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Liver sphingomyelin synthase 1 deficiency causes
steatosis, steatohepatitis, fibrosis, and tumorigenesis:

An effect of glucosylceramide accumulation

Zhigiang Li,"> Yeun-po Chiang,’> Mulin He," Tilla S. Worgall,® Hongwen Zhou,* and Xian-Cheng Jiang'%¢*

SUMMARY

Glucosylceramide (GluCer) was accumulated in sphingomyelin synthase 1 (SMS1)
but not SMS2 deficient mouse tissues. In current study, we studied GluCer accumu-
lation-mediated metabolic consequences. Livers from liver-specific Sms1/global
Sms2 double-knockout (dKO) exhibited severe steatosis under a high-fat diet. More-
over, chow diet-fed >6-month-old dKO mice had liver impairment, inflammation,
and fibrosis, compared with wild type and Sms2 KO mice. RNA sequencing showed
3- to 12-fold increases in various genes which are involved in lipogenesis, inflamma-
tion, and fibrosis. Further, we found that direct GluCer treatment (in vitro and in vivo)
promoted hepatocyte to secrete more activated TGFB1, which stimulated more
collagen 11 production in hepatic stellate cells. Additionally, GluCer promoted
more (3-catenin translocation into the nucleus, thus promoting tumorigenesis. Impor-
tantly, human NASH patients had higher liver GluCer synthase and higher plasma
GluCer. These findings implicated that GluCer accumulation is one of triggers pro-
moting the development of NAFLD into NASH, then, fibrosis, and tumorigenesis.

INTRODUCTION

Gaucher disease is a rare and autosomal recessive genetic disorder, caused by glucocerebrosidase defi-
ciency and then glucosylceramide (GluCer) accumulation in macrophages (Stirnemann et al., 2017). Recent
studies clearly indicated that Gaucher disease is closely related with metabolic dysfunction-associated liver
steatosis, fibrosis, and cirrhosis (Nascimbeni et al., 2021). Thus, macrophage GluCer accumulation might
not be the only reason for the relationship between Gaucher disease and metabolic disorders.

Nonalcoholic fatty liver disease (NAFLD) is strongly associated with metabolic syndrome and type Il dia-
betes (Loomba et al., 2012). The disease spectrum of NAFLD can range from naive steatosis to steatosis
with liver inflammation and fibrosis, which is referred to as nonalcoholic steatohepatitis (NASH) (Tiniakos
et al., 2010). Approximately 15% of patients with NAFLD have NASH, and 15% of patients with NASH
are at risk for the development of liver tumors (Day, 2011; Sanyal et al., 2011). It remains unclear what fac-
tor(s) can trigger the development of NAFLD into NASH. Thus, an understanding of the molecular mech-
anisms underlying the development of NASH is an urgently needed.

NAFLD is reflected by abnormal fat deposition in the liver. Triglycerides are mostly associated with the pa-
thology. However, other lipids, including sphingolipids, may also play an important role in the develop-
ment and severity of NAFLD (Regnier et al., 2019). Ceramide could be a factor for inducing (Chaurasia
et al,, 2019) or reducing hepatic steatosis (Li et al., 2013). Glycosphingolipids, such as GluCer, also
contribute to hepatic steatosis (Zhao et al., 2009).

Sphingolipid biosynthesis occurs via the actions of serine palmitoyltransferase (SPT), 3-ketosphinganine
reductase, ceramide synthase, and dihydroceramide desaturase to produce ceramide, which is the central
substrate for the production of sphingomyelin (SM; through sphingomyelin synthase, SMS), sphingosine-1-
phosphate [S1P; through ceramidase/sphingosine kinase, (SPHK)], and glucosylceramide [GluCer; through
glucosylceramide synthase (GCS)] (Merrill, 1983).

The de novo sphingolipid synthesis pathway is considered a promising target for pharmacological inter-
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(Holland et al., 2007; Li et al., 2011). However, this mechanism is incompletely understood, as such an inhi-
bition decreases many bioactive sphingolipids, including ceramide, S1P, and glycosphingolipids (Merrill,
1983). We showed that heterozygous Sptlc2 knockout (KO) mice were protected from high-fat diet-induced
obesity and insulin resistance (Li et al., 2011). However, liver tumorigenesis is promoted in homozygous
liver-specific Sptlc2 KO mice (Li et al., 2016). To investigate the effect of sphingolipids on metabolic dis-
eases, we chose to study SMS, as it catalyzes the conversion of ceramide to SM and acts downstream of
SPT. Thus, SMS activity should influence ceramide, S1P, glycosphingolipid, and SM (Figure S1).

SMS has two isoforms, namely SMS1 and SMS2 (Huitema et al., 2004; Yamaoka et al., 2004), with different
cellular localizations. SMS1 resides in the Golgi, whereas SMS2 is located in the Golgi and plasma mem-
brane (Huitema et al., 2004). The major isoform of SMS in macrophages is SMS1 (Li et al., 2012), whereas
SMS2 is the major isoform in the liver (Li et al., 2013). Global SMS1 deficiency leads to moderate neonatal
lethality in mice (Li et al., 2012; Yano et al., 2011). In contrast, global SMS2 deficiency prevents the devel-
opment of NAFLD (Li et al., 2013) and atherosclerosis (Fan et al., 2010) in mice.

