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The angiopoietin-like protein 3 (ANGPTL3) is an important
inhibitor of the endothelial and lipoprotein lipases and a prom-
ising drug target. ANGPTL3 undergoes proprotein convertase
processing (RAPR*?* | TT) for activation, and the processing
site contains two potential GaINAc O-glycosylation sites imme-
diately C-terminal (TT??®). We developed an in vivo model sys-
tem in CHO 1dID cells that was used to show that O-glycosyla-
tion in the processing site blocked processing of ANGPTL3.
Genome-wide SNP association studies have identified the
polypeptide GalNAc-transferase gene, GALNT2, as a candidate
gene for low HDL and high triglyceride blood levels. We hypoth-
esized that the GalNAc-T2 transferase performed critical O-gly-
cosylation of proteins involved in lipid metabolism. Screening of
a panel of proteins known to affect lipid metabolism for poten-
tial sites glycosylated by GalNAc-T2 led to identification of
Thr?2° adjacent to the proprotein convertase processing site in
ANGPTL3. We demonstrated that GalNAc-T2 glycosylation of
Thr?*® in a peptide with the RAPR?*>* | TT processing site
blocks in vitro furin cleavage. The study demonstrates that
ANGPTL3 activation is modulated by O-glycosylation and that
this step is probably controlled by GalNAc-T2.

Site-specific O-glycosylation is emerging as a novel mecha-
nism that regulates the action of proprotein convertase (PC)?
processing of proteins (1). PC processing is crucial in regulating
many fundamental biological pathways (2). O-Glycans in or
immediately adjacent to the recognition sites of PCs can inter-
fere with proteolysis required for activation or inactivation of
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proteins normally undergoing processing. We recently pre-
sented the first example of O-glycosylation-mediated regula-
tion of the PC processing of the phosphaturic factor FGF23 (1),
which results in functional inactivation of FGF23 and direct
inhibition of the FGFR receptor by the released C-terminal
fragment (3). Deficiency in intact FGF23 leads to the rare syn-
dromes familial tumoral calcinosis and hyperostosis-hyper-
phosphatemia associated with hyperphosphatemia (4). Defi-
ciency in FGF23 can be caused by either mutations in the
UDP-GalNAc:polypeptide a-N-acetylgalactosaminyltransferase
T3 (GalNAc-T3) that O-glycosylates the PC recognition site
(RHTR'”®) of FGF23 or by mutations in FGF23 resulting in loss
of secretion (5). Importantly, mutations in the PC recognition
site of FGF23 that completely block cleavage lead to the mirror
disease autosomal dominant hypophosphatemic Ricketts (6).
Thus, O-glycosylation in the PC site is essential for preventing
inactivation, whereas some degree of inactivation at the PC site
is equally important. More recently, it was also found that furin
processing of the brain natriuretic peptide precursor, pro-brain
natriuretic peptide, was blocked by O-glycosylation (7, 8).
These examples suggest that site-specific O-glycosylation
directed by GalNAc-transferase isoforms play a direct regu-
latory role in PC processing.

ANGPTL3 (angiopoietin-like protein 3) expressed by the
liver is an important inhibitor of the lipoprotein lipase (LPL) (9)
and endothelial lipase (EL) (10), which both belong to the AB
hydrolase superfamily (lipase family) and share 45% sequence
identity. LPL is primarily expressed in heart, muscle, and adi-
pose tissue, whereas the major EL expression is found in liver,
placenta, and lung (11). Despite their homology, they exert their
effect on lipoprotein metabolism quite differently. LPL primar-
ily functions as a triglyceride (TG) lipase on chylomicrons and
VLDL particles, whereas EL functions as a phospholipase with
the phospholipid-rich high density lipoprotein (HDL) as its
primary substrate (12). ANGPTL3 undergoes PC processing in
the RAPR*** | TT sequence motif for activation (13), and the
processing site contains two potential Thr O-glycosylation sites
immediately C-terminal at the P1’'- and P2’-positions. The
mature processed N-terminal domain of ANGPTL3 is a consid-
erably more potent inhibitor than the proprotein, especially in
vivo (13, 14). The C-terminal fibrinogen-like domain induces
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endothelial cell adhesion and angiogenesis in vivo (15). Defi-
ciency in ANGPTLS3 in the KK/San mouse strain lowers serum
TG, HDL-C, and HDL-phospholipid levels, and these can be
restored by adenoviral supplementation with ANGPTL3 in
agreement with its lipase-inhibitory function (9, 10, 16). Studies
describing the relationship between human serum ANGPTL3
and parameters of lipid and cholesterol metabolism generally
agree on a positive correlation between serum ANGPTL3 and
HDL-C, but conflicting results on the correlation with TG lev-
els exist (10, 17). Collectively, the results of these studies stress
the involvement of ANGPTL3 in TG and HDL metabolism,
albeit the precise role of ANGPTL3 and the consequences
thereof are still not fully resolved.

