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APOLIPOPROTEIN F CONTROLS PLASMA TRIGLYCERIDE HOMEOSTASIS
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Increased plasma triglyceride (TG)-rich lipoprotein (TRL) concentrations, an
important risk factor for CVD, are closely linked with hepatic TG content.
Therefore, it is of great interest to identify regulatory mechanisms of hepatic
TRL production and remnant uptake in the setting of hepatic steatosis.
Approach and Results: To identify liver-regulated pathways linking intra-
hepatic and plasma TG metabolism, we performed transcriptomic analysis of
liver biopsies from two independent cohorts of obese patients. Hepatic
encoding apolipoprotein F (APOF) expression showed the fourth-strongest
negatively correlation with hepatic steatosis and the strongest negative
correlation with plasma TG levels. The effects of adenoviral-mediated human
ApoF (hApoF) overexpression on plasma and hepatic TG were assessed in
C57BL6/J mice. Surprisingly, hApoF overexpression increased both hepatic
very low density lipoprotein (VLDL)-TG secretion and hepatic lipoprotein
remnant clearance, associated a~25% reduction in plasma TG levels.
Conversely, reducing endogenous ApoF expression reduced VLDL secre-
tion in vivo, and reduced hepatocyte VLDL uptake by ~15% in vitro. Tran-
scriptomic analysis of APOF-overexpressing mouse livers revealed a gene
signature related to enhanced ApoB-lipoprotein clearance, including
increased expression of Ldlr and Lrp1, among others.

Conclusion: These data reveal a previously undescribed role for ApoF in
the control of plasma and hepatic lipoprotein metabolism by favoring VLDL-

INTRODUCTION

NAFLD is a major global health challenge, affecting
almost 25% of the global population.!! Importantly,
cardiovascular disease (CVD) is the most common
cause of death among patients with NAFLD, in line with
highly prevalent dyslipidemia in this population.
Increased plasma triglyceride (TG)-rich lipoprotein
(TRL) concentrations are an important risk factor for
CVD@ and closely linked with hepatic TG content.l34
Given this strong association, it is critical to identify
factors regulating hepatic TG production and remnant
uptake in participants with hepatic steatosis.

Hepatic TG accumulation in insulin resistant individuals
results from a combination of increased adipose tissue
free fatty acid (FFA) release® and increased hepatic
lipogenesis.l®”! Importantly, these fluxes can be partially
counterbalanced by enhanced hepatic TG output.[
Studies in participants with obesity showed that intra-
hepatic TG content directly correlates with hepatic very
low density lipoprotein (VLDL)-TG secretion in participants
with mild to moderate steatosis.*® This effect is likely
mediated by increased production of large TG-rich VLDL
particles (i.e., VLDL1), as observed in participants with
diabetes with hypertriglyceridemia.l®! Furthermore, hepatic

TG secretion and hepatic lipoprotein remnant particle clearance.

TG secretion is impaired in participants with genetic
variants associated with increased risk for steatosis, such
as patatin like phospholipase domain containing 3
(PNPLA3) rs738409 1148M"% and especially transmem-
brane 6 superfamily member 2 (TM6SF2) rs58542926
E167K," highlighting this important mechanism for
adaptation to hepatic steatosis.

Hepatic VLDL overproduction, in combination with
decreased TRL-catabolism, exacerbates plasma hyper-
triglyceridemia. In circulation, TRLs are metabolized by
lipoprotein lipase (LPL), whose activity is regulated by
several apolipoproteins (e.g., apolipoprotein (Apo)Cs,
ApoA-V, ApoE) and the angiopoietin-like system.['?] |n
line, participants with hepatic steatosis and insulin
resistance display increased circulating ApoC-Ill, which
strongly inhibits LPL.I"3! After LPL-mediated TG hydrol-
ysis, lipoprotein remnants are removed through recep-
tor-mediated pathways, primarily by the liver. Obesity
and insulin resistance contribute to reduced remnant
clearance by decreasing activity of the low-density
lipoprotein (LDL) receptor (LDLR) and LDLR-related
protein 1 (LRP1) (among others!'¥). Accumulation of
LDL as a result of reduced receptor-mediated uptake
may also directly inhibit LPL,['®! creating a feed-forward
loop driving hypertriglyceridemia.
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Here, we identify ApoF, also called lipid transfer
inhibitor protein, whose mRNA levels are strongly
inversely correlated with hepatic steatosis and plasma
TG levels in two independent cohorts of obese
patients. ApoF is a 29-kDa protein synthesized and
secreted overwhelmingly by the liver.['8.17] |n circula-
tion, ApoF associates with high-density lipoprotein
(HDL) and, to a lesser extent, LDL particles.l'8'9 Early
studies of ApoF function indicated that it inhibits
cholesteryl ester transfer protein (CETP), a protein
that facilitates exchange of TG for cholesteryl esters
among different lipoproteins.['®201 However, there is
strong evidence for CETP-independent functions in
mice.[18]

