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Article History: Background: Naturally occurring variation in Membrane-bound O-acyltransferase domain-containing 7
Received 18 October 2019 (MBOAT?), encoding for an enzyme involved in phosphatidylinositol acyl-chain remodelling, has been asso-
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ciated with fatty liver and hepatic disorders. Here, we examined the relationship between hepatic Mboat7
down-regulation and fat accumulation.

Methods: Hepatic MBOAT7 expression was surveyed in 119 obese individuals and in experimental models.
MBOAT? was acutely silenced by antisense oligonucleotides in C57Bl/6 mice, and by CRISPR/Cas9 in HepG2
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LPIAT1 hepatocytes.

NAFLD Findings: In obese individuals, hepatic MBOAT7 mRNA decreased from normal liver to steatohepatitis, inde-
Nash pendently of diabetes, inflammation and MBOAT7 genotype. Hepatic MBOAT?7 levels were reduced in murine
Nonalcoholic fatty liver disease models of fatty liver, and by hyper-insulinemia. In wild-type mice, Mboat7 was down-regulated by refeeding
Steatohepatitis and insulin, concomitantly with insulin signalling activation. Acute hepatic Mboat7 silencing promoted
Phospholipid hepatic steatosis in vivo and enhanced expression of fatty acid transporter Fatp1. MBOAT7 deletion in hepato-
Phosphatidylinositol cytes reduced the incorporation of arachidonic acid into phosphatidylinositol, consistently with decreased

enzymatic activity, determining the accumulation of saturated triglycerides, enhanced lipogenesis and FATP1
expression, while FATP1 deletion rescued the phenotype.

Interpretation: MBOAT7 down-regulation by hyper-insulinemia contributes to hepatic fat accumulation,
impairing phosphatidylinositol remodelling and up-regulating FATP1.

Abbreviations: ALD, alcoholic liver disease; APOB, Apolipoprotein B; BMI, Body Mass Index; CDP, Cytidine-Diphosphate; CI, Confidence Interval; CL, Cardiolipin; CPT1, Carnitine
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Research in context

Evidence before this study

Fatty liver, associated with obesity, type 2 diabetes and at-risk
alcohol intake is the leading cause of liver disease worldwide.
Inherited genetic factors play a major role in the development
of fatty liver. Naturally occurring variation in the MBOAT7 gene,
associated with reduced expression, have been linked to fatty
liver and liver cancer. However, the mechanism linking
MBOAT7 down-regulation with liver disease is still debated.

Added value of this study

We examined relationship between hepatic MBOAT7 down-
regulation and fat accumulation in clinical samples, experimen-
tal models of NAFLD in vivo, and in genetically edited hepato-
cytes in vitro. We showed that, independently of the genetic
background, down-regulation of Mboat7is a maladaptive
response to hyper-insulinemia and facilitates intracellular fat
accumulation in hepatocytes. The mechanism is related to
impaired generation of arachidonoyl-phosphatidylinositol,
leading to the conversion of saturated lyso-phosphatidylinosi-
tol to triglycerides, and enhanced lipogenesis.

Implications of all the available evidence

Down-regulation of MBOAT7 by hyper-insulinemia contributes
to fatty liver independently of the genetic background. The
underlying mechanism encompasses an impairment of intra-
cellular phosphatidylinositol remodelling and lipid fluxes.
These findings provide novel insight into the pathogenesis of
fatty liver disease.

1. Introduction

Excessive hepatic fat accumulation, triggered by dysmetabolism
and/or at-risk alcohol intake such as in nonalcoholic and alcoholic
fatty liver disease (NAFLD and ALD), is the most frequent cause of
liver disease worldwide, affecting more than one third of the general
population. NAFLD is epidemiologically associated with obesity, met-
abolic syndrome features and type 2 diabetes (T2D) [1,2]. Fatty liver
encompasses a wide spectrum of liver damage, ranging from isolated
steatosis to nonalcoholic steatohepatitis (NASH), that more fre-
quently evolves to cirrhosis and liver cancer (hepatocellular carci-
noma: HCC) [3].

Fatty liver disease development is heavily influenced by inherited
factors [4,5]. The main common genetic determinants of fatty liver
are the variants in PNPLA3 (p.1148M) [6], and TM6SF2 (p.E167K) [7]
genes. A genome-wide screening of the inherited genetic variants
associated with alcoholic cirrhosis led to the identification of the
common rs641738 C>T single nucleotide polymorphism at the Mem-
brane bound O-acyltransferase domain-containing 7 — Transmembrane
channel-like 4 (MBOAT7-TM(C4) locus [8—10]. We showed that the

minor rs641738 T allele is associated with increased predisposition
towards hepatic fat accumulation and to the entire spectrum of liver
damage related to NAFLD, including HCC [11—13]. Furthermore, the
rs641738 variant has been associated with increased risk of liver
fibrosis in patients with chronic viral hepatitis [14,15], suggesting
that MBOATY7 variation is a common modifier of liver disease risk.

