vesicles with cargos enclosed within or associated with the 

membrane, bud off from one donor membrane and can fuse with another membrane or 

split up into several smaller vesicles in a highly regulated and dynamic manner (Johannes 

M. Herrmann and Anne Spang, 2015). 

Based on the direction of the cargo movement, membrane trafficking can be broadly 

grouped into two basic pathways: endocytosis and exocytosis (Fig.1). Exocytosis refers 

to the movement of intracellular cargo to the plasma membrane or into the extracellular 

space. For example, as a part of the biosynthetic secretory pathway, newly synthesized 

proteins, carbohydrates, and lipids in the endoplasmic reticulum are targeted to the 

plasma membrane or into the extracellular space via the Golgi Apparatus (Barlowe & 

Miller, 2013). Conversely, endocytosis refers to the movement of cargos into the cell from 

the plasma membrane or extracellular space. Endocytosis not only achieves the uptake 

of essential nutrients such as iron, vitamins, and cholesterol but also directs cargos such 

as cell surface receptors for recycling or lysosomal degradation (McMahon & Boucrot, 

2011). Additionally, lysosomes also receive cargos for degradation via autophagy (Yang 

& Klionsky, 2010). Cell-specific endocytic mechanisms such as phagocytosis and 

micropinocytosis achieve the internalization of pathogens or extracellular particles (Liu & 

Roche, 2015). To achieve both long- and short-range intercellular communications, cells 

release diverse cargo-bound small vesicles from their surface that are collectively termed 

extracellular vesicles (Tricarico et al, 2017; van Niel et al, 2018). Therefore, intracellular 

membrane traffic allows the continuous exchange of components not only between 
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different cellular compartments but between different cells, thereby relaying important 

biological messages in a spatiotemporal manner (Fig. 1). 

 

 
Figure 1:  Intracellular membrane vesicle trafficking: Membrane vesicle trafficking comprises 
many cellular processes that make extensive connections with each other. It includes the 
conventional secretory pathway, the endosomal pathway including sEV secretion, and the 
autophagy pathway which culminates in the cellular degradative pathway at the lysosome. It also 
includes processes occurring at the cell surface such as phagocytosis, micropinocytosis and 
microvesicle secretion. 

 

1.2 Extracellular vesicles: biological messages in small vesicles 

 

All cell types, from bacteria to plants, secrete various types of membrane-bound vesicles 

collectively termed extracellular vesicles (EVs) (reviewed in van Niel et al, 2018). 

Although initially regarded as a mere route for spewing out intracellular waste, the loading 

and secretion of extracellular vesicles are now gaining intense research interest with a 

focus on its capacity to mediate intercellular communications. The molecular cargos of 

EVs varying from nucleic acids to lipids and proteins are enclosed within the lumen or 

associated with the lipid bilayer. In this way, EVs act as signaling vehicles by allowing the 
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exchange of these components between the secreting and the recipient cells (Van Niel 

et al, 2018).  

Intact EVs can be isolated from most bodily fluids including blood (Nomura, 2017), saliva 

and tears (Aqrawi et al, 2017), urine (Dong et al, 2020), and milk (Sanwlani et al, 2020), 

thus reflecting their diverse origin. With the ability to incorporate a vast range of cargo 

molecules and with the added stability provided by the lipid bilayer encapsulation, EVs 

mediate both short- and long-range intercellular communications necessary for various 

physiological and pathological processes (Kalluri & LeBleu, 2020; Becker et al, 2016). 

For example, EVs play major roles in various immunological functions (Hu et al, 2020; 

Gutiérrez-Vázquez et al, 2013). Specifically, EVs derived from both human and mouse 

B-lymphocytes activate the major histocompatibility (MHC-II)-restricted T-cell response 

by presenting the antigen bound to the MHC-II complex on their surfaces (Muntasell et 

al, 2007; Admyre et al, 2007). Similarly, Oligodendrocytes in the central nervous system 

(CNS) secrete EVs containing myelin proteolipid (PLP), myelin basic protein (MBP), and 

myelin oligodendrocyte glycoprotein (MOG) that are thought to provide axon trophic 

support (Krämer-Albers et al, 2007).  

More importantly, EVs also play a role in different pathological processes including cancer 

and neurological disorders. EVs are thought to contribute to the pathological mechanisms 

of various neurological disorders by disseminating aggregating proteins such as β-

amyloid and Tau in Alzheimer’s disease (Bellingham et al, 2012; Soares Martins et al, 

2021), α-Synuclein in Parkinson’s disease (Guo et al, 2020), and Huntingtin and 

Polyglutamine in Huntington’s disease (Ananbeh et al, 2021). Tumor cells release EVs 

with pro-tumorigenic cargo to induce cell proliferation (Jabbari et al, 2020), migration 

(Ghoroghi et al, 2021), metastasis niche establishment (Costa-Silva et al, 2015), and 

immune modulation (Hood et al, 2011; Hu et al, 2020).  

EVs, based on their subcellular origins, are categorized into three subpopulations: 

microvesicles, apoptotic vesicles, and small extracellular vesicles (sEVs) or exosomes 

(Théry et al, 2018).  
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1.2.1 Microvesicles 

 

Microvesicles, also known as ectosomes or microparticles, are generated by outward 

budding and fission of the plasma membrane and subsequent release of the vesicles into 

the extracellular space (Heijnen et al, 1999). Microvesicles are typically 50-1000 nm in 

diameter (Van Niel et al, 2018). Microvesicle biogenesis starts with the trafficking of cargo 

molecules to a distinct site in the plasma membrane, a redistribution of lipids in this 

domain, and the action of contractile machinery to drive vesicle pinching (Tricarico et al, 

2017). The detailed step-wise molecular mechanisms that underlie microvesicle 

biogenesis including cargo recruitment, membrane budding, and membrane fission for 

final vesicle release are still being unraveled.  

Lipids and other intracellular cargo molecules, targeted for extracellular secretion via 

microvesicles, associate to a specific site in the plasma membrane which eventually buds 

outward. Lipids are sorted to this budding site through their affinity to lipid rafts. 

Cytoplasmic soluble proteins fated for secretion associate to the budding site by binding 

to inner leaflet lipids of the plasma membrane through different anchors such as 

palmitoylation, prenylation, and myristoylation (van Niel et al, 2018). Cellular components 

are selectively recruited for microvesicle secretion. While ADP-ribosylation factor 6 

(ARF6) on recycling endosomes selectively incorporates cargo such as VAMP-3, β-1 

integrin, and MHC-I into microvesicles for secretion, transferrin receptor, which is also 

trafficked via ARF6-positive endosomes, is actively excluded from incorporation 

(Muralidharan-Chari et al, 2009). Additionally, Rab22a mediates microvesicle generation 

under hypoxic conditions, most likely by recruiting proteins targeted for secretion or 

required for microvesicle biogenesis under this condition (Wang et al, 2014).  

Furthermore, surface protease MT1-MMP cargo,  in association with VAMP-7, is 

selectively recruited into microvesicles in a CD9-dependent manner where it facilitates 

matrix invasion by tumor cells (Clancy et al, 2015). Interestingly, nucleic acids are also 

targeted for microvesicle secretion most likely through co-trafficking with protein cargos 

(Miranda et al, 2010). These results suggest that cells employ multiple mechanisms for 

selective cargo recruitment depending on the cellular context or the cell type for 

microvesicle secretion. 
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Microvesicle budding, fission, and the subsequent release from the cell surface entail 

drastic physical bending and constriction of the lipid-bilayer domains. Based on the known 

findings, it is clear that microvesicle biogenesis requires concerted action from both 

proteins and lipids (Pap et al, 2009). Rearrangements in the plasma membrane 

asymmetry driven by different enzymes including scramblases and aminophospholipid 

translocases generate physical bending of the membrane and restructuring of the 

underlying actin cytoskeleton that favor membrane budding and microvesicle formation 

(Al-Nedawi et al, 2009; Lima et al, 2009). Therefore, defects in the phosphatidylserine 

exposure in scramblase activity mutant cells failed to release pro-coagulant-containing 

microvesicles in blood platelets (Fujii et al, 2015). Another important player in 

microvesicle biogenesis is cholesterol. Cell surface depletion of cholesterol impairs 

microvesicle biogenesis in activated neutrophils (Del Conde et al, 2005). Conceivably, 

the cellular contractile machinery such as cytoskeleton elements and their regulators play 

important roles in microvesicle biogenesis. For example, the GTPase protein ARF6, the 

Rho family of small GTPases, and Rho-associated protein kinase (ROCK) activate 

contractile actin-myosin networks to drive membrane budding and fission for microvesicle 

release (Tricarico et al, 2017; Muralidharan-Chari et al, 2009; Li et al, 2012).  

Released microvesicles then elicit different cellular responses by transferring their 

bioactive cargo molecules to the recipient cells. Importantly, microvesicles released by 

tumor cells carry potential biomarkers for cancer prognosis and diagnosis (Pap et al, 

2009). Therefore, understanding the precise molecular pathways and mechanisms that 

drive microvesicle biogenesis could lead to the exploitation of these vesicles as both 

therapeutic targets as well as drug-delivery vehicles.  

 

1.2.2 Apoptotic vesicles 

 

Apoptotic vesicles, as the name suggests, are another group of subcellular vesicles 

released from cells undergoing programmed cell death or apoptosis (Wolf, 1967). In 

contrast to apoptotic bodies, whose size can reach up to 5 µm in diameter, apoptotic 

vesicles are relatively smaller in size (50-1000 nm) (Kakarla et al, 2020). These vesicles 

contain nuclear fragments and cellular organelles such as mitochondria and parts of the 



 __________________________________________________________________ Introduction 
 

6 
 

endoplasmic reticulum as a result of apoptosis. Like other sub-groups of extracellular 

vesicles, apoptotic vesicles contain bioactive molecules that can elicit different cellular 

functions in the recipient cells (Li et al, 2020). Phosphatidylserine exposed on these 

vesicles serves as “eat me” signals to the patrolling phagocytes that consequently engulf 

these apoptotic remnants and thereby facilitate a controlled clearance by the immune 

system (Truman et al, 2008).  

 

1.2.3 Small extracellular vesicles or exosomes 

 

Exosomes or small extracellular vesicles (herein referred to as sEVs) are generated as 

intraluminal vesicles (ILVs) during multivesicular body (MVB) maturation in the endocytic 

pathway. MVBs loaded with ILVs are then trafficked towards the cell periphery where they 

fuse with the plasma membrane to release ILVs as sEVs into the extracellular space (van 

Niel et al, 2018; Pant et al, 2012). These vesicles are 50-150 nm in diameter and enriched 

for proteins that mediate their biogenesis such as protein subunits of the Endosomal 

Sorting Complexes Required for Transport machinery (ESCRT): HRS, Tsg101, or 

ESCRT-associated proteins such as Alix and syntenin (Colombo et al, 2013; Baietti et al, 

2012).  

Owing to the extensive network of contact sites the endosomal system makes with 

various organelles, ILVs receive a vast variety of molecular cargos from different cellular 

origins including the nucleus (Hurley, 2008; van Niel et al, 2018). This cargo diversity 

eventually translates into a complex list of cellular responses that the sEVs elicit in target 

cells under both physiological and pathological conditions. 

 

1.3  The endosomal system – the biological sorting station 

 

The eukaryotic endosomal system provides a central controlling hub where the decision 

for recycling versus degradation of its membrane components is made. And thereby it 

regulates fundamental cellular processes in nutrient uptake, signal transduction, 

adhesion, and membrane composition regulation in response to changing extracellular 

conditions (Gruenberg, 2001; Cullen & Steinberg, 2018). Endocytosis starts when a cargo 
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to be ingested is progressively enclosed by a small portion of the plasma membrane, 

which first buds inward and then pinches off to form a vesicle containing the ingested 

cargo. Through endocytosis, cells ingest a wide array of materials: receptor-ligand 

complexes, various nutrient and their carriers, extracellular matrix components, 

pathogens, and in some specialized cases even whole other cells (Gruenberg, 2001; 

Cullen & Steinberg, 2018). Once formed, these endocytic vesicles fuse with a common 

receiving compartment, the early endosome, where these ingested materials are 

efficiently sorted. Thus, the early endosome with its tubular membrane portions 

undergoing constant fusion and fission serves as the first sorting station in the endocytic 

pathway: some cargo molecules are transported back to the plasma membrane directly 

or via recycling endosomes, some go to the trans-Golgi network, and others are 

transported for lysosomal degradation through late endosomes (Gruenberg, 2001; Cullen 

& Steinberg, 2018). For example, after receptor-ligand uncoupling in mildly acidic pH, 

house-keeping recycling receptors such as LDL (low-density lipoprotein) receptors are 

rapidly transported back to the cell surface directly or through recycling endosomes 

(Arias-Moreno et al, 2008). For signal downregulation, some receptors, in particular 

activated EGFR (epidermal growth factor receptor), are efficiently sorted towards late 

endosomes for lysosomal degradation (Taub et al, 2007). 

How are recycled and downregulated cargos efficiently discriminated from each other in 

early endosomes? Based on the earlier observation on the intact recycling of the 

transferrin receptor even in the absence of its cytoplasmic tail domain, a sequence-

independent geometric-based sorting was described (Jing et al, 1990). This model, 

described after elucidating cargo-ubiquitylation as the sorting signal for degradation in the 

endosomal system (Katzmann et al, 2001), proposed that an integral membrane protein 

with high lateral mobility in principle follows the bulk membrane flow into the tubular 

extensions of the early endosomes and can be retrieved and recycled (Maxfield & 

McGraw, 2004). A critical re-evaluation of the transferrin receptor and other recycling 

cargos later indeed showed the involvement of sorting motifs in these cargos essential 

for their recycling (Hsu et al, 2012; Dai et al, 2004; Chen et al, 2013). These recycling 

sorting motifs found in the cytoplasmic tail of the cargos are recognized by cargo adaptor 

proteins, for example, sorting nexin (SNX) family proteins, which then engage retromer 
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[vacuolar protein-sorting-associated protein 35 (VPS35), VPS29, and VPS26] or retriever 

complexes (VPS35L and VPS26C) for efficient recycling of the cargos to the plasma 

membrane (Cullen & Steinberg, 2018). For example, specific recycling sorting motifs 

found in P-selectin (Fjorback et al, 2012), lipoprotein receptor-related protein 1 (LRP1) 

(Van Kerkhof et al, 2005), and β-Integrin-1 (Böttcher et al, 2012) are recognized by the 

cargo adaptor protein SNX17, which then recycles these cargos to the plasma membrane 

by associating with the retrieval complex. 

As early endosomes slowly mature into the bulbous late endosomes, also known as the 

MVBs (Multivesicular bodies), they progressively lose their extensive tubular membrane 

extensions and migrate along the microtubule tracks towards the perinuclear area (Piper 

& Katzmann, 2010). The cargos destined for lysosomal degradation are sorted in the MVB 

membrane subdomains which then bud inward to form ILVs. This gradual maturation 

process is also accompanied by changes in membrane lipid and protein composition as 

phosphoinositide conversion as well as recruitment of MVB-specific Rab proteins and 

their effector proteins (Piper & Katzmann, 2010; Cullen & Steinberg, 2018; Gruenberg, 

2001). A V-type ATPase localized in the membrane pumps protons from the cytosol inside 

the lumen and thus acidifies the MVB (Marshansky & Futai, 2008). In this way, the MVB 

achieves a distinct molecular and functional identity as an organelle. 

The cargo-sorting and inclusion into ILVs for degradation, which initiates at the central 

bulbous part of the early endosomes, is orchestrated by a series of ESCRT-complex 

proteins in a highly systematic manner. The ESCRT-0 subunits, hepatocyte growth factor-

regulated tyrosine kinase substrate (HRS) and signal-transducing adaptor molecule 1 

(STAM); ESCRT-I subunits, tumor susceptibility gene 101 (Tsg101) and ubiquitin-

associated protein (UBA-1); ESCRT-II component VPS36, recognize incoming ubiquitin-

containing cargos and clusters them in a degradative subdomain on the endosome. Then 

through ESCRT-II, ESCRT-III components, including SNF7, are recruited to perform 

budding and fission of these cargo-clustered subdomains to generate ILVs (Cullen & 

Steinberg, 2018).  

Although ubiquitylation and ESCRT-dependent fission are described as the major 

mechanims, some cargos are included in ILVs even upon depletion of ESCRT-

components. This led to the identification of ESCRT-independent mechanisms for ILV 
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biogenesis (Stuffers et al, 2009; Babst, 2011). For example, protease-activated receptor 

1 (PAR1) and P2Y1 purinogenic receptor are included into ILVs in an ESCRT-accessory 

protein ALG-2-interacting protein X (Alix)-dependent manner (Dores et al, 2012, 2016; 

Edgar et al, 2014). For the majority of MVBs, their fate is to fuse with the lysosome, giving 

rise to an endolysosome compartment that facilitates a controlled acidic environment for 

the efficient degradation of cargo-loaded ILVs (Huotari & Helenius, 2011).  

 

1.3.1  ILV biogenesis and MVB trafficking for small extracellular vesicle secretion 

 

Interestingly, a subpopulation of MVBs avoid the degradative fate and, through an 

insufficiently understood mechanism, are instead trafficked towards cell-periphery where 

they fuse with the plasma membrane to release ILVs as sEVs into the extracellular space. 

The exact molecular mechanisms that underlie selective cargo sorting into a subset of 

ILVs destined for secretion are not entirely understood (van Niel et al, 2018). Conceivably, 

depletion of various ESCRT-components results in either decreased sEV secretion or 

affects sEV cargo composition, thus implicating the role of some ESCRT-components in 

ILV biogenesis for sEV secretion as well (Colombo et al, 2013) (Fig. 2). Additionally, the 

syndecan-syntenin-Alix axis engages with the ESCRT machinery to generate ILVs for 

sEV secretion (Baietti et al, 2012) 

However, the formation of ILVs loaded with Cluster of differentiation 63 (CD63) even upon 

depletion of ESCRT-complex components indicates the possibility of an ESCRT-

independent ILV biogenesis route for sEV secretion (Stuffers et al, 2009). Interestingly, 

CD63 and other members of the tetraspanins as CD81, CD82, and CD9 are involved in 

sorting various cargos into sEV possibly by clustering them together to capture sEV 

cargos in distinct MVB membrane subdomains (Theos et al, 2006; van Niel et al, 2011, 

2015; Buschow et al, 2009; Chairoungdua et al, 2010) (Fig. 2). Another ESCRT-

independent ILV generation requires ceramide generated by neutral sphingomyelinase-

2 (nSMase2 encoded by SMPD3) at the endosomal membrane (Fig. 2). In a mouse 

oligodendroglial cell line, it has been shown that ceramide produced by nSMase2 is 

required for sorting proteolipid protein (PLP) into ILVs destined for secretion (Trajkovic et 

al. 2008). Complementary in-vitro results have shown the formation of intravesicular 
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membranes upon ceramide generation in giant unilamellar vesicles (GUVs). Accordingly, 

it was argued that ceramide generated at the limiting membrane of MVBs drives 

spontaneous negative membrane curvature and budding, leading to the formation of ILVs 

(Trajkovic, 2008). Additionally, a recent study has shown that the ceramide metabolite 

sphingosine-1-phosphate activates its receptor on MVBs to segregate the sEV cargo 

CD63 into ILVs for secretion (Kajimoto et al, 2013). Whether ILV formation through 

nSMase2 activity is independent of ESCRT proteins or whether they cooperate at the 

same MVBs for ILV formation and cargo loading is so far not well understood.  

Although the presence of a specific sorting motif in the cargo for sEV secretion has not 

been elucidated yet, the first hint came from studying the loading of the galectin-3 into 

ILVs for its subsequent secretion on sEVs (Bänfer et al, 2018). A highly conserved 

tetrapeptide motif in the amino-terminus of the galactin-3 was shown to be essential for 

its interaction with ESCRT-I component Tsg101, which mediates its ILV loading for 

subsequent secretion on sEVs (Bänfer et al, 2018).   

 

Figure 2: Molecular mechanisms that underlie intraluminal vesicle biogenesis at the MVB 
for sEV secretion. So far, three mechanisms for sEV cargo sorting and subsequent ILV 



 __________________________________________________________________ Introduction 
 

11 
 

generation have been shown. ESCRT-dependent, nSMase2 dependent (ESCRT-independent), 
and Tetraspanin-dependent pathways. It is also proposed that the three pathways can contribute 
to the same MVB for ILV biogenesis. 

 

Similarly, the regulatory factors that control the fate of MVB trafficking after ILV generation 

and their subsequent fusion with the plasma membrane remain largely unknown. It was 

shown that MVBs harboring a high concentration of cholesterol in the ILV membrane are 

preferentially trafficked for sEV secretion (Möbius et al, 2003). Interestingly, numerous 

studies established a connection between endosomal acidification and sEV secretion – 

decreasing endosomal acidification increases sEV secretion (Villarroya-Beltri et al, 2016; 

Edgar et al, 2016; Guo et al, 2017; Latifkar et al, 2019). V-ATPase is a multi-subunit 

proton pump responsible for endosomal acidification (Forgac, 2007). Cancer cells 

downregulate Sirtuin-1 (SIRT-1) that destabilizes the mRNA of ATP6V1A, a subunit of 

the complex (Latifkar et al, 2019). This impairs V-ATPase activity to acidify the MVB 

lumen and instead favors the sorting of these MVBs for sEV release. Similarly, another 

study has shown that autophagy-related gene 5 (ATG5), a protein involved in the 

autophagy pathway, dissociates the ATP6V1E1 subunit from the V-ATPase complex to 

reduce its activity and thus promote sEV secretion (Guo et al, 2017). Overall, these 

studies indicate that acidification plays a significant role in determining MVB sorting fate 

- with less acidic MVBs more likely to be targeted for secretion. Despite these recent 

findings, the molecular mechanisms involved in fine-tuning MVB lumen acidification to 

regulate their sorting decision are not well understood. 

 

1.4 V-ATPase 

 

Vacuolar-type adenosine triphosphatases (V-ATPases) are large membrane-embedded 

multisubunit protein complexes that function as ATP hydrolysis-driven proton pumps. 

They primarily mediate organelle acidification in all eukaryotic cells (Vasanthakumar & 

Rubinstein, 2020; Forgac, 2007). The establishment of the characteristic luminal pH of an 

intracellular compartment allows organelle-specific biochemical reactions; targeting and 

post-translational modifications of proteins in the Golgi apparatus (Kellokumpu, 2019), 

degradation of biological materials in lysosomes (Mindell, 2012), and uptake and release 
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of neurotransmitters in synaptic vesicles (Hnasko & Edwards, 2012). Plasma membrane 

V-ATPases in some specialized cells acidify the extracellular space critical for bone 

resorption, sperm maturation, and acid excretion by the kidney (Forgac, 2007). Plasma 

membrane V-ATPases in cancer cells acidify extracellular space to degrade extracellular 

matrix components to facilitate cell proliferation and metastasis (Stransky et al, 2016; 

Cotter et al, 2015). The V-ATPase activity also associates with and regulates signaling 

complexes in Notch, Wnt, and mTOR pathways (Sun-Wada & Wada, 2015; Pamarthy et 

al, 2018). The complete disruption of V-ATPase activity is embryonic lethal, thus, 

highlighting the importance of this protein complex (Sun-Wada et al, 2000). Aberrant 

expression or activity of the enzyme is associated with cancer (Stransky et al, 2016) and 

several neurological disorders (Colacurcio & Nixon, 2016). Mutations in specific subunit 

isoforms are associated with autosomal recessive osteoporosis (Ochotny et al, 2006), 

cutis laxa (Esmail et al, 2018), and distal renal tubular acidosis (Karet et al, 1999).  

V-ATPases are rotary ATPase enzymes that are structurally and evolutionarily related to 

the F-type ATP synthases found in bacteria, mitochondria, and chloroplasts (Toei et al, 

2010; Forgac, 2007). The multisubunit V-ATPase complex is organized into two domains 

– the soluble cytoplasm-facing V1 domain which is responsible for ATP hydrolysis and 

the membrane-embedded V0 domain which is responsible for proton translocation from 

the cytoplasm into the lumen or extracellular space in the case of plasma membrane V-

ATPase. (Vasanthakumar & Rubinstein, 2020). The mammalian V1 domain comprises 

eight subunits ATP6V1A, ATP6V1B, ATP6V1C, ATP6V1D, ATP6V1E, ATP6V1F, 

ATP6V1G, and ATP6H, whereas the V0 domain consists of five different subunits 

ATP6V0A, ATP6V0C, ATP6V0C”, ATP6V0D, ATP6V0E, and two accessory subunits 

ATP6AP1(also known as Ac45) and ATP6AP2 also known as (pro)renin receptor (Abbas 

et al, 2020). 

Many subunits of the V-ATPase have multiple isoforms in different tissues and organelles. 

The latest structural analysis of human V-ATPase has shown that the V1 complex is 

composed of three copies of subunits ATP6V1A, ATP6V1B2, ATP6V1E1, and 

ATP6V1G1 and one copy of subunits ATP6V1C1, ATP6V1D, ATP6V1F, and ATP6V1H. 

The V0 complex comprises subunits ATP6V0A1, ATP6V0D1, ATP6V0E1, ATP6V0C”, 

RNase K, ATP6AP1, ATP6AP2, and 9 copies of ATP6V0C (Wang et al, 2020). 
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V1 complex is organized in the following structures - three pairs of each subunit ATP6V1A 

and ATP6V1B form the hexamer top head which tilt and twist upon ATP hydrolysis. 

Subunits ATP6V1D and ATP6V1F form the central stalk and three pairs of the subunits 

ATP6V1G and ATP6V1E form the three peripheral stalks. Subunits ATP6V1H and 

ATP6V1C along with the N-terminal domain of the subunit ATP6V0A of the V0 region 

make a bottom collar at the membrane interface. The V0 complex comprises the c-ring 

made up of one copy of ATP6V0C” and 9 copies of ATP6V0C; the adjacent C-terminal 

domain of subunit ATP6V0A, subunit ATP6V0E, and RNaseK; the ATP6AP1 and 

ATP6AP2 subunits inside the c-ring; and subunit ATP6V0D at the cytosolic side of the c-

ring (Wang et al, 2020). 

