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Hepatic Levels of DHA-Containing Phospholipids
Instruct SREBP1-Mediated Synthesis and Systemic

Delivery of Polyunsaturated Fatty Acids
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Fumie Hamano,"? Megumi Yasuda,' Tadashi Okamura,** Hideo Shindou,’> and Takao Shimizu®.¢8*

SUMMARY

Polyunsaturated fatty acids (PUFAs), such as docosahexaenoic acid (DHA) and
arachidonic acid (ARA), play fundamental roles in mammalian physiology.
Although PUFA imbalance causes various disorders, mechanisms of the regula-
tion of their systemic levels are poorly understood. Here, we report that hepatic
DHA-containing phospholipids (DHA-PLs) determine the systemic levels of PU-
FAs through the SREBP1-mediated transcriptional program. We demonstrated
that liver-specific deletion of Agpat3 leads to a decrease of DHA-PLs and a
compensatory increase of ARA-PLs not only in the liver but also in other tissues
including the brain. Together with recent findings that plasma lysophosphatidyl-
choline (lysoPC) is the major source of brain DHA, our results indicate that hepatic
AGPAT3 contributes to brain DHA accumulation by supplying DHA-PLs as precur-
sors of DHA-lysoPC. Furthermore, dietary fish oil-mediated suppression of hepat-
ic PUFA biosynthetic program was blunted in liver-specific Agpat3 deletion. Our
findings highlight the central role of hepatic DHA-PLs as the molecular rheostat
for systemic homeostasis of PUFAs.

INTRODUCTION

Recent studies have shown that besides their quantity, the qualities of fatty acids (e.g., saturated fatty acid
toxicity and omega-3/omega-6é fatty acid balance) are involved in various human diseases, including meta-
bolic syndrome, inflammatory diseases, and neuronal diseases (Bazinet and Laye, 2014; Estadella et al.,
2013). Especially, omega-3 polyunsaturated fatty acids (PUFAs), such as docosahexaenoic acid (DHA),
and omega-6 PUFAs, including arachidonic acid (ARA), are implicated in diverse cellular processes and
in the progression of these diseases as bioactive lipid mediators, or as components of membrane phospho-
lipids (PLs) (Harayama and Shimizu, 2020; Jump et al., 2013; Milligan et al., 2017; Shimizu, 2009; Wang and
Tontonoz, 2019). PUFA-containing PLs are supposed to affect the membrane-based cellular processes,
such as endo/exocytosis, and localization and functions of a number of membrane proteins by providing
fluidity to the cellular membrane (Antonny et al., 2015; Harayama and Riezman, 2018). Indeed, recent
studies with knockout (KO) mouse models of 1-acyl-sn-glycerol-3-phosphate acyltransferase 3 (AGPAT3,
also known as lysophosphatidic acid acyltransferase 3, LPAAT3) and lysophosphatidylcholine acyltransfer-
ase 3 (LPCAT3) have revealed the critical roles of DHA- and ARA-containing PLs in the maintenance of
photoreceptor disks, spermatogenesis, and lipoprotein secretion in vivo (Hashidate-Yoshida et al., 2015;
lizuka-Hishikawa et al., 2017; Rong et al., 2015; Shindou et al., 2017).

As mammals cannot synthesize DHA and ARA de novo because of lack of enzymes that introduce the dou-
ble bond at omega-3 and é position, dietary intake of these PUFAs or their precursors (a-linolenic acid for
DHA and linoleic acid for ARA) is required for maintenance of their systemic levels. Although DHA and
ARA can be directly supplied through diet or supplements, prior studies indicate that their production
from precursor fatty acids is essential to maintain the levels (Moon et al., 2009; Pauter et al., 2014). For
the syntheses from precursor fatty acids, both DHA and ARA require a number of common enzymes,
namely, fatty acid desaturase 1 (FADS1), FADS2, and elongation of very long fatty acid protein-5 (ELOVLS5)
(Jalil et al., 2019). In the case of PUFAs with >22 carbon chains, such as DHA, an additional enzyme,
ELOVL2, is also required (Jalil et al., 2019). All these PUFA biosynthetic enzymes are highly expressed
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in the liver; therefore, the liver has been considered as a central organ for the systemic metabolism and
distribution of PUFAs.

Sterol regulatory element-binding proteins (SREBPs) are the key transcription factors required for lipid meta-
bolism in the liver (Horton et al., 2002; Scorletti and Byrne, 2013). SREBP1 controls the expression of genes en-
coding the enzymes involved in de novo fatty acid synthesis and PUFA production, whereas SREBP2 controls
cholesterol synthesis-related genes. SREBP1 and SREBP2 are translated as transmembrane proteins, and pro-
teolytic cleavage is required for their activation as transcription factors (Shimano and Sato, 2017). SREBP2-medi-
ated regulation of cellular cholesterol levels has been well documented. When the cellular cholesterol level goes
down, SREBP2 translocates from the endoplasmic reticulum to the Golgi apparatus, where it is proteolytically
cleaved and activated as a major transcription factor for the biosynthesis of cholesterol (Goldstein et al.,
2006). Similarly, several studies have shown that supplementation of PUFAs, but not of saturated fatty acids,
negatively regulates SREBP1 (Hannah et al., 2001; Kato et al., 2008; Yahagi et al., 1999). Although these obser-
vations suggest the negative feedback regulation of PUFA levels, an overview of the precise molecular mecha-
nisms controlling the cellular and systemic PUFA levels are still enigmatic.

Herein, we investigated the role of hepatic membrane DHA-PLs by specifically manipulating the DHA levels
in the PLs without affecting the other forms of DHA, including triglycerides and cholesterol ester, using a
liver-specific deletion of AGPAT3, a critical enzyme for DHA-PLs' production, in mice. We propose a model
whereby systemic PUFA levels are maintained through SREBP1-mediated biosynthesis in response to
excess or deficiency of hepatic DHA-PLs.

RESULTS
Transcriptional Upregulation of PUFA Biosynthetic Pathway in DHA-PL-Deficient Liver

We previously reported that AGPAT3 is critical for the production of DHA-PLs in the retina and testes (li-
zuka-Hishikawa et al., 2017; Shindou et al., 2017). To determine whether AGPAT3 is essential for the pro-
duction of DHA-PLs in the liver, we first assessed the fatty acid composition of phosphatidylcholine (PC)
and phosphatidylethanolamine (PE), the most abundant species in the membrane PLs, in Agpat3 wild-
type (WT) and KO liver by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Consistent
with retina and testes, PCs and PEs having a total of six double bonds (mainly composed of DHA-PLs)
were dramatically decreased in the liver of Agpat3 KO mice (Figures 1A, S1A, and S1B). In contrast to
the decrease of DHA-PLs, there was an increase in the levels of unsaturated PC and PE species (Figures
S1A and S1B), especially those with four cumulative double bonds (mainly composed of ARA-PLs) in Ag-
pat3KO liver (Figure 1B). The increase in the levels of unsaturated fatty acids in Agpat3KO liver was further
validated by quantitative analysis of the amount of fatty acids chemically deacylated from total lipids using
gas chromatography-flame ionization detection. Consistent with LC-MS/MS analyses, various PUFAs,
especially ARA, were significantly increased in the liver of Agpat3 KO mice (Figure 1C). These results led
us to hypothesize that liver increases the ARA under DHA deficiency to maintain the hepatic PUFA levels.
Thus, to explore the molecular mechanisms underlying the compensatory increase of ARA in Agpat3 KO
liver, we next analyzed the hepatic transcriptional profiles by DNA microarray. Gene ontology analyses indi-
cated that the genes related to lipid metabolism, including those involved in PUFA biosynthesis, were up-
regulated in Agpat3 KO liver (Figures 1D and 1E). The biosynthetic pathways for DHA and ARA share a
number of enzymes, namely, FADS1, FADS2, and ELOVL5 (ELOVL2 is also required for DHA) (Figure 1F).
As the long-term defect of DHA-PLs may affect the expression of these genes, we also analyzed their
mRNA expression in the liver of 1-week-old WT and Agpat3 KO mice. Consistent with adult mice (Fig-
ure S1C), mRNA levels of PUFA biosynthetic enzymes were higher in the liver of 1-week-old Agpat3 KO
mice (Figure 1G). Therefore, it is plausible that the liver possesses the feedback machinery to maintain
the hepatic PUFA levels under DHA-deficient conditions by transcriptional boosting of PUFA biosynthesis.

