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Abstract We investigated a family from northern Sweden in
which three of four siblings have congenital chylomicronemia.
LPL activity and mass in pre- and postheparin plasma were low,
and LPL release into plasma after heparin injection was de-
layed. LPL acthlty and mass in adipose tissue biopsies ap-
peared normal. [S]Methionine incorporation studies on
adipose tissue showed that newly synthesized LPL was normal
in size and normally glycosylated. Breast milk from the af-
fected female subjects contained normal to elevated LPL mass
and activity levels. The milk had a lower than normal milk lipid
content, and the fatty acid composition was compatible with
the milk lipids being derived from de novo lipogenesis, rather
than from the plasma lipoproteins. Given the delayed release
of LPL into the plasma after heparin, we suspected that the
chylomicronemia might be caused by mutations in GPIHBPI.
Indeed, all three affected siblings were compound heterozy-
gotes for missense mutations involving highly conserved
cysteines in the Ly6 domain of GPIHBP1 (C65S and C68G).
The mutant GPIHBP1 proteins reached the surface of trans-
fected Chinese hamster ovary cells but were defective in their
ability to bind LPL (as judged by both cell-based and cell-free
LPL binding assays).lll Thus, the conserved cysteines in the
Ly6 domain are crucial for GPIHBP1 function.—Olivecrona,
G., E. Ehrenborg, H. Semb, E. Makoveichuk, A. Lindberg,
M. R. Hayden, P. Gin, B. S. J. Davies, M. M. Weinstein, L. G.
Fong, A. P. Beigneux, S. G. Young, T. Olivecrona, and O.
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LPL hydrolyzes triglycerides in plasma lipoproteins,
making fatty acids available for use in cells (1, 2). LPL also
mediates the binding of lipoproteins to cell surfaces and
receptors (3-5). Reduced LPL activity from mutations in
LPL or its cofactor apolipoprotein CII lead to a striking
accumulation of triglyceride-rich lipoproteins in the
plasma (type I hyperlipoproteinemia) (6). Clinical symp-
toms and signs include abdominal pain with or without
pancreatitis, eruptive xanthomas, and hepatosplenomeg-
aly. Recently, mutations in the gene for apolipoprotein AV
have been uncovered in some patients with unexplained
chylomicronemia (7).

LPL is synthesized primarily in parenchymal cells in
skeletal muscle, heart, and adipose tissue (1, 2) but then
finds its way into the lumen of capillaries, where it partici-
pates in the processing of the plasma lipoproteins. LPL is
also synthesized in the mammary gland and appears in
breast milk after parturition (8, 9). Its function within the
milk is unknown, but there is little doubt that LPL-medi-
ated processing of lipoproteins within the capillaries of
the mammary gland is important for providing the lipid
nutrients to produce milk fat.

Abbreviations: CHO, Chinese hamster ovary; GPIHBPI, glyco-
sylphosphatidylinositol-anchored high density lipoprotein-binding
protem 1; PIPLC, phosphatidylinositol-specific phospholipase C.
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Levels of LPL activity in the plasma are normally ex-
tremely low (10-12), but they increase more than 100-fold
after intravenous injection of heparin. It was long assumed
that LPL binds to proteoglycans along the luminal surface
of endothelial cells (13-15), but the discovery of glyco-
sylphosphatidylinositol-anchored HDL-binding protein 1
(GPIHBP1) is beginning to reshape that view (16, 17).
GPIHBP1 binds LPL avidly and is expressed in capillary
endothelial cells of heart, skeletal muscle, and adipose tis-
sue, leading Beigneux et al. (18) to suggest that GPIHBP1
could be an “important platform for the LPL-mediated
processing of chylomicrons in capillaries.” Adult GPI-
HBP1-deficient mice manifest severe chylomicronemia,
closely resembling the phenotype of mice lacking LPL
(18). GPITHBP1-deficient mice have normal stores of LPL
in their tissues, but the entry of LPL into the plasma is de-
layed after an injection of heparin (19). These observa-
tions led to the proposal that GPIHBP1 could be important
for the proper localization of LPL within capillaries (18).

Recently, a human subject with lifelong chylomicrone-
mia was shown to be homozygous for a missense mutation
(Q115P) in the Ly6 domain of GPIHBP1 (20). A mutant
GPIHBP1 protein harboring this amino acid substitution
lacked the ability to bind LPL."

Here, we reporta family from northern Sweden in which
three of four siblings have chylomicronemia. Early bio-
chemical analyses of these patients revealed low levels of
LPL activity and mass in pre- and postheparin plasma.
However, both LPL activity and mass in adipose tissue ap-
peared normal. Moreover, in breast milk from the affected
female subjects, LPL mass and activity levels were normal.
None of the subjects had deleterious mutations in the
gene for LPL. This constellation of findings suggested that
the defect had nothing to do with the integrity of the LPL
gene or the ability to produce enzymatically active LPL but
perhaps was due to reduced LPL on the surface of
capillaries.

In this study, we show that all three affected siblings were
compound heterozygotes for two mutant GPIHBP1 alleles,
each harboring a missense mutation involving a highly con-
served Cys within the Ly6 domain of GPIHBP1. The mu-
tant GPIHBP1 proteins were able to reach the surface of
transfected cells, but they lacked the ability to bind LPL.

MATERIALS AND METHODS

Subjects

The three patients, born in 1969 (II-2), 1974 (II-3), and 1985
(I1-4), are the youngest of four siblings. The older son (II-1), born
in 1967, is healthy, as are the mother (I-2), born in 1944, and the
father (I-1), born in 1940 (Fig. 1). There was no history of consan-
guinity in the family, although both parents are from the same
village in the rural area of northern Sweden. The parents of the
father were from this area, but the parents of the mother moved
from the central and southern parts of Sweden. There was no

*Note added in proof: Another mutant (GPIHBP1-C65Y) causing
chylomicronemia was recently reported by Franssen et al. Cire.
Cardiovasc. Genet. 3: 169-178.
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family history of hyperlipidemia. The Ethics Committee on Re-
search Involving Human Subjects of the Faculty of Medicine,
Umea University, approved the study, although most of the sam-
ples were taken from the family for diagnostic purposes. Informed
consent was obtained for all studies on patients and controls.