Mechanistically, V-ATPase works as a proton pump by coupling the energy derived from 

ATP-hydrolysis by the V1 domain to the proton translocation by the V0 domain. 

Sequential ATP hydrolysis by the three pairs of catalytic ATP6V1A/B subunits produces 

conformational changes in the hexamer top head that induce rotation of the central stalk 

and the c-ring. The c-ring has conserved lipid-exposed glutamic acid residues which 

undergo protonation and deprotonation for coupled proton transfer into the lumen (Wang 

et al, 2020). 

Bafilomycin A1 is widely used in studies to inhibit V-ATPase activity (Bowman & Bowman, 

2005). The structural analysis of Bafilomycin A1 bound bovine V-ATPase has revealed 

that six Bafilomycin A1 molecules bind to the c-ring. One Bafilomycin A1 molecule 

engages with two ATP6V0C subunits and disrupts the interactions between the c-ring 

and subunit ATP6V0A and thereby prevents proton translocation. Further structural and 

sequence analyses have shown that the bafilomycin A1-binding residues are conserved 

in yeast and mammalian species and that the 7’-hydroxyl group of bafilomycin A1 acts as 

a unique feature recognized by subunit ATP6V0C (Wang et al, 2021). 

 

1.4.1 Cellular and physiology functions of the V-ATPase 

 

V-ATPases pump protons into the Golgi apparatus, which becomes progressively acidic 

from cis Golgi to trans-Golgi. Newly synthesized proteins undergo post-translational 

modifications – glycosylation, sulfation, and phosphorylation in a pH-dependent manner 
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- as they traverse the Golgi apparatus (Kellokumpu, 2019). These post-translational 

modifications are vital for their correct subcellular targeting. For example, increasing the 

pH of the Golgi apparatus mislocalizes and thereby impairs the function of the resident 

glycosyltransferases (Rivinoja et al, 2009). Likewise, mutations in Golgi-resident human 

V-ATPase subunits result in autosomal recessive Cutis laxa type-II, a disorder 

characterized by impaired protein glycosylation and membrane trafficking (Kornak et al, 

2008; Esmail et al, 2018). The establishment of proper pH along the secretory pathway 

is also important for the processing of peptide prohormones and the subsequent secretion 

of mature hormones. For example, the acidic environment of secretory vesicles in 

pancreatic β-cells allows the cleavage of proinsulin into its mature form which is then 

secreted in a V-ATPase activity-dependent manner (Sun-wada et al, 2006). In neurons, 

the loading of neurotransmitters into synaptic vesicles is energized by the pH gradient 

and the membrane potential generated by V-ATPase (Hnasko & Edwards, 2012). 

Furthermore, V-ATPases modulate exocytosis of the synaptic vesicles at the pre-synaptic 

membrane (Bodzęta et al, 2017). 

At the physiological level, V-ATPases play important roles in kidney acid excretion, sperm 

maturation, and bone resorption (Forgac, 2007). In the kidney, type A intercalated cells 

express plasma membrane V-ATPases that pump protons into the urine to maintain 

systemic pH homeostasis (Breton & Brown, 2013; Forgac, 2007). Mutations in the 

ATP6V0A4 and ATP6V1B1 subunit isoforms result in distal renal tubular acidosis (Kornak 

et al, 2008; Esmail et al, 2018).  Osteoclasts target V-ATPases to the ruffled plasma 

membrane where they acidify the extracellular space for bone demineralization during 

bone resorption. Mutations in the ATP6V0A3 subunit isoform are associated with 

autosomal recessive osteoporosis, which is characterized by dense bones due to 

impaired bone resorption by osteoclasts (Frattini et al, 2000). In the epididymis, V-ATPase 

expressing clear cells acidify the lumen, a process that is crucial for the proper maturation 

and motility of spermatozoa, making them a potential contraceptive target (Pietrement et 

al, 2006). ATP6V0E1 subunit isoform that is exclusively expressed in the sperm could be 

another more specific potential contraceptive target (Sun-Wada et al, 2002). Most 

importantly, some cancer cells express V-ATPase on their plasma membranes to acidify 
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the extracellular space that allows the degradation of the extracellular matrix thereby 

mediating tumor cell metastasis and invasion (Stransky et al, 2016). 

 

1.4.2 V-ATPase activity regulation 

 

V-ATPase activity regulation is therefore important in maintaining pH homeostasis – both 

at the organelle and cellular level – in response to changing cellular environmental 

conditions. For instance, during acute systemic acidosis, type A intercalated cells 

increase V-ATPase trafficking to the apical cell surface to pump out more protons into the 

urine (Breton & Brown, 2013). In addition to their regulated intracellular trafficking, V-

ATPase activity can also be modulated by regulating the reversible 

assembly/disassembly of the complex, differential localization of the multiple subunit 

isoforms, and the coupling efficiency of ATP hydrolysis to the proton translocation (Toei 

et al, 2010; Oot et al, 2017). The trigger and the signaling pathways involved in V-ATPase 

assembly are not entirely understood now. For instance, glucose starvation in HEK293T 

cells increases V-ATPase assembly in an adenosine monophosphate (AMP) kinase and 

PI3K pathway-dependent manner (McGuire & Forgac, 2018). Likewise, amino acid 

starvation in HEK293T cells also induces V-ATPase activity to increase the lysosomal 

output of free amino acids (Stransky & Forgac, 2015). In contrast to these studies, glucose 

starvation in the human immortalized kidney tubule distal cells rather induces V1 and V0 

disassembly in a PI3K pathway-dependent manner (Sautin et al, 2005). Therefore, V-

ATPase activity regulation is complex and can depend on the cellular compartment or the 

cell or tissue type. 

V-ATPase activity can also be regulated by modulating the coupling efficiency of proton 

transport with ATP hydrolysis (Kawasaki-Nishi et al, 2001). V-ATPase subunit ATP6V0A 

isoforms have different coupling efficiencies: isoform ATP6V0A2 which localizes to the 

Golgi apparatus has a much lower coupling efficiency than the V-ATPase in the vacuole. 

This difference could explain why the pH of the Golgi is more alkaline than that of the 

vacuole (Kawasaki-Nishi et al, 2001). Therefore, V-ATPase activity can also be regulated 

by targeting different subunit isoforms to specific organelles or cell types. 
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1.4.3 Endosomal V-ATPase and its regulation 

 

Endocytosis, sorting, trafficking of endosomal cargos to their target subcellular location, 

and degradation occur in a pH-dependent manner (Bayer et al, 1998). Low pH-induced 

ligand release and receptor recycling are important steps for endocytosis. For instance, 

the β-propeller containing endocytosis receptor Sortillin which internalizes a wide range 

of ligands, dimerizes in the acidic environment of endosomes and thereby releases the 

ligands (Leloup et al, 2017). The pH of the endosomal compartments gets progressively 

more acidic from the early endosomes to the lysosomes.  Receptors are decoupled from 

their ligands in the mildly acidic lumen of early endosomes and then recycled back to the 

plasma membrane (Cullen & Steinberg, 2018). In contrast, for signal downregulation, 

receptor-ligand complexes are degraded by acidic hydrolases which are active in the 

more acidic lysosomes (Cullen & Steinberg, 2018). Likewise, important proteins involved 

in endosomal trafficking including cytosolic small GTPases are recruited to the endosomal 

membrane in an acidification-dependent manner. The Ras-superfamily of small GTPases 

which exist in the active GTP-bound or inactive GDP-bound state function as ‘molecular 

switches’ regulating a wide array of cellular processes (Bourne et al, 1991). The ADP-

ribosylation factor (Arf) family belongs to the Ras-superfamily and functions as a 

molecular switch to regulate endosomal trafficking (Klausner & Donaldson, 1994; 

Donaldson & Jackson, 2011). Guanine-nucleotide exchange factors (GEFs) mediate ARF 

activation (GTP-bound) while GTPase-activating proteins (GAPS) mediate ARF 

inactivation (GDP bound). Small GTPases Arf6 and Arf1, which regulate endosomal 

trafficking by recruiting coat components, modifying phospholipids, and remodeling the 

cytoskeleton near vesicular membranes are recruited to the endosomal membrane in an 

acidification-dependent manner. (Gu & Gruenberg, 2000; Maranda et al, 2001). 

Specifically, the transmembrane ATP6V0A2 subunit and ATP6V0AC subunit of the 

endosomal V-ATPase directly interact with ARF6 and its cognate GEF ARNO (ADP-

ribosylation factor nucleotide site opener) in the early endosomes. This endosomal 

acidification-dependent ARNO/ARF6/V-ATPase interaction regulates protein degradation 

in the endocytic pathway (Hurtado-Lorenzo et al, 2006). Therefore, V-ATPase activity is 
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regulated along the endocytic pathway to establish the required pH environment specific 

for the function of each compartment. 

MVBs or late endosomes, which are slightly more acidic than early endosomes either 

fuse with lysosomes for content degradation or are trafficked to the cell surface for sEV 

release (van Niel et al, 2018). Several lines of evidence suggest that V-ATPase-mediated 

endosomal acidification regulates the fate of the MVB trafficking - with less acidic MVBs 

more likely to be targeted for secretion (Guo et al, 2017; Latifkar et al, 2019). Therefore, 

V-ATPase activity is fine-tuned along the endocytic pathway to establish the required pH 

environment specific for the function of each compartment. 

V-ATPase activity can be regulated by differential subcellular targeting of the subunit 

isoforms. The ATP6V0A1, a predominantly neuronal isoform localizing to the synaptic 

vesicles, is targeted to endolysosomal compartments in non-neuronal tissues. The 

ATP6V0A2 is targeted to the Golgi apparatus and the isoform ATP6V0A3 localizes to 

endolysosomal compartments (Toei et al, 2010).  

Lipids play an important role in V-ATPase activity regulation in both yeast and mammalian 

cells – especially in the endocytic compartments. For example, PI(3,5)P2, the 

predominant phosphatidylinositol lipid species in the yeast vacuole binds to the N-terminal 

domain of Vph1p for recruitment and increases V-ATPase assembly and activity (Li et al, 

2014; Banerjee et al, 2019). Likewise, ergosterol, the major sterol species in fungi, is 

required for vacuolar acidification and V-ATPase activity in yeast (Zhang et al, 2010). In 

mammalian cells, the increased acidity of late endosomes is not due to a higher density 

of proton pumps on the membrane but rather an increased assembly of V-ATPase V1 

and V0 regions of the V-ATPase when compared with the early endocytic compartments 

(Banerjee & Kane, 2020). Most importantly, this increased V-ATPase assembly on that 

the late endosomes is regulated by the local lipid environment (Lafourcade et al, 2008). 

In agreement with previous studies on the crucial role of lipids in V-ATPase activity 

regulation, a recent mass spectrometry analysis of the isolated human V0 complex has 

revealed that ordered lipid molecules including cholesterol are an integral part of the V0 

complex (Wang et al, 2020). 
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1.5 Sphingomyelinases 

 

Catabolism of sphingomyelin, a lipid found abundantly but not exclusively in the plasma 

membrane, yields several lipid metabolites with signaling capacity as second 

messengers: Ceramide, sphingosine, and sphingosine-1 phosphate (Airola & Hannun, 

2013). Sphingomyelinase or sphingomyelindiesterase (SMPD), a member of the DNase-

I superfamily of enzymes, hydrolyzes the phosphodiester bond of the sphingomyelin to 

generate two products: ceramide and phosphorylcholine (Airola & Hannun, 2013). 

Ceramide acts as a lipid signaling molecule in multiple cellular signaling pathways 

including cell growth, differentiation, and apoptosis (Arana et al, 2010).   

So far, six sphingomyelinases have been identified in mammalian cells and are 

categorized based on their pH optima of activity into acid, neutral, and alkaline 

sphingomyelinases. In mammals, four neutral sphingomyelinase members have been 

identified, nSMase1 (encoded by SMPD2) (Tomiuk et al, 1998; Sawai et al, 1999), 

nSMase2 (encoded by SMPD3) (Hofmann et al, 2000), nSMase3 (SMPD4) (Krut et al, 

2006), and mitochondrial associated nSMase (MA-nSMase; SMPD5) (Wu et al, 2010). 

There is one acid sphingomyelinase (SMPD1) (Schuchman et al, 1992) and one alkaline 

sphingomyelinase (ENPP7) (Duan et al, 2003). Of note, two SMPD-like proteins 

SMPDL3A and SMPDL3B with phosphodiesterase activity have also been described 

(Traini et al, 2014; Fornoni et al, 2011).  

 

1.5.1  SMPD3/nSMase2 

 

NSMase2 is a 655 amino acids long protein with a molecular weight of 71 kDa. It is a 

membrane-associating enzyme with an N-terminal domain and a C-terminal catalytic 

domain (Marchesini et al, 2003). The N-terminal domain has a short juxtamembrane 

region and two hydrophobic segments through which nSMase2 associates with the 

membrane. The C-terminal catalytic domain contains a large insertion region where 

different regulatory elements like five phosphoserine sites and a calcineurin-binding site 

are found (Airola et al, 2017) (Fig. 3). The catalytic domain adopts a DNase-1-type fold 

with a β-sandwich core and connecting loops and secondary structure elements forming 
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the active site pocket. The β-sandwich core of nSMase2 contains all the essential 

residues involved in Mg2+ ion binding and catalysis. NSMase2 requires stimulation by 

phosphatidylserine for full activation and the N-terminal domain has two 

phosphatidylserine-binding sites (Airola et al, 2017). NSmase2 activation is regulated by 

an interdomain allosteric mechanism; upon binding to phosphatidylserine the N-terminal 

domain interacts with the soluble catalytic domain and activates it.  Therefore, the N-

terminal domain serves as both a membrane anchor and an allosteric activator (Airola et 

al, 2017). GW4869 is a non-competitive (for the substrate sphingomyelin) nSMase2 

inhibitor that competes with phosphatidylserine binding to the N-terminal domain of the 

nSMase2 and thereby inhibits its activation (Luberto et al, 2002; Airola et al, 2017). 

 

 
Figure 3: The domain architecture of nSMase2: The domain architecture of nSMase2 consists 
of two N-terminal hydrophobic segments (HS1 and HS2), a JX region, and a catalytic domain 
(CAT) that contains a large insertion region. The insertion region contains many regulatory 
elements including a calcineurin-binding site and five phosphoserine sites. 

 

NSMase2 is described as the major sphingomyelin hydrolyzing enzyme with its 

overexpression resulting in a significant decrease in sphingomyelin levels with a 

concomitant increase in ceramide levels in MCF-7 cells (Marchesini et al, 2003) and 

primary hepatocytes (Karakashian et al, 2004). NSMase2 is predominantly expressed in 

the brain (Hofmann et al, 2000). At the cellular level, although nSMase2 was described 

to be localized mainly at the plasma membrane (Airola & Hannun, 2013), later studies 

have shown that it localizes to different subcellular compartments including the Golgi 

(Stoffel et al, 2016; Back et al, 2018), the endoplasmic reticulum, nucleus, and 

endosomes (Shamseddine et al, 2015b; Airola & Hannun, 2013; Shamseddine et al, 



 __________________________________________________________________ Introduction 
 

20 
 

2015a). Different stimuli, including TNFα (Clarke et al, 2007), H2O2 (Garoby-Salom et al, 

2015), and high cell confluence (Tani & Hannun, 2007) further increase its plasma 

membrane localization. The different subcellular localizations of nSMase2 reflects its 

ability to function in various cellular processes. 

NSMase2 is involved in different cellular stress response pathways. It is described as the 

major stress-induced ceramide-producing enzyme. For example, nSMase2 was 

implicated in the anti-cancer drug daunorubicin-induced cell death by generating 

ceramide  (Ito et al, 2009). Additionally, nSMase2 was shown to play a role in stress-

induced bronchial and lung injury in pulmonary diseases by inducing apoptosis (Levy et 

al, 2006). In line with this study, nSMase2 is also involved in inducing apoptosis by 

generating ceramide in bronchial epithelial cells exposed to cigarette smoke (Levy et al, 

2009). Additionally, nSMase2 was shown to mediate hypoxia-induced pulmonary 

vasoconstriction in-vivo (Cogolludo et al, 2009). In rat neuroblastoma PC12-cells, nutrient 

starvation upregulates nSMase2 to generate ceramide at the Golgi that is required for 

autophagy induction by activating p38 mitogen-activated protein kinase (MAPK) and 

mTOR inhibition (Back et al, 2018). 

In addition to its role in stress responses, nSMase2 also regulates the cell cycle by 

mediating growth arrest under different conditions in MCF-7 cells. NSMase2 mediates 

confluence-induced growth arrest by modulating the phosphorylation status of 

retinoblastoma (Rb) protein and induction of P21 (Marchesini et al, 2004). Through 

modulating ribosomal S6 kinase (RS6K), nSMase2 also mediates retinoic acid-induced 

growth arrest (Christopher J Clarke., 2010). 

So far the best-described pathway for nSMase2 activation is through tumor necrosis 

factor α (TNFα) stimulation. Among its pleiotropic actions, TNFα activates nSmase2 by 

translocating the polycomb group protein embryonic ectoderm (EED) from the nucleus. 

This translocation of EED allows the recruitment of nSMase2 to the TFNR1-FAN-RACK1-

complex for its activation at the plasma membrane (Philipp et al, 2010). 

Of note, nSMase2 plays a key role in ILV biogenesis for sEV secretion by hydrolyzing 

sphingomyelin in the MVB membrane to generate ceramide. Ceramide generates 

negative membrane curvature required for ILV budding into the MVB lumen (Trajkovic, 

2008). A recent study has shown that ceramide produced by nSMase2 activity is further 
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metabolized into sphingosine-1 phosphate (S1P) which activates its cognate S1P 

receptor (S1PR) on the MVB membrane that drives CD63-cargo loading into ILVs for sEV 

secretion (Kajimoto et al, 2013). In agreement with these studies, nSMase2 activity is 

required for packing prion proteins into ILVs for their eventual release on sEV and thereby 

implicates a potential role for nSMase2 in neurodegenerative disorder progression (Guo 

et al, 2015). 

Interestingly, the SMPD3 gene was found to be mutated in 5% of 92 acute myeloid 

leukemias (AMLs) and 6% of 131 acute lymphoid leukemias (ALLs). Functional analysis 

of a subset of these mutations indicated defects in nSMase2 protein stability and 

localization (Kim et al, 2009). Likewise, a recent study has implicated the role of nSMase2 

in T cell recruitment and directional migration (Mueller et al, 2014). Moreover, a genome-

wide study has shown that SMPD3 is a potential repressor of hepatocellular carcinoma 

(Revill et al, 2013). A subsequent study indeed confirmed that SMPD3 deficient mice 

show increased liver tumor formation (Zhong et al, 2018).   Non-small-cell lung cancer 

harbors different anaplastic lymphoma kinase (ALK)-fusion variants. The ALK gene can 

fuse with different genes and an ALK-SMPD3 fusion gene is described in a case of lung 

adenocarcinoma (Liang et al, 2021). Although based on the current studies, it is not clear 

whether it is a pro-tumor and anti-tumor gene, these data indicate a potential role for 

SMPD3 in cancer progression. 

Given the role of nSMase2 in a wide array of cellular processes, SMPD3-/- mutant mice 

develop a pleiotropic phenotype with severe retardation of late embryonic and postnatal 

growth; a novel form of dwarfism and delayed puberty as a part of a hypothalamus-

induced combined pituitary hormone deficiency (Stoffel et al, 2005). Unlike SMPD1-/- 

mutant mice, which mimic Niemann-Pick disease type A with a massive sphingomyelin 

accumulation in the lysosome, SMPD3-/- mutant mice develop no lipid storage 

abnormalities (Stoffel et al, 2005). Although the detailed molecular pathway and 

mechanisms that underpin the pleiotropic phenotypes of SMPD3-/- mutant mice are not 

known, the study proposes a role of SMPD3, which is segregated into a detergent-

resistant subdomain of the Golgi membrane, in modifying the lipid bilayer that is essential 

for the Golgi-secretory pathway in hypothalamic neurosecretory neurons (Stoffel et al, 

2005)(Wilhem Stoffel., 2005). A follow-up study later confirmed the molecular link 
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between SMPD3 and the Golgi complex in neurons. SMPD3 deficiency in neurons 

disrupts a Golgi membrane-remodeling step required for budding, vesiculation, and 

protein transport of amyloid-β precursor protein (APP), amyloid-β (AB), and pTau and 

thereby cause neurodegeneration and Alzheimer’s disease-like cognitive decline in 

SMPD3-/- mutant mice (Stoffel et al, 2016, 2019).  

 

1.5.2 SMPD2/nSMase1 

 

NSMase1 (encoded by SMPD2) is a ubiquitously expressed integral membrane protein 

identified and cloned based on the sequence homology to the bacterial 

sphingomyelinases (Tomiuk et al, 1998).  Similar to nSMase2, nSMase1 also exhibits a 

Mg2+-dependent activity (Fensome et al, 2000).  NSMase1 shares identical domain 

architecture to ISC1, the yeast homolog to neutral sphingomyelinases (Tomiuk et al, 

1998)(Tomiuk 1998). The secondary structure prediction of mammalian nSMase1 

suggests a catalytic domain adopting the DNase-1-like structure and two possible 

transmembrane domains (Rodrigues-Lima et al, 2000). Unlike nSMase2, nSMase1 

activity does not respond to TNFα stimulation (Tomiuk et al, 1998). Despite being the first 

neutral sphingomyelinase in mammals to get cloned and identified, the structural, 

biochemical, and biological studies on nSMase1 remain very low in comparison with 

nSMase2.  

Overexpressed nSMase1 conjugated to a tag localizes in the ER (Fensome et al, 2000; 

Rodrigues-Lima et al, 2000; Tomiuk et al, 2000). Furthermore, one of the predicted C-

terminal transmembrane domains is required for its ER-localization (Rodrigues-Lima et 

al, 2000). In contrast to the overexpressed nSMase1, endogenous nSMase1 exclusively 

localizes to the nuclear matrix (Mizutani et al, 2001). A conventional nuclear localization 

signal (NLS) is missing, but nSMase1 contains a sequence LLVLHLSGLVL at the amino 

acid position between 120-130, which is homologous to the nuclear export signal (NES) 

(Mizutani et al, 2001). 

Although nSMase1 hydrolyzes sphingomyelin in-vitro, sphingomyelin metabolism 

remains unaffected upon its overexpression in cells  (Tomiuk et al, 1998; Sawai et al, 

1999). Likewise, nSMase1 mouse knockout shows no obvious phenotype with no 
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detectable changes in sphingomyelin metabolism (Zumbansen & Stoffel, 2002).  Instead 

of sphingomyelin, nSMase1 hydrolyzes lyso platelet-activating factor (lyso-PAF) in-vitro 

and in cells. This indicates the putative nSMase1 could be a lyso-PAF phospholipase C 

with lyso-PAF as its biological substrate (Sawai et al, 1999). A later study further has 

shown that, in addition to lyso-PAF, nSMase1 also hydrolyzes the other two 

lysocholinephosphopholipids: sphingosylphosphocholine (SPC) and 

lysophosphatidylcholine (lyso-PtdCho) (Miura et al, 2004). SPC is a naturally occurring 

lipid mediator which elicits different responses when exogenously added to the cell 

including mitogenesis, focal contact assembly, Ca2+ mobilization, and apoptosis 

depending on the concentration and type of the cell (Miura et al, 2004). 

In contrast to the above biochemical studies, several studies later have shown that 

ceramide generated by nSMase1 activity induces cellular death via different pathways 

under different stress conditions (Jaffrézou et al, 1996; Jana & Pahan, 2004; Lee et al, 

2004). For example, JNK-signaling activates nSMase1 by phosphorylation to generate 

ceramide for apoptosis induction upon different environmental stresses such as heat 

shock and UV irradiation (Yabu et al, 2015). Additionally, a study has shown that trivalent 

chromium induces autophagy in renal HK2 cells by activating nSMase1 to increase 

cellular ceramide levels (Yang et al, 2017). The molecular and structural characterization, 

as well as the biological functions of nSMase1, remain insufficiently known. 

 

1.6 The aim of the study  

 

Aim 1: Dissecting the molecular mechanism that underlies the regulatory role of 

nSMase2 in sEV secretion 

 

sEV secretion represents an important paradigm for intercellular communications under 

both homeostatic and pathological conditions. The detailed step-wise molecular 

mechanisms that underlie sEV biogenesis starting from cargo sorting into the ILVs at the 

MVB membrane to plasma membrane targeting of these mature MVBs for sEV secretion 

are gradually being dissected. An important step in sEV secretion lies at the crossroad of 

lysosomal degradation and anterograde MVB trafficking of the MVB – where the ultimate 
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fate for the MVB is decided. The regulatory factors that discriminate secretory MVBs from 

degradative MVBs, as well as the molecular motors that facilitate the anterograde 

trafficking of secretory MVBs, are not yet elucidated.  

NSMase2 is one the best-described regulators of sEV biogenesis at the MVB (Menck et 

al, 2017; Trajkovic et al, 2008; Kajimoto et al, 2013). Therefore, nSMase2 inhibition is 

widely used in both biogenesis and functional studies of sEVs. Ceramide generated by 

nSMase2 upon sphingomyelin hydrolysis at the MVB membrane was shown to induce 

negative membrane curvature required for ILV biogenesis (Trajkovic, 2008). Alternatively, 

a later study has unraveled that ceramide generated by nSMase2 is further metabolized 

into sphingosine-1 phosphate (S1P) which activates its cognate receptor S1PR on the 

MVB. The ongoing activated S1PR subsequently drives ILV budding into the MVB for 

sEV secretion (Kajimoto et al, 2013). 