In this study, we utilized wild type (WT), Sms2 KO, and Sms1/Sms2 double KO mice to specifically evaluate
the effect of total SMS deficiency on the liver. We found that total SMS depletion in hepatocytes promoted
NAFLD, induced by high-fat diet, NASH, fibrosis, and tumorigenesis. All of these pathological phenotypes
are associated with SMS1 deficiency-mediated GluCer accumulation, but not with ceramide and SM levels.

RESULTS

Effect of SMS1/SMS2 deficiency on diet-induced liver steatosis

We previously demonstrated that disruption of liver Sms in 2- to 3-month-old mice results in a significant
reduction of triglyceride-rich lipoprotein production (Li et al., 2021). In addition, livers from 2-month-old

Sms1/Sms2 KO mice appear to be normal, compared with those from 2-month-old WT and Sms2 KO
mice (Li et al., 2021).

We next sought to feed 3-month-old female mice with a high-fat diet for 5 weeks and found that Sms1/
Sms2 double KO mice had significantly higher liver triglyceride and cholesterol levels (Figures 1A and
1B) than that of Sms2 KO or WT mice. Staining the liver frozen sections with Oil Red O revealed that there
was substantially more lipid accumulation in the liver in Sms1/Sms2 double KO mice, compared with Sms2
KO or WT mice (Figures 1C and 1D). Trichrome staining further confirmed lipid accumulation in the double
KO liver (Figure 1E). Additionally, Cd36, FSP27, Ppary1, and Ppary2 were upregulated (Figure 1F).

Effect of SMS1/SMS2 deficiency on liver inflammation and fibrosis

Compared with WT and Sms2 KO mice, we observed liver abnormalities in 6-month-old Sms1/Sms2 double
KO mice that were on a chow diet. The following studies were performed on mice that were at least
6 months old.

We utilized WT, Sms2 KO, and Sms1/5ms2 double KO female mice and visualized the mouse hepatocyte
basal membrane by immunostaining with Na*-taurocholate co-transporting polypeptide (NTCP), which is a
hepatocyte basal membrane marker (Watashi et al., 2014). As shown in Figure 2A, NTCP is precisely local-
ized to both WT and Sms2 KO hepatocyte basal membranes, whereas NTCP is diffused into the cytosol of
the double KO hepatocytes, and a defined basal membrane was barely seen. We also stained for bile salt
export pump (BSEP), which is located on the bile canaliculimembrane (Noe et al., 2002), and found that the
double KO hepatocytes showed diffuse staining, compared with WT and Sms2 KO cells (Figure 2B). Thus,
SMS deficiency caused hepatocyte impairment.

We also found that male and female mice with total liver SMS depletion, but not SMS2 depletion, devel-
oped jaundice with different levels of severity (Figure 2C). Measurement of plasma bilirubin levels showed
a dramatic increase in conjugated (direct) bilirubin in double KO mice (Figure 2D). Plasma bile acid levels
were also dramatically increased in double KO mice (Figure 2E). Moreover, both plasma alanine transam-
inase (ALT) and aspartate transaminase (AST) activities were significantly increased (Figures 2F and 2G).

We further stained 6-month-old female mouse liver sections and found that the double KO, but not WT and Sms2

KO, mouse livers had more macrophages, stained by MOMA-2 antibody (Abcam) (Figure 3A) and fibrosis, stained
by trichrome (Figure 3B). Fibrosis worsened when the mice were one-year old (Figures 3C, S2A, and S2B),
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Figure 1. SMS1 deficiency accelerates diet-induced fatty liver

Three-month-old wild-type (WT), Sms2 knockout (KO), and Sms1/Sms2 double KO female mice were fed with the high-fat diet for 5 weeks.
A) Liver triglycerides were measured.

B) Liver cholesterol was measured.

D) QOil red O staining quantification.
E) Liver sections were stained with trichrome.

(

(

(C) Liver sections were stained with Oil Red O.

(D)

(

(F) Lipogenesis gene mRNA expression was measured using real-time PCR (PCR). Data are represented as mean + SD, n = 5-6. *p < 0.01.

suggesting that Sms1 deficiency can cause liver fibrosis in a time-dependent manner. We also noticed that the
double KO mice suffered from liver cirrhosis, and it was very difficult for us to obtain primary hepatocytes using
the collagenase perfusion procedure. In contrast, we had no difficulties with obtaining primary hepatocytes from
WT and Sms2KO mouse livers, regardless of age. One obvious pathology of one-year-old Sms1/5ms2 double KO
mice was that they had liver tumors of various sizes, whereas one-year-old WT and Sms2 KO mice did not have any
tumors (Figures 3D and S3). Similar phenotypes were observed in double KO male mice (data not shown).

Next, we measured SM, ceramide, and S1P in the livers of 6-month-old female double KO, Sms2 KO, and
control mice. Compared with control mice, SM levels were significantly reduced in both Sms2 KO and
Sms1/Sms2 double KO mice. However, the difference between Sms2 KO and the double KO mice was
not significant (Table 1). Moreover, both single and double KO mouse livers had comparable ceramide (Te-
ble 1) and S1P levels (Figure S4). This suggests that liver SM, ceramide, and S1P might not be involved in the
observed pathology. Similar phenotypes were observed in double KO male mice (data not shown).