Proband II-2 was referred to the pediatric clinic at 9 months of
age because of hepatosplenomegaly, which was noted incidentally
during an evaluation for a respiratory tract infection. There was
no history of abdominal pain or other illnesses. She had been
breast fed for the first 4 months and thereafter consumed a typi-
cal diet for her age without restriction. Blood sampling revealed
lipemic serum (plasma triglycerides were 22-57 mmol/1). Weight
gain, linear growth, and psychomotor development were normal.
During the next few years, she had a few episodes of abdominal
pain, occasionally accompanied by reduced appetite and vomit-
ing. Atage 27, she gave birth to a healthy child (the first of three)
after 39 weeks of gestation. Because she had plasma triglyceride
levels above 25 mmol/l, they were monitored once or twice a
week during the second and third trimesters. To prevent bouts of
pancreatitis, she reduced dietary fat to <15% of energy intake.
After parturition, the patient’s plasma triglyceride levels increased
further; when they reached 42 mmol/1, plasmapheresis was initi-
ated. During subsequent pregnancies, she underwent prophylac-
tic plasmaphereses during the second and third trimesters.

The affected son (II-3) was referred at 10 years of age. He was
fatigued and had lipemic serum. Except for an episode of croup
at 4 years of age, he had never been ill and never had episodes of
abdominal pain. His plasma triglyceride level was 19.5 mmol/I,
and his cholesterol level was 5.5 mmol/l. Physical examination
revealed mild splenomegaly. After an 18 h fast, the triglyceride
level fell to 10.0 mmol/1, and the cholesterol level was 5.7 mmol /1.
The patient was advised to follow a low-fat diet. Subsequently, he
has been asymptomatic, with plasma triglycerides of 7.2-9.9
mmol/I.

Patient II-4 had gastroenteritis at 16 months of age. Her plasma
was severely lipemic (triglycerides, 48.5 mmol/]; cholesterol, 10.5
mmol/l). Her growth and development were normal. She fol-
lowed the same low-fat diet as her siblings (initially 17% fat, later
reduced to 10% fat, with supplements of -6 and 7-3 fatty acids to
avoid essential fatty acid deficiency). During the ensuing years,
she had a few episodes of pancreatitis confirmed by increased
levels of amylase in serum. After treatment with fish oil (15 ml/
day), she had no further attacks of abdominal pain. She has con-
tinued to take fish oil, primarily as a source of essential fatty acids.
Arguments for dietary supplement with medium-chain triglycer-
ides and fish oil for patients with hyperchylomicronemia due to
unknown reasons were previously discussed (21). No systematic
studies were made on patient II-4 on the effect of fish oil on
plasma triglyceride levels or other variables. At age 10, her fasting
triglyceride level was typically ~20 mmol/1. She had severe hy-
pertriglyceridemia during pregnancy with her first child (in year
2009), but she did not require plasmapheresis.

Tissue biopsies

Adipose tissue was obtained by needle biopsy of the upper
outer quadrant of the buttock with the Vacutainer technique
(22). In patients II-2 and II-3, adipose tissue was also obtained by
surgical incision on the upper lateral part of the thigh. Adipose
tissue from two unrelated healthy controls was obtained during
elective surgery.

Plasma lipid determinations

Fasting blood samples were obtained. After centrifugation,
sera were collected and total cholesterol, HDL-cholesterol, and
triglycerides were analyzed at the Department of Clinical Chem-
istry, Umea University Hospital. Total cholesterol was measured
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with an automated enzymatic colorimetric test (HiCo Choles-
terol; Boehringer Mannheim, Manheim, Germany). HDL-choles-
terol was analyzed by the same method after precipitating
apolipoprotein-B-containing lipoproteins with sodium phospho-
tungstate and magnesium chloride. Triglycerides were measured
with an automated enzymatic colorimetric test (Triglycerides
GPO-PAP; Boehringer Mannheim).

Analysis of the LPL gene

DNA was isolated from white blood cells, and each of the 10
exons of LPL was amplified by PCR and analyzed by single-strand
conformation polymorphism and DNA sequencing (23). The pro-
moter and exon 1 from patients II-3 and II-4 were PCR amplified
with primer pairs T7LPL-2 (5 TAATACGACTCACTATAGGGTT-
TATGTGCATGCCTCTTATCGC-3', positions —994 to —973) and
MFLPL-1 (5“TGTAAAACGACGGC CAGTGCTAGAAGTGGGC-
AGCTTTC, positions 37-56) and prLPL-8 (5-GTGTTTGGTG-
CTTAGACAGG, positions -258 to —239) together with LPL-7
(5-AGGGGAGT TTGCGCGCAAA-3’, positions 283-301). The
PCR products were separated on 1.5% agarose gels in 1x TAE
buffer. The fragments were run into a well containing 2.5x TAE,
precipitated, and dissolved in 20 pl of water. Both strands of the
purified DNA were sequenced by dye terminator cycle sequencing
with an ABI/PE 373A sequencer (Applied Biosystems, Carlsbad,
CA) according to the manufacturer’s instructions. The region
covering the Asn291Ser polymorphism in LPL was amplified by
PCR with forward primer 5-GCTCCATTCATCTCTTCATC-3" and
reverse primer 5~-TTTCCTTATTTACAACAGTCT-3’. The PCR
product was purified with a Qiagen kit and sequenced with the
same primers used for PCR amplification. For DNA sequencing,
the concentrations of the PCR product and primers were 5 ng/ .l
and 2 pmol/ul, respectively.