With increasingly complex molecular regulations described for ILV generation at the MVB 

for sEV secretion including through both ESCRT-dependent and ESCRT-independent 

pathways (van Niel et al, 2018). And with sEV cargo sorting into ILVs remaining 

unaffected by nSMase2 inhibition (Groß et al, 2012), the exact molecular mechanism and 

the step at which nSMase2 activity regulates sEV biogenesis is not sufficiently 

understood. Therefore, this study aimed to further dissect the role of nSMase2 in sEV 

secretion. To this end, firstly, the role of nSMase2 in sEV secretion was confirmed in the 

HeLa cells. Thereafter, the molecular mechanism of nSMase2 activity at the MVB that 

underlie sEV secretion was determined by analyzing its potential connection with V-

ATPase-mediated endosomal acidification. In connection with the role of lipids in 

endosomal acidification, the role of cholesterol in the sEV secretion was also studied. 

Finally, the functional relevance of nSMase2 regulated sEV secretion was explored by 

studying the effects of the known nSMase2 agonist TNFα.  

 

Aim 2: Investigating the biological functions of nSMase1/SMPD2 

 

NSMase1 or SMPD2, another member of the neutral sphingomyelinase family, exhibits 

Mg2+-dependent but phosphatidylserine-independent activity. Initially identified as 

sphingomyelinase based on the sequence similarity between the bacterial 
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sphingomyelinase and a yeast protein, the subsequent biochemical studies indicated that 

its biological function is less likely to be sphingomyelinase but rather a lysophospholipase 

(Tomiuk et al, 1998). Therefore, both the structural and functional insights on nSMase1 

remain poor.  

Given the insufficient and contrasting results on the function of nSMase1, we aimed to 

ascertain the biological role of nSMase1 by using siRNA-mediated gene knockdown (KD) 

in two human cell lines: HCT116, a human colorectal cancer cell line, and HeLa, a cervical 

cancer line. Since previous studies implicated nSMase1 in various stress response 

pathways, the potential role of nSMase1 in two cellular stress responses – autophagy 

and ER stress pathway - was analyzed. Finally, the role of nSMase1 in the cell cycle 

progression was explored by uncovering possible molecular pathways through which it 

could regulate cell cycle progression. 
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2 Results 
 

2.1 Manuscript I: Neutral Sphingomyelinase 2 controls exosomes secretion by 

counteracting V-ATPase-mediated endosome acidification 

 

 

 

 

 

 

This manuscript is accepted for publication in the Journal of Cell Science: 

https://journals.biologists.com/jcs/article/doi/10.1242/jcs.259324/274058/Neutral-

Sphingomyelinase-2-controls-exosomes 
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Abstract 

 

During endosome maturation, neutral sphingomyelinase 2 (nSMase2, encoded by 

SMPD3) is involved in budding of intraluminal vesicles (ILVs) into late endosomes or 

multivesicular bodies (MVBs). Fusion of these with the plasma membrane results in the 

secretion of exosomes or small extracellular vesicles (sEVs). Here, we report that 

nSMase2 activity controls sEV secretion through modulation of vacuolar H+-ATPase (V-

ATPase) activity. Specifically, we show that nSMase2 inhibition induces V-ATPase 

complex assembly that drives MVB lumen acidification and consequently reduces sEV 

secretion. Conversely, we further demonstrate that stimulating nSMase2 activity with the 

inflammatory cytokine TNFα decreases acidification and increases sEV secretion. Thus, 

we find that nSMase2 activity affects MVB membrane lipid composition to counteract V-

ATPase-mediated endosome acidification, thereby shifting MVB fate towards sEV 

secretion.   
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Small extracellular vesicles, Endosomal maturation, Secretory Multivesicular Bodies, 

Intraluminal vesicles, endosomal cargo sorting 

Introduction 

 

Exosomes are small extracellular vesicles (sEVs) of endosomal origin that are released 

into the extracellular space and contain bioactive signaling molecules (Ciardiello et al, 

2016). Initially considered cellular waste, recent studies have proven that sEVs play key 

roles in cell-cell communication, for example during erythrocyte maturation, antigen 

presentation, and progression of various diseases including Alzheimer’s disease and 

cancer (Danzer et al, 2012; Bebelman et al, 2018). Cancer cells highly upregulate 

exosome secretion, and this significantly contributes to tumor progression by mediating 

different processes including proliferation, metastasis, and organ tropism (Kanada et al, 

2016). Therefore, it is crucial to understand the molecular mechanisms that underlie 

exosome biogenesis and its regulation. 

Exosomes are generated as intraluminal vesicles (ILVs) during endosome maturation into 

late endosomes or multivesicular bodies (MVBs). ILVs are secreted out as exosomes into 

the extracellular space when MVBs fuse with the plasma membrane. As early endosomes 

mature into MVBs, cargos are sorted on the endosomal membrane, which then buds 

inward to form ILVs (van Niel et al, 2018). Different molecular machineries and pathways 

are involved in ILV biogenesis. As one route of biogenesis, the syndecan-syntenin-Alix 

(also known as PDCD6IP) axis engages with the endosomal sorting complex required for 

transport (ESCRT) machinery to generate ILVs for exosome secretion (Baietti et al, 

2012). Interestingly, the ESCRT-machinery also generates ILVs in MVBs that are 

targeted for lysosomal degradation. For example, the ubiquitylated epidermal growth 

factor receptors (EGFRs) that are internalized into ILVs in an ESCRT-dependent manner 

are targeted for lysosomal degradation (Roxrud et al. 2008; Raiborg and Stenmark 2009). 

In addition, ILVs can be generated by ESCRT-independent pathways that involve neutral 

sphingomyelinase 2 (nSMase2, encoded by SMPD3). NSMase2 hydrolyzes 

sphingomyelin into ceramide and phosphorylcholine (Hofmann et al, 2000).  In a mouse 

oligodendroglial cell line, it has been shown that ceramide produced by nSMase2 is 
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required for sorting proteolipid protein (PLP) into ILVs destined for secretion (Trajkovic et 

al. 2008). Complementary in-vitro results have shown the formation of intravesicular 

membranes upon ceramide generation in giant unilamellar vesicles (GUVs). Accordingly, 

it has been argued that ceramide generated at the limiting membrane of MVBs drives 

spontaneous negative membrane curvature and budding leading to the formation of ILVs. 

Additionally, a recent study has shown that the ceramide metabolite sphingosine-1-

phosphate activates its receptor on MVBs to segregate cargos into ILVs for exosome 

secretion (Kajimoto et al, 2013). Whether ILV formation by nSMase2 is independent of 

ESCRT proteins or whether they cooperate at the same MVBs for ILV formation and cargo 

loading is so far not well understood.  

Similarly, it is unclear, what discriminates and controls the fate of MVBs. MVBs can either 

be sorted for lysosomal degradation (degradative MVBs) or be transported towards the 

cell periphery for plasma membrane fusion (secretory MVBs) to release exosomes (van 

Niel et al, 2018). Regulatory factors that control the fate of MVB trafficking after ILV 

generation and their subsequent fusion with the plasma membrane remain largely 

unknown. Interestingly, numerous studies have established a connection between 

endosomal acidification and sEV secretion – decreasing endosomal acidification 

increases exosome secretion (Villarroya-Beltri et al, 2016; Edgar et al, 2016; Guo et al, 

2017; Latifkar et al, 2019). The vacuolar H+-ATPase (V-ATPase) is a multi-subunit proton 

pump responsible for endosomal acidification (Forgac, 2007). Cancer cells downregulate 

sirtuin-1 (SIRT-1), which destabilizes the mRNA of ATP6V1A, a subunit of the complex 

(Latifkar et al, 2019). This impairs V-ATPase activity that acidifies the MVB lumen and 

instead favors the sorting of these MVBs for exosome release. Similarly, another study 

has shown that autophagy-related gene 5 (ATG5), a protein involved in the autophagy 

pathway, dissociates the ATP6V1E1 subunit from the V-ATPase complex to reduce its 

activity and thus promote exosome secretion (Guo et al, 2017). Overall, these studies 

indicate that acidification plays a significant role in determining MVB sorting fate - with 

less acidic MVBs more likely to be targeted for secretion. Despite these recent findings, 

the molecular mechanism involved in fine-tuning MVB lumen acidification to regulate their 

sorting decision is not well understood. 
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We discovered that nSMase2 activity regulates endolysosomal acidification by 

modulating V-ATPase activity and thereby controls sEV secretion. Specifically, we show 

that nSMase2 inhibition and SMPD3 knockdown renders the V-ATPase complex 

assembled and active for further MVB lumen acidification, which consequently reduces 

sEV secretion. Conversely, we further demonstrate that stimulating nSMase2 activity with 

the inflammatory cytokine TNFα decreases acidification and in turn increases sEV 

secretion. We show that nSMase2 activity counteracts V-ATPase-mediated endosome 

acidification and thereby shifts MVB fate towards sEV secretion. 

 

Results 

 

NSMase2 regulates sEV secretion in HeLa cells 

 

NSMase2 hydrolyzes sphingomyelin into ceramide and phosphorylcholine (Hofmann et 

al, 2000), a reaction that can be blocked by the inhibitor GW4869, which has been used 

in many studies to inhibit exosome secretion (Trajkovic et al. 2008; Menck et al. 2017; Li 

et al. 2016; Hu et al. 2019). However, several lines of evidence indicate that even after 

nSMase2 inhibition, exosome cargo loading and thereby ILV generation is not completely 

blocked (Gross et al, 2012). nSMase2 inhibition with GW4869 furthermore seems to affect 

large EV subpopulations and alter exosome composition and even fails to reduce EV 

secretion in other cells (Menck et al, 2017; Leidal et al, 2020; Panigrahi et al, 2018). This 

prompted us to further dissect the role of nSMase2 in the endosomal pathway. As a first 

step, we analyzed sEV secretion upon nSMase2 inhibition with GW4869. Conditioned 

medium from equal numbers of HeLa cells treated with GW4869 or DMSO were 

subjected to serial ultracentrifugation to recover sEVs at 100,000 x g (Fig. S1A). Following 

the guidelines recommended by the International Society for Extracellular vesicles (ISEV; 

Théry et al, 2018), we hereafter refer to the isolated vesicles as sEVs rather than 

exosomes.  Medium samples corresponding to equal amounts of cells were used to 

evaluate sEV secretion. Although HeLa cell viability remained unaffected (Fig. S1B), 

GW4869 treatment significantly reduced the secretion of Alix, syntenin, and CD63 in the 

sEV fraction (Fig. 1A, B). In line with their reduced secretion, GW4869 slightly increased 
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the intracellular levels of these markers (Fig. 1C, D). This indicates that due to their 

reduced secretion, the markers accumulated, possibly inside the endosomal pathway.  

To exclude possible off-target effects of GW4869, we used siRNA against nSMase2 

(targeting expression of SMPD3) to phenocopy the effects of the inhibitor. Knockdown 

(KD) of SMDP3 was confirmed using qPCR (Fig. S1C) and did not affect the cell viability 

(Fig. S1D). SMPD3 KD in HeLa cells significantly decreased the secretion of Alix, CD63, 

syntenin, and CD81 in the sEV fraction (Fig. 1E, F) and significantly increased the 

corresponding intracellular levels of these exosomal markers (Fig. 1G, H). Moreover, 

nanotracking particle analysis (NTA) showed that most of the sEVs were between 100 

nm and 200 nm in diameter (Fig. 1I, K) and confirmed their reduced secretion upon 

GW4869 treatment and SMPD3 KD (Fig. 1J, L). Furthemore, KD using two separate sets 

of siRNAs against SMPD3 or the combinations thereof similarly reduced sEV secretion 

(Fig. 1L).  Overall, these results further confirm the role of nSMase2 in sEV secretion in 

HeLa cells. 
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Figure 1: NSMase2 regulates sEV secretion in HeLa cells. (A) Western blot analysis of sEV 
fractions prepared from equal amounts of overnight DMSO- or GW4869 (GW)-treated HeLa cells. 
Samples were probed for the exosomal markers Alix, CD63, syntenin, and CD81. (B) Signal 
intensity quantifications of Alix, CD63, syntenin, and CD81 in sEV fractions from (A) calculated 
by normalizing the signal to loading control GAPDH levels in the corresponding cell lysates in (C) 
before normalization to the respective control. (C) Western blot of the corresponding cell lysates 
(CX) from (A), probed for loading control GAPDH in addition to the exosomal markers from (A). 
(D) Quantifications of intracellular Alix, CD63, syntenin, and CD81 signal intensity from (C) 
normalized to loading control GAPDH before normalization to the respective control. (E) Western 
blot analysis of sEV fractions prepared from equal amounts of control (siCtrl) and SMPD3 KD 
(siSMPD3) HeLa cells, and probed for the exosomal markers Alix, CD63, syntenin, and CD81. 
(F) Signal intensity quantifications of Alix, CD63, syntenin, and CD81 in sEV fractions from (E), 
calculated by normalizing the signal to loading control GAPDH levels in the corresponding cell 
lysates in (G) before normalization to their respective control. (G) Western blot of the 
corresponding cell lysates (CX) from (E), probed for loading control GAPDH in addition to the 
exosomal markers from (E). (H) Quantifications of intracellular Alix, CD63, syntenin, and CD81 
signal intensity from (G) normalized to loading control GAPDH before normalization to the 
respective control. (I) Representative size distribution of sEVs prepared from DMSO- or GW4869- 
treated HeLa cells. (J) NTA quantification of sEV concentration from (I). (K) Representative size 
distribution of sEV isolated from control or SMPD3 KD HeLa cells. SMPD3 KD used either pairs 
of siRNAs (siSMPD3 #1/2 and siSMPD3 #3/4) or a pool of all four siRNAs (siSMPD3). (L) NTA 
quantification of sEV concentration from (K). Data are presented as mean±s.d. of three biological 
replicates. ***P<0.0001; **P<0.001; *P<0.01 (unpaired two-tailed Student’s t-test in B, D, F, H, J; 
one-way ANOVA followed by Dunnett’s comparisons test in L). Molecular masses are indicated 
in kDa. 

 

SMPD3 KD results in intracellular accumulation of MVBs 

 

We reasoned, that analyzing ceramide distribution in different organelles could shed light 

on the specific subcellular activity of nSMase2 and subsequent effects on MVB formation 

and exosomal biogenesis. As a readout for nSMase2 activity, we used an anti- ceramide 

antibody previously used for studies of sphingomyelin metabolism and ceramide signaling 

(Vielhaber et al, 2001; Parashuraman & D’Angelo, 2019; Yabu et al, 2015). Ceramide 

staining was analyzed in DMSO- and GW4869-treated HeLa cells using confocal 

microscopy. As expected, GW4869 treatment significantly reduced intracellular ceramide 

levels, suggesting reduced nSMase2 activity (Fig. 2A, B). As ceramide is also provided 

by de novo synthesis from the endoplasmic reticulum, where nSMase2 also localizes 

(Shamseddine et al, 2015), we co-stained ceramide with the endosomal ESCRT-0 

component HRS (also known as HGS) to determine nSMase2 activity specifically at the 

endosomal membrane. GW4869 treatment significantly reduced the amount of ceramide 
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colocalizing with HRS, confirming reduced nSMase2 activity at the endosomal level (Fig. 

2A, B). 

To further dissect the role of nSMase2 in sEV secretion, we next analyzed the intracellular 

distribution of the selected exosomal markers in HeLa cells by confocal microscopy. 

Reduced staining of syntenin (encoded by SDCBP) upon gene KD confirmed specificity 

of the ant-syntenin antibody (Fig, S1E).  In agreement with the western blot analysis (Fig. 

1G, H), SMPD3 KD noticeably induced the intracellular accumulation of CD63, syntenin, 

and lysobisphosphatidic acid (LBPA), an MVB-specific lipid marker (Fig. 2C, E, and G). 

Accordingly, the total intracellular signal and the number of puncta per cell for these three 

markers were significantly increased following SMPD3 KD (Fig. 2D, F, and H). 

Collectively, these data suggest that inhibition of nSMase2 activity at the endosomal 

membrane accumulates MVBs intracellularly.  
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Figure 2: SMPD3 KD results in intracellular accumulation of MVBs. (A) Confocal 

microscopy images of HeLa cells treated with DMSO or GW4869 (GW), stained for ceramide and 

HRS.Nuclei were stained with Hoechst 33342 (B) Dot plots of mean fluorescence intensity of 

ceramide puncta (left) and mean fluorescence intensity of ceramide puncta that colocalized with 

HRS (right) from (A). (C-H) Confocal microscopy images of control (siCtrl) and SMPD3 KD 

(siSMPD3) HeLa cells stained for exosomal markers CD63 (C) and syntenin (E), and the MVB 

marker LBPA (G), as well as actin (phalloidin). Nuclei were stain with Hoechst 33342. (D) 

Quantifications of cytoplasmic CD63 intensity (left) and CD63 puncta/cell (right) from (E). (F) 

Quantifications of cytoplasmic syntenin intensity (left) and syntenin puncta per cell (right) from E. 

(H) Quantifications of cytoplasmic LBPA intensity (left) and LBPA puncta per cell (right) from (G). 

The data in B, D, F, and H are presented as mean ± s.d.; n > 50 cells from two biological replicates 

for each staining. *p< 0.01; **p < 0,001; ****p < 0.0001. (Unpaired two-tailed Student’s t-test). AU, 

arbitrary units. 

 

nSMase2 regulates sEV secretion by modulating endolysosomal acidification 

 

Recently, several studies have shown that endosomal acidification plays a role in 

regulating MVB sorting. MVBs with low pH are targeted for lysosomal degradation, 

whereas MVBs with relatively higher pH are transported towards the cell periphery for 

plasma membrane fusion to release sEVs (Guo et al, 2017; Latifkar et al, 2019). As 

expected, bafilomycin A1 (Baf), which increases endolysosomal acidification by inhibiting 

V-ATPase activity, significantly increased the secretion of CD63, syntenin, and CD81 in 

the sEV fraction (Fig. S1G, H) without significantly affecting the cell viability (Fig. S1F). 

NTA analysis further validated the increased sEV secretion upon Baf treatment (Fig. S1I, 

J). Based on these data, we next analyzed endolysosomal acidification upon SMPD3 KD 

by staining with Lysotracker, a fluorescent dye that stains acidic cellular compartments 

(Robinson et al, 2012). We found that intracellular Lysotracker staining, as well as the 

number of acidic vesicles per cell, was significantly increased by SMPD3 KD (Fig. 3A, B) 

or GW4869 treatment (Fig. S2A, B). Lysotracker staining was completely abolished by 

bafilomycin treatment (Fig. S2C), thus confirming the staining specificity.  

To further investigate how increased endolysosomal acidification upon SMPD3 KD affects 

lysosomes and the trafficking of MVBs towards the lysosome, we next analyzed the 

intracellular colocalization of LAMP1 and CD63. SMPD3 KD led to an increased 

colocalization between CD63 and LAMP1 compared with that in control cells (Fig 3C, D). 

Interestingly, SMPD3 KD significantly increased the LAMP1 signal intensity (Fig 3C, D), 

which was further confirmed by western blot (Fig 3E, F). The LAMP1 increase upon 



 ______________________________________________________________________ Results 
 

37 
 

SMPD3 KD was even more evident under a nutrient-depleted condition where cellular 

lysosomal activity peaks for autophagy (Levine, 2007) (Fig 3E, F). Overall, these results 

indicate that SMPD3 regulates endolysosomal acidification and alters MVB trafficking. 

The V-ATPase complex acidifies endosomes and lysosomes by translocating protons into 

their lumina in an ATP-dependent manner (Wang et al, 2021). As we found nSMase2 

activity to be reduced at HRS-positive endosomes (Fig 2A, B) and acidification increased 

upon SMPD3 KD (Fig 3A, B), we next tested whether nSMase2 and V-ATPase reside on 

the same endosomes. Indeed, a small fraction of nSmase2 colocalized with ATP6V0A1, 

a V0 transmembrane subunit of V-ATPase, in punctate structures in immunostaining (Fig. 

3G, H). This is in line with an affinity-purification-based mass spectrometry study that 

showed nSMase2 interaction with ATP6VV0A1  (Huttlin et al, 2017). Moreover, the mean 

intensity of ceramide puncta colocalizing with transmembrane ATP6AP2, a core V-

ATPase V0 subunit, was significantly reduced by GW4869 treatment, confirming 

nSMase2 activity on V-ATPase-positive membranes (Fig. 4A, B). Therefore, these data 

indicate that nSMase2 and V-ATPase activity could be interlinked on MVBs to regulate 

their acidification for sEV secretion. 
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Figure 3: nSMase2 regulates sEV secretion by modulating endosomal acidification.  (A) 
Confocal microscopy images of control (siCtrl) and SMPD3 KD (siSMPD3) HeLa cells with 
intracellular acidic compartments labeled by Lysotracker. Nuclei were stained with Hoechst 
33342. (B) Quantifications of mean intensity of Lysotracker puncta (left) and Lysotracker puncta 
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per cell (right) from (A). Data are presented as mean ± s.d.; n > 50 cells from three biological 
replicates. ****p < 0.0001 (Unpaired two-tailed Student’s t-test). (C)  Confocal microscopy images 
of control and SMPD3 KD HeLa cells costained for the exosomal and MVB marker CD63 and the 
lysosomal marker LAMP1. Nuclei were stained with Hoechst 33342. (D) Quantifications of mean 
fluorescence intensity of LAMP1 puncta (left) and colocalization analysis of CD63 with LAMP1 
(right) from (C). (Data are presented as mean ± s.d.; n = 20 cells from two biological replicates. 
*p< 0.01; ****p < 0.0001 (Unpaired two-tailed Student’s t-test). (E) Western blot analysis of LAMP1 
and GAPDH from control and SMPD3 KD HeLa cells under normal and starvation (serum-
depleted) conditions (Starv). Molecular masses are indicated in KDa. (F) Quantifications of 
LAMP1 signal normalized to loading control GAPDH before normalization to the control condition 
from (E). The data shown in (F) represent the mean ± s.d. of four biological replicates. **p < 0,001 
(One-way ANOVA followed by Dunnett’s comparisons test). (G) Representative confocal 
microscopy of HeLa cells co-stained for nSMase2 and ATP6V0A1. The scale bar in the magnified 
inset represents 5 µm. (H) Pixel-based colocalization between nSMase2 and ATP6V0A1 from 
(G). Strong nSMase2 nuclear signal was excluded from quantification by masking based on 
Hoechst 33342 staining. Data are presented as mean ± s.d. of n > 20 cells from two biological 
replicates. 

 

NSMase2 regulates endolysosomal acidification by modulating V-ATPase 

assembly  

 

 V-ATPase complexes on endosomal membranes are partitioned into raft-like domains, 

enriched in sphingomyelin and cholesterol (Lafourcade et al, 2008), and their activity is 

regulated by the reversible assembly of the complex. For example, detachment of the 

cytoplasmic V1 domain, ATP6V1E1 subunit,  from the V-ATPase complex has been 

shown to decrease its activity in yeast and mammalian cells (Sautin et al, 2005; Toei et 

al, 2010) A recent study has unraveled that ATG5 detaches ATP6V1E1 from the complex 

to deacidify the MVB lumen, thereby resulting in increased exosome secretion (Guo et al, 

2017). We found that ATP6V1E1 localization changed from a diffuse pattern in the 

cytoplasm in control cells to a more punctate vesicular structure in SMPD3 KD cells (Fig. 

4C). Parallel to the findings of the study mentioned above, this could indicate an increase 

in ATP6V1E1 localization to endosomes, for example to MVBs. To analyze whether 

SMPD3 KD increases endolysosomal acidification by inducing V-ATPase complex 

assembly, we analyzed the colocalization between ATP6V0A1 and ATP6V1A. Indeed, 

SMPD3 KD significantly increased the colocalization between ATP6V0A1 and ATP6V1A, 

indicating increased V-ATPase assembly (Fig. 4D, E). Therefore, we next analyzed 

whether V-ATPase was internalized into ILVs during MVB maturation and subsequently 

secreted on sEVs. Indeed, under control conditions, we found the transmembrane subunit 
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ATP6V0A1 secreted in the sEV fraction, possibly confirming that it can be internalized 

into ILVs and released into sEVs. Interestingly, SMPD3 KD reduced this secretion. 