Liver-Specific Upregulation of Transcriptional PUFA Biosynthetic Pathway in Response to
DHA-PL Deficiency

To investigate whether the induction of PUFA biosynthetic enzymes under DHA-deficient condition is spe-
cificto the liver, we examined both the composition of PLs and gene expression in various tissues of Agpat3
KO mice. Although mRNA expression level of Agpat3 differed among tissues both in adult and 1-week-old
WT mice (Figure S2A and S2B), DHA-PLs were drastically decreased in all tested tissues (Figures 2A, S2C,
and S2D). As in the case of the liver, the levels of ARA-PCs and ARA-PEs were increased in various tissues
(Figure 2A). Contrary to the commonly observed increased ARA-PL levels in various tissues, PUFA
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Figure 1. Lipidomic and Transcriptomic Changes in the Liver of Agpat3 KO Mice
(A-G) Liver samples were prepared from 10-week-old Agpat3 WT and KO mice. (A and B) Percentages of PC and PE with
cumulative six (A) and four (B) double bonds in the liver (n = 4 for each group). (C) Fatty acid composition in the liver (n =5
for each group). (D and E) DNA microarray analysis of the liver of Agpat3 WT and KO mice. (D) Volcano plot summarizes
the differences in the gene expression profile in the liver of Agpat3 WT and KO mice. Differentially expressed genes (fold
change >1.5, p < 0.2) are highlighted in magenta for an increase and in black for a decrease in Agpat3 KO mice. Genes
involved in the synthesis of PUFA are highlighted in green (n = 4 for each group). (E) Functional annotation of upregulated
genes (shown in magenta and green in Figure 1D) in the liver of Agpat3 KO mice. The top gene ontology (GO) terms from
"biological processes” are shown (Benjamini-corrected p < 0.01). (F) Biosynthetic pathway for PUFAs in mammals. Fatty
acid desaturation processes and enzymes are shown in magenta. Fatty acid elongation processes and enzymes are shown
in black. Peroxisomal B-oxidation process is shown in gray. LA, linoleic acid; aLA, a-linolenic acid; EPA, eicosapentaenoic
acid; ARA, arachidonic acid; DHA, docosahexaenoic acid. (G) Relative expression of genes involved in the synthesis of
PUFAs in the liver of 1-week-old mice (n = 3 for each group). Rplp0 is used as an internal control.

(A, B, C, and G) Data are shown as means + SD. Significance is based on unpaired t test (*p < 0.05, **p < 0.01). See also
Figure S1.

biosynthetic enzymes were transcriptionally upregulated exclusively in the liver of Agpat3 KO mice (Fig-
ure 2B). The liver is the central organ that supplies the fatty acids, mainly through the secretion of very
low-density lipoprotein (VLDL); the elevation of ARA-containing lipids in the liver of Agpat3 KO mice
may secondarily affect the levels of ARA-PLs in various extrahepatic tissues. Indeed, the percentage of
plasma PCs with four double bonds, mainly composed of ARA-PCs, was increased in the Agpat3 KO
mice (Figure 2C). Collectively, these results suggest that the liver increases the expression of PUFA biosyn-
thetic enzymes in response to the depletion of membrane DHA-PLs and facilitates the maintenance of sys-
temic PUFA levels through the secretion of ARA-enriched lipoproteins.

Effect of Liver-Specific Deletion of Agpat3 on Systemic Homeostasis of PUFAs

To further assess the intrinsic role of liver DHA-PL production, we generated tamoxifen-inducible liver-
specific Agpat3 KO (LKO) mice by crossing Agpat3 floxed mice with serum albumin Cre-ERT2 mice

iScience 23, 101495, September 25, 2020 3
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Figure 2. Liver-Specific Induction of the Transcription of Genes Encoding Enzymes Involved in the Biosynthesis of
PUFA under Systemic DHA-PL Deficiency

(A-C) Samples were prepared from 1-week-old Agpat3 WT and KO mice. (A) Heatmap shows the rational differences in
each PL species in various tissues (% of total area in WT/% of total area in KO, n = 3 for each group). Br, brain; WAT, white
adipose tissue; BAT, brown adipose tissue; Li, liver; He, heart; Ki, kidney; SI, small intestine. (B) Relative mRNA expression
of genes involved in the biosynthesis of PUFA in various tissues (n = 3 for each group). The expression data of the liver are
identical to Figure 1G. Significance is based on two-way ANOVA followed by Bonferroni’s post-hoc test (**p < 0.01). (C)
Percentages of PC species in the plasma with different number of cumulative double bonds (n = 3 for each group).

(B and C) Data are shown as means + SD. See also Figure S2.

(Schuler etal., 2004) (Figures S3A and S3B). Intragastric injection of tamoxifen at postnatal day 1 and 2 suc-
cessfully achieved the liver-specific deletion of Agpat3in the liver (Figures S3B-S3E). As was observed in
the global KO model, Alb-CreERT2"/~; Agpat3"" mice (referred to as Agpat3 LKO) showed a drastic
decrease in the levels of DHA-PLs compared with Alb-CreERT2/~; Agpatfﬁ’ﬂ/ﬂ mice (control) (Figures
3A, S3F, and S3G), without marked effects on the total PL levels in the liver (Figure S3H). DHA-CoA is a
substrate not only for DHA-PL but also for the DHA-containing triglycerides (DHA-TGs) and DHA-contain-
ing cholesterol ester (DHA-CE) (Figure 3B). Therefore, we analyzed the DHA-TGs and DHA-CE levels in the
liver of Agpat3 LKO mice using LC-MS/MS. Unlike DHA-PLs, the levels of DHA-TGs and DHA-CE in the
liver of Agpat3 LKO mice were almost comparable to those of control mice (Figures 3C and 3D). As
liver-specific deletion of Agpat3 did not alter the total amount of TGs in the liver (Figure S3I), these results
indicate that the liver-specific deletion of Agpat3 selectively decreased the levels of DHA-PLs, without
affecting the other forms of DHA. We next assessed the effect of hepatic DHA-PL depletion on the expres-
sion of genes encoding PUFA biosynthetic enzymes in the liver of Agpat3 LKO mice. In agreement with the
observation in the global KO line (Figure 1), there was an upregulation of PUFA biosynthetic enzymes’
mRNA (Figure 3E), as well as an increase in the levels of ARA-PLs (Figure 3F), in the liver of Agpat3 LKO
mice.