Lipase activity measurements

LPL was measured with a phospholipid-stabilized emulsion of
triglycerides (Intralipid; KABI-Pharmacia Parenterals, Stock-
holm, Sweden) into which *H-labeled triolein had been incorpo-
rated by sonication (24). HL activity was measured with a gum
Arabic-stabilized emulsion of triolein in the presence of 1.0 M
NaCl. These assays have been described in detail elsewhere (25).
One milliunit of lipase activity corresponds to release of 1 nmol
of fatty acid per min at pH 8.5 and 25°C.

For measurements of LPL activity in adipose tissue, subcutane-
ous fat samples were homogenized in 25 mmol/l ammonia, pH
8.2, containing (per ml) 0.1 mg heparin, 10 pg of leupeptin, 1 pg
of pepstatin, 25 kallikrein inhibitor units of aprotinin, 5 mmol
EDTA, 1% (w/v) Triton X-100, and 0.1% SDS (24). After cen-
trifugation, 2-5 pl aliquots were used for each assay. LPL activity
was normalized to the DNA content of the tissue homogenate
(26) in some experiments and to the wet weight of the tissue in
one experiment.

To investigate whether the patients’ plasma contained nor-
mal amounts of apolipoprotein CII, an incubation system with
Intralipid (10%) was used as substrate, and the fatty acids re-
leased were determined by manual titration with NaOH. EDTA
plasma was added to an incubation system containing 5 mg of
triglycerides from Intralipid in a total volume of 1 ml. After
15 min at 25°C, the incubations were started by adding puri-
fied bovine LPL. To determine whether the plasma contained
an inhibitor, purified bovine LPL was added directly to fresh
plasma and incubated at 37°C. A series of 1 ml samples were
withdrawn, and free fatty acids were determined by titration.
For comparison, Intralipid was added to normal plasma to
give a similar concentration of triglycerides (10 mmol/I). The
incubations were started within minutes after blood samples
were drawn.

Milk samples

Breast milk from nursing mothers was obtained from spontane-
ously dripping breasts during a breast feed, immediately frozen
at —20°C, and analyzed for LPL activity and mass within 2 weeks.
Lipids were extracted from 250 pl of human milk according to
Folch, Lees, and Sloane Stanley (27) as modified by Dodge and
Phillips (28), using chloroform/methanol (2:1, v/v, methanol
containing butylhydroxytoluene at a concentration of 50 mg/1).
C:17:0 was added as an internal standard before the extraction.
Fatty acid methyl esters, prepared with boron trifluoride-methanol
(29), were extracted with light petroleum, evaporated under nitro-
gen, and dissolved in dichloromethane. Fatty acid methyl esters
were separated and quantified with a Perkin-Elmer gas chromato-
graph (AutoSystem GC) attached to a Perkin-Elmer integrator
(model 1020). A fused silica capillary column (30 m, 0.32 mm ID,
0.25 pm film thickness) was used (Omegawax 320; Supelco). He-
lium at a pressure of 12.0 p.s.i. was used as the carrier gas. Individ-
ual fatty acids were identified by comparing their retention times
with reference standards (Larodan Fine Chemicals, Malmo,
Sweden).

Immunoassay for LPL

LPL mass was determined with an ELISA (10, 11, 24) using
microtiter plates coated with an affinity-purified chicken anti-
body against bovine LPL. Bound LPL was detected with a mono-
clonal antibody against bovine LPL (5D2, provided by Dr. John
Brunzell, University of Washington) and horseradish peroxidase-
labeled goat anti-mouse IgG. As indicated in the legends to the
figures and tables, we used human LPL isolated from posthepa-
rin plasma as the standard in earlier experiments (10, 11), while
more recently LPL purified from bovine milk was used. With the
human standard, values for LPL mass in plasma and milk samples
were about 4-fold higher than with the bovine LPL standard.

Heparin-Sepharose chromatography

Small (3 ml) heparin-Sepharose columns (30) were equili-
brated at 4°C in 20 mmol/1 Tris-Cl, pH 7.4, containing 20% glyc-
erol, 0.1% Triton X-100, and 1 mg/ml BSA. Postheparin plasma
was applied to the columns, which were then washed with 30 ml
of the equilibration buffer (flow rate, 0.5 ml/min). The columns
were eluted with a linear gradient of 0-1.6 M NaCl in the equili-
bration buffer. Fractions of 5 ml were collected.

Met incorporation and immunoprecipitation

Met incorporation and immunoprecipitation studies were per-
formed on adipose tissue as described (31). The incorporation
time in one experiment was 2 h to allow maximal incorporation
of radioactivity. In an experiment to assess the glycosylation pat-
tern, the time was reduced to 30 min. Immunoprecipitations
were performed with a rabbit antiserum against LPL that had
been purified from human milk by chromatography on heparin-
Sepharose and on N-desulfated, N-acetylated heparin coupled to
Sepharose (9, 32). A corresponding preimmune serum was used
as a control. The precipitated proteins were size fractionated by
SDS-PAGE. After fluorography, bands were cut out and counted
for radioactivity. LPL synthesis was calculated as percentage of
the total TCA-precipitable radioactivity. Radioactivity (in the
same position on the gel) from control samples was subtracted.
For glycosylation studies, samples were treated with endoglycosi-
dase H as described (33).

Analyses of GPIHBP1

Genomic DNA was isolated from whole blood with Blood
and Cell Culture DNA Midi kits (Qiagen). The coding regions of
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GPIHBPI along with 5- and 3™-flanking sequences were amplified
by PCR with an annealing temperature of 60°C and three primer
pairs: 5~ TTGAGGGCATTGACTGTGT-3" and 5-TACTACCCTAC-
TCACCCTA-3’ for exon 1; 5“TAGGGTGAGTAGGGTAGTA-3" and
5-CTGCCTGGTGAACTCCTATT-3’ for exon 2; and 5-AATCC-
CTTGCCCCCTAAACA-3"and 5-"ATCGCCCAAGACACTCCAAA-%’
for exons 3 and 4. The amplified fragments were 873, 604, and 812
bp, respectively. The PCR products were purified, and both strands
were sequenced. Previously published oligonucleotide primers for
GPIHBPI were used as sequencing primers (34).

