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31 Abstract

32 Sphingolipids are important structural components of cell membranes and
33  prominent signaling molecules controlling cell growth, differentiation, and apoptosis.
34  Sphingolipids are particularly abundant in the brain, and defects in sphingolipid
35 degradation are associated with several human neurodegenerative diseases. However,
36 molecular mechanisms governing sphingolipid metabolism remain unclear. Here we
37  report that sphingolipid degradation is under transcriptional control of SIRT1, a highly
38  conserved mammalian NAD*-dependent protein deacetylase, in mouse embryonic stem
39 cells (MESCs). Deletion of SIRT1 results in accumulation of sphingomyelin in mESCs,
40  primarily due to reduction of SMPDL3B, a GPl-anchored plasma membrane bound
41  sphingomyelin phosphodiesterase. Mechanistically, SIRT1 regulates transcription of
42  SmpdI3b through c-Myc. Functionally, SIRT1 deficiency-induced accumulation of
43  sphingomyelin increases membrane fluidity and impairs neural differentiation in vitro and
44 in vivo. Our findings discover a key regulatory mechanism for sphingolipid homeostasis
45 and neural differentiation, further imply that pharmacological manipulation of SIRT1-
46  mediated sphingomyelin degradation might be beneficial for treatment of human
47  neurological diseases.
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52 Introduction

53  First isolated from brain extract in the 1880s, sphingolipid is a class of natural lipids
54 containing a backbone of sphingoid base sphingosine (1-3). Sphingolipids not only are the
55  structural components of cell membranes, but also act as signaling molecules to control
56  various cellular events, including signal transduction, cell growth, differentiation, and
57  apoptosis (4, 5). Particularly, sphingolipids are enriched in microdomains/lipid rafts, a
58 liquid-ordered phase in plasma membrane, where sphingomyelin, glycosphingolipids and
59  cholesterol form unique platforms for many different proteins that are important for nutrient
60 transport, organelle contact, membrane trafficking, and homotypic fusion (6).

61 The homeostasis of sphingolipids is maintained by a highly coordinated metabolic
62  network that links together various pathways with ceramide as a central node (Figure S1A).
63  Firstly, ceramide can be de novo synthesized in endoplasmic reticulum (ER), starting from
64  the condensation of serine and fatty acyl-CoA by serine palmitoyltransferase (SPT).
65 Ceramide is then transported to the Golgi complex and further converted into more
66  complex forms of sphingolipids, such as glycosphingolipids or sphingomyelin. Secondly,
67  ceramide can be regenerated by hydrolysis of complex sphingolipids in the Golgi complex
68 and plasma membrane, which is catalyzed by a class of specific hydrolases and
69 phosphodiesterases. For example, regeneration of ceramide from sphingomyelin can be
70  mediated by plasma membrane bound sphingomyelin phosphodiesterases (SMPDs),
71  including SMPDL3B, a GPl-anchored lipid raft SMPD (7). By degrading sphingomyelin,
72  SMPDL3B regulates plasma membrane fluidity, which in turn impacts TLR-mediated
73 innate immunity in macrophages (7) and modulates insulin receptor signaling in podocytes
74 (8). Sphingolipid metabolism is highly sensitive to environmental/nutritional perturbations.
75  Sphingolipid biosynthesis and accumulation can be induced by high-fat diet (HFD) feeding
76  in multiple tissues in mice (9). Sphingolipids are also accumulated during aging (10, 11),

77  and caloric restriction, a dietary regimen known to extend life span and delay a number of
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78  age-associated diseases, decreases sphingolipid accumulation by reducing the activity of
79  SPT (12). Dietary serine restriction also alters sphingolipid diversity and synthesis to
80  constrain tumor growth (13).
81 Disruption of sphingolipid homeostasis has been involved in the pathogenesis of
82  a number of human diseases, such as Niemann-Pick disease and neurodegenerative
83  Alzheimer’s, Parkinson’s, and Huntington’s diseases. These human diseases are
84  generally the outcome of defect in enzymes that degrade the sphingolipids (14, 15). Such
85  degradation defect leads to accumulation of sphingolipids, which in turn dramatically alters
86  cellular membrane structure and signaling, thereby triggering various diseases.
87  Consequently, manipulation of one enzyme or metabolite in sphingolipid degradation
88  pathways may result in unexpected changes in cellular metabolic programs and related
89  cellular functions (14, 15). However, molecular mechanisms that regulate the expression
90 of these sphingolipid degrading enzymes remain unclear.
91 In the present study, we investigated the role of SIRT1 in regulation of sphingolipid
92  degradation in mouse embryonic stem cells (MESCs) and mouse embryos. SIRT1 is a
93  NAD'-dependent protein deacetylase critical for multiple cellular processes, including
94  metabolism, inflammation, stress response, and stem cell functions (16-18). SIRT1 is also
95  akey regulator of animal development (19-21), and is particularly important in the central
96  nervous system. For instance, SIRT1 has a major influence on hypothalamic function, and
97  cell-type specific SIRT1 mutations result in defects in systemic energy metabolism,
98 circadian rhythm, and the lifespan of the animal (22-25). SIRT1 also modulates dendritic
99 and axonal growth (26, 27), and regulates synaptic plasticity and memory formation in
100  adult brain (28). Moreover, SIRT1 has been shown to ameliorate neurodegenerative
101  phenotypes in animal models of Alzheimer’s, Parkinson’s, and Huntington’s disease
102 (reviewed in (29)). However, despite multiple mechanisms proposed for these critical roles

103 of SIRT1 in the brain, how SIRT1 regulates neural development and function remain
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104  unclear. Through global metabolomics and cellular metabolic characterizations, we
105 discovered that SIRT1 deficiency in mESCs results in abnormal accumulation of
106  sphingolipids, primarily due to reduced degradation of these lipids. We further found that
107  this abnormal accumulation of sphingolipids does not affect the maintenance of pluripotent
108  mESCs, but delays their neural differentiation during in vitro neural differentiation and in
109 vivo mouse embryogenesis. Moreover, we provide evidence that SIRT1 regulates
110 sphingolipid metabolism through deacetylation of c-Myc transcription factor, which
111  promotes the expression of SMPDL3B and subsequent sphingomyelin degradation in
112 mESCs. Together, our study identifies the SIRT1-c-Myc axis as an important regulatory
113 mechanism for cellular sphingolipid metabolism and neural differentiation.

114

115 Results

116  Deletion of SIRT1 in ESCs results in accumulation of sphingomyelin

117  During a large-scale unbiased metabolomic analysis of WT and SIRT1 KO mESCs
118  cultured in a serum-containing M10 medium, we discovered that SIRT1 KO mESCs
119 display altered lipid metabolism, particularly metabolites involved in sphingolipid
120  metabolism (Figure 1A and Table S1), in addition to previously reported metabolic defects
121 in methionine metabolism (30). Specifically, SIRT1 KO mESCs had a dramatic
122 accumulation of sphingomyelin in both complete medium and a methionine restricted
123 medium (Figure 1B, S1B, and Table S1). Moreover, deletion of SIRT1 in mel1 human
124  ESCs by CRISPR/Cas9-mediated gene editing technology (Figure S1C) also led to
125 accumulation of several types of sphingomyelin regardless of medium methionine
126  contents (Table S2), indicating that SIRT1 regulates sphingolipid metabolism in ESCs
127  independently of cellular methionine metabolism.

128 To confirm that deletion of SIRT1 indeed increases sphingomyelin contents in

129 ESCs, we loaded WT and SIRT1 KO mESCs cultured in serum-free ESGRO medium with
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130  agreen-fluorescent dye labeled sphingomyelin, BODIPY FL-C5-sphingomyelin, for 30 min
131  at4 °C, then chased at 37 °C for 30 min. Both WT and SIRT1 KO mESCs were labeled
132 with this green-fluorescent sphingomyelin (Figure 1C). However, SIRT1 KO mESCs had
133 marked accumulation of BODIPY FL-C5-sphingomyelin inside cells, presumably in ER
134  and Golgi, compared to WT mESCs. Quantitative FACS analysis showed that SIRT1 KO
135 mESCs have about a 50% increase in cellular levels of BODIPY FL-C5-sphingomyelin
136  compared to WT mESCs (Figure 1D). An enzyme-coupled colorimetric assay further
137  revealed a ~60% increase of endogenous sphingomyelin in SIRT1 KO mESCs (Figure
138  1E). Interestingly, the accumulation of sphingomyelin was specific to mESCs, as SIRT1
139 KO MEFs had a comparable staining intensity of BODIPY FL-C5-sphingomyelin as WT
140  MEFs (Figure S1D). Additionally, SIRT1 KO mESCs had a similar staining intensity of
141  BODIPY FL-N6-Ceramide compared to WT mESCs (Figure S1E), suggesting that
142 accumulation of sphingolipids in SIRT1 KO mESCs is specific to sphingomyelin.

143 SIRT1 KO mESCs in above analyses were previously generated in R1 mES cell
144  line using traditional gene targeting technology (19). To further confirm our observation
145  that SIRT1 deficiency in mESCs induces accumulation of sphingomyelin, we deleted Sirt1
146  gene in another widely-used full pluripotent mES cell line, E14 cells (31), by
147  CRISPR/Cas9-mediated gene editing technology (Figure 1F). Consistent with
148  observations in SIRT1 KO mESCs, these SIRT1 KO E14 mESC clones also had an
149  enhanced staining of BODIPY FL-C5-sphingomyelin when analyzed by confocal
150 fluorescence imaging (Figure 1G) and by quantitative FACS analysis (Figure 1H). Taken
151  together, our results indicate that deletion of SIRT1 in ESCs results in accumulation of
152 sphingomyelin in independent ES cell lines.

