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ARTICLE INFO ABSTRACT

Keywords: Background: The triglyceride (TG) transfer activity of microsomal triglyceride transfer protein (MTP) is essential
Thermogenesis for lipoprotein assembly in the liver and intestine; however, its function in adipose tissue, which does not
Free fatty acids . assemble lipoproteins, is unknown. Here we have elucidated the function of MTP in adipocytes.

l:)n;)o:seiltn-protem Interactions Approach and results: We demonstrated that MTP is present on lipid droplets in human adipocytes. Adipose-
ATGLy specific MTP deficient (A-Mttp~’~) male and female mice fed an obesogenic diet gained less weight than

HSL Mttpf/f mice, had less fat mass, smaller adipocytes and were insulin sensitive. A-Mttp~™/~ mice showed higher

energy expenditure than Mttp”f mice. During a cold challenge, A-Mitp/~ mice maintained higher body tem-
perature by mobilizing more fatty acids. Biochemical studies indicated that MTP deficiency de-repressed adipose
triglyceride lipase (ATGL) activity and increased TG lipolysis. Both wild type MTP and mutant MTP deficient in
TG transfer activity interacted with and inhibited ATGL activity. Thus, the TG transfer activity of MTP is not
required for ATGL inhibition. C-terminally truncated ATGL that retains its lipase activity interacted less effi-
ciently than full-length ATGL.
Conclusion: Our findings demonstrate that adipose-specific MTP deficiency increases ATGL-mediated TG lipolysis
and enhances energy expenditure, thereby resisting diet-induced obesity. We speculate that the regulatory
function of MTP involving protein-protein interactions might have evolved before the acquisition of TG transfer
activity in vertebrates. Adipose-specific inhibition of MTP-ATGL interactions may ameliorate obesity while
avoiding the adverse effects associated with inhibition of the lipid transfer activity of MTP.
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1. Introduction

Microsomal triglyceride (TG) transfer protein (MTP) resides in the
endoplasmic reticulum and Golgi bodies, where it transfers lipids, and is
essential for the synthesis and secretion of apoB-containing lipoproteins
(apoB-Lps) in enterocytes and hepatocytes [1,2]. Lipid transfer activity
inhibitors of MTP decrease plasma lipid levels and are used to treat
hypercholesterolemia [3,4]. However, these treatments are associated
with hepatosteatosis [5]. Loss of function mutations in the MTTP gene in
people with abetalipoproteinemia are associated with an absence of
apoB-Lps in the plasma [2,6]. Beyond hepatocytes and enterocytes,
antigen presenting cells [7] that do not express apoB also express MTP.
MTP interacts with apoB [8-10] and CD1 proteins [11,12]. In both
cases, these proteins are loaded with lipids: several hundred-lipid mol-
ecules are added to assemble an apoB-Lp particle [1], whereas one
phospholipid molecule is added to nascent CD1 proteins [12]. Thus, the
lipid transfer activity of MTP is a unique, functionally important feature
of this protein.

MTP has been shown to be present on lipid droplets (LDs) in 3T3-L1
cells [13,14]. MTP expression increases during adipogenesis, but MTP
inhibition has no effect on 3T3-L1 pre-adipocyte differentiation [13]. In
our previous study, we showed that MTP activity increases during dif-
ferentiation of 3T3-L1 cells [15]. To define the role of adipose MTP, we
crossed Mttp™”f mice with Ap2°® mice and generated adipocyte- and
macrophage-specific MTP deficient (A,M-Mttp—/~) mice. On an obeso-
genic (60 % kcal fat) diet, both male and female A,M—Mtqf/ ~ mice had
smaller adipocytes and gained significantly less weight than Mip”f
mice, despite consuming similar amounts of food [15]. Swift et al. re-
ported that A,M-Mtip '~ (Ap2°"®) and A-Mitp~’~ (Adipog“™) mice fed a
different high fat diet (43 % kcal fat), had smaller adipocytes in the
gonadal and brown adipose tissue, yet gained similar amounts of weight
to Mttpf/f mice [16]. These two studies using two different diets show a
common phenotype of smaller adipocyte size in MTP deficient mice.
However, both studies did not explain the mechanisms for the smaller
adipocytes; hence, MTP's function in adipocytes remains unknown. In
the current study, we show that adipose MTP plays a novel role in fat
storage and mobilization by interacting and inhibiting lipolysis by adi-
pose triglyceride lipase (ATGL) via a mechanism that does not require
the lipid transfer activity of MTP. We speculate that the inhibition of
MTP-ATGL interactions might be useful in the treatment of obesity.

2. Materials and methods
2.1. Animals

C57BL/6 (catalog # 000664) and B6.FVB-Tg(Adipoq-cre)1Evdr/j
(catalog # 028020) mice were purchased from The Jackson Labora-
tory. B6.FVB-Tg(Adipog-cre)1Evdr/j mice were backcrossed more than
seven times with C57BL/6 mice. These Adipog-cre mice were crossed
with Mttpf/f mice on C57BL/6 background to get adipose-specific MTP
knockout mice (A-Mtp~/"). Mup”f and A-Mttp™/~ mice were bred
separately at the NYU Long Island School of Medicine (NYU LISOM)
vivarium at a temperature of 21-23 °C under a normal 12 h light/dark
cycle. They were fed a chow diet (catalog #5053, PicoLAB Rodent Diet
20, LabDiet) containing calories from fat (13 %), protein (25 %) and
carbohydrates (62 %). At 8 to 12 weeks of age, mice were switched to an
obesogenic diet (D12492, Research Diets Inc., New Brunswick, NJ)
deriving calories from fat (60 %), protein (20 %), and carbohydrate (20
%) for the duration of the study. In some experiments, these mice
received a Western diet (TD.88137, Envigo) containing 43 % fat, 15 %
protein and 43 % carbohydrate calories. NYU LISOM's Institutional
Animal Use and Care Committee, which adheres to guidelines provided
by the National Institutes of Health, approved all experiments and ani-
mal care protocols.
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2.2. Body composition and metabolic phenotype assessment

Mice were anesthetized and body mass composition was analyzed
using Faxitron Micro Focus Imaging System-UltraFocus100. Locomotor
activity, oxygen consumption and carbon dioxide production were
monitored with Comprehensive Lab Animal Monitoring System (Oxy-
max®-CLAMS, Columbus Instruments, Columbus, OH). Data from the
first 24h were excluded from analyses, as this period allowed mice to
acclimatize and familiarize with single housing and drinking in the
cages. Data were separated based on light-dark cycle and are presented
as means + SD.

2.3. Thermoneutral and cold challenge experiments

After 4 months on an obesogenic diet at NYU LISOM, Mitp™f and A-
Mttp~’~ mice were shipped to the Albert Einstein College of Medicine
and acclimatized for 2 weeks on the same obesogenic diet at room
temperature. These mice were then transferred to rooms maintained at
30 °C with ad libitum access to the same obesogenic diet. The body
weight and body composition were monitored weekly. The mice meta-
bolic phenotype was monitored at 30 °C as mentioned before. Mice were
implanted with telemetry devices (TA-F10, Data Sciences International)
to measure core body temperature and metabolic phenotype was
analyzed in CLAMS at cold (6 °C) temperature for 2 h. Blood was
collected at the end of the cold challenge to measure plasma FFA level.

2.4. p3-Adrenergic receptor stimulation

Male Mttp”f and A-Metp™~ mice fed an obesogenic diet were fasted
overnight, and blood was collected before stimulation with CL316243
(1 mg/kg body weight) via IP injection. Fifteen minutes later, blood was
again collected from retro-orbital vein. Plasma was used to measure FFA
levels.

2.5. Glucose homeostasis

Intraperitoneal glucose tolerance (IPGTT) and insulin tolerance (ITT)
tests were performed as reported earlier [17,18]. Fasting insulin levels
were measured using insulin ELISA kit from Crystal Chem (Catalog No:
#90080) according to the manufacturer's instructions. Homeostatic
model for assessment of insulin resistance (HOMA-IR) was calculated
using fasting glucose and insulin level. HOMA-IR = fasting glucose (mg/
dL) x fasting insulin (mg/dL)/405.

2.6. Expression of enzymes in Cos-7 cells

Cos-7 cells (3 million) were seeded in 150 mm dishes and cultured in
DMEM containing 10 % FBS and 1 % antibiotic solution. After 24 h, cells
received Opti-MEM medium and were transfected with 30 ug of pcDNA3
(control plasmid) or plasmid expressing human ATGL [19], mouse HSL
[19], CGI-58 (OriGene, catalog # RC201869), or mouse ATGL [19]
using EndoFectin (2.5 pL per pg of plasmid). After 24 h of transfection,
cells were trypsinized and reverse transfected with 7.5 pg of either
pcDNA3, human wild type MTP or N780Y mutant MTP. After 14-16 h of
transfection, the medium was changed to DMEM containing 10 % FBS
without antibiotics. After 48 h, cells were washed with ice cold PBS and
harvested in 1 mL of buffer K (1 mM Tris-HCl, pH 7.6, 1 mM EGTA, and
1 mM MgCl,) containing 10 pL/mL of protease inhibitor cocktail (cat-
alog # P2714, Sigma) in preparation for homogenization.

