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and inhibit lipoprotein lipase
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ABSTRACT

Objective: Several members of the angiopoietin-like (ANGPTL) family of proteins, including ANGPTL3 and ANGPTLS, regulate lipoprotein lipase
(LPL) activity. Deficiency in either ANGPTL3 or ANGPTLS reduces plasma triglyceride levels and increases LPL activity, whereas overexpression of
either protein does the opposite. Recent studies suggest that ANGPTL8 may functionally interact with ANGPTL3 to alter clearance of plasma
triglycerides; however, the nature of this interaction has remained elusive. We tested the hypothesis that ANGPTL8 forms a complex with
ANGPTL3 and that this complex is necessary for the inhibition of vascular LPL by ANGPTL3.

Methods: We analyzed the interactions of ANGPTL3 and ANGPTLS8 with each other and with LPL using co-immunoprecipitation, western blotting,
lipase activity assays, and the NanoBiT split-luciferase system. We also used adenovirus injection to overexpress ANGPTL3 in mice that lacked
ANGPTLS.

Results: We found that ANGPTL3 or ANGPTL8 alone could only inhibit LPL at concentrations that far exceeded physiological levels, especially
when LPL was bound to its endothelial cell receptor/transporter GPIHBP1 (glycosylphosphatidylinositol-anchored high-density lipoprotein binding
protein 1). Physical interaction was observed between ANGPTL3 and ANGPTL8 when the proteins were co-expressed, and co-expression with
ANGPTL3 greatly enhanced the secretion of ANGPTL8. Importantly, ANGPTL3—ANGPTL8 complexes had a dramatically increased ability to inhibit
LPL compared to either protein alone. Adenovirus experiments showed that 2-fold overexpression of ANGPTL3 significantly increased plasma
triglycerides only in the presence of ANGPTLS. Protein interaction assays showed that ANGPTLS8 greatly increased the ability of ANGPTL3 to bind
LPL.

Conclusions: Together, these data indicate that ANGPTLS8 binds to ANGPTL3 and that this complex is necessary for ANGPTLS3 to efficiently bind
and inhibit LPL.

© 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Elevated plasma triglycerides are associated with several metabolic
diseases including metabolic syndrome, type 2 diabetes mellitus, and
atherosclerosis [1—5]. Clearance of plasma triglycerides is primarily
mediated by the activity of lipoprotein lipase (LPL) [6]. LPL is expressed
by the parenchymal cells of lipolytic tissues (e.g., adipocytes, myo-
cytes) and is transported to capillary lumen by its endothelial cell
transporter GPIHBP1 (glycosylphosphatidylinositol-anchored high-
density lipoprotein binding protein 1) [7,8]. After transport, LPL,
which remains anchored to vascular endothelial cells by GPIHBP1 [9],
hydrolyzes plasma triglycerides for local uptake into tissues.

The activity of LPL is critically regulated by several interacting proteins,
including angiopoietin-like 3 (ANGPTL3). ANGPTL3 is thought to

regulate triglyceride clearance by inhibiting LPL [10—13]. ANGPTL3-
deficient mice have significantly lower plasma triglycerides than
wild-type mice and elevated levels of post-heparin plasma LPL activity,
whereas mice overexpressing ANGPTL3 have elevated plasma tri-
glycerides [10,11,14]. Humans with ANGPTL3 alleles predicted to
disrupt ANGPTL3 function also have lower plasma triglyceride levels
and increased post-heparin plasma LPL activity [15,16]. ANGPTL3 is
expressed exclusively in the liver [14,17] but primarily regulates tri-
glyceride uptake in peripheral tissues in the fed state [12], indicating
that it acts in an endocrine manner. ANGPTL8, a more recently un-
covered member of the ANGPTL family, also regulates triglyceride
metabolism [18—20]. ANGPTL8 (also called lipasin, RIPL, and beta-
trophin) was also proposed as a regulator of beta cell proliferation, but
this notion has been invalidated [21—23]. ANGPTL8 is most
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homologous to ANGPTL3, but lacks the fibrinogen-like domain of
ANGPTL3 and other ANGPTL family members [14,19,20]. Similar to
what has been found for ANGPTL3, ANGPTL8 overexpression increases
plasma triglycerides [18,19], and ANGPTL8-deficient mice have low
plasma ftriglycerides [19,20] and altered LPL activity in heart and
skeletal muscle in the fed state [24]. Like ANGPTL3, ANGPTLS is
expressed highly in liver, but it is also expressed in adipose tissue
[18—20]. Unlike ANGPTL3, which has similar gene expression levels
and circulating protein levels in both the fed and fasted states [25],
ANGPTLS is highly induced by feeding [19,20]. Beyond the similar
phenotypes of ANGPTL3 and ANGPTL8-deficient mice, there is addi-
tional evidence that ANGPTL3 and ANGPTL8 function in concert.
Overexpression of ANGPTL8 only increases plasma triglyceride levels
when ANGPTL3 is present, and when ANGPTL8 is overexpressed,
ANGPTL3 and ANGPTLS can be pulled down together from the plasma
[19]. These observations have led to the idea that ANGPTL8 may
activate ANGPTL3 in some way [19]. However, the mechanism by
which ANGPTLS8 activates ANGPTL3, and whether that activation is
actually necessary for ANGPTL3 function, remains unknown.

In this study, we investigated the ability of ANGPTL3, alone and in
combination with ANGPTLS, to bind and inhibit LPL. We also investi-
gated the mechanisms by which ANGPTLS alters ANGPTL3 activity.

2. MATERIAL AND METHODS

2.1. Production of LPL conditioned media

FLAG-tagged human LPL was concentrated from the medium of a
Chinese hamster ovary cell line (CHO-K1) stably expressing FLAG-
tagged human LPL as previously described [26,27]. LargeBiT-human
LPL (pEB12) was generated by cloning the linker and largeBiT
sequence from pBiT1.1 (Promega) to the C-terminus of our FLAG-
tagged LPL (pAH1) [27] using InFusion cloning (Clontech, catalog
#638909). Lentiviruses containing this construct were produced by
transfecting 293T cells with pEB12 and the lentiviral packaging vectors
pMD2.G (Addgene #12259), pRSV-Rev (Addgene #12253), and
pMDLg/pRRE (Addgene #12251). Conditioned media containing
largeBiT-LPL expressing lentiviruses were collected and concentrated
using Lenti-X Concentrator (Clontech, catalog #631231). 293T cells
were then transduced with these lentiviruses and subjected to se-
lection with puromycin (3 pg/ml) for 5 days. Conditioned media con-
taining largeBiT-LPL was produced by culturing selected cells in
serum-free DMEM for 72 h and then collecting media. LargeBiT-LPL
conditioned media was concentrated before use with Amicon Ultra-
15 Centrifugal Filter Units (EMD Millipore, catalog #UFC901024). The
presence of LPL in the conditioned media was assessed by western
blotting using a mouse antibody against the FLAG-tag (1:5000 Sigma—
Aldrich; catalog #F1804). LPL activity was assessed by a lipase activity
assay (see below).