To examine the effect of liver DHA-PL production on extrahepatic tissues, we next analyzed the levels of
plasma DHA-containing lipids in Agpat3 LKO and control mice. Substantial reduction in the levels of
DHA-PLs and DHA-lysoPC in the plasma of Agpat3 LKO mice indicated the critical contribution of hepatic
AGPAT3-dependent production of DHA-PLs on their plasma pools (Figures 3G, 3H, S3F, and S3G). Impor-
tantly, compensatory increase in the levels of ARA-PLs was also observed in Agpat3 LKO plasma (Figures
3G and S3F, and S3G). The plasma DHA-TG levels were comparable to those in control mice (Figures S3J
and S3K), whereas the DHA-CE level in the plasma was decreased in Agpat3 LKO mice (Figure S3L),
possibly due to the lecithin cholesterol acyltransferase-dependent formation of plasma CEs (Sakai et al.,
1997). We then analyzed the fatty acid composition of PLs and TGs in extrahepatic tissues of Agpat3
LKO and control mice at 2 weeks of age. The levels of PLs in the brain were substantially affected by the
deletion of liver Agpat3; there was a decrease in the levels of DHA-PLs/TGs and an increase in the levels
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Figure 3. Effects of Liver-Specific Agpat3 Deficiency on Lipid Composition and Gene Expression

(A=) Samples were prepared from 2-week-old Agpat3 liver-specific KO (LKO) and Cre(—) (control) mice. (A) Percentages
of DHA-PC and DHE-PE containing areas in the liver. (B) Synthetic pathways for DHA-containing lipids. Chol, cholesterol;
DG, diacylglycerol; LPA, lysophosphatidic acid; PA, phosphatidic acid. (C and D) Percentages of DHA-containing TGs (C)
and CE (D) areas in the liver. (E) Relative mRNA expression of genes encoding the PUFA biosynthetic enzymes involved in
the liver. (F) Percentages of ARA-PC and ARA-PE areas in the liver. (G) Percentages of DHA-PCs/PE and ARA-PCs/PE areas
in the plasma. (H) Percentages of DHA-lysoPC areas in the plasma and liver. () Heatmap shows the rational differences in
the levels of each PL species in the brain (% of total area in Cre(—)/% of total area in LKO; n = 3 for Cre(—) and n = 4 for
Agpat3 LKO). Each column represents data for a mouse.

(A and C-H) Data are shown as means =+ SD (n = 3 for Cre(—) and n = 4 for Agpat3 LKO). Significance is based on unpaired
ttest (*p < 0.05, **p < 0.01, ns; no significance). See also Figure S3.

of ARA-PLs (Figures 3I, S3F, S3G, and S3M). Similar trend, although with a weaker effect than observed in
global KO mice, was observed in other tissues from Agpat3 LKO mice, including the brown adipose tissue,
heart, and kidney (Figures S3F, S3G, and S3N). Taken together, our lipidomic analyses of Agpat3 LKO tis-
sues demonstrated that deficiency of hepatic DHA-PLs affects the systemic PUFA composition, especially
in the brain.

Induction of SREBP1-Dependent PUFA Biosynthetic Enzymes under DHA-PL Deficiency in the
Liver

We next tried to decipher the mechanism underlying the transcriptional induction of PUFA biosynthetic
enzymes in the liver of Agpat3 LKO mice. The transcription of the genes for these enzymes in the liver is
mainly regulated by two transcription factors, SREBP1 and peroxisome proliferator-activated receptor
alpha (PPARa) (Jump, 2008; Matsuzaka et al., 2002). In the liver of Agpat3 LKO mice, the nuclear amount
of SREBP1, but not of PPARa, was clearly increased (Figures 4A and S4A). In general, it is considered
that SREBP1 and SREBP2 share the mechanism for nuclear localization; however, increased nuclear
amount was specifically observed for SREBP1 in the liver of Agpat3 LKO mice (Figures S4A and S4B).
Consistently, the expression of SREBP1-target genes, namely, Fasn, Scd, and Elovlé, but not of a repre-
sentative SREBP2-target gene, Hmgcr, was upregulated in the liver of Agpat3 LKO mice (Figure 4B). In
line with this, protein expression of insulin-induced gene 1 (INSIG1), which regulates the translocation of
SREBP1 and SREBP2 (Shimano and Sato, 2017), in the liver of Agpat3 LKO was comparable to that of
control mice (Figure S4C). Liver X receptors (LXRs) and carbohydrate regulatory element-binding pro-
tein (ChREBP) can also transcriptionally control the PUFA biosynthetic enzymes (Jalil et al., 2019; Postic
et al., 2007); however, their contribution to the latter is minimal in the liver of Agpat3 LKO mice
(Figure 4B).
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Figure 4. SREBP1-Mediated Upregulation of mRNAs in the Liver of Agpat3LKO Mice

(A-C) Liver samples were prepared from 2-week-old Agpat3 LKO and Cre(—) mice. (A) Immunoblot analysis of the amount
of SREBP1 and PPARa. in the nucleus (n = 4 for each group). Ponceau S staining was as a loading control. (B) Relative mRNA
expression of representative LXRs-, SREBP1-, SREBP2-, ChREBP-, and PPARa-target genes in the liver (n = 3 for Cre(—) and
n = 4 for Agpat3 LKO mice). Significance is based on unpaired t test (*p < 0.05, **p < 0.01). (C) The effect of short hairpin
RNA (shRNA)-mediated Srebf1 knockdown on the expression of mMRNAs encoding the PUFA biosynthetic enzymes in the
liver (n = 3 for each group). Rplp0 is used as an internal control. shSCR, scrambled shRNA (control); shSrebf1, Srebf1
shRNA. Significance is based on two-way ANOVA followed by Bonferroni’s post-hoc test (*p < 0.05, **p < 0.01).

(B and C) Data are shown as means + SD. See also Figure S4.

To further validate the involvement of SREBP1 in the upregulation of PUFA biosynthetic enzymes in Agpat3
LKO liver, we performed an in vivo gene knockdown experiment using an adenovirus-mediated short
hairpin RNA (shRNA) expression system (Figure S4D). Three days after injection, shRNA for Srebf1, gene
name for SERBP1, decreased the mRNA and protein expression of SREBP1 in the liver of control and Ag-
pat3 LKO mice (Figures 4C and S4E). The knockdown of SREBP1 blunted the induction of PUFA biosyn-
thetic enzymes in the liver of Agpat3 LKO mice (Figure 4C). On the other hand, we observed little or no
effect of Srebf1 knockdown on the levels of Srebfl and PUFA biosynthetic enzymes mRNA in control
mice (Figure 4C). These results suggest that SREBP1, when compared with other transcription factors
such as LXRs or PPARa, has little contribution to the basal gene expression levels of these enzymes at
2 weeks of age, whereas being critically important for compensatory mRNA upregulation during DHA-
PL deficiency. Taken together, all these results indicate a major role of SREBP1 in the induction of transcrip-
tion of PUFA biosynthetic enzymes under conditions of hepatic DHA-PL deficiency.