ATP6V1A and ATP6V1E1, two cytosolic subunits of the V-ATPase complex, were absent 

from the sEV fraction under both conditions (Fig. 4F, G). The total intracellular levels of 

ATP6V0A1, ATP6V1E1, and ATP6V1A in total RIPA lysates were unaffected by SMPD3 

KD (Fig. S2D, E). These data show that ATP6V0A1 is secreted on sEVs in a nSMase2-

dependent manner. To further confirm that SMPD3 KD stabilizes the V-ATPase complex 

on the endosomal membrane, we next performed a biochemical cell fractionation. This 

assay yielded a cytosolic and an organelle fraction, the latter containing the membrane 

proteins (Itzhak et al, 2016). SMPD3 KD indeed enriched ATP6V1E1 and ATP6V0A1 in 

the organelle fraction in comparison to control cells (Fig. 4H, I), suggesting increased 

assembly of V-ATPase complex at the membrane. Taken together, our data show that 

nSMase2 regulates sEV secretion by modulating V-ATPase assembly and activity on 

MVBs. 
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Figure 4: NSMase2 regulates endolysosomal acidification by modulating VATPase 
assembly. (A) Confocal microscopy images of HeLa cells treated with DMSO or GW4869 (GW), 
co-stained for ceramide and ATP6AP2. Nuclei were stained with Hoechst 33342. (B) Dot plots of 
mean fluorescence intensity of ceramide puncta (left) and mean fluorescence intensity of 
ceramide that colocalized with ATP6AP2 (right) from A. Data are presented as mean±s.d.; n > 50 
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cells from two biological replicates. ****P<0.0001 (unpaired two-tailed Student’s t-test). (C) 
Confocal microscopy images of the cytoplasmic distribution of ATP6V1E1 (V1E1) in HeLa cells 
upon SMPD3 KD (siSMPD3) compared with that of control cells (siCtrl). Actin was stained using 
phalloidin, and nuclei were stained using Hoechst 33342. Images are representative of three 
experiments. (D) Confocal microscopy images of DMSO- and GW4869-treated HeLa cells co-
stained for ATP6V0A1 and ATP6V1A. Nuclei were stained with Hoechst. Arrows indicate 
ATP6V0A1 and ATPV1A colocalization. The scale bar in the magnified inset represents 5 μm. (E) 
Dot plots showing colocalization analysis of ATP6V1A with ATP6V0A1 from E. Data are 
presented as mean±s.d.; n>20 from two biological replicates. ****P<0.0001 (unpaired two-tailed 
Student’s t-test). (F) Western blot analysis of ATP6V0A1 (V0A1), ATP6V1A (V1A), and 
ATP6V1E1 (V1E1), as well as GAPDH as loading control, in total cell lysates (CX) and sEV 
fractions prepared from control (siCtrl) and SMPD3 KD (siSMPD3) HeLa cells. (G) Quantification 
of signal intensity of V0A1 in sEV fractions from F normalized to the corresponding loading control 
GAPDH in the CX before normalization to the respective control. Data are presented as mean ± 
s.d. of three biological replicates. **P<0.001 (unpaired two-tailed Student’s t-test). (H) Western 
blot analysis of V0A1, V1A and V1E1 levels in organelle or cytosolic fractions upon SMPD3 KD 
in HeLa cells. Vinculin and GOSR2 were used as cytosolic or organelle markers, respectively. (I) 
Quantifications of signal intensity of V1A and V1E1 in organelle and cytosolic fractions, and V0A1 
in the organelle fraction from H. Cytosolic and organelle signals for each subunit were normalized 
to their respective loading control, vinculin or GOSR2, before normalization to the control 
condition. Molecular masses in D and H are indicated in kDa. The data shown in E represent 
mean ± s.d. of three biological replicates. *P<0.01 (Right and middle graphs; one-way ANOVA 
followed by Sidak’s multiple comparisons test, left graph; *P<0.01, unpaired two-tailed Student’s 
t-test). 

 

MVB cholesterol levels regulate sEV secretion by modulating V-ATPase assembly 

 

As nSMase2 hydrolyzes sphingomyelin into ceramide and phosphorylcholine, and 

ceramide triggers ILV formation, we reasoned that the enrichment of sphingomyelin on 

endosomal membranes upon SMPD3 KD could support the assembly of V-ATPase 

complexes for acidification. Sphingomyelin forms lipid-ordered microdomains with 

cholesterol in model and cellular membrane systems (Hullin-Matsuda et al, 2014). 

Different transmembrane protein complexes, such as V-ATPases, are preferentially 

sorted into these microdomains, allowing their structural and functional regulation (Sezgin 

et al, 2017). A recent study reported the complete cryo-EM structure of the human V-

ATPase complex and revealed that ordered lipid molecules including cholesterol are an 

integral part of the V0 complex (Wang et al, 2020). Hence, we hypothesized that 

sphingomyelin and cholesterol levels at MVBs could modulate V-ATPase assembly and 

thereby regulate MVB fate and sEV secretion. Therefore, similar to the enrichment of the 

sphingomyelin upon SMPD3 KD, enrichment of cholesterol should increase endosomal 

acidification through supporting V-ATPase complex assembly, and at the same time 
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reduce sEV secretion. To specifically modulate cholesterol at the MVB level, we used 

U18666A (U18), which accumulates cholesterol in MVBs by inhibiting the cholesterol 

transporter Nieman-Pick C1 (NPC1) (Lu et al, 2015). As expected, U18 treatment, with a 

mild (<5%) cell viability reduction (Fig. S2F), significantly increased mean Lysotracker 

staining as well as Lysotracker puncta per cell (Fig. 5A, B), indicating increased V-

ATPase activity upon MVB cholesterol accumulation. Additionally, U18 enriched both the 

transmembrane subunit ATP6V0A1 and the cytoplasmic subunit AT6V1E1 in the 

membrane fraction similar to SMPD3 KD (Fig. 5C, D). Accordingly, cholesterol 

accumulation also reduced the secretion of the exosomal markers Alix and syntenin in 

the sEV fraction (Fig. 5E, F) with a concomitant slight increase in the intracellular levels 

of these proteins (Fig. 5G, H). NTA analysis further validated the reduction of sEV 

secretion upon U18 treatment (Fig. 5I, J). These data demonstrate that, in addition to 

ceramide and sphingomyelin, endosomal cholesterol levels also modulate both V-

ATPase activity and sEV secretion. This strengthens the idea that the endosomal lipid 

environment governs secretory versus degradative MVB sorting by modulating 

endosomal acidification via V-ATPase recruitment, thereby exerting control over sEV 

secretion levels. 
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Figure 5: MVB cholesterol levels regulate sEV secretion by modulating V-ATPase 
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assembly. (A) Confocal microscopy images of control (Ctrl) and U18666A (U18)-treated HeLa 
cells with intracellular acidic compartments labeled by Lysotracker. Nuclei were stained by 
Hoechst 33342 (B) Quantifications of mean intensity of Lysotracker puncta (left) and Lysotracker 
staining puncta per cell from A. Data are presented as mean ± s.d.; n > 50 cells from three 
biological replicates. *P<0.01, ****p < 0.0001 (Unpaired two-tailed Student’s t-test). (C) Western 
blot analysis of ATP6V0A1 (V0A1), ATP6V1A (V1A), and ATP6V1E1 (V1E1) levels in organelle 
or cytosolic fractions upon U18 treatment in HeLa cells. Vinculin and GOSR2 were used as the 
cytosolic and the organelle markers, respectively. (D) Quantifications of signal intensity of V1A 
and V1E1 in organelle and cytosolic fractions, and V0A1 in the organelle fraction from (C). 
Cytosolic and organelle signals for each subunit were normalized to their respective loading 
control, vinculin or GOSR2, before normalization to the control condition. (E) Western blot 
analysis of Alix, CD63, syntenin, and CD81 in sEV fractions prepared from equal amounts of 
control or U18-treated HeLa cells. (F) Signal intensity quantifications of Alix, CD63, syntenin, and 
CD81 in sEV fractions from E, calculated by normalizing the signal to loading control GAPDH 
levels in the corresponding cell lysates in G before normalization to their respective control. (G) 
Western blot analysis of the indicated exosomal markers in corresponding cell lysates (CX) from 
E. GAPDH was probed as a loading control. (H) Quantifications of intracellular Alix, CD63, 
syntenin, and CD81 signal intensity from G normalized to loading control GAPDH before 
normalization to the respective control. (I) Representative size distribution of sEVs isolated from 
control and U18-treated HeLa cells. (J) NTA quantification of sEV concentration from I. The data 
shown in D, F, H, and J represent the mean ± s.d. of three biological replicates. *p < 0.01, **p < 
0,001, ****p < 0,0001 (Unpaired two-tailed Student’s t-test). Molecular masses in C, E, and G are 
indicated in KDa. 

 

TNFα regulates sEV secretion through nSMase2 activation 

 

To investigate the functional implication of nSMase2 counteracting V-ATPase activity on 

endosomes, we investigated the possible role of TNFα upstream of nSMase2. TNFα is a 

critical pro-inflammatory cytokine implicated in the pathogenesis of various diseases such 

as cancer (reviewed in Balkwill, 2006). In addition to its role in the regulation of 

immunogenic reactions, TNFα mediates different cellular processes including cellular 

proliferation, differentiation, and migration (Balkwill, 2006). Among its pleiotropic actions, 

TNFα activates nSmase2 by translocating polycomb group protein EED from the nucleus. 

This translocation of the EED allows the recruitment of nSMase2 to the TNF receptor-1 

(TFN-R1)-FAN-RACK1-complex for its activation (Philipp et al, 2010). In line with these 

data, we found increased ceramide staining upon TNFα treatment compared with that in 

the control cells, as well as increased ceramide puncta intensity colocalizing with HRS 

(Fig. 6A, B), these data indicate that TNFα activates nSMase2 on the endosomal 

membranes. Even though the number of acidic puncta per cell was increased, TNFα 

treatment, with less than 10% reduction of cell viability (Fig. S2G), significantly decreased 
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the total Lysotracker signal intensity, thereby indicating reduced V-ATPase activity (Fig. 

S2H, I). 

Following the idea that TNFα might redirect MVBs towards secretion through its effect on 

nSMase2 and V-ATPase activity, we next investigated the effects of TNFα on sEV 

secretion directly. TNFα treatment indeed significantly increased the secretion of the 

exosomal markers Alix, CD63, and syntenin in the sEV fraction (Fig. 6C, D). While 

intracellular syntenin levels were significantly upregulated by TNFα treatment, no effect 

was observed for the intracellular levels of the exosomal markers CD63, Alix, and CD81 

(Fig. 6E, F). Importantly, the increased secretion of Alix, CD63 (quantification in S2J), and 

syntenin in the sEV fraction induced by TNFα in control cells were rescued by SMPD3 

KD (Fig. 6G, H). NTA analysis of sEV samples further confirmed that increased sEV 

secretion by TNFα was rescued by SMPD3 KD (Fig. 6I, J). confirming that TNFα 

stimulation affects sEV secretion via nSMase2 activity. 

In alignment with our hypothesis that TNFα acts through nSMase2 activation at the MVB 

membrane and subsequently promotes V-ATPase sequestration into the ILV, TNFα 

furthermore increased ATP&V0A1 levels in the sEV fraction (Fig. 6K, L). Concordantly, 

SMPD3 KD partially rescued the increased ATP6V0A1 secretion on sEVs (Fig. 6K, L). 

Collectively, these results indicate that TNFα activates nSMase2 on endosomes, which 

in turn counteracts V-ATPase activity on the MVB membrane and reduces endosomal 

acidification to promote sEV secretion (Fig. 7). 
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Figure 6: TNFα regulates sEV secretion through nSMase2 activation. (A) Confocal 
microscopy images of control (Ctrl) and TNFα-treated HeLa cells co-stained for ceramide and 
HRS. Nuclei were stained with Hoechst 33342. The scale bar in the magnified inset represents 5 
μm. (B) Dot plots of mean fluorescence intensity of ceramide puncta (left) and mean fluorescence 



 ______________________________________________________________________ Results 
 

48 
 

intensity of ceramide that colocalized with HRS (right) from A. Data are presented as mean ± s.d.; 
n>50 cells from two biological replicates. **P<0.001; ****P<0.0001 (unpaired two-tailed Student’s 
t-test). (C) Western blot analysis of Alix, CD63, syntenin and CD81 in sEV fractions prepared from 
equal amounts of control or TNFα-treated HeLa cells. (D) Signal intensity quantifications of Alix, 
CD63, syntenin and CD81 in sEV fractions from C, calculated by normalizing the signal to loading 
control GAPDH levels in the corresponding cell lysates in E before normalization to their 
respective control. Data are presented as mean ± s.d. of four biological replicates. *P<0.01, 
**P<0.001, ****P<0.0001 (unpaired two-tailed Student’s t-test). (E) Western blot analysis of the 
indicated exosomal markers and GAPDH in the corresponding cell lysates (CX) from C. GAPDH 
was probed as a loading control. (F) Quantifications of intracellular Alix, CD63, syntenin and CD81 
signal intensity from E normalized to loading control GAPDH before normalization to the 
respective control. Data are presented as mean ± s.d. of three biological replicates. **P<0.001 
(unpaired two-tailed Student’s t-test). (G) Western blot analysis of Alix, CD63 and syntenin in an 
sEV fraction prepared from an equal amount of control untreated cells (Ctrl) or control siRNA-
treated (siCtrl) and SMPD3 KD (siSMPD3) HeLa cells treated with TNFα. (H) Signal intensity 
quantifications of Alix and syntenin in sEV fractions from G, calculated by normalizing the signal 
to loading control GAPDH levels in the corresponding cell lysates before normalization to their 
respective control. Data are presented as mean ± s.d. of five (Alix) and four (Syntenin) biological 
replicates. ***P<0,0004 (one-way ANOVA followed by Tukey’s multiple comparisons test). (I) NTA 
quantification of sEV concentration isolated from control and SMPD3 KD HeLa cells with or 
without TNFα treatment. Data are presented as mean ± s.d. of three biological replicates. *P<0.01 
(one-way ANOVA followed by Tukey’s multiple comparisons test). (J) Representative size 
distribution of sEV analyzed by NTA from I. (K) Western blot analysis of ATPV0A1 (V0A1), 
ATP6V1A (V1A) and ATP6V1E1 (V1E1), as well as GAPDH as loading control, in the total cell 
lysates (CX) and corresponding sEV fractions prepared from untreated HeLa cells (Ctrl) and from 
control and SMPD3 KD HeLa cells treated with TNFα. (L) Quantifications of signal intensity of 
V0A1 in the sEV fraction from K normalized to the corresponding loading control GAPDH in the 
CX before normalization to the respective control. Data are presented as mean ± s.d. of four 
biological replicates. (one-way ANOVA followed by Tukey’s multiple comparisons test). 
 

Discussion 

 

Here, we demonstrate that nSMase2 controls exosome secretion by counteracting V-

ATPase activity on endosomal membranes. We show a previously unknown mechanism 

by which nSMase2 regulates sEV secretion and provide evidence that the lipid 

environment at MVBs and specifically the levels of ceramide, sphingomyelin, and 

cholesterol regulate sEV secretion by modulating endosomal acidification. Importantly, 

we show that TNFα, a prominent pro-inflammatory cytokine known to activate nSMase2, 

promotes sEV secretion by modulating endosomal acidification via changes in V-ATPase 

complex assembly. These findings for the first time establish a molecular connection 

between TNFα-induced nSMase2 activation and sEV secretion.  
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Owing to its biophysical properties, ceramide generated by nSMase2 at the MVB 

membrane drives inward membrane budding to form ILVs (Trajkovic, 2008). We show 

that this impaired MVB membrane invagination affects sEV secretion by increasing V-

ATPase activity through stabilizing it on the endosomal membrane. We propose that V-

ATPases are selectively sequestered into MVBs under normal conditions to attenuate 

their lumen acidification activity and promote secretory MVB trafficking. We found that 

nSMase2 depletion reduces the sequestration of V-ATPase subunits into ILVs and 

instead renders them active on the MVB membrane for continued acidification. This 

consequently deregulates secretory MVB sorting and therefore reduces sEV secretion. 

Sequestration of growth factor receptors bound to their ligands into ILVs has been shown 

to attenuates their signaling by targeting them for lysosomal degradation (Piper & 

Katzmann, 2010). Conversely, ILV sequestration of glycogen synthase kinase β (GSKβ, 

encoded by GSK3B), triggered by WNT signaling, stabilizes many GSKβ protein 

substrates which are otherwise targeted for degradation (Taelman et al, 2010).  We show 

that V-ATPase sequestration into ILVs occurs in a ceramide-dependent manner that 

significantly affects MVB trafficking fate and sEV secretion.  

Recent studies have highlighted the role of MVB lumen acidification as a sorting signal – 

MVBs with less acidic lumen are sorted as secretory MVBs for exosome release. For 

example, ATG5 and LC3, independent of canonical macroautophagy, coordinately 

deacidify MVBs to promote sEV secretion (Guo et al, 2017). Additionally, numerous 

studies have reported that exosome secretion is controlled by endolysosomal acidification 

(Villarroya-Beltri et al, 2016; Edgar et al, 2016). Our findings on how changes in nSMase2-

mediated endosomal acidification affect sEV secretion further substantiate these findings. 

In addition to ceramide and sphingomyelin, we find MVB cholesterol levels to regulate 

sEV secretion through modulation of V-ATPase-mediated endosomal acidification. 

Cholesterol, in association with sphingomyelin, forms lipid-ordered microdomains on the 

membrane, providing an assembly platform for different protein complexes. This 

establishes a functional and structural connection between lipids and proteins, possibly 

allowing for a reciprocal regulation. The complete cryo-EM structure of the human V-

ATPase complex has revealed that ordered lipid molecules including cholesterol are 

indeed an integral part of the V0 complex (Wang et al, 2020). Cholesterol, together with 
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ceramide generated by nSMase2 activity on the MVB membrane, may invaginate with V-

ATPase subunits to form ILVs, which are known to harbor the highest cholesterol content 

in the endocytic pathway (Möbius et al, 2003).                                                                                             

The reported cell type-specific effects of nSMase2 inhibition on sEV secretion may be 

explained by the differences in cellular endosomal acidification levels, which in turn could 

be affected by different cellular and physiological factors. The ESCRT components drive 

ILV biogenesis at the MVB (Saksena et al, 2007) and the knockdown of the ESCRT 

components HRS, STAM1, and TSG101 reduces the secretion of CD63-positive EVs 

(Colombo et al, 2013). However, the role of the ESCRT- complexes in cargo loading and 

ILV generation for exosome secretion is increasingly challenged by other studies. For 

example, a recent study has shown that knockdown of individual ESCRT subunits 

counterintuitively increases exosome secretion by causing lysosomal dysfunction (Matsui 

et al, 2021). These findings are also in line with studies showing that the lysosomal 

degradation of several endocytosed receptors requires the ESCRT machinery for proper 

internalization of these receptors into ILVs (Futter et al, 1996; Haglund et al, 2003; 

Yamashita et al, 2008). Therefore, based on these studies and our results, it is tempting 

to speculate that ESCRT complexes support ILV generation for degradative MVBs that 

are targeted for lysosomes.  On the other hand, ceramide generated by nSMase2 drives 

membrane invagination on the MVB to package V-ATPases into ILVs, thereby attenuating 

their lumen acidification activity and favoring secretory MVB transport for sEV release. 

These two pathways involving ceramide or the ESCRT machinery provide two 

mechanisms of ILV formation that have different outcomes for the fate of their endosomal 

compartment. 

TNFα, a pro-inflammatory cytokine, activates nSMase2. TNFα activates TNF receptor-1 

(TNF-R1), which translocates EED from the nucleus. EED then simultaneously interacts 

with RACK1 and nSMase2. This interaction couples EED and nSMase2 to the TFN-R1-

FAN-RACK1-complex and activates nSMase2 (Philipp et al, 2010).  However, the exact 

downstream effect of the TNFα-induced nSMase2 pathway on cellular processes is not 

fully understood. Our findings elucidate the mechanism by which TNFα-induced nSMase2 

activation promotes sEV secretion by modulating endosomal acidification. TNFα 

stimulation has been shown to compromise lysosome integrity by either compromising 
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lysosomal acidification or by permeabilizing the lysosomal membrane. This in turn affects 

the cellular degradative capacity and reduces the autophagy flux (Wang et al, 2015; 

Werneburg et al, 2002). The exact molecular mechanism underlying this process remains 

unknown. Based on our findings, it would be worthwhile to investigate whether this occurs 

via nSMase2 activation. 

In addition to the proposed role of nSMase2 in the initial ILV generation (Trajkovic et al, 

2008), we show that nSMase2 activity controls later MVB trafficking by counteracting V-

ATPase-mediated lumen acidification, thereby promoting a secretory rather than a 

degradative fate. With increased lysosome biogenesis upon SMPD3 KD under starvation 

conditions (Fig. 3 C-F), how nSMase2-mediated endosomal acidification regulation 

affects autophagy remains an interesting question to explore. Furthermore, how 

nSMase2-dependent MVB deacidification affects recruitment of further MVB secretory 

machinery including Rab27a, Rab27b (Ostrowski et al, 2010) and SNARE proteins such 

as YKT6 (Gross et al, 2012) remains to be investigated. Further study on TNFα-induced 

nSMase2 activation in cancer cells may shed light on the role of TNFα and sEV in cancer 

progression.  
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Figure 7: nSMase2 regulates sEV secretion by counteracting V-ATPase-mediated 
endosomal acidification. Working model showing how nSMase2 regulates sEV secretion via 
counteracting V-ATPase-mediated endosome acidification. Ceramide generated by nSMase2 
activity on the MVB drives inward membrane invagination to selectively incorporate the V-ATPase 
subunit ATP6V0A1 (V0A1) and other sEV cargos into ILVs targeted for secretion. The 
sequestration of V0A1 into ILVs attenuates MVB lumen acidification to favor secretory MVB 
trafficking for sEV release. V1A, ATP6V1A; V1E1, ATP6V1E1. 

 

Materials and Methods 

 

Cell culture and Transfection 

 

HeLa cells (kindly provided by Holger Bastians, Goettingen) were maintained in DMEM 

(Thermo Fischer Scientific Life technologies, 52100021) supplemented with 10% fetal calf 

serum (Biochrom) and 10 μg/ml Penicillin/Streptomycin (Sigma Aldrich, P4333) at 37 °C 

in a humidified atmosphere with 5% CO2. Cells were transiently transfected with 

ScreenFect-siRNA (Screenfect) for 72 h according to the manufacturer’s instructions and 

routinely checked for mycoplasma contamination. Cells were treated with the following 

drugs for 16 h: GW4869 (5 μM, Sigma Aldrich, D1692), Bafilomycin (100 ng/ml, Sigma 
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Aldrich, B1793), TNFα (5 ng/ml, Peprotech, 300-01A) and U18666A (10 µM, Sigma 

Aldrich, U3633). 

 

Table 1: Dharmacon siRNA SMARTpools were used against: 

Gene Catalog number Sequence 

SMPD3 D-006678-01 

 

5’-CAAAGCGGCCUCCUCUUU-3’ 

  D-006678-04 

 

5’-CAAGCGAGCAGCCACCAAA-3’ 

  D-006678-17 

 

5’-ACC AAAGAAUCGUCGGGUA-3’ 

  D-006678-18 

 

5’-CGAACGGCCUGUACGAUGA-3’ 

 UBC D-19408-01 5'-GUGAAGACCCUGACUGGUA-3' 

Non-targeting  

 

D-001210-03 

 

5-AUGUAUUGGCCUGUAUUAG-3’ 

 
 

Antibodies 

 

The following antibodies and dilutions were used for Western blotting (WB) or for 

immunofluorescence staining (IF):  Alix (WB 1:1000; Santa Cruz, sc53540), CD63/H5C6 

(WB 1:100; IF 1:10; DSHB, AB_528158), syntenin (WB 1:1000; IF 1:100; 

Abcam, ab133267), GAPDH (WB 1:1000; Millipore, CB1001), HRS (IF 1:100; 

ProteinTech, 1039-1-AP), ceramide (IF 1:100; Enzo, ALX-804-196), LBPA (IF 1:100; 

Millipore, MABT837), nSMase2 (IF 1:100; Santa Cruz, sc-166637), ATP6V0A1 (WB 

1:1000; IF 1:100; Novus Bio, NB1-89342 ), vinculin (WB 1:1000; ProteinTech, 66305-1-

Ig),  ATP6V1E1 (WB 1:1000; IF 1:100; ProteinTech, 15280-1-AP),  ATP6V1A (WB 

1:1000; Abnova, H00000523-M02), GOSR2 (WB 1:1000 ProteinTech, 66134-1-Ig). 

 

Small extracellular vesicles Isolation 

 

For sEV isolation, 400 000 cells (siRNA transfection) or 500 000 cells (inhibitor treatment) 

were seeded. SEVs were purified by differential centrifugation as previously described 

(Menck et al, 2017). In short, cells were incubated with an sEV-free growth medium for 
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defined periods. Subsequently, the conditioned medium was collected and subjected to 

sequential centrifugation steps at 750 g, 1500 g, and 14,000 g, before pelleting sEVs at 

100,000 g. The sEV pellet was lysed with RIPA lysis buffer (50 mM Tris-HCl (pH 7.5), 

150 mM NaCl, 1% (v/v) Igepal, 0.5% (w/v) SDS, 1 x Roche protease inhibitor) diluted at 

1:1 with Phosphate-buffered saline (PBS). 

 

Western blot analysis 

 

Cell and sEV lysates, in SDS-PAGE sample buffer (300 mM Tris-HCl pH 6.8,12 % SDS, 

β-mercaptoethanol), were boiled for 5 min before the proteins were separated on 4-12% 

gradient gels (Bolt Bis-Tris Plus Gels, Thermo Fischer Scientific). Proteins were then 

transferred to PVDF membranes (Merck) and blocked with 5% (wt/vol) milk in Tris-

buffered saline containing 0.2% Tween 20 (TBST) for 30 min. Membranes were incubated 

with primary antibodies overnight at 4°C. After washing, membranes were incubated with 

fluorescently labeled secondary antibodies at room temperature in the dark and detected 

using the Li-COR Odyssey system. Quantitative measurements were done with 

Fiji/ImageJ (NIH, Bethesda, MD). 

 

Nanoparticles tracking analysis 

 

A Malvern Panalytical Nanosight NS300 instrument was used to measure sEV particles 

diluted in PBS (1:100) using the parameters camera level 14, screen gain 10.8, detection 

threshold 5). For each sample, a total of three videos of 30-60 s was measured. The 

videos were analyzed using the NanoSight NTA 2.3 Analytical Software and the particles 

concentration, size distribution, and the general mean and mode of the samples were 

obtained. 
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Immunostainings, microscopy, and image analysis 

 

Cells were grown in 8-well microscopic coverslips (Sarstedt, 94.6170.802), reverse 

transfected with siRNAs or treated as indicated, were fixed and permeabilized with 4% 

paraformaldehyde and 0.2% Triton-X-100. The slides were then blocked in 3 % bovine 

serum albumin diluted in PBS, followed by 90 min incubation with primary antibodies. 

After washing three times, cells were incubated with secondary antibodies conjugated to 

Alexa-Fluor-488 or 546. Nuclei and actin were labeled by Hoechst 33342 (Thermo Fischer 

Scientific, 62249) and conjugated phalloidin respectively.  Live cells were incubated with 

200 nM Lysotracker DND-red-99 (Thermo Fischer Scientific, L7528) for 45 min to label 

acidic compartments and fixed with 4% paraformaldehyde after washing three times with 

PBS. The cells were visualized with a Zeiss LSM780 confocal microscope (Plan Neofluor 

63X/oil NA 1.4 objective). Staining and microscopy conditions were kept identical for 

comparisons. Mean fluorescence intensity of puncta, the number of puncta per cell, and 

colocalization quantifications were performed using available pipelines with some 

modifications in CellProfiler (Broad Institute of MIT and Harvard). 