2.7. Lipase assay using NBD-TAG vesicles

Nitrobenzoxadiazole-labeled TAG [(NBD-TAG; 1,3-di(cis-9-octade-
cenoyl)-2-((6-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoyl)glyc-
erol)] vesicles were prepared as described previously [20]. Briefly, NBD-
TAG (catalog # 6285) (1262.8 nmol), egg phosphatidylcholine (PC,
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catalog # 131601, 176 nmol), and phosphatidylinositol (PI, catalog #
P0639, 59 nmol) were added to 15 mM Tris, pH 7.4, 0.02 % sodium
azide, 1 mM EDTA, 40 mM NacCl and sonicated (Sonic Dismembrator
550 from Fisher Scientific) on ice for 30 min until the mixture was clear.
The clear solution was subjected to ultracentrifugation at 233,800g
(50,000 rpm, SW50.1 Ti rotor) for 1 h at 10 °C. The top 4 mL of NBD-
TAG vesicles were collected, 200 mg BSA and 650 mg NaCl was
added, and the vesicles were stored at 4 °C until use. Lipase assays were
performed in triplicate in opaque round bottom 96 well assay plate
(catalog # 3792, Costar). The plate also contained a series of NBD-C6
dilutions representing a standard curve ranging from 0 to 1250 pmol
as described previously [20]. To measure background fluorescence,
NBD-TAG vesicles (10 pL, 3155 pmol of NBD-TAG) were incubated at
37 °C with 100 pL of buffer K without any enzyme source and NBD
fluorescence was measured at 37 °C at different time points or at the end
of 1 h incubation. To measure lipase activity, cell lysates were incubated
with NBD-TAG vesicles in parallel. The blank fluorescence values were
subtracted. Fluorescence was measured using excitation 460 nm and
emission 530 nm wavelengths in Perkin Elmer Inspire multi plate
reader.

In studies using expression of ATGL and MTP, the FFA were extracted
after 1 h incubation with NBD-TAG vesicles by adding 3.25 mL of
methanol/chloroform/heptane (10/9/7; vol/vol/vol) and 1 mL of 0.1 M
potassium-carbonate/0.1 M boric acid (pH 10.5). The mixture was
extensively vortexed and centrifuged at 800g for 10 min. Upper aqueous
phase was collected and NBD fluorescence was measured using excita-
tion 460 nm and emission 530 nm wavelengths in Perkin Elmer Inspire
multi plate reader.

2.8. TG hydrolase activity using H-triolein

TG substrate was prepared by emulsifying 330 pM triolein (40,000
cpm nmol ! glycerol tri[9,10(n)-3H]-oleate (PerkinElmer)) and 45 pM
phosphatidylcholine/phosphatidylinositol (3:1) in 100 mM potassium
phosphate buffer (pH 7.0) by sonication and adjusted to 5 % essentially
FA-free BSA (Sigma, St Louis, MO) [21]. Purified proteins were incu-
bated with 100 pL of TG-substrate in a water bath at 37 °C for 60 min. As
a control, incubations under identical conditions were performed using
flag peptide alone. After incubation, the reaction was terminated by
adding 3.25 mL of methanol/chloroform/heptane (10/9/7; vol/vol/vol)
and 1 mL of 0.1 M potassium-carbonate/0.1 M boric acid (pH 10.5). The
mixture was vortexed and centrifuged at 800g for 10 min, 200 pL of
upper aqueous phase was collected and the radioactivity was measured
by liquid scintillation counting (Tri-Carb 2100TR).

2.9. Human SVF isolation and differentiation into adipocytes

The stromal vascular fraction (SVF) was isolated from subcutaneous
adipose tissue obtained from 4 patients (Supplementary Table 1) un-
dergoing bariatric surgery and other surgeries at NYU LISOM (IRB
protocol #1127649), using collagenase digestion as described previ-
ously [18,22]. Briefly, subcutaneous adipose tissues were minced and
washed thoroughly in phosphate buffer saline (PBS) containing 1 %
penicillin/streptomycin solution. Washed samples were digested with 1
% collagenase Type-I for 30 min at 37 °C. Dulbecco's modified Eagle's
medium (DMEM) containing 20 % fetal bovine serum (FBS) was added
to inhibit the collagenase activity and centrifuged at 400g for 10 min.
The cell pellet was suspended in DMEM and filtered through a 70 uM cell
strainer. The resultant SVF suspension was seeded in a T75 flask con-
taining DMEM with 10 % FBS. Human SVF (hSVF) was cultured in high-
glucose DMEM supplemented with 10 % fetal bovine serum and anti-
biotics. hSVF was seeded in 6 well plates at density of 200,000 cells per
well and grown till confluent. hSVF was differentiated into adipocytes
using a differentiation cocktail containing 500 pM IBMX, 5 pg/ml in-
sulin, 1 pM dexamethasone, 200 pM indomethacin and 1 pM of rosi-
glitazone. Cells were maintained in differentiation cocktail containing
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medium for 3 days. Differentiation medium was replaced with media
containing 5 pg/mL insulin and maintained for additional 2 days. The
differentiated adipocytes were maintained in DMEM for 1 day and were
used for different experiments.

2.10. Isolation of mouse SVF

Inguinal adipose tissue from male Mitp”f and A-Mittp™~ mice (n = 3)
fed an obesogenic diet for 6-months were collected in PBS and minced.
The minced tissue was incubated with digestion buffer (1.5 U/mL of
collagenase D, 2.4 U/mL of dispase Il and 10 mM CaCly) for 30 minto 1 h
until the tissue and digestion buffer become homogeneous. The diges-
tion was stopped by adding an equal volume of 0.5 % BSA and centri-
fuged at 300g for 5 min at room temperature. The cell pellet was re-
suspended in 0.5 % BSA and passed through a 100 pM cell strainer.
The flow through was centrifuged again at 300g for 5 min at room
temperature and the pellet was re-suspended in 0.5 % BSA and passed
through 40 puM cell strainer. The flow through was centrifuged at 300g
for 5 min and resultant pellet was re-suspended in DMEM containing 10
% FBS supplement with 1 % antibiotics (penicillin and streptomycin)
and transferred to a T75 flask. The media was changed the next day.
Mouse SVF was differentiated similarly to human SVF as described
above. Mouse SVF was differentiated to brown adipocytes as before
[17,18] using triiodothyronine (T3, 10 nM) along the differentiation
cocktail.

2.11. Gene expression analysis using qRT-PCR

Total RNA was isolated from different organs using TRIZOL reagent.
RNA concentrations were measured using Nano Drop (Thermo Scienti-
fic™, USA, #ND-2000). Total RNA (2000 ng) was used to synthesize first
strand cDNA using Applied Biosystems™ High-Capacity cDNA Reverse
Transcription Kit (Thermo Scientific™, USA, #4368813). Synthesized
cDNA was then used for quantitative real-time PCR analysis on ABI
Prism 7000HT Sequence Detection System (Applied Biosystem) using
the SYBR green master mix (Applied Biosystems, Thermo Fisher Scien-
tific, Cambridge, MA). The expression of candidate genes was normal-
ized to endogenous 18S RNA. The analysis of quantitative real time PCR
was obtained by using (2744¢t method.

2.12. Histological analyses

Epididymal (eWAT) and inguinal (iWAT) white adipose tissue and
interscapular brown adipose tissue (iBAT) were excised and fixed in 4 %
paraformaldehyde. Fixed tissue was embedded in paraffin and cut in 8
pm thick sections. All sections were deparaffinized and stained with
hematoxylin and eosin (H&E) and imaged using a Nikon Al confocal
microscope (Melville, NY) at 10x magnification. Adipocyte sizes
(eWAT, iWAT) were measured using Fiji imaging software with the
Adiposoft v1.16 plugin with both automated and manual input. A total
of 287 (Mttp”) and 341 (A-Mttp~/~) eWAT and 419 (Mtp™f) and 491 (A-
Mttp~/~) iWAT adipocyte areas were measured for adipocyte size dis-
tribution plots.

2.13. Oil red O staining

Oil red O staining was performed as previously described [23].
Adipocyte lipid droplets were stained with Oil red O (0.36 % in 60 %
isopropanol) for 20 min, washed with PBS three times and photo-
graphed. In addition, accumulated dye was extracted using 100 % iso-
propanol, and absorbance was measured at 490 nm.