2.2. Production of ANGPTL3 conditioned media

Constructs expressing full-length mouse ANGPTL3 (pXC3) or human
ANGPTL3 (pXC4) were generated by amplifying the coding sequence of
full-length mouse ANGPTL3 cDNA (Open Biosystems, MMM1013-
202765361) or full-length human ANGPTL3 cDNA (Open Biosystems,
MHS6278-202841262) and inserting it into a pCDNA6 vector using
InFusion cloning (Clontech). A Strep-tag (WSHPQFEK; also known as
Strep-tag Il) was appended to the C-terminus of the open reading frame
using Phusion site-directed mutagenesis (New England Biolabs) to
create mouse ANGPTL3-Strep (pHS18) or human ANGPTL3-Strep
(PHS15). Mouse smallBiT-ANGPTL3 (pEB14) was generated by adding
a linker and the smallBiT sequence (GGGGSGGGGSSGVTGYRLFEEIL) to

the C-terminus of pHS18 using Phusion site-directed mutagenesis.
Strep-tagged truncated ANGPTL3 (pEB2) was generated by deleting the
coding sequence for amino acids 222-455 using Phusion site-directed
mutagenesis. A construct expressing the C-terminal domain of
ANGPTL3 tagged with the Strep tag (pEB29) was generated by deleting
the coding sequence for amino acids 17-224 (leaving the signal peptide
intact) using Phusion site-directed mutagenesis. To generate condi-
tioned media containing Strep-tagged ANGPTL3, smallBiT-Strep-
ANGPTL3, Strep-tagged truncated ANGPTL3, or the C-terminal
domain of Strep-ANGPTL3, 293T cells were transfected with pHS18,
pHS15, pEB14, pEB2, or pEB29. 24 h post-transfection, media was
switched to serum-free DMEM media containing protease inhibitors and
grown for 2 days. Media were then collected, and the concentration of
ANGPTL3 in conditioned media was determined using ANGPTL3 ELISA
kits (mouse ANGPTL3: RayBiotech, catalog #ELM-ANGPTL3-1; human
ANGPTL3: RayBiotech, catalog #ELH-ANGPTL3-1) following the manu-
facturer’s instructions and using purified recombinant ANGPTL3 to
generate a standard curve. The ELISA values for conditioned media
prepared from untransfected cells were similar to blanks and this
conditioned media was used as a control for all ANGPTL3 experiments.

2.3. Production of ANGPTLS8 conditioned media

A construct expressing full-length mouse ANGPTL8 (pBD219) was
generated by amplifying the coding sequence of ANGPTL8 cDNA (Open
Biosystems, MMM1013-202708024). As this cDNA clone was missing
the first 49 bases of the coding sequence, we used a synthetic double
stranded oligonucleotide containing this missing sequence and inserted
it simultaneously with the coding sequence from the cDNA into a
pCDNAG vector containing a C-terminal V5-tag using InFusion cloning. A
His-tag was appended to the C-terminus of the open reading frame
using Phusion site-directed mutagenesis (New England Biolabs) to
create a V5/His-tagged ANGPTL8 (pWL1). A construct expressing full-
length V5/His-tagged human ANGPTL8 (pEB30) was generated by
amplifying the coding sequence of human ANGPTL8 cDNA (R&D sys-
tems, RDC1636) and replacing the mouse ANGPTLS8 coding sequence in
pWL1 using InFusion cloning (Clontech). V5/His-tagged mouse
ANGPTL8 with a C-terminal smallBiT (pEB22) was generated by
inserting a linker and the smallBiT sequence (GGGGSGGGG
SSGVTGYRLFEEIL) at the C-terminus of V5/His-tagged ANGPTLS (pWL1)
right before the stop codon using Phusion site-directed mutagenesis.
V5/His-tagged mouse, smallBiT-tagged mouse, and V5/His-tagged
human ANGPTL8 were also cloned into lentiviral vectors using InFu-
sion cloning to generate pEB5, pEB27, and pEB31 respectively. Lenti-
viruses containing these constructs were produced by transecting 293T
cells with pEB5, pEB31, or pEB27 and the lentiviral packaging vectors
pMD2.G, pRSV-Rev, and pMDLg/pRRE (Addgene). Conditioned media
containing V5/His-tagged ANGPTL8 lentiviruses were collected and
concentrated using Lenti-X Concentrator (Clontech, catalog #631231).
293T cells were then transduced with concentrated lentiviruses con-
taining the ANGPTL8 expression cassette. After 5 days of puromycin
selection (3 pg/ml), surviving cells were then cultured in serum-free
DMEM and conditioned media were collected 72 h later. Conditioned
media prepared from untransduced cells was used as a control for all
ANGPTL8 experiments. The concentrations of mouse and human
ANGPTLS protein in the conditioned media was determined by quan-
titative western blotting using known concentrations of purified re-
combinant ANGPTLS protein produced in bacteria as a standard.

2.4. Production of ANGPTL4 conditioned media
ANGPTL4 conditioned media was produced as described previously
[27]. To generate conditioned media containing both ANGPTL3 and
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ANGPTL4, 293T cells were transfected with pHS18 and pHS2. 24 h
post-transfection, media was switched to serum-free DMEM media
containing protease inhibitors and grown for 2 days.

2.5. Transfections and cell harvesting

293T cells in T75 flasks were transfected with 10 png of DNA
(ANGPTL3 + empty vector, ANGPTL3 + ANGPTL8, ANGPTL8 -+ empty
vector, or ANGPTL3 + ANGPTL4) and 20 pl of 1 mg/ml PEI (poly-
ethylenimine). HepG2 cells were transfected with the 4D-Nucleofector
(Lonza, catalog #AAF-1002B) using the SF Cell Line 4D-Nucleofector®
X Kit L (Lonza, catalog #V4XC-2012) following manufacturer’s in-
structions. 24 h post transfection, cells were switched to serum-free
DMEM for 293T cells and DMEM/F-12 media (ThermoFisher Scienti-
fic, catalog #11320-033) for HepG2 cells. 48—72 h later, conditioned
media were collected and concentrated using Amicon Ultra-15 Cen-
trifugal Filter Units (EMD Millipore, catalog #UFC901024). Cells were
then washed twice with PBS and lysed with radioimmunoprecipitation
assay buffer (1% Nonidet P-40 substitute, 0.5% sodium deoxycholate,
and 0.1% SDS in PBS) with protease inhibitor. Cell lysates were
cleared by centrifugation at 12,000 x g at 4 °C for 5 min. Samples were
then analyzed by western blotting.

2.6. LPL activity assay

Lipase activity was assayed using EnzChek lipase fluorescent sub-
strate (Molecular Probes) as described previously [28]. Briefly, 50 pl of
sample was mixed with 25 pl 4x assay buffer (0.6 M NaCl, 80 mM
Tris—HCI pH 8.0, and 6% fatty acid—free BSA). 25 pl of substrate
solution containing 2.48 LM EnzChek lipase fluorescent substrate and
0.05% 3-(N,N-Dimethylmyristylammonio) propanesulfonate zwitter-
gent detergent (Acros Organics) in 1% methanol was then added to
each sample. Samples were then incubated at 37 °C with fluorescence
(485 nm excitation/528 nm emission) read every minute for 30 min
with a Synergy Neo multimode plate reader (BioTek). Relative lipase
activity was calculated by first subtracting background (calculated by
reading fluorescence of a sample with no LPL) and then calculating the
slope of the curve between 10 and 15 min using Microsoft Excel.

2.7. Detection of LPL activity on the cell surface

Rat heart microvessel endothelial cells (RHMVECs; VEC technologies)
were grown in MCDB-131 base medium (Genedepot) supplemented
with 10 mM L-glutamine, 1% PenStrep antibiotic solution (10,000 U/ml
penicillin and 10,000 pg/ml streptomycin, Gibco), 5% Fetal Bovine
Serum (Atlanta Biologicals), 1 pg/ml hydrocortisone (Sigma—Aldrich),
10 pg/ml human epidermal growth factor (Gibco, Life technologies),
and 12 pg/ml bovine brain extract (Lonza). Lentiviruses encoding S-
protein-tagged GPIHBP1 were transduced into endothelial cells and
selected for stable transduction with puromycin as described previ-
ously [7]. To detect LPL activity on the cell surface, RHMVECs
expressing GPIHBP1 were incubated with LPL at 4 °C for 3—4 h. After
washing off unbound LPL, cells were treated with ANGPTL3 and/or
ANGPTLS or control conditioned media. After again washing with PBS,
cells were treated with heparin (100 U/ml in H,0) for 10 min at 4 °C to
release surface-bound LPL. Released LPL was collected and imme-
diately assayed for lipase activity. Samples were also analyzed for LPL
protein mass by western blotting.