 

Viability assay  

 

Cell viability was measured by performing a CellTiter-Glo assay (Promega, G8461). Cells 

were seeded in a 96-well plate. After the indicated treatment, 100 𝜇l of the cell titer glow 

reagent (Promega) was added to each well (1:1). The plate was incubated on a shaker 

for 2 min at room temperature to allow cell lysis and then incubated without shaking for 

10 min to allow luminescence signal stabilization. The signal was measured using a 

luminometer and data were analyzed using MikroWin 2000 lite Version 4.43.  

 

Real-time qPCR 

 

Total RNA was isolated from cells using Trizol (Thermo Fischer Scientific Invitrogen, 

15596026). Equal amounts of RNA (2 μg) were reverse transcribed into cDNA by 

treatment with M-MLV reverse transcriptase (Thermo Fischer Scientific Invitrogen, 
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28025013). The resulting cDNA product was analyzed by real-time quantitative PCR 

using iTaq Universal SYBRgreen Supermix (Bio-Rad, 172-5125) and gene-specific 

primers (β-Actin; forward, 5’-GAGCACAGAGCCTCGCCTTT-3’, reverse, 5’-

ACATGCCGGAGCCGTTGTC-3’). (SMPD3; forward, 5’-

CAACAAGTGTAACGACGATGCC, reverse, 5’- CGATTCTTTGGTCCTGAGGTGT-3’). 

Transcript Ct-values were converted to fold change expression changes (2-∆∆Ct values) 

after normalization to the housekeeping gene β-actin. Quantitative real-time PCR was 

performed using the CFX system (Bio-Rad). 

 

Organelle and membrane fractionation  

 

Cells were fractionated into organelle and cytosolic fractions based on a published 

protocol (Itzhak et al, 2016). Briefly, all steps were performed on ice with pre-chilled ice-

cold buffer. Cells were incubated in hypotonic lysis buffer (25 mM Tris HCl, pH 7.5, 50 

mM sucrose, 0.5 mM MgCl2, 0.2 mM EGTA) for 5 min after washing once with PBS and 

once with hypotonic lysis buffer. Cells were then scraped in fresh hypotonic lysis buffer 

and transferred to a Dounce homogenizer (B.Braun) and homogenized with 15 strokes 

with the tight pestles (B.Braun). Sucrose concentration was immediately restored to 250 

mM with hypertonic sucrose buffer (2.5 M sucrose, 25 mM Tris-HCl pH 7.5, 0.5 mM 

MgCl2, 0.2 mM EGTA) after homogenization. Homogenized crude cell lysates were 

centrifuged at 1000 g for 10 min to separate nuclear material. The organelle fraction was 

obtained by centrifuging the post-nuclear supernatant at 78400 g for 30 min and the 

resulting supernatant was collected as the cytosolic fraction. The organelle pellet was 

dissolved in SDS buffer (2.5% SDS, 50 mM Tris-HCl pH 8.1) and heated for 5 min at 

72 ᵒC.  

 

Protein concentration determination 

 

Protein concentration was determined by using the Pierce BCA Protein Assay Kit 

(Thermo Scientific, 23225) according to the manufacturer’s protocol. Protein lysates 

diluted with PBS were added to 500 µL of a 1:50 mixture of Buffer B and Buffer A. The 
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mixture was incubated at 60°C for 30 min and transferred to cuvettes for analysis with 

NanoDrop. A standard curve for protein BCA analysis and PBS as blank were used. 

 

Statistics  

 

Data were analyzed using GraphPad Prism 6 built-in tests. All data are presented as 

means±S.D.s. Details about the significance test, the number of replicates, and the P 

values are reported in the respective figure legends.  
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Supplementary Figures 

Figure S1: (A) Scheme of sEV isolation from cell culture conditioned medium (CM) through 
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stepwise serial centrifugation with duration (min) of each step indicated. The pellet (P) obtained 
after 100 000 g centrifugation corresponds to the sEV fraction. (B) HeLa cell viability assay upon 
GW4869 treatment. (C) SMPD3 KD efficiency validated by real-time qPCR. (D) HeLa cell viability 
assay upon SMPD3 KD, UBC KD was used as a negative control. (E) Confocal microscopy 
images of control and syntenin (SDCBP) KD HeLa stained for syntenin and Hoechst. (F) HeLa 
cell viability assay upon bafilomycin A1 treatment. (G) Western blot analysis of CD63, Syntenin, 
and CD81 in sEV fractions prepared from equal amounts of DMSO- and Bafilomycin A1 (Baf)-
treated HeLa cells and GAPDH in cell lysate (CX). (H) Signal intensity quantifications of CD63, 
syntenin, and CD81 in sEV fractions from G calculated by normalizing to loading control GAPDH 
signal in the corresponding cell lysates before normalization to their respective control. (I) 
Representative size distribution of sEVs analyzed by NTA. (J) NTA quantification of sEV 
concentration. The data shown in B, C, D, F, H, and J represent mean ± s.d. of three biological 
replicates. ****p < 0,0001, **p < 0,001, *p < 0.01 (Unpaired two-tailed student’s t test). 
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Figure S2: (A) Confocal microscopy images of DMSO- and GW4869-treated HeLa cells with 
intracellular acidic compartments labeled by Lysotracker (B) Quantifications of mean intensity of 
Lysotracker punctae (left) and lysotracker staining puncta per cell (right) from A. (mean ± s.d.; 



 ______________________________________________________________________ Results 
 

67 
 

n > 50 cells from three biological replicates. ****p < 0.0001 (Unpaired two-tailed Student’s t-test). 
(C) Confocal microscopy images of DMSO- and Baf-treated HeLa cells with intracellular acidic 
compartments labeled by Lysotracker. (D) Western blot analysis of intracellular V0A1, V1A, and 
V1E1 in RIPA-cell lysates of HeLa cells. Vinculin was probed as a loading control. (E) 
Quantifications of intracellular ATP6V0A1 (V0A1), ATP6V1A (V1A), and ATP6V1E1 (V1E1) in 
signal intensity from D calculated by normalizing to loading control GAPDH before normalization 
to the respective control. (F) HeLa cell viability assay upon U18 treatment. (G) HeLa cell viability 
assay upon TNFα treatment. (H) Confocal microscopy images of control and TNFα treated HeLa 
cells with intracellular acidic compartments labeled by Lysotracker (I) Quantifications of mean 
intensity of Lysotracker puncta (left) and lysotracker puncta per cell (right) from H. data shown as 
mean ± s.d.; n > 50 cells from 3 biological replicates. ****p < 0.0001 (Unpaired two-tailed Student 
t-test). (J) Signal intensity quantifications of CD63 in sEV fractions from Fig. 6G calculated by 
normalizing the signal to loading control GAPDH levels in the corresponding cell lysates before 
normalization to their respective control. The data shown in E, F, G, and J represent means ± s.d. 
of three biological replicates; ****p < 0,0001, **p < 0,001, *p < 0.01 (Unpaired two-tailed student’s 
t test and one-way ANOVA followed by Dunnett’s multiple comparison’s test for J). 
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2.2 Manuscript II: Neutral Sphingomyelinase 1 regulates cellular fitness at the 

level of ER stress and cell cycle  
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Abstract 

Neutral sphingomyelinase 1 (nSMase1, encoded by SMPD2) belongs to the 

sphingomyelinase enzyme family that hydrolyzes sphingomyelin to produce signaling 

active lipid ceramide and phosphorylcholine. The molecular characterization and 

biological function of nSMase1 remain poorly studied. Here, we report that SMPD2 

knockdown (KD) reduces LAMP1 at the mRNA levels and is required for initiating a full-

potential unfolded protein response under ER stress. Additionally, SMPD2 KD 

dramatically reduces the global protein translation rate. We further show that SMPD2 KD 

cells are arrested in the G1 phase of the cell cycle and that two important cell cycle 

regulating processes - PI3K/Akt pathway and Wnt signaling pathway are altered. Taken 

together, we propose a role for nSMase1 in buffering ER stress and modulating cellular 

fitness via cell cycle regulation. 
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Introduction 

 

Sphingomyelin, a major lipid constituent of the plasma membrane, through its catabolic 

metabolism generates several bioactive signaling lipids: ceramide, sphingosine, and 

sphingosine1-phosphate (Hannun & Obeid, 2008). Sphingomyelindiesterases (SMPDs) 

or sphingomyelinases (SMases) are a family of enzymes that hydrolyze the 

phosphodiester bond of the sphingomyelin to produce ceramide and phosphorylcholine 

(Airola & Hannun, 2013). The sphingomyelinases are broadly divided into three major 

classes: acid sphingomyelinases, alkaline sphingomyelinases, and neutral 

sphingomyelinases based on their pH optima (Airola & Hannun, 2013). In mammals, four 

neutral sphingomyelinase members have been identified, nSMase1 (encoded by 

SMPD2) ((Tomiuk et al, 1998)), nSMase2 (SMPD3) , nSMase3 (SMPD4) , and 

mitochondrial associated nSMase (MA-nSMase; SMPD5) (Yabu et al, 2009; Wu et al, 

2010). 

We have previously shown that nSMase2 activity at the endosomal membrane regulates 

exosome secretion by counteracting V-ATPase-mediated endosomal acidification 

(Choezom & Gross, 2022). The number and different cellular localization of the neutral 

sphingomyelinase family members suggest distinct functions for each enzyme.  NSMase1 

shares identical domain architecture to ISC1, the yeast homolog to neutral 

sphingomyelinases (Tomiuk et al, 1998; Hofmann et al, 2000). In contrast to the 

overexpressed nSMase1 which localizes to the endoplasmic reticulum (Fensome et al, 

2000; Rodrigues-Lima et al, 2000; Hofmann et al, 2000), endogenous nSMase1 

exclusively localizes to the nuclear matrix (Mizutani et al, 2001). Although nSMase1 

hydrolyzes sphingomyelin in-vitro, sphingomyelin metabolism remains unaffected upon 

its overexpression in cells (Tomiuk et al, 1998; Sawai et al, 1999). Likewise, nSMase1 

mouse knockout showed no obvious phenotype with no detectable changes in 
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sphingomyelin metabolism (Zumbansen & Stoffel, 2002).  Instead of sphingomyelin, a 

study has shown that nSMase1 hydrolyzes lyso-platelet-activating factor (lyso-PAF) in-

vitro and in cells (Sawai et al, 1999). This indicates the putative nSMase1 could be a lyso-

PAF phospholipase C with lyso-PAF as its biological substrate (Sawai et al, 1999). 

Despite being the first neutral sphingomyelinase in mammals to get cloned and identified, 

the biochemical and molecular characterization of nSMase1 remains poorly studied. 

In contrast to the above biochemical studies, several studies have shown that ceramide 

generated by nSMase1 activity induces cellular death via different pathways under 

different stress conditions (Tonnetti et al, 1999; Jaffrézou et al, 1996; Jana & Pahan, 

2004; Lee et al, 2004). JNK-signaling activates nSMase1 by phosphorylation to generate 

ceramide for apoptosis induction upon different environmental stresses such as heat 

shock and UV irradiation (Yabu et al, 2015).  Given the insufficient and contrasting results 

on the role of nSMase1, we aimed to ascertain the biological role of nSMase1 by using 

siRNA-mediated gene knockdown (KD) in two human cell lines: HCT116, a human 

colorectal cancer cell line, and HeLa, a cervical cancer line. 

Here, we discover that nSMase1 plays an important role in maintaining overall cellular 

homeostasis. SMPD2 KD reduces LAMP1 (lysosomal-associated membrane protein 1) 

proteins levels by downregulating its mRNA. And this dramatic reduction in LAMP1 

protein has no apparent effect on the function of lysosomes as autophagy remained 

unaffected. Interestingly, SMPD2 KD cells are not only inefficient in activating a full-

potential unfolded protein response (UPR) signaling upon ER stress but are arrested in 

the G1 phase of the cell cycle. We further show that two important cell cycle regulating 

processes - PI3K/Akt pathway and Wnt signaling pathway- are altered by SMPD2 KD. 

Specifically, SMPD2 KD affects PI3K/Akt signaling by significantly reducing the level of 

phosphorylated Akt. Most importantly, SMPD2 KD significantly reduces the Wnt signaling 

activity by reducing β-catenin protein levels in HeLa cells and Wnt3a in HCT116 at both 

protein and mRNA levels. Additionally, SMPD2 KD dramatically reduces the overall 

protein translation rate. These findings prove an important biological role for nSMase1 

and provide strong foundations for further studies on dissecting its molecular function and 

pathway. 
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Results 

 

SMPD2 Knockdown downregulates LAMP1 mRNA  

 

Sphinghomylinases are active at different cellular membranes (Airola & Hannun, 2013). 

We have previously shown that nSMase2 (gene name: SMPD3) activity at the endosomal 

membrane regulates exosome secretion by counteracting V-ATPase-mediated 

endosomal acidification (Choezom & Gross, 2022). Here, we analyzed the potential role 

of nSMase1, a less well-understood member of the neutral sphingomyelinase family, in 

the regulation of endosomal trafficking decisions. SMPD2 knockdown (KD) significantly 

reduced HeLa cell viability when compared with control cells. In comparison, KD of  

SMPD3, NSMAF, an activating factor of nSMase2 (Philipp et al, 2010), and syntenin 

(gene name: SDCBP), an adaptor protein involved in exosome biogenesis (Baietti et al, 

2012), did not affect cell viability (Fig. S1A). These data indicate that SMPD2 is a vital 

gene for cellular survival. Upon SMPD3 KD, endosomal markers and acidified 

compartments accumulate intracellularly (Choezom & Gross, 2022). SMPD3 KD also 

slightly increased lysosomal protein LAMP1 levels, in contrast, SMPD2 KD strongly 

downregulated LAMP1 in both HeLa (Fig. 1A, Fig. S1B) and HCT116 (Fig. S1C). NSMAF 

and syntenin (encoded by SDCBP) KD did not alter LAMP1 protein levels (Fig. 1A). 

Interestingly, SMPD2 KD did not affect lysosomal acidification as the total Lysotracker 

puncta per cell remained unaffected by SMPD2 KD (Fig. 1B, C). To directly determine 

whether the downregulation of LAMP1 protein upon SMPD2 KD affects lysosomal activity, 

we analyzed autophagy flux with two known markers – LC3B-II and P62 - by measuring 

their lysosomal turnover under both serum-fed and serum-starvation conditions with and 

without lysosomal inhibition with Bafilomycin-A (BAF) (Tanida et al, 2005). We found that 

P62 and LC3B-II flux remained unchanged upon SMPD2 KD under both basal and serum 

starvation conditions (Fig. 1D-F). These data allow two conclusions: Firstly, upon SMPD2 

KD, downregulated LAMP1 does not affect lysosomal function. Secondly, as LAMP1 

protein levels remained downregulated even upon lysosomal inhibition (Fig. 1D), we 

concluded that SMPD2 KD does not downregulate LAMP1 proteins through lysosomal 

degradation. 
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We next analyzed whether SMPD2 KD downregulates LAMP1 through proteasomal 

degradation by using proteasomal inhibitor MG132. Efficient proteasomal inhibition was 

demonstrated by accumulation of β-catenin and ER-resident protein BiP compared with 

control cells (Fig. 1G), but MG132 did not affect SMPD2 KD-induced LAMP1 

downregulation, indicating that SMPD2 KD does not downregulate LAMP1 by 

proteasomal degradation (Fig. 1G, Fig. S1D). As LAMP1 protein was targeted for neither 

lysosomal nor proteasomal degradation in SMPD2 KD cells, we next analyzed LAMP1 

mRNA levels by qPCR (Fig. 1H). Indeed, the LAMP1 mRNA level was significantly 

reduced by SMPD2 KD in both HeLa (Fig. 1H) and HCT116 (Fig. S1E) cell lines. In 

contrast, the mRNA level of LAMP2, another closely related lysosomal membrane protein, 

remained unchanged upon SMPD2 KD (Fig. S1F). Overall, these data confirm that 

SMPD2 KD specifically downregulates LAMP1 not via protein degradation pathways but 

at the mRNA level. 
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Figure 1: SMPD2 KD downregulates LAMP1 mRNA. (A) HeLa cells were transfected with the 
indicated siRNAs for 48 h and lysates were immunoblotted against LAMP1 and loading control 
GAPDH. (B) HeLa cells transfected with control (Ctrl) and SMPD2 siRNA for 48 h were stained 
with Lysotracker and DAPI and analyzed by confocal microscopy. (C) Quantifications of 
Lysotracker puncta per cell from (B). Unpaired Student’s two-tailed t-test. (D) HeLa cells 
transfected with the indicated siRNAs for 48 h were then grown in FBS containing medium or 
serum-starved (starv) with or without Bafilomycin A (Baf) for 16 h. (E) Quantifications of lysosomal 
turnover of P62 and LC3B-II under basal conditions from (D). Ordinary one-way ANOVA followed 
by Dunnett’s multiple comparisons test, not significant. (F) Quantifications of lysosomal turnover 
of P62 and LC3B-II under serum starvation conditions from (D). Ordinary one-way ANOVA 
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followed by Dunnett’s multiple comparisons test. (G) HeLa cells transfected with the indicated 
siRNA for 48 h were then treated with DMSO or MG132 for 16 h. Lysates were immunoblotted 
against LAMP1, BiP, β-Catenin, and loading control GAPDH. (H) Real-time qPCR analysis of 
SMPD2 mRNA in HeLa cells after 48 h of SMPD2 KD. Unpaired Student’s two-tailed t-test, ****p 
< 0.0001. (I) Real-time qPCR analysis of LAMP1 mRNA in HeLa cells after 48 h of SMPD2 KD. 
Unpaired Student’s two-tailed t-test, ****p < 0.0001. All the experiments from (A)-(I) were done in 
at least three biological replicates. 

 

SMPD2 KD causes inefficient activation of UPR upon ER stress induction 

 

As a readout for nSMase1 activity, we used a ceramide antibody previously used for 

sphingomyelin metabolism and ceramide signaling studies (Vielhaber et al, 2001; 

Parashuraman & D’Angelo, 2019; Yabu et al, 2015). Confocal microscopy analysis upon 

SMPD2 KD showed a significant reduction of staining in both mean intensity of the 

intracellular ceramide puncta and mean intensity of ceramide puncta that colocalize with 

the ER marker Calnexin (Fig. S1G, H). These data suggest that SMPD2 KD affects 

cellular ceramide levels specifically at the ER. In addition to the reduced ceramide levels 

at the ER upon SMPD2 KD (Fig. S1G, H), overexpressed nSMase1 localizes to the ER 

(Rodrigues-Lima et al, 2000; Fensome et al, 2000; Tomiuk et al, 2000), where 

transmembrane proteins such as LAMP1 are translated (Schwarz & Blower, 2016). In line 

with this, we found nSMase1 protein levels significantly increased upon ER stress 

induction with tunicamycin (Tuni) or thapsigargin (Thapsig) in HeLa cells (Fig. 2A, B). As 

nSMase1 protein level was increased by ER stress, we next investigated if SMPD2 KD 

induces ER stress and therefore activates unfolded protein response (UPR) pathways. 

ER morphology appeared unchanged upon SMPD2 KD (Fig. S1I). We analyzed three ER 

stress markers, BiP, Calnexin, and PDI (protein disulfide-isomerase) which are usually 

upregulated through UPR pathways upon ER stress induction (Oslowski & Urano, 2011) 

(Fig. 2C-F). We found BiP to be upregulated at the protein level by both inhibitors, which 

was slightly impaired by SMPD2 KD after 4 h of treatment (Fig. 2C, D).  We next analyzed 

different markers that are upregulated through UPR activation upon ER stress at the 

mRNA level. Although SMPD2 KD alone did not activate UPR, SMPD2 KD cells failed to 

upregulate several ER stress markers (sXBP-1, ATF4, and EDEM) to the same levels as 

their control counterparts upon stress induction (Fig. 2G-K). Furthermore, under ER 

stress conditions the LAMP1 mRNA remained significantly downregulated by SMPD2 KD 
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(Fig. 2L). And in alignment with the increased nSMase1 protein levels (Fig. 2A, B), 

SMPD2 mRNA levels were slightly increased by tunicamycin and thapsigargin treatment 

(Fig. 2M). 

The UPR activation upon ER stress results in mRNA degradation through IRE-1 RNase 

activity (the RIDD pathway) to relieve stress by reducing protein translation burden in the 

ER (Hollien et al, 2009). LAMP1 mRNA was identified as a substrate of IRE-1-dependent 

decay of mRNAs (Maurel et al, 2014). If LAMP1 mRNA is degraded through the RIDD 

pathway upon SMPD2 KD, we hypothesized that IRE-1 RNase activity inhibitor 4µ8C 

(Cross et al, 2012) should restore LAMP1 mRNA and protein levels.  IRE-1 cleaves XBP-

1 (X-box binding protein) mRNA into two transcripts, known as spliced XBP1 and 2 

(sXPB1 and 2) (Maurel et al, 2014). The efficient inhibition of the IRE-1 RNase activity by 

4µ8C was confirmed by the absence of spliced XBP-1 (sXBP-1) mRNA (Fig. S1J). 

However, LAMP1 mRNA, as well as protein levels, remained downregulated, when cells 

were treated with 4µ8C overnight after 48 h of SMPD2 KD (Fig. S1K, L). Surprisingly, 

even under ER stress conditions induced by Tunicamycin treatment (Fig. S1L) SMPD2 

KD-downregulated LAMP1 protein level did not recover under 4µ8C treatment. These 

data indicate that reduced mRNA level upon SMPD2 KD is not caused by degradation 

through the RIDD pathway. 

Since SMPD2 KD cells failed to activate an efficient UPR signaling upon ER stress 

induction and are less viable under normal conditions, we next analyzed how SMPD2 KD 

affects cellular fitness under ER stress. Indeed, SMPD2 KD cells are less viable upon ER 

stress than their control counterparts; especially, SMPD2 KD cells treated with 

thapsigargin are significantly less viable than SMPD2 KD treated with DMSO. 

Surprisingly, 4µ8C significantly increased viability in both control and SMPD2 KD cells 

(Fig. 2N). In summary, the above data suggest that although SMPD2 KD does not 

downregulate LAMP1 mRNA through the RIDD pathway and does not induce ER stress, 

a full-potential UPR signaling activation upon ER stress is not achieved in SMPD2 KD 

cells, and consequently their cellular fitness is impaired under ER stress conditions. 
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Figure 2: SMPD2 KD causes inefficient activation of ER stress signaling. (A) HeLa cells 
treated with tunicamycin (Tuni) and Thapsigargin for 4 h and cell lysates were immunoblotted 
against nSMase1 and loading control GAPDH. (B) Western blot quantifications of nSMase1 from 
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(A) normalized to the corresponding loading control GAPDH before normalization to the control. 
Ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test, *p < 0.01 (C) HeLa 
cells transfected with Ctrl or SMP2 siRNA for 48 h were treated with tunicamycin or Thapsigargin 
for 4 h. Cell lysates were immunoblotted against BiP, Calnexin, PDI, and loading control GAPDH. 
(D-E) Western blot quantifications of BiP (D), Calnexin (E), and PDI (F) normalized to the 
corresponding loading control GAPDH before normalization to the control. Ordinary one-way 
Anova followed by Tukey’s multiple comparisons test. (G-M) Real-time qPCR analysis of spliced 
XBP-1 (sXBP-1) (G), ATF4 (H), EDEM (I), BiP (J), CHOP (K), LAMP1 (L), and SMPD2 (M) mRNA 
in HeLa cells transfected with Ctrl and SMPD2 siRNA for 48 h and treated with tunicamycin or 
thapsigargin for 4 h. Ordinary one-way Anova followed by Tukey’s multiple comparisons test, ****p 
< 0.0001, ***p < 0.0009 **p < 0.001, *p < 0.01. (N) Viability assay of HeLa cells transfected with 
Ctrl, SMPD2, and UBC siRNA for 48 h and then treated with 4µ8C (16 h) or tunicamycin or 
thapsigargin for 4 h. Ordinary one-way Anova followed by Tukey’s multiple comparisons test, ****p 
< 0.0001, ***p < 0.0009 **p < 0.001, *p < 0.01. siRNA against UBC was used as a negative control 
for the viability assay. All experiments above, unless otherwise stated, are done in three biological 
replicates. 

 

SMPD2 KD arrests cells in the G1 phase 

 

As SMPD2 KD significantly decreased cell viability (Fig. S1A, 2N), and JNK signaling was 

shown to induce apoptosis via nSMase1-induced ceramide generation under various 

stress conditions (Yabu et al, 2015), we next investigated whether SMPD2 KD induces 

apoptosis using flow cytometry (Fig. S2A). In alignment with the previous results (Fig. 

S1A, 2N), SMPD2 KD significantly reduced viable cells in an Annexin/PI assay (Fig. 3A). 

Although early apoptosis was significantly increased (A-/PI+), no significant change in late 

apoptosis (A+/PI+) and necrosis levels (A-/PI+) were observed upon SMPD2 KD (Fig. 3A). 

Concordantly, SMPD2 KD did not induce the cleavage of different apoptosis marker 

proteins as determined by western blot analysis of Caspase-3, -7, and PARP (Fig. 3B, 

Fig.S2B-E). 