Effect of SMS1/SMS2 deficiency on the expression of genes that are related to lipogenesis,
inflammation, fibrosis, and tumorigenesis

We next isolated primary hepatocytes from 2-month-old, chow-fed, Sms1/Sms2 double KO and WT female
mice and performed total RNA-seq. There were 866 upregulated genes and 110 downregulated genes
(Figure S5) in Sms1/Sms2 double KO hepatocytes, compared with the controls. Many lipogenesis genes
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Figure 2. SMS1 deficiency-mediated hepatocyte impairment

Liver sections from 6-month-old WT, Sms2 KO, and Sms1/Sms2 KO female mice were utilized.

(A) Na*-taurocholate co-transporting polypeptide (NTCP) immunostaining for hepatocyte basal membrane.

(B) Bile salt export pump (BSEP) immunostaining for hepatocyte apical membrane. The pictures are the representatives of
four mice/group.

(C) Plasma was collected from WT, Sms2 KO, and Sms1/Sms2 KO mice, and jaundice was observed.

(D) Fluorogram of plasma bilirubin (conjugated) levels.

(E) Fluorogram of plasma total bile acid levels.

(F and G) Fluorogram of plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels. Data are
represented as mean + SD, n = 4-6, *p < 0.01.

were upregulated; these included Cd36 and Fsp27 (Figure 4A). Approximately 40 inflammatory genes,
including Tgfg81, Tnf, Il6, and Il1, were also upregulated. Moreover, many fibrosis- and tumorigenesis-
related genes were upregulated (Figure 4A). These included 5- to 12-fold increases in Tgf81, Collal,
Timp1, Pdgfra, Pdgfr, and Mycn, which are the most relevant factors in liver fibrosis and tumor (Bork-
ham-Kamphorst and Weiskirchen, 2016; Zhu et al., 2018). Results from real-time PCR confirmed what we
observed from RNA-seq (Figure 4B). We then performed immunoblotting for TGFB1, collagen 1aT,
PDGFRa, and PDGFRB. The levels of all four proteins were significantly increased with SMS1/SMS2 double
deficiency, but not with SMS2 deficiency, compared with the control (Figures 4C and 4D). Moreover, inflam-
mation array analysis indicated that approximately 20 cytokines were upregulated (Figure 4E).

GluCer promotes liver fibrosis through TGFB1 activation

Previously, we found that the levels of three glycosphingolipids [(GluCer, lactosylceramide, and monosia-
lodihexosylganglioside(GM3)] are significantly increased in Sms1/Sms2 double KO, but not Sms2 KO,
mouse hepatocytes, compared with controls (Li et al., 2021). Here, we first confirmed that GluCer levels
were indeed significantly increased in double KO mouse livers (Figure 5A).

Next, we treated Raw 264.7 (a mouse macrophage cell line) cells with GluCer and found that the active form
of TGFB1 (12.5 kDa) was accumulated in the medium in a dose-saturated manner (Figures 5B and 5E). We
then utilized Huh7 cells (human liver hepatoma cell line) and LX2 cells (human hepatic stellate cell line) to
set up a hepatocyte/hepatic stellate cell co-culture system to evaluate the effect of exogenous GluCer. We
measured active form of TGFB1 (12.5 kDa) in the co-culture medium and then measured the level of
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Figure 3. SMS1 deficiency-mediated liver inflammation, fibrosis, and tumorigenesis.

(A) Liver sections from 6-month-old WT, Sms2 KO, and Sms1/Sms2 KO female mice were stained with MOMA-2 for
macrophages.

(B) Trichrome staining for fibrosis.

(C) Liver sections from 1-year-old WT, Sms2 KO, and Sms1/Sms2 KO mice were stained with trichrome for fibrosis.
(D) Liver tumor observation in 1-year-old mice. The pictures are the representatives of six mice/group.

collagen 1a1 protein, a key marker for liver fibrosis, in LX2 homogenates as a consequence of TGFB1 acti-
vation (Dewidar et al., 2019). We found that GluCer treatment promoted TGFB1 accumulation in the co-cul-
ture medium (Figures 5C and 5E). Furthermore, collagen 1a1 protein level in LX2 cells was significantly
increased in a dose-saturated manner (Figures 5C and 5E). The effect on LX2 cells was hepatocyte-depen-
dent because GluCer had no direct effect on LX2 (Figures 5D and 5E).

To directly examine the effect of GluCer on liver lipogenesis, inflammation, fibrosis, and tumorigenesis genes, we
injected it (i.p. once a day fortwo weeks) into Sms2 KO mice and then used real-time PCR to measure mRNA levels
of Cd36, Tnfa, TgfB1, Collal, Pdgfra, PdgfrB, Timp1, and Mycn. The mRNA levels of Cd36, Tnfa, Tgf31, Collal,
Pdgfra, and Mycn were significantly upregulated after GluCer treatment (Figure 5F). Western blotting confirmed
the upregulation of collagen 1a1, PDGFRa, and PDGFRB at the protein level (Figures 5G and 5H).

