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Abstract

The sphingomyelin synthase (SMS) gene family has three members: SMS1 and SMS2 have SM
synthase activity, while SMS-related protein (SMSr) has no SM synthase activity but has ceramide
phosphorylethanolamine (CPE) synthase activity /n vitro. Recently, we found that SMS family
members are a group of phospholipase Cs (PLC). SMS1 and SMS2 are two phosphatidylcholine
(PC)-PLCs and SMSr is a phosphatidylethanolamine (PE)-PLC. SMS family members not

only influence SM levels but also influence the levels of diacylglycerol (DAG), PC, PE, and
glycosphingolipids, thus influencing cell functions. In this chapter, we will discuss the recent
progresses in the research field of SMS family and will focus on its impact on metabolic diseases.
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Sphingomyelin Synthase 1

Sphingomyelin (SM) biosynthesis occurs via the actions of serine palmitoyltransferase
(SPT), 3 ketosphinganine reductase, ceramide synthase, and dihydroceramide desaturase

to produce ceramide, which is a substrate for the production of sphingomyelin (through
sphingomyelin synthase, SMS) (Figure 1) (1,2). SM synthase has two isoforms, SMS1 and
SMS2 (2,3). SMS1 is encoded by the SGMS1 gene which is located on human chromosome
11 (mouse chromosome 19), with 11 exons (4). Human SMS1 consist of 413 amino acids
(2,3). Various alternative SMS1 mRNA transcripts, with different exon combination and
length of 5”- or 3’-UTR, were found (5). Truncated SMS1 mRNA transcripts which do

not yield full-length SMS1 protein were also discovered (6,7). It has been reported that
certain circular noncoding RNAs (circRNAs), which contain sequences of 5"-UTR and/or
exonic portions of the SGMSI gene, were found in human, rat, and mouse tissues (8). These
SMS1 circRNAs might play a role in the regulation of SMS1 expression, through binding
certain microRNASs(8). Human SMS1 translation could be regulated through its mRNA
5’-untranslated region (4).

The three-dimensional structure of SMS remains unresolved so far. Thus, little is known
about its overall folding and structure of catalytic site. However, there are two computer
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models have been reported. Using two proteins (with known structures) as templates and
combined with homology and molecular dynamics, a computer model of human SMS1 was
proposed by us 12-year ago (9). The conserved Histidine 285, Histidine 328, and Aspartate
332 along with the respective distances between residues are depicted (9). A recent study
also proposed another human SMS1 computer model which showed that 1) the residence
time of PC is shorter than SM; 2) SMS1 binding site is extremely conserved and three amino
acids, Aspartate 101, Arginine 220, and Asparagine 358, are involved in SM synthesis; and
3) the hydroxylation of PC increases the rate of conversion from PC into SM (10).

SMS1-generated SM plays an important role in transferrin trafficking and cell proliferation
(112) as well as involving in attachment and infection with Japanese encephalitis virus

(12). SMS1 deficiency reduces bone formation due to impaired osteoblast differentiation
(13). A very recent report indicated that SMS1 mediates hepatocyte pyroptosis to trigger
nonalcoholic steatohepatitis (14). SMS1 is essential for male fertility in mice (15). We and
another research group reported that global SMS1 deficiency exhibited moderate neonatal
lethality (16,17), i.e., 25% of homozygotes die during the first 3 weeks (the remainders can
grow to adulthood). SmsZ knockout (KO) mouse homozygous crosses did not yield viable
progeny (17). It has been reported that SmsZ KO mice exhibited reduced body weight, loss
of fat tissues mass, p cell mitochondrial dysfunction, insulin secretion inhibition, and insulin
resistance (16). Sms KO mice have lipodystrophy which is related with an induction of
oxidative stress in adipose tissues (18). SMS1 is the major isoform in macrophages, while
SMS2 is the major one in the liver (17). The expression levels of both in the rest of tissues
are comparable (17). To evaluate atherogenicity, we transplanted SmsZ KO mouse bone
marrow into LDL receptor KO mice (SmsI™~— Ldlr'~). After 3 months with a Western
type diet, these animals showed a significant decrease of atheroscleratic lesions in the root
and the entire aorta, compared with WT— La/lr~ mice (17).