2.8. Western blot

Protein samples were size fractionated on 12% SDS-PAGE gels and
then transferred to a nitrocellulose membrane. Membranes were
blocked with casein buffer (1% casein, Fisher Science Education).
Primary antibodies were diluted in casein buffer. Primary antibody
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dilutions were 1:5000 for a mouse monoclonal antibody against FLAG-
tag (Sigma—Aldrich), 1:5000 for a mouse monoclonal antibody against
V5-tag (Invitrogen), 1:10,000 for a goat antibody against S-protein tag
(Abcam), 1:1250 for a rabbit antibody against mouse ANGPTL3
(Thermo Scientific), 1:2000 for a rabbit antibody against Strep-tag
(Abcam), and 1:2500 for a goat antibody against actin (Santa Cruz).
After washing with PBS + 0.1% Tween (PBS-T), membranes were
incubated with Dylight680- or Dylight800-labeled secondary anti-
bodies (Thermo Scientific) diluted 1:5000 in casein buffer. After
washing with PBS-T, antibody binding was detected using an Odyssey
Infrared Scanner (Li-Cor).

2.9. Mice

To assess plasma ANGPTL3 concentrations, male C57BL/6 mice were
either fasted for 12 h or fasted for 12 h and then re-fed for 4 h. Plasma
samples were collected through cardiac puncture. ANGPTL3 concen-
trations in fasted/fed plasma were determined using a mouse
ANGPTLS3 ELISA kit (RayBiotech, catalog #ELM-ANGPTL3-1), the same
mouse ANGPTL3 ELISA used for ANGPTL3 conditioned media.
Gpinbp1~~ mice (B6;12955-Gpihbp1™ /Mmucd) [29,30] were
used for the isolation of radiolabeled chylomicrons and were generated
by breeding from strains obtained from the Mutant Mouse Resource
and Research Center (MMRRC).

Angptig™'~ mice (B6;12955-Gm6484™*/Mmucd) [29] were also
obtained from MMRRC. These mice were housed at 22—24 °C with a
14-h light, 10-h dark cycle and provided with ad libitum water and a
chow diet (6% calories from fat, 8664; Harlan Teklad, Indianapolis, IN).
All animal procedures were approved by the Institutional Animal Care
and Use Committee at the University of lowa or Wayne State University
and were carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

2.10. HisTalon purification

To examine the interactions between ANGPTL3 and ANGPTLS, His-
tagged ANGPTL8 was purified from conditioned media using a 1 ml
gravity HisTalon purification column (Clontech). HisTalon columns were
equilibrated with 20 ml of equilibration buffer (300 mM NaCl, 50 mM
sodium phosphate, pH 7.4). Conditioned media were loaded onto the
columns and flow-through was collected. Columns were then equili-
brated with 7 ml of equilibration buffer, washed with 7 ml of wash
buffer (10 mM imidazole in equilibration buffer), and bound proteins
were then eluted from the column with elution buffer (150 mM imid-
azole in equilibration buffer). Eluted fractions were collected in 1.5 mi
aliquots and analyzed by western blot (see above).

2.11.  Co-immunoprecipitation

2 g of anti—Strep tag antibody (Abcam; #ab76949) were incubated
with 200 pl of conditioned media from cells expressing ANGPTL3,
ANGPTLS, or both at 4 °C for 1 h with gentle rotation. For co-
immunoprecipitation experiments in which ANGPTL3 and ANGPTL8
conditioned media were mixed (rather than co-transfection of both
proteins), 2 pg of anti-Strep tag antibody were incubated with 100 pl
of ANGPTL3 conditioned media and 300 pl of ANGPTL8 conditioned
media at 4 °C for 1 h with gentle rotation. For co-immunoprecipitation
experiments with cell lysates, cells were lysed with non-denaturing
lysis buffer (20 mM Tris HCI, 137 mM NaCl, 10% glycerol, 1% NP-
40, 2 mM EDTA, and protease inhibitor). 300 pl of cell lysates were
incubated with 2 pg of anti-Strep tag antibody at 4 °C for 1 h with
gentle rotation. For co-immunoprecipitation experiments with
ANGPTL3 and ANGPTL4, 1.5 pg of anti-V5 tag antibody (Invitrogen;
#46-0705) were incubated with 300 pl of conditioned media from cells
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expressing ANGPTL4 or both ANGPTL3 and ANGPTL4 at 4 °C for 1 h
with gentle rotation. Antibody-antigen complex was then added to
25 ul of Protein A or Protein G Dynabeads (Thermo Scientific) and
incubated at room temperature for 20 min with gentle rotation. Prior to
incubation the Dynabeads were resuspended and washed with 1X PBS
with 0.02% Tween. The Dynabeads-antibody-antigen complex was
then placed on a magnet, and the supernatant was removed for
analysis. The bead complex was washed three times with 1 x PBS with
0.02% Tween, and the antibody—antigen complex was eluted by
incubating the beads with 30 pl 0.1 M citrate (pH 2.3) for 2 min at
room temperature with gentle rotation. Eluted samples were imme-
diately neutralized by adding 8 pl 1 M Tris pH 8.0. Samples were then
subjected to western blotting analysis as described above.

2.12. LPL activity assay with radiolabeled chylomicrons

To prepare radiolabeled chylomicrons, Gpihbp1‘/ ~ mice were fasted
4 h and then gavaged with 100 uCi of [9, 10-3H (N)]-Triolein (Perkin
Elmer) suspended in olive oil. After 4 h, mice were anesthetized and
blood was collected by cardiac puncture. Blood was diluted 1:10 with
0.5 M EDTA (pH 8.0) and centrifuged 1500x g for 15 min at 4 °C to
pellet blood cells. The plasma was then transferred to ultracentrifuge
tubes and mixed 1:1 with PBS. After centrifugation twice at
424,000 g for 2 h at 10 °C, the resulting upper layer containing
chylomicrons was resuspended in PBS to the original plasma volume.
Protein content was assayed using the BioRAD DC Protein Assay.
Radiolabeled chylomicrons were then diluted 100-fold with 1x PBS.
Activity assays were performed by incubating 40 pl of LPL conditioned
media at 37 °C for 30 min with 10 pl of ANGPTL3 alone, ANGPTL8
alone, ANGPTL3 mixed with ANGPTLS8, or ANGPTLS that had been co-
transfected with ANGPTL3. At the end of the 30 min incubation, the
samples were incubated with 50 il of diluted radiolabeled chylomi-
crons at 37 °C for another hour. The reaction was stopped by adding
1.6 ml of heptane: chloroform: methanol (1:1.25:1.41) followed by
500 pl of 0.1 M potassium carbonate (pH 10.5). After centrifugation at
1800x g for 15 min, the radioactivity of the upper phase was deter-
mined in BioSafe Il scintillation fluid on a Beckman-Coulter Liquid
Scintillation Counter (BCLSC6500).