TGFB1 can disrupt the cadherin/p-catenin complex and promote B-catenin nuclear translocation, thus pro-
moting tumorigenesis (Taiyab et al., 2019; Vogelmann et al., 2005). Thus, we next sought to determine the
effect of SMS1 deficiency-mediated GluCer on B-catenin cellular distribution. The plasma membrane,
cytosol, and nucleus were isolated from liver homogenates. SMS1/SMS2 double deficiency significantly
reduced plasma membrane cadherin (72%, P<0.01) (Figures 6A and 6B) and significantly induced phos-
phorylated cadherin, indicating its degradation (Fujita et al., 2002), in the cytosol (Figures 6A and 6B).
We also found significant changes in the subcellular distribution of B-catenin, which was barely detectable
on the plasma membrane and was increased in the cytosol (3.3-fold) and nucleus (1.9-fold) (Figures 6A and
6B). Moreover, E-cadherin, N-cadherin, and B-catenin mRNA levels were unchanged (Figure 6C), suggest-
ing that SMS1 depletion-mediated cadherin/B-catenin regulation occurs post-transcriptionally.

To further explore the effect of GluCer on lipogenesis, inflammation, fibrosis, and tumorigenesis, we
treated Huh7 cells with exogenous GluCer. Then, mRNA levels of Cd36, Ppary2, Tnfa, Tgf81, and Mycn
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Table 1. Sphingomyelin and ceramide measurements in female mouse livers

Mice (pmol/mg protein) C16:0 C18:0 C22:0 C24:0 C24:1
Sphingomyelin

WT 483+ 35a 99+5a = 71t4a 438+ 16a
Sms2 KO 277 +44b 74+2b — 39+5b 254+12b
Sms1/2 KO 250+5b 67+ 6b = 35+3b 239+19b
Ceramide

WT 65+ 6a 9+tda 27+2a 99+ 10a 84+5a
Sms2 KO 78+5b 12+ 6a 23t4a 98 t4a 87 téa
Sms1/2 KO 81+% 13+2a 18+ 1b 82+6b 81+9%a

WT, wild type; SMS, sphingomyelin synthase; KO, knockout. Columns labeled with different lowercase letters are statistically
different, p <0.05. Values are mean + SD; n = 5.

were measured using real-time PCR. All of these mRNA levels were significantly increased after GluCer
treatment (Figure 6D).

Finally, we evaluated the relationship between GCS expression and NASH. Liver samples from patients
with NASH and controls were immunostained with GCS antibody. The protein expression of GCS was
dramatically induced in the diseased livers (Figures 7A and 7B). Moreover, patients with NASH have signif-
icantly higher GluCer in their circulation (Figure 7C).

DISCUSSION

In this study, we demonstrate that disruption of hepatocyte Sms1 in mice resulted in the 1) induction
of hepatocyte GluCer levels; 2) promotion of high-fat diet-induced NAFLD; 3) stimulation of NASH; 4) up-
regulation of major fibrosis-related genes, including Tgf81, Colla1, Pdgfra, and Pdgfr8 in the liver, thus
promoting liver fibrosis; and 5) acceleration of B-catenin nuclear translocation, thus upregulating tumor-
related genes and inducing tumorigenesis. Finally, we found that human NASH patients had significantly
higher levels of GCS in the liver and higher GluCer in the blood.

SMS1 deficiency-mediated GluCer deposition in hepatocytes is a mechanism for the observed pathology. SMS2
is the majorisoforminthe liver (Liet al., 2013). The differences in SM, ceramide, and S1P, between SMS2-deficient
and SMS1/SMS2-deficient mouse livers, were negligible (Table 1 and Figure S4). Notably, systemic SMS2 defi-
ciency increases insulin sensitivity and prevents diet-induced obesity, compared with controls (Li et al., 2011).
The deficiency, which is associated with a ceramide induction, also attenuates diet-induced hepatic steatosis
(Lietal., 2013) and reduces atherosclerosis in a mouse model (Fan et al., 2010). Moreover, SMS2 liver overexpres-
sion accelerates diet-induced hepatic steatosis, and this is related to the upregulation of lipogenesis genes (Li
et al., 2013). Importantly, normal liver GluCer levels are observed in the setting of SMS2 deficiency (Li et al.,
2012). Thus, we and others have suggested that SMS2 could be a therapeutic target for human metabolic diseases
(Lietal, 2019; Mo et al., 2018; Sugimoto et al., 2016). In contrast, mice with global SMS1 deficiency exhibit mod-
erate neonatal lethality (Li et al., 2012; Yano et al., 2011), as more than 30% of homozygous Sms1 global KO mice
die postnatally (the remainder can grow to adulthood). Yano et al. reported that SMS1 deficiency results in mito-
chondrial dysfunction and impairs insulin secretion (Yano et al., 2011), and the KO mice have lipodystrophy (Yano
etal., 2013). We previously found that SMS1 deficiency dramatically increases GluCer levels in the liver, plasma,
and macrophages (Li et al., 2012).

One very important question is why is a deficiency in SMS1, but not SMS2, related to GluCer accumulation?
SMS and GCS are involved in a sphingolipid metabolic branchpoint (Figure S1). SMS 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 GluCer (Ichikawa et al., 1996). Similar to SMS1 (Huitema
et al., 2004), GCS is located in the Golgi apparatus (Futerman and Pagano, 1991). A recent study revealed
that there is an interaction between the SMS1 N-terminal Sterile alpha motif (SAM) domain and GCS C-ter-
minal domain to form a SMS1-GCS complex in the Golgi, controlling the metabolic fate of ceramide in the
organelle (Hayashi et al., 2018). Although SMS2 is also present in the Golgi, it has no SAM domain (Huitema
etal., 2004). The formation of the SMS1-GCS complex increases SM synthesis and decreases GCS synthesis
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Figure 4. SMS1/SMS2 deficiency-mediated lipogenesis, inflammation, fibrosis, and tumorigenesis gene expression

(A) Heatmap for genes related to lipogenesis, inflammation, fibrosis, and tumorigenesis in WT vs. Sms1/Sms2 KO mouse hepatocytes.