MBOAT7, also known as lyso-phosphatidylinositol (lyso-PI) acyl-
transferase 1 (LPIAT1), is involved in phospholipid acyl-chain remod-
elling of the membranes within the Lands’ cycle. It conjugates an
acyl-CoA to the second acyl-chain of lyso-PI and other lyso-phospho-
lipids, using as preferential substrate arachidonoyl-CoA. This process
increases the desaturation of phospholipids using free arachidonic
acid, a precursor of the proinflammatory eicosanoids [16—21]. We
previously reported that the likely mechanism behind the genetic
association with liver damage is related to reduced hepatic expres-
sion of the MBOAT7 protein in carriers of 3’-untranslated region var-
iants linked with rs641738 [11,13], leading to reduced hepatic PI
species bound to polyunsaturated fatty acids [11,12].

Here we shown that, independently of the genetic background,
down-regulation of hepatic MBOAT7 is a maladaptive response to
hyper-insulinemia that induces fat accumulation in hepatocytes. We
tested this hypothesis in clinical samples of patients, in experimental
models of NAFLD and in response to normal physiological cues
in vivo, and by genetic manipulation of hepatocytes in vitro.

2. Materials and methods
2.1. Patients

We evaluated hepatic and adipose tissue samples of 119 unse-
lected severely obese individuals, who underwent percutaneous liver
biopsy performed during bariatric surgery, and had no history of at-
risk alcohol intake (>30/20 g/day in males/females) or other liver dis-
eases (Bariatric surgery cohort). NASH was diagnosed when steatosis,
lobular inflammation and ballooning were concomitantly present.
Informed written consent was obtained from each patient and the
study protocol was approved by the Ethical Committee of the Fonda-
zione IRCCS Ca’ Granda and conforms to the ethical guidelines of the
1975 Declaration of Helsinki. The clinical characteristics of these
patients are listed in Table S1.

Serum free fatty acids (FFAs) were measured in 72 NAFLD
patients, of whom samples were available (Hepatology service
cohort). Clinical characteristics are listed in Table S2.

Human hepatocytes and hepatic stellate cells (hHSC) were iso-
lated from non-neoplastic tissue obtained from explanted or resected
livers of 17 patients, while peripheral blood lymphocytes and mono-
cytes were isolated from 16 healthy subjects. The detailed isolation
protocols, and enrolment criteria are described in the Supplementary
Methods.

All patients were genotyped for PNPLA3 rs738409 (p.[148M) and
MBOAT7 rs641738 by TagMan 5’-nuclease assays (Life Technologies,
Carlsbad, CA) [11,22].

2.2. Experimental models

C57BI/6 mice (Charles River, Calco, Italy) were housed at constant
room temperature (23 °C) under 12-hour light/dark cycles with ad
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libitum access to water in compliance with the Principles of Labora-
tory Animal Care (NIH publication 86—23). C57Bl/6 Lep°°® mice
were purchased from Charles Rivers (Calco, Italy). Insulin receptor
haplo-insufficient (InsR+/-) mice on C57Bl/6 background were kindly
provided by Prof. Accili, Columbia University, NY, USA [23].

Wild-type and InsR+/- male mice, which are more susceptible to
develop liver damage and fibrosis compared to females, were fed
either methionine choline deficient diet (MCD: 14.8% protein, 12.4%
fat and 72.8% carbohydrates; Test Diet, London, UK) or regular chow
(standard diet: SD): 15.1% protein, 12.4% fat and 72.4% carbohydrates
Test Diet, London, UK) for 6 weeks, starting at 6 weeks of age. Experi-
ments were conducted in 10 mice per group. Before sacrifice, mice
were fasted for 16 h and the interventions were done during the light
cycle. Metabolic and biochemical features of InsR+/+ and InsR +/-
mice upon SD or MCD feeding and Lep®®°® mice upon standard diet
are shown in Table S3. In order to evaluate the physiological regula-
tion of Mboat7 in response to the nutritional state, 6 weeks old wild-
type male mice were fasted for 16 h (TO), refed, giving them ad libi-
tum access to SD and then sacrificed at the following time points
(before refeeding (TO), 15 min (T15’), 1hr (T1h), 4 hrs (T4h), 8 hrs
(T8h)). In another experimental setting, wild-type male mice fasted
for 16 h, injected with i.p. insulin (0.6 U/Kg) and then sacrificed at the
following time points (before insulin (TO), 1hr (T1h) and 4 hrs (T4h)).
These experiments were conducted in 7 mice per group per each
time point.

The experimental protocol was approved by the University of
Milan and the Italian Ministry of Health Review Boards (protocols 8/
14 and 295/2012—A, received on 12/20/2012).