Since the reduced cell viability upon SMPD2 KD is not caused by apoptosis, we next 

analyzed the cell proliferation rate by incucyte imaging. Indeed, the cell proliferation rate 

was significantly lowered by SMPD2 KD (Fig. 3C). Additionally, SMPD2 KD cells are 

significantly bigger when compared to the control cells (Fig. 3D, Fig. S2F), suggesting an 

SMPD2 KD-induced cell cycle delay. Cell cycle progression analysis by flow cytometry 

(Fig. S2G) revealed SMPD2 KD to significantly increase the percentage of cells in G1 

(Fig. 3E). The percentage of cells in G1 was furthermore increased (by around 20%) when 

SMPD2 KD duration was increased from 48 h to 72 h (Fig. 3F) and reduced slightly after 
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96 h when compared to the 72 h SMPD2 KD (Fig. S2H). Overall, these data indicate that 

a significant number of SMPD2 KD cells show a delay in cell cycle progression. To test 

whether SMPD2 KD causes a transient G1 arrest, we analyzed the protein expression of 

two G1 cell cycle arrest markers – P21 and P27, along with P53 which regulate these two 

proteins (Chen, 2016). SMPD2 KD significantly upregulated the protein expression of 

both P21 and P27 (Fig. 3G, H), while P53 protein levels remained unchanged upon 

SMPD2 KD (Fig. S3A). In agreement with the FACS data (Fig. 3F), both P21 and P27 

protein expression reached a maximum after 72 h of SMPD2 KD (Fig. 3G, H) when 

compared to 96 h SMPD2 KD (Fig. S3B, C). In summary, these data indicate that SMPD2 

KD cells are bigger and proliferate slower than the control cells, as they are arrested in 

the G1 phase of the cell cycle at the peak of the transient SMPD2 KD. 
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Figure 3: SMPD2 KD arrests cells in the G1 phase. (A) Percentage of HeLa cells transfected 
with Ctrl or SMPD2 siRNA for 48 h were analyzed by flow cytometry and sorted into Viable 
(Annexin-V-/PI-), Early apoptotic (Annexin-V+/PI-), Late apoptotic (Annexin-V+/PI+), and Necrotic 
(Annexin-V-/PI+). Two-way ANOVA followed by Sidak’s multiple comparisons test, **p < 0.001, *p 
< 0.01. (B) HeLa cells were transfected with Ctrl or SMPD2 siRNA for 48 h and then cell lysates 
were immunoblotted against different apoptosis markers and loading control GAPDH. (C) HeLa 
cells transfected with Ctrl or SMPD siRNA for 48 h were replated and seeded into a 96-well plate 
for Incucyte proliferation analysis. Proliferation rate was measured by cell confluence percent 
versus time by taking images of the wells at 2 h intervals for the indicated duration. Paired 
Student’s two-tailed t-test, ****p < 0.0001. (D) HeLa cell mean diameter (Left) and peak diameter 
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(Right) determined with Casy cell counter after 72 h of Ctrl or SMPD2 siRNA transfection. 
Unpaired Student’s two-tailed t-test, *p < 0.01. (E-F) Percentage of HeLa cells transfected with 
Ctrl or SMPD2 siRNA for 48 h (E) and 72 h (F) were gated for G1, S, and G2/M. Mitotic index in 
(E) was determined from the G2/M population positive for p-Mpm-2 staining. Two-way ANOVA 
followed by Sidak’s multiple comparisons test, ****p < 0.0001, ***p < 0.0009 **p < 0.001. (G) 
Lysates from HeLa cells transfected with Ctrl or SMPD2 siRNA for 72 h were immunoblotted 
against P27, P53, P21, and loading control GAPDH. (H) Western blot quantifications of P21 (Left) 
and P27 (Right) normalized to the corresponding loading control GAPDH before normalization to 
the control. Unpaired Student’s two-tailed t-test, ****p < 0.0001, **p < 0.001. All experiments from 
(A) to (H) are done in three biological replicates. 
 

SMPD2 KD downregulates the Wnt signaling pathway 

 

Next, we investigated the molecular pathway through which SMPD2 KD causes G1 cell 

cycle arrest. Since various lipids in the nucleus are indicated to regulate many processes 

including gene transcription (Martelli et al, 2004), we analyzed if SMPD2 KD upregulates 

P21 and P27 for G1 arrest through the P53-dependent DNA damage response pathway. 

DNA damage, through ataxia telangiectasia mutated (ATM) or Rad3-related protein 

(ATR), phosphorylates two checkpoint kinases (Chk1 and Chk2) which then activates 

P53 by phosphorylation (Chen, 2016) (Fig. 4A). Activated P53 upregulates, among many 

of its target genes, two cell cycle inhibitory proteins P21 and P27. Therefore, an increase 

in phosphorylated Chk1 and Chk2 could indicate activation of the DNA damage response 

pathway upon SMPD2 KD. The expression level of the phosphorylated Chk1 and 

phosphorylated Rb (Retinoblastoma protein), another cell cycle inhibitory protein, was not 

changed by SMPD2 KD (Fig. 4B, C; Fig. S3D). However, SMPD2 KD significantly 

decreased the phosphorylated Chk2 level (Fig. 4B, C), in line with a role of Chk2 at the 

crossroad of DNA damage and metabolic fitness (Ajazi et al, 2021). 

Extracellular growth signals are integrated into intracellular signals by pathways such as 

PI3K/Akt to drive cell cycle progression (Vivanco & Sawyers, 2002) (Fig. 4D).  SMPD2 

was shown to exhibit a negative gene interaction with PTEN (phosphatase and tensin 

Homolog), a tumor suppressor gene that inhibits G1-S transition by antagonizing PI3k/Akt 

pathway activation (Fig. 4D) (Vizeacoumar et al, 2013). Therefore, we analyzed the level 

of phosphorylated PTEN and AKT upon SMPD2 KD. Although phosphorylated PTEN 

levels remained unchanged, SMPD2 KD significantly reduced the level of phosphorylated 

Akt (Fig. 4E, F). This suggests that SMPD2 KD could affect PI3K/Akt pathway. 
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Wnt signaling is another major pathway that drives cell proliferation (Freese et al, 2010). 

Interestingly, SMPD2 KD not only reduced Wnt activity but also reduced the APC KD-

stabilized Wnt activity (Fig. 4G). Reduction of APC KD-stabilized wnt activity by SMPD2 

KD indicates that the KD affects the Wnt signaling at the level or downstream of β-catenin. 

Indeed, β-catenin protein levels were downregulated by SMPD2 KD in HeLa cells (Fig. 

S3E, F). Surprisingly, in HCT116 cells, although β-catenin protein levels remained 

unchanged upon SMPD3, Wnt3a protein levels were significantly reduced by SMPD2 KD 

(Fig. 4H, I). We furthermore analyzed Wnt signaling components upon SMPD2 KD by 

qPCR in HCT116. In alignment with the reduction in Wnt3a protein levels, SMPD2 KD 

dramatically reduced Wnt3a mRNA (Fig. 4J). Surprisingly, SMPD2 KD significantly 

upregulated AXIN2 mRNA (Fig. 4J), which is involved in the negative feedback loop of 

Wnt signaling (Lustig et al, 2001). The mRNA levels of the other Wnt signaling 

components CTNNB-1, EVI, and WNT7B remained unchanged upon SMPD2 KD (Fig. 

S3G). Additionally, SMPD4, another member of nSMases, showed no compensatory 

increase in mRNA levels upon SMPD2 KD (Fig. S3H). 

Since many proteins and mRNA are downregulated upon SMPD2 KD, we next analyzed 

the overall protein translation upon SMPD2 KD by puromycin assay (Goodman & 

Hornberger, 2013) and using protein translation inhibitor cycloheximide (CHX) as a 

negative control. Indeed, SMPD2 KD significantly reduced the overall protein translation 

(Fig. 4K, L). 

In summary, the data above indicate that SMPD2 KD seems to affect many cellular 

processes by downregulating their signaling components including Wnt signaling – which 

could explain the reduction in global protein translation and G1 cell cycle arrest. 
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Figure 4: Wnt signaling is downregulated in SMPD2 KD cells. (A) Scheme showing P53-
dependent DNA damage response pathway that mediates G1 cell cycle arrest. (B) Lysates from 
HeLa cells transfected with Ctrl or SMPD2 siRNA for 48 h were immunoblotted against the p-
Chk2, p-Chk1, p-Rb, and loading control GAPDH. (C) Western blot quantifications of p-Chk1 and 
p-Ch2 from (B) normalized to the corresponding loading control GAPDH before normalization to 
the control. Unpaired Student’s two-tailed t-test, **p < 0.001. (D) Scheme showing PI3K/Akt 
signaling pathway. (E) Lysates from HeLa cells transfected with Ctrl or SMPD2 siRNA for 48 h 
were immunoblotted against the p-Akt, p-PTEN, and loading control GAPDH. (F) Western blot 
quantifications of p-Akt and p-PTEN from (E) normalized to the corresponding loading control 
GAPDH before normalization to the control. Unpaired Student’s two-tailed t-test, **p < 0.001. (G) 
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Wnt reporter activity analysis in HCT116 cells transfected with the indicated siRNAs for 72 h 
measured using TCF/LEF luciferase reporter assay. The reporter vectors were transected 24 h 
after siRNA reverse transfection. Ordinary one-way Anova followed by Tukey’s multiple 
comparisons test, ****p < 0.0001, *p< 0.01. (H) HCT116 cells were transfected with Ctrl or SMPD2 
siRNAs for 72 h and lysates were immunoblotted against β-catenin, Wnt3a, and loading control 
GAPDH. (I) Western blot quantifications from (I) normalized to the corresponding loading control 
GAPDH before normalization to the control. Unpaired Student’s two-tailed t-test, ***p < 0.0009. 
(J) Real-time qPCR analysis of SMPD2, WNT3A, and AXIN2 mRNA in HCT116 cells transfected 
with Ctrl and SMPD2 siRNA for 72 h. Unpaired Student’s two-tailed t-test, ****p < 0.0001. (K) 
HeLa cells were transfected with Ctrl or SMPD2 siRNA for 48 h and treated with or without 
Cycloheximide (CHX) for 16 h. Lysates, after labeling with puromycin for 1 h, were immunoblotted 
against puromycinylated proteins with puromycin antibody. (L) Western blot quantifications from 
(K) normalized to the corresponding loading control GAPDH before normalization to the control. 
Ordinary one-way Anova followed by Tukey’s multiple comparisons test, ****p < 0.0001, ***p < 
0.009. All experiments from (A)-(L) are done in three biological replicates. 
 

Discussion 

 

We found that nSMase1 plays an important role in maintaining cellular fitness. NSMase1 

is required for activating a full-potential adaptive UPR upon ER stress induction with 

tunicamycin and thapsigargin- two inhibitors that cause ER stress through distinct 

mechanisms. SMPD2 KD cells failed to upregulate multiple genes that are usually 

upregulated through UPR pathways upon ER stress to the same levels as their control 

counterparts. Furthermore, we show that nSMase1 is necessary for proper cell cycle 

progression during the G1 phase as SMPD2 KD led to a significant G1 arrest. Moreover, 

the overall protein translation at the ribosome was reduced by SMPD2 KD. These data, 

for the first time, establish an important biological role for SMPD2 at the level of UPR 

activation upon ER stress and cell cycle progression. 

We further show that nSMase1 regulates LAMP1 protein expression at the level of its 

mRNA but not LAMP2. LAMP1 and LAMP2 are the major glycoproteins localized on the 

lysosomal membrane and thought to contribute to lysosomal integrity, catabolism, and 

pH maintenance (Sawada et al, 1993). SMPD2 KD downregulated LAMP1 mRNA and 

thereby reduced its protein expression. Interestingly, lysosomal acidification and function 

remain unaffected by this significant reduction in the LAMP1 protein levels as both 

lysotracker staining and the autophagy flux remained unchanged. Therefore, the 

downstream biological implication of this dramatic LAMP1 downregulation upon SMPD2 

KD would be of great interest for future studies. 
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ER stress is sensed by three ER membrane proteins – IRE1α, PERK, and ATF6α – which 

initiate UPR through three distinct pathways by upregulating different proteins (Hetz et al, 

2020). Although nSMase1 expression was increased by ER stress, SMPD2 KD alone did 

not induce an ER stress condition as no UPR activation was observed. Upon ER stress 

induction, SMPD2 KD cells failed to upregulate multiple genes under the control of all 

three master regulators. These data indicate that SMPD2 KD affects all the three UPR 

pathways in the ER. Indeed, several early studies have shown that overexpressed 

nSMase1 resides in the ER (Fensome et al, 2000; Rodrigues-Lima et al, 2000; Tomiuk et 

al, 2000) and recent affinity-based mass spectrometry studies have shown that nSMase1 

interacts with multiple ER-resident proteins including reticulon 3 and reticulon 4 (Huttlin 

et al, 2017, 2021). Therefore, based on the observations from our study, it is clear that 

nSMase1 plays a functional role in restoring ER function and homeostasis under ER 

stress conditions. The UPR signaling activation persists until an adaptive response to the 

ER stress is achieved, in the case of unresolvable stress, the UPR turns pro-apoptotic to 

induce cell death (Hetz et al, 2020). Indeed, due to their inability to mount a full-potential 

UPR signaling, SMPD2 KD cells are less viable upon ER stress induction. 

Additionally, SMPD2 KD significantly downregulated LAMP1 and Wnt3a mRNAs – both 

of which are translated and subsequently modified in the ER as an integral membrane 

and a secretory protein respectively. NSMase1 could affect signaling recognition particle 

(SRP)-dependent targeting of these proteins to the ER for translation as nSMase1 was 

shown to interact with both signal recognition particle receptor B (SRPRB) and the 

translocon-associated signal sequence receptor 2 (SSR2). These two proteins are ER 

membrane proteins required for proper docking of the whole 

mRNA:ribosome:polypeptide:SRP complex to the ER for efficient translation (Akopian et 

al, 2013). It is therefore conceivable that nSMase1 plays an important role in the 

translation of these proteins possibly by providing specific lipids to establish membrane 

nanodomains for efficient docking of this co-translation machinery to the ER. In this way, 

downregulation of LAMP1 and Wnt3a could be due to a disrupted SRP-dependent 

targeting of these mRNAs to the ER for translation upon SMPD2 KD. In line with its ER 

localization and potential functions, nSMase1 also interacts with several GPI 

(Glycosylphosphatidylinositol) anchor attaching proteins such as 



 ______________________________________________________________________ Results 
 

86 
 

glycosylphosphatidylinositol anchor attachment 1 (GPAA1) and Phosphatidylinositol 

glycan anchor biosynthesis, class S (PIG-S) (Huttlin et al, 2021). 

Overall, the data from others and our study demonstrate that nSMase1 at the ER plays 

an important role in activating an efficient adaptive UPR upon ER stress and could also 

regulate other aspects of ER function such as translation and post-translational 

modifications. 

Since SMPD2 KD cells are arrested in the G1 phase with both P21 and P27 upregulated, 

it is possible that nSMase1 activity, by generating required structural lipids, might drive 

the remodeling of the nuclear envelope, chromatin, and nuclear matrix during cell cycle 

progression (Mizutani et al, 2001). Alternatively, since nSMase1 belongs to the 

superfamily of endo/exonucleases (Bill X.Wu, Christopher J.Clarke, 2010) that cleave the 

phosphodiester bond between the successive nucleotides, it may hydrolyze the 

phosphodiesterase bond of the DNA. As described for many endo/exonucleases (Nishino 

& Morikawa, 2002), it, therefore, could be involved in DNA repair and cell cycle 

progression. In this way, inefficient DNA repair upon SMPD2 KD might induce a DNA-

damage-like response that upregulates P21 and P27 to induce G1 cell cycle arrest. 

Therefore, it is noteworthy to further investigate the activation of tumor suppressor gene 

P53 upon SMPD2 KD. P53 senses DNA damage and mediates cell cycle arrest by 

upregulating P21 and P27 (Chen, 2016). 

Duplication of not only cellular DNA content but also of membranes and organelles is a 

prerequisite for cellular growth and division. Lipids – both storage and membrane – play 

an important role in cell cycle regulation (Storck et al, 2018). For example, two 

triacylglycerol lipases Tgl3 and Tgl4 are required for efficient cell cycle progression during 

the G1/S transition in yeast cells (Chauhan et al, 2015). Specifically, lipolysis-derived 

sphingolipids activate PP2A, a major cell cycle regulating protein phosphatase, to 

dephosphorylate SWE1 (human ortholog WEE1) for efficient cell cycle progression 

(Chauhan et al, 2015). Therefore, it is conceivable that ceramide generated by nSMase1 

acts as a second messenger targeting proteins involved in cell-cycle regulation such as 

PP2A. Indeed, several studies proposed PP1 and PP2A as the potential intracellular 

protein target of ceramide. PP2A dephosphorylates over 300 substrates involved in the 

cell cycle, thereby regulating almost all the major pathways including the Wnt pathway 
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and the cell cycle checkpoints (Wlodarchak & Xing, 2016). Therefore, reduced Wnt-

signaling could be also due to deregulated PP2A activity upon SMPD2 KD. Collectively, 

these data suggest that nSMase1 plays an important role in overall cellular fitness and 

proliferation without which cells enter a transient G1 arrest with reduced global protein 

translation. 

So far, the biological role as well the physiological substrate for nSMase1 is unknown. 

Our study shows that nSMase1 plays a vital role in overall cellular fitness and survival as 

SMPD2 KD induced transient G1 arrest. Additionally, nSMase1 activity is essential for 

activating an efficient UPR upon ER stress induction. The observations and data 

described herein would serve as a strong foothold for further studies in unraveling not 

only the molecular function but also the molecular pathways through which nSMase1 

contributes to maintaining cellular homeostasis. 

 

Materials and methods 

 

Cell culture and transfection (siRNA and plasmids) 

 

HeLa (kindly provided by Holger Bastians, Goettingen) and HCT116 cells (DSMZ) were 

maintained in DMEM (Thermo Fischer Scientific Life technologies, 52100021) 

supplemented with 10% fetal calf serum (Biochrom) and 10 μg/ml Penicillin/Streptomycin 

(Sigma-Aldrich, P4333) at 37 °C in a humidified atmosphere with 5% CO2. Cells were 

transiently transfected with ScreenFect-siRNA (Screenfect) for indicated duration 

according to the manufacturer’s instructions. The cells were authenticated and routinely 

checked for mycoplasma contamination. Cells were treated with the drugs in the following 

concentrations for indicated durations. Bafilomycin (Sigma-Aldrich, 100ng/ml, 16 h); 

MG132 (Sigma-Aldrich, 100 ng/ml, 16 h); 4µ8C (Millipore Merck, 49 µM, Duration as 

indicated); Cycloheximide (Carlroth, 20 µg/ml, 16 h). 
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Table 2: Dharmacon siRNA SMARTpools against the indicated genes used in the study 

Target Gene Catalog Number Sequence 

SMPD2 D-006677-01 

 

5’-GCAGAGAGGUCGCCGUUGA-3’ 

 

 D-006677-02 

 

5’-GGAGGUCAAUGGCUUAUAU-3' 

 

 D-006677-03 

 

5’-CAAGGCAGUUUCUGGGUUU-3' 

 

 D-006677-04 

 

5’-UGAAACCACUACAGGCUUU-3' 

APC D-003869-05 5’-GAUGAUAUGUCGCGAACUU-3' 

 

 D-003869-06 5’-GAGAAUACGUCCACACCUU-3' 

 

 D-003869-07 5’-GAACUAGAUACACCAAUAA-3' 

 

EVI/ WLS D-018728-01 

 

5’-ACGAAUCCCUUCUACAGUA-3' 

 

 D-018728-02 

 

5’-UAACGGAAGGCCAUUGGAA-3' 

 

 D-018728-03 

 

5’-UAAAGGAUAUCCGGUUGGU-3' 

 

 D-018728-04 

 

5’-GAACCACAUCGCAGGGUAU-3' 

SDCBP D-008270-01 

 

5’-GCAAGACCUUCCAGUAUAA-3' 

 D-008270-02 

 

5’-UAACAUCCAUAGUGAAAGA-3' 

 D-008270-03 

 

5’-GAAGGACUCUCAAAUUGCA-3' 

 D-008270-04 

 

5’-GGAUGGAGCUCUGAUAAAG-3' 

NSMAF D-017920-01 

 

5’-CGAGUGGAUUGAUCUAAUA-3' 

 D-017920-02 

 

5’-UUACGCAAAUCUUGGAAUU-3' 

 D-017920-03 

 

5’-CGCAAUGGAUCUUCAGUAU-3' 

 D-017920-04 5’-CGACAUCUACCAAAAGUUC-3' 
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SMPD3 D-006678-01 

 

5’-CAAAGCGGCCUCCUCUUU-3’ 

 

 D-006678-04 

 

5’-CAAGCGAGCAGCCACCAAA-3’ 

 

 D-006678-17 

 

5’-ACCAAAGAAUCGUCGGGUA-3’ 

 

 D-006678-18 

 

5’-CGAACGGCCUGUACGAUGA-3’ 

 

UBC D-19408-01 5'-GUGAAGACCCUGACUGGUA-3' 

Non-targeting 

 

Tab 

D-001210-03 

 

5’-AUGUAUUGGCCUGUAUUAG-3' 

 

 

Antibodies 

 

The following antibodies and dilutions were used for western blot (WB) or for 

immunofluorescence staining (IF):  LAMP1 (WB 1:1000, Abcam, ab24170 ); Syntenin 

(WB 1:1000, Abcam, ab133267); GAPDH (WB 1:1000, Millipore, CB1001); Calnexin (WB 

1:1000, Abcam, ab75801), P62/SQSTM1 (WB 1:1000, Abnova,H00008878-M01); MAP 

LC3B (WB 1:1000, Santa Cruz, sc-376404); Ceramide (IF 1:100, Enzo, ALX-804-196); 

BiP (WB 1:1000, CST, 3177T), nSMase1 (WB 1:1000, Sigma, SAB1404383); β-Catenin 

(WB 1:1000, BD Transduction, 610154), PDI (WB 1:1000, CST,3501T), FL-Caspase 3 

(WB 1:1000, CST, 14220T);  C-Caspase-3 (WB 1:100, CST, 9664T), FL-Caspase 7 (WB 

1:1000, CST, 12827T); C-Caspase-7 (WB 1:1000, CST, 8438T); FL-PARP (WB 1:1000, 

CST, 9542T), C-PARP (WB 1:1000, CST, 5625T), p-Chk2 (Thr68) (WB 1:1000, CST, 

2197T); p-Rb (Ser807/811) (WB 1:1000, CST, 8516T); p-Chk1 (Ser345) (WB 1:1000, 

CST, 2348T); p-AKT (Ser473) (WB 1:1000, CST, 4060T); Puromycin (WB 1:1000, 

Millipore, MABE343); pPTEN (Ser380) (WB 1:1000, CST, 9551T); p27 Kip1 (WB 1:1000, 

CST, 3686T), p21 Waf1/Cip1 (WB 1:1000, CST, 2947T) 

 

Western blot analysis 

 

Cell lysates in the SDS-PAGE sample buffer were boiled for 5 min before separating the 

protein on 4-12% gradient gels (Bolt Bis-Tris Plus Gels, Thermo Scientific). Proteins were 
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then transferred onto PVDF membranes (Merck) and blocked with 5% (wt/vol) milk-TBST 

for 30 min before incubating with primary antibodies overnight at 4°C. After washing, 

membranes were incubated with fluorescently labeled secondary antibodies at room 

temperature in the dark and detected using the Li-COR Odyssey system. Western blot 

quantifications were done with Odyssey Infrared Image Studio Lite Ver 5.2 

 

Autophagy flux measurement 

 

Densitometric analysis of the LC3B-II, P62, and GAPDH bands was performed using 

Odyssey Infrared Image Studio Lite Ver 5.2. To determine autophagy flux, under both 

basal and serum-starvation autophagy induced conditions, lysosomal turnover of 

endogenous LC3B-II and P62 were determined. LC3B-II and P62 bands were normalized 

to GAPDH (LC3B-II/GAPDH, P62/GAPDH). Autophagy flux was then determined by 

dividing the normalized value of the Bafilomycin-treated lysate by the normalized value of 

the control-treated lysate of the same sample(Tanida et al, 2005). 

 

Immunostaining, microscopy, and image analysis 

 

Cells were grown in 8-well microscopic coverslips (Sarstedt and IBIDI for live imaging), 

reverse transfected with indicated siRNAs, and were fixed and permeabilized with 4% 

paraformaldehyde and 0.2% Triton-X-100. The slides were then blocked in 3% bovine 

serum albumin diluted in PBS, followed by 90 min incubation with primary antibodies. 

After washing three times, cells were incubated with secondary antibodies conjugated to 

Alexa-Fluor-488 or 546. Nuclei and actin were labeled by Hoechst and conjugated 

phalloidin respectively.  200 nM ER tracker (Thermo Scientific Life technologies, E34250) 

were added to live cells. The cells were visualized with a Zeiss LSM780 confocal 

microscope (Plan Neofluor 63X/oil NA 1.4 objective). Staining and microscopy conditions 

were kept identical for comparisons. The number of puncta/cell quantifications were 

performed using available pipelines with some modifications in CellProfiler (Broad 

Institute of MIT and Harvard). 
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CellTiter-Glo® luminescent viability assay 

 

Cell viability was measured by performing a CellTiter-Glo assay (Promega, G8461). Cells 

were seeded in a 96-well plate. After reverse siRNA transfection or drug treatment for the 

indicated duration, 100 𝜇l of the cell titer glow reagent (Promega) diluted to 1:5 with PBS 

were added to each well. The plate was incubated on a shaker for 2 min at RT to allow 

cell lysis and then incubated without shaking for 10 min at RT to allow luminescence 

signal stabilization. The signal was measured using a Centro LB 960 microplate 

luminometer (Berthold Technologies) and data were analyzed using MikroWin 2000 lite 

Version 4.43. 

 

Incucyte proliferation assay 

 

HeLa cells transfected with control or SMPD2 siRNA for 48 h were replated and 6000 

transfected cells per well were seeded into Incucyte® Imagelock 96-well plates. The real-

time proliferation of the cells was detected by the Incucyte® S2 Live Cell Analysis System 

(Sartorious) by imaging each well at 2 h intervals. 

 

RNA isolation and real-time qPCR 

 

Total cellular RNA was isolated using Trizol (Thermo Scientific Invitrogen). The reverse 

transcription was carried out with 2 µg of RNA. The resulting cDNA product was analyzed 

by real-time quantitative PCR using Taq Universal SYBRgreen Supermix (Bio-Rad). 