(B) Real-time PCR for related genes.

(C and D) Western blot for liver TGFB1, collagen 1a.1, PDGFRa, and PDGFRB, as well as quantifications.

(E) Inflammation array analysis. Inflammatory cytokines were measured by using the Mouse Inflammation Array C1 kit (RayBiotch). Each measurement was
performed in duplicate.

(Hayashi et al., 2018). In normal hepatocytes, the formation of the SMS1-GCS complex may serve as a
switch that controls the steady state levels of GluCer. However, in SMS1 deficiency, the complex is
depleted, and this can greatly release GCS activity and promote GluCer biosynthesis, which was observed
in our previous study (Li et al., 2012) and current study (Figure 5A).

GluCer plays an important role in mammalian cells (Aerts et al., 2011). Gaucher disease is an autosomal
recessive disease that is caused by a mutation of the GluCer hydrolysis enzyme B-glucosidase that results
in GluCer accumulation (Sidransky, 2012). The prolonged overabundance of GluCer is detrimental (Cho
et al., 2000; Langeveld and Aerts, 2009; Nilsson and Svennerholm, 1982). The storage and deposition of
GluCer within macrophages result in the appearance of Gaucher cells (Parkin and Brunning, 1982).
Changes in GluCer levels are also observed in cells and tissues in response to cardiovascular disease, dia-
betes, and tumors (Messner and Cabot, 2010). Although we found an accumulation of GluCer in the livers of
the double KO mice, no Gaucher cells were seen (data not shown). Thus, all observed phenotypes in this
study were a result of hepatocyte GluCer disposition. A very obvious question is, is there a direct link be-
tween hepatocyte GluCer deposition and the observed disorders?

The first key finding of this study was that SMS1 deficiency-mediated GluCer accumulation in hepatocytes

promoted liver steatosis. Based on published reports, the effect of GluCer on hepatic steatosis is contro-
versial. On one hand, many studies have indicated that inhibiting GCS ameliorates hepatic steatosis in
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Figure 5. GluCer supplementation in vitro and in vivo

(A) Liver homogenates were prepared from WT, Sms2 KO, and Sms1/5ms2 KO female mice. GluCer was measured by LC/
MS/MS.

Studies in vitro: (B) Raw 264.7 cells were treated with the indicated dose of GluCer, and activated TGFB1 (12.5 kDa) was
measured in the culture medium.

(C) Huh7 cells and LX2 cells were used to set up a co-culture system, which was treated with the indicated dose of GluCer.
TGFB1 was measured in the co-culture medium, and the level of collagen 1a.1 in LX2 cells was measured by Western blot
analysis.

(D) LX2 cells were treated with the indicated dose of GluCer, and collagen 1a1 was measured by Western blot analysis.
(E) Fluorogram of Western blots from the macrophages, co-culture system, and LX2 cells. Columns that are labeled with
different lowercase letters are statistically different. Studies in vivo: 8-week-old Sms2 KO female mice were injected with
vehicle or GluCer (10 pg/g body weight/day) for 2 weeks.

(F) Liver real-time PCR analysis.

(G) Western blot analysis.

(H) Quantification of the Western blots. Data are represented as mean + SD, n = 3-4, *p < 0.01.

mouse models (Aerts et al., 2011; Bijl et al., 2009; Zhao et al., 2009). Moreover, GCS inhibition enhances
insulin sensitivity (Aerts et al., 2011). On the other hand, one group of researchers indicated that oral admin-
istration of GluCer can correct hepatic steatosis in Cohen diabetic rats (Zigmond et al., 2009). Although
fatty liver was not observed in chow diet-fed double KO mice in the current study, we found that a high-
fat diet could induce more lipid accumulation, causing severe fatty liver in double KO mice, compared
with Sms2 KO and control mice (Figure 1). Furthermore, GluCer treatment directly stimulated lipogenesis
gene expression in mouse livers and Huh7 cells (Figures 5F and 6D). Simple fatty liver is considered benign,
but the initiation of inflammation and subsequent fibrosis and cirrhosis are critical steps in NAFLD with
NASH (Day, 2011; Kneeman et al., 2012; Ratziu et al., 2010).

The second key finding was that GluCer accumulation in hepatocytes was associated with NASH. Both
RNA-seq and protein dot blot analyses indicated that more than 20 inflammatory cytokines were upregu-
lated in double KO mouse livers compared with controls (Figures 4A and 4E). These included TGFB1 (Fig-
ures 4A and 4D), which was one of the major players in the observed pathology. TGFB1 is an
important cytokine that performs many cellular functions, including inflammation, cell proliferation, cell dif-
ferentiation, and tumor initiation (Meng et al., 2016). The TGFB1 precursor has 391 amino acids, with a mo-
lecular weight of ~43 kDa (Poniatowski et al., 2015). The mature form of TGFB1 is a dimer (~25 KDa) with a
disulfide bond that can be reduced to form a secretory molecule of TGFB1 with a molecular weight of
~12.5 kDa (Poniatowski et al., 2015). Direct treatment with GluCer stimulated the secretion of the active
form of TGFB1 from macrophages (Figures 5B and 5E). It is known that GCS inhibitors can counteract
TGFB1-induced abnormalities in insulin signaling (Aerts et al., 2011) and attenuate lipopolysaccharide-
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Figure 6. SMS1/SMS2 deficiency-mediated B-catenin cellular re-distribution

(A) Western blot analyses of cadherin, phosphorylated-cadherin, B-catenin, and a-catenin on the plasma membrane,
cytoplasm, and nucleus from WT, Sms2 KO, and Sms1/Sms2 double female KO mice.