153

154  Deletion of SIRT1 induces accumulation of sphingomyelin through SMPDL3B
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155  Cellular levels of sphingomyelin are regulated by a tight balance between their synthesis
156 and breakdown, which are mediated by activities of sphingomyelin synthases (SGMSs)
157 and sphingomyelin phosphodiesterases (SMPDs), respectively (Figure S1A). Many of
158 these enzymes were highly expressed in mESCs (Figure S2A and S2B). To better
159  understand how SIRT1 deficiency in mESCs leads to sphingomyelin accumulation, we
160  surveyed the expression levels of these enzymes in WT and SIRT1 KO mESCs. SIRT1
161 KO mESCs had significantly reduced expression of a sphingomyelin synthase Sgms2
162  (Figure 2A and S2B), and a dramatic reduction of a sphingomyelin phosphodiesterase
163  SMPDL3B, one of most highly expressed SMPDs in mESCs (Figure S2A), in both ESGRO
164 and M10 media (Figure 2A-2C). Since sphingomyelin was accumulated in SIRT1 KO
165 mESCs, we focused on the reduction of Smpdl3b. As shown in Figure 2D, the reduced
166  expression of SMPDL3B in SIRT1 KO mESCs was coupled with a decreased rate to clear
167  away preloaded BODIPY FL-C5-sphingomyelin in a time-lapse video analysis, suggesting
168  that reduction of SMPDL3B-mediated sphingomyelin degradation may be responsible for
169  accumulation of sphingomyelin observed in SIRT1 KO mESCs.

170 To test this possibility, we manipulated the levels of SMPDL3B in WT and SIRT1
171 KO mESCs and analyzed their impacts on cellular levels of sphingomyelin. Stable
172 overexpression of SMPDL3B significantly reduced accumulation of BODIPY FL-C5-
173 sphingomyelin in SIRT1 KO but not WT mESCs when cells were cultured in serum-
174  containing M10 medium (Figure 3A-3C). In serum-free ESGRO medium, overexpression
175  of SMPDL3B reduced accumulation of BODIPY FL-C5-sphingomyelin and endogenous
176  sphingomyelin in both WT and SIRT1 KO mESCs (Figure 3D-3F). These results indicate
177  that SMPDL3B is capable of removing sphingomyelin in mESCs, particularly in SIRT1 KO
178 mESCs. Conversely, shRNA-mediated stable knockdown of SMPDL3B (Figure 3G)
179  enhanced the accumulation of BODIPY FL-C5-sphingomyelin (Figure 3H and 3I) and

180  endogenous sphingomyelin (Figure 3J) in WT mESCs but not further in SIRT1 KO mESCs,
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181 indicating that accumulation of sphingomyelin observed in SIRT1 KO mESCs is primarily
182  due to reduced expression of SMPDL3B.

183

184  SIRT1 promotes transcription of SmpdI3b through c-Myc

185 As an NAD'-dependent protein deacetylase that deacetylates histones, transcription
186  factors, cofactors, as well as splicing factors, SIRT1 has been shown to modulate gene
187  expression at multiple levels. We confirmed that SIRT1 indeed regulates the expression
188  of SmpdI3b and sphingomyelin degradation through its catalytic activity, as a SIRT1
189  catalytic inactive mutant (H355Y, HY) failed to rescue defective SmpdI3b expression and
190  reduce BODIPY FL-C5-sphingomyelin accumulation in SIRT1 KO mESCs compared to
191  WT SIRT1 protein (Figure 4). When interrogated each step along the expression of
192  Smpdi3b gene in SIRT1 KO mESCs, we found that gqPCR primers designed to amplify
193  different segments of mature SmpdI/3b mRNA all detected a reduced abundance of the
194  full-length mature SmpdI3b mRNA upon SIRT1 deletion in mESCs (Figure S3A and S3B).
195  Moreover, the abundance of SmpdIl3b mRNA was reduced in both nuclear and cytosolic
196  fractions in SIRT1 KO mESCs (Figure S3C). Northern blotting analysis using random
197  probes generated from full-length SmpdI3b cDNA further showed that deletion of SIRT1
198 in mESCs reduces the abundance of full-length Smpdi3b mRNA without detectable
199  accumulation of other minor isoforms (Figure S3D). Finally, RNA-seq analysis of total
200  Ribo-minus RNA (total RNA after depletion of ribosomal RNAs) revealed that the
201  abundance of RNA species from both exonic and intronic regions of SmpdI3b gene were
202  reduced in SIRT1 KO mESCs (Figure S3E and Table S3), and no defective splicing of
203  Smpdi3b pre-mRNA was detected in these cells (not shown). All these observations
204  strongly suggest that the reduction of SMDPL3B expression in SIRT1 KO mESCs is due
205  to defective transcription of SmpdI3b gene. In support of this notion, SIRT1 KO mESCs

206  had a drastic depletion of Pol Il near the TSS of SmpdI3b gene, along with decreased
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207  association of activation mark H3K4me3 yet increased association of repression mark
208  H3K27me3 (Figure 5A), indicative of a strong attenuation of transcriptional activation of
209  Smpdi3b gene in SIRT1 KO mESCs.

210 Sequence analysis of the TSS region revealed multiple potential transcription
211  factors (TFs) that may target SmpdI3b gene, including two known SIRT1 deacetylation
212 substrates c-Myc and N-Myc (30, 32) (Figure 5B). To determine the promoter region(s)
213  and associated TF(s) that are responsible for the transcription suppression of Smpd/3b
214  gene in SIRT1 KO mESCs, we designed small gRNAs (sgRNAs) to target different
215  potential TF loci along the Smpdi3b promoter (Figure S4A, top), then analyzed their
216  impacts on the expression of SmpdI3b after transfecting into WT and SIRT1 KO mESCs
217  generated from a mouse ES cell line stably expressing a dox-inducible dCas9 and BirA-
218 V5 (dCas9 mESCs, Figure S4B) (33). It has been demonstrated that transfected sgRNAs
219 inthese cells are able to guide the deactivated Cas9 (dCas9) to bind to their targeting loci
220  without further cleavage, resulting in altered transcription of the target gene (33).
221  Compared to control Gal4 sgRNA and other sgRNAs, a sgRNA targeting a locus near 528
222 bp downstream of the TSS of SmpdI3b gene rescued the defective expression of SmpdI3b
223 mRNA in SIRT1 KO dCas9mESCs (Figure 5C). Further bioinformatic analysis showed
224 that this locus is overlapped with previously mapped binding regions of two TFs, c-Myc
225  and EZH2 (Figure S4A, bottom).

226 c-Myc is a known SIRT1 deacetylation substrate, and deacetylation of c-Myc by
227  SIRT1 has been reported to increase its stability and activity (32). We have previously
228  shown that c-Myc is hyperacetylated but unstable in SIRT1 KO mESCs, which reduces its
229  binding to target promoters thereby decreasing their transcription (30). The association of
230  c-Myc protein to the promoter of SmpdI3b gene was indeed significantly reduced in SIRT1
231 KO mESCs by a ChIP-gPCR assay (Figure 5A, c-Myc). Moreover, inhibition of c-Myc

232 activity by 10058-F4 (34) (Figure 5D) or knocking down c-Myc with siRNAs (Figure 5E)

10
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233 significantly reduced the mMRNA abundance of Smpd/3b in WT mESCs but not or to a less
234  extend in SIRT1 KO mESC:s, indicating that c-Myc is a key transcription factor in SIRT1-
235  mediated regulation of SmpdI3b. Furthermore, SIRT1 promoted the transcription of
236  SmpdI3b in part through deacetylating c-Myc, as a c-Myc mutant with its major acetylation
237  site mutated to R to mimic deacetylated c-Myc (K323R, KR), partially rescued the
238  expression of SmpdI3b in SIRT1 KO mESCs compared to empty vector (V), WT c-Myc,
239 and a c-Myc mutant with its major acetylation site mutated Q to mimic acetylated c-Myc
240  (K323Q, KQ) (Figure S5C and Figure 5F). Finally, a SmpdI3b promoter luciferase reporter
241  containing a mutant c-Myc binding site (E-box) displayed a dramatically reduced activity
242 in mESCs compared to a WT SmpdI3b promoter luciferase reporter (Figure 5G, pGL3-
243 SmpdI3b E-box Mut vs pGL3-Smpdi3b WT in WT mESCs). Additionally, this mutant
244 luciferase reporter had a comparable low activity in SIRT1 KO mESCs vs WT mESCs,
245 further suggesting that the differential expression levels of Smpd/3b in WT and SIRT1 KO
246  mESCs is mediated by c-Myc.

247 EZH2, an H3K27me3 methyltransferase and the functional enzymatic component
248  of the Polycomb Repressive Complex 2 (PRC2), is also a deacetylation substrate of SIRT1
249  (35). Deacetylation of K348 of EZH2 by SIRT1 has been reported to reduce its stability
250  and activity (35), which is consistent with our current observations that deletion of SIRT1
251  in mESCs significantly increased the occupancy of EZH2 and H3K27me3 on the promoter
252  of SmpdI3b gene (Figure 4A, EZH2, H3K27me3). However, in contrast to c-Myc, neither
253  inhibition of EZH2 activity by its inhibitor EPZ6438 (Figure S4D) nor knockdown of EZH2
254 by siRNAs (Figure S4E-S4G) significantly affected the expression of SmpdI3b in mESCs,
255  particularly in SIRT1 KO mESCs, indicating that blocking EZH2-catalyzed H3K27
256  trimethylation alone is not sufficient to rescue SIRT1 deficiency-induced transcriptional
257  suppression of SmpdI/3b in mESCs. Collectively, our data demonstrate that SIRT1

258 activates the expression of SmpdI3b in mMESCs primarily through deacetylation of c-Myc.
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259

260  SIRT1-regulated sphingolipid metabolism affects in vitro neural differentiation

261  SMPDL3B-catalyzed sphingomyelin degradation has been shown to reduce plasma
262  membrane fluidity (7). As expected from their reduced expression of SMPDL3B, SIRT1
263 KO mESCs had a reduced fraction of ordered structures (thereby increased membrane
264  fluidity) compared to WT mESCs when probed with Di-4-ANEPPDHQ, an electrical
265  potential sensitive fluorescent dye for detection of microdomains and (dis)ordered
266  membrane in live cells, (Figure 6A, vehicle). Treatment with methyl-B-cyclodextrin (MBCD),
267  a cholesterol-extracting agent, further decreased the membrane order, particularly in
268  SIRT1 KO mESCs (Figure 6A, MBCD). In line with this observation, pathways involved in
269  membrane function and signaling were among the most significantly disrupted GO terms
270 in SIRT1 KO mESCs when compared with WT mESCs in our Ribo-minus RNA-seq
271  dataset (Figure S5).