2.14. Immunoprecipitation of CGI-58 and MTP from human adipocytes

Adipocytes differentiated from human SVF were lysed and 400 pg
protein was taken for immunoprecipitation. A small amount (25 pg) was
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used to check the expression of ATGL and p-Actin. The cell lysates were
first incubated with host IgG of CGI-58 and MTP along with 40 pl of A/G
agarose beads (Catalog no: # sc2003, Santa Cruz Biotech) for 1 h at 4 °C
to limit non-specific interactions. The samples were centrifuged at 100g
for 5 min and the supernatants were collected. The supernatants were
incubated overnight with either mouse IgG, rabbit IgG (negative con-
trol), CGI-58 (positive control) or MTP antibody and gently rotated
overnight in a rotator at 4 °C. A/G agarose beads (40 pL) were incubated
with 5 % milk to block non-specific binding and transferred to cell ly-
sates incubated with antibody. The cell lysates were further incubated
for 1 h with antibody and A/G beads in a rotator at 4 °C and centrifuged
at 100g for 5 min. The beads were pelleted and washed 3 times with PBS
containing 0.1 % Tween 20. Laemmeli sample buffer (2x) with p-mer-
captoethanol was added to the washed beads, boiled for 10 min,
centrifuged at 1000g for 2 min and the supernatants were loaded for
SDS-PAGE. Proteins were transferred to nitrocellulose membranes,
blocked with 5 % milk, incubated with primary antibodies. Veriblot
(1:2000, Abcam, ab131366) in 2 % BSA was used as secondary antibody
for the detection of different proteins.

2.15. Co-immunoprecipitation of proteins expressed in HEK293T cells

HEK-293T cells (ATCC CRL-3216) were maintained in DMEM High
Glucose (Thermo Scientific, USA, #41966052) and transfected using
Metafectene (Biontex, Germany, #T020) according to the manufac-
turer's instructions. The coding sequences of human and mouse ATGL
were expressed from the pcDNA4/HisMax vector (Invitrogen, USA)
[19]. In case of ATGL288*, a premature stop codon was introduced after
the triplet encoding for D288 in the mouse ATGL construct using the
Q5® Site-Directed Mutagenesis Kit (New England BioLabs, USA, #
E0554S) [24]. Twenty-four hours after transfection, cells were lysed and
co-immunoprecipitation was performed as described previously [24].
Anti-Xpress antibody (Thermo Fisher Scientific #R910-25) was used to
detect Xpress-Tagged proteins.

2.16. Western blot analysis

Protein lysates were denatured by heating at 65 °C for 10 min in
Laemmeli sample buffer supplemented with 10 % B-mercaptoethanol
and protein was resolved by 8 to 12 % SDS-PAGE and transferred onto
nitrocellulose membranes using an Amershem Transblot apparatus (at
50 V for 3 h). Membranes were blocked for 2 h at room temperature in 5
% skim milk (Sigma) in Tris-buffered saline (TBS; 10 mM Tris pH 7.6,
150 mM NacCl) containing 0.05 % Tween-20 (TBS-T). After washing with
TBS-T, membranes were incubated with target protein specific anti-
bodies (2 % BSA in TBS, 1:1000 dilution) overnight at 4 °C, followed by
incubation with appropriate HRP-conjugated secondary antibodies (2 %
BSA in TBS, 1:5000 dilution) for 1 h. The target proteins were detected
using an Immobiline western Chemiluminescence detector (Millipore;
Billerica, USA) on a BioRad Image-Doc Touch imaging system. To vali-
date equal loading in each lane, p-actin was used as an internal loading
control. Quantitation of protein levels was performed using Image J
software (NIH).

2.17. Oxygen consumption rate (OCR) studies in adipocytes

OCR was measured as described previously [17]. Mouse and human
SVF were differentiated in 6 well plates. Cells were detached using 1 x
trypsin containing 0.5 % collagenase type 1A. DMEM media containing
10 % FBS was added to the cells to neutralize trypsin and collagenase
type 1A. Cells were collected and centrifuged at 300g for 5 min at room
temperature. Resulting adipocyte pellets were resuspended in culture
media and seeded in 24 well xFe extracellular flux analyzer culture
plates. After 16 h, DMEM was replaced with assay medium (Agilent
Technologies., Inc., catalog # 103575-100) and incubated for 2 h at
37 °Cin a non CO; incubator. We used 1 uM oligomycin, 1 pM FCCP and
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0.5 pM rotenone/antimycin A mixture as per manufacturer's protocol
(Agilent Technologies., Inc., catalog #103015-100). Readings were
normalized to total protein concentration.

2.18. Immunostaining

Adipocytes were plated in 8 chambered polystyrene vessel tissue
culture treated glass slides. After 16 h, adipocytes were washed twice
with PBS, fixed with 4 % paraformaldehyde for 10 min at room tem-
perature, rinsed with PBS thrice, permeabilized by incubating with 0.3
% Triton X-100 containing PBS for 5 min, rinsed thrice with PBS,
blocked with 5 % goat serum in PBS for 1 h, and probed with primary
antibody (anti-MTP 1:200 dilution, anti-ATGL 1:250 dilution or anti-CGI
58 1:250 dilution) for 2 h in 5 % goat serum containing PBS at room
temperature. For controls, similar dilutions of mouse rabbit and goat IgG
isotypes (1 mg/mL) were used. Adipocytes were washed and probed
with secondary antibody conjugated with different fluorophores for 1 h
in 5 % goat serum containing PBS at room temperature, washed thrice
with PBS. The bottom slide of 8 chambered slide was detached and
mounted on a glass slide coated with prolonged gold antifade reagent
with DAPI. Slides were visualized using a Nikon ECLIPSE Ti confocal
microscope at 40x and 100x using oil immersion lenses.

2.19. Triglyceride transfer assay

Cell lysates (35 pg) prepared in buffer K containing protease inhib-
itor cocktail were incubated with donor vesicles containing NBD-labeled
triolein (Catalog # 6285, Setareh Biotech) and acceptor vesicles [25,26].
Fluorescence was measured at different time intervals (5, 10, 15, 30, 45
and 60 min) using fluorimeter (Perkin Elmer Enspire). Percent triglyc-
eride transfer was calculated after subtracting the blank and dividing it
by the total fluorescence reading obtained by disrupting vesicles with
isopropanol as previously described [25,26].

2.20. Purification of Flag-tagged proteins using anti-Flag M2 affinity
column

Cos-7 cells were transfected with 30 pg of pcDNA3.1 expression
plasmids encoding different Flag-tagged wild type MTP, mutant MTP,
and CGI58 proteins. After 48 h of transfection, cells were washed three
times with ice cold PBS and scraped in buffer K (1 mM Tris-HCL, 1 mM
EGTA and 1 mM MgCl,, pH 7.6) containing protease inhibitor cocktail
(Sigma, catalog # P2714). Cells were mechanically lysed by passing 10
times through a 30% gauge needle, and small fractions were used to
measure the total protein using a BCA protein assay (catalog
#b1856209, Thermo Scientific). Cell lysates were incubated overnight
with anti-Flag M2 affinity Gel (Sigma, catalog # A2220). The bound
Flag-tagged protein were washed and eluted using 100 pM FLAG peptide
(Genscript) in 2 mL PBS. The eluted fractions were added on top of 3 K
Amicon Ultra-15 centrifugal filters and centrifuged at 3000 rpm for 1 h.
Purified Flag-tagged proteins (5 pL) were run on 8 % SDS-PAGE gel. The
separated proteins were transferred to nitrocellulose membranes and
probed with anti-Flag M2 (1:1000 dilution, catalog # F3165, Sigma-
Aldrich) prepared in TBS containing 2 % BSA. The blots were washed
and probed with HRP-conjugated appropriate secondary antibodies
(Anti- rabbit 1:5000 dilution, catalog #7074, Cell Signaling Technology,
Anti-mouse 1:5000 dilution, catalog # 62-6520, Invitrogen). The blots
were developed in ChemiDocTM-Touch Imaging system from Bio Rad.

2.21. ELISA based protein-protein interaction studies

High binding ELISA plates were coated with purified Flag-tagged
wild-MTP, N780Y mutant MTP, or CGI58 proteins and incubated over-
night. The wells were washed thrice with washing buffer (PBS con-
taining 0.05 % tween-20), blocked with 5 % BSA in buffer K, washed,
and incubated with 50 pg of protein/well of Cos-7 cells extracts
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containing His-Tagged proteins in Buffer K for 3 h. Wells were washed
thrice with washing buffer, probed with mouse anti-His antibody
(1:1000 dilution) in 2 % BSA in Buffer K for 1 h, washed thrice, probed
with HRP conjugates anti-mouse antibody (1:5000 dilution), and incu-
bated for 1 h and developed by adding 100 pL of tetramethylbenzidine
(Thermo Scientific, catalog # 1854060, 1,854,050). Absorbance was
measure at 450 nm (PerkinElmer Enspire multi plate reader) after
adding 50 pL of stop solution.

2.22. MTT assay for cell viability and proliferation

MTT assay was done as described previously [17]. Briefly, SVF from
Mtlpf/f and A-Mttp~/~ mice were plated in 96-well plates at a density of
10,000 cells per well. The plates were maintained in growth medium at
37 °C. At 24 h and 48 h MTT assay was performed by replacing the
media with 300 pL of MTT reagent (0.015 g of MTT reagent dissolved in
30 mL of media). Plates were incubated for 3 h at 37 °C and 200 pL of
DMSO was added to each aspirated wells. Absorbance was taken at 540
nm.