(B) Fluorogram of cadherin, B-catenin, and a-catenin levels.

(C) Real-time PCR for liver E-cadherin, N-cadherin, and B-catenin.

(D) Huh7 cells were treated with the indicated dose of GluCer, and the mRNA levels were measured by real-time PCR.
Data are represented as mean + SD, n = 3, *p < 0.01.

induced inflammation (Mobarak et al., 2018). However, an opposite effect of GluCer has also been reported
in the Psammomys obesus model (Zigmond et al., 2014), and we could not explain the difference in findings
between mouse models and the obesus model.

The third key finding of this study was that GluCer accumulation in hepatocytes caused fibrosis. Liver
fibrosis is a pathology that is common to many different chronic liver diseases, and the predominant cell
type responsible for fibrogenesis is hepatic stellate cells (HSCs) (Friedman, 2008; Kent et al., 1976). The
TGFB1 signaling pathway is related to liver fibrosis and HSC activation (Dewidar et al., 2019). Collagen
11 has been associated with hepatic fibrosis (Koilan et al., 2010) and is controlled by TGFB1 (Fang
et al.,, 2014; Pan et al., 2013). In the hepatocyte/hepatic stellate cell co-culture system, GluCer treatment
stimulated TGFB1 production from hepatocytes and then promoted the HSCs to produce collagen 1a1
in a dose-saturated manner (Figures 5C and 5E). Importantly, in vivo treatment with GluCer also signifi-
cantly increased the expression of liver fibrosis-related genes (Figures 5F-5H).

Another key finding of the current study was that GluCer accumulation in hepatocyte caused tumor forma-
tion. Itis known that only a small portion of liver fibrosis can result in tumors (Day, 2011; Sanyal et al., 2011).
However, we found that the double KO mice not only had severe liver fibrosis but also had liver tumors,
which progressed with age. There are some mechanisms linking liver fibrosis to liver tumor formation,
and TGFB1 could also be one of the mediators. TGFB1 activation can stimulate the canonical Wnt/B-catenin
pathway to promote tumor formation (Akhmetshina et al., 2012; Vallee et al., 2017). TGFB1 can also disrupt
the cell plasma membrane cadherin/B-catenin complex, which is the major component in adherens junc-
tions, and promote B-catenin nuclear translocation (Taiyab et al., 2019). Previously, we showed that liver
SPT deficiency affects the cellular distribution of B-catenin, which is transferred from the plasma membrane
into the nucleus, to stimulate tumor gene expression (Li et al., 2016). In this study, we also observed the
same pathology in Sms1/Sms2 double KO mice (Figures 6A and 6B), and the mechanism could be related
to SMS1-deficiency-mediated GluCer accumulation in the liver, followed by TGFB1 activation.

Itis known that mouse bile duct ligation is a model for liver fibrosis study (Tag et al., 2015). We believe that
SMS1/2 deficiency-mediated liver fibrosis is different from bile duct ligation for the following reasons: 1)
Sms dKO mice developed jaundice when they were old (6 months or older) (Figure 2C); and 2) Bile duct
ligation-caused cholestasis should promote liver fibrosis quickly and severely, compared with SMS1/2
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Figure 7. Human NASH patient livers have significantly higher GCS levels

(A) Liver samples from NASH patients and controls were immunostained with GluCer synthase (GCS) antibody.

(B) Quantification of GCS.

(C) Human plasma GluCer measured by LC/MS/MS. Data are represented as mean + SD, n = 5-7 for control, and n = 7-12
for NASH patients, *p < 0.01.

deficiency. Itis known that TGFB1 signaling mediates hepatic bile acid metabolism (Matsubara et al., 2012).
Thus, bile accumulation could be a consequence instead of cause of GluCer accumulation-mediated
TGFB1 activation.

We were unable to exclude the possibility that the observed pathology was related to other glycosphingo-
lipids, such as lactosylceramide and GM3, which have also been shown to be increased in the double KO
mouse liver (Li et al., 2021). Lactosylceramide is enriched in the cell plasma membrane and may be involved
in cell migration and phagocytosis (lwabuchi et al., 2015). Lactosylceramide is also a lipid second
messenger in neuroinflammatory disease (Won et al., 2007). GM3, on the other hand, is able to dissociate
the insulin receptor/caveolin-1 complex, thus causing insulin receptor dysfunctionality (Kabayama et al.,
2007). GM3 levels are strongly associated with human tumors, such as lung cancer, brain cancer, and mel-
anoma (Zheng et al., 2019), as well as with Parkinson'’s disease (Chan et al., 2017). Certain human lysosomal
storage diseases are also associated with certain glycosphingolipid accumulation. For example, Tay-
Sachs’s disease is related to GM2 accumulation, and Fabry disease is related to Gb3 accumulation
(Winchester et al., 2000). Thus, the effect of GluCer observed in the current study might only partially
explain the liver pathology. Further studies investigating the effect of other glycosphingolipids on NAFLD,
NASH, fibrosis, and tumorigenesis are warranted.