2.13. Adenovirus infections

An adenovirus expressing mouse ANGPTL3 tagged with a Strep-tag
(Strep-tag Il) at the C-terminus was generated by Cyagen Bio-
sciences (Santa Clara, CA). Wild-type and ANGPTL8 '~ mice were
injected via the tail vein with 5 x 108 pfu (diluted in 200 pl of saline) of
adenovirus expressing GFP or ANGPTL3. 4 days after injection, mice
were fasted for 20 h and then re-fed for 4 h. Blood was collected by tail
nick and serum triglyceride levels were determined using a triglyceride
quantification kit (Biovision, Milpitas, CA).

The expression of the recombinant Strep-tagged ANGPTL3 in the livers
of injected mice was confirmed by western blotting using an antibody
against the Strep-tag (1:1000, Abcam, #ab76949). Total levels of
circulating mouse ANGPTL3 were determined using a mouse ANGPTL3
ELISA kit (RayBiotech, catalog #ELM-ANGPTL3-1) following the man-
ufacturer’s instructions.

2.14. NanoBiT luciferase assays for protein-protein interactions

Protein-protein interactions were examined using the NanoLuc® Binary
Technology (NanoBiT) system (Promega) [31]. In this system, Nano
Luciferase [32] has been divided into a 17.6 kDa largeBiT and an 11
amino acid smallBiT. Only when the two BiTs come together is luciferase
activity restored. The largeBiT was appended to the C-terminus of FLAG-
tagged LPL and the smallBiT (11 aa) was appended to the C-terminus of
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the Strep-tagged ANGPTLS3 or the V5/His-tagged ANGPTL8. Conditioned
media containing largeBiT-LPL, smallBiT-ANGPTL3, or smallBiT-
ANGPTL8 were produced in 293T cells as described above. LPL-
GPIHBP1 complexes were formed by incubating RHMVECs stably
expressing GPIHBP1 and grown on white 96-well plates with LPL
conditioned media for 3 h at 4 °C. After washing cells three times with
1x PBS to remove all unbound LPL, cell bound LPL-GPIHBP1 complexes
were incubated with 50 pl smallBiT-ANGPTL3, smallBiT-ANGPTL3 that
had been co-transfected with ANGPTLS, or smallBiT-ANGPTL3 that had
been mixed with ANGPTLS for 15 min at 37 °C. In some experiments, cell
bound LPL-GPIHBP1 complexes were incubated with 50 pul smallBiT-
ANGPTL8, smallBiT-ANGPTL8 that had been co-transfected with
ANGPTLS3, or smallBiT-ANGPTLS8 that had been mixed with ANGPTL3 for
15 min at 37 °C. A matched concentration of an unrelated secreted
protein (ASIP, Agouti-signaling protein) with a C-terminal smallBiT was
used as the negative control. After incubation, cells were washed twice
with 1x PBS and 100 pl of serum-free DMEM was added to each well.
25 pl of 5x NanoLuc Live Cell substrate (Promega) was then added,
resulting in a final volume of 125 pl. Luminescence from each sample
was read with a SpectraMax i3 Multi-Mode Detection Platform.

2.15. Cell binding assays

To detect the binding of ANGPTL3 and ANGPTLS to LPL on the surface
of endothelial cells, RHMVECs expressing GPIHBP1 were incubated
with LPL at 4 °C for 3—4 h. After washing off unbound LPL, cells were
incubated with ANGPTL3 and/or ANGPTLS8 conditioned media or control
conditioned media at 37 °C for 10 min. After again washing the cells
with PBS, cells were lysed using radioimmunoprecipitation assay
buffer (1% Nonidet P-40 substitute, 0.5% sodium deoxycholate, and
0.1% SDS in PBS) with protease inhibitor. Cell lysates were cleared by
centrifugation at 12,000x g at 4 °C for 5 min. Samples were then
analyzed by western blotting.

2.16. Size-exclusion chromatography

Conditioned media from cells co-transfected with ANGPTL3 and
ANGPTL8 was concentrated 10x using an Amicon Ultra-4 Centrifugal
Filter Unit (Millipore, #UFC801024). 100 pl of concentrated conditioned
media was loaded on a Superdex 200 5/150 size exclusion column (GE
Health Life Sciences, #17517501). 150 p fractions were collected and
analyzed by western blotting.

3. RESULTS

3.1. Ability of ANGPTL3 to inactivate LPL

Strep-tagged mouse ANGPTL3 conditioned media was generated from
293T cells as we have described previously for ANGPTL4 [27]. As
expected, when incubated with LPL at 37 °C, ANGPTL3 inhibited LPL in
a time- and dose-dependent manner (Figure 1A). While high con-
centrations of ANGPTL3 abolished LPL activity (Figure 1A and
Figure S1A), LPL protein levels were left unchanged (Figure S1B). We
next tested the ability of ANGPTL3-inactivated LPL to bind the endo-
thelial cell LPL receptor/transporter GPIHBP1. LPL inactivated by heat
or high concentrations of ANGPTL3 was not able to bind GPIHBP1 on
endothelial cells (Figure S1C), whereas control treated LPL or LPL
treated with a concentration of ANGPTL3 insufficient to robustly inhibit
lipase activity (Figure S1A) bound GPIHBP1 avidly (Figure S1C). Thus,
just as we have shown previously for ANGPTL4-inactivated LPL [27],
ANGPTL3-inactivated LPL had little capacity to bind GPIHBP1 on the
surface of endothelial cells.

ANGPTL3 is expressed only in the liver and, thus, could only act on
peripheral tissues in an endocrine manner [14,17]. In this context,
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Figure 1: ANGPTL3 inhibition of LPL. (A) Lipase activity of LPL conditioned media
incubated with control media or the indicated concentrations of ANGPTL3 for 10 or
30 min at 37 °C. Activity was normalized to control treated LPL. Points represent mean
(+SEM) of 2 independent experiments each done in duplicate. (B) GPIHBP1-expressing
RHMVECs were incubated with LPL for 3.5 h at 4 °C. After washing off unbound LPL,
cells were incubated with the indicated concentrations of ANGPTL3 or control media for
30 min at 37 °C and then washed again. Surface-bound LPL was then released from
cells with 100 U/ml heparin and immediately assayed for lipase activity. Activity was
normalized to control treated LPL. Points represent mean (+SEM) of 3 independent
experiments each done in triplicate. (C) Plasma ANGPTL3 concentrations
(mean + SEM) in fasted and fed male C57BL/6 mice (n = 6/group; **p < 0.01).

ANGPTL3 would primarily encounter LPL bound to GPIHBP1 on the
luminal wall of capillaries [8,9]. A previous study, which used soluble
GPIHBP1 and a cell-free system, found that GPIHBP1-bound LPL was
protected from ANGPTL3 inhibition [33]. We asked if this protection
was still observed when using full-length GPIHBP1 anchored to live
endothelial cells. LPL-GPIHBP1 complexes were formed on the surface
of endothelial cells and then treated with 0—750 nM (0—40 pg/ml)
ANGPTL3 conditioned media. After incubation, LPL was released from
the endothelial cells surface by heparin (100 U/ml) and assayed
immediately for lipase activity. ANGPTL3 inhibited GPIHBP1-bound LPL
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in a dose-dependent manner; however, the ANGPTL3 concentration
required for inhibition was substantially higher for GPIHBP1-bound LPL
than for unbound LPL (Figure 1B; compare to Figure 1A).