2.3. Gene silencing

To silence Forkhead box protein O1 (FoxO1) and/or Forkhead Box A2
(FoxA2), key mediators of insulin signalling at transcriptional level
[24-27], we exploited specific antisense oligonucleotides conjugated
with morpholinos (MPO) that block protein translation or the “Stan-
dard control”. The respective sequences were: 5-CCACCAGCAGA-
GAAGTACCGGGAGA-3', 5'-TCCATCTTCACGGCTCCCAGCATAC-3' and
5-CCTCTTACCTCAGTTACAATTTATA-3’ (Gene tools, www.gene-tools.
com). Primary mouse hepatocytes were isolated as previously
described [28] and incubated with FoxO1 and/or FoxA2-specific or
scramble MPO (10 M) for 24 h then exposed to 0.33 M insulin
(Insuman Rapid, Sanofi Aventis) for 6 h.
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In order to acutely silence in vivo Mboat7, wild-type male mice
were treated with 12.5 mg/kg of Mboat7-specific MPO (5-ATATGTC-
CATTCTTCGGGTGTCAT-3') or scramble administered i.v. daily for
4 days (n = 6 per group). These mice were fed SD and fasted for 16 h
before the sacrifice. Metabolic and biochemical features of mice
treated with Scramble and anti-Mboat7-MPO are shown in Table S4.

24. Lipidomics

For lipidomic analysis, 10° hepatocytes were homogenized with
300 wl of methanol and 20 ul of a mix of internal standards (Avanti
Polar Lipids, Alabaster, AL and Larodan, Solna, SE) were added to sam-
ples, which were then put on an oscillating plate for 30 min at 4 °C
and centrifuged at 14,000 rpm. Afterwards, the methanol superna-
tant was analysed by liquid chromatography / mass spectrometry —
quadrupole time of flight (LC/MS-QTOF; Agilent UHPLC 1290 Infinity-
6540 QTOF, Santa Clara, CA). Separation of lipids obtained from mice
livers is described in the Supplementary Methods.

Lipid classes were separated with ultra-high pressure liquid chro-
matography (UHPLC) equipped with ZORBAX Eclipse Plus C18
2.1 x 100 mm 1.8 um columns (Agilent, Santa Clara CA), and lipids
concentrations measured by MS-QTOF in both positive (for ceram-
ides, sphyngomyelins, phosphatidyl-ethanolamines, phosphatidyl-
cholines (PC), Lyso-PCs, diacylglycerols (DAG), triglycerides (TAG))
and negative electrospray ionization (for PI). To measure the contri-
bution of de novo lipogenesis to intracellular fat accumulation, 10%
deuterium (D20) was added to the culture media (DMEM supple-
mented with 10% FBS, 1% 1-Glu, 1% P/S) for 24 h [29]. The contribution
of de novo lipogenesis of DAG/TAG synthesis was calculated by D20
enrichment divided by the number of hydrogens that can exchange
D20 with the water pool and by%D20 added to the medium (10%)
[29]. The detailed protocol is shown in the Supplementary Methods.

2.5. MBOATY7 deletion in HepG2 hepatocytes

MBOAT7/~ knockout clones were generated by exploiting the
CRISPR-Cas9 technology following non-homologues end joining
(NHE]J) in HepG2 hepatoma cells (ATCC—HB-8065), which are homo-
zygous for the PNPLA3 1148M variant. Mboat7 variation has additive
effect with the 1148M PNPLA3 variant on the risk of NAFLD [11-13],
making HepG2 an ideal model to test the impact of Mboat7 down-
regulation on lipid metabolism. The detailed protocol of CRISPR-Cas9
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Fig. 1. Hepatic MBOAT?7 expression decreases with liver damage severity and MBOAT7 rs641738 C>T affects MBOAT?7 expression in human hepatocytes.

Hepatic MBOAT7 mRNA levels were evaluated by qRT-PCR in 119 severely obese patients stratified by liver damage severity (A). Demographic, anthropometric and clinical char-
acteristics of these patients are shown in Table S1. Boxes span from 25° to 75° percentile, while whiskers indicate the 10° and 90° percentile. Data is normalized to S-actin, log-
transformed and expressed as fold increase (Arbitrary Units - AU). * adjusted p<0.05. MBOAT7 mRNA levels were evaluated by qRT-PCR in freshly isolated human hepatocytes
(hHEPS) and activated human hepatic stellate cells (hHSCs, at third passage) stratified by the presence of MBOAT7 rs641738 T allele. The mRNA levels were normalized for S-actin
and expressed as fold increase (Arbitrary Units - AU), as compared to CC genotype. (n = 17 hHEPs; n = 12 hHSCs) *p<0.05 compared to hHEPs or hHSCs carrying the protective CC

genotype by two-tailed Student’s t-tests (B).
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Fig. 2. Hepatic Mboat7 expression is down-regulated in experimental models of NAFLD/NASH and hyper-insulinemia.