2.23. Statistical analysis

Data analysis was performed using Prism software (Version 9,
GraphPad Software). Results were expressed as mean + standard devi-
ation (SD). Statistical significance was determined using a two-tail
Student's t-test when the experiment contained two groups, or one-
way ANOVA was performed when comparing more than two groups.
Two way repeated measures ANOVA was performed in experiments
where time was included as a second parameter, statistical significance
was set at p < 0.05. The p value for statistical significance of each test is
reported in each figure legend.

DAPI Alexa 488 Lipitox Merged

Isotype

CGI-58

MTP

Fig. 1. MTP is on LDs in human adipocytes.
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3. Results
3.1. MTP is on LDs in human adipocytes

To determine whether MTP is present on LDs in human adipocytes,
we isolated the stromal vascular fraction (SVF) from human subcu-
taneous fat, differentiated into adipocytes, and quantified MTP and apoB
mRNA levels. The apoB mRNA levels in human adipocytes were very
low (Ct value > 31), whereas the levels were readily quantifiable in
human hepatoma Huh-7 cells (Supplementary Fig. 1A). Comparative
analysis demonstrated ~2000-fold fewer apoB mRNA in adipocytes than
in Huh-7 cells. In contrast, MTP mRNA levels were detectable in human
adipocytes and were ~100-fold fewer than those in hepatoma cells
(Supplementary Fig. 1B). We then assessed whether human MTP is on
LDs. MTP co-localized with Lipitox-stained LDs similarly to another LD
protein, CGI-58 (Fig. 1A). Furthermore, MTP co-localized with the LD
proteins CGI-58 and ATGL (Fig. 1B). These results indicate that MTP is
expressed in human adipocytes and is present on LDs.

3.2. A-Mttp~’~ mice fed an obesogenic diet show elevated energy
expenditure and diminished weight gain

To uncover MTP's function in adipocytes, we generated adipose
specific MTP knockout mice (A-Mttp~/~) by crossing Mtlpf/ ¥ mice with
AdipoQ“™ mice (Supplementary Fig. 2A). We observed no significant
differences in body composition and metabolic parameters when male
(Supplementary Fig. 2B-N) and female (Supplementary Fig. 3A-M) A-
Mttp’/ ~ mice were fed a chow (13 % kcal fat) diet for 6 months. Male A-
Mittp~/~ mice on a 43 % kcal fat diet gained weight similarly to Mip™f
mice (Supplementary Fig. 4A). Body composition analysis and metabolic
studies revealed no significant differences between A-Mttp /'~ and Mitp/”
f mice (Supplementary Fig. 4B-N). Similarly, female A-Mttp™/~ mice on
a 43 % kcal fat diet did not show any difference in weight gain and
metabolic activity compared with Mip”f mice (Supplementary
Fig. 40-S), in agreement with a study conducted by Swift et al. [16].

In contrast when fed an obesogenic diet (60 % kcal fat), both male
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(A) Adipocytes differentiated from human SVF were stained with DAPI (blue), Lipitox (red, lipid droplets), and anti-CGI-58 or anti-MTP antibodies (green). Mouse
and rabbit IgG were used as isotype controls. Images were taken at 40x magnification. Co-localization of proteins with lipid droplets is indicated by yellow in the

merged images.

(B) Adipocytes differentiated from human SVF were stained with DAPI (blue), anti-MTP (green) anti-CGI-58 (CGI, red) or anti-ATGL (green or red) antibodies. Mouse
and rabbit IgG were used as isotype controls. Images were taken at 100x magnification with a Nikon Ti Eclipse confocal microscope. The yellow color shows co-
localization of proteins on merged images. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. A-Mttp~’~ mice fed an obesogenic diet show elevated energy expenditure and diminished weight gain.
Male Mttp™f and A-Mttp~™'~ mice (12 weeks old, n = 6 per group) were fed ad libitum an obesogenic diet and maintained at 23 °C. (A) Body weight was measured

monthly.

(B-C) In a separate experiment, Mitp”' and A-Mttp~/~ mice (n = 6) were fed an obesogenic diet for 5 months and subjected to DEXA analysis at room temperature

(23 °C) to determine (B) fat mass and (C) fat percentage.

(D-E) The same set of mice was used for metabolic studies in CLAMS at 23 °C to measure (D) energy expenditure and (E) RER.

(F) Female Mttp”f and A-Mttp~/~ mice (12-weeks-old) (n = 3-4) were fed an obesogenic diet (60 % kcal fat) for 6 months, and body weight was monitored monthly.
(G-H) (G) Energy expenditure, (H) RER were measured in obesogenic diet fed female Mttp”/ and A-Mttp™~ mice (n = 3-4).

Bars and error bars represent mean + SD. Significance was calculated with two-way ANOVA followed by multiple comparison for graph A and F. Ordinary two-way
ANOVA repeated measure were used to calculate the significance for graph D. Student's t-test in B, C, E, G, and H. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P

< 0.0001.

(Fig. 2A) and female (Fig. 2F) A-Mttp~/~ mice gained significantly less
weight than control mice, in agreement with studies in A,M-Mttp /"~
mice [15]. These results indicated that A-Mttp~/~ mice are resistant to
weight gain on an obesogenic diet. To identify the biological bases un-
derlying the lower weight gain, we analyzed body composition and
metabolic parameters at 23 °C. DEXA analysis revealed significantly less
fat mass, and fat percentage in male A-Mttp™/~ mice than Mttpf/f mice
(Fig. 2B, C), with no difference in lean mass, bone mineral density or
bone mineral content (Supplementary Fig. 5A-C). Male A-Mttp™/~ mice
showed higher energy expenditure than Mtlpf /f mice when normalized to
body weight (Fig. 2D) or without normalizing with body weight (Sup-
plementary Fig. 5D), and RER (Fig. 2E), but did not differ in food intake
and locomotor activity levels (Supplementary Fig. 5D, E). These studies
suggested that a reason for the lower weight gain in A-Mttp ™/~ mice
might be less accretion of fat mass and higher energy expenditure.

Female A-Mttp~/~ mice also gained less weight (Fig. 2F) and showed
significantly greater energy expenditure and RER (Fig. 2G-H) than fe-
male Mitp”f mice on an obesogenic diet. However, the food intake and
locomotor activity were similar between female A-Mttp™/~ and Mttpf/f
mice (Supplementary Fig. 6A, B). Thus, male and female A—Mtqf/ ~ mice
respond similarly to an obesogenic diet and gain less fat mass, owing to
higher energy expenditure.

3.3. A-Mttp~’~ mice mobilize free fatty acids (FFA) to a greater extent
than control mice under stress

Mice at 23 °C are under constant cold stress, and to maintain normal
body temperature their basal metabolism is three times higher than that
at thermoneutral conditions [27,28]. We hypothesized that A—Mtlp’/ -
mice expended more energy because they were kept below their body
temperatures. Consequently, we studied their energy expenditure at
thermoneutral temperature (30 °C). Male mice were first fed an obeso-
genic diet at room temperature and transferred to rooms maintained at
30 °C, where they were then maintained on the same diet. The A-Mttp ™’
~ mice slowly gained weight, and their weights normalized to those of
Mtlpf /f mice within 6 weeks (Fig. 3A). Similarly, the fat mass of A-Mttp~’/
~ mice gradually increased and became similar to that of Mt/ mice
(Fig. 3B). We also observed an increase in lean mass in A-Mttp’/ ~ mice
(Fig. 3C). Energy expenditure in both Mup”f and A-Mtp~/~ mice at
30 °C (Fig. 3D) was lower than in mice at 23 °C (Fig. 2D). A-Mttp’/’
mice showed significantly higher energy expenditure than Mtp/ mice
at 30 °C (Fig. 3D). We did not observe differences in RER and physical
activity between A-Mttp~/~ mice and MtLpf/f mice at 30 °C (Supple-
mentary Fig. 7A, B). Overall, these results indicated that Metp™/ mice
maintain body weight, fat and lean mass over time at 30 °C, whereas A-



~1 A B C or ~ D
- mtp™ = Avtp
_9 551 - miup? =~ Avtp” 2755 = MUtp™ B AMUPT 281w AR AR =
© AxE AR * b =
s 8 D 5ol tx e T T ns 25.0{xxx S % ns ns o, ns: 1o 3
=1 [Eowr S D 26 5 =
o o = 2225 @ £ <
c D 45+ » @ o>
e} ] (3 1 7] © Q._E
= = = © 20.0- = 24 o=
E L > 47 = c »$
o 2 © 1 w 17.54 H o=
c 2 O 35 1 w 9 224 s
= E [} 15.0- c
° w
[ ol Wes—=r—r 0 b 7 e e e e e W11 o+——-rrrrrrrrr T T T T T T T T T T T T T T
1.2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 012345678 910111213141516171819202122232425
Weeks Weeks Weeks H Hours
g E - mup” = Amup” F G & —- Mllpm - A-Mftp"' I
o 30+ P gL G 34+ -~ map®”™ - AMup” 240 ok ° 600 ** & 50 *
A 2 o =il w
S < oSl = © 4
o | 3= 2 " < b2 S| = s00 g 200
el c£ * b E * 2
kel o * << - el
2= 2.9 * S 30+ l = s T = 150
O = 1 X= 20- o L= a1« 4004 5
I i [-% I * w c
O o S £ 28- * © = <= 400+
[+ ;x '2 ol 14 E 4
oy Ry o g
gleg * > 26- . i e § 5o
o | W o Q. IP CL316243 &
= 10 1 @24 T T T T T 1 200"—r————r—= LS 05 f 7
9 13 0 20 40 60 80 100 120 mttp" A-mep™ 0 15min mtep™ A-mttp
Hours Minutes

Fig. 3. A-Mttp~/~ mice mobilize free fatty acids to a greater extent than control mice under stress.