Requirement of AGPAT3-Dependent DHA Incorporation into PLs upon Fish Oil-Mediated
Suppression of Hepatic SREBP1

Omega-3 PUFAs, especially DHA and eicosapentaenoic acid (EPA), are clinically used to reduce the levels
of TGs in the liver and blood, in part by the suppression of SREBP1-mediated lipogenic transcriptional pro-
gram in the liver (Bays et al., 2008; Clarke, 2001). However, the precise mechanisms of how omega-3 PUFAs
inhibit the SREBP1 activity are still obscure. Therefore, we investigated whether DHA-PLs are involved in
the effect of omega-3 PUFAs on hepatic SREBP1 activity in vivo. For this purpose, Agpat3 LKO and control
mice were fed a high-fat diet (HFD) containing omega-3 PUFA-enriched fish oil (fish diet) or calorie-
matched safflower oil-containing HFD (safflower diet) for 1 week, starting at 3 weeks of age (Figure S5A
and Table S1). The fish diet increased the levels of DHA- and EPA-PLs, but not ARA-PLs, in the liver of
both control and Agpat3 LKO mice (Figures 5A, 5B, and 5C). However, the levels of DHA-PLs in the Agpat3
LKO mice were still substantially lower than in control mice (Figures 5A, 5B, S5B, and S5E). In contrast, the
levels of EPA-PLs were higher in the liver of Agpat3 LKO mice than in the control mice, which was sugges-
tive of the specific contribution of AGPAT3 in DHA-PL production (Figure 5B). Although diet affects the
fatty acid composition of TGs in the liver, the Agpat3 genotype had no effect on the composition
(Figure S5F).
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Figure 5. Involvement of Hepatic DHA-PLs in Fish Oil-Mediated Suppression of SREBP1

(A-C) Liver samples were prepared from 3- and 4-week-old Agpat3 LKO and Cre(—) (control) mice. (A-C) The change in
the composition of DHA-PCs/PEs (A), EPA-PCs/PEs (B), and ARA-PCs/PEs (C) in the liver (n = 5 for 3-week-old Cre(—); n =3
for 3-week-old Agpat3 LKO, n = 4 for safflower-diet-fed Cre(—) and Agpat3 LKO, and n = 6 for fish-diet-fed Cre(—) and

Agpat3 LKO mice).
(D and E) Liver samples were prepared from 4-week-old mice. (D) Relative mRNA expression of PUFA biosynthetic

enzymes (n = 4 for safflower-diet-fed Cre(—) and Agpat3 LKO, and n = 6 for fish-diet-fed Cre(—) and Agpat3 LKO mice). (E)
Upper panel; Representative image of immunoblot analysis of nuclear SREBP1 (nSREBP1) in the whole liver lysate of
Agpat3 LKO and Cre(—) mice. Ponceau S staining was used as a loading control. Lower panel; Bar graph shows the signal
intensity of nSREBP1, as quantified by ImageJ software. Safflower, safflower-diet; Fish, fish-diet.

(A-E) Data are shown as means + SD. (D and E) Significance is based on two-way ANOVA followed by Bonferroni’s post-

hoc test (*p < 0.05, **p < 0.01). See also Figure S5 and Table S1.

We subsequently examined the hepatic mMRNA expression of PUFA biosynthetic enzymes in these mice. In
agreement with previous studies (Kim et al., 1999; Shang et al., 2017), the levels of SREBP1 mRNA and its
downstream PUFA biosynthetic genes in the liver were clearly lower in the fish-diet-fed mice than in saf-
flower-diet-fed groups when applied on the liver of control mice (Figure 5D). On the other hand, such
reduction caused by the fish diet was less obvious in the liver of Agpat3 LKO mice (Figure 5D). In saf-
flower-diet-fed groups, the levels of hepatic mRNAs of PUFA biosynthetic enzymes in Agpat3 LKO mice
were comparable with the levels in control mice (Figure 5D). It may, at least in part, be due to the reduction
of DHA-PL in the safflower-diet-fed control mice (Figure 5A). Consistently, the reduction of the nuclear form
of SREBP1 protein by fish-diet in the liver appears to be blunted by liver-specific deletion of Agpat3 (Fig-
ure 5E). Together with the lipidomic analyses, the suppression of the transcription of PUFA biosynthetic
enzymes by omega-3 PUFA-enriched diet would require the incorporation of DHA, and not of EPA, into

the membrane PLs.

DISCUSSION

The essential roles of DHA in various tissues have been demonstrated in genetic DHA deficiency models
(Ben-Zvi et al., 2014; Harauma et al., 2017; Nguyen et al., 2014; Roqueta-Rivera et al., 2010; Stoffel et al.,
2008; Stroud et al., 2009; Wong et al., 2016). We previously reported that AGPAT3 (LPAAT3) preferentially
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incorporates DHA into lysoPA, a common precursor of all kinds of PLs. Genetic ablation of the enzyme
causes impaired spermatogenesis and blindness due to the decrease of DHA-PLs in testis and retina,
respectively (lizuka-Hishikawa et al., 2017; Shindou et al., 2017). Although the liver has been shown as
one of the organs in which the membranes are most enriched in DHA (Harayama et al., 2014), the roles
of DHA-PLs in the liver have not yet been clearly defined. Here, we successfully unraveled the specific
role of DHA-PLs in the liver membranes, using Agpat3 global and LKO mice. Our study demonstrates
that hepatic DHA-PLs have a central role as a molecular rheostat for the regulation of systemic PUFA levels
by modulating the SREBP1-mediated PUFA synthetic programs.

Among several extrahepatic organs, the most prominent effect of Agpat3 LKO was observed on the fatty
acid composition of the brain (Figures 31 and S3N). This is in agreement with recent findings in KO mice of
the major facilitator superfamily domain-containing protein 2A (MFSD2A), a transporter of PUFA-contain-
ing lysoPC, showing that organs of the central nervous system, such as the brain, greatly depend on circu-
latory DHA-lysoPC for their DHA source (Nguyen et al., 2014). Substantial decrease in the levels of DHA-
lysoPC in Agpat3 LKO plasma indicates that the circulatory DHA-lysoPC is derived from hepatic AGPAT3.
In contrast, plasma DHA-TG levels were not altered in the Agpat3 LKO mice (Figure 3C). The relatively
smaller effect of Agpat3 on fatty acid compositions in the organs other than the brain suggests a possible
contribution of DHA-TGs (in the form of lipoproteins) as sources of DHA in these organs. In addition, the
different turnover rate of DHA in tissues would affect the impact of liver-specific deletion of Agpat3 on the
DHA levels in extrahepatic tissues.

A major finding of this study is that the upregulation of transcripts encoding the PUFA synthetic enzymes in
Agpat3 KO mice was seen mainly in the liver despite the consistent reduction of DHA-PLs in all other organs
including the brain (Figures 2A and 2B). As these enzymes are abundantly expressed in the liver, one may
think that the chromatin accessibility of sterol regulatory element in their promoter region may facilitate the
liver specificity. However, this scenario cannot fully explain our observations because Mfsd2a KO mice,
another mouse model showing brain and retinal DHA reduction, displayed the induction of SREBP1-target
genes in these tissues (Chan et al., 2018; Wong et al., 2016). Currently, we do not have evidence to explain
the different behaviors. As MFSD2A transports not only DHA-lysoPCs but also other fatty acid-lysoPCs, the
altered levels of fatty acids other than DHA can contribute to the upregulation of SREBP1-target genes in
the brain and retina of Mfsd2a KO mice. The detailed mechanistic link between DHA and SREBP1 activity in
the brain will be revealed in the future studies by employing neuron-specific Agpat3 KO.