Hematoxylin and Eosin (H&E) stain of hepatic specimens (A) and hepatic triglyceride (TG) content (B) from wild-type mice fed standard diet (referred to as Cnt) or Methionine
choline deficient diet (MCD) and from Lep°®®°® mice. Original magnification: 200X. Serum insulin was measured in mice fasted for 16 h (n = 10 per group) (C). Hepatic Mboat7
mRNA levels were evaluated by qRT-PCR, and mRNA levels were normalized for B-actin and are expressed as fold increase (Arbitrary Units - AU), as compared to Cnt (D). Western
blot and quantification of Mboat7 protein levels in livers from Cnt, MCD and Lep°®°° mice, fasted 16 h (n = 10 per group) (E). * adjusted p<0.05, ** adjusted p<0.01 compared to Cnt.
H&E stain of hepatic specimens from wild-type and InsR+/- mice fed standard diet (SD) or MCD (F). Original magnification: 200X. Hepatic Mboat7 mRNA levels were evaluated by
qRT-PCR. mRNA levels were normalized for S-actin and expressed as fold increase (Arbitrary Units - AU), as compared to wild-type SD (InsR+/+ SD) (G). Western blot and quantifica-
tion of Mboat7 protein levels in livers pooled from wild-type and InsR+/- MCD mice, fasted for 16 h (n = 10 per group) (H). * adjusted p<0.05; ** adjusted p<0.01 compared to InsR+/+

SD. All reactions were performed in duplicate in the same gel.
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pipeline, the characterization of MBOAT7~/~ cells carrying different
deletions (A31, A101 and A917) in homozygosis, and their sequen-
ces are summarized in the Supplementary Methods and in Fig. S1. In
another experimental setting, we managed to achieve restoration of
basal levels of FATP1 expression generating a double stable model of
MBOAT7 '~ |[FATP1*- hepatocytes (Fig. S2).

To induce lipid accumulation, visualized by Oil Red O (ORO) stain-
ing [30], cells were exposed for 24 h to a combination of palmitic
(PA) and oleic (OA) acids (ratio 1:2), at the final concentration of
125 uM (Sigma-Aldrich, St Louis, MO). ORO positive areas were
quantified by Image] software in 10 random micrographs (magnifica-
tion 200x). To mimick hyper-insulinemia and insulin resistance and
study the activation of mTOR signalling, cells were incubated with
0.33 uM insulin (Sanofi Aventis) alone or in combination with
0.33 mM glucose (Sigma-Aldrich, St Louis, MO) for 6 h, in DMEM sup-
plemented with 0.5% BSA, 1% 1-Glu, 1% P/S.

2.6. Statistics

For descriptive statistics, continuous variables were reported as
mean and standard deviation or median and interquartile range for
highly skewed biological variables. Variables with skewed distribu-
tions were logarithmically transformed before analyses. Differences
between groups were calculated by two-tailed ANOVA; which was fol-
lowed by post hoc t-tests adjusted for the number of comparisons
when multiple groups were involved (Bonferroni correction). For lipi-
domic analyses, p values were adjusted by the Dunn's multiple com-
parisons test. Independent determinants of MBOAT7 and FATP1T mRNA
levels, and of circulating fatty acids, were assessed by multivariate gen-
eralized linear model analysis. P values <0.05 (two-tailed) were con-
sidered statistically significant. Statistical analyses were performed
using JMP 14.0 (SAS, Cary, NC) and Prism software (version 6, Graph-
Pad Software). Software packages for the prediction analysis of Mboat7
promoter are listed in the Supplementary Methods section.

3. Results

3.1. Hepatic MBOAT7 down-regulation is associated with
steatohepatitis and insulin resistance in obese individuals

In severely obese individuals, hepatic MBOAT7 mRNA levels pro-
gressively decreased from normal liver to isolated steatosis and stea-
tohepatitis (NASH); (p = 0.01 at ANOVA; adjusted p value=0.012 for
NASH vs. normal liver; Fig. 1A). At multivariate analysis, impaired
fasting glucose/T2D (IFG/T2D; p = 0.04), lobular inflammation
(p = 0.005), and the rs641738 T allele (p = 0.001) were independently
associated with reduced MBOAT7 (Table S5; Fig. S3A-B). In the vis-
ceral adipose tissue, MBOAT7 expression was 9-fold lower than in
the liver, but IFG/T2D (p = 0.01) and the rs641738 T allele were simi-
larly independently associated with reduced expression (p = 0.02;
Table S5). These data suggest that down-regulation of hepatic
MBOAT7 is associated with hepatic inflammation and insulin resis-
tance independently of MBOAT7 genotype.

We then surveyed the expression and regulation of MBOAT7 in dif-
ferent cell types. MBOAT7mRNA levels were similar between hepato-
cytes and HSCs. However, the rs641738 variant was associated with
reduced MBOAT7 expression only in hepatocytes (p<0.05 for T+ vs. CC
genotype; Fig. 1B). Additional data on MBOAT7 expression in inflam-
matory cells are reported in the Supplementary results and Fig. S3C.