To determine whether ApoF directly regulates TG
metabolism, we investigated the effects of acute human
ApoF overexpression on plasma and hepatic TG in
C57BL6/J mice. We found that APOF overexpression
simultaneously promoted VLDL secretion, plasma TG
clearance, and subsequent hepatic remnant lipoprotein
clearance. Conversely, Apof knockdown in vivo
reduced VLDL secretion and reduced hepatocyte VLDL
uptake. Transcriptomic analysis of APOF-overexpress-
ing mouse livers revealed an activated Sterol Response
Element-Binding Protein (SREBP)2 pathway, which
could contribute to enhanced ApoB-mediated lipopro-
tein clearance. These data reveal a role for ApoF in the
control of plasma and hepatic lipoprotein metabolism.

MATERIALS AND METHODS

Detailed methods are provided as Supporting Material.

Human participants

Biological Atlas of Severe Obesity (ABOS) Cohort:
Transcriptomic analysis (n = 551) was performed on
perioperative liver biopsies from participants with
severe obesity (body mass index [BMI] > 35kg/m?)
as part of the ABOS cohort (approval number
NCT01129297) as described in our previous
study.[21]

Antwerp University Hospital Cohort: Transcriptomic
analysis (n = 155) was performed on percutaneous,
transjugular or perioperative liver biopsies from participants
with overweight (BMI of >25 to <30 kg/m?) or obesity (BMI
of >30kg/m?) as part of the HEPADIP cohort (Belgian
registration number B30020071389, Antwerp University
Hospital File 6/25/125) as described previously.2?

In both cases, hepatic steatosis was histologically
assessed according to NASH Clinical Research Net-
work guidelines. Written informed consent was
obtained from all patients in both cohorts and the
studies were conducted in conformity with the Helsinki
Declaration.

Animal experiments

Male wild-type C57BL6/J mice (8—10 weeks; Charles River
Laboratories) and homozygous ApoE2-knock in (ApoE2-
Kl) mice, described in Supporting Material, were studied.
Animals were maintained in specific pathogen-free con-
ditions (12 h/12 h light/dark cycle, 21—24°C) and fed normal
chow diet (A04, SAFE Diets). To induce obesity and
steatosis, mice were fed a high-fat diet enriched in sucrose
and cholesterol (HFSC diet) described previously2®! for 4 or
8weeks. All experimental procedures were approved
by the Hauts-de-France Regional Ethical committee
(APAFIS# 5746-2016040109244171v2 and APAFIS#
32184-2021062915403703v2). Microarray data from the
Ad-hApoF experiment are deposited in GEO under the
record GSE203290.

Statistical analyses

Statistical analysis was performed using GraphPad
Prism (GraphPad, San Diego, CA) and R (R-project.
org). For data following a normal distribution as
assessed by the Shapiro—Wilk test, statistically signifi-
cant differences between two groups were assessed by
unpaired Student's t test. Differences among three or
more groups were assessed by one-way or two-way
analysis of variance (ANOVA) followed by Fisher's post
hoc test as indicated in the figure legends. Otherwise,
nonparametric Mann—Whitney tests were applied to test
statistical significance. Statistical significance was
considered for p values < 0.05 (indicated by *). All bar
graphs show means + SEM.

RESULTS

ApoF correlates inversely with hepatic
steatosis and plasma TGs in humans

To identify genes whose expression changes with
hepatic steatosis, we performed correlation analysis of
hepatic transcriptomic data from a cohort of participants
with overweight or obesity.[?"! From this previous study,
we selected participants with complete liver histological
assessment who were not treated with statins (n = 551);
descriptive clinical parameters are provided in Table S1.
Interestingly, the APOF transcript, a liver-specific
gene,l'®! was the fourth-strongest negatively correlated
transcript with histologically assessed hepatic steatosis.
In addition, several genes involved in lipid metabolism
were among the top 100 transcripts correlated with
hepatic steatosis (e.g., VLDL secretion, sulfatase 2
(SULF2)124: lipid binding and trafficking, fatty acid
binding protein 4 (FABP4)125:: TG storage, perilipin 1
(PLIN1)28l: lipogenesis, ATP Citrate Lyase (ACLY)X7l,
Table S2). Hepatic APOF transcript levels decreased by
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FIGURE 1 Plasma and hepatic apolipoprotein F (APOF) expression are negatively correlated with steatosis and dyslipidemia in a cohort of
patients with obesity. (A) Normalized hepatic APOF messenger NA expression (left) and plasma APOF label free quantification (LFQ) intensity
(right) in relation with stage of steatosis in patients with obesity. Relationship of plasma triglyceride (TG) (B), non—high-density lipoprotein (HDL)-C
(C), and HDL-C (D) with hepatic APOF expression (left) and plasma APOF intensity (right) in a cohort of patients with obesity (n = 551 for
transcriptomes; 128 men and 423 women and n = 435 for plasma protein; 101 men and 334 women). Data from (A) are shown as the log2 fold
change compared to grade 0 + SEM.
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~40% between grade 0 and grade 3 steatosis
(Figure 1A, left). Similar associations were observed
for plasma ApoF protein levels (Figure 1A, right).

