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U pstream Stimulatory Factor 1 (Usf1), a ubiquitous transcription factor associated with familial
combined hyperlipidemia, regulates the expression of genes involved in lipid metabolism.
Previous studies showed that mice lacking Usf1 developed a beneficial cardiometabolic profile. In
this study, we investigated the atherogenic effect of hematopoietic Usfl in low-density lipoprotein
receptor (LDLr) knockout (KO) mice.

Bone marrow from Usfl KO mice and wild-type mice was transplanted into male LDLr KO mice.
After 8 weeks recovery on a regular chow diet, the mice were challenged with a pro-atherogenic
Western-type diet for 20 weeks. Specific deletion of hematopoietic Usfl also protected against
diet-induced obesity. However, opposed to total-body Usfl deficiency, deletion of hematopoietic
Usfl in LDLr KO mice led to a significant increase in atherosclerotic lesion size (130%, p<0.05). The
increased atherosclerosis susceptibility coincided with increased neutrophil counts in the
circulation (200%, p<0.01) and elevated VLDL cholesterol levels (162%, p<0.05). Interestingly, the
phenotype induced by hematopoietic Usfl deficiency in LDLr KO mice is likely attributed to an
impaired clearance of VLDL by white adipose tissue (WAT). The mRNA expression of Peroxisome
proliferator activated receptor gamma, Lipoprotein lipase and VLDL receptor, key players in
regulation of VLDL clearance, were downregulated in WAT of Usf1 KO bone marrow recipients (-
41.7%, p<0.05; -30.1%, p<0.05; and -49.4%, p<0.005; respectively) and associated with a
decreased lipid content in WAT.

Taken together, these results suggest that hematopoietic ablation of Usfl does not account for
the beneficial effects of global Usf1 deletion.

Introduction

Upstream Stimulatory Factor 1 (Usf1) is a ubiquitously expressed transcription factor that plays an
important role in lipid metabolism." Usf1 regulates the expression of many genes involved in lipid
metabolism, including apolipoprotein A2 (apoA2),” apoA5,* apoC3,* apoE,” hepatic lipase (HL),®
ATP-binding cassette transporter 1 (ABCA1),”® and fatty acid synthase (FASN).> ! Two forms of the
Usf protein have been identified, which are referred to as Usf1 and Usf2, respectively.'? The Usf
proteins form hetero- and (less common) homo-dimers and bind to the E-box motif. Although the
Usf genes are ubiquitously expressed in mammalian cells, the relative abundance of the Usf1 and
Usf2 gene products varies among cell types.™ Importantly, the function of Usfs is modulated in a
cell-specific manner.’* Variants of Usfl have been associated with familial combined
hyperlipidemia (FCHL), characterized by increased serum total cholesterol, triglycerides or
both.'*> Whole-body or liver-specific over-expression of human Usf1 significantly decreased total
plasma cholesterol levels in C57BL/6J mice, while triglycerides tended to be slightly higher.'®
Conversely, Laurila et al. showed that deletion of Usfl in C57BI/6J) mice led to elevated plasma
total cholesterol, primarily in high density lipoprotein (HDL) particles, and decreased very low
density lipoprotein (VLDL) triglycerides."’

In addition to its role in lipid metabolism, there are indications that Usf1 might also modulate the
immune response. A correlation was found between Usf1 and IL-6 on transcriptional level in the
liver of transgenic mice overexpressing human Usf1."***Moreover, downregulation of Usf1 in the
RAW 264.7 macrophage cell line upregulates mitochondrial uncoupling protein 2 (UCP2) which
suppresses the production of pro-inflammatory mitochondria-derived reactive oxygen species
(mtROS).™ In agreement, global Usfl deficiency also led to lower circulating inflammatory
cytokines in mice.'” Collectively, these data imply that Usfl might play an important role in lipid
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metabolism and the immune response. However, only limited research on the link between Usfl
and atherosclerosis has been described.'”**** Recent studies by Laurila and colleagues showed
that low-density lipoprotein (LDL) receptor (r) knockout (KO) mice lacking Usfl display remarkably
decreased susceptibility to atherosclerotic lesion development.” However, the mechanisms
underlying the reduction of atherosclerosis induced by Usfl deficiency are poorly defined. For
instance, it is not known whether Usfl merely affects blood lipid levels or whether it also
modulates atherosclerosis susceptibility by impacting the immune system. Bone marrow-
transplantation (BMT) allows to specifically delete Usfl in BM-derived leukocytes. The aim of the
current study was, therefore, to specifically assess the role of Usfl in immune cells and the
consequences for atherosclerosis development. Hereto, BM from Usfl KO mice was transplanted
into male LDLr KO mice and atherosclerosis susceptibility was determined after 20 weeks
challenge with a pro-atherogenic Western-Type Diet (WTD).

Material and methods
Animals and bone marrow transplantation

LDLr KO mice (C57BI/6J background) purchased from the Jackson Laboratories, were maintained
and bred under standard laboratory conditions at the Gorlaeus Laboratories in Leiden, the
Netherlands. All animal work was approved by the Dutch Ethics Committee and regulatory
authority at Leiden University and was carried out in compliance with Dutch government
guidelines and the Directive 2010/63/EU of the European Parliament on the protection of animals
used for scientific purposes.

Usfl KO and wild-type (WT) littermates (both C57BL/6J background) were bred at the National
Institute for Health and Welfare, and University of Helsinki, in compliance with the Finnish
government guidelines. Experiments were conducted in conformity with the Finnish regulations
and the European parliament Directive 2010/63/EU. Other details regarding Usfl KO mice are
available in a recent report."’

Bones were harvested from Usfl KO and WT mice and transported to Leiden in Dulbecco's
modified Eagle medium (DMEM). Within 36 hours of collection of the bones, bone marrow (BM)
was isolated. LDLr KO mice recipients (male, approx. 12 weeks old) were transplanted with either
Usf1 KO BM or WT BM. BMT was performed by intravenous tail vein injection of 5x10° cells into
the recipients, one day after lethal irradiation (Rontgen, 8 Gy). The recipients were allowed to
recover for 8 weeks on a chow diet (RM3; Special Diet Services). Subsequently, the mice were fed
a pro-atherogenic WTD, containing 0.25% cholesterol, 15% cocoa butter and 1% corn oil (SDS,
Sussex, UK). After 20 weeks of WTD feeding, the mice were sacrificed. In short, the mice were
anaesthetized using a mix of xylazine, ketamine and atropine. Blood was collected by retro-orbital
bleeding (for flow cytometric analysis and testing on a veterinary haematology analyzer (Sysmex))
or by tail cut (for lipid analysis). Subsequently, the animals were perfused with PBS, and the heart
and other organs were collected for further research. Erythrocytes in the blood were lysed with
erythrocyte lysis buffer (0.15 mol/L NH4Cl, 10 mmol/L NaHCOs, 0.1 mmol/L EDTA, pH 7.3) and
subsequently the white blood cells were used for flow cytometric analysis.
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Plasma lipid determination

After 4 hours fasting, blood was collected via tail sampling in potassium-EDTA microvette CB 300
tubes (Sarstedt, Nimbrecht, Germany), and centrifuged with 2,000 rpm at 4°C for 5 minutes to
separate out the plasma. Free cholesterol and total cholesterol levels were determined in plasma
as previously described.”? Furthermore, plasma was used for lipoprotein profile analysis using fast
protein liquid chromatography (FPLC) using a high-resolution size-exclusion chromatography
Superose 6 HR column (3.2 x 30 mm; Smart-System, Pharmacia, Uppsala, Sweden).