3.2. Hepatic Mboat7 expression is down-regulated in experimental
models of NAFLD

We next evaluated hepatic Mboat7 expression in two comple-
mentary mouse models of NAFLD, that is MCD, which induces NASH,

but not insulin resistance, and genetically obese Lep®®/°° mice, which

develop severe insulin resistance without fibrosing NASH. The meta-
bolic and biochemical features of wild-type mice on SD or MCD feed-
ing and Lep°°® mice are shown in Table S3. As expected, hepatic
TAG content was higher in mice fed MCD compared to standard diet
(p = 0.005 at ANOVA; adjusted p<0.05; Fig. 2A-B), but more so in
Lep®®°® mice (adjusted p<0.01 vs. wild-type mice on SD; Fig. 2A-B).
Fasting insulin, glucose and insulin resistance after insulin tolerance
test were increased in Lep®”/°® mice compared to wild-type mice fed
standard diet or MCD (all p<0.05 at ANOVA; all adjusted p<0.05;
Fig. 2C and Fig. S4A-B). In Lep°™/°® mice, hyper-insulinemia was paral-
leled by lower hepatic protein levels of FoxA2, a key regulator of lipid
metabolism, that is transcriptionally active in the fasted state
(p =0.0002 at ANOVA; adjusted p<0.01 vs. wild-type mice on SD; Fig.
S4C). Hepatic Mboat7 mRNA and protein levels were reduced in
MCD-fed mice (p<0.0001 and p = 0.0016, respectively at ANOVA;
adjusted p<0.05 vs. SD; Fig. 2D-E), but more so in Lep®”°® mice
(adjusted p<0.01 vs. SD; Fig. 2D-E). These data suggest that inflam-
mation and hyper-insulinemia are independently associated with
hepatic Mboat7 down-regulation.

3.3. Hepatic Mboat7 down-regulation is linked to hyper-insulinemia

To evaluate the independent contribution of the metabolic state to
Mboat7 regulation, we next examined a genetic model of insulin
resistance. Haplo-insufficiency for Insulin receptor (InsR+/-) causes
insulin resistance and hyper-insulinemia, characterized by tonic acti-
vation of the Akt signalling pathway in the liver. Metabolic and bio-
chemical features of InsR+/+ and +/- mice on SD or MCD feeding are
shown in Table S3. InsR+/- mice developed more severe steatosis
compared to wild-type mice when fed MCD, whereas no macroscopic
steatosis was detected on SD (Fig. 2F) [28]. Mboat7 mRNA levels were
reduced in InsR+/- compared to wild-type mice, independently of the
diet (adjusted p<0.05; Fig. 2G). However, Mboat7 protein levels were
not significantly decreased in InsR+/- compared to wild-type mice fed
a standard diet (p = 0.1; Fig. 2H), whereas they were down-regulated
in both wild-type and InsR+/- mice fed MCD (p = 0.0011 at ANOVA;
adjusted p <0.01 vs wild-type fed SD; Fig. 2H), suggesting that
Mboat7 protein stability is modulated by steatosis/inflammation.

3.4. Hepatic Mboat7 down-regulation depends on the nutritional state
and insulin levels

We next examined whether hepatic Mboat7 is physiologically
regulated by excursions in insulin levels following fasting-refeeding
cycles. Following refeeding, there was the expected rise of insulin
levels (p <0.05 vs. TO; Fig. 3A) paralleled by activation of hepatic insu-
lin signalling, as detected by an increased phospho (Ser473)-Akt/Akt
ratio, (p<0.05 vs. TO; Fig. 3A) and by decreased protein levels of
FoxO1/FoxA2 (p<0.05 vs. TO; Fig. 3A). This process was closely fol-
lowed by down-regulation of both mRNA and protein levels of
hepatic Mboat7 (p<0.05 vs. TO; Fig. 3B). After refeeding, Mboat7
mRNA levels were also down-regulated in the proximal intestine and
the adipose tissue (p<0.05 vs. TO; Fig. S5A-B).

Hepatic Mboat7 mRNA and protein down-regulation can be
reproduced by insulin injection (0.6 U/Kg, by i.p. bolus) indepen-
dently of feeding (p <0.05 vs. TO; Fig. 3C,D). Insulin downregulated
Mboat7 also in the proximal intestine and in adipose tissue
(p<0.05 vs. TO; Fig. S5C-D).

We next compared the regulation of Mboat7 to Mboat5, the clos-
est paralogue that also catalyzes the incorporation of arachidonic
acid into phospholipids, and has been involved in lipoprotein secre-
tion [31-33]. Differently from Mboat7, Mboat5 was up-regulated
during hyper-insulinemia, suggesting that Mboat7, but not Mboat5,
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down-regulation may be involved in hepatic fat accumulation in met-
abolic disorders (Supplementary Results and Fig. S6A—D).