We next investigated associations between hepatic
APOF expression and clinical parameters. In addition to
correlating negatively with the degree of steatosis,
hepatic APOF expression also highly negatively corre-
lated with markers of liver injury such as aspartate
aminotransferase, alanine aminotransferase, and
gamma-glutamyltranspeptidase and clinical parameters
indicative of cardiometabolic disease (i.e., body weight,
fasting glycemia and insulinemia, plasma lipid meas-
ures, Table S3). Notably, APOF was the strongest
negatively correlated hepatic transcript with plasma TG
levels (Figure 1B left, Table S4). It also correlated
negatively with plasma non—-HDL-C (Figure 1C, left), an
estimation of circulating levels of atherogenic ApoB-
containing lipoproteins,’?8! and positively with plasma
HDL-C (Figure 1D, left). Negative correlations of hepatic
APOF expression with hepatic steatosis and plasma TG
levels were confirmed in a second, independent
cohort??l (Figure S1); descriptive statistics of this cohort
are presented in Table S5. These trends were also
observed when analyzed by semiquantitative proteomic
measurement of ApoF plasma concentrations
(Figure 1B-D, right), although correlation with non—
HDL-C did not reach statistical significance. Moreover,
the associations between hepatic APOF expression
and histological steatosis or plasma TG remained
statistically significant after adjusting for age, sex,
BMI, and presence of type 2 diabetes (T2D; Tables
S6 and S7). In line, separate analysis of men (n = 128)
and women (n = 423) in the ABOS cohort revealed
similar correlations between hepatic APOF expression
and steatosis or plasma TG (Figure S2). Collectively,
these results show that low hepatic APOF expression is
associated with increased hepatic steatosis and pres-
ence of an atherogenic lipoprotein profile with elevated
plasma TG and non—HDL-C and reduced HDL-C levels.
These findings suggest that ApoF could regulate
plasma and/or hepatic lipoprotein metabolism in
humans.

ApoF expression is reduced in livers from
mice with steatosis

To determine if a similar relation between hepatic
steatosis and ApoF expression is present in mice, male
C57BL6/J mice were fed normal chow or a HFSC dietl2?]
for 4 or 8 weeks. In this model, hepatic Apof expression
decreased 15% after 4 weeks and 25% after 8 weeks of
HFSC diet (Figure 2A). Liver histology revealed modest
hepatic steatosis without evidence of hepatic
inflammation after 4 and 8 weeks on the diet. Further-
more, direct biochemical measurement revealed 2- and
4-fold increases in hepatic TG content in HFSC-fed mice

at 4 and 8 weeks, respectively (Figure 2B,C). Moreover,
hepatic Apof mRNA expression and TG content were
inversely correlated (r=-0.7184, p = 0.0012, Figure 2C).
Despite no overall change in plasma TG levels in mice at
these timepoints, hepatic Apof expression showed
modest correlation, just missing statistical significance
(r =-0.4551; p = 0.0664, Figure 2D). These results
indicate that hepatic Apof expression also correlates with
hepatic and plasma TG in mice.

Human ApoF overexpression in mouse
liver decreases plasma TGs

To assess whether ApoF directly regulates plasma TRL
metabolism, the effects of acute, liver-specific adenoviral
overexpression of human ApoF (Ad-hApoF) in mice were
investigated. Human APOF mRNA expression was
detected in Ad-hApoF livers and human ApoF protein
was detectable in Ad-hApoF plasma 4days after
infection, but not in adenovirus-expressed green fluo-
rescent protein (Ad-GFP) controls (Figure 3A).
Unfortunately, detection of murine ApoF in plasma was
not possible because of the lack of commercially
available specific antibodies. Plasma TG and
cholesterol were measured after a 5-h fast to exclude
intestinally derived chylomicrons. Interestingly, plasma
TG levels decreased by 30% (Figure 3B). Accordingly,
plasma lipoprotein lipid profile analysis by fast-protein
liquid chromatography revealed a 50% decrease in the
VLDL-TG of Ad-hApoF mice (Figure 3B), and plasma
ApoB (the protein component of VLDL and LDL particles)
was decreased ~15% (p < 0.05, Figure 3B). Conversely,
no changes in plasma total cholesterol (TC) levels or
lipoprotein distribution were observed. Nor were there
differences in the HDL-associated proteins ApoA-l and
ApoA-Il, or hepatic TC content (Figure S3A-C).