Because the concentrations of ANGPTL3 required to inhibit LPL were
high, especially when LPL was bound to GPIHBP1, we assessed the
physiological concentrations of ANGPTL3 in the plasma of fed and
fasted mice. Employing the same ELISA used to determine the con-
centration of ANGPTL3 in conditioned media, we found that plasma
ANGPTL3 concentrations in fasted male C57BL/6 mice ranged from
2.11 to 3.28 nM (mean 2.66 nM). Concentrations in fed mice were
slightly higher (3.14—3.75 nM; mean 3.48 nM) (Figure 1C). Based on
our inhibition data, these concentrations of ANGPTL3 would have
minimal impact on LPL activity, yet ANGPTL3-deficient mice clearly
have reduced plasma triglyceride levels and increased LPL activity
[10,11,14]. Thus, we sought to determine what modifying factors
might allow ANGPTL3 to inhibit LPL at physiological concentrations.

3.2. Ability of truncated ANGPTL3 to inactivate LPL

Like other members of the ANGPTL family, ANGPTL3 consists of a
coiled-coil (CCD) N-terminal domain and a fibrinogen-like C-terminal
domain [17]. In vivo, ANGPTL proteins can be cleaved by proprotein
convertases, separating the coiled-coil domain from the fibrinogen-like
domain [34,35]. Like in ANGPTL family member ANGPTL4, the coiled-
coil domain of ANGPTL3 has been reported to be both sufficient and
necessary for LPL inhibition [34]. As it has been previously shown that
a truncated form of ANGPTL4 containing only the coiled-coil domain is
a much more potent LPL inhibitor than the full-length protein [27,36],
we asked if the same was true for ANGPTL3. Such a finding might
explain why ANGPTL3 appeared to be more effective in vivo than
in vitro. We generated Strep-tagged truncated ANGPTL3 (aa 1-221)
conditioned media and tested its ability to inhibit LPL. Truncated
ANGPTL3 inhibited LPL in a dose-dependent manner; however, unlike
the case for ANGPTL4, truncated ANGPTL3 was less effective than full-
length ANGPTL3 in inhibiting free LPL (Figure 2).

3.3. ANGPTL3 interacts with ANGPTL8

ANGPTL3 has been shown to reduce lipolysis in heart and skeletal
muscle after feeding [12], but the levels of ANGPTL3 in mouse plasma
increase only slightly during feeding (Figure 1). The expression of
ANGPTL family member ANGPTLS8, however, is highly induced by
feeding, and it has been proposed that ANGPTLS binds to and regulates
the activity of ANGPTL3 [19,24]. To test if ANGPTLS8 physically interacts
with ANGPTL3, Strep-tagged ANGPTL3 and His-tagged mouse
ANGPTL8 were co-transfected into HEK 293T cells. After 72 h,
conditioned media were collected and His-tagged ANGPTL8 was
bound to and then eluted from a HisTalon column. Western blot
analysis showed that when His-ANGPTL8 and Strep-ANGPTL3 were
co-expressed, both proteins could be eluted from the column
(Figure 3A); whereas, when ANGPTL3 was expressed by itself, no
binding was observed (Figure 3B). The interaction between ANGPTL8
and ANGPTL3 appeared to depend on the coiled-coil region of
ANGPTL3, as truncated ANGPTL3, when co-expressed with His-
ANGPTLS, could also be pulled down (Figure 3C and D). In turn,
when ANGPTL3 was precipitated from conditioned media using anti-
bodies against the Strep-tag (Figure 4A—D), we also observed co-
precipitation of ANGPTL8 (Figure 4C). Together, these data indicated
that ANGPTL3 and ANGPTL8 form a complex when co-expressed.
Interestingly, when ANGPTL3 and ANGPTL8 were transfected sepa-
rately and then mixed, the binding between ANGPTL3 and ANGPTL8
was much less robust (Figure 4D), suggesting that these proteins may
efficiently form a complex only when co-expressed. To determine
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Figure 2: Inhibitory activity of truncated ANGPTL3. (A) Western blot showing protein levels of full-length (F) and truncated (T) ANGPTL3 detected using the Strep-tag antibody.
Cleavage of the C-terminally tagged full-length protein results in the detection of a C-terminal fragment (C). (B) Lipase activity of LPL conditioned media incubated with the indicated
concentrations of full-length or truncated ANGPTL3 conditioned media for 30 min at 37 °C. Activity was normalized to control treated LPL. Points represent mean (+SEM) of 5

independent experiments each done in duplicate.
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Figure 3: Pulldown of ANGPTL3 with ANGPTL8. The conditioned media from cells co-transfected with His-ANGPTL8 and full-length Strep-ANGPTL3 (A), full-length Strep-
ANGPTL3 only (B), His-ANGPTLS and truncated (aa 1-221) Strep-ANGPTL3 (C), or truncated Strep-ANGPTL3 only (D) were bound and eluted from a HisTalon column. Western blots
show starting material (SM), column flow-through (FT), column equilibration washes (Equilibration), 10 mM imidazole washes (Wash), and 150 mM imidazole elutions (Elution).

whether ANGPTL3 and ANGPTLS8 form a complex before secretion, we
performed co-immunoprecipitation experiments on cell lysates rather
than conditioned media. Again, we found that ANGPTL8 could be co-
precipitated with ANGPTL3, indicating that the two proteins form a

complex inside the cell (Figure 4E—G). To test if the formation of a
complex between ANGPTL3 and ANGPTL8 was specific to these two
proteins, we performed co-immunoprecipitation experiments with
ANGPTL3 and the next most closely related family member, ANGPTL4.
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Figure 4: Pulldown of ANGPTL8 with ANGPTL3. (A—D) The conditioned media from cells transfected with Strep-ANGPTL3 (A), ANGPTL8 (B), or both Strep-ANGPTL3 and
ANGPTLS (C), as well as Strep-ANGPTL3 conditioned media mixed with ANGPTL8 conditioned media (D) were precipitated using Strep-tag antibody bound to protein A—coupled
beads. (E—G) The lysates from cells transfected with Strep-ANGPTL3 (E), ANGPTLS (F), or both Strep-ANGPTL3 and ANGPTLS (G) were precipitated using Strep-tag antibody bound
to protein A—coupled beads. (H—I) The conditioned media from cells transfected with V5-ANGPTL4 (H), or both V5-ANGPTL4 and Strep-ANGPTL3 (I) were precipitated using V5-tag
antibody bound to protein G—coupled beads. All western blots show starting material (SM), unbound supernatant (Sup), washes, and elution (E).

When ANGPTL3 and ANGPTL4 were co-expressed, ANGPTL3 was not
co-precipitated with ANGPTL4, suggesting that these two proteins do
not form a complex (Figure 4H and ).

Interestingly, when ANGPTL3 and ANGPTL8 were co-expressed, and
ANGPTL8 was bound to the HisTalon column, significant amounts of
ANGPTL3, but not ANGPTL8, came down in the flow-through, equili-
bration, and wash steps (Figure 3A and C). This appears to indicate
that although ANGPTL8 and ANGPTL3 form a complex, a significant
amount of ANGPTL3 is not in complex with ANGPTLS8. To better un-
derstand the stoichiometry of the ANGPTL3—ANGPTL8 complexes, we
ran conditioned media from cells transfected with both ANGPTL3 and
ANGPTL8 through a size exclusion column. We found that both
ANGPTL3 and ANGPTLS8 were present in fractions representing a large
range of molecular weights (Figure S2). These data suggest that there
may be several species of complexes, with different stoichiometric
ratios of ANGPTL3 and ANGPTLS.