Expression of wild-type and mutant GPTHBP1 in Chinese
hamster ovary pgsA-745 cells

Expression vectors for S-protein-tagged human GPIHBP1 and
the soluble form of mouse GPIHBP1 (G198x) have been de-
scribed (20, 35). The C65S and C68G mutations were introduced
by site-directed mutagenesis (Stratagene). All constructs were
expressed in Chinese hamster ovary (CHO) pgsA-745 cells as
described (35). The expression of wild-type GPIHBP1 in nonper-
meabilized and permeabilized cells was monitored by immuno-
fluorescence microscopy with an FITC-conjugated goat antiserum
against the S-protein tag (1:400) (20, 35). Fore LPL-binding stud-
ies, GPIHBP1-expressing cells were incubated with a V5-tagged
human LPL (20, 35). The amount of LPL bound in the absence
and presence of heparin was assessed by Western blotting (18, 20,
35). In some experiments, GPIHBP1 was released from the cell
surface by incubating with a phosphatidylinositol-specific phos-
pholipase C (PIPLC). GPIHBP1 in cell extracts and culture me-
dium was assessed by Western blotting.

Binding of LPL to GPIHBP1 captured by monoclonal
antibody-coated agarose beads

Agarose beads were coated with a rat monoclonal antibody
against mouse GPIHBP1 (antibody 11A12) (85) and incubated
with cell culture medium containing soluble wild-type mouse GPI-
HBP1 with a G198x mutation (designed to prevent the addition
of a GPI anchor) or variants of the GPIHBP1 construct with C63S
and C66G mutations (note that the residue numbers are slightly
shifted in the mouse sequence compared with the human). V5-
tagged human LPL was also added. The beads were washed three
times, and soluble GPIHBP1 and GPIHBPl-bound LPL were
eluted with 0.1 M glycine, pH 2.5. The amounts of GPIHBP1 and
LPL in the fractions were assessed by Western blotting (35).

RESULTS

Clinical history

Three siblings (II-2, II-3, and II-4) in one family (Fig. 1)
had severe hypertriglyceridemia that was partially respon-
sive to a low-fat diet. None had ever had eruptive xan-
thomas. The twoaffectedfemaleshad hepatosplenomegaly,
episodes of mild pancreatitis, and, during pregnancies,
very severe hypertriglyceridemia. Table 1 shows plasma
lipid levels in 1987, when the investigation of this kin-
dred was initiated. Not surprisingly, the affected sub-
jects had low HDL-cholesterol levels. Both parents were
normolipidemic.

Assessing apolipoprotein CII deficiency and
LPL inhibition

Initially, we suspected that the patients had low levels of
apolipoprotein CII, the protein activator of LPL. In lipolysis

1538 Journal of Lipid Research Volume 51, 2010
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Fig. 1. Pedigree in three generations of the family. Filled symbols
denote family members with chylomicronemia. Birth years for the
second generation are shown.

assays with Intralipid as substrate, half-maximal lipolysis
was obtained with smaller amounts of the patients’ plasma
than of plasma from the parents or controls, indicating
that the patients had substantial amounts of apolipopro-
tein CII in their plasma (data not shown).

To study whether the patients had an inhibitor for LPL,
we added exogenous bovine LPL to freshly drawn plasma
and followed lipolysis in vitro at 37°C. Similar incubations
were carried out with plasma from a normal subject and
from both parents. Intralipid was added to the normolipi-
demic plasma samples to yield triglyceride concentrations
similar to those of the three patients (10 mmol/I). Lipoly-
sis was linear with time for 40 min (data not shown). The
patients’ plasma triglycerides were hydrolyzed at the same
rate as the Intralipid in the plasma of healthy controls
(~170 mU/png LPL), strongly suggesting that there were
no LPL inhibitors in their plasma.

Studies of the LPL gene

No rearrangements in the LPL gene were detected in
the affected siblings, as judged by Southern blotting (data
not shown). Single-strand conformation polymorphism
studies revealed a band shift in exon 6 of the proband (II-
2). Subsequently, exon 6 was sequenced, and an A-to-G
transition was identified in the second base of codon 291,
resulting in an Asn (AAT) to Ser (AGT) substitution.
Screening for Asn291Ser was carried out in the rest of the
family; the mother (I-2) and all four siblings, including the
healthy older son (II-1), were heterozygous for this poly-
morphism. In patient II-2, sequencing of all exons of the
LPL gene revealed no other DNA changes. Also, no se-
quence changes were detected in the 972 bp of the proxi-

TABLE 1. Plasma lipid concentrations in serum samples from the
entire family except the older son in November 1987

Cholesterol (mmol/1)

Triglycerides
Subject  Age (Years) Gender (mmol/1) Total Plasma In HDL
I-1 47 M 0.73 5.7 1.63
1-2 42 F 0.85 4.5 1.58
11-2 18 (22) F 18.1 (10.4) 4.9 (5.1) 0.12 (0.20)
11-3 13 (17) M 9.10 (7.16) 3.2 (2.6) 0.31 (0.17)
114 2 (6) F 29.3 (12.4) 7.5 (4.5) 0.14 (0.16)

Values in plasma samples from March 1991 are shown in
parentheses
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TABLE 2. LPL mass in plasma samples obtained in September 1993

LPL Mass (ng/ml)

Subject Preheparin Postheparin
I-1 92 1,075
1-2 119 984
I1-2 13 56
I1-3 4.5 52
11-4 7.0 42

Human LPL was used as standard for the ELISA.

mal LPL promoter in patients II-3 and II-4, and no
dinucleotide (CC) insertions were detected in the 5" un-
translated region of exon 1 (36).

LPL mass in pre- and postheparin plasma

LPL mass in preheparin plasma from the parents was
~100 ng/ml (Table 2). The mean value in 20 normal male
volunteers was 69.8 + 6.6 ng/ml (11). In the three siblings
with chylomicronemia, however, LPL mass levels were
5-14% of those in the parents and were close to the detec-
tion limit of the assay. After heparin infusion, LPL mass in
the parent’s plasma increased about 10-fold. A similar in-
crease was observed in all three affected siblings, but the
absolute levels remained extremely low, about 5% of those
in the parents (Table 2).