In fasted conditions, steady-state plasma TG levels
are determined by the balance among hepatic VLDL-
TG output, TG clearance by intravascular lipolysis, and
receptor-mediated remnant clearance 2. To determine
how APOF overexpression affects this equilibrium,
hepatic VLDL-TG output was measured in Ad-hApoF
and Ad-GFP-infected mice, as described in the
supplemental methods (Poloxomer 407 method).
Despite significantly reduced baseline fasting TG levels
in Ad-hApoF mice (108 mg/dl in Ad-GFP vs. 75 mg/dl in
Ad-hApoF mice, p < 0.05, Figure 3B), plasma TG
levels were higher in Ad-hApoF than Ad-GFP mice at
both 120 and 180 min after Poloxamer 407 injection
(Figure 3C), indicating increased hepatic VLDL-TG
output in Ad-hApoF mice. Calculation of hepatic TG
production and fractional catabolic rate (FCR) revealed
that both VLDL-TG production and catabolism were
increased in Ad-hApoF mice (Figure 3C). The ratio of
TG/ApoB at T180, mostly reflecting newly accumulated
VLDL, was not increased in Ad-hApoF mice, although
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FIGURE 2 Apolipoprotein F (Apof) expression is lower in steatotic livers of obese mice. (A) Hepatic APOF expression in mice after 4 and
8 weeks of chow or high-fat diet enriched in sucrose and cholesterol (HFSC diet) (n = 6—10 per group). (B) Histological representation of a
hematoxylin—eosin stained liver sections after 4 and 8 weeks of chow or HFSC diet, scale bar: 100 um. (C) Hepatic triglyceride (TG) in mice after 4
and 8 weeks of chow or HFSC diet (n = 6—10 per group) and linear regression of hepatic Apof expression and hepatic TG content in HFSC-fed
mice for the indicated durations. (D) Plasma TG in mice after 4 and 8 weeks of chow or HFSC diet (n = 6—10 per group) and linear regression of
hepatic Apof expression and plasma TG level in HFSC-fed mice for the indicated durations. mRNA, messenger ribonucleic acid. *p < 0.05,
**p < 0.01 as compared to chow by ¢ test or Mann—-Whitney test as appropriate. All data are shown as the means + SEM.

hepatic TG content was reduced in Ad-hApoF mice changes (Figure S3D). To determine if increased FFA
(Figure 3D,E). Furthermore, expression of genes  flux could explain this increased VLDL-TG production,
involved in VLDL secretion showed no clear trend. we also measured plasma FFAs levels, which were
Apob mRNA increased, whereas Mitp and Dgat1 reduced in Ad-hApoF mice (Figure S3F).

mRNA levels showed no change or were decreased, We next tested the effects of reduced Apof expression
respectively, and hepatic MTTP activity also showed no on plasma TG homeostasis using adenovirus-mediated
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FIGURE 3 Apolipoprotein F (APOF) overexpression decreases plasma triglyceride (TG) levels and simultaneously favors liver secretion and
clearance of TG. (A) Hepatic human APOF, mouse Apof mRNA, and western blot for plasma human ApoF in Ad-GFP or adenoviral over-
expression of human ApoF (Ad-hApoF) mice (n = 8-9 per group). (B) Plasma TG, fractionated pooled plasma TG by fast-protein liquid chro-
matography and plasma ApoB in 5-h fasted adenovirus-expressed green fluorescent protein (Ad-GFP) or Ad-hApoF mice (n = 8-9 per group). (C)
Plasma TG, calculation of TG production, and fractional catabolic rate following intra-peritoneal injection with poloxamer 407 (P407; 1 g/kg
bodyweight) (n = 8-9 per group). (D) Plasma TG/ApoB ratio 3 h after P407 injection in Ad-GFP or Ad-hApoF mice (n = 8-9 per group). (E) Hepatic
TG content 3 h after P407 injection in Ad-GFP or Ad-hApoF mice (n = 8-9 per group). (F) Plasma FFA in 5-h fasted Ad-GFP or Ad-hApoF mice
(n = 8-9 per group). FCR, fractional catabolic rate; VLDL, very low density lipoprotein. *p < 0.05, **p < 0.01, ***p < 0.001 as compared to the
control by t test, Mann—Whitney test or two-way ANOVA as appropriate. Multiple comparisons were assessed by Fisher's least significant
difference post hoc test for (C). All data are shown as the means + SEM.
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Lowering apolipoprotein F (ApoF) expression increases plasma very low density lipoprotein (VLDL)- triglyceride (TG), but

decreases hepatic TG secretion. (A) Hepatic mouse Apof mRNA in Ad-shLacZ or adenovirus-mediated ApoF short hairpin (Ad-shApoF) mice
(n = 8-9 per group). (B) Plasma TG and fractionated pooled plasma TG by FPLC in 5-h fasted Ad-shLacZ or Ad-shApoF mice (n = 8-9 per group).
(C) Plasma TG, calculation of TG production, and fractional catabolic rate following intra-peritoneal injection with poloxamer 407 (P407; 1 g/kg
bodyweight) (n = 7 per group). (D) Plasma TG/ApoB ratio 3 h after P407 injection in Ad-shLacZ or Ad-shApoF mice (n = 7 per group). (E) Hepatic
TG content 3 h after P407 injection in Ad-shLacZ or Ad-shApoF mice (n = 7 per group). FCR, fractional catabolic rate; mRNA, messenger
ribonucleic acid; OD, optical density; TGSR, triglyceride secretion rate. *p < 0.05, ***p < 0.001 as compared to the control by t test, Mann—
Whitney test or two-way analysis of variance as appropriate. Multiple comparisons were assessed by Fisher's least significant difference post hoc

test for (C). All data are shown as the means + SEM.