3.5. Mboat7 is down-regulated by insulin signalling in primary mouse
hepatocytes

To test whether Mboat7 down-regulation is a cell autonomous
process dependant on activation of insulin signalling, we isolated
primary hepatocytes from wild-type male mice and exposed them
to insulin (0.33 wM) alone or in combination with a selective PI3K
inhibitor LY294002 (50 pM). Insulin induced a 50% reduction in
Mboat7 protein levels (p = 0.0009 at ANOVA; adjusted p <0.01 vs.
untreated hepatocytes; Fig. 3E,F), which was completely abolished
by LY294002 (adjusted p <0.01 vs. insulin-treated hepatocytes;
Fig. 3E-F). Conversely, mammalian target of Rapamycin (mTOR)
pharmacological inhibition did not restore Mboat7 expression (Fig.
S7A). These data suggest that insulin down-regulates Mboat7 in
hepatocytes in a PI3Kinase-depedent manner. Consistently, in InsR
+/- hepatocytes insulin-dependant down-regulation of Mboat7 was
lost (p<0.01 vs. untreated hepatocytes; Fig. S7B).

Analysis of the human Mboat7 human MBOAT7 promoter pre-
dicted the presence of FOXO1/FOXA2 binding sites, close to the
transcription start site of the main MBOAT7 isoform. These bind-
ing sites are evolutionary conserved, but not in mice (Fig. S8A-B).
Additional data on Mboat7 regulation by FoxO1/FoxA2 in murine
hepatocytes, showing that these transcription factors are none-
theless required for insulin mediated down-regulation of Mboat7,
are reported in the Supplementary Results and in Fig. S8C-F.

3.6. Acute hepatic Mboat7 down-regulation induces steatosis in mice

To ascertain the causal role of Mboat7 down-regulation on the
development of fatty liver, we silenced Mboat7 in wild-type male
mice by i.v. administration for 4 consecutive days of anti-Mboat7-
MPO. The metabolic and biochemical features of mice are shown
in Table S4. Anti-Mboat7-MPO induced a 45% silencing of hepatic
Mboat7 (p <0.05 vs. scramble-MPO; Fig. 4A), which is comparable
to that observed in individuals carrying the rs641738 risk variant.
Acute down-regulation of Mboat7 led to an 80% increase in hepatic
TAG content (p <0.05 vs. scramble-MPO; Fig. 4B), and to micro-
vesicular steatosis development. This was associated with an alter-
ation of the lipid species, consistent with decreased enzymatic
activity (Supp. Results and Supp. File). Increased hepatic TAG con-
centration following Mboat7 down-regulation was not accompa-
nied by detectable changes in circulating glucose, insulin, lipid
levels, and ALT (Table S4).

Steatosis development in mice silenced for Mboat7 was not asso-
ciated with up-regulation of genes involved in lipogenesis. Indeed,
despite enhanced hepatic phospho-mTOR and Raptor protein levels
(p<0.01 vs. Scr-MPO; Fig. S9A), there was reduced phosphorylation
of the downstream targets p70 s6 kinase and 4E-bp1 (p<0.01 vs.
scramble-MPO; Fig. S9A), consistent with down-regulation of hepatic
Srepb1c and Fasn mRNA levels (p<0.01 vs. scramble-MPO; Fig. 4C).
On the other hand, the expression of genes regulating S-oxidation
(Ppar-« and Cpt1) and VLDL export (Mttp and ApoB) was not affected
(Fig. 4D; Fig. S10A). However, mRNA expression of fatty acids trans-
porters (Fatp1 and Fabp1) was up-regulated in mice exposed to anti-
Mboat7-MPO (p<0.01 and p<0.05 vs. scramble-MPO respectively;
Fig. 4E). Mboat7silencing was not associated with alterations in the
hepatic expression of inflammatory cytokines and chemokines
(Fig. 4F). Furthermore, there was no modification in the expression of
genes related to Mboat7 (Tmc4 at the same locus and Mboat5; Fig.
S10B). This data supports the notion that reduced Mboat7 expression

is responsible for fatty liver development in carriers of the rs641738
risk allele.

As Mboat7 was also expressed and downregulated in the adipose
tissue, the impact of the decreased Mboat7 expression on circulating
FFAs in vivo Mboat7 silencing and in patients carrying the rs641738
T allele is reported in the supplementary results, and Tables S4 and
S6. In these experimental conditions and in selected patients, we
could not rule out an impact of Mboat7 down-regulation in promot-
ing adipose tissue lipolysis, which may contribute to hepatic fat
accumulation.