Considerable evidence indicates that high LDL cholesterol,
low HDL cholesterol, and high TG blood levels are independent
factors predisposing for coronary artery disease and stroke, and
these are strongly influenced by genetic variants in multiple
genes, including ANGPTL3 and GALNT?2 (18, 19). The latter
gene encodes another GalNAc-transferase isoform, GalNAc-
T2, involved in the initiation of O-glycosylation (20). In a recent
study, the genetic association of GalNAc-T2 with altered
plasma lipids was validated in a mouse model, and expression
of murine GalNAc-T2 in the liver was shown to correlate
inversely with plasma HDL cholesterol levels (21). We hypoth-
esized that GalNAc-T2 could be involved in O-glycosylation of
one or more proteins involved in lipid metabolism and thereby
affect HDL and TG levels. We screened a panel of proteins
known to affect lipid metabolism for potential O-glycosylation
sites selectively glycosylated by the GALNT2 isoform and iden-
tified ANGPTL3. We demonstrated that ANGPTL3 was
O-glycosylated at Thr?*® immediately adjacent to a PC pro-
cessing site (RAPR*** | TT) by GalNAc-T2. ANGPTLS3 is
exclusively expressed in the liver, and of the tested GalNAc-
transferases capable of glycosylating ANGPTL3, only the
GalNAc-T2 isoform is expressed in the liver. O-Glycosyla-
tion of ANGPTL3 expressed in CHO 1dID cells blocked PC
processing. Furthermore, we demonstrated that glycosyla-
tion of ANGPTL3 at Thr**® in the PC RAPR*** | TT pro-
cessing site by GalNAc-T2 blocks in vitro furin cleavage,
further suggesting that GalNAc-T2-mediated O-glycosyla-
tion plays a regulatory role of activation of ANGPTL3 and
hence lipid metabolism.

EXPERIMENTAL PROCEDURES

Glycosyltransferase Assays—All recombinant glycosyltrans-
ferases were expressed as soluble secreted truncated proteins in
insect cells as described previously (22). Screening assays for
GalNAc-transferases with peptides (Schafer-N, Sigma) were
performed as product development assays in 25 ul of 25 mm
cacodylic acid sodium, pH 7.4, 10 mm MnCl,, 0.25% Triton
X-100, 1.5 mm UDP-GalNAc (Sigma), 10 ug of acceptor pep-
tides, and 0.5 ug of purified enzyme.

Chemoenzymatic Synthesis of Glycopeptides—GalNAc O-
glycosylation was performed in 25 mm cacodylic acid sodium,
pH 7.4, 10 mm MnCl,, 0.25% Triton X-100, 1.5 mm UDP-
GalNAc, 0.4 mg/ml acceptor peptides, and 15 pg/ml GalNAc-
T2. Core 1 galactosylation was performed in 100 mm MES, pH
6.0, 20 mm MnCl,, 0.1% Triton X-100, 2.6 mm UDP-Gal
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(Sigma), 0.4 mg/ml of GalNAc-glycosylated ANGPTL3 pep-
tide, and dC1Gal-T1 (22). Sialylation with ST6GalNAc-I was
performed in 50 mm MES (pH 6.0), 20 mm EDTA, 2 mum dithio-
threitol, 2 mm CMP-NeuAc, 0.4 mg/ml GalNAc-glycosylated
ANGPTL3, and human ST6GalNAc-I (22). Synthesis was per-
formed sequentially with HPLC purification between each
step, and all glycopeptides were purified and analyzed by
MALDI-TOEF.

Characterization of O-Glycosylation Sites—The product of
ANGPTL3 dodecapeptide with GalNAc-T2 was characterized
by electrospray ionization-linear ion trap-Fourier transform
mass spectrometry in an LTQ-Orbitrap XL hybrid spectro-
meter (Thermo-Scientific, Bremen, Germany), equipped with
electron transfer dissociation (ETD) for peptide sequence anal-
ysis by MS/MS (MS?) with retention of glycan site-specific frag-
ments. The sample was dissolved in methanol/water (1:1) con-
taining 1% formic acid and introduced by direct infusion via a
TriVersa NanoMate ESI-Chip interface (Advion BioSystems,
Ithaca, NY), at a flow rate of ~100 nl/min and 1.4 kV spray
voltage. Mass spectra were acquired in positive ion Fourier
transform mode at a nominal resolving power of 30,000; in
addition to the normal calibration process, a polydimethylcy-
closiloxane ion (m/z 445.1200) was used as an internal refer-
ence in MS'. Several ETD-MS? spectra were acquired on the
MH;*, MH3™", and MH3 " molecular precursor isotope clusters
using an isolation width of 5 mass units; normalized collision
energy, 35%; activation Q, 0.25; activation time of either 100,
150, or 200 ms; and supplemental activation, 20%. Experimen-
tal MS* spectra were analyzed by comparison with exact m/z
values calculated for the observed molecular ion charge states,
using the known ANGPTL3 dodecapeptide sequence incre-
mented with 1 HexNAc residue; ETD-MS? spectra were ana-
lyzed by comparison with theoretical c- and z:-fragment m/z
values calculated for both positional combinations of one
HexNAc residue on the two potential glycosylation sites in the
sequence. Calculations were performed using World Wide
Web-based Protein Prospector MS-Isotope and MS-Product
software routines.