ApoF short hairpin RNA (Ad-shApoF). This strategy
achieved a 30% reduction in liver Apof mRNA levels
compared with Ad-shLacZ controls at 4 days postinjec-
tion (Figure 4A). Total plasma TG were similar in
Ad-shApoF  compared with  Ad-shLacZ-injected
controls, although VLDL-TG tended to increase (27%)
(Figure 4B). As with hApoF overexpression, no changes
in plasma TC, individual lipoprotein fraction TC levels, or

hepatic TC were observed (Figure S4A,B). Despite
unchanged steady-state plasma TG, a significant
decrease in hepatic VLDL-TG production was observed
in the Ad-shApoF mice (Figure 4C). Accordingly, VLDL
FCR also tended to decrease (17%, p = 0.15,
Figure 4C), suggesting a concomitant reduction in
plasma TG catabolism in Ad-shApoF mice.
Interestingly, the TG/ApoB ratio at T180 was
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significantly reduced, indicating less TG per ApoB
particle (Figure 4D). Still, no changes in hepatic TG
content (Figure 4E), gene expression associated with
VLDL production (Apob, Mttp and Dgat1), hepatic MTTP
activity, or plasma FFA were observed (Figure S4C-E).
Together, results from hepatic overexpression and
knockdown experiments suggest that ApoF simultane-
ously affects VLDL-TG secretion and clearance to
achieve a net reduction in fasting plasma TG levels.

hApoF favors hepatic clearance of remnant
lipoproteins

TGs are removed from circulation by intravascular
lipolysis and receptor-mediated endocytosis of TRLs
and their remnants. To assess the relative contributions
of each process, we next measured postprandial TG
excursion levels following an oil bolus in Ad-hApoF and
control Ad-GFP mice. In line with increased VLDL FCR
(Figure 3C), a strong reduction in both peak TG levels
(T = 2h) and area under the curve was observed in Ad-
hApoF mice (Figure 5A), suggesting accelerated
plasma TG clearance.

We next examined whether ApoF overexpression
impacts the activities of LPL and hepatic lipase (HL), the
two enzymes catalyzing the majority of intravascular TG
hydrolysis.[*% Postheparin plasma LPL and HL activities
were not affected by hApoF overexpression (Figure 5B).
Accordingly, plasma levels of ApoC-lll, a strong inhibitor
of LPL activity,®" were similar in Ad-hApoF and Ad-
GFP—injected mice, and plasma ApoC-lll correlated
strongly with plasma TGs across both groups
(Figure S5A,B). Finally, plasma concentrations of ApoE,
a ligand for receptor-mediated remnant uptake,*?! were
also unchanged, whereas the ratio ApoC-lll/ApoE
tended to decrease in Ad-hApoF mice (Figure S5C,D).
Collectively, these results suggest that ApoF does not
directly modulate LPL or HL activities, nor does it impact
plasma ApoC-lll levels.

To directly assess whether ApoF affects TG lipolysis
and VLDL remnant uptake in vivo, a dual-label (glycerol
trii®H]oleate (TO) and ['*C]cholesteryl oleate (CO))
tracer experiment of VLDL-like particlesi®®! was per-
formed in Ad-hApoF and Ad-GFP animals. Plasma [3H]
TO decay, primarily reflecting intravascular [*H]TO
hydrolysis and 3H-oleate uptake by the different tissues,
was similar in both groups, with subclavicular and
intrascapular brown adipose depots showing the high-
est 3H-oleate capture (Figure 5C), as reported
elsewhere.® Interestingly, plasma ['*C]CO decay,
reflecting receptor-mediated clearance of remnant
particles, was significantly faster in Ad-hApoF
compared with Ad-GFP mice (particle half-life 2.96 vs.
3.72min, respectively, p = 0.015; Figure 5D).
Consistent with its dominant role in lipoprotein
remnant clearance, the liver showed the highest

amount of [“C]CO uptake in both groups, with a 30%
increase (p < 0.05) in Ad-hApoF mice compared with
Ad-GFP controls (Figure 5D). These results suggest
that hApoF overexpression reduces plasma TG
levels via enhanced VLDL remnant uptake by the liver.