3.7. MBOATY deletion increases intracellular fat in hepatocytes

We characterized three independent HepG2 clones carrying
homozygous MBOAT7 gene deletions (A31, A101 and A917; Fig. 5A-
B and Fig. S1). Strikingly, they all displayed a spontaneous increase in
intracellular fat content (p<0.0001 at ANOVA; adjusted p<0.01 vs.
wild-type untreated; Fig. 5B), with the largest deletions being associ-
ated with reduced Mboat7 mRNA abundance (p<0.0001 at ANOVA;
adjusted p<0.01 vs. wild-type untreated; Fig. 5B). In this model, intra-
cellular fat accumulation was associated with induction of the lipo-
genic program, as detected by up-regulation of SREBP1c and FASn
(p<0.0001 at ANOVA; adjusted p<0.05 vs. wild-type; Fig. 5B), and by
activation of the mTOR pathway (Supp. results and Fig. S9B). In par-
ticular, MBOAT7 mRNA and protein levels were almost completely
undetectable in the A917 clone, characterized by the most marked
fat accumulation (p<0.01 vs. wild-type untreated; Fig. 5C). We there-
fore selected the A917 clone (henceforth MBOAT7 /~) for further
experiments. Notably, MBOAT7 '~ cells were also more susceptible to
accumulate intracellular lipid droplets after exposure to a combina-
tion of fatty acids (PA+OA at a final concentration 125 uM; adjusted
p<0.01 vs. wild-type exposed to PAOA 125 uM; Fig. 5D,E). These
results suggest that genetically determined decrease in MBOAT7
expression/activity facilitates hepatocellular fat accumulation in a
cell autonomous manner.

3.8. Impact of MBOAT?7 deletion on intracellular lipid species in
hepatocytes

We next examined the impact of MBOAT7 deletion on lipid spe-
cies composition. MBOAT7 '~ cells displayed a Lyso-PI/PI composi-
tion pattern suggestive of an impairment of MBOAT7 enzymatic
activity (Fig. 6A, Fig. S11A-B and Supp. File). In particular, MBOAT7
deletion was associated with a pattern consistent with reduced con-
centration of Lyso-PI and PI conjugated with arachidonoyl-CoA
(such as Lyso-PI 20:4, 36:4; 38:3; 38:5; 38:4) and increased PI
(40:5) (adjusted p <0.05, Fig. 6A and Fig. S11A-B), but with a higher
concentration of palmitoyl/oleyl-(Lyso) PI/(total) PI (i.e. Lyso-PI 16:0/
18:0 and PI 36:2/34:1/34:2/32:1 Fig. 6A and Fig. S11AB). In
MBOAT7 '~ cells there was also a reduced concentration of unsatu-
rated phosphatidyl-ethanolamine (adjusted p<0.05 vs wild-type;
Fig. 6A, Fig. S11C, and Supp. File).

Besides the higher total DAG and TAG content, MBOAT7 '~ cells
displayed also a shift in their composition, with a higher concentra-
tion of saturated and mono-unsaturated TAG (i.e. TAG 50:0/50:1;
adjusted p <0.05 vs. Wt; Fig. 6A, Fig. S11D and Supp. File). Similarly,
in MBOAT7 /!~ cells we observed lower levels of unsaturated phos-
phatidyl-choline adjusted p<0.05 vs wild-type; Fig. 6A, Fig. S11E, and
Supp. File).

To examine the relative contribution of de novo lipogenesis to
the accumulation of TAG in MBOAT7 '~ cells, 10% D20 was added to
the culture media of wt and MBOAT7~/~ cells. D20 incorporation in
DAG and TAG species was higher in MBOAT7 /- cells compared to
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t (1.5-fold and 2.3-fold, respectively), especially for TAG with
lower saturation (i.e. 54:2/54:1/50:2/50:1) (Fig. S12). This pattern is
consistent with the heightened expression of lipogenic genes, and
with reduced MBOAT7 enzymatic activity, due to the shunting of

saturated-PI to the synthesis of DAG and TAG. A working model
depicting the potential mechanism linking decreased MBOAT?7 activ-
ity to altered intracellular lipid metabolism in hepatocytes is pre-
sented in Fig. 6B.
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3.9. Role of FATP1 in hepatocellular fat accumulation associated with
MBOAT?7 down-regulation

Consistent with the results obtained following acute Mboat7
down-regulation in mice, FATP1 protein expression was up-regulated
in MBOAT7 '~ compared to wild-type cells (adjusted p <0.05;
Fig. 7A). Therefore, we managed to achieve restoration of basal levels
of FATP1 expression by hemizygous FATP1 deletion in MBOAT7~/
~JFATP1*'~ cells (adjusted p<0.05 vs Mboat7~!~ cells; Fig. S2 and
Fig. 7A). Remarkably, FATP1 down-regulation rescued the spontane-
ous increase in intracellular fat and reverted the induction of lipogen-
esis, despite persistent activation of the mTOR pathway (adjusted
p<0.05 vs MBOAT7/~; Figs. 5D,E, 7B—D, supplementary results and
Fig. S11). In MBOAT7~/~|FATP1*/~ cells, reduction of intracellular fat
was maintained also in the presence of fatty acids that partially sup-
pressed lipogenesis (adjusted p <0.05 vs. untreated MBOAT7/~; Figs.
5D,E, 7B—D and Fig. S13A—C). These data suggest that FATP1 up-reg-
ulation is required to allow fat deposition related to MBOAT7 down-
regulation.