272 Sphingolipids are bioactive lipids important for stem cell survival and differentiation
273 (36, 37). Since we previously observed that SIRT1 KO mESCs have a compromised
274  pluripotency (30), we investigated whether sphingomyelin accumulation in SIRT1 KO
275 mESCs is responsible for their reduced pluripotency. Compared to WT mESCs, SIRT1
276 KO mESCs had a reduced staining intensity of Alkaline Phosphatase (AP), a marker of
277  undifferentiated ESCs (Figure 6B), along with decreased expression of OCT3/4 and
278 Nanog, two pluripotent stem cell markers, and increased expression of Nestin, a
279  neuroectodermal stem cell (NSC) marker (Figure 6C). However, sphingomyelin treatment
280 did not consistently affect the AP staining intensity (Figure 6B) nor induced any
281  significantly changes on the expression of pluripotency markers in either WT or SIRT1 KO
282 mESCs (Figure 6C, OCT3/4 and Nanog). In contrast, sphingomyelin dose-dependently

283 increased the expression of Nestin, a neuroectodermal stem cell (NSG) marker that was

12
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284  induced in SIRT1 KO mESCs, in WT mESCs (Figure 6C, Nestin), suggesting that
285  sphingomyelin accumulation may interfere neural differentiation in SIRT1 KO mESCs
286 instead of their pluripotency.

287 Consistent with this observation, during a 4-week in vitro neural differentiation of
288 mESCs (Figure 7A) (38, 39), the mRNA levels of Sirt1 were significantly reduced in WT
289  E14 mESCs, along with dramatic decrease of Nanog and Oct4 and massive induction of
290 several NSC and neural differentiation factors, such as Sox3, Nestin, Notch3, and Tau
291  (Figure 7B, WT). However, both the reduction of pluripotency markers and the induction
292 of NSC/neural differentiation factors were significantly blunted when SIRT1 was deleted
293  in E14 mESCs (Figure 7B, KO), indicating that SIRT1 deficiency impairs in vitro neural
294  differentiation of these cells. Further cellular and morphological analyses by
295  immunofluorescence staining of progenitor and neuronal markers showed that progenitors
296  and neurons differentiated from WT E14 mESCs have high expression of marker proteins
297  and typical mature neuronal morphology, including elongated axons and dendrites, after
298  4-week differentiation (Figure 7C, WT). Progenitors and neurons differentiated from SIRT1
299 KO E14 mESCs, on the other hand, had low levels of these markers and lacked typical
300  neuronal morphology (Figure 7C, KO). Additionally, SIRT1 KO mESCs also displayed
301 defective neural differentiation after in vitro differentiation (Figure 7D), indicating that
302  SIRT1 deficiency in mESCs impairs neural differentiation in vitro in a cell line independent
303  manner.

304 To validate that defective neural differentiation of SIRT1 KO mESCs is related to
305 its accumulation of sphingomyelin, we analyzed whether adding back SMPDL3B in these
306 cells will rescue their neural differentiation defects. Morphologically, putting back
307 SMPDL3B into SIRT1 KO mESCs increased neurons with elongated axons and dendrites
308 (Figure 8A and 8B, SIRT1 KO SMPDL3B), which was associated with increased

309 expression of several progenitor and neuronal markers when analyzed by
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310  immunofluorescence staining (Figure 8B, SIRT1 KO SMPDL3B) or by gPCR (Figure 8C,
311  SIRT1 KO SMPDL3B). Overexpression of SMPDL3B in WT mESCs, however, disrupted
312  the expression of progenitor markers and morphology of neurons (Figure 8B, SIRT1 WT
313  SMPDL3B), suggesting that a balanced sphingomyelin degradation is required to maintain
314 normal neural differentiation. Quantification of the fraction of cells positive of several
315 neural markers by FACS analysis further confirmed that putting back SMPDL3B partially
316 rescues the neural differentiation defects in SIRT1 KO mESCs, whereas overexpression
317  of SMPDL3B inhibits normal neural differentiation in WT mESCs (Figure 8D). Conversely,
318 in vitro neural differentiation of WT and SIRT1 KO mESCs with or without stable
319  knockdown of SMPDL3B revealed that reduction of this enzyme disrupts neural
320  differentiation in both WT and SIRT1 KO mESCs (Figure 8E), indicative the importance of
321 this enzyme in normal neural differentiation. Finally, putting back WT SIRT1 protein into
322  SIRT1 KO mESCs rescued expression of progenitor marker SOX1 and NSC marker
323  Nestin as well as neuronal morphology after in vitro neural differentiation (Figure 8F,
324  SIRT1 KO-WT). In contrast, putting back a catalytic inactive SIRT1 mutant failed to restore
325  marker protein expression and/or neuronal morphology (Figure 8F, SIRT1 KO-HY),
326  confirming that the neural differentiation defects observed in SIRT1 KO mESCs are
327  primarily due to a lack of SIRT1 deacetylase activity. Taken together, our observations
328 indicate that SIRT1-mediated transcription of Smpd/3b and sphingolipid degradation
329 influence neural differentiation in vitro.

330

331 Maternal high-fat diet feeding induces accumulation of sphingomyelin and impairs
332  neural development in SIRT1 deficient embryos

333 To assess the importance of sphingolipid metabolism in SIRT1-regulated neural
334  differentiation in vivo, we investigated whether embryonic SIRT1 deficiency is associated

335  with altered sphingomyelin accumulation and neural differentiation in mice. Consistent
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336  with our previous observations (30), systemic deletion of SIRT1 in C57BL/6J mice leads
337 tointrauterine growth retardation when dams were fed on a regular chow diet (containing
338 4% fat) (Figure 9A, chow). The mRNA levels of SmpdI3b were significantly reduced in the
339  brain of SIRT1 KO E18.5 embryos (Figure 9B). However, these embryos did not display
340 any detectable defects in brain sphingomyelin levels, nor in expression of a number of
341  neural progenitor and neuron markers (Figure 9C and 9D, chow) despite reported
342  developmental defects in other systems(19-21). Since high-fat diet (HFD) feeding has
343 been shown to induce sphingolipid biosynthesis and turnover of sphingolipids in multiple
344  tissues (9), we tested whether maternal HFD feeding could induce sphingomyelin
345  accumulation and disrupt neural development in SIRT1 KO embryos. Intriguingly,
346  maternal feeding of an HFD diet containing 36% fat for 4-8 weeks before breeding
347  significantly reduced intrauterine growth of embryos, particularly on SIRT1 KO embryos,
348  at E18.5 (Figure 9A, HFD). Maternal HFD feeding also elevated sphingomyelin contents
349 in all tested regions of brain in SIRT1 KO but not WT E18.5 embryos (Figure 9C, HFD).
350 These maternal HFD feeding-induced gross and metabolic alterations were associated
351  with reduced expression of many intermediate progenitor and mature neuron markers
352  (Figure 9D, HFD) without significant changes on early stage neuroepithelial cell markers
353 and oligodendrocyte marker (not shown), suggesting that SIRT1 deficiency-induces
354  sphingomyelin accumulation specifically delays neuron maturation in mouse embryos.
355

356 Discussion

357  Highly enriched in the nervous system, sphingolipids are important for the development
358 and maintenance of the functional integrity of the nervous system (40, 41). Perturbations
359  of the sphingolipid metabolism has been shown to rearrange the plasma membrane,
360 resulting in development of various human diseases, particularly neurological diseases

361 (42). However, despite these diverse biological functions, the transcriptional regulation of

15


https://doi.org/10.1101/2021.02.24.432815
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.24.432815; this version posted February 25, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

362  sphingolipid metabolism is largely unknown. In the present study, we show that cellular
363  sphingomyelin degradation is under transcriptional control of SIRT1, an important cellular
364 metabolic sensor. We provide evidence that the SIRT1-Myc axis is vital for transcriptional
365 activation of SMPDL3B, a major GPIl-anchored plasma membrane bound sphingomyelin
366 phosphodiesterase in mESCs. This transcriptional regulation directly impacts cellular
367 levels of sphingomyelin and membrane fluidity, and is important in regulation of neural
368 differentiation in response to developmental signals (Figure 9E). Our findings therefore
369 identify a unique genetic regulatory pathway for sphingolipid homeostasis. Given the high
370  sensitivity of SIRT1 to nutritional and environmental perturbations (e.g. activation upon
371  caloric restriction and repression after HFD feeding or during aging (43, 44), our study
372  further suggests that SIRT1-Myc-regulatetd sphingolipid degradation may be an important
373  elementin mediating reported environmental influence on sphingolipid metabolism (9-12).
374 It will be of great interest to test this possibility in future studies.

375 As the most conserved mammalian NAD*-dependent protein deacetylase, SIRT1
376  has anumber of important functions in the brain, including regulation of late stage of neural
377  development and protection against a number of neurodegenerative diseases (29). In
378  particular, SIRT1 has been shown to modulate the neural and glial specification of neural
379  precursors (45, 46) and repress low glucose induced proliferation and neurogenesis of
380 neural stem and progenitor cells (NSCs) in vitro (47). Our observations in the present
381  study demonstrate that SIRT1 is also a key metabolic regulator for the differentiation of
382  neural progenitors/NSCs from ESCs. Our results show that SIRT1 is highly expressed in
383 mESCs cells (Figure 7B), where it functions to promote c-Myc-mediated transcriptional
384  activation of SMPDL3B and sphingomyelin degradation (Figure 1-4). This action of SIRT1
385 appears to have minimal impacts on the pluripotency of mESCs (Figure 6B and 6C), but
386 instead is important for maintenance of a proper membrane fluidity for normal neural

387 differentiation in response to nutritional/developmental cues (Figure 9E). Thus, by
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388 interacting with different protein factors, SIRT1 is important for neural differentiation and
389  development at multiple stages.