Enhanced remnant clearance by hApoF is
mitigated by ApoE2

Our results thus far suggest that ApoF overexpression
favors hepatic receptor-mediated remnant clearance.
We next sought to challenge this system using the
ApoE2-KI mouse, a model of combined hyperlipidemia,
as a result of reduced affinity of ApoE2 for the LDLR.[34
Unlike in C57BL6/J mice, hepatic APOF overexpression
in ApoE2-KI mice increased plasma ApoB levels
(Figure S6A,B), indicating an increase in the number
of circulating VLDL and/or LDL particles. Surprisingly,
plasma TG concentrations were similar in Ad-hApoF
and Ad-GFP ApoE2-KI mice, whereas plasma TC
tended to increase (Figure S6C). The lipoprotein lipid
profiles revealed only slight increases in VLDL-TG and
VLDL-C in Ad-hApoF mice but uncovered a clear
increase in LDL-C (Figure S6D). Hepatic lipid levels
and MTTP activity were unchanged (Figure SG6E,F).
These results suggest that the clearance pathway
activated by ApoF requires functional ApoE.

ApoF affects hepatocyte Dil-VLDL uptake

Because APOF expression is highly liver specific, we
next tested whether altering ApoF expression in
cultured hepatocytes affects remnant uptake in a cell-
autonomous manner. We thus infected primary human
hepatocytes with Ad-hApoF or Ad-GFP for overexpres-
sion and transfected siRNAs against endogenous
APOF (siApoF) or nontargeting controls (siCtrl) for
knockdown (Figure 6A) and assessed uptake of
fluorescently labeled (Dil)-VLDL.B%! Interestingly,
APOF overexpression in hepatocytes was associated
with a 25% increase in VLDL uptake activity, whereas
siApoF ftransfection was associated with a~20%
reduction in Dil-VLDL uptake (Figure 6B). These
results indicate that ApoF expression in hepatocytes
correlates with VLDL uptake and suggest that ApoF
functions in a cell-autonomous manner to enhance
lipoprotein particle clearance.

hApoF overexpression associates with an
SREBP2-like signature

Our in vitro results suggest that ApoF modulates
remnant clearance through a direct effect in hepato-
cytes. To identify pathways regulated by APOF
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FIGURE 5 Human apolipoprotein F (ApoF) favors remnant particle clearance by increasing hepatic uptake. (A) Baseline-corrected plasma
triglyceride (TG) after oral olive oil gavage and calculation of area under the curve in 5 h fasted adenovirus-expressed green fluorescent protein
(Ad-GFP) or adenoviral overexpression of human ApoF (Ad-hApoF) mice (n = 9-10 per group). (B) Postheparin plasma lipoprotein lipase (LPL)
and hepatic lipase (HL) activities in overnight fasted Ad-GFP or Ad-hApoF mice (n = 8 per group). (C) [3H] disappearance from plasma and organ
uptake after intravenous (i.v.) injection of very low density lipoprotein (VLDL)-like particles, double-labeled with glycerol tri*H]oleate (TO) and ['4C]
cholesteryl oleate (CO) (n = 7-8 per group). (D) ['“C] disappearance from plasma and tissue uptake after i.v. injection of VLDL-like particles,
double-labeled with TO and ['“C]CO (n = 8 per group). AUC, area under the curve; gWAT, gognadal white adipose tissue; HL, hepatic lipase;
iBAT, interscapular brown adipose tissue; iWAT, inguinal white adipose tissue; LPL, lipoprotein lipase; sBAT, subscapular brown adipose tissue.
*p < 0.05, **p < 0.01, *™*p < 0.001 as compared with the control by t test, Mann—Whitney test or two-way ANOVA as appropriate. Multiple
comparisons were assessed by Fisher's least significant difference post hoc test for (A). All data are shown as the means + SEM.

overexpression, transcriptomic profiling of livers from
Ad-hApoF and Ad-GFP mice was performed. Gene set
enrichment analysis revealed that genes involved in
cholesterol biosynthesis, metabolism, and lipid and
lipoprotein metabolism were most strongly affected in
Ad-hApoF mice (Table S8). Among upregulated genes
are those involved in ApoB-lipoprotein uptake, such as
Ldlr, its two key post-transcriptional regulators, Mylip

(encoding inducible degrader of the LDLR) and propro-
tein convertase subtilisin/kexin type 9 (Pcsk9), and two
other lipoprotein receptors, Lrp1 and Lsr (Figure 7A).
Among downregulated genes, we found many actors in
the clathrin-mediated endocytosis pathway (Ap2a2,
Ap2m1, Ap2ai, Ext1), which play a role in receptor-
mediated internalization. We further investigated
expression of these genes in Ad-shApoF— and Ad-
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FIGURE 6 Apolipoprotein F (ApoF) favors hepatocyte Dil-very
low density lipoprotein (VLDL) uptake in vitro. (A) APOF mRNA in
primary human hepatocytes infected with adenovirus-expressed
green fluorescent protein (Ad-GFP) or adenoviral overexpression of
human ApoF (Ad-hApoF) (left) and transfected with siCtrl or siRNAs
against endogenous APOF (siApoF) (right) (n = 3 per condition). (B)
Intracellular fluorescence of Dil in Ad-GFP, Ad-hApoF (left), and siCtrl
and siApoF (right) primary human hepatocytes after overnight treat-
ment with Dil-labeled VLDL (n = 12 per conditions). *p < 0.05,