Based on hydrophobicity analysis, SMS1 contains six transmembrane a-helices connected
by extramembrane loop domains with a sterile alpha motif (SAM) at its N-terminal

(2). The SAM domain plays an important role in cell functions, such as development,

signal transduction, and transcriptional regulation, through protein/lipid and protein/protein
interactions (19). However, the proteins interacting with SAM domain of SMS1 have not
been identified until recently. It is known that both SMS1 and glucosylceramide synthase
(GCS) are involved in a sphingolipid metabolic branch point (Figure 1). SMS1 catalyzes the
transfer of phosphocholine from phosphatidylcholine to ceramide to form SM, whereas GCS
catalyzes the transfer of glucose from UDP-glucose to ceramide to form glucosylceramide
(GluCer) (20). Similar to SMS1, GCS is located in the Golgi apparatus (21). There is

an interaction between the SMS1 N-terminal SAM domain and GCS C-terminal domain

to form a SMS1-GCS complex in the Golgi (Figure 2), controlling the metabolic fate of
ceramide in the organelle (22). The formation of the SMS1-GCS complex increases SM
synthesis and decreases GCS synthesis (22). In normal tissue, the formation of the SMS1-
GCS complex can serve as a switch that controls the steady state levels of GluCer. However,
the complex in the situation of SMS1 deficiency is depleted, thereby greatly releasing GCS
activity, and promoting GluCer biosynthesis, which was observed in our study (17).
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Very recently, we studied the metabolic consequences of SMS1 deficiency-mediated GluCer
accumulation. Liver-specific Smsi/global Sms2 double-knockout (dKO) exhibited severe
liver steatosis under a high-fat diet. Further, old (more than 6-month-old) dKO mice had
liver damage, inflammation, and fibrosis, compared with Sms2 KO and wild type mice.
RNA sequencing analysis indicated the induction of various genes which are involved in
lipogenesis, inflammation, and fibrosis. Furthermore, we found that GluCer administration
promoted hepatocyte to secrete more activated TGFp1, which could stimulate more collagen
1al production in hepatic stellate cells, thus promoting fibrosis. Additionally, GluCer
accelerated more b-catenin translocation into the nucleus, thus promoting tumorigenesis.
Significantly, human nonalcoholic steatohepatitis patients had higher levels of liver GCS and
higher levels of serum GluCer. Our observation implicated that GluCer accumulation is one
of triggers stimulating the development of nonalcoholic fatty liver disease into nonalcoholic
steatohepatitis, then, fibrosis and tumorigenesis (23).

Sphingomyelin Synthase 2

SMS2 is encoded by the SGMS2 gene which is located on human chromosome 4 (mouse
chromosome 3) with consist of 365 amino acids (2,3). SMS2 shares highly identical in
protein sequence with SMS1 but have no SAM domain in its N-terminal. Same as SMS1,
SMS2 is predicted as a six-pass transmembrane protein but predominantly localized on
plasma membrane, with a minority portion found in Golgi (9). Thus, SMS2 contributes
mainly to plasma membrane SMS activity (2,3). While SMS1 plays a role of SM producer,
SMS2 was shown mostly a regulator of the SM in plasma membrane (2,3). We and

other researchers have shown that SMS2 expression positively correlates SM levels in

the lipid rafts of plasma membrane (24-26). SMS2 is required for the maintenance of
plasma membrane microdomain fluidity (27) and is directly linked to cell membrane lipid
messengers that play a role in cell survival and apoptosis (24,28). In contrast to the neonatal
lethality found in SmsZ KO mice, the physiological consequence of SMS2 deficiency is
relatively moderate. The Sms2 KO mice are health and viable (29,30).

SMS2 is one of the major determinants for plasma and liver SM levels in mice (29). We
and other researchers have found that SMS2 deficiency prevented high fat diet-induced
obesity and insulin resistance (30,31). Moreover, we found that liver SMS2 overexpression
promoted fatty acid uptake and liver steatosis, while SMS2 deficiency had an opposite
effect, in comparison with their respective controls. Importantly, the exogenous ceramide
supplementation to Huh7 cells (a human hepatoma cell line reduced the expression of
PPARY2 and its target genes, CD36 and FSP27 (32). Thus, SMS2 deficiency-mediated
ceramide induction suppressed lipogenesis in hepatocytes (32). We prepared Sms2and Apoe
double knockout (KO) mice. They showed a significant decrease in plasma lipoprotein SM
levels. There was reduction of atherogenic lipoprotein aorta retention in the double KO
mice. Importantly, the double KO mice showed a significant reduction in atherosclerosis,
compared to controls (33).