(A-D) Mttp”f and A-Mttp~/~ mice (n = 4) were fed an obesogenic diet for 4 months at NYU Long Island School of Medicine, then transferred to Albert Einstein College of Medicine. After acclimation, mice were
transferred to a room maintained at 30 °C and continued on the same obesogenic diet for 6 weeks. Changes in (A) body weight, (B) fat mass, (C) lean mass were monitored weekly and (D) energy expenditure at the end
of 6 week.

(E-G) The same set of mice was transferred to a room set at 6 °C for 2 h to study the effect of cold challenge, and their (E) energy expenditure and (F) body temperature were measured. (G) Plasma FFA concentrations
were measured at the end.

(H-I) In another experiment, obesogenic diet fed anf/f and A-Mttp’/ ~ mice (n = 4) were given IP injection of CL316243 (1 pg/kg) and blood was collected before and after injections. (H) Plasma FFA concentration
before and 15 min after injection. (I) Increases in plasma FFA levels were calculated by subtraction of the initial plasma FFA concentration from 15-min values. Bars and error bars represent mean =+ SD. Significance was
calculated with two-way ANOVA followed by multiple comparison for graph A, B, C and H. Ordinary two-way ANOVA repeated measure were used to calculate the significance for graph D, E, and F. Student's t-test in G
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Mttp~/~ mice gain weight, fat mass and lean mass, eventually becoming
indistinguishable from anf/f mice. Thus, adipose MTP plays an
important role in thermogenesis and under non-thermoneutral envi-
ronmental stress conditions.

To further assess the importance of MTP in regulating fat metabolism
under environmental stress, we subjected mice to a cold challenge (6 °C,
2 h). Both Mttpf and A-Mtp~/~ mice demonstrated much higher energy
expenditure at 6 °C (Fig. 3E) than at other temperatures (Figs. 3D and
2D). A-Mttp~’~ mice showed higher energy expenditure (Fig. 3E) and
maintained higher body temperature than Mtlpf/ f mice at 6 °C (Fig. 3F),
whereas no differences were observed in RER and activity (Supple-
mentary Fig. 7C, D). These studies indicated that A-Mttp~/~ mice are
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more efficient than Mttpf/f mice at maintaining a higher body tempera-
ture during a cold challenge. To fuel thermogenesis and maintain body
temperature, mice mobilize FFA from WAT to the liver and brown adi-
pose tissue (BAT) [29,30]. Therefore, we measured plasma FFA levels at
the end of the cold challenge. A-Mttp~/~ mice had significantly higher
plasma FFA levels than Mttpf/f mice (Fig. 3G) indicating increased FFA
mobilization. In summary, A-Mttp~/~ mice mobilize more FFA and show
higher energy expenditure.

Beyond cold challenge, acute stimulation of $3 adrenergic receptors
also induces FFA mobilization from adipose tissue [31]. To test whether
adrenergic stimuli might also increase FFA, we intraperitoneally
administered CL316243 (1 mg/kg), a p3-adrenergic agonist, to fasted A-
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Fig. 4. A-Mttp~/~ mice have smaller adipocytes than Mtp™/ mice and show elevated expression of thermogenic genes in iWAT and iBAT.

Male Mttp™f and A-Mtp™/~ mice were fed an obesogenic diet for 6 months. (A) Representative images of mice from each group.

(B-F) (B) Photographs, (C) weights, and (D) H&E staining of eWAT, iWAT and iBAT in the two groups. Images were taken at 10x magnification (Nikon Eclipse Ti
confocal microscope). Adipocyte size distribution in (E) eWAT and (F) iWAT of Mttpf/f and A-Mttp’/ ~ mice.

(G-I) MTP (G) mRNA and (H) protein levels. (I) Densitometry analysis of the blot shown in H, normalized to p-actin and plotted as fold change over the control.
(J-L) (J) Expression of genes involved in fatty acid oxidation. (K) PGCla, UCP1 and CPT1a proteins in iWAT and iBAT of Mttpf/f and A-Mtlp_/ ~ mice. (L) Densitometry
analysis of blots shown in K, normalized to p-actin (n = 6). Bars and error bars represent mean + SD, *P < 0.05, **P < 0.01 and ***P < 0.001, multiple two-tailed

unpaired t-test.
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Mttp~’~ and Mttpf/f mice kept at 23 °C and collected their blood before
and 15 min after injections. A-Mttp~/~ mice had significantly higher FFA
levels than Mttpf/ f mice before and after C1.316243 stimulation (Fig. 3H).
Because individual mice had different FFA levels before the injections,
we subtracted the initial FFA levels from those after CL316243 challenge
to calculate the increases in FFA in response to the challenge. Again,
elevations in FFA levels in response to adrenergic stimuli were signifi-
cantly more robust in A-Mttp™~ mice than Mttpf/ f mice (Fig. 3I). Similar
to male mice, female A-Mttp /~ mice had significantly higher fasting
plasma FFA levels than Mt/ mice (Supplementary Fig. 7E). These
results indicated that A-Mttp~/~ mice show greater mobilization of FFA
after p3-adrenergic stimulation.

In short, these metabolic studies revealed that A-Mttp’/ ~ mice,
compared with Mup™f mice, show greater mobilization of adipose fat
and spend more energy under stress. This physiological mechanism may
contribute to reduced weight gain on an obesogenic diet.

3.4. A-Mttp~’~ mice have smaller adipocytes and show greater expression
of thermogenic genes than Mt mice at 23 °C

Since the physiological studies described above showed that A-
Mttp~’~ mice had less fat mass than anf/f mice, we hypothesized that
adipocyte phenotype would differ between the MTP deficient and con-
trol mice. To test this hypothesis, we sacrificed mice after 6 months on
an obesogenic diet. Qualitative images showed that A-Mttp™/~ mice
were leaner than Mtlpf /f mice (Fig. 4A). Representative images of eWAT,
iWAT and iBAT demonstrated lower fat mass in male A-Mttp~/~ mice
(Fig. 4B). The weights of eWAT, iWAT and iBAT were significantly lower
in A-Mttp™/~ mice (Fig. 4C), and adipocytes in eWAT and iWAT of A-
Mttp~/~ mice were smaller than those in Mttpf/f mice (Fig. 4D-F), in
agreement with previous studies [15,16]. As expected, the A-Mttp™/~
mice had significantly lower MTP mRNA and protein levels in eWAT,
iWAT and iBAT (Fig. 4G-I), but this was not observed in the liver and
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intestines (Fig. 4H, I and Supplementary Fig. 8A), thus indicating that
adipocyte-specific MTP deficiency does not result in compensatory
changes in other tissues.

The smaller adipocytes might have been due to defects in adipo-
genesis, de novo lipogenesis and/or elevated fatty acid oxidation. We did
not find differences in the expression of genes involved in adipogenesis
(Ppary) and lipogenesis (Fas and Srebplc) in eWAT, iWAT and iBAT
(Supplementary Fig. 8B-D). However, we observed greater mRNA and
protein levels of thermogenic genes Pgcla, Ucpl and Cptla in the iWAT
and iBAT in A-Mttp™/~ mice than in Mtp”f mice (Fig. 4J-L). Similarly,
female A-Mttp~/~ mice had smaller adipocytes in iWAT, and demon-
strated elevated expression of thermogenic genes in iWAT and iBAT
(Supplementary Fig. 9A-I). These results suggested that MTP deficiency
in adipose tissue may not affect adipogenesis and lipogenesis, but may
increase thermogenesis, thereby contributing to a smaller adipocyte
size.