390 Our observations that SmpdI3b promoter is targeted by both c-Myc and EZH2,
391 consequently with “co-localization” of antagonistic epigenetic marks H3K4me3 and
392  H3K27me3 at the same locus near its TSS (Figure 4A and S5A), suggest that SmpdI3b in
393 mESCs might be a bivalent promoter-associated gene (48-50). The bivalent chromatin
394 domains in ESCs often mark lineage regulatory genes, and it has been proposed that
395  bivalent domains might repress lineage control genes by H3K27me3 during pluripotency
396  while keeping them poised for activation upon differentiation with H3K4me3 (50).
397 Interestingly, the bivalent chromatin domain on SmpdI3b appears to keep it active in
398 mESCs while poising it to be repressed upon differentiation. Moreover, while long-
399 recognized as a transcription repressor through deacetylation of histones, SIRT1 plays
400 an active role in remodeling this bivalent domain by stabilizing c-Myc while restricting
401 EZH2-induced H3K27me3 in mESCs (Figure 9E). Our present study reveals that this
402  SIRT1/c-Myc/EZH2-regulated bivalent domain remodeling enables swift membrane
403 remodeling in response to developmental signals, allowing more efficient and
404  synchronous neural differentiation. Premature disruption of this chromatin remodeling
405 complex in mESCs alters membrane fluidity (Figure 5A), which may in turn affect
406  developmental signaling transduction (e.g. insulin, bFGF) and impair neural differentiation.
407  Future studies will be needed to elucidate the general role of this bivalent chromatin switch
408 in regulation of pluripotency vs lineage genes, as well as in process of somatic cell
409  reprogramming and/or transformation.

410 The transcriptional regulation of sphingolipid metabolism and neural differentiation
411 by the SIRT1-Myc axis in mMESCs revealed in our present study is very intriguing, as we
412 have previously reported that the same regulatory axis is key for methionine metabolism

413  and maintenance of pluripotency in mESCs (30). While our data show that accumulation
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414  of sphingomyelin in SIRT1 KO mESCs is independently of methionine metabolism (Figure
415 S1B and Table S1), additional studies are needed to assess how the SIRT1-Myc
416 regulatory axis coordinates diverse metabolic processes to shape stem cell fates in
417  response to different environmental signals. It is also worth noting that SIRT1 KO mESCs
418 have additional lipid metabolic defects, including depletion of monoacyglycerols,
419  accumulation of plasmalogens, acetylcholine, and monohydroxy fatty acids, and altered
420  phospholipids, regardless of medium methionine concentrations (Figure S1B and Table
421  S1). It will be of importance to evaluate the contribution of these lipid metabolic defects to
422  the observed hypersensitivity of SIRT1 KO embryos to maternal HFD feeding-induced
423  intrauterine growth retardation (Figure 7A) in future studies.

424 Our study has a number of important implications. Firstly, the previously
425  uncharacterized transcriptional regulation of SIRT1 on sphingomyelin degradation directly
426  links cellular levels of sphingomyelin and membrane fluidity with cellular energy status,
427  and provides a possible molecular mechanism for the beneficial impacts of SIRT1 small
428 molecule activators and/or NAD'-boosting dietary supplements on human
429 neurodegenerative diseases. Secondly, given the prevalence of obesity and metabolic
430  syndrome in the reproductive population in modern society, the hypersensitivity of SIRT1
431 KO embryos to maternal HFD feeding-induced intrauterine growth retardation and
432 neurodevelopmental defects suggests that pharmacological activation of SIRT1 by small
433  molecule activators and/or NAD*-boosting dietary supplements might be able to attenuate
434  maternal obesity-associated neonatal complications and defective childhood
435  neurodevelopment (51-53).

436 In summary, our study uncovers a SIRT1-Myc-mediated transcriptional regulation
437  of sphingomyelin degradation that modulates neural differentiation of ESCs. This finding
438  highlights the importance of SIRT1 and its regulation in mESC differentiation and

439  embryonic development, and may have important implications in potential therapeutic
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440  strategies again human neurodegenerative diseases and/or maternal obesity-induced
441  adverse developmental outcomes.

442

443

444
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445  Materials and Methods

446  Mammalian cell lines

447  WT ad SIRT1 KO mESCs generated in R1 mESC line have been reported previously (17,
448 19). WT and SIRT1 KO E14 mESCs were generated by CRISPR/Cas9 mediated gene
449  editing technology using lentivirus carrying either all-in-one empty vector pCRISPR-CGO01
450  vector or pCRISPR-CGO01 containing different sgRNAs targeting mouse Sirt1 gene
451  (GeneCopoeia). Stable single colonies were picked up and screened with immunoblotting
452  assay using anti-SIRT1 antibodies. Three independent WT and SIRT1 KO E14 mESCs
453  were used for the experiments to minimize the potential off-target effects of each individual
454  line. mESCs stably transfected with pEF1a-FB-dCas9-puro(Addgene #100547) and
455 pEF10-BirA-V5-neo (Addgene #100548) vectors (dCas9 mESCs) are described
456  previously (33). WT and SIRT1 KO dCas9 mESCs were generated by a similar strategy
457  as WT and SIRT1 KO E14 mESCs. Different sgRNA sequences targeting promoter region
458  of SmpdI3b (Table S4) were cloned into plasmid pSLQ1651-sgRNA(F+E)-sgGal4
459  (Addgene #100549) and then were packed into lentivirus. The WT and SIRT1 KO dCas9
460 mESCs were infected with those lentiviruses to deliver sgRNA into cells, by which the
461 dCas9 was able to be guided to bind on promotor region of SmpdI3b and interfere its
462  functions.

463 WT and SIRT1 KO mESCs with stable SmpdI3b knockdown were generated by
464  infecting WT and SIRT1 KO mESCs with lentivirus containing vector pLKO.1 or constructs
465  expressing shRNAs against SmpdI3b (B11, B12, and C1) (Sigma). WT and SIRT1 KO
466 mESCs with stable overexpression of SMPDL3B were generated with lentivirus carrying
467  vector Plenti-lll-ef1a (Abm) or constructs expressing the full-length SMPDL3B protein. The

468  expression of SMPDL3B in these cells was analyzed by immunoblotting.
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469 WT and SIRT1 KO mESCs with stable overexpression of WT or a catalytic inactive
470  H355Y mutant (HY) were generated using lentivirus carrying empty vector Plenti-lll-ef1a
471  (Abm) or constructs expressing the full-length WT or HY SIRT1 proteins.

472 To knockdown the Ezh2 and C-Myc gene expression, WT and Sirt1 KO mESCs
473  were transfected with siRNA against mouse Ezh2 (Thermofisher, 4390771-s65775; siNeg:
474  4390843) and c-Myc (Santa Cruz sc-29227; siNeg: siRNA-A sc-37007), with
475  Lipofectamine RNAIMAX (ThermoFisher Scientific). The knockdown of genes expression
476  was evaluated by Quantitative real-time PCR 48 hours after transfection.

477 All mouse stem cells were maintained on gelatin-coated plates in the ESGRO
478  Complete Clonal Grade Medium (Millipore), and then cultured in the M10 medium (High
479  glucose DMEM, 10% ES cell FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, 0.1 mM
480  nonessential amino acids, 10 yM 2-mercaptoethanol, and 500 units/ml leukocyte inhibitory
481  factor) for some experiments.

482 WT and SIRT1 KO mel1 hESCs were generated by CRISPR/Cas9 mediated gene
483  editing technology using a plasmid containing Cas9, gRNA
484 (AGAGATGGCTGGAATTGTCC (- strand)) and a GFP indicator. The GFP positive cells
485  were purified by flow cytometry, and were either grown on 10-cm dishes with a serial
486  dilution, or in the 96-well plates at a density of 1 cell/well. Single colonies were picked up
487  and subjected to immunofluorescence assay with anti-SIRT1 antibodies. The cell colonies
488  without SIRT1 staining were sequenced to confirm the mutation. Three independent
489  SIRT1 KO mel1 lines were used for the experiments to minimize the potential offtarget
490 effects of each individual line.

491

492  Mouse models

493 Whole body SIRT1 knockout, heterozygote and their age-matched littermate WT

494  mice on the C57BL/6J background have been reported before (17). They were housed in
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495 individualized ventilated cages (Techniplast, Exton, PA) with a combination of autoclaved
496  nesting material (Nestlet, Ancare Corp., Bellmore, NY and Crink-I'Nest, The Andersons,
497  Inc., Maumee, OH) and housed on hardwood bedding (Sani-chips, PJ Murphy, Montville,
498  NJ). Mice were maintained on a 12:12-h light:dark cycle at 22+0.5 °C and relative humidity
499  of 40% to 60%. Mice were provided ad libitum autoclaved rodent diet (NIH31, Harlan
500 Laboratories, Madison, WI) and deionized water treated by reverse osmosis. Mice were
501 negative for mouse hepatitis virus, Sendai virus, pneumonia virus of mice, mouse
502  parvovirus 1 and 2, epizootic diarrhea of infant mice, mouse norovirus, Mycoplasma
503  pulmonis, Helicobacter spp., and endo- and ectoparasites upon receipt and no pathogens
504  were detected in sentinel mice during this study.

505 Mice were randomly assigned to experimental groups after they were allowed to
506 acclimate for at least one week prior to experiments.