Hepatic lipid extraction

Total lipids were extracted from liver samples using the Bligh & Dyer method that was described
previously,”> and dissolved in 2% Triton X-100. The cholesterol and triglyceride content in the
homogenate were measured and divided by the protein content as determined using a BCA
assay,”* and expressed as “pg lipid/mg protein”.

Adipose tissue lipid content quantification

Paraffin embedded sections (5 um) from gonadal white adipose tissue (WAT) and interscapular
brown adipose tissue (BAT) of the transplanted LDLr KO recipients were prepared and stained by
hematoxylin and eosin. The lipid—droplet-positive area as percentage of the total WAT and BAT
area was qualified using Image J software (version 1.47).%

Sysmex haematology analyser and flow cytometry

Blood leukocyte counts were analysed using an automated Sysmex XT-2000iV Veterinary
Haematology analyser (Sysmex Corporation). Fluorescent activated cell sorting (FACS) analysis was
performed on a FACS Canto Il apparatus (BD Biosciences, Mountain View, CA) to detect cell surface
markers on blood cells. The antibodies anti-Ly6C, anti-Ly6G and anti-CD11b were all from
eBioscience, Ltd. Nile red (Sigma-Aldrich, USA) and used to detect lipid-rich leukocytes. Data were
analysed using FlowJo Software v10 (TreeStar Inc).

Atherosclerotic lesion analysis in aortic root

Hearts were fixed in 4% Shandon Zinc Formal-Fixx (Thermo Fisher Scientific, 9990245) for 24 hours,
and subsequently embedded in Tissue-Tek O.C.T. compound (Sakura Finetek, USA) until further
processing. Cryosections (7 um) at the level of the aortic sinus were obtained using a Leica
CM3050s cryostat. Lipid-rich atherosclerotic plaques were stained with Oil Red O. Plaque area (in
um?) quantitation was performed using a Leica image analysis system (Leica Ltd, Cambridge, UK).

MRNA expression analysis by real time PCR

Total RNA was isolated from liver, gonadal white adipose tissue and interscapular brown adipose
tissue samples obtained at sacrifice after 20 weeks WTD challenge. cDNA were synthesized using
RevertAid M-MulV reverse transcriptase (Thermo Scientific, USA) according to the manufacturer’s
protocol (Thermo Scientific, USA). Quantitative gene expression was measured on a 7500 Fast
Real-Time PCR system (Applied Biosystems, CA) using SensiMix SYBR green (GC biotech B.V., The
Netherlands) technology. The average expression of the housekeeping genes 6-actin, RPL27 and
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36B4 was used as a reference for calculation of the relative expression of the genes of interest.
The primer sequences are shown in Table 1.

Table 1 qPCR primer sequences.

Primer sequences used for gPCR
Gene Orientation of primers Sequences
Forward primer CTGAGTACACCTTCCCACTTACTGA
36B4 Reverse primer CGACTCTTCCTTTGCTTCAGCTTT
Forward primer AGAGCAAAAAGCGACTCCACATAGAA
ABCAI Reverse primer CGGCCACATCCACAACTGTCT
Forward primer ATGTGTCCCAGTTTGAATCCTCCT
ApoA Reverse primer TTTCTCCAGGTTATCCCAGAAGTCC
Forward primer AACCGTGAAAAGATGACCCAGAT
pS-actin Reverse primer CACAGCCTGGATGGCTACGTA
Forward primer TGCCTGACAAGGGACACTTCGGG
CD68 Reverse primer GCGGGTGATGCAGAAGGCGATG
Forward primer GGCGGCACCTATGGCGAGG
FASN Reverse primer CTCCAGCAGTGTGCGGTGGTC
Forward primer CGAGCCACGACCTAATGAAGAATG
HMG-coA Reverse primer TGCATCACTAAGGAACTTTGCACC
Forward primer CCCCTAGACAACGTCCACCTC
LPL Reverse primer TGGGGGCTTCTGCATACTCAAA
Forward primer CTTCTGGTGGCTGGCGTGGTG
LRP Reverse primer CATCCGCTGGTGCTGGAAGCC
Forward primer TCTCACAGTACCCGTTCTTGGT
MTTP Reverse primer GAGAGACATATCCCCTGCCTGT
Forward primer AAGCCCTTTGGTGACTTTATGGAGCC
PPARg Reverse primer TGCAGCAGGTTGTCTTGGATGTCC
Forward primer CGCCAAGCGATCCAAGATCAAGTCC
RPL27 Reverse primer AGCTGGGTCCCTGAACACATCCTTG
Forward primer TACTACAAGCCCGGCCTCC
SCD1 Reverse primer CAGCAGTACCAGGGCACCA
Forward primer AAACAGGGAAGATCGAGCCAGTAG
SR-B1 Reverse primer CGTAGTGAAGAACCTGGGGCAT
Forward primer CCAAGCTGTGCGATGTCCATGTACA
UCPI Reverse primer AAACATGATGACGTTCCAGGACCCG
Forward primer AGTTGGGAGATACAAAGTCCTCCG
Usf1 Reverse primer TGCACTGTTCCCTCTTCGGTT
Forward primer TGGAGATGAAGACTGTGCGG
VLDLr Reverse primer CGAAGTCAGACTCAGCACACG
Statistical analysis

All values are expressed as means = SEM. Differences between the groups were statistically
analysed with an unpaired Student’s T-test or two-way ANOVA using GraphPad Prism software
(GraphPadSoftware Inc., San Diego, California, USA). Welch correction was applied in case of
unequal variances in the dataset. A two-sided P value lower than 0.05 was considered as

statistically significant.
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Results
Hematopoietic Usf1 deficiency lowers body weight gain in LDLr KO mice

Total body deletion of Usf1 leads to a beneficial metabolic profile in C57BL/6 mice associated with
leanness, increased lipolysis and improved insulin sensitivity compared to their WT littermates.'’
To investigate whether hematopoietic Usfl deficiency influences body weight gain of the mice,
changes in body weight were monitored throughout the study. Mice lacking Usfl in bone marrow-
derived cells gained less weight compared to mice that received WT BM (Figure 1A). The 2 groups
started to diverge at week 18 after BMT (10" week on WTD) (Figure 1B). At sacrifice (20" week
on WTD), LDLr KO mice with Usfl KO BM were 2.5 g (8.5%) lighter in weight compared to mice
transplanted with WT BM (Figure 1C).