3.5. A-Mttp~’~ mice show improved glucose tolerance and insulin
sensitivity compared to Mtlpf/f mice

Smaller adipocytes and increased thermogenesis are reported to have
positive effects on glucose homeostasis [32,33]. To understand the
physiological significance of smaller adipocytes and increased thermo-
genesis in A-Mttp ™/~ mice, we analyzed various parameter to asses
glucose homeostasis. Intraperitoneal glucose tolerance test showed that
A—Mttp_/ ~ mice have better tolerance to glucose compared to Mtlpf/f
mice (Fig. 5A). We found that A-Mttp~/~ mice on an obesogenic diet are
more insulin sensitive compared to Mttpf/f mice (Fig. 5B, C). We also
found that A-Mtip~/~ mice have significantly lower fasting glucose
(Fig. 5D), insulin (Fig. 5E), and HOMA-IR compared to Mttpf/f mice
(Fig. 5F). The above results suggest that smaller adipocytes and
increased thermogenesis resulting from the ablation of MTP in adipo-
cytes has beneficial effects on whole body glucose homeostasis.
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Fig. 5. A-Mttp~’~ mice have better glucose tolerance compared to Mtp™ mice.
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Male Mttp”/ and A-Mttp~/~ mice (n = 4) fed an obesogenic diet for 6 months were fasted for 16 h and IP administered with (A) 2 g/kg of glucose to perform IPGTT or
(B) 0.75 IU/Kg of insulin for ITT at different times. (C) Area under curve (AUC) of ITT. (D) Overnight fasting glucose levels, (E) fasting insulin levels (F) and HOMA-IR
in Mttp”f and A-Mttp~/~ mice. The error bars represent mean + SD. Significance was calculated with two-way ANOVA followed by multiple comparisons in A and B.
Student t-test was used to calculate the significance in graph C-F. *P < 0.05, **P < 0.01 and ***P < 0.001.
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3.6. Adipocytes differentiated from A-Mttp~'~ mouse SVF show elevated
triglyceride hydrolase activity

To understand the molecular mechanisms underlying the elevated
thermogenesis in adipose tissue of A-Mittp™/~ mice, we isolated the SVF
from inguinal fat pads of Mttpf/f mice and A-Mttp~’~ mice and differ-
entiated them into adipocytes [18]. The cell proliferation was similar in
Mttpf/f and A-Mttp~/~ adipocytes at 24 h and 48 h (Supplementary
Fig. 10A). After differentiation, Mtlpf/f and A-Mtp~™/~ adipocytes
demonstrated similar expression of genes associated with adipogenesis
and lipogenesis (Supplementary Fig. 10B) indicating that MTP defi-
ciency did not affect cell proliferation and adipogenesis. As expected, A-
Mttp~’~ adipocytes demonstrated significantly lower levels of MTP
protein than Mttpf/f adipocytes (Fig. 6A). Oil red O staining and quan-
tification indicated that A-Mttp~/~ adipocytes accumulated less lipid
than Mrtpf/f adipocytes (Fig. 6B, C). A-Mttp~’~ adipocytes on starvation
secreted significantly higher FFA than Mup”f adipocytes (Fig. 6D). To
test the hypothesis that this greater secretion might be due to increased
lipolysis, we incubated cell lysates from Mt and A-Mup~~ adipo-
cytes with nitrobenzoxadiazole (NBD)-labeled TG and measured the FFA
release over time [20]. A-Mttp™/~ adipocytes demonstrated greater in-
creases in NBD-labeled FFA release over time than Mtp”/ adipocyte cell
lysates indicating elevated lipolysis (Fig. 6E). These results revealed that
A-Mttp~/~ adipocytes have higher amounts of TG hydrolase activity and
mobilize more FFA than anf/f adipocytes.

3.7. MTP deficiency in adipocytes increases lipolysis by ATGL

Two major lipases, adipose triglyceride lipase (ATGL) and hormone
sensitive lipase (HSL) [34-38], hydrolyze TG stores in the adipose tissue.
To identify the lipase(s) responsible for enhanced lipolysis in A-Mitp ™/~
adipocytes, we incubated cell lysates from A-Mttp~/~ and Mttpf/f adi-
pocytes with NBD-labeled TG in the presence or absence of ATGL
(atglistatin, ATGLi) and HSL (SC206328, HSLi) inhibitors (Fig. 6F). A-
Mtp~/~ adipocytes showed significantly greater FFA release than Mip”f
adipocytes. HSLi did not influence FFA release in Mtp™f and A-Mtp ™/~
adipocytes (Fig. 6F). However, ATGLI significantly inhibited lipolysis in
both Mtp™f and A-Mitp~~ adipocyte lysates indicating that ATGL is the
main enzyme responsible for TG lipolysis in adipocytes. We considered
that the greater ATGL-mediated lipolysis in A-Mttp~/~ adipocytes might
be due to increased protein. However, ATGL protein levels did not differ
between Mttpf/f and A-Mttp~/~ adipocytes (Fig. 6G). Thus, A-Mttp~/~
adipocytes had higher ATGL activity but similar protein levels indicating
that MTP might modulate ATGL activity without affecting protein
concentrations.

To address whether the MTP mediated inhibition of ATGL is tissue
specific, we measured ATGL activity in the livers of Mtp” and liver-
specific MTP knockout (L-Mttp™/~) mice generated by crossing Mitp/f
mice with Albumin®™® mice [6]. As expected, we found significantly
decreased MTP protein and activity in livers of L-Mtp/~ mice
compared to Mtlpf/f mice (Supplementary Fig. 10C, D). Knockdown of
MTP did not alter ATGL protein and activity in the livers of L-Mttp™/~
mice (Supplementary Fig. 10C, E). These results suggest that MTP
mediated inhibition of ATGL is specific to adipocytes. A reason for the
inhibition of ATGL by MTP in the adipose tissue might be that adipo-
cytes accumulate more lipid droplet and express high levels of ATGL
compared to other tissues.

Increased ATGL-mediated TG hydrolysis increases FFA secretion and
oxidation in adipocytes [38,39]. We previously showed that A-Mttp™/~
adipocytes secrete more FFA than Mitp// adipocytes (Fig. 6D). Here, we
addressed FFA oxidation and measured the oxygen consumption rate
(OCR). A—MtLp’/ ~ SVF differentiated white (Fig. 6H) and brown adipo-
cyte (Supplementary Fig. 10F) demonstrated greater OCR than Mttpf/f
adipocytes. To assess whether MTP deficiency related increases in OCR
resulted from increased lipolysis by ATGL, we inhibited ATGL and HSL
activity in A-Mttp~/~ adipocytes. ATGLi decreased the OCR in A-Mttp ™/~
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adipocytes (Fig. 6I), whereas HSLi had no effect (Fig. 6J), thus indicating
that A-Mttp '~ adipocytes require ATGL to increase OCR.

Next, we studied the effect of MTP deficiency in human adipocytes
differentiated from SVF. SiRNA mediated knockdown of MTP in human
adipocytes, increased OCR to a greater extent than that of control adi-
pocytes treated with siScramble (Fig. 6K) indicating that human MTP
(hMTP) also regulates fatty acid oxidation. Furthermore, siRNA medi-
ated knockdown of ATGL in siMTP treated adipocytes decreased OCR to
a greater extent than that in siMTP only treated cells (Fig. 6L). Knock-
down of HSL did not affect OCR in siMTP treated human adipocytes
(Fig. 6M). These studies indicated that the increased FFA oxidation in
MTP deficient adipocytes required ATGL activity and that hMTP also
inhibits TG lipolysis by ATGL in human adipocytes.

3.8. The TG transfer activity of MTP is not essential for the inhibition of
ATGL activity

TG is a common substrate for ATGL and MTP, and both proteins are
on the LD surface (Fig. 1B) [14], therefore we hypothesized that MTP
may compete with ATGL for TG and decrease hydrolysis. To test this
possibility, we studied the effects of WT and the missense N780Y mutant
MTP on ATGL activity. The N780Y mutation in abetalipoproteinemia
patients significantly decreases TG transfer activity [40-42]. We hy-
pothesized that if MTP competes for TG substrate with ATGL, then WT
MTP would decrease ATGL activity, whereas the N780Y mutated form of
MTP would not. We co-transfected Cos-7 cells with plasmids for
expression of human ATGL (hATGL-His) [19] with either MTP-Flag or
N780Y-Flag (Fig. 7A) and subsequently measured MTP's TG transfer
activity (Fig. 7B) and ATGL's TG hydrolase activity (Fig. 7C). Expression
of hMTP significantly increased the TG transfer activity (Fig. 7B). As
expected, lysates of N780Y expressing Cos-7 cells showed significantly
less TG transfer activity (Fig. 7B). Similarly, ATGL-His expressing cells
demonstrated very little TG transfer activity, similar to control pcDNA3
and N780Y expressing cells indicating that ATGL does not transfer TG
(Fig. 7B). Cells co-expressing ATGL and MTP showed TG transfer activity
similar to MTP expressing cells indicating that ATGL has no effect on
MTP's TG transfer activity (Fig. 7B).

We next studied the effect of MTP on ATGL activity. Expression of
either WT or N780Y MTP did not increase FFA release, indicating that
these proteins lack TG hydrolase activity (Fig. 7C). As expected, hATGL-
His expressing cell lysates showed higher FFA release than pcDNA3
expressing cells indicating greater lipolysis (Fig. 7C). Co-expression of
either MTP or N780Y with ATGL significantly decreased FFA release
(Fig. 7C). These studies demonstrated that ATGL expression increases
lipolysis, and that the expression of MTP and N780Y significantly de-
creases ATGL activity. Therefore, MTP inhibits ATGL activity, and this
inhibition is independent of MTP's TG transfer activity.