507

508 Metabolomic analysis

509  WT and SIRT1 KO mESCs were cultured in the complete M10 medium containing 200
510  uM methionine or methionine restricted M10 medium containing 6 uM methionine for 6
511  hours (n=5 biological replicates). WT and SIRT1 KO mel1 hESCs were cultured in serum-
512 free TeSR-E8 medium containing 116 uM methionine or a methionine restricted medium
513  containing 6 uM methionine for 6 hours on Matrigel (n=4 biological replicates). Cells were
514  then harvested and profiled by metabolomics analysis as previously described (30).
515  Specifically, about 100 pl of packed cell pellet per sample were submitted to Metabolon,
516  Inc. (Durham, NC, USA), where the relative amounts of small molecular metabolites were
517 determined using four platforms of Ultrahigh Performance Liquid Chromatography-
518 Tandem Mass Spectroscopy (UPLC-MS/MS) as previously described (55). All methods

519  utilized a Waters ACQUITY UPLC and a Thermo Scientific Q-Exactive high
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520 resolution/accurate mass spectrometer interfaced with a heated electrospray ionization
521  (HESI-Il) source and Orbitrap mass analyzer operated at 35,000 mass resolution. Raw
522  data collected from above four analyses were managed by the Metabolon Laboratory
523  Information Management System (LIMS), extracted, peak-identified and QC processed
524  using Metabolon’s hardware and software. The hardware and software foundations for
525 these informatics components were the LAN backbone, and a database server running
526  Oracle 10.2.0.1 Enterprise Edition.

527

528  Sphingolipid analysis

529  To confirmed the alteration of sphingomyelipids in SIRT1 KO mESCs, WT and SIRT1 KO
530 mESCs cultured in serum-free ESGRO medium or serum-containing M10 medium were
531  incubated with 5 yM BODIPY™ FL C5-Sphingomyelin (N-(4,4-Difluoro-5,7-Dimethyl-4-
532  Bora-3a,4a-Diaza-s-Indacene-3-Pentanoyl)Sphingosyl  Phosphocholine)  (Invitrogen,
533 D3522) or 5 yM BODIPY™ FL C5-Ceramide (N-(4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-
534  Diaza-s-Indacene-3-Pentanoyl)Sphingosine) (Invitrogen, D3521) together with 5 yM
535 delipidated BSA (as a delivery carrier) in Hanks’ buffered salt solution containing 10 mM
536 HEPES (HBSS/HEPES buffer pH 7.4) at 4 °C for 30 min to load SM/ceramide. They were
537  then incubated in medium without BODIPY FL Cs-Sphingolipid at 37 °C for additional 30
538  min. The intensity of cellular BODIPY FL C5-Sphingomyelin/Ceramide were analyzed by
539  Zeiss LSM 780 UV confocal microscope and by Flow cytometry analysis (Abs 505 nm and
540 Em 511 nm).

541 To analyze the degradation of sphingomyelins, WT and SIRT1 KO mESCs were
542  pre-load with BODIPY™ FL C5-Sphingomyelin at 4 °C for 30 min. They were then
543  incubated in medium without BODIPY FL Cs-Sphingomyelin at 37 °C, and the dynamics
544  of loaded BODIPY FL Cs-Sphingomyelins in cells were followed using Zeiss LSM 780 UV

545  confocal microscope for additional 12 hours at 37 °C.
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546 The relative contents of endogenous sphingomyelins in WT and SIRT1 KO mESCs
547 were analyzed using a commercially available Sphingomyelin Assay Kit (Abcam
548  ab133118) per manufacturer’s instruction.

549

550 Quantitative real-time PCR (qPCR)

551  Total RNAs were isolated from mESCs or mice tissues using Qiagen RNeasy mini-kit
552 (74104). The nuclear and cytoplasmic RNA were separated and enriched by Fisher
553 BioReagents™ SurePrep™ Nuclear or Cytoplasmic RNA Purification Kit (Fisher Scientific,
554 BP280550). The cDNA was synthesized with ABI High-Capacity cDNA Reverse
555  Transcription Kits (4374967) and further analyzed with qPCR using SYBR Green
556  Supermix (Applied Biosystems). Three biological replications are performed for each
557  experiment and raw data are normalized to the expression level of Rplp0 mRNA levels.
558  The primers used in RT-PCR are listed in (Table S4).

559

560 Immunofluorescence analysis

561 mESCs grown on 0.1% gelatin coated coverslips were washed with PBS and fixed with
562 4% paraformaldehyde (PFA) in PBS (pH 7.4) solution for 20 minutes at room temperature.
563  They were then incubated with 1% glycine/PBS for 10 minutes, and cell membrane was
564  permeabilized with 0.3% Triton X-100 in 1% glycine/PBS for 10 minutes. Cells were further
565  blocked with 1% BSA and 0.05% Tween 20 in PBS for 30 minutes, incubated with primary
566 antibodies (Table S5) diluted with the blocking solution for overnight at 4°C, then the
567  secondary antibodies Alexa Fluor 488, 594 and 633 (for flow cytometry sorting) (Invitrogen,
568  A-11008, A-11032, A-21052) at 1:1000 in PBS for 1 hour at room temperature. Cells were
569  counterstained for Nuclei with DRAQ5™ Fluorescent Probe Solution (Thermal Fisher,

570  62251) or directly mounted on glass slides with VECTASHIELD® Antifade Mounting
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571  Media (VECTOR LABORATORY) which contains DAPI. The images of stained cells are
572  acquired by Zeiss LSM 780 UV confocal microscope.

573

574  Northern blotting

575  The probe for Northern Blot hybridization is generated by using North2South™ Biotin
576 Random Prime Labeling Kit (Thermo, 17075). A 100ng DNA product, which was
577  synthesized from PCR reaction by using primer pair “5’-
578  CACCGCTAGCGCCACCatgacgctgctcgggtggctgata-3’ and 5'-
579 CACCGCGGCCGCtaacacctccagtacgtgcaggct-3"” and the cDNA synthesized from total
580 RNA isolated from mESCs, was used as a template to yield biotin-labelled single strand
581  DNA probe that covers the full length Smpdi3b mRNA sequence. 40 ug of total RNA
582 isolated from mESC were separated with agarose electrophoresis with RNA Gel Loading
583  Dye (2X) (Thermo, R0641) and NorthernMax™ 10X Running Buffer (Ambion, AM8671).
584  The separated total RNA samples were further transblotted to positively charged nylon
585  transfer membrane (Cat. 77016) by using S & S TurboBlotter Rapid Downward Transfer
586  System (DAIGGER, EF77803) and SSC buffer (Thermo, AM9763). The RNA samples
587  transferred to membrane were further crosslinked by using Stratalinker® UV Crosslinker
588  (Model 1800) immediately upon completion of transblotting. The hybridization was
589  performed by using North2South® Chemiluminescent Hybridization and Detection Kit
590 (Thermo,17097) and the signaling of positive hybridization on membrane was detected
591  with Chemiluminescent Nucleic Acid Detection Module (Thermo, 89880). All procedures
592  were performed by strictly following protocols for each kit provided by manufacturers.
593

594  Immunoblotting

595  Cells were washed once with PBS, and were then lysed and scraped with 1 x SDS loading

596  buffer without bromophenol blue. Samples were boiled for 10 minutes, and quantified.
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597  Equal amount of protein lysates was loaded and resolved on SDS-PAGE gel and
598 transferred onto an PVDF membrane (Millipore). Blots were blocked with 5% BSA for 1
599  hour, incubated with primary antibodies at 4°C overnight, incubated with secondary
600 antibodies for 2 hours, and detected by Odyssey (LI-Cor inc.).

601

602  Chromatin Inmunoprecipitation (ChIP)

603  To determine the association of RNA polymerase Il (Pol Il), c-Myc, EZH2, and histone
604  marks H3K9me2, H3K4me3 and H3K27me3 on mouse SmpdI3b locus in WT and SIRT1
605 KO mESCs, cells were fixed, harvested, and sonicated. The resulting sonicated chromatin
606 was processed for immunoprecipitation with respective antibodies (Table S5) as
607  previously described (56) .

608

609 RNA-seq analysis

610  Total RNA was extracted from WT and SIRT1 KO mESCs cultured in ESGRO medium in
611 ftriplicates. AllRNA-seq libraries were prepared with the TruSeq Stranded/Ribo kit (lllumina,
612  San Diego, CA) and sequenced using the pair-end 76bp protocol at about 520 million
613  reads per library using the NovaSeq platform (lllumina) per the manufacturer’s protocol.
614  Adaptor sequences were removed by Trim Galore (v0.4.4). Then reads were aligned to
615 mouse genome version GRCm38/mm10 using STAR (v2.5.3a) with Gencode
616 vM18 annotation. Gene expression values were quantified using RSEM (v1.2.28) and
617  differences in gene expression between experimental conditions were estimated using R
618 package DEseq2 (Fold change > 2 were used as cutoff for downregulated genes).

619 Gene set enrichment analysis (GSEA) (v4.1.0) was implemented against all gene
620  ontology (GO) gene sets in Molecular Signatures database (MsigDB v7.2) with 10000
621  permutations (min size 15, max size 500, FDR q < 0.25).

622
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623  Promoter analysis of SmpdI3b gene

624  Potential transcription factors (TFs) on the promoter of SmpdI3b gene were predicted
625 using “Match” from geneXplain (genexplain.com), in which the association scores,
626  including “Core Motif Similarity” and “Weight Matrix Similarity” were calculated (54). A
627  higher score implies a higher chance of the gene being the target of this TF.

628

629 Inhibition of c-Myc or EZH2 in mESCs

630 To test the possible roles of transcriptional factor c-Myc and EZH2 in regulation of
631  Smpdi3b expression in mMESCs, WT and SIRT1 KO mESCS were treated with c-Myc
632  Inhibitor CAS 403811-55-2—Calbiochem (10058-F4) (Millipore Sigma, 475956) at 10 uM
633  or EZh2 inhibitor Tazemetostat (EPZ-6438) (MCE, HY-13803) at indicated concentrations
634  for 48 hours. WT and SIRT1 KO mESCs were also transfected with siRNA against mouse
635 c-Myc (Santa Cruz, sc-29227) or EZH2 (ThermoFisher, 4390771) to knockdown their
636  expression respectively. Cells were collected for 48 hours after transfection for gPCR
637  analysis.