SREBP1 regulates the expression of genes involved in de novo fatty acid synthesis concomitantly with PUFA
biosynthesis (Jump et al., 2013). Along with the increased prevalence of metabolic syndrome, such as
obesity and hepatic steatosis, previous studies have exclusively focused on SREBP1-mediated de novo
lipogenesis (Moslehi and Hamidi-Zad, 2018; Shimano and Sato, 2017). Moreover, the roles of SREBP1-
mediated PUFA synthesis have not been thoroughly investigated. Our observation regarding the
SREBP1-mediated regulation of PUFA biosynthetic programs by responding the hepatic DHA-PL levels
may indicate an autonomous regulatory mechanism for the homeostasis of PUFA levels. As the levels of
unsaturated fatty acids in PLs have been shown to affect the membrane properties, such as fluidity and flex-
ibility (Budin et al., 2018; Harayama and Riezman, 2018; Pinot et al., 2014), the increase in ARA-PLs in Agpat3
KO mice may reflect the compensatory mechanism that allows the maintenance of membrane integrity un-
der DHA deficiency. In this context, the liver of Agpat3 LKO mice displayed increased levels of monounsat-
urated fatty acid (MUFA)-containing PLs (Figures S1 andS2) along with the upregulation of genes, such as
Fasn, Scd, and Elovlé, which encode the enzymes for the de novo synthesis of MUFAs, further supporting
the idea.

Although PUFAs are essential lipid components in mammals, they are sensitive to oxidation and converted
to cytotoxic lipids, such as hydroperoxides or malondialdehyde (Ayala et al., 2014; Gaschler and Stockwell,
2017); their systemic levels should, therefore, be maintained properly. Previous studies have shown that
supplementation of PUFAs, but not saturated fatty acids, decreases the nuclear localization of SREBP1
and its target genes (Hannah et al., 2007; Kato et al., 2008; Kim et al., 1999, Mater et al., 1999; Xu et al.,
1999; Yahagi et al., 1999), suggesting the regulation of cellular PUFA levels through a feedback mechanism
involving SREBP1. We demonstrated that inhibitory effects of omega-3 PUFA enriched-diet on SREBP1 are
exerted mainly by DHA incorporated into PL membranes, but not by EPA (Figures 5A and 5B). The model
proposed by us based on these data, whereby SREBP1 mediates the tuning of PUFA levels by responding
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to the DHA-PL levels in the membrane, may also contribute to preventing excessive production of PUFA.
However, we do not exclude the possibility that altered fatty acid composition of PLs, other than PC and PE,
in Agpat3 KO mice affect our observation, because the direct product of AGPAT3, DHA-containing phos-
phatidic acid, is the common intermediate for all classes of PLs, including phosphatidylinositol and phos-
phatidylserine (Figure 3B).

The role of liver DHA-PLs presented here is in contrast to that of ARA-PLs, which are fundamental for the
formation of hepatic lipoproteins (Hashidate-Yoshida et al., 2015; Rong et al., 2015). The reduction of ARA-
PLs by genetic deletion of Lpcat3 led to neonatal lethality because of malnutrition triggered by the failure
of lipoprotein formation (Hashidate-Yoshida et al., 2015; Rong et al., 2015). As high levels of PUFA (both
ARA and DHA) in PC promote TG transfer in vitro (Hashidate-Yoshida et al., 2015), it is proposed that
decreased membrane fluidity in Lpcat3 KO cells leads to the disrupted formation of lipoproteins and
massive accumulation of intracellular TGs (Hashidate-Yoshida et al., 2015; Rong et al., 2015). However, defi-
ciency of DHA-PLs in Agpat3 KO mice did not exhibit these phenotypes produced by the deficiency of
ARA-PLs. Although the mechanism for the difference in lipoprotein formation caused by the KO of Agpat3
and Lpcat3is unknown, LPCAT3-mediated local production of ARA-PC may be specifically required for the
normal lipoprotein formation, as previously proposed (Hashidate-Yoshida et al., 2015; Rong et al., 2015).

The difference in the effects of the deficiency of DHA-PLs and ARA-PLs on transcriptional programs should be
noted. Unlike DHA-PL deficiency in Agpat3 KO mice, reduction in ARA-PLs by deletion of Lpcat3 did not induce
the SREBP1-mediated transcriptional program in the liver (Rong et al., 2017). Instead, it has been demonstrated
that intestine-specific Lpcat3 KO leads to the upregulation of genes involved in cholesterol biosynthesis through
the activation of SREBP2 (Wang et al., 2018). Both SREBP1 and SREBP2 are transmembrane proteins, and pro-
teolytic cleavage-dependent release of their N terminus is required for their nuclear translocation (Horton et al.,
2002). The question is how different PUFA-PLs regulate different classes of SREBPs. Although site-1 protease
(S1P)- and S2P-dependent cleavage is proposed as a common model for their activation, several lines of evi-
dences suggest distinctive mechanisms for their proteolytic activation. For instance, amino acid substitution
of S1P and S2P target sequences blocks the cleavage of SREBP2, but not of SREBP1c (a major isoform of hepatic
SREBP1) in mouse liver (Nakakuki et al., 2014). Therefore, S1P/S2P-independent cleavage by this unidentified
protease(s) may be involved in the selective activation of SREBP1 in the liver of Agpat3 KO mice. In such
case, specific interaction of DHA-PLs, but not of ARA- or EPA-PLs, may change their conformation and activity
of protease(s). Together with the selective activation of SREBP2 in Lpcat3 KO mice, the PUFA-composition in
membrane PLs may contribute to the fine-tuning of lipid metabolism through SREBPs. In addition to the prote-
ase-dependent SREBP1 activation, DHA supplementation is reported to destabilize the nuclear SREBP1 in vitro.
Thus, SREBP1 stability may, at least in part, affect the increased nuclear SREBP1 in the liver of Agpat3 LKO mice.

Limitations of the Study

Although our study provides a novel and fundamental framework for the maintenance of systemic PUFA
levels using global and liver-specific Agpat3 KO mice, two issues remain to be clarified in future studies;
these are liver specificity and DHA specificity for maintenance of PUFA levels. It is desirable to examine
the chromatin status for SREBP1-target genes in various tissues from Agpat3 KO mice as well as from other
DHA-deficient animal models. In addition, the mechanism and the responsible proteolytic enzyme(s) have
to be determined to understand how DHA deficiency in membrane PLs causes the activation of SREBP1,
but not of SREBP2. As aberrant induction of SREBP1 in the metabolically abnormal situations, including tu-
mor progression and aging, is reported (Guo et al., 2014; Ishizuka et al., 2020; Soyal et al., 2015), these
studies will provide a clue to understand the basis of various diseases, including dyslipidemia, liver steato-
sis, atherosclerosis, inflammatory diseases, and cancers.

Resource Availability
Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Takao Shimizu (tshimizu@ri.ncgm.go.jp).

Materials Availability

All unigque reagents and animals generated in this study are available from the Lead Contact with a
completed Materials Transfer Agreement.
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Data and Code Availability

The microarray data in this manuscript have been deposited in Gene Expression Omnibus (GEO; https://
www.ncbi.nlm.nih.gov/geo/). GEO accession number; GSE154724.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101495.
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Supplemental Figure Legends

Figure S1. Phospholipid compositions of PUFA biosynthetic enzymes in the liver
of Agpat3 WT and KO mice, related to Figure 1.
(A-B) Percentages of each PC (A) and PE (B) species (10-week-old, n=3 for Agpat3 WT

and n=5 for Agpat3 KO). Data are shown as means + SD.

Figure S2. Phospholipid compositions and mRNA expression of DHA-related

genes in mouse tissues, related to Figure 2.

(A-B) Relative mRNA expression of Agpat3 in various tissues of 1-week-old (A) and
15-week-old (B) WT mice. (C-D) Heat maps show the percentages of each PC (C) and
PE (D) species in plasma and tissues (n=3 for each group). Each column represents
data for a mouse. (E-H) Relative mRNA expression of Fads1(E), Fads2 (F), Elovi2 (G),
and ElovI5 (H) in various tissues of 15-week-old WT and Agpat3 KO mice. (A, B, and
E-H) Data are shown as means = SD. (E-H) Significance is based on two-way ANOVA
followed by Bonferroni’'s post hoc test (*P < 0.05). PI; plasma, Br; brain, WAT; white
adipose tissue, BAT; brown adipose tissue, Li; liver, He; heart, Ki; kidney, SI; small

intestine.