To provide further evidence, we expressed MTP-Flag and N780Y-
Flag and purified these proteins. As expected, purified N780Y had
much less TG transfer activity than MTP (Fig. 7D). We used these pu-
rified proteins to study their effects on purified mouse ATGL (mATGL)
activity in the presence or absence of CGI-58, an activator of ATGL
[19,43]. As expected, purified ATGL showed substantial TG hydrolysis,
and this activity increased by ~10-fold in the presence of CGI-58
(Fig. 7E). More importantly, addition of both WT and N780Y MTP
decreased ATGL activity both in the presence and absence of CGI-58
(Fig. 7E). Moreover, MTP and N780Y proteins showed dose-dependent
inhibition of ATGL activity (Fig. 7F). In short, these results showed
that both WT and mutant MTP proteins inhibit TG lipolysis by ATGL and
ATGL/CGI-58. Therefore, inhibition of ATGL by MTP does not require
TG transfer activity, implying that competition for substrate is not a
major mode of inhibition.

3.9. MTP interacts with ATGL

We then hypothesized that MTP might physically interact with ATGL
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Fig. 6. Adipocytes differentiated from A-Mttp~/~ mouse SVF show elevated triglyceride hydrolase activity.

(A) iWAT was collected from Mitp”f and A-Mtp™'~ mice (n = 3), and SVF was isolated and differentiated into adipocytes to measure MTP protein levels. Repre-
sentative of two experiments.

(B-C) (B) Oil red O staining of adipocytes differentiated from Mttp”/ and A-Mttp~/~ SVF (10x magnification using confocal microscope). (C) Adipocytes were stained
with Qil red O (n = 7), the stain was extracted, and the absorbance was determined at 490 nm. Representative of two experiments.

(D) Differentiated adipocytes were washed and incubated for 3 h in PBS containing 0.1 % BSA and FFA were measured in medium. Representative of two exper-
iments.

(E) Mttp™”f and A-Mttp~/~ adipocyte cell lysates (100 pl, 30 pg) were incubated with NBD labeled TG vesicles (10 pl, 3155 pmol) and NBD fluorescence was measured
at different time points for 1 h. FFA release was calculated with an NBD-C6 standard curve. Representative of four experiments.

(F) Cell lysates (100 pl, 30 pg) from Mitp”f and A-Mttp~~ adipocytes were incubated with NBD labeled TG vesicles (10 pl, 3155 pmol) in the presence of DMSO,
ATGLi (100 pM) or HSLi (20 pM) for 1 h. Representative of four experiments.

(G) ATGL protein cell lysates of Mttp”f and A-Mitp™/~ in white adipocytes.

(H-J) (H) Measurement of OCR in adipocytes differentiated from anf/ fand A-Mttp’/ ~ SVF. Adipocytes in basal low glucose medium were treated with (I) ATGLi, (J)
HSL or vehicle. Representative of two experiments.

(K-M) OCR in adipocytes differentiated from human SVF. (K) Human adipocytes were transfected with scrambled siRNA (siScramble) or siMTP. (L) Adipocytes were
transfected with siMTP or siMTP+siATGL. (M) Cells were transfected with siMTP with or without siHSL. Representative of two experiments.

The error bars represent SD (n = 3-5). Two-way ANOVA followed by multiple comparison in E, H, I, J, K, L and M. In F, one-way ANOVA followed by multiple
comparison was performed. Student's t-test was used for C and D. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. The TG transfer activity of MTP is not essential for the inhibition of ATGL activity.

(A-C) Cos-7 cells were seeded in 150 mm cell culture dishes and forward transfected with 30 pg pcDNA3 or His-tagged ATGL. After 24 h, cells were trypsinized,
plated in 100 mm cell culture dishes, and reverse transfected in triplicate with 7.5 pg of pcDNA3, Flag-tagged MTP or mutant N780Y. After 48 h, cells were lysed, and
protein was used for experiments. (A) Protein (20 pg) was analyzed with SDS-PAGE and probed with anti-FLAG, anti-His and anti-p-Actin antibodies. Protein (100 pg)

was used for (B) MTP and (C) ATGL activity measurements.

(D) MTP-Flag and N780Y-Flag proteins were purified to measure the TG transfer activity.

(E) TG hydrolase activity of purified ATGL with or without CGI-58 in the presence of purified MTP and N780Y.

(F) Cos-7 cells were transfected with Flag-tagged MTP, N780Y or His-tagged ATGL. Lysates of ATGL expressing Cos-7 cells (50 pg) were mixed with 25, 50, 100 or
150 pg of lysates of MTP and N780Y expressing cells and incubated with 10 pl (3155 pmol) of NBD-TAG PC/PI vesicles for 1 h. FFA was extracted after 1 h in-

cubation, and NBD fluorescence readings were taken.

The graphs in B, C and F are representative of three experiments with three biological replicates. Graph E is representative of two independent experiments, each
containing three biological replicates. The error bars represent SD. Significance was calculated with one-way ANOVA followed by multiple comparisons in D and F
with two-way ANOVA followed by multiple comparison for B, C and E. *P < 0.05, **P < 0.01 and ***P < 0.001.

and inhibit its activity. To test this hypothesis, we used lysates from
human adipocytes differentiated from SVF and immunoprecipitated
using anti-CGI-58 and anti-MTP antibodies. Mouse and rabbit IgGs were
used as negative controls and anti-CG-58 was used as a positive control.
The immunoprecipitated proteins were separated on SDS-PAGE and
probed with anti-CGI-58, anti-MTP and anti-ATGL. We found that ATGL
was present in both CGI-58 and MTP immunoprecipitates (Fig. 8A)
indicating that ATGL interacts with both MTP and CGI-58. Next, we
expressed Flag-tagged MTP [40,41] and CGI-58 [19] in Cos-7 cells,
purified these proteins (Fig. 8B) and immobilized them on plates to
study protein-protein  interactions as previously described
[10,19,44,45]. For controls, BSA and FLAG peptide were coated in
parallel. These wells were then incubated with lysates expressing His-
tagged human ATGL (hATGL), mATGL or mHSL (Fig. 8B). Lysates of
hATGL and mATGL expressing cells showed greater binding to immo-
bilized MTP and N780Y than the background binding to BSA and FLAG
(Fig. 8C, D). As reported earlier [19,43], cell lysates expressing hATGL
and mATGL showed greater binding to CGI-58 (Fig. 8C, D); in contrast,
HSL expressing cell lysates did not show greater binding to immobilized
purified MTP, N780Y and CGI-58 than to BSA and FLAG control wells
(Fig. 8E). Moreover, hATGL and mATGL showed a concentration
dependent increased binding to immobilized MTP, N780Y and CGI-58,
while HSL did not (Supplementary Fig. 11A-C). These studies indi-
cated that both MTP and N780Y interact with ATGL but not with HSL.

To further validate the interaction between MTP and ATGL, we co-
expressed Xpress-tagged human ATGL (hATGL), mouse ATGL
(mATGL), or a truncated mATGL variant lacking 198C-terminal amino
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acids (mATGL 288*) along with either Flag-tagged MTP, CGI58 or
empty Flag (eFlag) in HEK-293 T cells. The mATGL 288* has been shown
to retain TG hydrolase activity and it interacts with CGI-58 and G0S2
[46-48]. These proteins, respectively, enhance and reduce ATGL ac-
tivity. The Flag-tagged bait proteins were successfully expressed
(Fig. 8F, left) and immunoprecipitated using anti-Flag affinity gel
(Fig. 8F, right). Expression of the Xpress-tagged ATGL variants was
confirmed using an anti-Xpress antibody (Fig. 8G, left). Notably, hATGL
and mATGL not only co-precipitated with Flag-CGI-58 (positive control)
but also with Flag-MTP (Fig. 8G, right). This indicates that both the
human and mouse orthologs of ATGL interact with MTP in cell lysates.
In contrast, mATGL288* co-precipitated to a lesser extent with Flag-
MTP than full-length mATGL indicative for a decreased binding affin-
ity of mATGL288* to MTP. Importantly, mATGL did not precipitate in
absence of flag-tagged bait proteins excluding non-specific binding to
the anti-Flag affinity gel. These results demonstrated that MTP physi-
cally interacts with ATGL, and this interaction might serve as the
mechanism for the inhibition of ATGL activity.

4. Discussion

MTP's best-characterized function is to lipidate nascent proteins in
the endoplasmic reticulum of hepatocytes, enterocytes and antigen
presenting cells. This function is dependent on MTP's ability to transfer
lipids, given that mutations resulting in the loss of lipid transfer activity
fail to lipidate apoB and CD1 proteins in abetalipoproteinemia subjects
[2,49]. In this study, we showed that human adipocytes express MTP
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Fig. 8. MTP interacts with ATGL.

(A) Human adipocytes differentiated from SVF were lysed and 400 g of protein was used for immunoprecipitation with mouse IgG, rabbit IgG, anti-CGI58 and anti-
MTP. The immunoprecipitated proteins were separated on SDS PAGE and probed with anti-CGI58, anti-MTP and anti-ATGL.

(B-E) Cos-7 cells were transfected, and Flag-tagged MTP, N780Y and CGI proteins were purified. High binding plates were coated with purified proteins and
incubated with Cos-7 cell lysates expressing His-tagged (C) hATGL, (D) mATGL or (E) mHSL. Binding of proteins was detected with anti-His primary antibody and
secondary antibody conjugated with horseradish peroxidase. The absorbance of the peroxidase reaction was determined at 450 nm. The data are representative of
three to five experiments, each with three biological replicates. One-way ANOVA followed by multiple comparison in B, C and D. ****P < 0.0001.