Recombinant ANGPTL3 (Alexis Biochemicals) was GalNAc
O-glycosylated with 20 ug/ml GaINAc-T2 and 2 ug of the pro-
tein as described for the peptide acceptors. The glycosylation
reaction was stopped, and proteins were separated on a NuPage
BisTris 4—12% gel (Invitrogen), followed by Coomassie protein
staining. The ANGPTL3 band at 62 kDa was manually excised
and then reduced and alkylated, followed by in-gel digestion
with sequencing grade trypsin (Promega). 0.5 ul of the extract
and 0.5 pl of 2,5-dihydrobenzoic acid (1 mg/ml) were mixed
and applied to a 600-um AnchorChip target (Bruker) with a
peptide standard in dedicated calibration positions. Automatic
acquisition of MALDI-TOF MS spectra was performed on a
Bruker Reflex IV mass spectrometer. Spectra were recorded in
the positive ion mode with external calibration using a pulsed
UV laser beam (nitrogen laser, wavelength = 337 nm) and an
acceleration voltage of 20 kV. The reflector voltage was set to
22.5kV. Methods for automatic acquisition were defined in the
autoexecute module of the FlexControl 1.3 software (Bruker).
The raw spectra were processed by the FlexAnalysis 2.4 soft-
ware, and the generated peak lists were transferred to the
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Biotools 3.0 module (Bruker), which triggered batch searches
in the NCBI non-redundant protein data base using the
MASCOT PMF search tools (Matrix Science, London, UK).
Searches were restricted to human and trypsin specificity with
one missed cleavage allowed. The maximum mass error was
100 ppm for externally calibrated spectra, and carbamido-
methylation of cysteine and oxidation of methionine was
considered.

Expression in CHO ldID Cells—An expression construct of
the entire coding sequence of human ANGPTL3 was cloned
into pcDNA3.1/V5/His (C-terminal tags). Reporter constructs
containing either 32 amino acids from ANGPTL3 or 30 amino
acids from FGF23, furin cleavage sites and O-glycosylation
sites, followed by 20 amino acids from the MUCI1 tandem
repeat containing O-glycosylation sites and the 5E5 antibody
epitope were synthesized. Full-length monomeric EYFP (23)
was amplified using primers 5'-GCGGGATCCAAATG-
GTGAGCAAGGGCGAGGAG-3’ and 5'-GCGAATTCCTT-
GTACAGCTCGTCCATGCCG-3" (BamHI and EcoRI over-
hangs are underlined) and inserted into the BamHI/EcoRI site
of amodified expression vector pcDNA-inf (GenBank™ acces-
sion number AJ131287). pcDNA-inf was modified by shifting
the BamHI/EcoRI site one frame relative to the vy-inter-
feron-encoded signal peptide sequence. The generated
expression vector was designated pcDNA-y-mEYFP. Two syn-
thetic constructs encoding either His tag-flanked ANGLPTL3
or FGF23 fused to the MUC1 tandem repeat (Eurofins
MWG Operon) were inserted into the EcoRI/Notl site of
pcDNA-y-mEYFP, generating pcDNA-y-mEYFP-ANGLPTL3
and pcDNA-y-mEYFP-FGF23.

CHO 1dID cells with defective UDP-Gal/UDP-GalNAc
4-epimerase (24) were grown in Ham’s F-12/Dulbecco’s modi-
fied Eagle’s medium (1:1, v/v) supplemented with 3% fetal
bovine serum and 1% glutamine. Cells were either transfected
with 2 ug of pcDNA3.1 full coding ANGPTL3 or 2 ug of
ANGPTL3 and FGF23 reporter constructs using Lipo-
fectamine 2000 according to the manufacturer’s instructions.
Transient expression was analyzed 48 h post-transfection, and
stable transfectants were selected in 0.4 mg/ml Zeocin (Invitro-
gen) by monitoring anti-V5 (R960-25, Invitrogen) staining or
YFEP tag fluorescence. To evaluate the effects of O-glycosyla-
tion, CHO IdID transfectant cells were grown in medium
supplemented with 0.1 mm galactose (Gal), 1 mm GalNAc (Gn),
or a combination.

SDS-PAGE Western Blot Analysis—Cell culture medium
(10 ul) was separated on NuPage Novex BisTris 4-12% gels
(Invitrogen) and blotted onto nitrocellulose membrane for 60
min, followed by incubation in Western Breeze blocking solu-
tion (Invitrogen). Following wash in Tris-buffered saline (TBS)
plus 0.05% Tween 20, the membranes were incubated in pri-
mary antibody (mouse anti-V5-AP (Invitrogen), rabbit anti-
EYFP (Living Colors, Clontech), mouse anti-Tn-MUC1 mAb
5E5 (22), or mouse anti-ANGPTL3 1D10 (Alexis Biochemi-
cals)) overnight at 4 °C. Blots were developed with 5-bromo-4-
chloro-3-indolyl phosphate/nitro blue tetrazolium substrate
after incubation with secondary alkaline phosphatase-conju-
gated antibodies for 1 h at room temperature.
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Furin Cleavage of Peptides and Glycopeptides—A modifica-
tion of an in vitro cleavage assay with a human furin protease
(Sigma) was used to analyze furin cleavage of FGF23- and
ANGPTL3-related peptides and glycopeptides covering the
-RHTR- and -RAPR- sites, respectively (1). The assay was per-
formed in 100 mm Hepes (pH 7.5), 1 mm CaCl,, 0.5% Triton
X-100, 2 mMm DTT using 10 ug of peptide or glycopeptide sub-
strate and 1 unit of enzyme in a total volume of 50 ul. The
mixture was incubated at 37 °C, and product development was
evaluated after 0.5, 1.5, and 5 h by MALDI-TOF.