G-protein coupled receptor family C group 5 member B (GPRC5B) recruitment of
Src family kinases has been implicated in diet-induced insulin resistance (34). GPRC5B-
mediated phosphorylation of sphingomyelin synthase 2 (SMS2) by Fyn is a crucial step in
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the development of insulin resistance (35). SMS2 deficiency inhibits osteoclastogenesis by
decreasing RANKL expression in mouse primary osteoblasts (36). A recent paper reported
that SMS2 deficiency suppresses steatosis but worsens fibrosis in the liver in a specific
condition with choline-deficient, L-amino acid-defined, high-fat diet (37). In a very recent
study, we indicated that SMS2 deficiency ameliorated cerebral ischemic reperfusion injury
through reducing the recruitment of toll-like receptor 4 to lipid Rafts (38). We also prepared
liver-specific Sms/global Sms2double KO mice to evaluate the effect of hepatocyte SM
biosynthesis in lipoprotein metabolism. We found that 2 month-old the double KO mice
significantly reduced their hepatocyte SM levels and reduced very low-density lipoprotein
production (39). This phenomenon could be related with a reduction of atherogenicity.

In general, SMS2 deficiency decreases dietary induced obesity, insulin resistance (31), and
atherosclerosis (33,40). We and others have suggested that SMS2 could be a therapeutic
target for metabolic diseases, including NAFLD, type 2 diabetes, and atherosclerosis
(30-33,41-43). In fact, there are some progresses in the development of SMS2 specific
inhibitors. A selective SMS2 inhibitor ameliorates diet induced insulin resistance viathe
IRS-1/Akt/GSK-3p signaling pathway (44). The db/db mouse is an animal model for
diabetic dyslipidemia (45). A specific SMS2 inhibitor reduced chronic inflammation in
abl db mice(46). We have a specific Chapter to discuss this aspect.

It has been reported that the potent anticancer property of 2-hydroxy-oleic acid (20HOA)
is mediated by its activation of SMS which induced SM accumulation (47). Further, the
same group researchers reported that 20HOA had opposite effect towards SMS1 and SMS2
(48). However, we found that 20HOA inhibited rather than activated purified rSMS1 and
rSMS2 in a dose-dependent fashion (49). Thus, 20HOA is not a SMS activator and that its
anticancer property should be related other mechanisms.

Sphingomyelin Synthase-Related Protein

Sphingomyelin synthase related protein (SMSr) is the third member of the SMS family.
SMSr is encoded by the SAMDS& gene which is located on human chromosome 10 (mouse
chromosome 14), consisting 414 amino acids (2). SMSr is conserved throughout the animal
kingdom (2,50) and ubiquitously expressed in all tested tissues (51). SMSr is located on
endoplasmic reticulum (ER) (52). Like SMS1 and SMS2, SMSr also has six transmembrane
domains and cytoplasmic N and C termini (2,50) as well as a conserved triad of two
histidine and one aspartate residue (2,9,50). However, unlike SMS1 and SMS2, SMSr does
not have SM synthase activity but instead catalyzes synthesis an SM analog, ceramide
phosphoethanolamine (CPE), in test tubes (52). Interestingly, SMS2 (53) and SMS1 (54) are
also capable to synthesize CPE /n vitro.

It has been reported (52) that Smsrgene knockdown (by siRNA) in cultured HelLa and
Drosophila S2 cells could lead to a significant increase in ER ceramide levels and a collapse
of the early secretory pathway. Thus, the researchers hypothesized that SMSr regulates
ceramide synthesis in ER. The same group researchers also reported that abnormal ceramide
accumulation can lead to mislocalization of ceramide to mitochondria, triggering the
mitochondrial apoptosis pathway, suggesting that SMSr might be a suppressor of apoptosis
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(55). However, another group researchers reported that Smsr knockdown in multiple cell
lines did not alter sphingolipid biosynthesis, including ceramide (56).