Interestingly, UsfI mRNA expression in the gonadal white adipose tissue of LDLr KO mice
reconstituted with Usf1 KO BM was 44% lower compared to the mice that received WT BM (p<0.05;
Figure 1D). The decrease was likely not the result of a reduced macrophage content of the adipose
tissue as no significant difference was found in the expression of the macrophage marker CD68
between the 2 groups (p=0.11; figure 1E). The reduced Usf1 expression in white adipose tissue
was associated with 30% lower expression of lipoprotein lipase (LPL, p<0.05; Figure 1F) and 48%
lower very-low density lipoprotein receptor (VLDLr, p<0.05; Figure 1G) expression, genes
responsible for VLDL-TG-derived fatty acid uptake, and 42% lower Peroxisome proliferator-
activated receptor-y (PPARg, p<0.05; Figure 1H) expression, which is an important transcriptional
factor regulating LPL and VLDLr expression. The expression of intracellular lipolysis related genes,
including hormone-sensitive lipase (Hsl), adipose triglyceride lipase (Atgl), and the glucose
transporter type 4 (Glut4) and lipid droplet-associated protein (Plin) were not changed (data not
shown). Collectively, these data indicate decreased uptake of VLDL-TG-derived fatty acids by white
adipose tissue upon deletion of Usfl in bone marrow-derived cells. Therefore, lipid content of
WAT was measured in paraffin-embedded gonadal WAT. In line with the body weight and gene
expression data, a decreased WAT lipid content was observed in the Usf1 BMT mice compared to
the WT mice, (-7%, p<0.05; Figure 11). Morphological examination also confirmed a small decrease
in adipocyte cell size (Figure 1J).

Plasma cholesterol is elevated in LDLr KO mice reconstituted with Usfl KO bone marrow

Deletion of Usfl in bone marrow-derived cells of LDLr KO mice resulted in a significant increase in
total cholesterol and free cholesterol levels (+36%, p<0.01 and +26%, p<0.05 respectively; Figure
2A-B) after 20 weeks on WTD, while this effect was not observed on chow diet (data not shown).
Determination of the lipoprotein distribution pattern showed that the increase in plasma
cholesterol levels on WTD could be attributed to increased VLDL cholesterol levels (+60%, p<0.05;
Figure 2C and D). Moreover, a trend towards higher plasma triglycerides was observed in LDLr KO
mice with Usf1 KO BM on WTD (+17%, p=0.12; Figure 2E). No effect of BM Usf1 deletion was found
on plasma glucose levels in the LDLr KO recipients (data not shown).

102



Body weight Usfl KO BMT recipients
A B
44 o 0
— 3] & WTBMT x c)
2,] = ustikoBwT ] o E
£ =)
S 14 g -1
[ 1 e - Crwems
£ 3
s 11 2 f
z 2 ® -2 WD
-§‘_3_BMT WTD Sacrifice = f
Cﬂ: ‘ ‘ & 3 BMT 5%criﬁce
o 1 2 3 4 5 7 9 10 11 15 18 20 23 28 0123457 910111518202328
Weeks after BMT Weeks after BMT
C Body weight D Usf1 E CD68
35+ 0.03- 0.25

o

i

o
L

o
o
N

W
o
N

Body weight (g)
n
o
.o
o ®
n
s s
"
Relative expression
§ ¢
Relative expression
o
B

o

=

o
1

. 0.051
20 T T 0.00 T 0.00 T
WT BMT Usf1t KO BMT WT BMT Usft KO BMT WT BMT Usft KO BMT
F LPL G VLDLr H PPARg
15 0.104 0.05

o
(=]
«©

ol
o
s

-

o
o
®
1
ol
o
7]
L

»

Relative expression
< q
\ Relative ex i
o o o
o © o
°_» % :
.
-
Relative expression
o o o
[=] o (=]
o - N
*

°
pression

T . T
WT BMT Usft KOBMT WT BMT Usf1 KO BMT WT BMT Usf1 KO BMT

| J 3 < =

90+ WTT)LDLrKQ Usf1 KO —)'LDLr KO-

£ oy : P S

- 80 * O 7% F S : ' v

o 0 . 4

o - ) 5 i\ ¢ 3 i - 1

2 70l A e - .

< 40 A S 3 { /&f

; 201’ - “/. 5 < [ = ¥ i \ 30 ;
0 y /Y NN 'S 3 Y

Usf1 KO BMT

Figure 1 Deletion of hematopoietic Usfl in LDLr KO mice attenuates body weight gain and adiposity.

LDLr KO mice received 5><106 bone marrow cells intravenously from either WT or Usf1 KO mice after 8 Gy X-ray lethal
irradiation. The mice were allowed to recover for 8 weeks on chow diet, and were then fed WTD diet for 20 weeks
to induce atherosclerosis. A) Bodyweight gain of LDLr KO recipients reconstituted with WT bone marrow (open circles
“0") or Usfl KO bone marrow (closed circles “®”) from 0-28 weeks after BMT. 2-way ANOVA was used to analyze the
statistical significant difference in time. B) Relative body weight of LDLr KO recipients with Usf1 KO BM corrected by
the bodyweight of recipients with WT, the distinctive bodyweight difference starts on week 15 (7 weeks WTD feeding).
C) Bodyweight of LDLr KO recipients at sacrifice. D-H) Relative mRNA expression of Usf1, CD68, LPL, VLDLr and PPARg
in inguinal adipose tissue of LDLr KO mice with WT bone marrow (open bar) or Usfl KO bone marrow (closed bar). 1)
Lipid content of gonadal WAT in LDLr KO recipients with WT bone marrow (open bar) or Usf1 KO bone marrow (closed
bar). J) Representative histology photographs of hematoxylin/eosin stained paraffin sections of gonadal white
adipose tissue (original magnification10X).*P<0.05 **P<0.01 as compared to LDLr KO mice reconstituted with WT
bone marrow (n=7-14).
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Deletion of hematopoietic Us1 in LDLr KO mice increased hepatic cholesteryl ester accumulation,
but kept unaffected the mRNA expression of genes involved in hepatic lipid metabolism

In order to investigate if the increased plasma cholesterol in BM-specific Usf1 KO mice was
associated with an altered hepatic lipid metabolism, the lipid content and mRNA expression levels
of genes involved in lipid homeostasis were determined. BM-specific Usfl deletion led to
increased Qil red O staining for neutral lipids (Figure 3A) in the liver after 20 weeks WTD feeding,
accompanied by increased cholesteryl ester accumulation evidenced by quantitative analysis after
Bligh and Dyer extraction (+72%, p<0.05; Figure 3B), while free cholesterol and triglycerides were
not affected (p>0.05; figure 3C). This is in contrast to the total body Usfl knockout mice which
were protected against hepatic steatosis, in line with their overall beneficial metabolic
phenotype.’’