Figure S3. The effect of liver-specific Agpat3 knockout on systemic lipid

compositions, related to Figure 3.

(A) Scheme of Alb-CreERT2 allele. TAA; stop codon of endogenous Albumin gene,
IRES; internal ribosome entry site, pA; polyadenylation site. (B) Scheme of Agpat3 LKO
mice generation. (C-D) Genotyping of Agpat3 LKO mice. Primers and amplicon sizes

(C), and example of PCR-based genotyping (D) are shown. (D-N) Samples were



prepared from 2-week-old mice. Cre(-) and LKO indicate control (Alb-CreERT2";
Agpat3™) and Agpat3 LKO (Alb-CreERT2"; Agpat3™) mice, respectively. (E)
Immunoblot analysis of AGPAT3 in the liver of Cre(-) and Agpat3 LKO mice. Ponceau S
staining was used as a loading control (n=4 for each group). (F and G) Heat map shows
the average percentages of each PC (F) and PE (G) species (n=3 for Cre(-), n=4 for
Agpat3 LKO). PI, plasma; Br, brain; WAT, white adipose tissue; BAT, brown adipose
tissue; Li, liver; He, heart; Ki, kidney; Mu, muscle. (H) Total area values of PCs and PEs
in the liver (n=3 for Cre(-), n=4 for Agpat3 LKO). (I-J) TG levels in the liver (I, n=4 for
each group) and plasma (J, n=3 for Cre(-), n=4 for Agpat3 LKO). (K-M) Percentages of
major DHA-TG species (K) and DHA-CE (L) in plasma, and major DHA-TG species in
the brain (M) (n=3 for Cre(-), n=4 for Agpat3 LKO). (N) Heat map shows the rational
differences in the levels of each PL species in the brain (% of total area in Cre(-)/% of
total area in LKO; n=3 for Cre(-) and n=4 for Agpat3 LKO). Each column represents
data for a mouse. (H-M) Data are shown as means * SD. (H-N) Significance is based on

unpaired t-test (*P < 0.05, **P < 0.01, ns; no significance).

Figure S4. SREBP1 induction in Agpat3 LKO mice, related to Figure 4.

(A-C) Liver samples were prepared from 2-week-old (A and B) and 3-week-old (C)
Agpat3 LKO and Cre(-) mice. Immunoblot analysis of SREBP1 (A) and SREBP2 (B)
and INSIG1 (C) using liver whole lysate. mSREBP and nSREBP indicate
membrane-bound form and nuclear form of SREBP, respectively. Ponceau S staining
was used as a loading control (n=4 for each group). (D) Scheme of in vivo gene
knockdown experiment. shSCR, scrambled short hairpin RNA (shRNA); shSrebf1,

Srebf1 shRNA. (E) Liver samples were prepared from P13 Agpat3 LKO and Cre(-) mice.



Immunoblot analysis of SREBP1 using liver whole lysate. Ponceau S staining was used
as a loading control (n=2 for each group). Signal intensity of each band was quantified
by Image J software and normalized by the average of Cre(-)/shSCR. Normalized

values were indicated below the band.

Figure S5. The effect of fish oil- and safflower oil-containing HFD on lipid

composition in the liver, related to Figure 5.

(A) Scheme of safflower oil- or fish oil-containing high fat diet (HFD)-fed experiment.
(B-C) Percentages of each PC (B) and PE (C) species in the liver (3-week-old; n=5 for
Cre(-) and n=3 for Agpat3 LKO). (D-F) Percentages of each PC (D), PE (E) and TG (F)
species in the liver of HFD-fed mice. Identified fatty acid in Q3 of LC-MS/MS analysis
was indicated above an each TG species (n=4 for safflower-diet-fed Cre(-) and Agpat3
LKO, and n=6 for fish-diet-fed Cre(-) and Agpat3 LKO). Each column represents data

for a mouse. (B-E) Data are shown as means * SD.



Table S1. Fatty acid profile of safflower oil- and fish oil-containing HFD, related to

Figure 5.

Safflower-diet (D10031901)

Fish-diet (D18070301)

Ingredient (gram%)

Protein 30.0 30.0
Carbohydrate 23.0 23.0
Fat 36.0 36.0
Beef fat 15.9 15.9
Safflower all 20.0 (-)
Fish (Menhaden) oil (-) 20.0
Total 100.0 100.0
Fatty acid (gram)
C14:0 5.3 18.9
C14:1(n-9) 1.1 1.1
C15:0 0.8 1.7
C16:0 471 66.3
C16:1(n-9) 3.8 23.3
C16:2 (n-4) 0.0 3.2
C16:3(n-9) 0.0 3.0
C16:4(n-4) 0.0 3.1
C17:0 1.9 2.7
C18:0 29.1 30.9
C18:1(n-9) 217.0 80.2
C18:2(n-6) 33.6 9.0
C18:3(n-3) 0.2 3.2
C18:4(n-3) 0.0 6.2
C20:0 1.2 0.6
C20:1 0.9 3.3
C20:2 0.0 0.4
C20:3(n-6) 0.0 0.8
C20:4(n-6) 0.0 4.2
C20:5(n-3) 0.0 28.4
C21:5(n-3) 0.0 1.5
C20:0 0.0 0.2
C22:1 0.0 0.6
C22:4(n-6) 0.0 0.4
C22:5(n-3) 0.0 5.6
C22:6(n-3) 0.0 20.5
C24:0 0.0 1.2
C24:1 0.0 0.4
Total (gram) 342.0 320.9




Transparent Methods

Animals

All animal experiments were approved and performed in accordance with the guidelines
of the Animal Research Committee of the National Center for Global Health and
Medicine (19112, 19094). All experiments involving gene recombination were approved
by and performed in accordance with the guidelines of the Biosafety Committee of the

National Center for Global Health and Medicine (31-D-112).

Global and liver-specific Agpat3 KO mice
Agpat3™ EUCOMMWST " mice were obtained from the European Conditional Mouse
Mutagenesis Program (EUCOMM) and used as Agpat3 global KO mice. Agpat3 floxed

3tm1(EUCOMM)WtSi mlce Wlth

mice  were generated by crossing  Agpat
C57BL/6-Tg(CAG-flpe)36lto/ItoRbrc mice (RBRC01834, RIKEN, Japan) (Kanki et al.,
2006) to delete neo” casette. To generate tamoxifen-inducible Agpat3 LKO mice,
Agpat3 floxed mice were crossed with Alb-Cre-ERT2 mice (Schuler et al., 2004).
Alb-Cre-ERT2 mice were kindly provided by Pierre Chambon (IGBMC, lllkirch-Cedex,
France) and Tsuneo lkenoue (University of Tokyo, Japan). All mice used in this study
were housed in an air-conditioned animal room at 23 + 2°C and relative humidity of
40-60% under specific-pathogen-free (SPF) conditions, with a 12-h light/dark cycle
(8:00-20:00/20:00-8:00). All mice were fed a standard rodent CE-2 diet (CLEA Japan,
Tokyo, Japan) except for HFD-fed experiment, and had ad /ibitum access to water. In

the HFD-fed experiment, safflower oil-based HFD (D10031901, Research Diets Inc.,

USA) or fish oil-based HFD (D18070301, Research Diets Inc., USA) was fed to mice.