**p < 0.01 as compared with the control by t test or Mann—Whitney as
appropriate. All data are shown as the means + SEM from pooled
experiments.

shLacZ-injected mice (Figure 7B). Among the
cholesterol metabolism pathway identified in the
overexpression study, genes that were downregulated
by overexpression (clathrin-mediated endocytosis)

were largely upregulated in mice with ApoF
knockdown, especially Ap2a2 and Ap2mfi.
Conversely, genes upregulated in overexpression

showed no major regulation by ApoF knockdown, with
the exception of Apobr, which was upregulated.
Interestingly, many of the upregulated genes are
transcriptionally activated by SREBP2, whose activity is
induced upon cholesterol depletion in the endoplasmic
reticulum, such as after statin treatment.l*8! Our group
has previously described a hepatic transcriptome
signature of statin treatment in the same ABOS cohort
studied to identify APOF.2l To test whether a similar
signature is present in Ad-hApoF mice, we designed a
gene set of the top 100 genes upregulated by statin
treatment in humans (corresponding to a false discov-
ery rate < 0.005) and compared it with the gene

expression profile in Ad-hApoF livers. Strikingly, Ad-
hApoF livers displayed a strong enrichment of the
statin-regulated gene signature (normalized enrichment
score = 2.52, p = 4.6 x 107°, Figure 7C). Consequently,
we further investigated parameters related to SREBP2
activation and processing in Ad-hApoF mice. Neither
Srebp2 nor its binding partner Scap were changed by
hApoF overexpression, although Insig7 was strongly
induced (Figure S7A). The increase in Insig1 is notable
because it is activated by SREBP2 as part of the
cholesterol-sensing feedback loop.”! Surprisingly, we
did not observe a corresponding increase in INSIG1
protein levels (Figure S7B) and were unable to detect
SREBP2 by western blotting using commercially avail-
able antibodies (not shown). Still, we found decreased
free cholesterol (FC) content in the endoplasmic
reticulum and increased FC in the lipid droplets isolated
from livers of Ad-hApoF mice, conditions that should
favor SREBP2 activation (Figure S7C). Other classical
SREBP?2 target genes in the mevalonate pathway were
also induced, especially 3-hydroxy-3-methylglutaryl-coa
reductase (Hmgcr), Fdps, and Tm7sf2 (Figure S7D).
Collectively, these data suggest that hApoF over-
expression affects intracellular cholesterol trafficking,
likely leading to an SREBP2-like signature in the liver
and increased remnant clearance in hepatocytes.

DISCUSSION

In the present study, we identified APOF as a liver-
specific transcript strongly inversely associated with
hepatic TG levels in two cohorts of patients with obesity.
Decreased hepatic APOF expression was also asso-
ciated with an atherogenic plasma lipid profile
(increased plasma TG and non-HDL-C and decreased
HDL-C) in this cohort. Further mechanistic investiga-
tions in mice revealed a direct role for ApoF in the
control of plasma TG levels in at least two ways; (1)
altered hepatic VLDL-TG output, most likely through
modification of the VLDL particle composition (TG/ApoB
ratio); and (2) enhanced remnant lipoprotein clearance
through a mechanism requiring functional ApoE.
Unbiased transcriptomic profiling in human ApoF-
expressing mice suggested activation of the SREBP2
pathway, associated with increased partitioning of FC
from the endoplasmic reticulum to the lipid droplet.
Altogether, these findings point to a previously
undescribed role for ApoF in hepatic lipoprotein
homeostasis.

In the present study, we did not observe changes in
plasma cholesterol levels with ApoF overexpression as
described by Lagor et al.l'8! We believe this could result
from methodological differences, namely acute adeno-
virus (present study) versus chronic adeno-associated
virus overexpression. This is consistent with the
markedly longer half-life of HDL (~24 h) than that of
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**p < 0.001, ***p < 0.001 as compared to the control by t test or Mann-Whitney as appropriate. All data are shown as the means + SEM from

pooled experiments.

VLDL (~10-15min) and could also explain the absence
of an effect on plasma cholesterol levels in our setting
(only 72h after altering ApoF expression). Further
studies could address dose- or time-dependent effects

of changes in ApoF expression on plasma lipoprotein
kinetics. Finally, an ApoF-deficient mouse model was
previously reported to display reduced plasma TG
levels,'9 although these mice were later found to
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display hypomorphic expression of the two adjacent
genes to the ApoF locus, Stat2 and Apon.’8! Con-
sequently, it is unclear how much of the lipid phenotype
of those mice could be directly ascribed to ApoF-
deficiency.