Inhibition of Furin-mediated Cleavage—CHO 1dID cells sta-
bly expressing FGF23,,, or ANGPTL3,,,, were grown to 50%
confluence in 6-well dishes, and the medium was replaced with
fresh medium containing a 100, 50, 25, 10, or 0 uM concentra-
tion of the cell-permeable Furin inhibitor Dec-RVKR-CMK
(EMD Chemicals) in DMSO. After 24 and 48 h, growth cell
culture supernatant was sampled and assayed by SDS-PAGE
Western blotting.

RESULTS

Identification of O-Glycoproteins Involved in HDL Metabo-
lism as Targets for Selective GalNAc-T2-mediated O-Glyco-
sylation—Two genome-wide association studies recently iden-
tified several novel putative genes associated with plasma levels
of LDL-cholesterol, HDL-cholesterol, and triglycerides (18, 19).
Of interest for the present study was the identification of SNPs
in the first intron of the GalNAc-T2 gene associated with both
HDL and triglyceride TG plasma levels. Subsequent studies on
other populations have confirmed this association and vali-
dated that GalNAc-T2 plays a role in HDL cholesterol in a
mouse model (21, 25). Based on these findings, we hypothesized
that GalNAc-T2 could be involved in O-glycosylation of a
protein involved in HDL and TG metabolism. We therefore
searched for potential O-glycoproteins using literature infor-
mation as well as the NetOGlyc algorithm for prediction of
O-glycosylation sites (26). Table 1 summarizes known and
potential O-glycosylation target sequences from 13 proteins
identified. Four of these proteins were selected for further anal-
ysis based on known or potential O-glycosylation sites and the
effect of genetic deficiency in these proteins. Apolipoprotein
AlII (apoA-II) is a major apolipoprotein in HDL, and the O-gly-
cosylation level of apoA-II affects its association with HDL (27).
Lecithin-cholesterol acyltransferase (LCAT) transacylates cho-
lesterol in HDL particles and is O-glycosylated in two positions
(28). Phospholipid transfer protein (PLTP) transfers phospho-
lipids from TG-rich lipoproteins to HDL, and deficiency in
PLTP is associated with selective decrease in HDL lipids (29).
PLTP has several potential O-glycosylation sites. ANGPTL3
inhibits EL. and LPL, resulting in inhibition of lipolysis and
altered plasma TG and HDL levels (9, 30). ANGPTL3 has sev-
eral potential O-glycosylation sites with some adjacent to a PC-
processing site (Table 1).

In order to assess if these four proteins where glycosylated
and which GalNAc-transferase isoforms could be involved, we
designed short peptides covering putative glycosylation sites
and tested these as substrates for human recombinant GalNAc-
transferases (Table 1). Our current knowledge of O-glycosyla-
tion of especially less abundant proteins and proteins with sin-
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TABLE 1
Proteins involved in HDL and/or TG metabolism with established or predicted O-glycosylation sites
Potential Established »

Gene Ensembl ORFE O-glycosylation sites” O-glycosylation sites Target sequence T1 T2 T3
ABCAI ENSP00000363868 2261 0 ND* 251 SKELAEATKTLLHSLG?®” NA“ NA NA
APOA1 ENSP00000364478 245 2 ND 99YPPTSMSRSPPTVLVI'!® NA NA NA
APOA2 ENSP00000356969 61 1 Yes® 4°NFLSYFVELGTQPATQ®* 172 0/2 0/2
ANGPTL3 ENSP00000360170 460 1 ND 21, SSKPRAPRTTPFLQL?>* 0/4 1/4 1/4
BMP-1 ENSP00000305714 986 0 ND 748 DHKVTSTSGTITSPNW ©? NA NA NA
CETP ENSP00000200676 493 1 ND 2¢1EDLPLPTFSPTLLGDS?”” NA NA NA
LCAT ENSP00000264005 440 3 Yes® 4240GPPASPTASPEPPPP*?? 3/3 1/3 2/3
LDLR ENSP00000252444 860 6 Yes¢ 72APAVRTQHTTTRPVPDT 4 NA NA NA
LIPG ENSP00000261292 500 1 ND 485DGWRMKNETSPTVELP®° NA NA NA
PLTP ENSP00000335290 441 10 ND 42°RPADVRASTAPTPSTA? 3/5 2/5 3/5
VLDLR ENSP00000371532 873 2 Yes® 777 PGGINVTTAVSEVSVP’?? NA NA NA
VNN-1 ENSP00000356905 513 1 ND 4°8GRLFSLKPTSGPVLTV*"? NA NA NA
SCARBI ENSP00000261693 509 1 ND 489 A Y SESLMTSAPKGSVL %4 NA NA NA

“ Sites predicted by NetOGlyc 3.1 (available on the World Wide Web).

b Peptide sequence containing all or some of the potential O-glycosylation sites. Ser and Thr potential O-glycosylation sites are underlined. Sites predicted by NetOGlyc are
shown in boldface type, and experimentally verified sites are shown in underlined boldface type.