Ingredients of both the HFD are summarized in Table S1. Two microliter of tamoxifen
(25 mg/mL in ethanol, T5648, Sigma, USA) was intragastrically injected at postnatal day
1 and 2 to remove the exon 4 of Agpat3. The sequences of genotyping primers were as
follows (5-3'): Agpat3 LKO primers (see also Figure S3C), F:
GTAGAGGCTGGGTTCTGAGTTGC, R1: ACATCAAGTGTACCGCCTACTGC, R2:
GGCCACCCCAGAAACTACTGAAG; primers for Cre recombinase (lkenoue et al.,
2016), F: GCATTACCGGTCGATGCAACGAGTGATGAG, R:

GAGTGAACGAACCTGGTCGAAATCAGTGCG.

Annotation of lipids

Fatty acid species are denoted as CAA:B (C indicates “carbon,” AA and B indicate the
number of carbons and double bonds, respectively). In the case of CAA:B(n-Y), Y
indicates the position of the first double bond from the methyl-end (omega-end). Fatty
acid composition of PC, PE, TG, and CE are denoted as X CC:D (X indicates the lipid
class). CC and D indicate the sum of carbon numbers and double bonds in each lipid,
respectively. In the case of fatty acid combinations, lipids are denoted as X EE:F/GG:H
(EE and GG indicate the number of carbons and F and H indicate the number of double
bonds in each fatty acid). The methods used in this study do not discriminate which sn

position is present in each fatty acid residue.

Lipid extraction
Lipids were extracted from tissue homogenate (50 mg/mL in RLT buffer, which supplied
in RNeasy Mini Kit, Qiagen, USA.) and plasma using the Bligh and Dyer method (Bligh

and Dyer, 1959). Subsequently, lipids were dried with a centrifugal evaporator and



reconstituted in isopropyl alcohol. The obtained lipids were diluted and used for

LC-MS/MS analysis.

LC-MS/MS (PC, lysoPC, and PE)

The fatty acid composition of PC, lysoPC, and PE was analyzed using the LC-MS/MS
with multiple-reaction monitoring (MRM). LC-MS/MS analysis was performed using a
Nexera UHPLC system and triple quadrupole mass spectrometer, LCMS-8050
(Shimadzu Corp., Japan). The extracted lipids were separated on an Acquity UPLC
BEH C8 column (1.7 ym, 2.1 x 100 mm, Waters, USA) with a gradient of mobile phases
A, B, and C (A: 5 mM NH4HCO;3; B: acetonitrile; C: isopropyl alcohol) at 47 °C and a flow
rate of 0.35 mL/min. The gradient for phospholipid analysis was as follows: time (% A/%
B/% C): 0 min (50/45/5), 10 min (20/75/5), 20 min (20/50/30), 27.5 min (5/5/90), 28.5
min (5/5/90), 28.6 min (50/45/5). MRM transitions for each phospholipid were as follows
(Q1, Q3): PC and lysoPC ([M + H]*, 184.0), PE ([M + H]", neutral loss of 141). Fatty acid
combinations of PC and PE were determined by additional MRM analyses with
detection of fatty acid (FA) fragments at Q3 (Q1, Q3), PC ([M + HCOg], [FA — H]), and
PE ([M — H], FA — H]). The obtained column retention time of each PL was used for

identification of the peaks of DHA-, EPA- and ARA-containing PLs.

LC-MS/MS (TG and CE)

The fatty acid composition of TG and CE was analyzed as described in previous studies
(Koeberle et al., 2012) with minor modifications. TG and CE were analyzed by
LC-MS/MS with MRM using LCMS-8060 (Shimadzu Corp.). The extracted lipids were

separated on an Acquity UPLC BEH C8 column (1.7 ym, 2.1 x 100 mm, Waters) with a



gradient of mobile phases A, B, and C (A: 10 mM ammonium acetate/0.1% formic acid;
B: ammonium acetate/0.1% formic acid/99% methanol; C: isopropyl alcohol) at 47 °C
and a flow rate of 0.2 mL/min. The gradient for phospholipid analysis was as follows:
time (% A/% B/% C): 0 min (30/20/50), 12 min (5/45/50), 15 min (10/10/80), 19 min
(10/10/80), 19.1 min (30/20/50). For TG analysis, the combinations of following fatty
acids were analyzed; C16:0, C16:1, C18:0-C18:3, C20:3-C20:5, and C22:4-C22:6. CE
species esterified with C14:0, C14:1, C16:0, C16:1, C18:0-C18:3, C20:0-C20:5, and
C22:0-C22:6. MRM transitions for each lipid were as follows: (Q1, Q3), TG ([M + NH,]",

neutral loss of FA and NH?), CE ([M + NH,]", 369.4).

GC-FID

The amount of each fatty acid species in the liver were quantified using GC-FID. Frozen
liver tissues were pulverized using an automatic cryogenic pulverizer (Tokken, Japan).
Methylation Reagent A from the Fatty acid Methylation Kit (16961-04, Nacalai Tesque,
Japan) was directly added onto the pulverized tissues, and then C23:0 fatty acid stock
solution was added to each sample as an internal standard. The fatty acids were then
methylated using the Fatty Acid Methylation Kit following the manufacturer’s instructions.
The resulting fatty acid methyl esters (FAMEs) were purified using the Fatty Acid Methyl
Ester Purification Kit (Nacalai Tesque, Japan). The FAME samples were evaporated
and reconstituted in dichloromethane, and then analyzed using the GC-2010 Plus
system (Shimadzu Corp.), equipped with an FID. The injector and detector
temperatures were set to 240 and 250 °C, respectively. The flow rate for the carrier gas
(Helium) was set at 45 cm/s linear velocity. FAME species were separated using the

FAMEWAX column (12497, Restec, USA) by linear thermal gradient as follows



(temperature-raising rate (°C/min)): Start at 140 °C, 200 °C -11, 225 °C -3, 240 °C -20,
and hold 240 °C for 5 min. FAME samples were identified and quantified using a mixture
of the following fatty acid methyl ester standards: Supelco 37 component FAME Mix
(Merck, Germany), C22:5(n-3)-FAME (Sigma), C22:5(n-6)-FAME (Nu-Chek Prep. Inc.,

USA), and C22:4(n-6)-FAME (Cayman, USA).

gqPCR

Tissues were homogenized in RLT buffer (60 mg/mL) with Handy Micro Homogenizer
(NS310E2, Microtec Co., Ltd., Japan). The homogenate was centrifuged at 12,000 x g
and 4 °C for 10 min, and the supernatant was used for RNA extraction. Total RNA was
extracted using the RNeasy Mini Kit (Qiagen, USA). Single-strand cDNA was
synthesized using SuperScript Il reverse transcriptase and random primers (Thermo
Fisher Scientific, USA). gPCR was performed using the Fast SYBR Green Master Mix
with the Step One Plus real-time PCR system (Applied Biosystems, USA). Relative
mMmRNA expression levels were determined using the comparative cycle threshold
method. Primer sequences (5'-3') for gqPCR were as follows: (Gene name: Forward,
Reverse, Amplicon size (bp)). Rplp0: CTGAGATTCGGGATATGCTGTTG,
AAAGCCTGGAAGAAGGAGGTCTT, (136); Srebfl: TGACCCGGCTATTTCCGTGA,
CTGGGCTGAGCAATACAGTTC, (61); Fads1: GAAGAAGCACATGCCATACAACC,
TCCGCTGAACCACAAAATAGAAA, (113); Fads2: GCCTGGTTCATCCTCTCGTACTT,
GAAAGGTGGCCATAGTCATGTTG, (119); Elovi2: CCTGCTCTCGATATGGCTGG,
AAGAAGTGTGATTGCGAGGTTAT, (100); Elovi5: ATGGAACATTTCGATGCGTCA,
GTCCCAGCCATACAATGAGTAAG, (148); Elovi6: GAAAAGCAGTTCAACGAGAACG,