Despite the observed increase in cholesteryl ester accumulation in the liver of LDLr KO mice lacking
Usfl in bone marrow-derived cells, the liver expression of genes involved in lipid synthesis, i.e. 3-
hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-coA reductase), microsomal triglyceride
transfer protein (MTTP), stearoyl-CoA desaturase-1 (SCD1), FASN and the cholesterol esterification
enzyme acyl-CoA:cholesterol acyltransferase (ACAT) were not affected (Supplementary figure 1A).
Furthermore, while total body Usf1 deletion in mice leads to increased plasma HDL levels,'” BM-
specific Usfl deletion did not affect HDL cholesterol. Not surprisingly, genes involved in HDL
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metabolism, i.e. ApoAl and ABCA1 were not affected in the liver of Usfl KO BMT recipients
compared to WT BMT recipients (Supplementary figure 1B). Also no effects were observed on the
expression of genes involved in cholesterol clearance i.e. low-density lipoprotein receptor-related
protein 1 (LRP1) and scavenger receptor class B type | (SR-BI) (Supplementary figure 1C). Moreover,
the hepatic expression of Usf1 was unchanged (p>0.05; Supplementary figure 1D). However, a 2.7-
fold increase in expression was found of the Kupffer cell marker CD68 in livers of LDLr KO mice
reconstituted with Usf1 KO BM as compared to controls (p<0.001; Figure 3D), suggesting increased
hepatic inflammation induced by the augmented cholesteryl ester accumulation in the liver.

A > i . § -, ~~<' LN
WT-> LDLr KO Usf1 KO>LDLr KO - b
By e
,,,:
ol
¢
B Hepatic cholesterol ester C Hepatic lipid content D CD68
257 1001 ns 0.61
* O wremT i
T

801 W Usf1 KO BMT

0.44
604

404

0.29 —_—
ns

Total cholesterol

204

0 I In- T 0.0

T T
WT BMT Usfi KO BMT Freelcholesterol Triglycerides WT BMT Usfi KO BMT

Lipid mg/ mg protein
Relative expression

Figure 3 Effect of hematopoietic Usfl deficiency on hepatic lipid accumulation after 20 weeks WTD feeding.

A) Representative images of Oil red O and H&E stained sections (original magnification 10x). Lipid was extracted from
livers and the content of B) cholesteryl ester, C) free cholesterol and triglyceride were measured and normalized for
protein level. D) Relative mRNA expression of CD68 in liver. Open bars represent the recipients of WT bone marrow,
closed bars represents the recipients of Usfl KO bone marrow. *P<0.05; ***P<0.001 as compared to WT BMT livers
(n=8).

Hematopoietic Usf1 does not affect brown adipose tissue of LDLr KO recipients

Activated brown adipose tissue (BAT) efficiently takes up fatty acids released from triglyceride-rich
lipoproteins (TRL) such as chylomicrons and VLDL upon lipolysis of their core triglycerides leading
to rapid clearance of the generated chylomicron and VLDL remnants by the liver.”® >’ Mice with
total-body Usfl deletion display elevated uptake of TRL-derived fatty acids by BAT, and reduced
BAT lipid content as well as smaller brown adipocyte size due to enhanced BAT thermogenesis.'’
This effect was independent of UCP1 expression, the specific uncoupling protein of BAT, which was
not changed due to the global Usf1 deletion.'’ In the current study, mRNA expression of UCP1 in
BAT of LDLr KO mice was also not altered upon deletion of Usfl in bone marrow-derived cells.
(p>0.05; Supplementary figure 2A). More importantly, in contrast to the total body Usfl KO mice,
the lipid content of BAT was not affected by BM Usf1 deletion (p>0.05, Supplementary figure 2B),
suggesting a smaller contribution of BAT, if any, to the reduced bodyweight of the LDLr KO mice
lacking hematopoietic Usf1.
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Circulating neutrophil and monocyte counts are increased in LDLr KO mice lacking
hematopoietic Usf1

High fat, high cholesterol feeding not only leads to hepatic inflammation, but also to augmented
systemic inflammatory markers in mice.’®*° Global Usf1 deficiency previously showed protection
against low-grade systemic inflammation, a condition associated with metabolic disturbances.’
To explore whether deletion of Usfl in bone marrow-derived cells also affected the systemic
inflammatory status under WTD feeding conditions, the circulating leukocyte profile was assessed
using flow cytometry and haematological analysis (Sysmex). After 20 weeks of WTD feeding, a
trend towards higher total white blood cell (WBC) counts was observed (+19%, p=0.09; Figure 4A).
The observed trend to increased WBC counts was attributed to significantly higher amounts of
circulating neutrophils (+63%, p<0.01; Figure 4B), and monocytes (+45%, p<0.05; Figure 4B), but
not lymphocytes (data not shown). The results were confirmed by flow cytometric analysis.
Compared to the WT controls, Usfl KO transplanted mice showed an increase in the total amount
of circulating CD11b" cells (+68%, p<0.05; Figure 5A-B); increased CD11b'Ly6G" neutrophils
(+100%, p<0.01; Figure 5C-D); and a small trend towards an increase in CD11b+Ly6Chi pro-
inflammatory monocytes (+23%, p=0.11; Figure 5E-F), but no difference in CDlle'Ly6CIOW
patrolling monocytes (p>0.05, Figure 5E-F).
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Figure 4 Effect of hematopoietic Usfl deficiency on circulating leukocytes in LDLr KO mice.

After 20 weeks of WTD feeding, the circulating leukocyte profile was assessed using a hematological analyzer. A)
Total leukocyte counts, B) Neutrophil and monocyte counts. Open bars represent LDLr KO mice reconstituted with
WT bone marrow, closed bars represent mice with Usfl KO bone marrow. *P<0.05 as compared to WT BMT mice
(n=11-16).
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Figure 5 Flow cytometric analysis of blood cells in LDLr KO mice with hematopoietic Usfl deficiency.

Circulating leukocytes in LDLr KO recipients were analysed by flow cytometry after 20 of weeks WTD feeding. A)
Absolute numbers of CD11b" cells, C) CD11b*/LY6G" neutrophils and E) (ZD11b+/Ly6C'°W anti-inflammatory monocytes
and CD11b+/Ly6Chigh pro-inflammatory monocytes were analyzed in the LDLr KO recipient mice with WT bone marrow
(open bars) or Usfl KO bone marrow (closed bars). B, D, F) Representative flow cytometric plots. *P<0.05; as
compared to WT BMT mice (n=6).

Hematopoietic Usf1 deficiency in LDLr KO mice aggravates intracellular lipid accumulation in
blood leukocytes

Nile red was used to quantify the cellular neutral lipid content of circulating blood cells using flow
cytometry.®” ** In agreement with the elevated VLDL-cholesterol levels, an increased percentage
of foamy leukocytes with a high nile red intensity were observed in Usf1 KO BMT mice compared
to WT BMT controls on WTD (Figure 6A), indicating an induction of the amount of lipid-laden cells
in the blood stream.
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Figure 6 LDLr KO mice with hematopoietic Usfl deficiency display aggravated intracellular lipid accumulation in
blood.