In summary, findings from the study demonstrate that SMS1 deficiency-mediated GluCer accumulation
directly promoted NAFLD, NASH, liver fibrosis, and liver tumor formation.

Limitations of the study

All the KO mice used in this study were with SMS2 deficient background. Although the comparison be-
tween Sms2 KO and Sms1/Sms2 dKO was able to show the effect of SMS1 deficiency, however, we could
not answer whether the observed pathology in the dKO mice is dependent or independent on SMS2
deficiency.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti-PDGF receptor o
Rabbit monoclonal anti-PDGF receptor
Rabbit monoclonal anti-B-catenin

Rabbit polyclonal anti- alpha-catenin
Rabbit polyclonal anti-collagen | alpha 1
Rabbit polyclonal anti-GAPDH

Rabbit monoclonal anti-TGF beta 1

Rat monoclonal anti- monocyte + macrophage
(MOMA-2)

Rabbit polyclonal anti-BSEP

Rabbit polyclonal anti-NTCP

Rabbit polyclonal anti-pan-cadherin
Rabbit polyclonal anti-phospho-cadherin
Rabbit polyclonal anti-UGCG

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Novus Biologicals

Novus Biologicals

Abcam

Abcam

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
ECM Biosciences

Proteintech

Cat#3174; RRID:AB_2162345
Cat#3169; RRID:AB_2162497

Cat# 8480; RRID:AB_11127855

Cat# 3236; RRID:AB_10827873
Cat#NBP1-30054; RRID:AB_1968486
Cat#NB300-324; RRID:AB_10002458
Cat#ab179695

Cat#ab33451

Cat#PA5-78690; RRID:AB_2745806
Cat#PA5-80001; RRID:AB_2747116
Cat#71-7100; RRID:AB_2533992
Cat#CP1951; RRID:AB_2077405
Cat#12869-1-AP; RRID:AB_10915469

Biological samples

Human liver microarrays with normal and
NASH sections

Mouse inflammation array C1 kit

SEKISUI XenoTech, LLC

RayBiotch

Lot#2110289

CODE: AAM-INF-1-2

Chemicals, peptides, and recombinant proteins

TRIzol reagent Life Technologies Cat#15596018
Glucosylceramide Avanti Polar Lipids Cat#131304P
Critical commercial assays

High-capacity cDNA reverse transcription kits Applied Biosystems Cat#4368814
PowerUp SYBR green master mix Applied Biosystems Cat#A25742

Bilirubin assay kits

Total bile acid assay kits

BioAssay systems

Diazyme laboratories

Cat#DIBR-180
Cat#DZ042A-K

Plasma membrane protein extraction kit BioVision Cat#K268-50

RNeasy Mini Kit Qiagen Cat#74104

Nuclear extraction reagents Thermo Fisher Scientific Cat#78833
Experimental models: Cell lines

LX-2 human hepatic stellate cell cine Sigma Cat#SCC064

Raw 264.7 mouse macrophage cell line ATCC Cat#TIB-71
Experimental models: Organisms/strains

Liver-specific Sms1 KO/global Sms2 KO mice This paper N/A

Sms2 KO mice This paper N/A
Oligonucleotides

Primers for Real-time PCR see Table S1 This paper N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/
Other

RNA sequencing BGI Genomics Company https://www.bgi.com/
High-fat diet Envigo Cat#TD88137
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RESOURCE AVAILABILITY
Lead contact

Requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xian-

Cheng Jiang (xjiang@downstate.edu).

Materials availability

Allunique/stable reagents generated in this study are available from the Lead Contact with a completed Materials
Transfer Agreement and reasonable compensation by requestor for shipping and handling charges.

Data and code availability
RNA-seq data are available at the NCBI Gene Expression Omnibus with the series record GSE146900.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We crossed SMS1-Flox mice with global SMS2 KO mice, yielding homozygous SMS1-Flox/SMS2 KO mice.
We then crossed SMS1-Flox/SMS2 KO mice with albumin-Cre transgenic mice to get liver-specific Sms1
KO/global Sms2 KO Mice (Li et al., 2021). We used both male and female mice which had a C57BL/6 genetic
background. Experiments involving animals were conducted with the approval of the Institutional Animal
Care and Use Committee at SUNY Downstate Medical Center.

High-fat diet induced fatty liver study

Three-month-old wild-type (WT), SMS2 knockout (KO), and SMS1/SMS2 double KO mice were fed with a
high-fat diet (Envigo, Cat# TD88137) for 5 weeks (5-6 mice each group). Liver triglycerides and cholesterol
were measured. Liver sections were stained with Oil Red O or trichrome. Lipogenesis gene mRNA expres-
sion was measured using real-time PCR.

Real-time polymerase chain reaction (PCR)

Total RNA was isolated from liver tissue using TRIzol, according to the manufacturer’s instructions. Com-
plementary DNA (cDNA) was synthesized using high-capacity cDNA reverse transcription kits (Applied Bio-
systems). Real-time PCR was performed on the StepOnePlus Real-time PCR system using the SYBR Green
Master Mix System (Applied Biosystems). Primers used for real-time PCR are listed in Table S1.