(F-G) HEK293T cells transfected with the indicated plasmid combinations and the respective lysates were subjected to co-immunoprecipitation using anti-Flag
affinity gel. (F) Proper expression (left) and precipitation (right) of bait proteins was verified by immunoblotting using an anti-Flag antibody. (G) Proper expres-
sion (left) and co-precipitation (right) of prey proteins was verified by immunoblotting using an anti-Xpress antibody.
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and is present on lipid droplets. Furthermore, we demonstrated that
highly selective adipose-specific MTP deficiency confers resistance to
weight gain, helps maintain higher body temperature during cold
challenge, and enhances lipolysis and mobilization of FFA in mice fed an
obesogenic diet. Thus, A-Mttp~/~ mice adapt better than controls during
stress conditions. Our mechanistic studies also revealed that MTP reg-
ulates lipolysis in adipocytes by inhibiting ATGL activity. This regula-
tory activity of MTP does not require its lipid transfer activity. Thus,
MTP, independent of its lipid transfer function, regulates fat mobiliza-
tion and thermogenesis in adipocytes.

Further molecular studies revealed that MTP inhibits ATGL activity
via protein-protein interactions. Attempts were made to identify do-
mains in ATGL that interact with MTP. Based on the analyses of muta-
tions found in humans, mutagenesis studies and homology remodeling,
it has been proposed that ATGL contains structurally independent do-
mains that carry out distinct functions [46,47]. The N-terminal domain
(1-254 amino acids) contains the enzymatically active patatin domain
[46]. The C-terminal domain (amino acids 250-504 amino acids) con-
sists of a-helices and loop regions [47,48]. It contains a hydrophobic
stretch (315-360 amino acids) potentially representing lipid-binding
region. Schweiger et al. showed that N-terminal domain, lacking C-ter-
minal ~220 amino acids, does not localize to lipid droplets [46].
However, this N-terminal domain exhibits substantially increased TG
hydrolase activity suggesting that the C-terminal domain suppresses
enzyme activity of the N-terminal domain [46]. Furthermore, the N-
terminal protein interacts with CGI-58 and GOS2 [47] to enhance and
reduce ATGL activity, respectively. Schweiger et al. further showed that
the N- and C-terminal domains can be swapped within mouse and
human ATGL [46] providing additional evidence that these proteins
contain two independent functional domains with distinct functions.
The N-terminal domain contains TG hydrolase activity and is involved in
protein-protein interactions with CGI-58 and GOS2 proteins [46,47].
The C-terminal domain interferes with the enzyme activity and is
important for lipid droplet association. Based on these studies, we used
N-terminal ATGL 288* to determine whether this domain also interacts
with MTP. We observed that C-terminally truncated N-terminal ATGL
288* interacted less efficiently than the WT ATGL indicating that MTP
might interact with the C-terminal domain of ATGL. We speculate that
the C-terminal domain of ATGL may interact with the N-terminal and/or
central a-helical domains of MTP. Further studies are needed to under-
stand determinants of protein-protein interactions between MTP and
ATGL.

When compared with controls, we showed that adipose MTP defi-
ciency confers better thermoregulation during a cold challenge, as well
as decreased weight gain on an obesogenic diet. A-Mttp~/~ mice showed
elevated plasma FFA. Furthermore, A-Mttp~/~ mice showed increased
expression of thermogenic genes in iWAT and iBAT, suggesting greater
utilization of fatty acids. This largely favorable phenotype might be
secondary to the identified MTP function in inhibiting ATGL activity.
ATGL is the rate limiting lipase catalyzing the initial step of TG hydro-
lysis [34]. ATGL deficient mice do not adapt well to cold challenge
[39,50,51]. In contrast, overexpression of ATGL in adipose tissue de-
creases adipocyte TG content, increases thermogenesis and energy
expenditure in mice, and these mice gain less weight than wild type mice
on an obesogenic diet [52]. Thus, our studies suggest that MTP might
play a significant role in the control of thermogenesis by modulating
ATGL activity.

The lipolytic activity of ATGL is regulated by both transcriptional
and post-translational mechanisms [38]. The post-translational mecha-
nisms involve the interaction of ATGL with different regulatory pep-
tides. Both activity enhancing and inhibiting proteins have been
identified [38,53,54]. These regulatory proteins, in general, physically
interact with ATGL and consequently increase or decrease its activity.
Most of the identified regulatory proteins are small polypeptides of
60-350 amino acids. Here, we show that MTP, a heterodimer of 150 kDa
and 97 kDa proteins, interacts with ATGL and inhibits its activity. The
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physiological role of most of the identified ATGL inhibitory peptides is
unclear, as their deficiencies show modest to no effects on lipolysis, lipid
and energy metabolism, and adipose tissue morphology [38]. In
contrast, our studies show that adipose specific MTP deficiency had
significant effects on lipolysis, lipid mobilization, energy metabolism
and adipocyte size. Thus, adipose MTP may be a physiologically note-
worthy modulator of ATGL activity and adipocyte triglyceride
homeostasis.

Our results indicate that the interaction and inhibition of ATGL by
MTP might be specific to adipose tissue as the ablation of MTP in the
liver did not increase liver ATGL activity. The lack of effect of MTP
deficiency on hepatic ATGL might be related to their different sub-
cellular localization and engagement of MTP with apoB in the endo-
plasmic reticulum of hepatocytes. We speculate that specific interactions
between MTP and ATGL might occur on the lipid droplet surface in
adipocytes, and that the larger and greater number of lipid droplets in
adipocyte cytoplasm increases the likelihood of protein-protein in-
teractions between ATGL and MTP.

It is well known that MTP plays a critical role in the mobilization of
dietary and endogenous fat by the intestine and liver, respectively. Our
current studies suggest that adipose MTP may play a role in fat storage.
Under the conditions of high fat absorption by the intestine and subse-
quent mobilization by the liver, peripheral tissues are exposed to high
plasma triglyceride and free fatty acids. This might lead to excess ectopic
accumulation in peripheral tissues, such as liver, heart and muscle
contributing to metabolic diseases. To avoid ectopic fat deposition in
other tissues, adipose tissue performs a unique function of storing large
amounts of fat in an innocuous form. It appears that MTP has acquired a
different function in the adipose tissue to facilitate fat storage that is
very different than its function of fat mobilization in the liver and in-
testine. By performing these two contrasting activities in different tis-
sues, MTP can regulate body fat metabolism to optimize its delivery to
fat-consuming/storing tissues and avoid ectopic fat deposition.

We have used two different high fat diets. The western diet contains
43 % fat whereas obesogenic diet contains 60 % fat. The western diet
also contains 0.2 % cholesterol and is usually used to induce athero-
sclerosis. We saw significant differences in weight gain when mice were
fed an obesogenic diet indicating that MTP might be critical under these
conditions. It is likely that Western diet fed mice have sufficient storage/
expansion capacity that it might not need MTP to inhibit ATGL activity.
On the other hand, in obesogenic diet, MTP is critical in facilitating
adipose fat storage in adipose tissue to prevent fat storage in other tis-
sues such as in the liver to avoid development of hepatosteatosis and
other metabolic diseases associated with ectopic fat deposition. Thus,
MTP may respond differently under different dietary conditions to
regulate fat metabolism in the body.

Accumulation of lipids in intracellular LDs is seen in organisms as
ancient as prokaryotes. These LDs act as hubs for metabolism, signaling,
stress responses and membrane remodeling [55]. LD associated proteins
such as CGI-58 and ATGL are present in lower organisms. MTP orthologs
are present in invertebrates such as C. elegans [56] and can serve to
transfer phospholipids [57,58]; however, MTP's TG transfer activity was
acquired during the evolution of vertebrates [56]. Our present studies
demonstrating MTP interactions with ATGL suggest that MTP might
have evolved as an ATGL interacting protein before the acquisition of
the TG transfer activity. We speculate that MTP is also likely to interact
with other proteins in adipose tissue to modulate lipolysis and
thermogenesis.

The obesity and cardio-metabolic disease epidemics are major causes
of high morbidity and mortality. Adipose tissue plays a central role in
the pathology of these diseases. Increasing the thermogenic activity of
adipose tissue has been proposed as a promising strategy to combat both
metabolic diseases and obesity [59]. Our data showed that MTP defi-
ciency leads to smaller adipocytes, less weight gain, increased thermo-
genesis and enhanced insulin sensitivity. Furthermore, these promising
characteristics help maintain body temperature by mobilizing fatty
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acids during stress. Thus, adipose specific inhibition of MTP-ATGL
protein-protein interactions may provide an avenue for future thera-
peutic targeting.

In brief, we demonstrated that adipose MTP plays an important role
in the control of body temperature, thermogenesis and weight gain. In
adipocytes, MTP has a unique function in interacting with ATGL and
inhibiting its activity that is independent of its lipid transfer activity.
This regulatory function of MTP is physiologically important in lipid
metabolism and thermogenesis in adipose tissue under stress conditions.
Inhibition of MTP-ATGL interactions might prevent obesity.
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