638

639  Site-direct mutagenesis

640  To further determine the influence of the acetylation status of c-Myc on expression of
641  Smpdil3b, mouse c-Myc protein was first cloned into the pPHAGE-EF1a-HA-Puro vector.
642  The major acetylation site of c-Myc protein, K323, was then mutated to either R to mimic
643  deacetylated c-Myc (K323R) or Q to mimic acetylated c-Myc (K323Q) using QuickChange
644 Il Site-Directed Mutagenesis Kit (Agilent Technologies, 200522-5) against pPHAGE-
645  EF1a-HA-Puro-c-Myc. pPHAGE-EF1a-HA-Puro vector, WT, K323R, and K323Q c-Myc
646  constructs were transfected into WT and SIRT1 KO mESCs using Lipofectamine 3000

647  Reagent (Invitrogen, L3000001). The overexpression of WT and mutant c-Myc protein in
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648  cells were confirmed by immunofluorescence staining of transfected cells with anti-c-Myc
649  antibody (Abcam). The sequences of cloning primers were listed in Table S4.

650

651 Luciferase assay

652  To directly analyze the transcriptional regulation of SmpdI3b expression by c-Myc/SIRT1,
653 firefly luciferase reporters driven by a 3.1 kb mouse SmpdI3b promoter fragment (amplified
654 by 5- tcttacgcgtgctagcccgggetcgagACTCATCCAAAGGACCCAGGTT-3 and  5-
655  tttatgtttttggcgtctt CCATGGGGCAGCAGGCACACATG-3’) containing either wild type (WT)
656  or a mutant c-Myc binding site (E-box) were cloned into pGL3 basic vector. The E-box
657 mutant was constructed with QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent
658  Technologies) using primers 5-
659  cgcgggttcccaccttgtggccagaagatcttctgggcagaactactegtttgge-3° and 5-
660  gccaaacgagtagttctgcccagaagatcttctggccacaaggtgggaaccegeg-3'. The WT or mutant
661  plasmids were then transfected into WT and SIRT1 KO mESCs together with the control
662 pRL-TK plasmid (Renilla Luciferase, Promega). Cells were cultured for 48 h and the
663 luciferase activity was measured using the Dual-Luciferase Reporter Assay System
664  (Promega). The final firefly luciferase activity was normalized to the co-expressed renilla
665 luciferase activity.

666

667 Measurement of membrane fluidity

668 WT and SIRT1 KO mESCs were seeded on glass cover slips and cultured in ESGRO
669  medium overnight. They were then preincubated for 1 hour with or without 2.5 mM MBCD,
670  and stained with 5 yM di-4-ANEPPDHQ for 30 minutes. Coverslips were mounted using
671  ProLong®Gold (Invitrogen), images were acquired on a Zeiss LSM780 confocal
672  microscope. The fluorescent dye was excited at 488 nm and images from 30 individual

673  colonies in each group were acquired at 560 nm for emission from ordered phase and 620
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674 nm for emission from disordered phase. The images were further analyzed ImageJ
675  according to a method described previously (57).

676

677  In vitro neural differentiation of mESCs

678  In vitro neural differentiation of WT and SIRT1 KO mESCs were performed essentially as
679  described (38, 39). Specifically, WT and SIRT1 KO mESCs maintained in ESGRO
680  Complete PLUS Clonal Grade Medium (Millipore SF001-500P) were gently dissociated
681  with 0.05% Trypsin and plated onto 0.1% gelatin coated cell culture dish at a density of
682  1x10%ells / cm? with RHB-A medium (Clontech TaKaba Cellartis, Y40001). Medium was
683 changed every 2 days and cultured for 4 days. Cells were then dissociated with 0.05%
684  Trypsin again and plated into cell culture dish coated with 1 pg/ml Laminin (Sigma, L2020)
685  ata density of 2x10%cells/cm? in RHB-A medium supplemented with 5 ng/ml murine bFGF
686  (Sigma, SRP4038-50UG). Medium was changed again every 2 days for the next 3 weeks.
687  Cell morphology was monitored during the differentiation. The differentiated neural cells
688  were maintained in RHB-A: Neurobasal (ThermoFisher,10888022): B27 Supplement
689  (ThermoFisher,17504044) (1:1:0.02) medium to for a better survival.

690

691  FACS analysis

692  To quantify the factions of differentiated cells at different stages during in vitro neural
693 differentiation, differentiated cells were harvested with trypsin and fixed with 4% PFA. After
694 fixation, cells are washed with PBS and immunofluorescence stained with different neural
695  markers, and analyzed by FACS.

696

697  Alkaline phosphatase staining
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698  The alkaline phosphatase staining assay was performed using the Alkaline Phosphatase
699  staining kit Il as per manufacturer's instructions (Stemgent, Cambridge, MA; cat. no. 00-
700  0055).

701

702 Maternal high-fat diet feeding

703  To investigate the effects of maternal high-fat diet feeding on embryonic development of
704  control and SIRT1 KO mice, 6-8 weeks old SIRT1 heterozygous (Sirt1"") female mice
705  were fed with either control chow diet (NIH-31 contains 4% fat) or a high-fat diet (D12492
706  contains 36% fat) for 4-8 weeks. They were then bred with age matched Sirt7*- male mice
707  fed with chow diet. Early next morning, females with the mating plug (E0.5) were separated
708  from the males into a new cage and put back on the high-fat diet. Embryos from E14.5
709  and E18.5 were then collected and analyzed. The total feeding time on the high-fat diet is
710  upto 11 weeks. Embryos were collected from at least 4 dams (pregnant females) for each
711  time point, this sample size was estimated using Chi square based on 100% penetrance
712 of body weight reduction of SIRT1 KO embryos and a 95% power.

713 All animal procedures were reviewed and approved by National Institute of
714 Environmental Health Sciences Animal Care and Use Committee. All animals were
715  housed, cared for, and used in compliance with the Guide for the Care and Use of
716  Laboratory Animals and housed and used in an Association for the Assessment and
717  Accreditation of Laboratory Animal Care, International (AAALAC) Program.

718

719  Quantification and statistical analysis

720  Values are expressed as mean t standard error of mean (SEM) from at least three
721  independent experiments or biological replicates, unless otherwise indicated in the figure
722 legend. Significant differences between the means were analyzed by the two-tailed,

723  unpaired, Student’s t-test, and differences were considered significant at *p<0.05 using
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724  Microsoft Office Excel (Version 16.16.27). No methods were used to determine whether
725  the data met assumptions of the statistical approach (e.g. test for normal distribution).
726 Bioinformatic analyses of RNA-seq data are detailed in METHOD DETAILS
727  section.

728

729  Data availability

730  The RNA-seq (RNA-seq) data have been deposited to Gene Expression Omnibus under
731  the accession number GSE163920

732 ( https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE163920). The secure token

733 for reviewers is cryvgkekdbufrmb.

734  Additional information on DEGs is available from Table S3.

735  Metabolomics data (lipid alterations) between WT and SIRT1 KO mESCs is available in
736  Table S1.

737  Sphingolipid profiles between WT and SIRT1 KO mESCs and hESCs are available in
738  Table S2.

739  All oligos used in the study are available in Table S4.

740  All antibodies used in the study are available in Table S5.

741

742  List of Supplemental Tables

743  Table S1. Lipid alterations in WT and SIRT1 KO mESCs analyzed by metabolomics.

744  Table S2. Accumulation of sphingomyelin in both SIRT1 KO hESCs and mESCs.

745  Table S3. Significantly differentially expressed genes between SIRT1 KO vs WT mESCs.
746  Table S4. Oligonucleotides used in the study.

747  Table S5. Antibodies used in the study.

748
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Figure 1. Deletion of SIRT1 in mESCs results in a dramatic accumulation of sphingomyelin.

(A) Metabolomic analysis reveals a massive accumulation of sphingolipids in SIRT1 KO mESCs. WT and SIRT1 KO mESCs were cultured in a
complete mESC maintenance medium (M10) and metabolites were analyzed by metabolomics as described in Methods. The networks of
significantly changed metabolites in lipid metabolism were analyzed by Cytoscape 2.8.3. Metabolites increased in SIRT1 KO mESCs were
labeled red (p<0.05) or pink (0.05<p<0.10), metabolites decreased in SIRT1 KO mESCs were labeled blue (p<0.05) or light blue (0.05<p<0.10).
Metabolite node size is proportional to the fold change in KO vs WT (n=5 biological replicates). (B) The relative abundance of different
metabolites mapped into sphingolipid metabolism pathways. Metabolites in sphingolipid metabolism in WT and SIRT1 KO mESCs were analyzed
as in (A) and the relative abundance of metabolites involved in sphingolipid metabolism was displayed by the heat map (n=5 biological
replicates). (C-D) SIRT1 KO mESCs have increased levels of BODIPY FL-labeled sphingomyelin. WT and SIRT1 KO mESCs cultured in ESGRO
medium were labeled with BODIPY FL-labeled sphingomyelin for 30 min at 4 [JC then chased at 37 [IC for 30 min. The intensity of BODIPY FL-
labeled sphingomyelin in cells were analyzed by (C) confocal fluorescence imaging and by (D) quantitative FACS (n=3 biological replicates,
***p<0.001). Scale bars: 20um. (E) SIRT1 KO mESCs have increased levels of endogenous sphingomyelin. WT and SIRT1 KO mESCs cultured
in ESGRO medium were extracted and total levels of endogenous sphingomyelin were determined in extracts by an enzyme-coupled colorimetric
assay as described in Methods (n=3 biological replicates, *p<0.05). (F-H) Deletion of SIRT1 in E14 mESCs leads to accumulation of
sphingomyelin. (F) SIRT1 was deleted in E14 mESC line using crispr/cas9 mediated gene editing technology and (G) relative levels of BODIPY
FL-labeled sphingomyelins were imaged and (H) measured (n=2 independent clones with 3 biological replicates for each clone, ***p<0.001).
Scale bars: 20um.
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Figure 2. SIRT1 deficient mESCs have reduced expression of SMPDL3B and sphingomyelin degradation.