¢ND, not determined.

% NA, not analyzed.

¢ O-glycosylation-identified, determined sites in underlined boldface type.

7/ Sites incorporated in vitro by GalNAc-transferases in this study (number of GalNAc/total Ser/Thr sites).

¢ O-glycosylation identified, but sites not determined.

APO-A2 ANGPTL3 LCAT PLTP-C
YFVELGTQPATQ KPRAPRTTPFLQ ROGPPASPTASPEPPPPE RPADVRASTAPTPSTAAV
0 0 0 0
1355,03 141227 1812,00 1768,52
2822,83,2=2
" L " Joop L
1 0 2 2
1559,09 1412,77 2220,42
- . 3 2174,52 —
3111,76, dimer 242254
LU! l I\ [T I T T | T AP OTR T oT TN T | T ﬂu | L I
0 1 1 2
1355,82 1616,03 0 2017,31 1 2175,50
T2 1812,00 197257
2711,64, dimer
o L o IL ™ ““W L L. IL u. Ay
0 0 1 3
1355,68 1412,09 2017240 237835
1
222025
T3 1615,68
h‘ 2705,92, dimer
; . , | Lot 1T I |
1000 m/z 4000 1000 m/z 4000 1000 m/z 3000 1000 m/z 3000

FIGURE 1. ANGPTLS3 is selectively O-glycosylated by GalNAc-T2. /n vitro screening of substrate specificities of recombinant human GalNAc-transferases,
GalNAc-T1, -T2, and -T3, with peptides covering potential O-glycosylation sites identified in four proteins involved in HDL and TG metabolism (APO-A2,
ANGPTL3, LCAT, and PLTP-C) (Table 1). Glycosylation of peptides was monitored by MALDI-TOF analysis, and products formed after 24 h incubation with
enzymes are shown. Masses of peptides and glycopeptides are indicated with the predicted number of incorporated GalNAc residues indicated above the
peaks. APO-A2 was only glycosylated by GalINAc-T1 (one GalNAc residue), ANGPTL3 was glycosylated by GaINAc-T2 (one GalNAc residue) and only partially by
GalNAc-T3,and LCAT and PLTP-C were glycosylated by all three tested GalNAc-transferases with a varying number of GalNAc residues incorporated. Sequences
of peptide substrates shown above with potential Ser and Thr O-glycosylation sites indicated by underlining with black type, sites predicted by the NetOGlyc
server are shown with gray type, and sites experimentally verified are shown with underlining with gray type. The APO-A2 peptide partly formed dimers as
indicated.

gle O-glycosylation sites is quite limited, and sequence-based
prediction models generally fail to predict isolated O-glycosy-
lation sites in proteins (26). Considerable data indicate that in
vitro GalNAc-transferase enzyme analysis of short peptide sub-
strates reasonably reflects where the corresponding proteins
are glycosylated in cells (31). We first tested the performance of
three human GalNAc-transferase isoforms, GalNAc-T1, -T2,
and -T3, in in vitro assays with peptide substrates designed
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from the putative O-glycosylation regions of the four identified
proteins using 24-h reactions and characterization of products
by MALDI-TOF mass spectrometry (Fig. 1). These isoforms are
representative of three subfamilies of GalNAc-transferases
with peptide specificities (31), and they are the most widely
expressed and well characterized isforms. GalNAc-T2 was
found to glycosylate three of the peptide targets, ANGPTL3,
LCAT, and PLTP, but not the APO-A2 peptide. GalNAc-T1, in
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FIGURE 2. GalNAc-T2 glycosylated Thr?2¢ of the ANGPTL3 peptide. Characterization of the product formed
by GalNAc-T2 with the ANGPTL3 peptide by ETD in the LTQ-Orbitrap. A, MS' of ANGPTL3 + 1Tn; B, ETD-MS? of
precursor MHj,” jon (200 ms activation time); C, ETD-MS? of precursor MHgJr ion (150 ms activation time). Inset,
fragmentation scheme for ANGPTL3 + 1Tn, illustrating the numbering of product ions generated by ¢/z’
cleavage. The fragmentation pattern is consistent with glycosylation of Thr® with a HexNAc residue (¥) (i.e.
abundant z-J, zJ, ¢;, ¢4, and related ions (c, = 1 mass unit and/or doubly charged) were detected at m/z
values calculated for HexNAc at T8. Corresponding fragments consistent with glycosylation at T7 were not
detected. All detected fragment ions are listed in supplemental Table 1.