To examine SMSr function /n vivo, we generated SmsrKO mice which were fertile without
obvious phenotypic alterations. Interestingly, quantitative MS analyses of plasma, liver,

and macrophages from the KO mice revealed only marginal changes in CPE levels which
were extremely low (54). Further, ceramide levels in the plasma, liver, and macrophages
from the KO mice were not significantly different from those of WT controls (54). Similar
phenomenon was also observed independently by another research group (57). Furthermore,
since both SMS2 and SMSr have CPE synthase activity in test tubes (52,53), Smsr/Sms2
double KO mice were used to evaluate CPE-related biology. Unexpectedly, the double KO
mice had no obvious impact on mouse development or fertility (57). While SMSr is widely
expressed in all tested tissues, including the brain, blocking its catalytic activity did not
affect ceramide levels or secretory pathway integrity in the brain or any other tissues (57).
Then, two fundamental questions are asked: 1) is SMSr responsible for the production of
the trace amount of CPE in tissues? and 2) is CPE synthesis a real biological function of
SMSr? It could be possible that the trace amount of CPE in the circulation could come from
microbiota which contains high levels of CPE (58) and is located in the lumen of intestine.
Based on these unexpected results, we even raised a concern 6-year ago: “given the fact
that tissue CPE levels are extremely low, it is not clear why SMSr is needed and so highly
conserved in the animal kingdom” (54). Thus, SMSr’s real biological function was a big
puzzle for more than 15 years.

Like SMS1, SMSr has a SAM domain (2). SMSr’s ER residency relies on homotypic
oligomerization mediated by its SAM domain (59). SMSr functionally interact with
diacylglycerol kinase 6 through its SAM domains and such an interaction represent a new
pathway independent of phosphatidylinositol turnover (60). These observations were linking
the function of SMSr with lipid metabolism, other than sphingolipid metabolism. This will
be the focus of the rest of this Chapter.

SMS family is a group of Phospholipase Cs

Phospholipase C cleaves the phospholipid into diacylglycerol (DAG) and inositol
1,4,5-trisphosphate (I1P3) or phosphorylcholine (P-choline) or phosphorylethanolamine
(P-ethanolamine). Phosphatidylinositol-specific Phospholipase C (PI-PLC) converts
phosphatidylinositol 4,5-bisphosphate (PIP,) to inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). DAG and IP3 each control diverse cellular processes and are also
substrates for synthesis of other important signaling molecules. Mammals express Six
families of PI-PLCs each with both unique and overlapping controls over expression and
subcellular distribution (61).

Phosphatidylcholine-specific phospholipase C (PC-PLC) or phosphatidylethanolamine-
specific phospholipase C (PE-PLC) cleaves either PC or PE moiety from PC or PE, thereby
generating and releasing DAG and P-choline (62) or P-ethanolamine. Considering the

large abundance of PC and PE, it is possible that PC-PLC hydrolysis of PC or PE-PLC
hydrolysis of PE can produce a more sustained DAG elevation than PI-PLC cleavage of
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phosphatidylinositol does (63). Moreover, PC and PE are the major lipid components on
cell membrane (64), it is conceivable that PC-PLC and PE-PLC activities are important in
maintaining cell membrane integrity and function.

Although bacterial PC-PLC was cloned (65), mammalian PC-PLC have not yet been cloned.
Mechanistic PC-PLC studies in mammalian cells and in vivo have to rely on small molecule
inhibitors of PC-PLC, such as tricyclodecan-9-yl-potassium xanthate (D609) (66). Similarly,
bacterial PE-PLC has also been cloned (67), however, mammalian PE-PLC is still totally
unknown. Interestingly, D609 actions are widely attributed to inhibiting PC-PLC and it also
inhibits sphingomyelin synthase (SMS) (68).

As known from SM synthase reaction, SM formation can be separated into two steps: 1)
PC-PLC step, where PC is hydrolyzed into P-choline and DAG; and 2) SM formation step,
where P-choline is added onto ceramide to form SM. Similarly, CPE formation can also

be separated into two steps: 1) PE-PLC step, where PE is hydrolyzed into P-ethanolamine
and DAG; and 2) CPE formation step, where P-ethanolamine is added onto ceramide to
form CPE (Figure 3). Besides six membrane-spanning domains, SMS1, SMS2, and SMSr
contain four highly conserved sequence maotifs, designated D1, D2, D3, and D4 (2). Motifs
D3 (C-G-D-X#S-G-H-T) and D4 (H-Y-X>D-V-X,A-X-Y-1-T-T-R-L-F-X>Y-H), containing
conserved amino acids His-His-Asp, are similar to the C2 and C3 motifs in lipid phosphate
phosphatase (LPPs) which form a catalytic triad mediating the nucleophilic attack on the
lipid phosphate ester bond (69). In fact, the cloning of mammalian SMS gene family was
based on the knowledge of LPP sequence (2). Thus, potentially, SMS family is a functional
PLC family.