(A) SIRT1 KO mESCs have reduced mRNA levels of SmpdI3b. WT and SIRT1 KO mESCs were cultured in either ESGRO medium or M10
medium. The mRNA levels of indicated enzymes involved in sphingomyelin synthesis (Sgms) and degradation (Smpd) were analyzed by
gPCR (n=3 biological replicates, *p<0.05, **p<0.01). (B-C) SIRT1 KO mESCs have reduced protein levels of SMPDL3B. The protein levels
of SMPDL3B were analyzed by (B) immuno-blotting and (C) immuno-fluorescence staining. Scale bars: 20um. (D) SIRT1 KO mESCs have
reduced degradation of sphingomyelin. WT and SIRT1 KO mESCs were preloaded with BODIPY FL-C5 sphingomyelin for 30 min at 4 [1C,
then incubated with BODIPY FL-C5 sphingomyelin-free medium at 37 [JC. The dynamic of BODIPY FL-sphingomyelin was monitored for
additional 12 hours at 37 [1C. WT and SIRT1 KO mESC clones that have comparable preloaded levels of BODIPY FL-C5 sphingomyelin
were shown. Scale bars: 20um.
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Figure 3. SMPDL3B directly controls the sphingomyelin contents in mESCs.

(A) Overexpression of SMPDL3B in mESCs. WT and SIRT1 KO mESCs were infected with lentiviral particles containing empty vector (V) or
expressing SMPDL3B. The expression of SMPDL3B was analyzed by immuno-blotting. (B-C) Overexpression of SMPDL3B reduces
sphingomyelin levels in mESCs cultured in M10 medium. The cellular levels of sphingomyelin in WT and SIRT1 KO mESCs with or without
overexpression of SMPFL3B were analyzed by (B) BODIPY FL-sphingomyelin confocal imaging, and (C) FACS assay (n=3 biological
replicates, *p<0.05, **p<0.01). Scale bars in (B): 20um. L3B in (C): SMPDL3B. (D-F) Overexpression of SMPDL3B reduces sphingomyelin
levels in mESCs cultured in ESGRO medium. The cellular levels of sphingomyelin in WT and SIRT1 KO mESCs with or without
overexpression of SMPDL3B were analyzed by (D) BODIPY FL-sphingomyelin staining, (E) BODIPY FL-sphingomyelin FACS assay, or (F) an
enzyme-coupled colorimetric assay for endogenous sphingomyelin. (n=3 biological replicates, *p<0.05, **p<0.01, ***p<0.001). Scale bars:
20um. (G) Stable knockdown of the expression of SMPDL3B in mESCs. WT and SIRT1 KO mESCs were infected with lentiviral particles
containing empty vector (V) or shRNA constructs for SMPDL3B (B11, B12, C1). The expression of SMPDL3B were analyzed by immuno-
blotting. shL3B: shRNAs against SMPDL3B. (H-J) Knocking down SMPDL3B increases sphingomyelin levels in WT mESCs but not
significantly further in SIRT1 KO mESCs in ESGRO medium. The cellular levels of sphingomyelin in WT and SIRT1 KO mESCs with or without
stable knockdown of SMPDL3B were analyzed by (H) BODIPY FL-sphingomyelin confocal imaging, (I) BODIPY FL-sphingomyelin FACS
assay, or (J) an enzyme-coupled colorimetric assay for endogenous sphingomyelin (n=3 biological replicates, **p<0.01, ***p<0.001). Scale
bars: 20pm.
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Figure 4. Expression of WT but not catalytically inactive SIRT1 partially rescues the sphingomyelin defect in SIRT1 KO mESCs.

(A-B) SIRT1 protein levels in indicated mESCs. WT and SIRT1 KO mESCs were infected with lentiviral particles containing empty vector
(Plentill-EF1a) or constructs expressing WT or a catalytically inactive mutant SIRT1 (HY). The expression of SIRT1 was analyzed by either
(A) immunoblotting or (B) immunofluorescence staining. Bars in B: 20um. (C-D) Expression of the HY mutant SIRT1 represses the
expression of SmpdI3b in WT mESCs, whereas expression of WT but not the HY mutant SIRT1 increases the expression of SmpdI3b in
SIRT1 KO mESCs. The expression of SMPDL3B was analyzed by either (C) qPCR or (D) immunoblotting. (n=3 biological replicates,
***p<0.001). (E-F) Expression of WT but not HY mutant SIRT1 significantly reduces the sphingomyelin levels in both WT and SIRT1 KO
mESCs. Indicated WT and SIRT1 KO mESCs cultured in ESGRO medium were labeled with BODIPY FL-labeled sphingomyelin for 30 min
at 4 °C then incubated at 37 °C for 30 min. The intensity of BODIPY FL-labeled sphingomyelin in cells were analyzed by (E) confocal
fluorescence imaging and by (F) quantitative FACS (n=3 biological replicates, ***p<0.001). Bars in E: 20um.
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Figure 5. SIRT1 promotes the transcription of Smpdi3b through c-Myc in mESCs.

(A) SIRT1 KO mESCs have reduced transcription of SmpdI3b. WT and SIRT1 KO mESCs cultured in ESGRO medium were
crosslinked and subjected for ChIP-qPCR profiling of Polll, c-Myc, EZH2, and indicated chromatin activation or repression
marks near the TSS region of SmpdI3b gene (n=3 biological replicates, *p<0.05). (B) Association scores of potential
transcription factors (TFs) near the TSS of SmpdI3b gene. The association scores of indicated TFs were obtained from a
published dataset (54). A higher score is suggestive of a higher chance of SmpdI3b gene being targeted by the potential TF.
(C) A guide RNA (gRNA) targeting the +528 locus at the TSS region of SmpdI3b gene rescues the expression of this gene.
gRNAs targeting indicated loci near the TSS region of SmpdI3b gene were transfected into WT and SIRT1 KO mESCs stably
expressing a dox-inducible dCas9 and BirA-V5 (dCas9 mESCs). The mRNA levels of SmpdI3b were analyzed by gPCR (n=3
biological replicates, *p<0.05, **p<0.01, ***p<0.001). (D) Inhibition of c-Myc activity reduces the expression of Smpdi3b gene
in mESCs. WT and SIRT1 KO mESCs were treated with DMSO or 10 [JM 10058-F4 for 48 hours. The mRNA levels of
Smpdi3b were analyzed by gPCR (n=3 biological replicates, *p<0.05, **p<0.01, ***p<0.001). (E) Knocking down c-Myc
significantly reduces the expression of SmpdI3b gene in mESCs. WT and SIRT1 KO mESCs were transfected with siRNAs
against c-Myc for 48 hours. The mRNA levels of c-Myc and SmpdI3b were analyzed by gPCR (n=3 biological replicates,
*p<0.05, **p<0.01). (F) Overexpression of the KR mutant of c-Myc partially reduces the expression of SmpdI3b gene in
SIRT1 KO mESCs. The mRNA levels of SmpdI3b in indicated mESCs were analyzed by gPCR (n=6 biological replicates,
**p<0.01, ***p<0.001). (G) Mutation of the c-Myc binding E-box element on the promoter of SmpdI3b gene abolishes the
expression of SmpdI3b luciferase reporter in mESCs. Luciferase reporters containing the basic vector (pGL3-basic), the WT
promoter of SmpdI3b gene, or a promoter of SmpdI3b gene with a mutant E-box were transfected into WT and SIRT1 KO
mESCs, and the luciferase activities were measured as described in Methods (n=3 biological replicates, ***p<0.001).
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Figure 6. Sphingomyelin accumulation increases membrane fluidity and induces expression of Nestin in
SIRT1 KO mESCs.

(A) SIRT1 KO mESCs have an increased membrane fluidity. WT and SIRT1 KO mESCs cultured in ESGRO
medium were preincubated with or without 2.5 mM MBCD for 1 hour, then stained with 5 uM di-4-ANEPPDHQ
for at least 30 minutes. The relative ordered fraction in each group was analyzed as described in Methods (n=30
clones/group, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Bars: 10pm. (B-C) Exogeneous sphingomyelin
treatment increases Nestin but not pluripotency markers in mESCs. WT and SIRT1 KO mESCs were treated
with indicated concentrations of sphingomyelin (SM) in ESGRO medium for 48 hours. (B) The intensity of AP
was analyzed as described in Methods. (C) The protein abundance of pluripotency marker OCT3/4, Nanog and
neuroepithelial stem cell marker Nestin in WT and Sirt1 KO mESCs were determined by immunoblotting.
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Figure 7. SIRT1 KO mESCs have an impaired neural differentiation in vitro.

(A) A diagram of the in vitro neural differentiation system. (B) SIRT1 KO E14 mESCs are less responsive to in vitro neural differentiation than
WT mESCs. The expression of indicated genes were analyzed by qPCR during 4 weeks of in vitro neural differentiation. Please note that
deletion of SIRT1 resulted in reduction in both repression of pluripotent factors and induction of markers for neural progenitors/stem cells and
neurons (n=3 biological replicates, * p<0.05, **p<0.01). (C) SIRT1 KO E14 mESCs have reduced expression of neural differentiation markers
and disordered neuronal morphology. WT and SIRT1 KO E14 mESCs after 4 weeks of in vitro neural differentiation were stained for a neural
progenitor marker SOX1 (left panels) and neuronal markers (11l tubulin (TUBB3, middle panels) and TH (right panels). Scale bars: 20um. (D)
SIRT1 KO mESCs have reduced expression of TUBB3 and mature neuronal morphology. WT and SIRT1 KO mESCs after 4 weeks of in vitro
neural differentiation were stained for TUBB3. Scale bars: 20um.
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Figure 8. Reduced expression of SMPDL3B is partially responsible for impaired in vitro neural differentiation in SIRT1 KO mESCs.