After 20 weeks WTD feeding, A) Percentage of nile red positive circulating leukocytes. Open bars represent recipients
of WT bone marrow, and closed bars recipients of Usfl KO bone marrow. **P<0.01 (n=6) B) Representative flow
cytometric plots of nile red staining of circulating leukocytes. (n=6).

Usf1 deficiency in bone marrow-derived cells of LDLr KO mice leads to increased atherosclerosis
susceptibility

Since Usfl deletion in bone marrow-derived cells of LDLr KO mice was associated with increased
VLDL cholesterol and the appearance of more lipid-rich inflammatory cells in the circulation, we
next assessed the effect of hematopoietic Usfl deficiency on atherosclerosis susceptibility in the
LDLr KO recipients. As expected, after 20 weeks WTD feeding, larger aortic root atherosclerotic
lesions were found in the Usfl KO BMT mice compared to the WT BMT controls (+31%, p<0.05;
Figure 7A-B). Total cholesterol levels correlated well to atherosclerotic lesion sizes (p<0.05; figure
7C), indicating the elevated VLDL cholesterol is likely responsible for the increased susceptibility
to atherosclerosis of the hematopoietic Usfl KO mice.
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Figure 7 Bone marrow Usfl deficiency increases atherosclerosis susceptibility of LDLr KO mice.

After 20 weeks of WTD feeding, atherosclerotic lesion development was assessed. A) Atherosclerotic lesion size in the
aortic root of LDLr KO mice reconstituted with either WT bone marrow (open bars) or Usf1 KO bone marrow (closed
bars). B) Representative aortic root atherosclerotic lesion stained for neutral lipids with Oil red O. *P<0.05 as
compared to WT BMT mice (n=16-18).

Discussion
In the current study, we show that deletion of Usfl in hematopoietic cells protects LDLr KO mice
against diet-induced obesity, but leads to increased levels of cholesterol in circulating VLDL

particles and elevated counts of lipid-laden inflammatory leukocytes in the circulation culminating
into an increased susceptibility to atherosclerosis.

108



A recently published study by Laurila et al. showed that total body Usfl KO mice are also protected
against diet-induced obesity."” However, in contrast to our findings upon selective deletion of Usf1
in bone marrow-derived cells, total body Usfl KO mice displayed a beneficial cardiometabolic lipid
profile with decreased VLDL-triglycerides, and elevated HDL-cholesterol and were protected
against atherosclerotic lesion development. In this context, it is important to note that the activity
and function of Usfs is cell-type dependent.'® The most pronounced tissue effect in the global KO
mice was ascribed to BAT, although the contribution of other tissues could not be ruled out.
Specific deletion of Usfl in bone marrow-derived cells, as expected, only minimally affected the
expression of Usf1 in livers of the Usf1 KO BMT mice, while expression in BAT was not affected.

Global Usf1 deletion protects mice against the development of diet-induced obesity by increasing
the activation of BAT." Interestingly, in the current study we found that specific deletion of Usfl
in bone marrow-derived cells also protected LDLr KO mice from diet-induced obesity, suggesting
that also bone-marrow dependent mechanisms could account for the reduced body weight of the
global knockouts. In contrast to total-body Usf1 KO mice, in our BM-specific Usf1 KO model, BAT
lipid content was not changed nor was the expression of UCP1 altered, suggesting that brown fat
activation is not a causative factor in the lean phenotype observed in the Usf1 KO BMT mice. To
fully exclude BAT activity as a causative factor in hematopoietic Usfl deficiency-induced protection
against weight gain, more comprehensive measurements of BAT activity, including measurements
of BAT oxygen consumption and uptake of lipids and glucose, would have to be performed.

Adipose tissue mass can grow as a result of the expansion of the number of adipocytes
(hyperplasia) or growth of the size of existing cells (hyperthrophy). Knockdown of Usf1 in 3T3-L1
cells, a murine adipocyte model, by small interfering RNA (siRNA) represses adipogenesis, ™
indicating that Usfl also has direct effects on adipogenesis. Notably, in our study, after challenge
with WTD for 20 weeks, UsfI mRNA expression was largely decreased in adipose tissue of Usf1 KO
BMT mice as compared to WT BMT controls. By performing a BMT with GFP-expressing BM
Yuyama et al. previously showed that up to 16.7% of the adipocytes in mice challenged with a high
fat diet for 7 weeks were derived from BM progenitors.'® The decreased Usfl expression in
adipose tissue of Usfl KO transplanted LDLr KO mice is thus likely not only the consequence of
deletion of Usfl in adipose tissue macrophages (ATMs), but also in adipocytes from BM-origin.
The decreased Usf1 expression in adipose tissue coincided with lower VLDLr expression. VLDLr
deficiency protects against obesity by lowering adipose tissue mass, which is associated with
smaller adipocyte size due to a reduction in intracellular lipid droplet deposition.** Analysis of the
lipid content of WAT in mice with BM Usf1 deletion showed a small decrease (-7%) in lipid content,
but this is probably not sufficient to explain the overall 8.5% lower bodyweight. The lean body
weight phenotype is thus likely also the consequence of an impaired expansion of the number of
adipocytes, which is in line with the previously published role of Usf1 in adipogenesis.*

In contrast to total-body Usfl KO mice that display a beneficial cardiometabolic profile,'” in the
current study we showed that selective deletion of Usfl in bone marrow-derived cells in LDLr KO
mice led to increased plasma levels of pro-atherogenic VLDL-cholesterol while HDL-cholesterol
was not affected. No effects were observed on the hepatic expression of genes involved in VLDL
clearance (LRP1 and SR-BI) or VLDL synthesis (HMG-coA reductase, MTTP), suggesting that the
observed augmented VLDL cholesterol levels are unlikely the result of an altered hepatic uptake.