To validate these findings in patients, we evaluated the indepen-
dent determinants of hepatic FATP1 mRNA expression in the Bariatric
surgery cohort (Table S7). FATP1 was independently associated with
the presence of T2D (adjusted p = 0.01), induction of lipogenesis
(SREBP1c; adjusted p = 0.001), and inflammation (TNF-«; adjusted
p<0.0001). Viceversa, it was inversely associated with Mboat7
expression (adjusted p = 0.03).

4. Discussion

In this study, we examined the relationship between down-regu-
lation of hepatic MBOAT7 and fat accumulation. We were prompted
by previous evidence that genetically determined reduction in
MBOAT?7 expression is associated with increased hepatic fat [11] and
liver disease development [13—15]. Here we show that in obese indi-
viduals hepatic MBOAT?7 is down-regulated with the severity of liver
damage and insulin resistance, independently of the genetic back-
ground. Furthermore, the MBOAT7 rs641738 T risk allele was associ-
ated with reduced MBOAT7 expression in human hepatocytes and
inflammatory cells, consistently with a role in facilitating hepatic fat
accumulation and in priming inflammation [34].

Down-regulation of hepatic Mboat7 was confirmed in experi-
mental models of fatty liver. The reduction was more marked during
obesity and hyperinsulinemia. Furthermore, during hyper-insuline-
mia in InsR+/- mice down-regulation of hepatic Mboat7 mRNA pre-
ceded the development of histological steatosis. We went on to
show that hepatic Mboat7 mRNA and protein levels are physiologi-
cally down-regulated during fasting-feeding cycles and by hyperin-
sulinemia in vivo and in vitro, depending on the activation of insulin
signalling [35].

We next sought independent confirmation that Mboat7 down-
regulation is causally involved in the pathogenesis of hepatic fat
accumulation. Acute silencing of hepatic Mboat7 to levels similar to
those observed in carriers of the rs641738 risk variant increased
hepatic fat leading to the development of steatosis. The onset of
steatosis was linked to an alteration of hepatic lipid composition,
and to the up-regulation of Fatp1 and Fabpl, fatty acid transporters
in hepatocytes. Moreover, MBOAT7 deletion in HepG2 hepatoma
cells caused a spontaneous increase in intracellular fat, coupled with
an alteration of PI composition consistent with reduced total
MBOAT7 enzymatic activity. MBOAT?7 is involved in the re-acylation
of phospholipids, transferring polyunsaturated acyl-CoAs, in particu-
lar arachidonoyl-CoA, to lyso-PI and other lyso-phospholipids. The
prevalent accumulation of saturated and mono-unsaturated TAG is
consistent with the increased expression of lipogenic genes, and
with the reduced MBOAT7 enzymatic activity, due to the shunting
of saturated-PI that cannot be inserted into the intracellular

membranes, to the synthesis of DAG and TAG (Fig. 6B). In addition,
the predicted accumulation of phosphatidyl-inositol-3-phosphate
due to the alteration of lyso-PI fluxes may favour the tonic activa-
tion of insulin-PI3K-mTOR dependant activation of SREBP1c, con-
tributing to the concurrent stimulation of lipogenesis that we
observed in vitro. Strengthening the robustness of these findings,
while this manuscript was under revision, Helsley et al. indepen-
dently confirmed that MBOAT?7 is suppressed during insulin resis-
tance, and that Mboat7 silencing promotes the development of fatty
liver mediated by the accumulation of saturated lyso-PI [36].

An intriguing finding was that MBOAT?7 deletion induced FATP1
up-regulation in hepatocytes, while FATP1 hemizygous deletion in
the MBOAT7 '~ genetic background ameliorated the spontaneous
intracellular fat accumulation and increased lipogenesis. FATP1 is
expressed in insulin-sensitive tissues and translocates from intracel-
lular compartments to the plasma membrane in response to insulin,
where it favours the uptake of long-chain fatty acids [37]. In addition,
FATP1 is implicated in mTOR-dependant stimulation of intracellular
fat accumulation [38]. Deletion of Fatp1 in mice impaired the regula-
tion and redistribution of circulating FFAs following refeeding, pro-
tecting against diet-induced obesity and insulin resistance [37,39].
We also observed that in obese individuals down-regulation of
hepatic MBOAT7 was associated with increased FATP1 mRNA. There-
fore, although we cannot rule out that FATP1 is a marker of hepato-
cellular fat accumulation independently of MBOAT7 expression,
FATP1 induction seems required to allow fat accumulation during
MBOAT7 down-regulation.

In conclusion, hyper-insulinemia, a typical feature of metabolic
syndrome and post-prandial state, reduces hepatic MBOAT7 expres-
sion via activation of the insulin signalling through the insulin recep-
tor-PI3K pathway. Reduced MBOAT7 in turn favours hepatic fat
accumulation. These data suggest that MBOAT7 down-regulation is
implicated in mediating the effect of chronic hyperinsulinemia on
liver disease development. A working model for the mechanisms
through which MBOAT7 down-regulation induces hepatic fat accu-
mulation is presented in Fig. 7E.
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