Transcript Ct-values were converted to fold change expression changes (2-∆∆Ct values) 

after normalization to the housekeeping gene β-actin. Quantitative real-time PCR was 

performed using a CFX system (Bio-Rad). 
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Table 3: List of primers with their respective sequences used in the study 

Gene Company Sequence (5’-3’) 

 

SMPD2 Merck Millipore FP: TTTGCTGGAGGAGGTGTGGAG 

RP: AAGCTCCTGGATTGGATGTTTGG 

LAMP1 Merck Millipore FP: CAGTTCGGGATGAATGCAAG 

RP: TGCACTTGTAGGAATTGCCG 

CHOP Merck Millipore FP: AGAACCAGGAAACGGAAACAGA 

RP: TCTCCTTCATGCGCTGCTTT 

EDEM Merck Millipore FP: CAAGTGTGGGTACGCCACG 

RP: AAAGAAGCTCTCCATCCGGTC 

BiP Merck Millipore FP: TGTTCAACCAATTATCAGCAAACTC 

RP: TTCTGCTGTATCCTCTTCACCAGT 

Calnexin Merck Millipore FP: TTCACATAGGCACCACCACA 

RP: GGAAGTGGTTGCTGTGTATG 

CTNNB-1 Merck Millipore FP: AAGCGGCTGTTAGTCACTGG 

RP: CGAGTCATTGCATACTGTCCAT 

sXBP-1 Merck Millipore FP:C TGAGTCCGAATCAGGTGCAG 

RP: ATCCATGGGGAGATGTTCTGG 

WNT3A Merck Millipore FP: AGCAGGACTCCCACCTAAAC RP 

RP: AGAGGAGACACTAGCTCCAGG 

WNT7B Merck Millipore FP: CCCGGCAAGTTCTCTTTCTTC 

RP: GGCGTAGCTTTTCTGTGTCCAT 

β-actin Merck Millipore FP: GAGCACAGAGCCTCGCCTTT 

RP: ACATGCCGGAGCCGTTGTC 

ATF4 Merck Millipore FP: GTTCTCCAGCGACAAGGCTA 

RP: ATCCTGCTTGCTGTTGTTGG 

SMPD3 Merck Millipore FP: GTGTAACGACGATGCCCTGG 

RP: GGATGGCGCTGTCCTCTTG 
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Wnt reporter activity assay 

Endogenous Wnt signaling activity was assessed by employing a dual-luciferase β-

catenin/TCF4 reporter assay. HCT116 cells were transfected with a TCF firefly reporter 

plasmid (pgGL4.1-6xKD FLuc) (Demir et al, 2013) and a constitutively β-catenin renilla 

reporter plasmid (pgGL4.1-RLuc) (Demir et al, 2013) 24 h after reverse transfection with 

the indicated siRNA. Relative Wnt reporter activity was determined by normalizing the 

firefly luminescence value to the renilla luminescence value after 48 h of the plasmid 

transfection. 

 

Cell cycle analysis by flow cytometry 

 

Flow cytometry was used to analyze cell cycle distribution. Trypsinized cells pelleted at 

400 g for 5 min were fixed by adding cold 70% ethanol dropwise while vortexing. Fixed 

cells were incubated at -20 ᵒC for 1 h before pelleting at 400 g for 5 min and washed once 

in PBS. Mitotic cells were labeled by staining with primary antibody against phospho-

Mpm-2 (1:1600) for 1 hr followed by 30 min incubation in secondary antibody conjugated 

to Alexa Fluor 488 (1:2000). Cells were then centrifuged at 400 g for 5 min and 

resuspended in PBS with 0.5 µg/ml RNAseA and 10 µg/ml propidium iodide to stain for 

DNA content. Cell cycle distribution of 10 000 cells was analyzed by using a BD 

FACSCanto II (BD Biosciences) and BD FACSDiva 9.0.1 software. 

 

Apoptosis analysis by flow cytometry 

 

For apoptosis analysis, FITC Annexin V Apoptosis Detection Kit with PI (BioLegend) was 

used according to the manufacturer’s instructions. Briefly, cells were stained with 

Annexin-FITC and propidium iodide for 15 min at RT after washing the cells once with 

PBS and then resuspending in Annexin V binding buffer. Dead and Floating cells were 

added to each sample for analysis by pelleting the conditioned medium at 1500 g for 5 

min. Apoptosis of 10 000 cells from each sample was analyzed by using a BD FACSCanto 

II (BD Biosciences) and BD FACSDiva 9.0.1 software. 
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Puromycin assay 

 

To analyze protein translation rate, 16 µg/ml of puromycin were added to siRNA reverse 

transfected or inhibitor-treated cells as indicated for 45 min (Goodman & Hornberger, 

2013). Cell extracts were harvested in RIPA lysis buffer and puromycinylated proteins 

were detected by western blot using puromycin antibody. 

 

Statistics 

 

Data were analyzed using GraphPad Prism 6 built-in tests. All data are presented as 

mean ± s.d. Details about the significance test, the number of replicates, and the P values 

are reported in the respective figure legends. 
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Supplementary Figures  

Figure S1: (A) Viability assay of HeLa cells transfected with Ctrl, SDCBP, NSMAF, SMPD2, and 
SMPD3 siRNA for 48 h. Ordinary one-way ANOVA followed by Dunnett’s multiple comparisons 
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test, ****p < 0.0001. (B) Western blot quantifications of LAMP1 from (Fig.1A) normalized to the 
corresponding loading control GAPDH before normalization to the control. Ordinary one-way 
ANOVA followed by Dunnett’s multiple comparisons test, ***p < 0.0009. (C) HCT116 cells were 
transfected with the indicated siRNAs for 48 h and lysates were immunoblotted against LAMP1 
and loading control GAPDH.  (D) Western blot quantifications of LAMP1 from (Fig.1G) normalized 
to the corresponding loading control GAPDH before normalization to the control. Ordinary one-
way ANOVA followed by Dunnett’s multiple comparisons test, *p < 0.01. (E-F) Real-time qPCR 
analysis of LAMP1 (E) and LAMP2 (F) mRNA in HCT116 cells after 72 h of SMPD2 KD. Unpaired 
Student’s two-tailed t-test, ****p < 0.0001. (G) HeLa cells transfected with control (Ctrl) and 
SMPD2 siRNA for 48 h were stained for ceramide and calnexin and analyzed by confocal 
microscopy. (H) Quantifications of mean intensity of ceramide puncta per cell from (G) (left) and 
mean intensity of ceramide puncta colocalizing with calnexin (right) from three independent 
experiments. Unpaired Student’s two-tailed t-test, ****p < 0.0001. (I) HeLa cells transfected with 
Ctrl or SMPD2 siRNA for 48 h were live imaged by staining with ER tracker and DAPI. (J) Real-
time qPCR analysis of sXBP-1 mRNA in HeLa cells transfected with Ctrl and SMPD2 siRNA and 
treated with 4µ8C for 48 h. Ordinary one-way ANOVA followed by Dunnett’s multiple comparisons 
test, ****p < 0.0001, *p < 0.01, from two independent experiments. (K) Real-time qPCR analysis 
of LAMP1 mRNA in HeLa cells transfected with Ctrl or SMPD2 siRNA and treated with 4µ8C for 
48 h. Ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test, ****p < 0.0001, 
**p < 0.001, *p < 0.01, from two independent experiments. (L) HeLa cells reverse transfected with 
Ctrl and SMPD2 siRNA were grown with DMSO or 4µ8C for 48 h and treated with tunicamycin for 
4 h. Cell lysates were immunoblotted against nSMase1, LAMP1, and loading control GAPDH. All 
experiments from (A)-(L) are done in three biological replicates. 
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Figure S2: (A) Flow Cytometry analysis of FITC Annexin-V and PI staining of HeLa cells 
transfected with Ctrl (left) or SMPD2 (right) siRNA for 48 h. Forward and side scatter plot (above 
left) of HeLa cells gated for the subsequent analysis, two-dimensional scatter plot gating cell 
populations into four quadrants based on PI versus FITC Annexin-V staining (above right), 
Populations of cells gated for only FITC Annexin-V (below left) and only PI (below right). (B-E) 
Western blot quantifications of cleaved caspase 3 (B), caspase 7 (C), PARP I (D), and PARP II 
(E) in relative to the respective full length (FL) proteins from two independent experiments. (F) 
HCT116 cell mean diameter (above) and peak diameter (bottom) determined with Casy cell 
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counter after 72 h of Ctrl or SMPD2 siRNA transfection. (G) Flow cytometry analysis HeLa cells 
transfected with Ctrl (left) or SMPD2 (right) siRNA for 48 h were gated to distribute the cell 
population into G1, S, and G2/M phase of the cell cycle (H) Percentage of HeLa cells transfected 
with Ctrl or SMPD2 siRNA for 96 h were gated for G1, S, and G2/M. Two-way ANOVA followed 
by Sidak’s multiple comparisons test, ****p < 0.0001, ***p < 0.0009 **p < 0.001. All experiments 

from (A)-(H) are done in three biological replicates unless otherwise stated. 

 

 

Figure S3: (A) Western blot quantifications of P53 protein levels from (Fig. 3G) normalized to the 

corresponding loading control GAPDH before normalization to the control. Unpaired Student’s 

two-tailed t-test). (B) Lysates from HeLa cells transfected with Ctrl or SMPD2 siRNA for 96 h were 

immunoblotted against P27, P53, P21, and loading control GAPDH. (C) Western blot 

quantifications from (B) of P27, P21, and P53 normalized to the corresponding loading control 
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GAPDH before normalization to the control. Unpaired Student’s two-tailed t-test, ****p < 0.0001, 

**p < 0.001. (D) Western blot quantifications of p-Rb from (Fig. 4B) normalized to the 

corresponding loading control GAPDH before normalization to the control. Unpaired Student’s 

two-tailed t-test, **p < 0.001. (E) HeLa cells were transfected with the indicated siRNAs for 48 h 

and lysates were immunoblotted against β-catenin and loading control GAPDH. (F) Western blot 

quantifications of β-catenin from (E) normalized to the corresponding loading control GAPDH 

before normalization to the control. Ordinary one-way ANOVA followed by Dunnett’s multiple 

comparisons test, *p < 0.01. (G) Real-time qPCR analysis of CTNNB-1, EVI, WNT7B, and 

GAPDH mRNA in HCT116 cells transfected with Ctrl and SMPD2 siRNA for 72 h. Unpaired 

Student’s two-tailed t-test. (H) Real-time qPCR analysis of SMPD4 mRNA in HCT116 cells 

transfected with Ctrl and SMPD2 siRNA for 72 h. Unpaired Student’s two-tailed t-test, ****p < 

0.0001. All experiments from (A)-(H) are done in three biological replicates. 
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3 Discussion 

 

3.1  Neutral Sphingomyelinase 2 controls sEV secretion by counteracting V-

ATPase-mediated endosome acidification 

 

Our study demonstrates that nSMase2 regulates sEV secretion by counteracting V-

ATPase activity on endosomal membranes. We delineate a so far unknown mechanism 

by which nSMase2 regulates sEV secretion and provide evidence that the local lipid 

environment at MVBs and specifically the levels of ceramide, sphingomyelin, and 

cholesterol regulate sEV secretion by modulating endosomal acidification. Importantly, 

we show that TNFα, a prominent pro-inflammatory cytokine and a known nSMase2 

agonist, promotes sEV secretion by modulating endosomal acidification via inhibiting V-

ATPase complex assembly. These findings for the first time establish a molecular link 

between TNFα-induced nSMase2 activation and sEV secretion.  

 

3.1.1 Avoiding degradation and trafficking of MVBs for sEV secretion 

 

Mature MVBs loaded with ILVs face two fates: lysosomal degradation or peripheral 

trafficking for sEV secretion. Although the molecular mechanisms underlying cargo 

sorting and subsequent ILV biogenesis at the MVB membrane are well studied (Cullen & 

Steinberg, 2018), the regulatory factors that actively sort MVBs for transport towards the 

plasma membrane for eventual sEV secretion are largely unknown. Cells establish a 

balance between these two fates. For example, impaired lysosomal degradation results 

in the elimination of defective neuro-toxic proteins such as amyloid through sEV secretion 

(Erez Eitan et al, 2016).  

During MVB formation, cargos tagged with ubiquitylation are recognized and then sorted 

into ILVs in an ESCRT-machinery-dependent manner (Saksena et al, 2007). Although 

this ubiquitylation-based ESCRT machinery-dependent pathway is the major mechanism 

that drives ILV biogenesis at MVBs that are eventually sorted for lysosomal degradation 

(Cullen & Steinberg, 2018), studies have implicated the ESCRT machinery in ILV 

biogenesis for sEV secretion as well (Willms et al, 2016; Colombo et al, 2013). As 
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described for degradative ILV biogenesis (Dores et al, 2012, 2016), the ESCRT 

accessory protein ALG-2-interacting protein X (Alix), in concert with syndecan and 

syntenin, also drives ILV biogenesis for sEV secretion (Baietti et al, 2012). Therefore, 

based on these overlapping molecular machineries involved in generating both secretory 

and degradative ILVs, it is not clear at which step the MVB sorting decision is made. 

However, the role of nSMase2 in generating ILVs has been exclusively described for 

secretory MVBs. Previous studies have shown that nSMase2 activity drives ILV 

biogenesis for sEV secretion by producing ceramide-induced negative membrane 

curvature (Trajkovic et al, 2008) or by generating S1P that activates its cognate MVB 

receptor (Kajimoto et al, 2013). The molecular mechanism underlying S1P receptor 

activation-induced ILV formation for sEV secretion remains to be elucidated. Alternatively, 

our study demonstrates that nSMase2 activity drives MVB trafficking for sEV secretion by 

counteracting V-ATPase-mediated endosomal acidification - thereby implicating both 

MVB lipid environment and its lumen acidification as regulatory factors determining its 

trafficking fate.  

Similar to ceramide and sphingomyelin levels modulated by nSMase2 activity, we also 

show that MVB cholesterol levels also regulate sEV secretion by modulating V-ATPase-

mediated endosomal acidification. Indeed, ILVs are known to harbor the highest 

cholesterol content in the endocytic pathway (Möbius et al, 2003). Moreover, the complete 

cryo-EM structure of the human V-ATPase complex has revealed that ordered lipid 

molecules including cholesterol are indeed an integral part of the V0 complex (Wang et 

al, 2020). Based on our data and these observations, we propose that cholesterol, 

together with ceramide generated by nSMase2 activity on the MVB membrane, drives V-

ATPase subunit packaging into ILVs to attenuate its activity and thereby reduce MVB 

lumen acidification and promote secretory MVB trafficking.  

The connection between V-ATPase mediated acidification and sEV secretion has been 

shown before with studies describing increased sEV secretion upon V-ATPase inhibition 

with bafilomycin A (Villarroya-Beltri et al, 2016; Edgar et al, 2016). Recent studies have 

further highlighted the role of MVB lumen acidification as a sorting signal – MVBs with 

less acidic lumen are sorted as secretory MVBs for sEV release. For example, ATG5 and 

LC3, independent of canonical macroautophagy, coordinately deacidify MVBs to promote 
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sEV secretion (Guo et al, 2017). Therefore, our findings on how changes in nSMase2-

mediated endosomal acidification affect sEV secretion further substantiate these findings. 

In addition to MVB lumen acidification, other molecular factors at the level of MVB cargos 

or their respective sorting machinery have been described to regulate MVB trafficking 

fates. For example, ISGylation of Tsg101, a sorting component of the ESCRT-I 

machinery, promotes a degradative fate for MVBs and thereby reduces sEV secretion 

(Villarroya-Beltri et al, 2016). At the cargo level, a sorting motif found in Galectin-3 was 

shown to be required for its efficient secretion on sEVs, albeit, in an ESCRT-dependent 

manner (Bänfer et al, 2018).  Additionally, SUMOylation of hnRNPA2B1 (heterogeneous 

nuclear ribonucleoprotein A2/B1) controls the sorting of miRNAs into ILVs for secretion 

(Villarroya-Beltri et al, 2013) and SUMOylation of α-synuclein regulates its loading into 

sEV for secretion (Kunadt et al, 2015). 

Therefore, with studies indicating regulation control at the level of cargo, cargo-sorting 

machinery, and mature MVBs, cells may employ a complex network of molecular 

regulators to determine the MVB trafficking fate depending on the cell-type and the 

prevailing cellular conditions. 

The reported cell type-specific effects of nSMase2 inhibition on sEV secretion (Panigrahi 

et al, 2018; Gross et al, 2012; Matsui et al, 2021)  may be explained by the differences in 

cellular endosomal acidification levels, which in turn could be affected by different cellular 

and physiological factors. The ESCRT components drive ILV biogenesis at the MVB 

(Saksena et al, 2007) and the knockdown of the ESCRT components HRS, STAM1, and 

TSG101 reduces the secretion of CD63-positive EVs (Colombo et al, 2013). However, 

the role of the ESCRT-complexes in cargo loading and ILV generation for sEV secretion 

is increasingly challenged by different studies. For example, a recent study has shown 

that knockdown of individual ESCRT subunits counterintuitively increased sEV secretion 

by causing lysosomal dysfunction (Matsui et al, 2021). These findings are also in line with 

studies showing that the lysosomal degradation of several endocytosed receptors 

requires the ESCRT machinery for proper internalization of these receptors into ILVs 

(Futter et al, 1996; Haglund et al, 2003; Yamashita et al, 2008). Therefore, based on 

these studies and our results, it is tempting to speculate that ESCRT complexes support 

ILV generation for degradative MVBs which are targeted for lysosomes.  On the other 
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hand, ceramide generated by nSMase2 activity, in addition to aiding ILV biogenesis as 

previously described (Trajkovic et al, 2008; Kajimoto et al, 2013), also favors secretory 

MVB transport for sEV release by promoting V-ATPase invagination into ILVs. Based on 

our data and the above studies, it is tempting to speculate that while ESCRT machinery 

mainly generates degradative ILVs, ceramide exclusively drives secretory ILV biogenesis 

to promote sEV secretion. 

In addition to its role in attenuating V-ATPase activity to promote secretory MVBs for sEV 

secretion, we also show that nSMase2 affects LAMP1 levels, specifically during serum 

starvation-induced autophagy. Therefore, how nSMase2-mediated endosomal 

acidification regulation affects autophagy remains an interesting question to explore. 

Additionally, how nSMase2-dependent MVB deacidification affects recruitment of further 

MVB secretory machineries, including kinesin motor proteins for its anterograde transport, 

Rab27a, Rab27b (Ostrowski et al, 2010), and SNARE proteins such as YKT6 (Gross et 

al, 2012) for plasma membrane fusion, remain interesting questions to be investigated. 

 

3.1.2 Lipids as regulators of traffic in the endosomal system 

 

Protein-based sorting machinery, including coat proteins and their adaptors, small 

GTPases, tethering factors, and fusion proteins in the regulation of endosomal trafficking 

is well studied at the mechanistic level (Gruenberg, 2001).  However, the role of lipids in 

the regulation of endosomal transport is far less explored. 

The vesicle compartments along the endocytic pathway are highly pleiomorphic, 

exhibiting tubular and vacuolar morphologies (Gruenberg, 2001). Early and recycling 

endosomes are characterized by extensive tubular networks, whereas late endosomes 

or MVBs exhibit a bulbous vacuolar morphology.  Owing to their physicochemical 

properties, regulated lipid distribution in these compartments facilitates a geometry-based 

cargo-sorting mechanism. Lipids with flexible acyl chains such as glycerophospholipids 

are enriched in the highly dynamic and narrow tubules in which integral membrane 

proteins are preferentially sorted for recycling to the plasma membrane. In contrast, lipids 

with saturated - and therefore more rigid - acyl chain lipids such as sphingomyelin, 

sphingolipids, and cholesterol are enriched on the vacuolar region of the endocytic 
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compartments and the bulbous MVBs and thus allow the sorting of both membrane and 

soluble cargos into their lumen (Lippincott-Schwartz & Phair, 2010).  

In addition to providing a lipid-based sorting mechanism founded in their unique lipid-lipid 

interaction properties, individual lipids play important role in cargo sorting and membrane 

transport in the endosomal pathway through their interactions with proteins (Lippincott-

Schwartz & Phair, 2010). Peripheral membrane proteins often interact with membranes 

through diverse lipid-binding motifs and in this way lipids directly contribute to the 

distribution of many peripheral proteins. Many proteins involved in the regulation of 

endosomal transport contain a phospholipid-binding domain which allows transient 

interaction between them. Short-lived phosphoinositides that are rapidly turned over by 

kinases and phosphatases are the best-characterized lipid players during endosomal 

transport. For example, PI(3)P, found mostly in early endosomes, recruits different 

effector proteins by binding to their lipid-binding domains such as the FYVE domain and 

the PX (phox) domain. Effector proteins binding to the PI(3)P on the membrane facilitate 

further recruitment of proteins involved in early endosomal sorting and transport. For 

example, Rab5 effector protein EEA1 binding to PI(3)P allows the recruitment of SNARE 

proteins involved in membrane docking and fusion in early endosomes (Vicinanza et al, 

2008; Di Paolo & De Camilli, 2006). Likewise, the poorly degradable lipid LBPA 

(lysophosphatidic acid), which exclusively resides in late endosomes, contributes to ILV 

generation by interacting with Alix (Matsuo et al, 2004; Chevallier et al, 2008).  

Therefore, our observations on how the local lipid environment on the MVB membrane 

regulates its trafficking decision fit with an increasing body of work emphasizing the 

functions of lipids in a broader biological context. We show that at the MVB membrane, 

the levels of ceramide and sphingomyelin modulated by nSMase2 activity, and 

cholesterol regulate the MVB trafficking fate through V-ATPase. Specifically, ceramide 

generated by nSMase1 on the MVB drives V-ATPase subunit invagination into ILVs to 

attenuate its activity and thereby reduce MVB lumen acidification to promote sEV 

secretion.   

Moreover, our observations on the regulation of V-ATPase activity by lipids are in 

alignment with an increasing body of work. In yeast, organelle-specific lipids modulate V-

ATPase activity. The phosphatidylinositol lipid PI(3,5)P2, which is predominantly enriched 
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in the vacuole, directly recruits V-ATPase subunit Vph1p to the membrane and increases 

V-ATPase assembly and activity on the vacuolar membrane (Li et al, 2014; Banerjee et 

al, 2019). Likewise, PI(4)P in the Golgi membrane directly interacts with the N-terminal 

domain of Stv1p, a transmembrane V0A isoform, and supports the efficient localization 

of Golgi-V-ATPases (Banerjee & Kane, 2017).  Similarly, ergosterol, the major sterol 

species in fungi, is required for V-ATPase-mediated vacuolar acidification in yeast (Zhang 

et al, 2010). Cryo-EM structure analysis of the yeast V0 complex suggested sterol binding 

sites around the C-ring, as well as specific sites for glycerophospholipids interaction with 

the V0 region (Vasanthakumar et al, 2019).  The role of raft-like domains in V-ATPase 

activity regulation has been proposed in yeast with studies indicating sphingomyelin and 

possibly ceramide modulating V-ATPase function(Chen et al, 2004; Dawson et al, 2008). 

The first hint on the role of lipids in V-ATPase activity regulation in mammalian cells came 

from a study that has shown that all endosomal V-ATPase subunits are enriched in the 

detergent-resistance endosomal membrane fraction (Lafourcade et al, 2008). Moreover, 

a recent mass spectrometry analysis of the isolated human V0 complex has indeed 

shown the enrichment of different phospholipids and cholesterol in the V0 complex (Wang 

et al, 2020). Therefore, our data on the lipid-mediated V-ATPase activity regulation at the 

MVB - along with the aforementioned -structural and biochemical data - support an 

important role for lipids in V-ATPase function. Such lipids, therefore, present a possible 

target for modulating V-ATPase activity. 

 

3.1.3 TNFα-nSMase2-induced sEV secretion and its implications 

 

Sphingomyelin turnover was initially identified as an effector mechanism for the action of 

TNFα and gamma-interferon (Kim et al, 1991). Later studies identified nSMase2 as the 

main sphingomyelin hydrolyzing enzyme activated in response to TNFα stimulation. The 

resulting ceramide generated by activated nSMase1 regulates a wide array of cellular 

processes including inflammation (Al-Rashed et al, 2020; Gu et al, 2013), apoptosis 

(Kolmakova et al, 2004), and cell death (Luberto et al, 2002; Yang et al, 2004), cell 

adhesion and migration (Clarke et al, 2006), as well as synaptic plasticity (Wheeler et al, 

2009). 
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TNFα, a pleiotropic cytokine with both homeostatic and pathogenic bioactivity, activates 

nSMase2 exclusively through TNF receptor 1 (TNF-R1)  (Kolesnick & Krönke, 1998). 

Factor-associated with neutral sphingomyelinase (NSMAF) associates with TNF-R1 by 

binding to a domain termed neutral sphingomyelin activation domain (NSD) within TNF-

R (Adam-Klages et al, 1996; Tcherkasowa et al, 2002). Through NSMAF, RACK1 also 

constitutively associates with TNF-R1 (Tcherkasowa et al, 2002). Upon TNFα binding to 

TNF-R1, EED, a WD-repeat protein of the Polycomb group, is translocated from the 

nucleus to the plasma membrane. EED then simultaneously interacts with RACK1 and 

nSMase2. This interaction couples EED and nSMase2 to the TFN-R1-FAN-RACK1-

complex and activates nSMase2 (Philipp et al, 2010).   

Our findings for the first time elucidate the mechanism by which TNFα-induced nSMase2 

activation promotes sEV secretion: by modulating endosomal acidification. Importantly, 

we show that TNFα promotes sEV secretion by regulating endosomal acidification via 

modulating V-ATPase complex assembly. These findings establish a molecular 

connection between TNFα-induced nSMase2 activation and sEV secretion. In alignment 

with the observation that TNFα modulates endolysosomal acidification, studies have 

shown that  TNFα stimulation compromises lysosome integrity that in turn affects the 

cellular degradative capacity and reduces autophagic flux (Wang et al, 2015; Werneburg 

et al, 2002). The exact molecular mechanism underlying defective lysosomal activity upon 

TNFα stimulation remains unknown. Based on our findings, it is worthwhile to investigate 

if this occurs via nSMase2 activation at the lysosomes that in turn affects lysosomal 

acidification. 