We observed that hepatic ApoF mRNA and plasma
protein levels correlate with histologically assessed
hepatic steatosis and plasma lipids in patients with
obesity, irrespective of patient sex. These data are
consistent with the results of two independent clinical
studies that found that plasma ApoF protein concen-
trations correlate negatively with plasma TG and
positively with HDL-C in humans.324%1 More recently,
plasma ApoF concentrations were shown to correlate
with a polygenic risk score for T2D development.]
Although it is not specifically assessed in that study, it is
tempting to speculate that reduced plasma ApoF may
similarly associate with NAFLD risk, considering the
strong link between T2D and NAFLD.

Our data support a role of ApoF in hepatic remnant
uptake. Chylomicron and VLDL remnants, as well as
LDL particles, are taken up in the liver via different
receptors of the LDLR receptor family. Simultaneous
genetic invalidation of LDLR, LRP1, and heparan
sulfate proteoglycans in mice has shown that these
receptors are responsible for the majority of remnant
particle uptake.“? The fact that ApoF overexpression
increased expression of SREBP2 target genes involved
in lipoprotein uptake such as the LDLR, but also
PCSK®9, its endogenous inhibitor, suggest SREBP2
pathway activaton as a likely contributing
mechanism.3 This result is also corroborated by
studies in hamsters treated with siRNAs against ApoF,
which displayed a decrease in hepatic expression of the
SREBP?2 target genes LDLR and HMGCR.2% However,
further studies will be necessary to more precisely
determine the role of SREBP2 itself. Finally, our results
in the ApoE2 mutant mice indicate the necessity of
functional ApoE for the effect of ApoF on plasma
remnant clearance. Further studies will be necessary to
identify the specific receptor(s) whose activity is
affected by changes in ApoF expression.

How ApoF activates the SREBP2 pathway while
favoring hepatic particle uptake remains an open
question. One possibility is an intracellular effect on
cholesterol trafficking. For example, previous work
has demonstrated differential effects of chylomicron-
versus LDL-derived cholesterol on SREBP2
activation.*4l Using isolated hamster hepatocytes,
these authors showed chylomicron-derived choles-
terol apparently enters the intracellular regulatory pool
for SREBP2, whereas LDL-derived cholesterol is
rather directly esterified and resecreted in VLDL.
Our own data show FC increased in the lipid droplet
fraction and tended to decrease in the endoplasmic
reticulum in mice overexpressing ApoF. This is also
consistent with increased expression of cholesterol

transport protein Npc2 and decreased Soat2 (Acat2)
in these mice (Figure 7A). Together, both increased
VLDL secretion and altered intracellular cholesterol
partitioning (lipid droplet vs. endoplasmic reticulum)
may dampen the normal feedback inhibition
mechanisms on the lipoprotein receptor pathways,
primarily regulated by SREBP2. In the context of
metabolic syndrome, decreased ApoF activity would
protect against toxic accumulation of cholesterol in
hepatocytes. Although it is beyond the scope of the
present work, future studies could investigate how
ApoF impacts homeostasis of the intracellular
regulatory pool of cholesterol.

The present study has several limitations. First, we
chose to overexpress human ApoF and not the murine
isoform in our mouse model. Human and murine ApoF
protein sequences are highly similar, with 61% amino
acid identity and ~75% homology. Lagor et al. showed
that overexpression of the human or murine isoform of
ApoF led to the same effect on reverse cholesterol
transport.['®! Consequently, we expect to obtain similar
changes in plasma TG levels with murine ApoF over-
expression. We were also unable to directly determine
the relative increase in total ApoF (human + murine) in
our overexpression models. When compared with
human plasma and livers, Ad-hApoF plasma ApoF
protein and hepatic mMRNA expression were lower, but
within a physiological range. Considering endogenous
murine hepatic ApoF mRNA expression was
unchanged, we estimate that total ApoF increased by
25%—-100% compared with the Ad-GFP controls.
Second, we showed that postprandial lipemia was
attenuated by hApoF overexpression after an olive oil
gavage. However, this setting mostly reflects changes
in chylomicron metabolism, which are intestinally
derived, and not VLDL.#3! ApoF is not expressed by the
intestine,l'8! and adenovirus-mediated overexpression
is overwhelmingly liver-restricted. Moreover, chylomi-
cron and VLDL remnants share many similarities in
terms of their clearance. Consequently, we attribute the
attenuated postprandial plasma TG excursion to ApoF's
actions on hepatic remnant clearance, rather than an
indirect effect on intestinal TG uptake and/or production.
Because elevated nonfasting TGs increase cardiovas-
cular risk,8! elevating hepatic ApoF levels may be
protective against CVD.

We identify a new function for ApoF in plasma
lipoprotein production and clearance and a high level of
ApoF could play a protective role in the context of
metabolic syndrome against the development of CVDs.
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