3.4. ANGPTL3 promotes the secretion of ANGPTL8

Although we were able to easily produce ANGPTL3 conditioned media
simply by transfecting 293T cells, our initial attempts to do the same
with ANGPTL8 met with limited success. Although ANGPTL8 protein
was easily detectable in the cell lysate, little protein was secreted into
the media (Figure 5A). Surprisingly, when ANGPTL8 was co-
transfected with ANGPTL3, secreted ANGPTL8 could easily be detec-
ted in media (Figure 5A). ANGPTL8 was also secreted much more
efficiently from HepG2 cells when co-expressed with ANGPTL3
(Figure 5B). Increased secretion of ANGPTL8 in the presence of
ANGPTL3 depended on co-expression as adding ANGPTL3 exoge-
nously (by growing ANGPTL8-transfected cells in ANGPTL3 conditioned
media) did not facilitate ANGPTLS8 secretion (Figure 5C). We found that
truncated ANGPTL3 also promoted ANGPTL8 secretion (Figure 5A),
again suggesting that the N-terminal region of ANGPTL3 mediates its
interactions with ANGPTLS. Consistent with this notion, co-expression
of the C-terminal domain of ANGPTL3 with ANGPTL8 did not promote
the secretion of ANGPTLS into the media (Figure 5D). Combined with
our data showing that ANGPTL3 and ANGPTLS interact only when co-

expressed, these data support a hypothesis that ANGPTL3 and
ANGPTL8 form a complex within the cell and are then secreted
together.

3.5. ANGPTL8 promotes the inhibitory efficiency of ANGPTL3
Previous studies have reported that overexpression of ANGPTL8 by
adenoviral injection increased plasma TG levels in mice (presumably by
decreasing LPL activity), but only when ANGPTL3 was present [19].
These data suggest that ANGPTL8 may function as a modulator of
ANGPTL3 activity. We asked if ANGPTL8 could promote the inhibitory
efficiency of ANGPTL3 ex vivo. To generate sufficient secreted
ANGPTLS8 for controls, ANGPTL8 conditioned media were collected
from stable, lentivirally-transduced 293T cells. We incubated LPL with
ANGPTL3 alone, ANGPTL8 alone, ANGPTL3 and ANGPTLS8 that had
been mixed post-secretion, and co-expressed ANGPTL3 and ANGPTLS.
We found that ANGPTL8 had little ability to inhibit LPL on its own
(Figure 6A). ANGPTL3 displayed some inhibitory activity, but this
inhibitory activity was not enhanced when ANGPTL3 and ANGPTL8
were mixed post-secretion, even if ANGPTL8 and ANGPTL3 were
incubated together before being adding to LPL (Figure 6A). However,
when ANGPTL8 and ANGPTL3 were co-expressed, the inhibitory ac-
tivity of ANGPTL3 was greatly enhanced (Figure 6A). Similar results
were obtained when LPL activity was determined by measuring
lipolysis of radiolabeled chylomicrons (Figure 6B) or when using hu-
man ANGPTL3 and ANGPTLS8 (Figure 6C).

Sonnenburg et al. previously reported that GPIHBP1 protects LPL from
ANGPTL3 inhibition [33], and our data with ANGPTL3 alone were
consistent with that report (see Figure 1). Thus, we asked if ANGPTL8
could promote the inhibitory efficiency of ANGPTL3 when LPL was
anchored to endothelial cells by GPIHBP1. As before, LPL-GPIHBP1
complexes were formed on the surface of endothelial cells. Cells
were then incubated with ANGPTL3 alone, ANGPTL8 alone, ANGPTL3
and ANGPTLS that had been mixed post-secretion, and co-expressed
ANGPTL3 and ANGPTLS. After incubation, LPL was released into so-
lution by heparin (100 U/ml) and immediately assayed for lipase ac-
tivity. Consistent with our previous observations, ANGPTL3 alone,
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Figure 5: Secretion of ANGPTL8. (A) Western blots showing conditioned media (lanes 1—6) and cell lysates (lanes 7—12) from 293T cells transfected with full-length (F) or
truncated (T) ANGPTL3 and/or with ANGPTLS. Blots on the right show media after 10-fold concentration using Millipore centrifugal filter units. (B) Western blots against ANGPTL8
showing cell lysates, conditioned media, and 10x concentrated conditioned media from HepG2 cells transfected with full-length ANGPTL3 and/or ANGPTLS. (C) Western blots
showing cell lysate (lanes 1—3) and conditioned media (lanes 5—7) from 293T cells transfected with ANGPTLS alone (lanes 1 and 5), ANGPTLS alone and incubated in ANGPTL3
conditioned media for 48 h (lanes 2 and 6), or co-transfected with ANGPTL8 and ANGPTL3 (lanes 3 and 7). (D) Western blots showing conditioned media (lanes 1—6) and cell
lysates (lanes 7—12) from 293T cells transfected with full-length ANGPTLS3 (F), the C-terminal domain of ANGPTL3 (C) and/or with ANGPTLS. All western blots were performed with

antibodies against the V5 tag for ANGPTL8 and against the Strep tag for ANGPTL3.

ANGPTLS alone, and ANGPTL3 mixed with ANGPTLS8 had little ability to
inhibit GPIHBP1-bound LPL, whereas co-expressed ANGPTL3 and
ANGPTL8 demonstrated significant inhibition (Figure 6D). It is impor-
tant to note that although ANGPTL3—ANGPTL8 complexes could inhibit
LPL, GPIHBP1 still provided substantial protection from inhibition
(Figure 6D).

Although on its own, truncated ANGPTL3 was not more effective than
full-length ANGPTL3 at inhibiting LPL, we considered the possibility
that ANGPTL8 might be an even more potent activator of truncated
ANGPTL3 than of full-length ANGPTL3. When using equivalent protein
levels (Figure S3A), co-expression with ANGPTL8 did increase the
ability of truncated ANGPTL3 to inhibit LPL; however, as before, this
inhibition did not exceed that observed with full-length ANGPTL3
(Figure S3B). Similar results were observed when we tested the ability
of truncated ANGPTL3 to inhibit LPL bound to endothelial cells by
GPIHBP1 (Figure S3C).

Previous studies have shown that ANGPTL8 requires ANGPTL3 to
modulate plasma triglyceride levels. Our data suggest that the converse
is also true, that at physiological concentrations, ANGPTL3 also requires
ANGPTLS to inhibit LPL. To test this notion in vivo we injected wild-type
and Angptl8— '~ mice with adenovirus expressing either mouse
ANGPTL3 or GFP. After 5 days we measured liver and plasma protein
levels and plasma triglycerides in the fed state. Western blot analysis of
liver samples showed successful expression of exogenous ANGPTL3
(Figure 7A). Total plasma concentrations of ANGPTL3 were increased
2—2.5-fold in both wild-type and Angptl8’/* mice injected with
ANGPTL3 adenovirus (Figure 7B). Plasma triglycerides in wild-type mice
injected with ANGPTL3-adenovirus were significantly increased
compared to GFP-adenovirus injected controls, and this increase in
triglyceride levels was proportional to the increase in plasma ANGPTL3
(Figure 7C). Injection of ANGPTL3-adenovirus into Angptl8— I= mice,
however, led only to a marginal, and not statistically significant, in-
crease in plasma triglyceride levels (Figure 7C), despite the fact that the
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increase in plasma ANGPTL3 was similar to that observed in wild-type
mice. These data suggest that ANGPTLS is required for efficient inhi-
bition of LPL by ANGPTL3 in vivo.