(A) Overexpression of SMPDL3B partially rescues gross neuronal morphology in in vitro differentiated SIRT1 KO mESCs. WT and SIRT1
KO mESCs stably infected with lentiviral particles containing empty vector (V) or constructs expressing SMPDL3B protein were subjected to
4 weeks of in vitro neural differentiation. The cell morphology was analyzed using regular light microscopy fixed with ZEISS AxioCamHR
camera. Scale bars: 20um. (B) Overexpression of SMPDL3B partially rescues neuronal morphology in in vitro differentiated SIRT1 KO cells.
WT and SIRT1 KO mESCs expressing vector (V) or SMPDL3B were differentiated as in (A). The expression of indicated markers and
neuronal morphology were analyzed by immunofluorescence staining. Scale bars: 20um. (C) Overexpression of SMPDL3B partially rescues
the expression of neural progenitor markers in in vitro differentiated SIRT1 KO cells. WT and SIRT1 KO mESCs expressing vector (V) or
SMPDL3B were differentiated as in (A). The expression of SOX2 and SOX3 were analyzed by gPCR (n=3 biological replicates, *p<0.05,
**p<0.01). (D) Overexpression of SMPDL3B partially increased the fraction of differentiated cells in in vitro differentiated SIRT1 KO cells. WT
and SIRT1 KO mESCs expressing vector (V) or SMPDL3B were differentiated as in (A). The fraction of differentiated cells positive of
indicated neural markers were quantified by FACS (n=3 biological replicates, **p<0.01, ***p<0.001). (E) Knocking down SMPDL3B in WT
mESCs impairs neural differentiation in vitro. WT and SIRT1 KO mESCs with or without stable knockdown of SMPDL3B were in vitro
differentiated into neurons for 4 weeks. The expression of neural markers Tau and NEFH were analyzed by immunofluorescence staining.
Scale bars: 50um. (F) WT but not a catalytic inactive SIRT1 rescues neural differentiation in vitro. WT and SIRT1 KO mESCs expressing
vector (V), WT SIRT1, or a mutant SIRT1 lacking catalytic activity (HY) were in vitro differentiated into neurons for 4 weeks. The expression
of neural markers SOX1 and Nestin were analyzed by immunofluorescence staining. Scale bars: 50um.
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Figure 9. Maternal high-fat diet feeding impairs neural development in SIRT1 deficient embryos.

(A) Maternal high-fat diet feeding reduces body weight of embryos. Maternal high-fat diet (HFD) feeding was performed 3-4 weeks before
pregnancy (pre-feeding) as described in Methods. Body weight of E14.5 and E18.5 embryos were measured (*p<0.05, **p<0.01,
***p<0.001). (B) SIRT1 KO embryos have reduced expression of SmpdI3b in brains. The mRNA levels of SmpdI3b in brain of E18.5
embryos from chow fed dams or HFD fed dams were analyzed by gPCR (n=6 embryos, *p<0.05, **p<0.01). (C) Maternal high-fat diet
feeding induces sphingomyelin accumulation in brains of SIRT1 KO embryos. Maternal high-fat diet (HFD) feeding was performed 3-4
weeks before pregnancy (pre-feeding) as described in Methods. Brains from E18.5 embryos were dissected into three parts and the
endogenous sphingomyelins were extracted and measured (n=6 embryos, *p<0.05). (D) Maternal high-fat diet feeding induces defective
expression of neural markers in brains of SIRT1 KO embryos. The mRNA levels of indicated neural markers in brain of E18.5 embryos
from chow fed dams or HFD fed dams were analyzed by gPCR (n=6 embryos, *p<0.05, **p<0.01, ***p<0.001). (E) SIRT1 regulates
sphingomyelin degradation and neural differentiation of mESCs through c-Myc and EZH2. SIRT1 is highly expressed in mESCs cells,
where it functions to promote association of c-Myc and recruitment of Pol Il to activate transcription of Smpdi3b gene and subsequent
sphingomyelin degradation. This action of SIRT1 is important for maintenance of a proper membrane fluidity for normal neural
differentiation in response to nutritional/developmental cues. Deletion of SIRT1 causes hyperacetylation and instability of c-Myc, leading to
Pol Il depletion and transcriptional repression of SmpdI3b. SIRT1 deficiency induced hyperacetylation and stabilization of EZH2 likely
enforce this transcriptional suppression by adding H3K27me3 mark. This transcriptional repression of SmpdI3b is associated with
accumulation of sphingomyelin, which increases membrane fluidity and impairs neural differentiation. Light blue triangles: H3K4me3; Light
green circles: H3K27me3; Ac: acetylation.
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Figure S1. Deletion of SIRT1 in ESCs results in a dramatic accumulation of sphingomyelin.

(A) Key sphingolipid metabolic pathways (modified from '). SPT: serine palmitoyl transferase; KDSR: 3-keto dihydrosphingosine
reductase; CERS, ceramide synthase; DEGS: dihydroceramide desaturase; CERT: ceramide transfer protein; UGCG: UDP-glucose
ceramide glucosyltransferase; GBA: glucosyl ceramidase; SGMS: sphingomyelin synthase; SMPD: sphingomyelin phosphodiesterase;
CERK: ceramide kinase; PPAP2A/B/C: phosphatidic acid phosphatase 2A/B/C; CDASE: ceramidase; SPHK: sphingosine kinase;
SGPP: sphingosine-1-phosphate phosphatase. (B) Metabolomic analysis reveals a massive accumulation of sphingolipids in SIRT1 KO
mESCs cultured in methionine restricted medium. WT and SIRT1 KO mESCs were cultured in a methionine restricted M10 medium
containing 6 uM of methionine for 6 hours and metabolites were analyzed by metabolomics as described in Methods. The networks of
significantly changed metabolites in lipid metabolism were analyzed by Cytoscape 2.8.3. Metabolites increased in SIRT1 KO mESCs
were labeled red (p<0.05) or pink (0.05<p<0.10), metabolites decreased in SIRT1 KO mESCs were labeled blue (p<0.05) or light blue
(0.05<p<0.10). Metabolite node size is proportional to the fold change in KO vs WT (n=5 biological replicates). (C) Deletion of SIRT1 in
mel1 hESCs. SIRT1 KO hESCs were generated by crispr/Cas9 technology. The expression of SIRT1 protein was analyzed in three
independent SIRT1 KO hESC lines by immuno-blotting (up) or immunofluorescent staining (bottom) with anti-SIRT1 antibodies. Bar, 20
pum. (D) Deletion of SIRT1 induces accumulation of sphingomyelin in mMESCs but not in MEFs. Bars: 20pm. (E) SIRT1 KO mESCs have
comparable levels of ceramide as WT mESCs. WT and SIRT1 KO mESCs were labeled with BODIPY FL- ceramide for 30 min at 4 °C
then chased at 37 °C for 30 min. Bars: 20um.
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Figure S2. Expression of sphingolipid synthesis and degrading enzymes in WT and SIRT1 KO mESCs.

(A) Smpdi3b is one of the major Smpds in MESCs. The relative mRNA levels of indicated Smpds were measured by gPCR and
normalized with standard curves using cDNA of each gene. Their relative abundance was then quantified and compared (n=3
biological replicates). (B) The expression of SGMS1, SGMS2, SMPD2, and SMPD4 in WT and SIRT1 KO mESCs were
analyzed by immunofluorescence staining. Bars: 20um.
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Figure S3. Deletion of SIRT1 reduces transcription of SmpdI3b gene.

(A) Diagram of mouse SmpdI3b gene structure. The locations of indicated gPCR primers were denoted. (B) SIRT1 KO mESCs but not
MEFs have reduced mature Smpdi3b mRNA. The relative mature mRNA levels of SmpdI3b were analyzed by qPCR by four different
pairs of primers as indicated in (A) (n=3 biological replicates, ***p<0.001). (C) SIRT1 KO mESCs have reduced Smpd/3b mRNA in both
nuclear and cytosol. The nuclear and cytosol fraction of WT and SIRT1 KO mESCs were separated as described in Methods and mRNA
levels of SmpdI3b were analyzed by gPCR (n=3 biological replicates, *p<0.05, ***p<0.001). (D) SIRT1 KO mESCs have reduced levels of
full length SmpdI3b mMRNA. Total RNA from WT and SIRT1 KO mESCs were probed for full length SmpdI3b mRNA by Northern blotting
as described in Methods. (E) SIRT1 KO mESCs have reduced abundance of transcripts of SmpdI3b gene at both intronic and exonic
regions. Ribo-minus total RNA from WT and SIRT1 KO mESCs were sequenced by Nova-seq. The total reads mapped to the whole
mouse Smpdi3b gene were shown. The transcript abundance of Gapdh gene at both exonic and intronic regions was shown as control.
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Figure S4. SIRT1 promotes the transcription of SmpdI3b through c-Myc but not EZH2 in mESCs.
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(A) The positions of gRNA targeting sequences on the SmpdI3b gene. The targeting sequence of gRNA +528 is located in a region
containing both mapped c-Myc binding site and EZH2 binding site. (B) The expression of dCas9 and SIRT1 in WT and SIRT1 KO dCas9
mESCs. WT and SIRT1 KO dCas9 mESCs transfected with indicated sgRNA were treated with 1 ug/ml Dox for 48 hours. (C)
Overexpression of WT, K323R, and K323Q mutant of c-Myc in SIRT1 KO mESCs. WT and SIRT1 KO mESCs were infected with lentiviral
particles containing empty vector (V) or constructs expressing WT, K323R (KR), or K323Q (KQ) mutant of c-Myc. Bars: 20um. (D) Inhibition
of EZH2 have limited effect on the expression of Smpdi3b gene in MESCs. WT and SIRT1 KO mESCs were treated with EPZ6438 at
indicated concentrations for 48 hours (n=3 biological replicates). (E-F) Knocking down EZH2 in mESCs. WT and SIRT1 KO mESCs were
transfected with control siRNA (siNeg) or siRNAs against EZH2 (siEZH2) for 48 hours. The expression of SmpdI3b was analyzed by (E)
gPCR (n=3 biological replicates) and (F) immunoblotting. (G) Knocking down EZH2 have minimal effect on the expression of Smpd/3b

gene in mESCs (n=3 biological replicates).
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Figure S5. SIRT1 deficiency in mESCs significantly reduces the expression of genes involved in
membrane signaling.

(A) Genes involved in membrane function are significantly enriched in genes downregulated in SIRT1
KO mESCs. (B) Two major impaired membrane pathways in SIRT1 KO mESCs. GSEA analysis of
transcriptomes from WT and SIRT1 KO mESCs was performed as described in Methods. Two major
downregulated membrane pathways were shown (n=3 biological replicates).
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