Western blot analysis

Tissue or cell homogenates were subjected to Western blotting as previously described (Li et al., 2015). The
following primary antibodies were used: Platelet-derived growth factor receptor (PDGFR)a, Cell Signaling
Technology Catalog No.3174; PDGFRB, Cell Signaling Technology Catalog No. 3169; Collagen 1 a 1, No-
vus Biologicals, Catalog No. NBP1-30054; Transforming growth factor (TGF)B1, Abcam, Catalog No.
179695; and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Novus Biologicals, Catalog No. NB
300-324. GAPDH was used as a loading control.

Hematoxylin & eosin (H&E) staining

Mouse livers were dissected and fixed overnight in 4% formalin. The tissues were embedded in paraffin and
then sliced into sections that were 5 pm in thickness. Each slice was deparaffinized and stained with H&E.

Immunofluorescence staining and immunohistochemistry

Mouse livers were fixed in 4% formalin overnight at 4°C before preparation of 5-um paraffin sections. Prior to
antibody staining, the sections were deparaffinized in xylene and rehydrated in a gradient series of ethanol, after
which they were subjected to high-temperature antigen retrieval in 50 mM Tris-HCI (pH 9.0), 1 mM EDTA. The
sections were permeabilized and blocked in Tris-HCl with 0.5% Triton X-100 and 5% horse serum. Then, the sec-
tions were incubated overnight at 4°C with the primary antibodies for Na+-taurocholate co-transporting poly-
peptide (NTCP; Invitrogen Cat# PA5-80001), bile salt export pump (BSEP; Invitrogen Cat# PA5-78690), GCS
(UGCQG) (Proteintech Cat# 12869-1-AP), and macrophages (MOMA-2, Abcam, ab33451). Slides were then incu-
bated with fluorescent-labeled secondary antibodies. Formalin-fixed liver tissues were sent to Histowiz Inc.
(SUNY Biotechnology Incubator) for H&E and trichrome staining.
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Bilirubin and bile acid measurements

Plasma bilirubin and bile acid were measured using bilirubin assay kits (BioAssay systems, DIBR-180) and total
bile acid assay kits (Diazyme laboratories, DZ042A-K), respectively, according to the manufacturers’ protocols.

RNA sequencing (RNA-seq)

Hepatocytes were isolated by a two-step collagenase method. Perfused hepatocytes were cultured in
DMEM with 10% FBS at 37°C in 5% CO,. Cells were harvested after attachment. RNA was extracted
from mouse hepatocytes using the RNeasy Mini Kit (Qiagen), following the manufacturer’s protocol. DNase
digestion was performed. The quality of extracted RNAs was controlled by the 2200 TapeStation system
(Agilent). RNA samples were then sent to a global genomics organization (BGI) for RNA sequencing, on
a fee-for-service basis.

Sphingolipid analyses by liquid chromatography with tandem mass spectrometry (LC/MS/
MS)

Sphingolipid levels were measured in wild-type (WT) and KO mouse livers by LC/MS/MS, as we did before
(Hailemariam et al., 2008; Liu et al., 2009).

GluCer supplemental in vivo study

Eight-week-old Sms2 KO mice were injected with vehicle or GluCer (Avanti Polar Lipids, Cat# 131304P),
10 ng/g body weight/day, once a day for 2 weeks. Afterward, mouse livers were perfused with PBS and
collected. Real-time PCR and Western blot analyses were performed.

Hepatocyte/hepatic stellate cell co-culture in vitro study

The GluCer stock solution (35 mM) was prepared first. Briefly, 0.5 mg GluCer was dissolved in ethanol, dried
under nitrogen gas, suspended in 10 ml DMEM, sonicated for 15 minutes in a water bath at room temper-
ature, and then centrifuged at 10,000 rpm for 5 minutes. The GluCer in the supernatant (solubilized) was
assessed by thin layer chromatography, which showed that 50% of GluCer was dissolved after sonication.
The supernatant was then filtered with a 0.22-um filter and used for cell culture. Human liver hepatoma 7
(Huh?) cells and LX-2 cells were co-cultured in DMEM containing 0.5% BSA with exogenous GluCer (0,
0.05, 0.5, and 5 uM) for 24 hrs.

Inflammatory cytokine measurement (dot blot assay)

Inflammatory cytokines were measured using the Mouse Inflammation Array C1 kit (RayBiotch). Briefly,
mouse plasma samples with 2-fold dilution were incubated with antibody array membranes (Dots) over-
night at 4°C after blocking. The membranes were then incubated with a biotinylated antibody cocktail, fol-
lowed by with horseradish peroxidase-streptavidin for detection. The intensity of each signal was
measured using ImageJ software.

Isolation of the liver plasma membrane, cytosol, and nucleus

The liver plasma membrane and nucleus were isolated using the plasma membrane protein extraction kit
(BioVision, Catalog No. K268-50) and nuclear extraction reagents (ThermoFisher, Catalog No.78833),
respectively, according to manufacturers’ protocols.

Information on human samples

Human liver microarrays with normal and NASH sections were purchased from SEKISUI XenoTech, LLC (Lot.
2010171), and GCS immunostaining was performed. The descriptions of these samples were listed (Table S2).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as the mean + standard deviation (SD). Differences between two groups were
analyzed by the unpaired two-tailed Student’s t-test, and differences among multiple groups were as-
sessed by analysis of variance, followed by the Student-Newman-Keuls test. A P-value < 0.05 was consid-

ered significant.
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