Very recently, Murakami and Sakane (70) reported that SMSr, as a multi-
glycerophospholipid PLC (or pan-PLC), generates diacylglycerol via the hydrolysis

of glycerophospholipids in the absence of ceramide. Although we observed similar
phenomenon that SMSr is a PLC, importantly, there is a significant difference between our
results and theirs. Murakami and Sakane showed that rSMSr has an PC-PLC activity (70)
and we found that rSMSr has no such an activity (71). Our observation is consistent with
the knowledge that SMSr has no SM synthase activity, which consume PC and ceramide (2).
Moreover, Murakami and Sakane (70) showed that SMSr can also hydrolyze phosphatidic
acid (PA) to form DAG, but we did not find such an activity too (71). PA does not contain
phosphodiester bone as PE and PC, thus, the rationale that SMSr has phosphatidic acid
phosphatase (PAP) activity (which is different from PLC activity) is not that obvious. Given
the fact that mammals express six families of PI-PLCs, with at least 13 members (61), and
SMSr has no PS-PLC, PG-PLC, PC-PLC, and PAP activities (71), it is not likely that it has
P1-PLC activity. Thus, we believe that SMSr is a specific PE-PLC but not a pan-PLC and its
specificity is an important property of SMSr.

Interestingly, SMSr-mediated PE-PLC activity is not calcium dependent and can be inhibited
by D609 in a dose-dependent fashion (71). Thus, our study together with the recent study
(70) clearly solved a long-time puzzle, i.e., what is the real activity of SMSr /n vivo? SMSr
is a PE-PLC but not a CPE synthase /n vivo. Importantly, SMSr can regulate steady state
levels of PE /n vivo (71), and it should be a new tool for PE-related biological study.
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A question was asked more than 20-year ago: does SMS account for the putative PC-PLC?
(72). Since SMS family was not cloned until 2004 (2), we had no clue for PC-PLC at that
time. Given the fact that D609 can inhibit both PC-PLC and SM synthase activities (72), we
hypothesize that both SMS1 and SMS2 have PC-PLC activity, i.e., producing DAG through
hydrolysis of PC in the absence of ceramide. Indeed, so far, we have good evidence to
show that both SMS1 and SMS2 have PC-PLC activity (Chiang et al. JBC in press). First,
purified recombinant SMS1 (rSMS1) and rSMS2 have PC-PLC but not PE-PLC activity.
Second, we prepared liver-specific Smsi/global Sms2 double knockout (dKO) mice. We
found that liver PC-PLC activity was significantly reduced and steady state levels of DAG
and PC in the liver were regulated by the deficiency, in comparison with wild type mice.
Third, we respectively expressed Smsl and Sms2 genes (using adenovirus) in the liver of
the dKO mice and found that SMS1 and SMS2 expression can hydrolyze PC to produce
phosphocholine and DAG. Thus, SMS1 and SMS2 exhibit PC-PLC activity /in vitroand in
vivo (Chiang et al JBC in press). Although DAG is known as an activator of certain protein
kinases (PKCs) (73), DAG generated from different sources may have variable effects on
PKCs. For example, DAG derived from phosphatidylinositol 4,5 biphosphate hydrolysis
can activate PKCs whereas DAG produced from cannot activate PKCs(74). SMS/PC-PLC
generated DAG pool may be different from PI-PLC generated DAG pool.

We concluded that SMS family is a PLC family. SMS1 and SMS2 are two specific PC-
PLCs, while SMSr is a specific PE-PLC. The biological and pathological functions of
SMS-mediated PLC activity deserve further investigation.

Abbreviation

SMS sphingomyelin synthase
PLC phospholipase C

PC phosphatidylcholine

PE phosphatidylethanolamine
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Fig. 1.

Scheme for ceramide, SM, and GluCer formation.
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Fig. 2.
SMS1 and GCS complex formation on Golgi membrane.

Adv Exp Med Biol. Author manuscript; available in PMC 2022 July 04.

Page 14




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Jiang and Chiang Page 15
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Fig. 3. SM S1/SM S2 mediated SM formation and SM Sr mediated CPE for mation.
The first step of the reaction is hydrolysis of PC or PE (like PC-PLC or PE-PLC activity)

to form P-choline or P-ethanolamine and diacylglycerol (DAG). The second step of the
reaction is adding P-choline or P-ethanolamine onto ceramide to form sphingomyelin (SM)
or ceramide phosphrylethanolamine (CPE).
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