contrast, glycosylated APO-A2, LCAT, and PLTP but not
ANGPTL3. GalNAc-T3 glycosylated mainly LCAT and PLTP,
but low incorporation was also found with APO-A2 and
ANGPTL3. ANGPTL3 was the only target that exhibited selec-
tive O-glycosylation by GalNAc-T2. Although GalNAc-T3 also
exhibited weak activity with this substrate, GaINAc-T3 is not a
candidate for glycosylation of ANGPTL3 in vivo because
ANGPTLS3 is almost exclusively expressed in the liver, where
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neither GalNAc-T3 nor its close
homolog GalNAc-T6 are expressed
(32, 33). We also tested GalNAc-
T11, which is only expressed in the
kidney and representative of a
fourth GalNAc-T family, and
this enzyme did not glycosylate
ANGPTL3 (not shown). We there-
fore focused on ANGPTLS3 as a can-
didate substrate for GalNAc-T2. A
summary of the results is presented
in Table 1.

Mass spectrometric analysis of
the GalNAc-glycopeptide product
formed by GalNAc-T2 with the
ANGPTL3 peptide showed that
GalNAc-T2 specifically glycosy-
lated the Thr*?® residue immedi-
ately adjacent to the RAPR**|
TT??° furin cleavage site in the
ANGPTL3 peptide (Fig. 2). We
therefore hypothesized that GalNAc-
T2 was involved in regulation
of PC processing of ANGPTL3 in a
similar way as we previously dem-
onstrated that the GalNAc-T3 iso-
form regulates processing of FGF23
(1). We further found that a com-
mercially available recombinant
ANGPTL3 proprotein (full coding
except signal peptide) was not gly-
cosylated at Thr*?*/?*® and used this
to demonstrate that GalNAc-T2
glycosylation of the entire protein
substrate resulted in specific incor-
poration of at least one GalNAc res-
idue into the Thr****? residues
(Fig. 3). Interestingly, the supplied
ANGPTLS3 proprotein was partially
cleaved with a C-terminal fragment
of ~39 kDa (Fig. 4C). These in vitro
studies suggested that GalNAc-T2-
mediated glycosylation potentially
could play a role in the furin pro-
cessing of ANGPTL3 that leads to
activation of its in vivo functions
(13).

O-Glycosylation Blocks Processing
of ANGPTL3 in Vivo—To evaluate
the in vivo role of O-glycosylation in

a cell system, we utilized the CHO 1dID cells in which O-glyco-
sylation can be controlled (24). We first tested expression of a
full coding ANGPTL3 construct transiently expressed in cells
either capable or not capable of performing O-glycosylation (i.e.
grown with and without exogenous sugars in medium, respec-
tively). As shown in Fig. 4B, the ANGPTL3 protein produced in
cells allowed to O-glycosylate (GalNAc/Gal or GalNAc added
to medium) migrated to the expected molecular mass of ~62
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kDa without evidence of processing to the mature 236-amino
acid product (molecular mass ~39 kDa with tags and N-gly-
cans). However, when cells were grown without capacity for
O-glycosylation, a minor fraction (10-20%) of the ANGPTL3
proprotein was converted to the mature 39-kDa protein. The
ratio of proprotein and mature protein was very similar to that

found for the commercially available
ANGPTL3 protein (Fig. 4C).

We next designed a reporter model construct for rapid
screening of PC processing sites and to determine the role of
O-glycosylation in CHO 1dID cells (Fig. 54). The chimeric
reporter protein consisted of the PC target sequence (32 and 30
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efficiently cleaved (N-terminal frag-
ment migrating at 39 kDa) with or
without the capacity for O-glycosy-
lation in CHO IdID cells. A minor
amount of the intact construct
migrating at 48 kDa was rescued in
cells grown in GalNAc alone and
capable of O-glycosylation (Fig. 5B).
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FIGURE 4. PC processing of ANGPTL3 is blocked by O-glycosylation in CHO IdID cells. A, schematic depiction of the full coding sequence of ANGPTL3 and

design of the expression constructs used. Heparin binding site (VHKTKG), furin cl
coding ANGPTL3 in CHO IdID cells grown with Gal and GalNAc (G/Gn), with Gal

eavage site (RAPR), and N-glycans are indicated. B, transient expression of full
NAc (Gn) (allowing GalNAc O-glycosylation only), and with Gal (G) (allowing

complete N-glycosylation but no O-glycosylation). Medium from transfected 6-well plates were harvested after 72 h, and His-tagged ANGPTL3 was affinity-
purified on Talon beads (Co®") and analyzed by Western blotting with anti-V5 antibody. The protein load was normalized to expression of ANGPTL3 evaluated
by capture ELISA (not shown). The ANGPTL3 proprotein migrating at 62 kDa and the mature protein migrating at 39 kDa are indicated by arrows. C, Western blot
analysis of 50 ng of commercial recombinant human ANGPTL3 with mAb 1D10 to ANGPTL3.
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The ANGPTL3 reporter construct was considerably more
resistant to processing, in agreement with the findings with the
full coding construct (Fig. 4). With O-glycosylation, the prod-
uct migrated at 48 kDa, and without O-glycosylation, it
migrated at 44 kDa. However, without O-glycosylation, a minor
fraction (10—20%) of the reporter construct was cleaved and
migrated at 38 kDa (Fig. 5B).