Besides the liver, white adipose tissue is an important organ for cholesterol storage.>* Adipocytes
in rodents are a significant site for cholesterol synthesis and storage,35 and, in obese subjects
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adipose tissue stores up to 50% of the total body cholesterol.>**® Conversely, LDLr KO mice lacking
adipose tissue display severe hyperlipidemia due to impaired plasma cholesterol clearance.*’
Similarly, our mice lacking Usfl in bone marrow-derived cells remained lean and displayed
increased plasma VLDL-cholesterol levels upon WTD feeding. Notably, WAT of LDLr KO mice
reconstituted with Usfl KO BM showed a decreased lipid content compared WAT of mice
transplanted with WT BM, indicating reduced adipose tissue lipid deposition. Therefore, we
hypothesized that an impaired VLDL-TG-derived fatty acid clearance capacity of the adipose tissue
upon hematopoietic Usfl deletion might be a causative factor in the observed elevation of
circulating cholesterol levels, likely by impairing hepatic VLDL remnant clearance. LPL and VLDLr
are two key proteins involved in VLDL clearance by white adipose tissue.*® Adipocytes can remove
VLDL particles directly from the circulation via the VLDLr.*>*° or after hydrolysis of the particles’
core triglycerides to free fatty acids by LPL, generating a VLDL remnant particle.** The expression
of the VLDLr and LPL is regulated by PPAR-y activation.*? Yuyama et al. previously showed that
knockdown of Usf1 in the adipocyte cell line 3T3-L1 downregulated PPARg expression in this cell
type.'® Notably, PPARg expression was decreased in adipose tissue of LDLr KO mice transplanted
with Usfl KO BM. In support of the decreased activity of PPAR-y in adipose tissue of LDLr KO
transplanted with Usfl KO BM, both the expression of the VLDLr and LPL were decreased. We
speculate that deletion of Usfl in bone marrow-derived cells might lead to elevated plasma VLDL
levels through inhibition of VLDL clearance by adipose tissue through impairment of the PPAR-y-
VLDLr/LPL axis.

The excessive amounts of VLDL in the plasma due to impaired VLDL clearance by adipose tissue,
could cycle back to the liver,* leading to increased hepatic cholesteryl ester accumulation. Indeed,
cholesterol deposition in livers of LDLr KO recipients reconstituted with Usf1 KO BM was increased.
Interestingly and in agreement with our findings, Jones and colleagues previously showed that
conditional deletion of PPAR-y in adipose tissue protects mice from high fat diet-induced obesity,
and stimulates lipid accumulation in the liver.** The augmented cholesterol deposition in livers of
LDLr KO mice transplanted with Usf1 KO BM coincided with a dramatic increase in hepatic CD68
expression compared to WT transplanted controls, suggesting augmented hepatic
inflammation.*”>*® Moreover, augmented systemic inflammation was found as evidenced by the
observed increase in neutrophil counts and the trend towards increased pro-inflammatory
monocyte counts in the circulation upon hematopoietic Usfl deletion.

Besides inducing lipid accumulation in the liver, high levels of VLDL and VLDL remnant cholesterol
also rapidly give rise to lipid droplet formation in monocytes, both in humans and in mice.*”*®
Consistently, BM-specific deficiency of Usfl in LDLr KO mice led to increased counts of foamy
monocytes in the circulation. Lipid-rich monocytes in blood are predictive markers for the
development of atherosclerosis*® and VLDL and remnants were reported to be the best predictor
of aortic root atherosclerosis in the LDLr KO model.”® In agreement, we observed larger
atherosclerotic lesions in the aortic sinus of the Usf1 KO BMT mice after 20 weeks WTD feeding,
correlating with the augmented serum cholesterol in the circulation of these animals. Interestingly,
in contrast to the observed 1.3-fold increase in atherosclerotic plaque area in LDLr KO mice
transplanted with Usf1 KO BM, Laurila et al.*’ recently reported that total body Usf1/LDLr double
KO mice exhibit a 4-fold decrease in atherosclerotic plaque size after 20 weeks of WTD feeding in
en face aortic sections, which is in line with the improved cardiometabolic lipid profile in these
animals. Importantly, this observation was supported by a 45% reduction in atherosclerotic plaque
area in humans being homozygous for an allele which induces 18 % decrease in usfl
expression.*”*! Thus, the beneficial metabolic effects caused by global Usf1 deficiency in mice and
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humans are able to overcome the detrimental effects of Usfl in bone marrow-derived cells as

shown in the current study (Figure 8).

In conclusion, our study revealed a potential role of hematopoietic Usfl in VLDL metabolism,
obesity and atherosclerosis development and highlights the importance of studying tissue-specific

effects of gene modifying strategies in animal models.
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Figure 8 Effect of hematopoietic Usfl on VLDL metabolism, adiposity, and atherosclerosis susceptibility.

1) Bone marrow transplantation deletes Usfl in all bone marrow-derived cells of LDLr KO recipients. 2) WTD feeding
induces the generation of novel adipocytes of which a fraction is derived from bone marrow progenitors lacking Usf1,
contributing to decreased adipose Usf1 expression in the Usf1 KO BMT mice. 3) Adipose Usf1 positively regulates the
adipose tissue ability to take up plasma VLDL-TG-derived fatty acids through transcriptional regulation of VLDLr and
LPL expression via PPAR-y. 4) Clearance of VLDL remnant is impaired due to reduced Usf1 expression in adipose tissue,

leading to elevated plasma VLDL-cholesterol 5) Increased cycling of VLDL-cholesterol to the liver contributes to
increased hepatic lipid accumulation in Usfl BMT mice. 6) Increased plasma VLDL-cholesterol promotes
atherosclerosis susceptibility in LDLr KO recipients. 7) Reduced lipid deposition and impaired adipogenesis co-lead to
the decreased body weight gain and adiposity. The black lines and arrows indicate the normal pathways. The red
cross means knockout and red arrows indicate the effects of hematopoietic Usfl deficiency.
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Supplementary Figure 1 Hepatic lipid metabolism was not affected in LDLr KO mice lacking Usfl in bone marrow-
derived cells.

After 20 weeks WTD feeding, livers from LDLr KO mice reconstituted WT bone marrow or Usfl KO bone marrow were
collected for mRNA expression analysis. A) Relative mRNA expression of genes involved in VLDL metabolism, B) genes

involved in HDL metabolism, C) genes involved in cholesterol clearance, and D) hepatic Usf1 were analyzed. Open bars
represent livers from mice reconstituted with WT bone marrow (n=8), closed bars represents mice transplanted with

Usfl KO bone marrow (n=8).
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Supplementary Figure 2 Brown adipose tissue (BAT) morphology in LDLr KO mice reconstituted with either WT or

Usfl KO bone marrow after 20 weeks Western-type diet feeding.

A) mRNA expression of UCP1, B) lipid content in BAT was analyzed (n=9-16); ns indicates non-significant difference. C)

Representative histology photographs of hematoxylin-stained paraffin sections of intercapular adipose tissue (original

magnification 10x).

References

1.