3.6. ANGPTL8 promotes the binding of ANGPTL3 to LPL

We next examined the mechanism by which ANGPTLS increased the
inhibitory activity of ANGPTL3. We hypothesized that ANGPTL8 might
increase LPL inhibition by increasing the ability of ANGPTL3 to bind
LPL. To test this hypothesis, we used Promega’s split-luciferase
NanoBiT system, wherein two parts of NanoLuciferase (the largeBiT
and the smallBiT) are appended to proteins, and luciferase activity is
only reconstituted when the target proteins interact [31]. The largeBiT
was appended to the C-terminus of LPL while ANGPTL3 was tagged
with the smallBiT. Thus, functional luciferase activity would only be
reconstituted when LPL and ANGPTL3 interact. As a negative control
we attached the smallBiT to ASIP (Agouti-signaling protein), an unre-
lated secreted protein that has no known role in LPL metabolism [37].
We asked if ANGPTL8 could enhance the ability of ANGPTL3 to bind
LPL on the surface of endothelial cells by incubating smallBiT-
ANGPTL3 alone or in combination with ANGPTL8 with largeBiT-LPL
bound to endothelial cells by GPIHBP1. When LPL-GPIHBP1 com-
plexes were incubated with ANGPTL3 alone, we did not observe
luciferase activity above that of the negative control, indicating little
binding to LPL (Figure 8A). However, when ANGPTL3 was co-
expressed with ANGPTL8, significant luciferase activity was
observed, indicating that ANGPTLS could greatly enhance the ability of
ANGPTL3 to bind LPL (Figure 8A). Consistent with our previous ob-
servations, mixing ANGPTL3 and ANGPTLS8 that had been expressed
separately did not enhance ANGPTL3 binding (Figure 8A).

To determine if the binding of ANGPTL3—ANGPTL8 complexes to LPL
was primarily mediated by ANGPTLS, we performed experiments with
smallBiT-tagged ANGPTL8. We found that smallBiT-ANGPTL8 alone
bound poorly to LPL, but that binding was greatly enhanced when
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Figure 6: Enhancement of LPL inhibition by ANGPTLS. Lipase activity of LPL conditioned media incubated with the conditioned media of cells expressing ANGPTL3 alone
(ANGPTL3), ANGPTLS8 alone (ANGPTLS), both ANGPTL3 and ANGPTL8 (A3 + A8 co-transfected), a mixture of ANGPTL3 and ANGPTL8 conditioned media (A3 + A8 mixed) or a
mixture of ANGPTL3 and ANGPTLS8 conditioned media that was incubated for 30 min at 37 °C before being added to LPL (A3 + A8 mixed and pre-incubated). (A) Lipase activity of
LPL after incubation with the indicated concentrations of mouse ANGPTL3 and/or mouse ANGPTL8 conditioned media for 30 min at 37 °C as measured by fluorescence assay.
Points represent mean (=SEM) of 3 independent experiments each done in duplicate. (B) Lipase activity of LPL after incubation with the indicated concentrations of mouse
ANGPTL3 and/or mouse ANGPTL8 conditioned media for 30 min at 37 °C as measured by the lipolysis of radiolabeled chylomicrons. Points represent mean (+SEM) of 3 in-
dependent experiments each done in quadruplicate. (C) Lipase activity of LPL after incubation with the indicated concentrations of human ANGPTL3 and/or human ANGPTL8
conditioned media for 30 min at 37 °C as measured by fluorescence assay. Points represent mean (+SEM) of 3 independent experiments each done in duplicate. (D) Lipase activity
of GPIHBP1-bound LPL (see Figure 1) incubated with the indicated concentrations of ANGPTL3 and/or ANGPTL8 conditioned media for 30 min at 37 °C and then washed. Points
represent mean (+SEM) of 3 independent experiments each done in triplicate. For each graph, activity was normalized to control treated LPL. **p < 0.01; ***p < 0.001 compared

to ANGPTL3 alone.

smallBiT-ANGPTL8 was co-expressed with ANGPTL3 (Figure 8B),  with ANGPTL3 alone (Figure 8C; lanes 1—3). However, binding of both
These data suggest that neither ANGPTL3 nor ANGPTL8 alone binds  ANGPTL3 and ANGPTL8 was observed when cells were incubated with
efficiently to LPL, but binding is greatly enhanced when the two pro- ANGPTL3 and ANGPTLS that had been co-expressed (Figure 8C; lanes
teins form a complex. 4—6), again indicating that co-expression of both proteins is necessary
To confirm these findings, we used western blot analysis to analyze the  for efficient binding to GPIHBP1-bound LPL.

binding of ANGPTL3 and ANGPTLS to LPL-GPIHBP1 complexes on the

surface of endothelial cells. After incubating GPIHBP1-expressing 4. DISCUSSION

endothelial cells with LPL to generate cell-bound LPL-GPIHBP1 com-

plexes, these cells were incubated with ANGPTL3, ANGPTLS, or both. In this study, we investigated the mechanism by which ANGPTL8
After washing off unbound protein, cells were harvested and analyzed promotes the inhibitory efficiency of ANGPTL3. Our major findings
by western blot to determine ANGPTL3 and ANGPTL8 binding. were that (1) neither full-length nor truncated ANGPTL3 was a potent
ANGPTLS alone did not bind to cells (Figure 8C; lanes 7—9), and only  inhibitor of LPL. (2) ANGPTL3-inactivated LPL was not able to bind
weak binding of ANGPTL3 was detected when cells were incubated  GPIHBP1. (3) ANGPTL8 can form a complex with both truncated and
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Figure 7: Overexpression of ANGPTL3 in ANGPTL8-deficient mice. 14—15 week
old male wild-type and Angpti8~'~ mice (n = 3—5/group) were injected via the tail
vein with adenovirus expressing either Strep-tagged mouse ANGPTL3 (A3) or GFP. After
4 days, mice were fasted for 20 h and then re-fed for 4 h. (A) Western blot of liver
lysates from Angpt/8 '~ mice using an antibody against the Strep-tag. (B) Total plasma
ANGPTL3 levels as measured by ELISA. Bar graphs show mean + SEM. C. Plasma
triglyceride levels (mean + SEM; ***p < 0.001; ns, not significant).

full-length ANGPTL3, but only when the proteins are co-expressed. (4)
ANGPTL3 facilitates the secretion of ANGPTLS. (5) ANGPTL8 enhances
the ability of ANGPTL3 to inhibit LPL and does so in part by improving
the binding of ANGPTL3 to LPL.

The ability of ANGPTL3 to modulate LPL activity and regulate triglyc-
eride metabolism is supported by a preponderance of physiological
data. ANGPTL3-deficient mice have lower plasma triglycerides and
increased post-heparin plasma LPL activity, whereas ANGPTL3 over-
expression increases plasma triglycerides [10—12,14,16]. Moreover,
biochemical studies have reported that ANGPTL3 can directly inhibit
LPL in vitro [13,33,34]. However, each of these studies required
supraphysiologic concentrations of ANGPTL3 to inhibit LPL. Likewise,
our studies required high concentrations of ANGPTL3, and this issue
was further compounded when LPL was bound to GPIHBP1 on the
surface of endothelial cells, the context in which ANGPTL3 most likely
encounters LPL. In aggregate, these results suggest that ANGPTL3
must be activated in some way before it can effectively regulate LPL. A
previous study found that ANGPTL3 cleavage improved ANGPTL3

action in vivo, but the same study found that preventing ANGPTL3
cleavage had no effect on LPL inhibition in vitro [34]. Our data are
consistent with the latter finding, and, furthermore, we show that
truncated ANGPTL3 does not improve inhibition of GPIHBP1-bound
LPL. The physiological role of cleaved ANGPTL3 is not yet clear, but
it is possible that removal of the fibrinogen-like domain improves its
endocrine qualities in some way, perhaps by improving its circulation.
Despite previous evidence that ANGPTL3 and ANGPTL8 may act
together [19], the nature of this interaction has remained elusive. Our
data suggest that ANGPTL3 and ANGPTL8 form a complex and do so
much more efficiently when the two proteins are co-expressed. It is not
clear why complex formation is more efficient when the proteins are
co-expressed, but there are several possibilities. Glycosylation or other
post-translational modifications may inhibit complex formation after
secretion. It is also possible that, in the absence of ANGPTL8, ANGPTL3
forms homooligomers [25], and that formation of these oligomeric
structures prevents oligomerization with ANGPTL8. Finally, it is
possible that co-translation and co-folding of the proteins, perhaps in
the presence of a chaperone, is necessary for the proteins to adopt a
confirmation conducive to complex formation.