ANGPTLS3 Is Processed by a Furin-like Proprotein Convertase—
The processing of ANGPTL3 is probably catalyzed by the pro-
protein convertase furin as previously proposed (14), so we next
tested the effect of the addition of the intracellular furin inhib-
itor Dec-RVKR-CMK for processing of the reporter constructs
(34) (Fig. 6). Processing of the FGF23 control reporter construct
was inhibited by Dec-RVKR-CMK in a dose-dependent way,
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with >50% inhibition at 50 mm concentration or above, as
shown by the appearance of the uncleaved product migrating at
44 kDa (Fig. 6A). The partial processing of the ANGPTL3 prod-
uct was completely blocked with a 10 mm concentration of the
inhibitor, where the 38-kDa N-terminal fragment disappeared
(Fig. 6B). These results combined with the previous results
indicate that the PC processing site in ANGPTLS3 is a substrate
albeit a poor one for furin and possibly other PCs. To further
validate this finding, we tested in vitro cleavage reactions of
short peptides with furin in a time course monitored by
MALDI-TOF analysis (Fig. 7). The ANGPTL3 peptide
NH,-KPRAPR***TTPFLQ and the FGF23 peptide NH,-
PIPRRHTR'”?SAEDDSERDP were treated with recombinant
furin, and cleavage was monitored by MALDI-TOF in a time
course assay. In agreement with our findings, the FGF23 pep-
tide was a very efficient substrate for furin, with complete cleav-
age after 30 min, whereas the ANGPTL3 peptide was a consid-
erably poorer substrate that was only partially cleaved after 5 h.
It is likely that the Pro residue in P5 (PRHTR'”®), which is con-
served in mammals, disfavors this furin substrate site, in agree-
ment with previous analysis of consensus motifs for PC pro-
cessing (35).

GalNAc-T2-mediated O-Glycosylation of the ANGPTL3 PC
Site Blocks Furin Processing—GalNAc-T2 is widely expressed
in humans, and in fact, no human cell lines without GalNAc-T2
expression have been identified so far. We therefore used in
vitro O-glycosylation of peptides with GalNAc-T2 to confirm
the protective effect that this isoform has on processing. We
have previously used this assay to demonstrate that GalNAc-
T3-mediated O-glycosylation of the FGF23 PC site confers pro-
tection against furin cleavage (1). We prepared different glyco-
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forms of ANGPTL3 glycopeptides
with one O-glycan attached by
GalNAc-T2 at Thr**®, and time
course MALDI analysis of furin
digestion confirmed that all glyco-
forms provided almost complete
protection (Fig. 8). In agreement
with our studies of FGF23, the sim-
ple GalNAc glycoform appeared to
provide the least protection.

DISCUSSION

ANGPTL3 plays an important
role in regulating HDL and TG
metabolism and is regarded as a
novel promising target for thera-
peutic intervention (36). ANGPTL3
is proposed to function through
inhibition of the LPL and EL lipases,
and the activity of ANGPTLS3 is reg-
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FIGURE 8. Furin time course digestion of ANGPTL3 glycopeptides monitored by MALDI-TOF analysis. An ANGPTL3 17-mer peptide was glycosylated at
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cleavage reactions were sampled after 0.5, 1.5, and 5 h. The non-glycosylated ANGPTL3 peptide was cleaved in the RAPR |, motif to completion after 5 h, giving
rise to peaks with the expected masses of the C-terminal (933 Da) and N-terminal peptides (1,011 Da). The glycopeptides (Tn, T,and STn ANGPTL3) were almost
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ulated partly through proprotein convertase activation (14).
The present results suggest that PC activation of ANGPTL3 is
further regulated by specific O-glycosylation performed by the
GalNAc-T2 isoform in close proximity of the PC site. In addi-
tion to FGF23 and the brain natriuretic peptide, this is the third
identified example of an apparent interplay between PC pro-
cessing and O-glycosylation in regulating function of PC-pro-
cessed proteins (1, 8). Differential processing of pro-opiomela-
nocortin has also been found to be affected by O-glycosylation
(37). A survey of known PC processing sites in human proteins
suggests that this may be a more common event.? It is impor-
tant to provide insight into the molecular mechanisms under-
lying the duality of regulation of processing by PCs on one hand
and O-glycosylation mediated by GalNAc-transferase isoforms
on the other. Defects in both the PC recognition site and
GalNAc-transferase function are known to lead to diseases (4,
6), and strategies for therapeutic intervention may need to con-
sider underlying defects.