114

Brunzell JD, Porte D, Jr., Bierman EL. Reversible abnormalities in postheparin lipolytic activity during
the late phase of release in diabetes mellitus (postheparin lipolytic activity in diabetes).
Metabolism. 1975;24:1123-1137

Ribeiro A, Pastier D, Kardassis D, Chambaz J, Cardot P. Cooperative binding of upstream stimulatory
factor and hepatic nuclear factor 4 drives the transcription of the human apolipoprotein a-ii gene.
J Biol Chem. 1999;274:1216-1225

Nowak M, Helleboid-Chapman A, Jakel H, Martin G, Duran-Sandoval D, Staels B, Rubin EM,
Pennacchio LA, Taskinen MR, Fruchart-Najib J, Fruchart JC. Insulin-mediated down-regulation of
apolipoprotein a5 gene expression through the phosphatidylinositol 3-kinase pathway: Role of
upstream stimulatory factor. Mol Cell Biol. 2005;25:1537-1548

Pastier D, Lacorte JM, Chambaz J, Cardot P, Ribeiro A. Two initiator-like elements are required for
the combined activation of the human apolipoprotein c-iii promoter by upstream stimulatory
factor and hepatic nuclear factor-4. J Biol Chem. 2002;277:15199-15206

Salero E, Gimenez C, Zafra F. Identification of a non-canonical e-box motif as a regulatory element
in the proximal promoter region of the apolipoprotein e gene. Biochem J. 2003;370:979-986

van Deursen D, Jansen H, Verhoeven AJ. Glucose increases hepatic lipase expression in hepg2 liver
cells through upregulation of upstream stimulatory factors 1 and 2. Diabetologia. 2008;51:2078-
2087

Yang XP, Freeman LA, Knapper CL, Amar MJ, Remaley A, Brewer HB, Jr., Santamarina-Fojo S. The e-
box motif in the proximal abcal promoter mediates transcriptional repression of the abcal gene.
J Lipid Res. 2002;43:297-306

Pan X, Jiang XC, Hussain MM. Impaired cholesterol metabolism and enhanced atherosclerosis in
clock mutant mice. Circulation. 2013;128:1758-1769



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Casado M, Vallet VS, Kahn A, Vaulont S. Essential role in vivo of upstream stimulatory factors for a
normal dietary response of the fatty acid synthase gene in the liver. J Biol Chem. 1999;274:2009-
2013

Yuyama M, Fujimori K. Suppression of adipogenesis by valproic acid through repression of usfl-
activated fatty acid synthesis in adipocytes. Biochem J. 2014;459:489-503

Pajukanta P, Lilja HE, Sinsheimer JS, Cantor RM, Lusis AJ, Gentile M, Duan XJ, Soro-Paavonen A,
Naukkarinen J, Saarela J, Laakso M, Ehnholm C, Taskinen MR, Peltonen L. Familial combined
hyperlipidemia is associated with upstream transcription factor 1 (usfl). Nat Genet. 2004;36:371-
376

Sawadogo M. Multiple forms of the human gene-specific transcription factor usf. li. DNA binding
properties and transcriptional activity of the purified hela usf. J Biol Chem. 1988;263:11994-12001
Sirito M, Lin Q, Maity T, Sawadogo M. Ubiquitous expression of the 43- and 44-kda forms of
transcription factor usf in mammalian cells. Nucleic Acids Res. 1994;22:427-433

Qyang Y, Luo X, Lu T, Ismail PM, Krylov D, Vinson C, Sawadogo M. Cell-type-dependent activity of
the ubiquitous transcription factor usf in cellular proliferation and transcriptional activation. Mol
Cell Biol. 1999;19:1508-1517

Coon H, Xin Y, Hopkins PN, Cawthon RM, Hasstedt SJ, Hunt SC. Upstream stimulatory factor 1
associated with familial combined hyperlipidemia, Idl cholesterol, and triglycerides. Hum Genet.
2005;117:444-451

Wu S, Mar-Heyming R, Dugum EZ, Kolaitis NA, Qi H, Pajukanta P, Castellani LW, Lusis AJ, Drake TA.
Upstream transcription factor 1 influences plasma lipid and metabolic traits in mice. Hum Mol
Genet. 2010;19:597-608

Laurila PP, Soronen J, Kooijman S, Forsstrom S, Boon MR, Surakka |, Kaiharju E, Coomans CP, Van
Den Berg SA, Autio A, Sarin AP, Kettunen J, Tikkanen E, Manninen T, Metso J, Silvennoinen R,
Merikanto K, Ruuth M, Perttila J, Makela A, Isomi A, Tuomainen AM, Tikka A, Ramadan UA, Seppala
I, Lehtimaki T, Eriksson J, Havulinna A, Jula A, Karhunen PJ, Salomaa V, Perola M, Ehnholm C, Lee-
Rueckert M, Van Eck M, Roivainen A, Taskinen MR, Peltonen L, Mervaala E, Jalanko A, Hohtola E,
Olkkonen VM, Ripatti S, Kovanen PT, Rensen PC, Suomalainen A, Jauhiainen M. Usfl deficiency
activates brown adipose tissue and improves cardiometabolic health. Sci Transl Med.
2016;8:323ra313

Ball WB, Mukherjee M, Srivastav S, Das PK. Leishmania donovani activates uncoupling protein 2
transcription to suppress mitochondrial oxidative burst through differential modulation of srebp2,
spl and usfl transcription factors. Int J Biochem Cell Biol. 2014;48:66-76

Kristiansson K, llveskoski E, Lehtimaki T, Peltonen L, Perola M, Karhunen PJ. Association analysis of
allelic variants of usfl in coronary atherosclerosis. Arterioscler Thromb Vasc Biol. 2008;28:983-989
Fan YM, Hernesniemi J, Oksala N, Levula M, Raitoharju E, Collings A, Hutri-Kahonen N, Juonala M,
Marniemi J, Lyytikainen LP, Seppala I, Mennander A, Tarkka M, Kangas AJ, Soininen P, Salenius JP,
Klopp N, lllig T, Laitinen T, Ala-Korpela M, Laaksonen R, Viikari J, Kahonen M, Raitakari OT, Lehtimaki
T. Upstream transcription factor 1 (usf1) allelic variants regulate lipoprotein metabolism in women
and usfl expression in atherosclerotic plaque. Sci Rep. 2014;4:4650

Collings A, Hoyssa S, Fan M, Kahonen M, Hutri-Kahonen N, Marniemi J, Juonala M, Viikari JS,
Raitakari OT, Lehtimaki TJ. Allelic variants of upstream transcription factor 1 associate with carotid
artery intima-media thickness: The cardiovascular risk in young finns study. Circ J. 2008;72:1158-
1164

Van Eck M, De Winther MP, Herijgers N, Havekes LM, Hofker MH, Groot PH, Van Berkel TJ. Effect of
human scavenger receptor class a overexpression in bone marrow-derived cells on cholesterol
levels and atherosclerosis in apoe-deficient mice. Arterioscler Thromb Vasc Biol. 2000;20:2600-
2606

Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Can J Biochem Physiol.
1959;37:911-917

115




24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

116

Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, Fujimoto EK, Goeke
NM, Olson BJ, Klenk DC. Measurement of protein using bicinchoninic acid. Anal Biochem.
1985;150:76-85

Berbee JF, Boon MR, Khedoe PP, Bartelt A, Schlein C, Worthmann A, Kooijman S, Hoeke G, Mol IM,
John C, Jung C, Vazirpanah N, Brouwers LP, Gordts PL, Esko JD, Hiemstra PS, Havekes LM, Scheja L,
Heeren J, Rensen PC. Brown fat activation reduces hypercholesterolaemia and protects from
atherosclerosis development. Nat Commun. 2015;6:6356