Plasma lipase activities

LPL activity in preheparin plasma was 1.4 and 1.0 mU/
ml in the father and mother, respectively (Table 3).
Patients II-2 and II-3 had lower activities, about 0.1 mU/
ml, while patient II-4, at 3 years of age, had an activity of
1.1 mU/ml plasma. After heparin injection, LPL activity
was 261 mU/ml in the father and 130 mU/ml in the
mother (Table 3). These values were on the low side of the
normal range (11, 25). The increase in LPL activity after
heparin was markedly lower in the patients (6.3, 11, and
7.0 mU/ml; Table 3). Similar results were obtained 6 years
later (Table 3). The time course for the release seemed
delayed for the two older affected siblings compared with
the father (data not shown). HL activity was in the normal
range for all family members.

Time-course studies of LPL and HL release after hepa-
rin injection were repeated several years later (in 2007) in
proband II-2 and an age-matched healthy female control
subject (Fig. 2). LPL activity and mass in the proband’s
plasma increased slowly and continuously over 60 min, but
in control plasma peaked at 10 min. In both, however, HL
activity peaked as early as at 4.5 min.

TABLE 3. LPL and HL activities in plasma obtained in November 1987

LPL (mU/ml) HL (mU/ml)
Subject Preheparin Postheparin Preheparin Postheparin
I-1 1.4 (0.85) 261 (229) (1.06) 267 (271)
-2 1.0 (1.25) 130 (198) (0.30) 74 (117)
11-2 0.1 (0.14) 6.3 (8.2) (0.42) 193 (117)
1I-3 0.1 (0.59) 11 (13) (0.50) 236 (238)
11-4 1.1 (0.24) 7.0 (6.8) (1.04) 455 (245)

Values in plasma samples from September 1993 are shown in
parentheses.
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Fig. 2. Release of LPL activity and mass into plasma after heparin
injection in patient II-2 and a healthy, age-matched control subject.
A single intravenous injection of heparin (100 U/ kg body weight)
was given at time 0. Values are means of triplicate measurements.
A: LPL activity measured after immunoinhibition of HL activity in
the samples and HL activity measured in an assay containing 1 M
NaCl to inactivate LPL. B: LPL mass in patient II-2 and a control
subject measured with bovine LPL as standard for the ELISA.

Chromatography of postheparin plasma

Postheparin plasma from the father (I-1) and the af-
fected son (II-3), taken 10 min after heparin injection,
was separated by chromatography on heparin-Sepharose
(Fig. 3). LPL from the father’s plasma showed a normal
elution pattern with an initial peak of inactive LPL protein
followed by a peak of HL activity (HL gave about 25% ac-
tivity in the assay for LPL) and finally a peak of LPL activity
coeluting with a peak of LPL mass at around 0.9 M NaCl.
The mass ratio of the peaks of active and inactive LPL was
about three. In the son (II-3), HL activity was similar to
that in the father, but LPL mass was only about 5% of the
father’s level (note the difference in scale on the y axis).
On chromatography of the son’s plasma, two peaks of LPL
mass eluted, at similar salt concentrations as for the fa-
ther’s plasma. The mass ratio of the second and the first
peak was around 1. The expected LPL activity in the sec-
ond peak fraction should have been around 13 mU/ml.
Since we were unable to detect this level, it is likely that
some inactivation had occurred between the end of the
chromatography and assay of the fractions for LPL activity.
The high concentration of NaCl from the gradient pre-
vented analyses of larger sample volumes; therefore, the
expected activity was near the detection limit of our assay.

LPL activities in adipose tissue biopsies

The levels of LPL activity in adipose tissue were similar
in two patients and the controls (Table 4). LPL activity
(expressed per mg DNA) in homogenates of the needle
biopsies from adipose tissue varied considerably. Activity
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Fig. 3. Separation of lipases in postheparin plasma by chroma-
tography on heparin-Sepharose. Fresh postheparin plasma (9 ml)
was applied to columns with 3 ml of heparin-Sepharose. A: Post-
heparin plasma from the father (I-1). B: Postheparin plasma from
the affected son (II-3). HL displayed activity in this assay (about
25% of the activity in the assay optimized for measurements of HL.
with 1 M NaCl to inactivate LPL). Values for activity are means of
duplicate determinations. In this experiment, human LPL was
used as standard for the ELISA.

was lowest in the father and highest in one of the control
subjects (Table 4). To some extent, these differences may
reflect differences in the cellular composition of the biop-
sies. In all study subjects, [358]methi0nine radioactivity was
incorporated at similar levels into immunoprecipitable
LPL protein (0.014-0.044%). Similar Met incorporation
data were reported in another study (37).

TABLE 4. LPL activity and incorporation of [35$]methionine into
immunoprecipitable LPL in needle biopsies of adipose tissue

LPL Activity LPL Synthesis
Subject (mU/mg DNA) (% of Total Protein Synthesis)
Control, male 198 0.044
Control, female 55 0.014
I-1 23 0.020
1-2 90 0.038
11-2 57 0.032
11-3 62 0.014

_ Samples of adipose tissue from needle biopsies were labeled with
[*S]methionine for 2 h. Homogenates were prepared and LPL activity
was immediately analyzed. The rest of the remaining samples were
divided in two equal parts for immunoprecipitation, with one-half
incubated with an antiserum against LPL. and the other half with
nonimmune serum. The controls were 35 years (male) and 24 years
(female) of age and the experiment was performed in 1987, when
patient II-2 was 18 years old and patient II-3 was 13 years old.
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To further study LPL activity and LPL synthesis rate in
the two probands, we repeated the experiments using sur-
gical biopsies of subcutaneous adipose tissue from two of
the patients and two unrelated healthy controls. The LPL
activities were higher than in the previous experiment
(Table 5), probably because the surgical biopsies were
richer in adipocytes than the needle biopsies, especially
those from the probands. There were no striking differ-
ences in LPL activity in tissue or in medium between the
two patients and the two controls. Heparin in the medium
had little effect on release of LPL activity. Adipose tissue
taken at surgery was pulse-labeled with [°S]methionine
for 30 min and then chased for 60 min, with and without
heparin in the medium. Radioactivity recovered in LPL
ranged from 0.016-0.024% of total protein radioactivity,
and there were no obvious differences between the pa-
tients and the controls. Biopsies of adipose tissue were
taken again in 1993 from the father and the son (II-3) af-
ter an overnight fast. LPL activity was in the normal range
in both the father (9.3 mU/g) and the son (4.5 mU/g).