TNFα is primarily released by immune cells and modulates a wide variety of cellular 

pathways (Holbrook et al, 2019). TNFα is therefore implicated in many immunology-

related diseases such as rheumatoid arthritis (Farrugia & Baron, 2000), ankylosing 

spondylitis (Lata et al, 2019), and cancer (Balkwill, 2006). Tumor progression is closely 

associated with chronic inflammatory processes and involves dysregulated activity of 

various types of immune cells (Hiam-Galvez et al, 2021). Tumor cells release a significant 

amount of EVs that contribute greatly to tumor progression by modulating chronic 

inflammation and mediating immunosurveillance evasion (Kanada et al, 2016). Therefore, 

further study on TNFα-induced nSMase2 activation in cancer cells may shed light on the 



 ___________________________________________________________________ Discussion 
 

112 
 

role of TNFα and sEV in cancer progression. Moreover, the TNFα-induced-nSMase2 

activation pathway may present a possible target for modulating pro-tumorigenic EV 

secretion in tumor cells. 

EVs play a significant role not only in cancer progression but also in the pathogenesis 

and progression of various neurological disorders (Bellingham et al, 2012). For example, 

neuropathologic α-synuclein oligomers which cause Parkison’s disease (PD) were shown 

to be secreted on EVs which are then taken up by surrounding cells in the brain. In this 

way, it is believed that EVs allow the cell-cell transmission of different neuropathogenic 

protein aggregates such as β-amyloid and tau in Alzheimer’s disease, TAR DNA-binding 

protein 43 in amyotrophic lateral sclerosis, and Huntington and polyglutamine in 

Hungtington’s disease (Candelario & Steindler, 2014). Specifically, nSMase2-induced 

EVs derived from the brain contribute to α-synuclein pathology in a PD mouse model (Zhu 

et al, 2021). With its predominant expression in the brain, nSMase2 is likely to play an 

important role in propagating these neuropathogenic protein aggregates via EVs to 

promote neurological diseases. Therefore, it is interesting to study if these processes also 

occur via the TNFα-induced-nSMase2 activation pathway in the brain. 

 

3.2 Neutral Sphingomyelinase 1 regulates cellular fitness at the level of ER stress 

and cell cycle 

 

We found that nSMase1 (encoded by SMPD2) plays an important role in maintaining 

cellular homeostasis. NSMase1 is required for activating an efficient unfolded protein 

response (UPR) upon ER stress induced by tunicamycin and thapsigargin.  These 

inhibitors cause ER stress through distinct mechanisms: Tunicamycin blocks N-linked 

glycosylation and thereby induces ER stress and activates UPR (Heifetz et al, 1979; Hetz 

et al, 2020). Whereas, thapsigargin inhibits Sarco/endoplasmic reticulum Ca2+ ATPase 

(SERCA) that results in ER calcium store depletion and thereby induces ER stress and 

activates the UPR (Peterková et al, 2020). SMPD2 KD cells failed to upregulate multiple 

genes involved in the UPR to resolve ER stress to the same levels as their control 

counterparts. Furthermore, we show that nSMase1 is necessary for proper cell cycle 

progression, as SMPD2 KD led to significant G1 arrest. Moreover, the global protein 
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translation and Wnt-signaling activity was reduced by SMPD2 KD. These data, for the 

first time, establish an important biological role for nSMase1.  

 

3.2.1  NSMase1: Putative sphingomyelinase searching for its biological substrate 

 

The dynamic regulation of lipids, their controlled hydrolysis by specific enzymes, or their 

regulated lateral or transbilayer movement in the bilayer, influences a wide range of 

cellular processes. Lipids not only provide structural support but also regulate 

transmembrane receptor activity that transduces extracellular signals into cells. By 

activating specific biological pathways, these extracellular signals are then translated into 

appropriate cellular responses. Furthermore, regulated lipid hydrolysis at specific 

membrane compartments generates signaling active lipids that directly participate in 

different cellular pathways (Holthuis & Levine, 2005; Holthuis & Menon, 2014). As 

described for many lipids, sphingomyelin provides both structural support and second 

messenger signaling lipids when metabolized (Airola & Hannun, 2013). Sphingomyelin is 

the most abundant lipid in the exoplasmic leaflet of the plasma membrane (Lorent et al, 

2020) and its metabolism yields several signaling potent lipids including ceramide and 

sphingosine-1-phosphate (Airola & Hannun, 2013). 

SMPD2 or nSMase1 was identified and cloned based on the sequence similarity to Mg2+-

dependent bacterial neutral sphingomyelinase, which hydrolyzes sphingomyelin into 

ceramide and phosphorylcholine (Tomiuk et al, 1998a). NSMase1 belongs to a large 

family of Mg2+-dependent phosphodiesterases with neutral pH optimum. The secondary 

structure prediction reveals two putative transmembrane domains at the C-terminus and 

a catalytic domain that adopts a DNase-1 like structure. Furthermore, site-directed 

mutagenesis experiments have shown that nSMase1 contains conserved catalytic 

histidine residues like the bacterial counterpart. Although we observed reduced ceramide 

staining upon SMPD2 KD, studies have shown unaltered sphingomyelin and ceramide 

metabolism upon nSMase1 overexpression in mammalian cells (Hofmann et al, 2000; 

Sawai et al, 1999).  

Instead, nSMase1 shows strong phospholipase C activity towards both lysoplatelet-

activating factor (lyso-PAF) and lyso-phosphatidylcholine (lyso-PC) in vitro (Fig. 4). Based 
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on the higher levels of 1-alkyl-glycerol rather than 1-acyl-glycerol observed upon 

nSMase1 overexpression, lyso-PAF was established as its more likely biological 

substrate (Sawai et al, 1999). Of note, lyso-PC cannot be entirely ruled out as its 

substrate, as 1-acyl-glycerol may be rapidly degraded by lipases whereas 1-alkyl-glycerol 

may accumulate due to its slower metabolism (Sawai et al, 1999). Based on these 

studies, it is highly probable that nSMase1 plays a crucial role in PAF metabolism. PAF 

is a biologically potent molecule that mediates platelet aggregation, inflammation and 

granule secretion (Travers et al, 2021). Additionally, PAF induces cell cycle arrest and 

impairs the DNA damage response pathway in mast cells (Puebla-Osorio et al, 2015).  

This is in alignment with our observation that SMPD2 KD arrests cells in the G1 phase by 

upregulating the two G1 cell cycle arrest markers P21 and P27. These two proteins are 

under the regulatory control of P53, which is activated upon cellular DNA damage 

(Matthews et al, 2022; Chen, 2016). Therefore, it is conceivable that the altered PAF 

metabolism upon SMPD2 KD could accumulate PAF in cells which subsequently 

upregulate P21 and P27 to mediate G1 cell cycle arrest.  Its ER-localization, where 

sphingomyelin concentration is kept very low (Holthuis & Menon, 2014), further supports 

the idea that lyso-PAF is its biological substrate. The observed reduced ceramide staining 

upon SMPD2 KD in our study could be due to a secondary effect caused by reduced 

global protein translation and cell cycle arrest upon SMPD2 KD. Therefore, it is impossible 

to conclusively establish sphingomyelin as the substrate for nSMase1 based on the 

reduced ceramide staining from our study. 
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Figure 4: Potential biological substrates of nSMase1: nSMase1 shows in vitro 
phosphodiesterase activity to hydrolyze the indicated bond above to release the phosphocholine 
head group from sphingomyelin, lysophosphatidylcholine (lyso-PC), or lyso-platelet-activating 
factor. Therefore, nSMase1 is also described as a phospholipase C. Lyso-PAF was shown to be 
its most likely biological substrate 

 

However, sphingomyelin as its biological substrate was not unequivocally dismissed by 

all studies on nSMase1. Some studies demonstrated that nSMase1 generates ceramide 

to mediate different cellular processes including T-cell receptor-mediated apoptosis and 

mitogen-activated protein kinase-mediated signal transduction (Tonnetti et al, 1999a; 

Yabu et al, 2015). In addition to its role as a potent signaling lipid, ceramide generated by 

sphingomyelinase can also be immediately metabolized into sphingosine-1-phosphate 

which then activates its receptor to induce a wide array of cellular responses, including 
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cell proliferation, angiogenesis, migration, and cytoskeleton remodeling (Ogretmen & 

Hannun, 2004; Pyne & Pyne, 2020). Indeed, nSMase1 was shown to interact with 

sphingosine-1-phosphate receptor 2 (S1PR2) (Huttlin et al, 2021). Furthermore, similar 

to our observed localization of endogenous nSMase1, S1PR2 also localizes to nuclear 

speckles according to the human protein atlas. Sphingomyelin has long been known to 

be a component of the nuclear matrix (Irvine, 2003). The presence of active 

sphingomyelinases and ceramidases in the nucleus indicates that these sphingolipids are 

actively metabolized in the nucleus as well (Martelli et al, 2004). Most importantly, nuclear 

sphingosine-1-phosphate  associates with histone deacetylase 1 and 2 (HDAC1 and 

HDAC2) to inhibit their enzymatic activity, thereby regulating gene expression (Hait, 

2009). Our study demonstrates that SMPD2 KD not only downregulated LAMP1 and 

WNT3A at the mRNA level but also resulted in inefficient upregulation of genes controlled 

by the UPR pathways during ER stress conditions. Based on these observations, it is 

tempting to speculate that nSMase1 activity in the nucleus generates signal potent lipids 

like S1P that can directly regulate gene expression. 

 

3.2.2 NSMase1 plays important role in maintaining ER homeostasis 

 

Several studies have shown that overexpressed nSMase1 localizes to the ER (Fensome 

et al, 2000; Rodrigues-Lima et al, 2000; Tomiuk et al, 2000), even though nSMase1 lacks 

conventional ER retention sequences such as KDEL  or di-lysine/di-arginine motifs found 

in some ER proteins (Teasdale & Jackson, 1996). A further site-directed mutagenesis 

study however showed that one of the two predicted transmembrane domains is required 

for its efficient ER localization (Rodrigues-Lima et al, 2000). Even though these data were 

challenged by another study showing that endogenous nSMase1 localizes exclusively to 

the nuclear matrix, there is ample evidence to support its ER localization.  

The ER is a large, dynamic structure that serves multiple functions including calcium 

storage, protein synthesis, and lipid metabolism (Schwarz & Blower, 2016). It is 

responsible for the synthesis of one-third of all eukaryotic cell proteins, their post-

translational modifications and assembly into complexes, and their targeted transport 

(Hetz et al, 2020). Therefore, the maintenance of a healthy proteome in the cell relies on 
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a functional ER to promote efficient protein folding and trafficking. Any physiological 

demands, such as increased protein secretion, or pathological insults like disrupted Ca2+ 

concentration level in the ER, leads to inefficient protein folding. Such unfolded or 

misfolded proteins accumulate in the ER lumen – a condition referred to as ‘ER stress’. 

ER stress in eukaryotic cells activates the unfolded protein response (UPR) – a network 

of signal transduction pathways to reprogram gene transcription, mRNA translation, and 

protein modifications to restore protein folding fidelity and to maintain ER functions (Hetz 

et al, 2020).  

In this study, although nSMase1 expression was upregulated upon ER stress induction, 

SMPD2 depletion alone did not not induce ER stress, and therefore, UPR activation was 

not observed. However, SMPD2 KD cells failed to activate a full adaptive UPR, when cells 

were challenged with two known ER stressors - tunicamycin and thapsigargin. In 

mammals, the UPR is divided into three pathways initiated by three distinct ER 

transmembrane protein sensors – the so-called three master regulators IRE1α, PERK, 

and ATF6α. These signal-transducing proteins sense ER stress through their luminal 

domains and further activate specific downstream effectors through three distinct 

pathways. Upon ER stress induction, SMPD2 KD cells failed to upregulate multiple genes 

controlled by all three master regulators, which indicates that SMPD2 KD affects all three 

UPR signaling pathways. The UPR signaling activation persists until an adaptive 

response to the ER stress is achieved. In the case of an unresolvable stress, the UPR 

turns pro-apoptotic to induce cell death (Hetz et al, 2020). Indeed, due to their inability to 

mount a full-potential UPR upon ER stress, SMPD2 KD cells were also less viable. Of 

note, SMPD2 KD, in contrast to inhibitors with fast mode action, might elicit a time-

dependent and dose-dependent ER stress to which cells might respond differently. Since 

genetic knockdown is a continual process, it is hard to obtain an optimal time-point to 

analyze its immediate biological effect. Indeed, studies have shown that sustained ER 

stress attenuates the conventional adaptive and pro-survival UPR signaling and rather 

promotes a pro-apoptotic UPR signaling that mediates cell death (Hetz et al, 2020; 

Szegezdi et al, 2006). Therefore, the UPR activation measured after 4h of ER stress 

induction might be different from the sustained UPR activation for example induced by 
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gene KD. Nevertheless, the effects of SMPD2 KD on the UPR activation after ER stress 

induction indicate that nSMase1 plays an important role in maintaining ER homeostasis. 

In addition to an inefficient UPR activation upon ER stress, SMPD2 KD alone significantly 

downregulates LAMP1 and WNT3A at both protein and mRNA levels. LAMP1 and 

WNT3A are integral membrane and secretory proteins respectively (Cook et al, 2004; 

Mikels & Nusse, 2006), that are initially translated in the cytosol. Then, a signal sequence 

within the nascent polypeptide chain is recognized by a signal recognition particle (SRP). 

and the whole mRNA:ribosome:polypeptide:SRP complex is docked to the ER, a process 

facilitated by SRP binding to its receptor (SRPR) on the ER membrane. Translation 

continues on the ER and the emerging polypeptide co-translationally enters the ER lumen 

through the translocon, a channel comprising several sec proteins that spans the lipid 

bilayer (Akopian et al, 2013; Barlowe & Miller, 2013). NSMase1 activity at the ER may 

regulate translation or post-translational modification of these proteins by either 

generating structural lipids or signaling lipids. Indeed, nSMase1 interacts with both signal 

recognition particle receptor B (SRPRB) and the translocon-associated signal sequence 

receptor 2 (SSR2) (Huttlin et al, 2021, 2015). Therefore, nSMase1 activity may regulate 

the SRP-dependent co-translational targeting of proteins such as LAMP1 and WNT3A to 

the ER membrane. For instance, nSMase1 activity could generate specific lipids to 

establish nanodomains to support efficient mRNA:ribosome:polypeptide:SRP complex 

docking to the ER membrane. In addition to ER membrane protein reticulon 3 and 

reticulon 4, nSMase1 also interacts with ER proteins such as glycosylphosphatidylinositol 

anchor attachment 1 (GPAA1) and phosphatidylinositol glycan anchor biosynthesis, class 

S (PIG-S) (Huttlin et al, 2021). Both of these proteins are involved in post-translational 

modifications by attaching glycosylphosphatidylinositol (GPI) anchors to proteins in the 

ER (Vainauskas & Menon, 2005).  

Additionally, nSMase1 also interacts with SCAP (SREBP cleavage-activating protein) 

(Huttlin et al, 2021), a protein that functionally and physically associates with SREBP 

(sterol regulatory element-binding protein) (Rawson, 2003). Under homeostatic sterol 

levels, SCAP-SREBP resides in the ER membrane through retention factors such as 

INSIG-1 (Yang et al, 2002). Upon sterol depletion, the protein complex is transported to 

the Golgi where SREBP is sequentially cleaved to release its N-terminal soluble part 
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which translocates to the nucleus to upregulate genes involved in sterol and lipid 

biosynthesis (Rawson, 2003). Just as described for INSIG1, the interaction between 

SCAP and nSMase1 might reflect a functional connection: nSMase1 may contribute to 

the ER retention of the SREBP:SCAP complex. In this way, SMPD2 KD might disrupt 

overall cellular sterol and lipid homeostasis which could have multiple downstream effects 

including G1 cell cycle arrest as we observed (Lee et al, 2020). Therefore, data from our 

study as well as other studies indicate that nSMase1 not only localizes at the ER but 

might play an important role in this compartment by contributing to overall ER 

homeostasis and function and thereby regulates overall cellular fitness. 

 

3.2.3 A possible role of nSMase1 in the nucleus 

 

In agreement with a previous study (Mizutani et al, 2001), we observed that endogenous 

nSMase1 localizes to the nucleus in distinct speckles. Although a conventional nuclear 

localization signal (NLS) is missing, nSMase1 contains a sequence at the amino acid 

position between 120-130 (LLVLHLSGLVL), which is homologous to the nuclear export 

signal (NES)(Mizutani et al, 2001). Specifically, nSMase1 localizes to the nuclear matrix 

(Mizutani et al, 2001). The eukaryotic nucleus contains a significant amount of 

phospholipids including sphingomyelin – distributed among chromatin, nuclear envelope, 

and in the nuclear matrix (Irvine, 2003; Martelli et al, 2004).  The presence of active 

sphingomyelinases and ceramidases in the nucleus indicates that these sphingolipids are 

actively metabolized in the nucleus as well (Martelli et al, 2004; R-ledeen & G.Wu, 2009). 

For example, a study has shown that radiation activates nuclear neutral 

sphingomyelinase to generate ceramide for apoptosis (JAFFRÉZOU et al, 2001). 

Therefore, by generating signaling potent lipids such as ceramide, nuclear nSMase1 may 

be activated in response to different environmental stressors.  

Since SMPD2 KD cells are arrested in the G1 phase, with both P21 and P27 upregulated, 

nSMase1 activity might drive the remodeling of the nuclear envelope, chromatin, and 

nuclear matrix during cell-cycle progression by generating required structural lipids 

(Mizutani et al, 2001). Alternatively, since nSMase1 belongs to the superfamily of 

endo/exonucleases that cleave the phosphodiester bond between the successive 
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nucleotides (Bill X.Wu, Christopher J.Clarke, 2010), therefore, nSMase1, with its 

biological substrate still unclear, could possibly hydrolyze the phosphodiesterase bond of 

the DNA. As described for many endo/exonucleases (Nishino & Morikawa, 2002), 

nSMase1  could be involved in DNA repair and therefore in the cell cycle. In this way, 

inefficient DNA repair upon SMPD2 KD might induce a DNA-damage-like response that 

upregulates P21 and P27 to induce G1 cell cycle arrest. Therefore, it would certainly be 

of interest to further investigate the activation of tumor suppressor gene P53 upon SMPD2 

KD. P53 senses DNA damage and mediates cell cycle arrest by upregulating P21 and 

P27 (Chen, 2016).  

In summary, SMPD2 KD cells are characterized by G1 cell cycle arrest, inefficient UPR 

activation upon ER stress induction, reduced global protein translation, and 

downregulated Wnt-signaling activity. Since SMPD2 KD affected a wide range of cellular 

processes, it is possible that nSMase1, via generating signaling or structural lipid, 

regulates inducible gene expression in the nucleus that could have broad biological 

implications.  

 

3.2.4 NSMase1: A mediator of cellular stress responses with a cell cycle 

connection? 

 

So far, the best-characterized function of ceramide as a second messenger is its role in 

apoptosis induction upon different cellular stresses (Arana et al, 2010). Ceramide, 

generated either by de novo synthesis or by sphingomyelinase activity, mediates 

apoptosis in response to different cellular stress conditions including heat shock, 

chemotherapeutic agents, and β-amyloid peptides (Chang et al, 1995; Jaffrézou et al, 

1996; Jana & Pahan, 2004). Some studies indicated that nSMase1 is the main 

sphingomyelinase activated in response to stress (Jana & Pahan, 2004; Lee et al, 2004; 

Tonnetti et al, 1999b; Yabu et al, 2008). Specifically, a study has shown that nSMase1 is 

activated via phosphorylation by JNK in response to different stressors including heat 

shock, UV exposure and hydrogen peroxide. Activated nSMase1 generates ceramide to 

induce apoptosis under these stress conditions in zebrafish embryonic and human Jurkat 

T cells (Yabu et al, 2015). 
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In contrast to SMPD3 KD, which slightly increased cellular viability presumably due to 

decreased ceramide generation, SMPD2 KD significantly reduced cell viability without 

inducing apoptosis. Moreover, under ER stress conditions, SMPD2 KD reduced cell 

viability. These observations are in sharp contrast to the above studies that showed the 

role of nSMase1 in generating ceramide for apoptosis in response to cellular stress 

conditions. Therefore, our data rule out a role for nSMase1 in promoting cell death under 

both normal and ER stress conditions. Additionally, autophagy, a major cellular stress 

response to serum starvation, remained unaffected by SMPD2 KD. Reduced cell viability 

and G1 cell cycle arrest upon SMPD2 KD however indicate a vital role for nSMase1 in 

cell survival and proliferation. 

Duplication of not only cellular DNA content but also of membranes and organelles is a 

prerequisite for cellular growth and division. Lipids play an important role in cell cycle 

regulation (Storck et al, 2018). For example, the two triacylglycerol lipases Tgl3 and Tgl4 

are required for efficient cell cycle progression during the G1/S transition in yeast cells 

(Chauhan et al, 2015). Specifically, lipolysis-derived sphingolipids activate PP2A, a major 

cell cycle regulating protein phosphatase (Wlodarchak & Xing, 2016), to dephosphorylate 

SWE1 (orthologue to human WEE1) for efficient cell cycle progression (Chauhan et al, 

2015). Therefore, it is conceivable that ceramide generated by SMPD2 acts as a second 

messenger targeting proteins such as PP2A, which are involved in cell-cycle regulation. 

Indeed, several studies proposed PP1 and PP2A as the potential intracellular protein 

target of ceramides. PP2A dephosphorylates over 300 substrates involved in the cell 

cycle, thereby regulating almost all major pathways including the Wnt pathway and cell 

cycle checkpoints (Wlodarchak & Xing, 2016). Therefore, reduced Wnt-signaling could 

be also due to deregulated PP2A activity upon SMPD2 KD.  

With our study showing SMPD2 KD cells arrested at the G1 phase with reduced global 

protein translation, inefficient UPR activation, downregulated Wnt-signaling activity, and 

an altered PI3K/Akt pathway, it is clear that nSMase1 plays a vital role in maintaining 

cellular homeostasis. 
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3.3 Summary and outlook  

 

Evidence collected over the recent years has established sEV secretion as a strong driver 

of intercellular communication under both physiological and pathological conditions. In 

particular, sEVs play major roles in tumor progression and neurological disorders by 

propagating tumor- or disease-associated components between cells (Budnik et al, 2016; 

Shurtleff et al, 2018). Signaling potent intact sEVs can be readily extracted from all major 

bodily fluids (Bellingham et al, 2012). Thus, sEVs harbor great potential for both 

therapeutic and clinical applications. To explore the full potential of sEV secretion as a 

possible therapeutic target for example during tumorigenesis or for the use of these small 

vesicles as a vector for targeted drug delivery, it is of utmost importance to first 

understand the regulatory pathways involved in their biogenesis and secretion. 

Current EV research disproportionately focuses on their functional aspects more than on 

their biogenesis mechanisms and secretion regulations. Therefore, we aimed to dissect 

the molecular mechanisms that underlie ILV generation for sEV secretion with a focus on 

nSMase2. Our data elucidates that nSMase2 regulates sEV secretion by counteracting 

V-ATPase activity on endosomal membranes. We delineate a so far unknown mechanism 

by which nSMase2 regulates sEV secretion and provide evidence that the local lipid 

environment at MVBs and specifically the levels of ceramide, sphingomyelin, and 

cholesterol regulate sEV secretion by modulating endosomal acidification. Importantly, 

we show that TNFα, a prominent pro-inflammatory cytokine and a known nSMase2 

agonist, promotes sEV secretion by modulating endosomal acidification via modulating 

V-ATPase complex assembly. These findings for the first time establish a molecular link 

between TNFα-induced nSMase2 activation and sEV secretion. 

In addition to its role in attenuating V-ATPase activity to promote secretory MVB 

generation/trafficking for sEV secretion, we also show that nSMase2 affects LAMP1 

levels, specifically during serum starvation-induced autophagy. Therefore, how 

nSMase2-mediated endosomal acidification regulation affects autophagy remains an 

interesting question to explore. Furthermore, how nSMase2-dependent MVB 

deacidification affects the recruitment of further MVB secretory machineries, including 

kinesin motor proteins for its anterograde transport, Rab27a, Rab27b (Ostrowski et al, 
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2010) and SNARE proteins such as YKT6 (Gross et al, 2012) for plasma membrane 

fusion, remain interesting questions to be studied. 

Like nSMase2, also nSMase1 belongs to the group of neutral sphingomyelinases, which 

hydrolyze sphingomyelin (Tomiuk et al, 1998b). Interestingly, however, both proteins 

show distinct cellular localizations and tissue expression patterns. NSMase2 is 

predominantly expressed in the brain (Stoffel et al, 2005), while nSMase1 is ubiquitously 

expressed (Zumbansen & Stoffel, 2002). Although nSMase2 is both functionally and 

structurally well-characterized, nSMase1 is far less explored and studied. Therefore, the 

second part of the thesis focused on investigating the biological role of nSMase1. 

We found that nSMase1 is required for activating an efficient unfolded protein response 

upon ER stress induction by tunicamycin and thapsigargin. SMPD2 KD cells failed to 

upregulate multiple genes involved in all the three UPR pathways to resolve ER stress to 

the same levels as their control counterparts. Furthermore, we show that nSMase1 is 

necessary for proper cell cycle progression, as SMPD2 KD resulted in significant G1 

arrest. Moreover, the global protein translation and Wnt-signaling activity was reduced by 

SMPD2 KD. These data, for the first time, establish an important biological role for 

nSMase1. In summary, these findings serve as a strong basis to further dissect the role 

of nSMase1 in specific pathways and to ultimately find its biological substrate. 
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