The human GalNAc-transferase gene family consists of 20
genes, of which 15 have been cloned and functionally expressed
to date (38). This is an unusually large number of isoforms cat-
alyzing a single step in the biosynthesis of glycoproteins, and
given that many of these isoforms have different albeit partly
overlapping peptide substrate specificities and different cell
and tissue expression patterns, it is clear that the initiation of
mucin-type O-glycosylation is the single step in glycosylation of
proteins that at least theoretically allows for the highest degree
of differential regulation (31). The findings that defects in a
single gene isoform result in disease in humans (1) or pheno-
types in animal model systems, including Drosophila (39, 40)
and mouse (41, 42), strongly argue that the large gene family
serves more than functional redundancy and that the differen-
tial regulation provided by multiple GalNAc-transferase iso-
forms is important. A major challenge is to identify and back-
track a disease or phenotype to molecular understanding and
identify defects in O-glycosylation. We previously identified
one mechanism for disease-causing defects in GalNAc-trans-
ferase genes that involves the GalNAc-T3 isoform-specific
O-glycosylation of the PC processing site RHTR'”® | in FGF23
and regulation of the processing and function of FGF23 (1). The
PC processing of FGF23 is an essential inactivating step regu-
lated by GalNAc-T3 O-glycosylation. In the CHO cell model
system, GalNAc-T3 is required for secretion of intact FGF23
(1), and more recently we have found by metabolic labeling
studies that the GaINAc-T3-mediated O-glycosylation mainly
functions to modulate PC processing after secretion rather
than during secretion.* GalNAc-T3-mediated O-glycosylation
appears to provide a physiological balance of active intact
FGF23 in circulation, and studies suggest that the expression of
GalNAc-T3 may be regulated by factors such as inorganic
phosphate and calcium that regulate phosphate hemostasis
(43). It is our hypothesis that O-glycosylation in or near the PC
processing sites of proteins in fact not only regulates intracel-
lular processing but also serves as a means to regulate activation

3 K. Schjoldager, M. Vester-Christensen, and H. Clausen, unpublished results.
4K. Kato and H. Clausen, unpublished results.
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or inactivation of proteins in circulation or at the site of action
and hence plays a role in biodistribution and bioactivity.

The finding that the GalNAc-T2 isoform plays a role in reg-
ulating levels of plasma lipids poses a major challenge, which
can ultimately only be conclusively addressed by identification
and characterization of individuals with defects in GALNT2.
Nevertheless, in the present study, we sought to utilize available
methods to identify a glycoprotein that could play a role in HDL
and TG metabolism and where the GalNAc-T2 isoform could
modulate glycosylation. The identification of ANGPTL3 as a
candidate target that has a PC processing site regulated by
GalNAc-T2-mediated O-glycosylation provides a compelling
scenario explaining a role for GaINAc-T2 in lipid metabolism.
However, this model clearly has to be verified by analysis of PC
processing and O-glycosylation of ANGPTL3 in GALNT2-de-
ficient individuals and controls. Our results do provide strate-
gies for future identification of individuals with defects in
GALNT?2 by analysis of levels of proprotein and mature
ANGPTL3 in serum of subjects with low HDL and/or high TG
and without other known genetic causes. Currently available
ANGPTL3 serum assays, however, fail to distinguish the pro-
protein and mature protein (17).

We developed a simple model system for in vivo analysis of
the effect of O-glycosylation on PC processing of specific sites.
The reporter construct (Fig. 5) allows for rapid detection of
expression and selection of clones by EYFP and antibody tags as
well as monitoring of both O-glycosylation status and cleavage
products. The “wild type” CHO 1dID cell line allows for evalua-
tion of the effect of a complete lack of O-glycosylation, simple
GalNAc (Tn) O-glycosylation, and core 1 sialylated O-glycosy-
lation (ST; NeuAca2-3GalB1-3(*£NeuAca2-6)GalNAcal-
O-Ser/Thr) by growing cells in appropriate sugars. The rep-
ertoire of GalNAc-transferases in CHO cells is currently
unknown but includes the rather ubiquitous GalNAc-T2 activ-
ity because the ANGPTL3 reporter construct was O-glycosy-
lated (Fig. 5). To the extent that CHO IdID cells lack certain
GalNAc-transferase activities, such as GalNAc-T3, the model
system can be used to demonstrate the requirement for a par-
ticular GaINAc-T isoform by co-transfection. We are currently
successfully using the system to screen furin PCsites in proteins
with prediction of adjacent O-glycosylation sites.

Our study demonstrated a role of O-glycosylation in PC acti-
vation of ANGPTL3. Perhaps surprisingly, the PC processing
step in CHO cells as well as in vitro with furin was found to be
quite ineffective, with only an estimated 10-20% processing.
Although this can be explained by the PC sequence motif with
an unfavored flanking Pro residue (KPRAPR*** | TT) (which
interestingly is not conserved in mouse ANGPTL3 but substi-
tuted with a potential additional Ser O-glycosylation site
(KSRAPR?** |, TT)), it is possible that processing in cells with
another repertoire of PCs or at specific sites of bioactivation is
more efficient. Alternatively, activation of ANGPTL3 has to be
carefully regulated, and both the sequence motif and the adja-
cent O-glycosylation are means to ensure this. Our results
clearly warrant further studies of GaINAc-T2 and ANGPTL3 in
relation to altered plasma lipids and enhanced risks for cardio-
vascular disease.
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