To study possible disturbances in the intracellular lipase
processing, immunoprecipitates of tissue extracts from
both the pulse and after the chase (Table 5) were dis-
solved, treated with endoglucosidase H, and analyzed by
SDS-PAGE. At the end of the pulse, virtually all of the la-
beled LPL from control subjects was transformed to a
band with higher mobility by endoglycosidase digestion
(data not shown). After the chase, the lipase had been
converted to a form whose mobility changed less. Thus, at
least one oligosaccharide chain had been processed to a
digestion-resistant form. LPL from one of the probands
yielded a similar pattern, indicating no major disturbance
in LPL glycosylation.

LPL activity and mass in breast milk from the affected
siblings

Breast milk samples collected from probands II-2 and
II-4 early after parturition contained normal to elevated
levels of LPL activity and LPL protein mass compared with
milk from healthy mothers (Fig. 4A). Thus, LPL was pro-
duced by the mammary gland and secreted into the milk.
However, the total lipid content of the milk samples was
approximately one-third that of milk from normal moth-
ers (data not shown), and the fatty acid composition
showed a shift toward more medium-chain fatty acids and
a higher fraction of saturated than of mono- and polyun-
saturated fatty acids (Fig. 4B).

Identification of missense mutations in the gene for
GPIHBP1

Because GPIHBP1 is crucial for the function of LPL (17,
18), we next investigated GPIHBPI in family members. DNA
sequence analysis of subject II-2 (GPIHBPI coding region,
5" and 3’ flanking sequences) revealed two heterozygous
mutations in exon 3, which were later identified in all three
affected siblings (Fig. 5). A G-to-C transition at the second
base of codon 65 changes a Cys (TGC) to a Ser (TCC), and
a G-to-T transversion in the first base of codon 68 changes a
Cys (TGC) to Gly (GGC). Both mutations involve highly
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TABLE 5. LPL activity and the amount of radioactivity in adipose tissue pieces and in culture media after a
pulse-chase experiment

LPL Activity ¥$-Radioactivity (cpm)
(mU/mg DNA) In LPL

Subject Heparin Tissue Medium In Total Proteins Tissue Medium
Control 1 - 203 71 16.0 x 10° 3,673 479

+ 196 79 n.d. 491
Control 2 - 138 43 21.8 x 10° 3,480 333

+ 127 50 n.d. 317
112 - 185 43 21.7 x 10° 4,548 548

+ 108 51 n.d. 520
11-3 - 107 57 26.7 x 10° 4,483 183

+ 154 61 n.d. 108

The controls were two unrelated healthy adults undergoing elective surgery. Tissue pieces were pulse labeled
for 30 min in medium contalnmg [*S]methionine with or without heparin (100 IU/ml) and then chased for 60
min in medium without [**S]methionine. After the chase period, both LPL activity and radioactivity were measured
in tissue homogenates and in the medium. n.d., not determined.

conserved Cys residues in the Ly6 domain. The father was
heterozygous for the C65S mutation, and the mother was
heterozygous for the C68G substitution. Exon 3 was se-
quenced in 50 randomly selected healthy controls; none
had either of these two amino acid substitutions.

Cell expression and LPL binding properties of
GPIHBP1 mutants

To determine whether the mutant GPIHBP1 proteins
reached the cell surface, we electroporated expression
vectors for wild-type GPIHBP1 and the mutant GPIHBP1
proteins (C65S and C68G) into CHO pgsA-745 cells (20,
35). Both wild-type GPIHBP1 and the mutant GPIHBP1
proteins reached the surface of transiently transfected
cells, as judged by immunofluorescence microscopy on
nonpermeabilized cells (Fig. 6). Also, the mutant proteins
were readily released from the surface of cells with a PIPLC
(Fig. 7). As a control, we tested the ability of PIPLC to re-
lease GPIHBPI from the surface of cells that expressed a
mutant version of GPIHBP1 (N76Q) known to be retained
in the endoplasmic reticulum (38) (Fig. 7). With the N76Q
mutant, PIPLC released lower amounts of GPIHBP1 into
the medium.

We next tested the ability of the electroporated cells to
bind to LPL. Transiently transfected cells were incubated
with a human Vb5-tagged LPL in the presence or absence
of heparin (500 U/ml). After extensive washing of the
cells, extracts were prepared, and the amount of LPL was
assessed by Western blotting. As expected, cells expressing
wild-type GPIHBP1 bound LPL avidly, and the binding
was largely blocked by heparin (Fig. 8). In contrast, LPL
did not bind to cells expressing GPIHBP1-C65S or GPI-
HBP1-C68G. Consistent with previously published studies
(20), LPL did not bind to cells expressing GPIHBPI-
QIl15P.