AGATGCCGACCACCAAAGATA, (110); Scd: ACTGGTTCCCTCCTGCAAG,



GTGATCTCGGGCCCATTC, (199); Fasn: AGAGAAGAAAGCTGTGGCCCATG,
AGCACCAGATCGTGTTCTCGTTC, (189); Abcat:
GGGGTGGTGTTCTTCCTCATTAC, ACATCCTCATCCTCGTCATTCAA, (107); Gépc:
CGACTCGCTATCTCCAAGTGA, GTTGAACCAGTCTCCGACCA (173);  Glut2:
TCAGAAGACAAGATCACCGGA, GCTGGTGTGACTGTAAGTGGG, (215); Hmgcr:
AGCTTGCCCGAATTGTATGTG, TCTGTTGTGAACCATGTGACTTC, (104). The Scd
primer was designed to detect all its major isoforms (Scd71-4). The Srebf1 primer was

designed to detect both Srebf1a and Srebfic.

DNA microarray

Total RNA from the liver of adult mice was extracted using the RNeasy Mini Kit (Qiagen,
USA). 100 ng of total RNA from Agpat3 wild type (WT) and KO mice (n = 4, each) was
examined using the SurePrint G3 Mouse GE 8x60K Microarray (Agilent Technologies,
USA). Data were quantified using the Agilent Feature Extraction software (Agilent
Technologies), and normalized using the GeneSpring software (Agilent Technologies).
The highly expressed genes in the Agpat3 KO mice, with fold change > 1.5 and P < 0.2,
were analyzed for common functions of altered genes using gene ontology (GO) terms
by employing Database for Annotation, Visualization, and Integrated Discovery (DAVID)

(https://david.ncifcrf.gov/).

Measurement of TGs
The amount of TGs in the liver and plasma was determined using the LabAssay
Triglyceride Kit (Wako, Japan). Plasma was directly used for the measurement. For the

measurement of TGs in the liver, tissue homogenate was used. Liver was homogenized



in RIPA buffer (1 M TrisHCI (pH 7.4), 150 mM NaCl, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate, 1% NP-40) with a cOmplete protease inhibitor cocktail (Sigma)
at a concentration of 100 mg/mL. The homogenate was diluted 5-fold with 5% NP-40.
The diluted samples were boiled at 100 °C for 5 min and cooled at room temperature;
this was repeated twice. Thereafter, the samples were centrifuged at 3,000 x g for 2 min

at 25 °C, and the supernatant was used for the TG assay.

Preparation of nuclear extract from liver samples

The nuclear extract from liver samples was prepared as described previously (Sheng et
al., 1995) with a small modification. Freshly isolated liver (100 mg) was homogenized in
1 mL of buffer A (10 mM HEPES (pH 7.6), 25 mM KCI, 1 mM EDTA (pH 8.0), 2 M
sucrose, 10% glycerol, 0.15 mM spermine, 2 mM spermidine) with a cOmplete protease
inhibitor cocktail using Potter-Elvehjem Tissue Grinder (Wheaton, USA). Tissue
homogenate was layered over 300 pL of buffer A and centrifuged at 85,000 x g for 1
hour at 4 °C using a swinging bucket TLS 55 Rotor (Beckman, USA). The resulting
nuclear pellet was resuspended in 200 uL of RIPA buffer and incubated on ice for 30
min. During 30 min incubation, the sample was mixed every 5 min. Thereafter, the
sample was centrifuged at 100,000 x g for 30 min at 4 °C using the S55A2 rotor (Hitachi,
Japan). The supernatant was used as the liver nuclear extract. The protein
concentration was determined using the Pierce BCA Protein Assay kit (Thermo Fisher

Scientific) and used for immunoblot analyses.

Preparation of whole liver lysate

The liver was homogenized in RIPA buffer (1 M TrisHCI (pH 7.4), 150 mM NaCl, 0.5%



sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1% NP-40) with a cOmplete
protease inhibitor cocktail using Handy Micro Homogenizer at a concentration of 100
mg/mL. The samples were centrifuged at 12,000 x g for 10 min at 4 °C. The resulting
supernatant was used as the whole liver lysate. The protein concentration was

determined using the Pierce BCA Protein Assay kit and used for immunoblot analyses.

Immunoblot

Protein samples were resolved on 10% (for AGPAT3, PPARa, and INSIG1) or 8% (for
SREBP1 and SREBP2) SDS-polyacrylamide gels and transferred onto nitrocellulose
membranes (GE Healthcare, USA) using Trans-Blot Turbo (BioRad, USA). The
membranes were stained with Ponceau S (Sigma) to visualize the total protein levels.
After destaining the membranes, they were blocked with the blocking buffer (5%
skimmed milk in Tris-buffered saline, with 0.1% polyoxyethylene(20) sorbitan
monolaurate (Wako)) at room temperature for 1 h. The anti-AGPAT3 (Koeberle et al.,
2012), anti-SREBP1 (sc-13551, Santa Cruz, USA), anti-SREBP2 (ab30682, Abcam,
UK), anti-PPARa. (sc-398394, Santa Cruz), and anti-INSIG1 (ab70784, Abcam, UK)
antibodies were used in this study. The membrane was incubated with the primary
antibody at 4 °C for 16 h, washed three times with the wash buffer (Tris-buffered saline
with 0.1% polyoxyethylene(20) sorbitan monolaurate) for 10 min each, and then
incubated with anti-mouse (for SREBP1 and PPARa) or anti-rabbit (for AGPAT3 and
SREBP2) IgG antibody conjugated to horseradish peroxidase (GE Healthcare) at room
temperature for 1 h. The membranes were washed with the wash buffer three times for
10 min each, and developed with the ECL reagent (GE Healthcare). Immunoreactive

proteins were visualized using ImageQuant LAS 500 (GE Healthcare, USA). The



protein bands corresponding to SREBP1 were manually selected and quantified with
the Wand Tool in the ImagedJ software (version: 2.0.0-rc-69/1.52p). The signal

intensities from different membranes were normalized relative to the control samples.

In vivo shRNA injection

Adenoviruses carrying Srebf! shRNA and scramble (control) shRNA under U6
promoter (> 10" viral particles/mL in 2.5% glycerol/20 mM TrisHCI pH 8.0/25 mM NaCl)
were purchased from VectorBuilder (VectorBuilder Inc., USA.). The target sequence of
Srebf1  and scramble shRNAs were CATCTGTTGTAAGGTGTATTT and
CCTAAGGTTAAGTCGCCCTCG, respectively. The Srebf1 shRNA were targeted to the
3'-untranslated region of the Srebff gene. Adenovirus was diluted 10-fold with
phosphate-buffered saline (pH 7.4), and then retro-orbitally injected (50 uL) into mice at

postnatal day 10. Liver samples were collected at postnatal day 13 (72 h after injection).

Statistical analyses

Unpaired t-tests were used when two groups were compared. When two factors were
present, two-way ANOVA test was performed. Bonferroni’'s post hoc test was used
when ANOVA showed a significant difference. All statistical analyses were performed

using the GraphPad Prism 7 (version 7.0d) software.
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