As a complex, ANGPTL3 and ANGPTL8 exhibited a greatly enhanced
ability to bind LPL compared to either protein alone, thus providing a
clear mechanism by which ANGPTL8 augments ANGPTL3’s inhibitory
action. While this manuscript was in preparation, Haller et al. published
their findings, which, like ours, strongly support the hypothesis that
ANGPTLS8 requires ANGPTL3 to inhibit LPL activity [38]. Their data
suggested a model wherein the binding of ANGPTL3 to ANGPTL8
unmasks an inhibitory motif in ANGPTLS, thus allowing ANGPTLS to act
on LPL. This model is compatible with our data, and it could be that the
unmasking of a motif in ANGPTL8 is what allows the complex as a
whole to bind and inhibit LPL.

Our study also indicates that ANGPTL3, unless highly overexpressed,
cannot significantly inhibit LPL in the absence of ANGPTLS, and pro-
vides clear evidence that ANGPTLS is responsible for the activation of
ANGPTL3. Only when ANGPTL3 and ANGPTLS8 were co-expressed could
they robustly inhibit LPL. Moreover, in vivo overexpression of ANGPTL3
significantly increased plasma triglycerides only in wild-type mice but
had little effect on triglycerides in Angpti8— '~ mice. As ANGPTLS is
induced in the fed state [19,20], our results explain why ANGPTLS,
despite exhibiting consistent expression across feeding states [25],
primarily modulates LPL activity in the fed state [12]. Extreme over-
expression of ANGPTL3 may increase plasma ftriglycerides in the
absence of ANGPTLS, as ANGPTL3 at high concentrations can inhibit
LPL in the absence of ANGPTLS (see Figure 1), but there is no evidence
that, physiologically, such high levels of ANGPTL3 ever occur.

It had been previously proposed that ANGPTL8 may function to pro-
mote the cleavage of ANGPTL3 [19]. However, a later study showed
that ANGPTL8 was not required for ANGPTL3 cleavage [21], and our
own data suggest that ANGPTL3 cleavage alone would not be sufficient
to render ANGPTL3 into an effective LPL inhibitor. Instead, we found
that ANGPTL8 forms a complex with ANGPTL3 and it is this complex
that is necessary to efficiently bind and inhibit LPL.

We found that ANGPTLS8 required ANGPTL3 co-expression to be effi-
ciently secreted from cells. This finding explains an initial study
showing that ANGPTL8 could not be secreted from cells [20] and is
consistent with a more recent study showing that ANGPTL8 was
secreted from CHO cells co-transfected with ANGPTL3 [39]. This
observation also has important physiological implications. Both
ANGPTL3 and ANGPTLS8 are expressed in liver [14,17—20] and thus
both could be secreted from liver as a complex, enter into the circu-
lation, and inhibit vascular LPL. In addition to the liver, ANGPTLS is also
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Figure 8: Binding of ANGPTL3 and ANGPTLS to LPL. GPIHBP1-expressing RHMVECs were incubated with largeBiT-LPL (A and B) or flag-LPL (C) for 3.5 h at 4 °C and unbound
LPL was washed away. (A) Relative luminescence of cells incubated with control (smallBiT-ASIP), smallBiT-ANGPTL3 (smA3), smallBiT-ANGPTL3 and ANGPTL8 co-transfected (co-
tfxn), or smallBiT-ANGPTL3 and ANGPTLS separately transfected and then mixed (mixed) for 15 min at 37 °C, and then washed. Bar graphs show mean (+SEM) of 4 independent
experiments each done in triplicate. (B) Relative luminescence of cells incubated with smallBiT-ANGPTL8 (smA8), smallBiT-ANGPTL8 and ANGPTL3 co-transfected (co-tfxn), or
smallBiT-ANGPTL8 and ANGPTL3 separately transfected and then mixed (mixed) for 15 min at 37 °C, and then washed. Bar graphs show mean (SEM) of 3 independent
experiments each done in triplicate. (G) Western blot of lysates from cells incubated with ANGPTL3 only, ANGPTLS only, or ANGPTL3 and ANGPTL8 co-transfected conditioned
media for 10 min at 37 °C and then washed. Western blot is representative of 3 independent experiments done in triplicate.

expressed in adipose tissue. Despite this expression, ANGPTL8 ap-
pears to inhibit LPL activity primarily in heart and skeletal muscle, not
in adipose tissue [24]. Our study implies that ANGPTL8 would not be
secreted efficiently from adipose tissue, as adipose lacks ANGPTL3
expression. Because ANGPTL8 must interact with ANGPTL3 to bind or
inhibit LPL, the role of ANGPTL8 in adipose tissue is likely LPL-
independent. It is important to note that although ANGPTLS required
ANGPTL3 for efficient secretion, the reverse was not true. ANGPTL3
was efficiently secreted from cells even when it was not co-transfected
with ANGPTLS, and circulating levels of ANGPTL3 in Angpt/8’/ ~ mice
were not lower than those in wild-type mice.

Our data strongly suggest that ANGPTL3 requires ANGPTLS to inhibit
LPL. However, our data also suggest that far more ANGPTL3 is
secreted than ANGPTLS, a result consistent with human data; studies
have found that circulating ANGPTL3 levels are 10- to 500-fold higher
than circulating ANGPTLS levels [40—42]. Moreover, our pull-down
experiments suggest that even when ANGPTL3 and ANGPTLS8 are
co-expressed, a significant amount of ANGPTL3 is not complexed with
ANGPTLS. Together, these data suggest that ANGPTL3 may have an
ANGPTL8-independent function. Although further studies will be
needed to elucidate this function, one possibility is the inhibition of
endothelial lipase. ANGPTL3 has been shown to inhibit endothelial
lipase [43], but the role of ANGPTL8 in this inhibition, if any, is not
known. It is possible that ANGPTL3 inhibits endothelial lipase in the
absence of ANGPTLS, but when ANGPTLS is expressed, a subset of
ANGPTL3 forms a complex with ANGPTL8 allowing efficient inhibition
of LPL.

In summary, the current study is consistent with a model in which
ANGPTLS, expressed in the fed state, activates the ability of ANGPTL3
to inhibit LPL [12,19,44] and provides a clear mechanism by which
that activation occurs. Suppressing ANGPTL3 activity has been shown
to reduce triglyceride levels in mice and monkeys [45], and recently
reported studies found that targeting ANGPTL3 in humans also low-
ered plasma triglycerides [46,47]. Recent studies have also shown
that antibodies that block ANGPTL8 likewise reduce plasma tri-
glycerides in mice, humanized ANGPTL8 mice, and dyslipidemic
cynomolgus monkeys [24,48]. Our studies provide mechanistic
insight into the interactions of ANGPTL3 and ANGPTL8 and thus
provide critical information that could be used for development of
therapeutics targeting ANGPTLS or the interactions between ANGPTL8
and ANGPTL3. Going forward, it will be increasingly important to
understand how modulating ANGPTLS function may affect metabolism
and human health.
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