We next used a cell-free assay (35) to assess LPL binding
to soluble versions (i.e., proteins without a GPI anchor,
truncated at residue 198) of wild-type mouse GPITHBP1
and mouse GPIHBPI1 containing mutations correspond-
ing to those in the human patients (C65S and C68G). Sol-
uble mouse GPIHBP1 and Vb5-tagged human LPL were
incubated with agarose beads coated with antibody 11A12,

a rat monoclonal antibody that binds to the C terminus of
mouse GPIHBP1 (35). The beads were washed, and solu-
ble GPTHBPI (along with any LPL bound to the GPIHBP1)
was eluted with 0.1 M glycine, pH 2.5. The amounts of
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Fig. 4. LPL activity and mass in milk samples. A: LPL activity and
mass in milk from subjects I1I-2 and II-4 were compared with two
healthy mothers. From patient II-2, three milk samples were ana-
lyzed from days 3, 10, and 18 postpartum. From patient II-4, eight
milk samples were taken during days 14-24. From control subject
1, a total of 37 milk samples were taken during days 18-22 postpar-
tum, and from control subject 2, a total of 42 milk samples were
taken from a similar time period. Human LPL was used as standard
for the ELISA, and data are mean values + SD. B: Milk fatty acid
composition. Values are mean + SD from seven samples taken at
days 3-60 postpartum from subject II-2 and of samples from five
healthy mothers taken <1 month postpartum (control subjects,
mean of three samples from each mother + SD).
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200 200
G GTGCTACACCTGC GGTGCTACACC TGC
G>C T>G
C65S C68G

190 200
GGTCCTACACTCTGOC

G>C T>G
C65S C68G

Fig. 5. Identification of mutations in GPIHBPI. Filled symbols indicate family members with chylomicronemia.
Black circles within the symbols indicate heterozygous carriers of GPIHBPI mutations. Question mark indicates
the lack of DNA sequencing in the son (II-1). Electropherograms including the two mutations, C65S and C68G,
in exon 3 of GPIHBPI are shown below the symbols to the right. Arrows indicate heterozygous changes.

GPIHBP1 and LPL in each fraction were assessed by West- LPL eluted together (Fig. 9). In contrast, the mutant ver-
ern blotting. When antibody 11A12-coated beads were in- sions of GPIHBP1 bound to the antibody-coated agarose
cubated with soluble wild-type mouse GPTHBP1 and LPL, beads but did not bind LPL (i.e., only GPIHBP1 was
the captured GPIHBP1 bound LPL, and GPIHBP1 and eluted) (Fig. 9).

A Nonpermeabilized cells B Permeabilized cells

.

Fig. 6. Expression of wild-type and mutant forms of the GPIHBP1 protein in CHO pgsA-745 cells. The cells were electroporated with an
empty vector, a construct encoding an S-tagged human GPIHBP1, or the mutants C65S and C68G. GPIHBP1 in nonpermeabilized (A) and
permeabilized (B) cells was assessed by immunofluorescence microscopy with an antiserum against the S-protein tag (green). Cell nuclei
were visualized with 4’,6-diamidino-2-phenylindole (blue).
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Fig. 7. Release of wild-type and mutant GPTHBP1 proteins from
the cell surface with PIPLC. CHO pgsA-745 cells were electropo-
rated with expression vectors encoding wild-type mouse GPIHBP1,
a mutant mouse GPIHBP1 (N76Q) that eliminates the sole
N-linked glycosylation site (38), wild-type human GPIHBP1, and
mutant human GPIHBP1-C65S or GPIHBP1-C68G proteins. All of
the GPIHBPI constructs contained an S-protein tag. The amounts
of GPIHBPI released into the medium by PIPLC (5 U/ml for 1 h
at 37°C) were assessed by Western blotting.

DISCUSSION

We explored the biochemical basis for chylomicrone-
mia in three siblings from northern Sweden. Initially, we
thought they might have classic LPL deficiency, given the
low levels of LPL mass and activity in their postheparin
plasma. The mother and all four siblings, including the
symptom-free oldest son, were heterozygote carriers for
the Asn291Ser mutation in the LPL gene. In light of the
meta-analysis of Hu et al. (39), it is unlikely that the
Asn291Ser mutant would contribute more than margin-
ally to the hyperchylomicronemia seen in the affected sib-
lings. Other findings also pointed away from a diagnosis of
LPL deficiency. First, the adipose tissue of affected sub-
jects contained normal amounts of LPL activity. Second,
normal amounts of enzymatically active LPL were synthe-
sized by adipose tissue. Third, enzymatically active LPL

Heparin - -+ - -4 - -4 - - + - - +
LPL - ++-++-++-++- + +
64-

51 LPL bound
to cells

39 Actin

51 .
39 Actin

28
kDa GPIHBP1
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&G‘Z,v\’?‘%? & & R

Fig. 8. Binding of LPL to cells expressing wild-type and mutant
GPIHBP1. CHO pgsA-745 cells were electroporated with constructs
encoding S-protein-tagged wild-type GPIHBP1 or the mutant forms
C65S, C68G, or Q115P. Twenty-four hours later, the cells were incu-
bated with V5-tagged human LPL in the presence or absence of
heparin (500 U/ml). The cells were washed six times, cell extracts
were prepared, and the level of LPL bound to the cells was assessed
by Western blotting with a V5-specific antibody. Simultaneously, the
level of GPIHBP1 in cell extracts was assessed by Western blotting
with an antibody against the S-protein tag. Actin was used as a load-
ing control.

entered the plasma, albeit with delayed kinetics, after an
injection of heparin. Fourth, entirely normal amounts of
LPL were present in milk. This constellation of findings
led us to predict that the three siblings might have defects
in GPIHBPI1, an LPL-binding protein on the surface of
capillary endothelial cells (16-18). Mice lacking GPTHBP1
have severe chylomicronemia, normal tissue stores of LPL,
and delayed entry of LPL into the plasma after a heparin
injection. Our prediction about GPIHBPI mutations in
the three siblings was upheld. All three were compound
heterozygotes for missense mutations involving highly
conserved Cys residues in GPIHBP1’s Ly6 domain (C65S
and C68G). The parents, both of whom carried only one of
the Cys mutations, were asymptomatic and normolipidemic,
demonstrating that GPIHBP1 is normally not rate limiting.
This is similar to findings in GPIHBP1 heterozygote mice
(18) and in individuals with heterozygote mutations in LPL
or the activator protein apolipoprotein CII (6).