Khedoe PP, Hoeke G, Kooijman S, Dijk W, Buijs JT, Kersten S, Havekes LM, Hiemstra PS, Berbee JF,
Boon MR, Rensen PC. Brown adipose tissue takes up plasma triglycerides mostly after lipolysis. J
Lipid Res. 2015;56:51-59

Hoeke G, Kooijman S, Boon MR, Rensen PC, Berbee JF. Role of brown fat in lipoprotein metabolism
and atherosclerosis. Circ Res. 2016;118:173-182

Assini JM, Mulvihill EE, Sutherland BG, Telford DE, Sawyez CG, Felder SL, Chhoker S, Edwards JY,
Gros R, Huff MW. Naringenin prevents cholesterol-induced systemic inflammation, metabolic
dysregulation, and atherosclerosis in IdIr(-)/(-) mice. J Lipid Res. 2013;54:711-724

Funke A, Schreurs M, Aparicio-Vergara M, Sheedfar F, Gruben N, Kloosterhuis NJ, Shiri-Sverdlov R,
Groen AK, van de Sluis B, Hofker MH, Koonen DP. Cholesterol-induced hepatic inflammation does
not contribute to the development of insulin resistance in male Idl receptor knockout mice.
Atherosclerosis. 2014;232:390-396

Wouters K, van Gorp PJ, Bieghs V, Gijbels MJ, Duimel H, Lutjohann D, Kerksiek A, van Kruchten R,
Maeda N, Staels B, van Bilsen M, Shiri-Sverdlov R, Hofker MH. Dietary cholesterol, rather than liver
steatosis, leads to hepatic inflammation in hyperlipidemic mouse models of nonalcoholic
steatohepatitis. Hepatology. 2008;48:474-486

Greenspan P, Mayer EP, Fowler SD. Nile red: A selective fluorescent stain for intracellular lipid
droplets. J Cell Biol. 1985;100:965-973

Naukkarinen J, Nilsson E, Koistinen HA, Soderlund S, Lyssenko V, Vaag A, Poulsen P, Groop L,
Taskinen MR, Peltonen L. Functional variant disrupts insulin induction of usf1: Mechanism for usf1-
associated dyslipidemias. Circ Cardiovasc Genet. 2009;2:522-529

Goudriaan JR, Tacken PJ, Dahlmans VE, Gijbels MJ, van Dijk KW, Havekes LM, Jong MC. Protection
from obesity in mice lacking the vldl receptor. Arterioscler Thromb Vasc Biol. 2001;21:1488-1493
Krause BR, Hartman AD. Adipose tissue and cholesterol metabolism. J Lipid Res. 1984;25:97-110
Kovanen PT, Nikkila EA, Miettinen TA. Regulation of cholesterol synthesis and storage in fat cells. J
Lipid Res. 1975;16:211-223

Grant RW, Dixit VD. Adipose tissue as an immunological organ. Obesity (Silver Spring). 2015;23:512-
518

Wang M, Gao M, Liao J, Qi Y, Du X, Wang Y, Li L, Liu G, Yang H. Adipose tissue deficiency results in
severe hyperlipidemia and atherosclerosis in the low-density lipoprotein receptor knockout mice.
Biochim Biophys Acta. 2016;1861:410-418

Roberts CK, Barnard RJ, Liang KH, Vaziri ND. Effect of diet on adipose tissue and skeletal muscle vidl
receptor and Ipl: Implications for obesity and hyperlipidemia. Atherosclerosis. 2002;161:133-141
Vaziri ND, Norris K. Lipid disorders and their relevance to outcomes in chronic kidney disease. Blood
Purif. 2011;31:189-196

Takahashi S, Suzuki J, Kohno M, Oida K, Tamai T, Miyabo S, Yamamoto T, Nakai T. Enhancement of
the binding of triglyceride-rich lipoproteins to the very low density lipoprotein receptor by
apolipoprotein e and lipoprotein lipase. J Biol Chem. 1995;270:15747-15754

Goudriaan JR, Espirito Santo SM, Voshol PJ, Teusink B, van Dijk KW, van Vlijmen BJ, Romijn JA,
Havekes LM, Rensen PC. The vldl receptor plays a major role in chylomicron metabolism by
enhancing Ipl-mediated triglyceride hydrolysis. J Lipid Res. 2004;45:1475-1481

Tao H, Aakula S, Abumrad NN, Hajri T. Peroxisome proliferator-activated receptor-gamma regulates
the expression and function of very-low-density lipoprotein receptor. Am J Physiol Endocrinol
Metab. 2010;298:E68-79



43.

44,

45.

46.

47.

48.

49.

50.

51.

Patterson BW, Mittendorfer B, Elias N, Satyanarayana R, Klein S. Use of stable isotopically labeled
tracers to measure very low density lipoprotein-triglyceride turnover. J Lipid Res. 2002;43:223-233
Jones JR, Barrick C, Kim KA, Lindner J, Blondeau B, Fujimoto Y, Shiota M, Kesterson RA, Kahn BB,
Magnuson MA. Deletion of ppargamma in adipose tissues of mice protects against high fat diet-
induced obesity and insulin resistance. Proc Natl Acad Sci U S A. 2005;102:6207-6212

Dixon LJ, Barnes M, Tang H, Pritchard MT, Nagy LE. Kupffer cells in the liver. Comprehensive
Physiology. 2013

Duarte N, Coelho IC, Patarrao RS, Almeida JI, Penha-Goncalves C, Macedo MP. How inflammation
impinges on nafld: A role for kupffer cells. Biomed Res Int. 2015;2015:984578

den Hartigh LJ, Connolly-Rohrbach JE, Fore S, Huser TR, Rutledge JC. Fatty acids from very low-
density lipoprotein lipolysis products induce lipid droplet accumulation in human monocytes. J
Immunol. 2010;184:3927-3936

Jackson WD, Weinrich TW, Woollard KJ. Very-low and low-density lipoproteins induce neutral lipid
accumulation and impair migration in monocyte subsets. Sci Rep. 2016;6:20038

Xu L, Dai Perrard X, Perrard JL, Yang D, Xiao X, Teng BB, Simon SI, Ballantyne CM, Wu H. Foamy
monocytes form early and contribute to nascent atherosclerosis in mice with hypercholesterolemia.
Arterioscler Thromb Vasc Biol. 2015;35:1787-1797

VanderLaan PA, Reardon CA, Thisted RA, Getz GS. VLDL best predicts aortic root atherosclerosis in
Idl receptor deficient mice. J Lipid Res. 2009;50:376-385

Auro K, Kristiansson K, Zethelius B, Berne C, Lannfelt L, Taskinen MR, Jauhiainen M, Perola M,
Peltonen L, Syvanen AC. Usfl gene variants contribute to metabolic traits in men in a longitudinal
32-year follow-up study. Diabetologia. 2008;51:464-472

117