There is little doubt that the two Cys substitutions were
functionally important. First, the Cys residues of Ly6 pro-
teins are disulfide bonded (40, 41), and disulfide bonds
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Fig. 9. Elution of human LPL together with soluble wild-type
GPIHBP1 or the soluble forms of the mutants C65S and C68G
from agarose beads coated with anti-GPIHBP1 monoclonal anti-
body (11A12). V5-tagged human LPL was mixed with the different
forms of soluble mouse GPIHBPI1, along with antibody 11A12-
coated beads. After three washes, the bound proteins were eluted
with 0.1 M glycine, pH 2.5. GPIHBP1 and LPL in the starting mate-
rial, the unbound fraction, the washes, and elution fractions were
detected by Western blotting. In all cases, most of the GPIHBP1
protein was captured by the antibody 11A12-coated beads, but LPL
was coeluted only in the presence of wild-type GPIHBP1 (A). With
the GPIHBP1 mutants (B and C), no LPL was detectable in the
eluates.
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are crucial for forming a three-fingered structural motif.
Interfering with any of the disulfide bonds would be pre-
dicted to induce gross alterations in protein structure. Sec-
ond, Cys residues in two other Ly6 proteins, CD59 and
SLURP-1, are also critical for protein function. In SLURP-1,
missense mutations involving conserved Cys residues of
the Ly6 domain cause a human disease, Mal de Meleda (a
recessive palmoplantar keratoderma) (42). Third, both of
the missense mutations, C6b6S and C68G, abolished the
ability of GPIHBP1 to bind LPL. LPL bound avidly to cells
expressing wild-type GPIHBP1 but did not bind to cells
expressing the C65S and C68G mutants, despite the fact
that both mutants reached the cell surface without diffi-
culty. The mutants also could not bind LPL in a cell-free
binding assay. A soluble (secreted) version of wild-type
mouse GPIHBP1 bound LPL avidly, while soluble versions
of GPIHBP1 proteins with either Cys mutation did not.
The inability of the Cys mutants to bind LPL is consistent
with results in a very recent study by Beigneux et al. (35),
who found that Cys-to-Ala substitutions in Ly6 Cys residues
interfere with LPL binding.

Previously, Beigneux and coworkers (20) identified a
homozygous Q115P mutation in a young man with life-
long chylomicronemia. Like the two missense mutations
reported here, the Q115P mutation virtually abolished the
ability of GPIHBPI1 to bind LPL. Together, these three
mutations show that the structural integrity of the Ly6 do-
main is critical for LPL binding.

In an earlier study of GPIHBP1-deficient mice (19), LPL
was released into the plasma after a bolus of heparin, but
entered the plasma with abnormal kinetics. Plasma LPL
levels were abnormally low during the first few minutes af-
ter the heparin injection, but virtually normal after 15
min. These findings were thought to suggest that there are
two pools of heparin-releasable LPL, one bound to GPI-
HBP1 within capillaries, and a second, largely irrelevant to
lipolysis of lipoproteins, within a subendothelial compart-
ment. The authors suggested that the intravascular pool
would be rapidly released into the plasma by heparin and
that the delayed entry of LPL into the plasma after hepa-
rin reflected the absence of the intravascular GPIHBP1-
bound pool of LPL.

We observed a similar abnormality in our patients with
GPIHBP1 defects. In normal subjects, an injection of hep-
arin (100 IU/kg) promptly released LPL into the plasma,
and both LPL activity and mass levels peaked within 10 or
20 min. In the patient II-2, plasma LPL activity and mass
levels increased continuously up to the final time point in
the study (60 min). A likely explanation for the delayed
release of LPL in the affected patient—and for the appar-
ent absence of an early burst of LPL release—is reduced
amounts of intravascular LPL (i.e., GPIHBP1-bound LPL).
Of course, this would also explain the patients’ severe
hypertriglyceridemia.

There was a noteworthy difference between the GPIHBP1-
deficient mice and the three affected human patients. By
15 min after heparin injection, LPL levels were normal in
the mice (19) but were low in the affected patients. In pa-
tient II-2, the LPL activity and mass levels at 60 min were
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only 15-30% of those in a control subject. These differ-
ences might indicate that the subendothelial pool of LPL
in humans is more tightly attached to its binding sites and
more resistant to release by heparin. A second possibility is
that the heparin doses (units/kg) given to the mice were
far greater than those given to the humans.

A new and intriguing finding was that the levels of both
activity and mass were normal, or even elevated, in milk
from the two affected females. No one knows why LPL is
secreted into the milk in mammals. The enzyme has no
known function in milk or in the intestines of nursing off-
spring. LPL in the milk is bound to casein micelles or to
milk fat droplets and can be found on fat droplets in secre-
tory vesicles, but the enzyme does not hydrolyze the milk
lipids (9). That LPL levels were normal in milk, but very
low in postheparin plasma, strongly suggests that entry of
LPL into milk, unlike entry of LPL into the capillary lu-
men, is independent of GPIHBP1.

The breast milk of the affected siblings contained low
levels of milk fat—to the degree that pediatricians recom-
mended that breast feeding should be terminated. It is in-
teresting that the fatty acid content of the milk was
abnormal, with a higher content of medium-chain fatty ac-
ids and a higher fraction of saturated than of mono- and
polyunsaturated fatty acids. These findings are in agree-
ment with a defect in the production of milk fats from
lipoprotein-derived fats. Such a defect would not be com-
pletely unexpected; effects on milk fat quality have been
described in patients with LPL deficiency (43, 44).

In conclusion, we identified two mutations affecting
highly conserved Cys residues in GPIHBPI in three sib-
lings with chylomicronemia. Both mutations abolished the
ability of the protein to bind LPL in cell-based and cell-
free assays. GPIHBP1 defects in humans lead to very low
levels of LPL in postheparin plasma, presumably because
GPIHBPI1 interferes with the ability of LPL to reach the
capillary lumen. However, the GPIHBP1 mutations had
no impact on the entry of LPL into maternal milk J
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